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Global environmental impacts on biodiversity 

�here	are	probably	between	5	to	11	million	of	eukaryotic	species	on	earth	
ȋMora	et alǤ,	2011Ǣ	Cardinale	et alǤ,	2012Ǣ	Costello	et alǤ,	2013Ȍ	of	which,	ac-
cording	to	calculations	of	Mora	et alǤ	ȋ2011Ȍ,	86Ψ	of	terrestrial	species	and	
91Ψ	of	marine	species	are	yet	to	be	discoveredǤ	�his	is	challenging	as	it	means	
that	at	most	we	have	a	basic	idea	of	what	biodiversity	really	is,	where	it	is	and	
how	it	interlinks	to	make	ecosystems	functionǤ	

	 �otwithstanding	our	lack	of	knowledge,	we	are	certain	that	it	is	cur-
rently	facing	alarming	declines	ȋ�ooper	et alǤ,	2012Ǣ	Cardinale	et alǤ,	2012Ȍ,	
with	for	example	̱20Ψ	of	the	known	vertebrates,	invertebrates	and	plants	
classified	as	being	threatened	with	extinction	ȋ�offmann	et alǤ,	2010Ǣ	�rum-
mitt	Ƭ	�achman,	2010Ǣ	Collen	et alǤ,	2012ȌǤ	�his	is	in	addition	to	all	species	
that	we	still	do	not	know,	many	of	which	we	may	never	know	before	they	go	
extinctǤ	�ecent	scenarios	of	expected	species	extinctions	also	point	in	the	same	
direction	with	high	number	of	species	committed	to	extinction	in	the	near	fu-
ture (Pereira et alǤ,	2010ȌǤ	�his	is	a	dramatic	trend,	inevitably	leading	to	loss	of	
genes,	species,	species	traits,	uni�ue	functions	and	ultimately	whole	systems	
and	with	that	our	capacity	to	respond	to	future	environmental	changes	ȋ�el-
lard et alǤ,	2012Ǣ	Cardinale	et alǤ,	2012ȌǤ

	 Much	of	the	research	carried	out	in	the	field	of	ecology	and	biodiver-
sity	conservation	addresses	the	processes	and	impacts	of	biodiversity	lossǤ	
�he	focus	ranges	from	identification	of	the	main	drivers	of	biodiversity	loss	
to	how	these	drivers	act	and	interact	to	limit	the	distribution	of	biodiversity	
around	the	globe	ȋeǤgǤ	�ennedy	et alǤ,	2013Ǣ	�ewbold	et alǤ,	2015ȌǤ	Some	of	
the	main	drivers	that	can	force	species	to	local	or	global	extinction	and	cause	
the	modification	of	the	original	species	distributions	are	habitat	loss,	habitat	
fragmentation and changes in climatic conditions. These drivers can act alone 
or	in	parallel,	however	when	acting	together	they	may	have	stronger	and	more	
deleterious effects (Jetz et alǤ,	2007Ǣ	Fox	et alǤ,	201ͶȌǤ	�hile	biodiversity	can	
respond	to	the	pressure	of	such	drivers	by	for	example	adapting	to	the	new	
environmental	conditions	ȋre�uiring	many	generation	cycles,	hence	this	a	slow	
processȌ,	a	more	immediate	response	involves	the	coloni�ation	of	new	suit-
able	areas	resulting	in	shifts	in	their	distributional	ranges	ȋ�enoir	Ƭ	Svenning,	
2015ȌǤ	�hese	geographic	shifts	in	species	distribution	may	in	turn	alter	the	
community	structure	and	species	interactions,	eǤgǤ	through	the	arrival	of	spe-
cies	previously	absent	from	the	area	and	migration	of	local	species	in	order		to	
follow more suitable conditions (Lurgi et alǤ,	2012Ȍ,	thereby	disrupting	the
4



balance	of	ecosystemsǤ	As	a	result,	ecosystems	and	their	functioning	may	
change,	as	well	as	the	services	and	goods	we	obtain	from	nature	ȋeǤgǤ	timber,	
protection	against	soil	erosion,	clean	air	and	water,	among	othersȌ	ȋDeFries	et 
al.,	200ͶȌǤ

	 As	climatic	and	land	use	related	drivers	have	been	classified	as	main	
factors	for	biodiversity	loss	and	limiting	species	distributions	around	the	
world,	in	the	following	sections	�	discuss	their	importance	and	some	of	the	
mechanisms	by	which	they	drive	biodiversity	changes	globallyǤ	

Climate effects on biodiversity

�hile	climate	changes	cyclically,	the	rate	at	which	it	has	changed	during	the	
last	100	years	has	no	precedent,	with	two	main	periods	of	fast	warming	dur-
ing	the	last	century,	1910–19Ͷ5	and	from	1976	to	the	present	ȋ�alther	et alǤ,	
2002ȌǤ	�esides	temperature	increases,	precipitation	regimes	have	changed,	
and	extreme	weather	events	have	become	more	commonǤ

	 �arth	surface	temperature	has	risen	considerably	during	the	last	cen-
tury	and	is	expected	to	continue	to	rise	during	the	21st	century	ȋFigǤ	1ȌǤ	�he	
mean	global	surface	temperature	is	expected	to	increase	by	at	least	1	ιC	and	
the	increases	in	average	temperatures	are	expected	to	be	stronger	in	the	trop-
ics and subtropics than in mid latitude regions (Kirtman et alǤ,	2013ȌǤ	�hese	
changes	are	expected	to	cause	more	extreme	heat	waves,	with	an	increase	in	
the	number	of	warm	days	and	nightsǤ	Conse�uently,	decreases	in	the	snow	
cover and tinning of the arctic ice cover is also projected to occur in the near 
future,	having	devastating	effects	not	only	for	local	but	also	for	global	biodiver-
sity	in	terrestrial	and	marine	ecosystems	ȋ�ost	et alǤ,	2013ȌǤ

	 Changes	in	precipitation	regimes	are	expected	to	vary	across	the	globe	
with	increases	in	average	precipitation	expected	at	high	and	mid	latitudes,	
but	with	decreases	expected	in	the	tropics	and	subtropics	ȋFigǤ	2Ȍ	ȋ�irtman	
et alǤ,	2013ȌǤ	�xtreme	precipitation	events	have	already	become	more	appar-
ent	recently	and	are	expected	to	continue	increasing	in	number	and	intensity,	
especially	in	�orth	America	and	�urope	ȋ�irtman	et alǤ,	2013ȌǤ	�n	central	and	
northern	�urope	substantial	increases	in	winter	precipitation	are	expected	
during	this	century,	meanwhile	more	extreme	summer	precipitation	events	
are	expected	in	the	northeastern	regions	accompanied	with	substantial	de-
creases	in	precipitation	events	in	the	southern	�uropean	areas	ȋ�eniston	et alǤ,	
2007ȌǤ	�he	effects	of	the	observed	and	expected	modifications	in	precipitation	

5



Figure 1. CMIP5 multi-model ensemble mean of projected changes in December, 
January and February and June, July and August surface air temperature for the 
period 2016–2035 relative to 1986–2005 under RCP4.5 scenario (left panels). 
�he	right	panels	show	an	estimate	of	the	model-estimated	internal	variability	ȋstan-
dard	deviation	of	20-year	meansȌǤ	�atching	in	left-hand	panels	indicates	areas	where	
pro�ected	changes	are	small	compared	to	the	internal	variability	ȋiǤeǤ,	smaller	than	one	
standard	deviation	of	estimated	internal	variabilityȌ,	and	stippling	indicates	regions	
where	the	multi-model	mean	pro�ections	deviate	significantly	from	the	simulated	
1986–2005	period	ȋby	at	least	two	standard	deviations	of	internal	variabilityȌ	and	
where	at	least	90Ψ	of	the	models	agree	on	the	sign	of	changeǤ	�he	number	of	models	
considered	in	the	analysis	is	listed	in	the	top-right	portion	of	the	panelsǢ	from	each	
model	one	ensemble	member	is	usedǤ	See	�ox	12Ǥ1	in	Chapter	12	of	the	��CC	report	
(Stocker et alǤ,	2013Ȍ	for	further	details	and	discussionǤ	�echnical	details	are	in	Annex	�	
(Stocker et alǤ,	2013ȌǤ	Figure	and	legend	taken	from	Stocker	et alǤ	ȋ2013ȌǤ

6

conditions	on	biodiversity	are	still	largely	unclearǤ	�owever,	modifications	of	
ecosystem	services	provision	are	expected	across	the	globe	ȋ�uxman	et alǤ,	
200ͶȌ,	eǤgǤ	through	the	modification	of	the	species	composition	in	such	ecosys-
tems	ȋeǤgǤ	�±ly	et alǤ,	2006Ǣ	Martinho	et alǤ,	2007Ǣ	�indner	et alǤ,	2010ȌǤ

	 Changes	in	the	earthǯs	temperature	and	in	the	precipitation	intensity	
can	have	highly	deleterious	effects	on	biodiversity,	forcing	changes	in	the	spe-
cies	distributions	globally	and	thus	affecting	ecosystem	functioning	ȋ�napp	et 
alǤ,	2008Ǣ	�u	et alǤ,	2011ȌǤ	�he	recent	rapid	modifications	in	various	climatic



conditions	raise	important	concerns	about	our	ability	to	conserve	natural	
resources and points to the need for robust tools and frameworks that help 
investigate how species will respond to future global environmental changes 
and	what	our	role	is	for	mitigating	such	impacts	on	biodiversityǤ

Figure 2. CMIP5 multi-model ensemble mean of projected changes (%) in 
precipitation for 2016–2035 relative to 1986–2005 under RCP4.5 for the four 
seasons.	�he	number	of	CM��5	models	used	is	indicated	in	the	upper	right	cornerǤ	
�atching	and	stippling	as	in	Figure	1	ȋfrom	�irtman	et alǤ,	2013ȌǤ	D
F:	December-
anu-
ary-FebruaryǤ	MAM:	March-April-MayǤ	

A:	
une-
uly-AugustǤ	S��:	September-�ctober-
November. Figure and legend taken from Stocker et alǤ,	ȋ2013ȌǤ	

Land use effects on biodiversity 

�uman	population	growth	has	direct	impacts	on	the	surrounding	environ-
ment	as	it	increases	the	re�uirements	for	food	and	commodities,	which	in	
turn	put	more	pressure	on	natural	resources	ȋFoley	et alǤ,	2005ȌǤ	�herefore,	
human	population	growth	has	been	classified	as	the	ultimate	driver	accelerat-
ing	species	extinctions	ȋ�imm	et alǤ,	201ͶȌǤ	�his	increasing	pressure	is	glob-
ally	reflected	in	more	changes	in	land	use	ȋsee	FigǤ	3	for	an	example	on	global	
deforestationȌ	ȋDeFries	et alǤ,	200ͶȌǤ	�and-use	changes	often	bring	about	the	
loss	of	habitats	and	their	fragmentation,	iǤeǤ	the	breaking	apart	of	a	habitat	per	
se	ȋFahrig,	2003ȌǤ	After	habitat	loss	and	fragmentation	occur	they	often	create
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 a new set of different landscape conditions to which local species are not 
adapted,	which	may	also	leave	local	species	in	disadvantage	against	invasive	
ones	ȋ�huiller,	2007Ȍ,	often	leading	to	their	local	extinction	ȋVellend	et alǤ,	
2006Ǣ	�uussaari	et alǤ,	2009ȌǤ	During	the	last	century	global	biodiversity	has	
experienced	alarming	declines	due	to	direct	and	indirect	effects	of	these	two	
drivers of change (Krauss et alǤ,	2010Ǣ	Meyfroidt	Ƭ	�ambin,	2011ȌǤ	�owever,	
not	only	global	but	also	local	biodiversity	changes	are	of	pivotal	importance	as	
it	is	local	biodiversity	patterns	that	most	ecosystems	services	rely	on	ȋ�ew-
bold et alǤ,	2015ȌǤ	�his	is	of	particular	importance	as	landscape	level	land	use	
modifications	have	already	caused	high	local	species	richness	losses	ȋabove	
20Ψ	lossȌ	in	many	areas	in	the	world,	with	the	number	of	regions	experienc-
ing	this	level	of	biodiversity	loss	expected	to	double	by	the	year	2100	ȋ�ew-
bold et alǤ,	2015ȌǤ	

	 �he	amount	and	�uality	of	suitable	habitat	remaining	after	land	use	
changes are the major landscape characteristics limiting species distributions 
at local as well as global scales (e.g. Gibbons et alǤ,	2000Ǣ	Mortelliti	et alǤ,	2010ȌǤ	
These landscape characteristics can delimit the potential distribution of spe-
cies	across	the	landscape	by,	between	others,	modifying	the	resource	availabil-
ity	and	the	species	mortality	risks	ȋ�atling	et alǤ,	2011ȌǤ	�andscapes	with	high	
amounts of natural areas are of particular importance for the maintenance of 
biodiversity	and	their	services	ȋ�huiller,	2007Ǣ	�ennedy	et alǤ,	2013ȌǤ	�t	has	
been shown that landscapes with higher amount of natural habitat and in 
general	higher	heterogeneity	ȋof	natural	habitatsȌ	can	maintain	higher	levels	
of	biodiversity	than	managed	and	more	homogeneous	landscapes	ȋeǤgǤ	�enton	
et alǤ,	2003Ǣ	Fischer	et alǤ,	2006ȌǤ	�owever,	it	is	important	to	keep	in	mind	that	
in	the	context	of	species	distributions	not	only	the	amount	of	suitable	habitat	
in the landscape is of importance for the presence and subsistence of a given 
species,	but	also	its	dispersal	capabilities	and	the	interaction	with	other	organ-
isms	ȋ
uisan	Ƭ	�huiller,	2005ȌǤ	Conse�uently,	the	amount	of	suitable	habitat	in	
the	landscape	is	only	one	indication	of	the	suitability	of	a	given	landscape	for	
the occurrence of a species.

	 �abitat	fragmentation	may	also	disrupt	the	arrival	of	new	species	and	
their	persistence	in	a	landscape	by	modifying	the	microclimatic	conditions,	
resource	availability	and	the	arrangement	of	habitat	patches	in	the	surround-
ing	landscape	matrix	ȋ�wers	Ƭ	Didham,	2006ȌǤ	�specially	the	area	of	suitable	
habitat,	the	proximity	of	habitat	patches	and	the	amount	of	edges	present	in	
the landscape after a fragmentation event are some of the main drivers of local 
biodiversity	ȋFahrig,	2003ȌǤ	�he	area	of	remaining	patches	has	been	shown	to	

9



limit	the	species	distribution	and	persistence	as	bigger	patches	may	maintain	
higher	biodiversity	levels	than	smaller	ones	given	the	availability	of	resources	
ȋFahrig,	2003Ǣ	�wers	Ƭ	Didham,	2006ȌǤ	�n	this	context	the	proximity	of	suit-
able	habitat	patches	plays	a	ma�or	role,	particularly	when	the	surrounding	
matrix	is	inhospitable:	the	closer	these	habitat	patches	are,	the	higher	the	
probability	of	inter-patch	dispersal	and	thus	of	species	survivalǤ	�he	fragmen-
tation	in	a	given	landscape	invariably	creates	areas	with	higher	amounts	of	
edges,	which	have	been	shown	to	produce	negative	effects	on	biodiversity	by	
mainly	modifying	the	microclimatic	condition	and	the	vegetation	structure	
of	a	habitat	patch	in	a	given	landscape	ȋFahrig,	2003ȌǤ	�hese	modifications	
may	create	a	reshuffling	of	biodiversity	in	the	edge	regions	favouring	species	
adapted to the new abiotic condition and thus bringing about possible new bi-
otic	interactions	in	those	regions	and	causing	changes	in	the	local	community	
structure (Kupfer et alǤ,	2006ȌǤ	�owever,	not	all	edges	in	a	given	area	may	have	
negative	effects	on	biodiversity	ȋeǤgǤ	acting	as	functional	barriersȌ,	for	example,	
those	created	between	natural	and	managed	systems,	which	may	increase	lo-
cal	biodiversity	by	favouring	the	dispersal	of	organisms	between	the	different	
land	use	classes	ȋ�uefler	et alǤ,	2010ȌǤ	�he	positive	or	negative	impact	of	the	
edge	effects	ultimately	depends	on	the	organism	under	consideration	as	edges	
may	have	a	positive	impact	on	organism	that	depend	on	multiple	habitat	types	
for	survival	but	may	negatively	impact	single	habitat	species	that	re�uire	more	
stable	habitat	conditions	ȋeǤgǤ	Fonderflick	et alǤ,	2013ȌǤ	
 
	 During	the	last	century	agricultural	expansion	has	been	a	ma�or	cause	
of habitat loss and fragmentation. The total amount of agricultural land around 
the	world	increased	from	3ͶΨ	in	1960	to	almost	39Ψ	in	2011	ȋFA�,	2015Ȍ,	
and	the	forest	area,	which	covered	about	3Ǥ8	billion	ha	in	the	1990	ȋ30Ψ	of	
total	land	areaȌ,	has	decreased	by	̱	2Ψ	by	the	year	2005,	meaning	a	loss	of	
66ǤͶ	million	ha	in	a	period	of	only	15	years	ȋFA�	et alǤ,	2012ȌǤ	
iven	the	rates	
at	which	we	are	losing	natural	habitats,	and	in	general	biodiversity,	and	the	
increasing amount of managed land around the world it is imperative to un-
derstand	how	species	respond	to	these	habitat	modificationsǤ	�e	can	do	this	
not	only	by	investigating	present	species	responses	to	the	pressure	of	these	
drivers,	but	also	analysing	their	historical	responses	ȋ�oschlod	et alǤ,	2005Ǣ	eǤgǤ	
�ermy	Ƭ	Verheyen,	2007ȌǤ	�ecause	historical	data	are	lacking	for	most	regions	
and	taxa,	most	studies	analysing	species	responses	to	historical	land	use	driv-
ers use the space for time substitution approach and compare current land-
scapes	that	vary	in	landscape	features	ȋeǤgǤ	�rosi	et alǤ,	2008Ǣ	�ehara-�rado	Ƭ	
Freitas,	2009Ȍ,	mostly	at	small	spatial	scales	ȋ�enedick	et alǤ,	2006Ǣ	�aki	et alǤ,	
2010ȌǤ	�n	this	way	it	is	assumed	that	the	comparison	of	recent	landscapes	that
10



differ in landscape characteristics represents the processes than have taken 
place	in	a	specific	location	across	time,	which	may	not	be	always	the	case	pos-
sibly	leading	to	wrong	conclusionsǤ	�herefore,	studies	that	use	real	historical	
data	are	of	pivotal	importance	mainly	because	recent	observed	species	dis-
tributions	may	not	be	the	result	of	recent	environmental	changes	but	of	past	
changes in these conditions.

Species Distribution Modelling as a tool to analyse historical-
to-present and forecast future impacts of climatic and land-
use changes on biodiversity

Species	can	respond	to	changes	in	environmental	conditions	by	coloni�ation	
of	more	suitable	habitats	ȋ�enoir	Ƭ	Svenning,	2015ȌǤ	As	a	result	of	the	recent	
changes	in	climatic	and	land	use	condition	across	the	globe	we	have	already	
observed	patterns	of	species	range	modifications	and	species	distributional	
shifts	ȋ�armesan	Ƭ	�ohe,	2003Ǣ	Chen	et alǤ,	2011ȌǤ	
iven	the	expected	future	
changes	in	environmental	conditions	it	seems	certain	that	biodiversity	will	
continue	to	adapt	to	these	modifications	by	changing	their	distributional	rang-
es (Pereira et alǤ,	2010ȌǤ	Different	sets	of	tools	have	been	developed	in	order	to	
investigate recent and future species responses to these changes in environ-
mental	conditions,	making	it	also	possible	to	analyse	the	modifications	in	the	
species	distributions	by	comparing	their	ranges	across	different	time	periods	
ȋeǤgǤ	
uisan	Ƭ	�huiller,	2005Ǣ	�arren	et alǤ,	2010Ǣ	�angel	et alǤ,	2010ȌǤ	

	 Species	Distribution	Models	ȋSDMs,	
uisan	Ƭ	�huiller,	2005Ȍ,	also	
known	as	�cological	�iche	Models	ȋ��Ms,	Sober×n	Ƭ	�akamura,	2009Ȍ,	are	an	
important	tool	for	analysing	species	distributionsǤ	SDMs	are	correlative	mod-
els that investigate the relationship between species occurrences and the un-
derlying	environmental	conditions	in	those	locations,	obtaining	in	this	way	an	
insight into the geographical and ecological niche space in which the species 
are	distributed	ȋFigǤ	ͶȌ	ȋ�lith	Ƭ	�eathwick,	2009ȌǤ	�he	species-environment	
relationship	is	then	pro�ected	into	the	same	or	other	study	areas	with	the	pres-
ent	environmental	conditions	in	order	to	analyse	current	species	distributionsǤ	
�hese	can	also	be	forecasted	to	investigate,	for	example,	the	effects	of	future	
climate	and	land-use	change	on	the	distribution	of	biodiversity	ȋ�huiller	et alǤ,	
2005Ǣ	eǤgǤ	Schweiger	et alǤ,	2012ȌǤ
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Fig. 4. Schematization of the process and data needed for constructing species 
distribution models. The main data needed are information on species presence 
locations,	environmental	information	of	the	condition	where	the	species	occur	and	
information	of	where	the	species	does	not	occur,	in	case	this	is	not	available	then	
pseudo-absences can be generated. These data form then the input for the different 
modelling	algorithms,	which	in	turn	will	develop	the	model	predicting	of	habitat	suit-
ability	for	the	species	in	the	pro�ected	geographic	areaǤ

	 �istorical	to	present	and	future	pro�ections	of	species	distributions	are	
used	as	a	primary	resource	for	biodiversity	conservation	planning	ȋ
uisan	et 
alǤ,	2013Ȍ,	as	for	the	selection	of	protected	areas	ȋ�annah	et alǤ,	2007Ǣ	Marshall	
et alǤ,	201ͶȌ,	to	investigate	possible	effects	of	invasive	species	on	local	biodi-
versity	ȋ
im±ne�-Valverde	et alǤ,	2011Ǣ	�uckland	et alǤ,	201ͶȌ	and	for	the	cre-
ation	of	biodiversity	adaptation	and	mitigation	plans,	among	othersǤ	�owever,	
there are assumptions that have to be considered before drawing conclusions 
for	biodiversity	conservation,	as	are	the	lack	of	species	interaction	and	disper-
sal limitation information included during the modelling protocol (Guisan & 
�huiller,	2005Ǣ	Franklin,	2010ȌǤ	
 
	 SDMs	are	often	applied	to	model	single	species	distributionsǢ	however,	
they	can	also	be	used	to	model	multiple	species	as	to	investigate	the	species	
richness of a given location (Dubuis et alǤ,	2011Ǣ	
uisan	Ƭ	�ahbek,	2011ȌǤ	�his	
can	be	accomplished	in	different	ways,	however,	the	most	common	are	first	
modelling single species and stacking their projected distributions either as 
binary	ȋpresence-absenceȌ	predictions,	thus	obtaining	an	indication	of	the	
number	ȋrichnessȌ	and	identity	ȋcompositionȌ	of	the	species	present	in	a	given	
location (Dubuis et alǤ,	2011Ǣ	DǯAmen	et alǤ,	2015ȌǢ	or	by	stacking	their	habitat
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suitability	valuesǤ	�n	this	last	option	a	threshold	for	setting	a	binary	prediction	
is	not	needed,	in	which	case	higher	values	for	a	pixel	would	point	to	ȋpos-
sibleȌ	higher	species	richnessǤ	�owever,	with	this	method	the	species	identity	
information is lost (Dubuis et alǤ,	2011ȌǤ	�here	are	other	possibilities	as	to	
model	species	richness	directly,	or	using	macro	ecological	models,	which	need	
a	different	data	input	and	to	comply	with	different	model	assumptionsǤ	More	
insight into these techniques can be found in Calabrese et alǤ	ȋ201ͶȌ	and	Dis-
tler et alǤ	ȋ2015ȌǤ

	 	�here	is	a	plethora	of	algorithms	and	platforms	for	constructing	SDMs,	
each	one	of	those	with	their	specific	formulations	and	features	for	selecting	
environmental correlates and with different output criteria (Thuiller et alǤ,	
2009ȌǤ	�t	has	been	shown	that	in	some	cases	different	algorithms	may	render	
different	modelling	results,	which	can	affect	the	conclusions	that	one	can	de-
rive	from	a	given	modelling	exercise	ȋ�lith	Ƭ	
raham,	2009ȌǤ	Specifically,	while	
one	model	can	predict	high	suitability	for	a	species	in	a	given	location,	in	an	
extreme	case	another	may	predict	a	medium	or	low	suitability,	making	it	dif-
ficult	to	extrapolate	these	predictions	to	other	areas	or	time	periods	ȋ�huiller,	
200ͶǢ	�huiller,	201ͶȌǤ	�esides	the	between-algorithm	variation	also	models	
constructed for the same species and with the same algorithm but with differ-
ent	sets	of	data	can	render	different	predictions	ȋwithin-algorithm	variationȌǤ	
�ecause	of	this	it	has	been	suggested	that	the	ensemble	of	different	models	
can be used as a viable and more robust option than the single model ap-
proach	when	modelling	species	distributions	ȋ�huiller,	201ͶȌǤ	�owever,	there	
is	still	not	consensus	on	which	algorithms	may	perform	best	depending	on	the	
species	data	characteristics,	eǤgǤ	the	spatial	distribution	and	amount	of	the	spe-
cies	data	availableǤ	�e	tackle	this	�uestion	in	Chapter	2	of	this	thesisǤ
 
	 SDMs	are	a	powerful	tool	for	biodiversity	conservation	and	for	predict-
ing future effects of climate and land-use changes on species distributions. 
�owever,	the	accuracy	and	usability	of	SDM	predictions	will	always	depend	on	
the	�uality	of	the	data	ȋspecies	and	environmentalȌ	used	when	constructing	
such	models	and	on	the	specific	assumptions	of	the	modelling	algorithm	ȋ�lith	
Ƭ	
raham,	2009ȌǤ	�hus	one	of	the	first	steps	to	carry	out	when	constructing	
SDMs	should	be	to	define	the	ob�ective	of	such	model	and	analyse	the	�uality	
and	accuracy	of	the	data	that	will	be	used	in	the	modelling	protocol	ȋAraï�o	Ƭ	
�eterson,	2012ȌǤ	�hen	analysing	the	final	model,	its	assumptions	should	also	
be	discussed	in	light	of	the	purpose	for	which	it	was	created,	eǤgǤ	were	disper-
sal limitation and biotic interactions taken into account? The awareness of the 
strengths	and	caveats	of	these	models	may	help	us	understand	better	what	we
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are modelling and the meaning of the results. Considering this will allow for 
a more realistic inference of the impacts of present and future environmental 
changes	on	biodiversityǤ

Thesis outline

�n	this	thesis	�	investigate	how	global	biodiversity	change	drivers,	particularly	
climate	change	and	land	use	modifications,	shape	biodiversity	distributions	
over	timeǤ	More	specifically,	in	Chapter	2	�	analyse	which	species	distribution	
modelling algorithms render more robust predictions of habitat suitable for 
the	modelled	speciesǤ	Moreover,	�	investigate	which	of	these	algorithms	are	
more constant in their predictions across model repetitions and for which set 
of spatial and environmental conditions. I investigate the between and within 
model	variability	when	constructing	SDMs	for	species	with	different	num-
ber	of	record	locations,	from	rare	to	common,	and	with	a	varied	geographic	
distribution	ȋAguirre-
uti±rre�	et alǤ,	2013ȌǤ	�ased	on	these	results	a	more	
informed	selection	of	the	modelling	algorithms	for	constructing	SDMs	can	be	
made,	which	may	finally	result	on	more	robust	model	pro�ections	of	species	
distribution and their drivers. The results of this chapter form the basis of the 
choices of modelling approaches for subsequent chapters.

	 �n	Chapter	3	�	apply	the	knowledge	of	the	most	robust	and	best	per-
forming	algorithms	for	fitting	SDMs	based	in	our	results	from	Chapter	2	
ȋAguirre-
uti±rre�	et alǤ,	2015ȌǤ	�n	this	chapter	a	SDM	framework	using	one	of	
the best performing algorithms is applied in order to predict the distribution 
and	analyse	the	ecological	niche	similarities	between	closely	related	Mexi-
can	white	pine	taxa,	which	range	from	southern	�nited	States	to	Mexico	and	
Central	AmericaǤ	Closely	related	taxa	may	be	difficult	to	differentiate	even	with	
morphological	and	genetic	analysisǤ	Another	techni�ue	that	can	be	use	in	or-
der	to	obtain	estimates	of	similarity	between	taxa	is	comparing	their	ecologi-
cal	nichesǤ	�ere	we	use	SDMs	to	extract	the	species	ecological	niches	to	then	
compare them. 
 
 In Chapter 4 I investigate whether the relative importance of climate 
ȋtemperature	and	precipitationȌ	and	land	use	ȋhabitat	composition,	fragmen-
tation	and	spillover	potentialȌ	as	drivers	of	species	distributions	has	changed	
over	timeǤ	Models	of	species	distributions	often	assume	that	the	importance	of	
such	drivers	in	the	present	will	be	the	same	in	the	future,	and	current	models	
base their forecasting on this assumption in order to detect future impacts of 
environmental	changesǤ	�owever,	this	may	not	be	always	the	case	as	climate
14



and	land	use	are	unlikely	to	change	in	parallel,	suggesting	that	the	importance	
of	such	drivers	for	biodiversity	distributions	could	be	non-constant	across	
timeǤ	�	use	data	for	bees,	butterflies	and	hoverflies	collected	between	1951	and	
the present to address this question.

 Functional traits can be described as species characteristics related 
to	their	morphology,	physiology,	structure,	phenology	and	behaviour,	that	are	
relevant	for	the	organism	in	order	to	respond	to	environmental	modifications	
(Díaz et alǤ,	2013Ǣ	Violle	et alǤ,	2007ȌǤ	Species	can	shift	their	distribution	in	
pursuit	of	favourable	environments,	however,	these	spatial	modifications	may	
be	determined	by	the	species	specific	trait	characteristics	used	as	response	to	
the	pressures	of	these	driversǤ	�n	Chapter	5	�	firstly	investigate	the	areal	range	
changes,	latitudinal	and	longitudinal	shifts	that	bee,	butterfly	and	hoverfly	spe-
cies	have	experienced	since	the	last	half	of	this	century	and	then	investigate	if	
and	to	what	extent	these	spatial	modifications	are	related	to	specific	species	
trait characteristics. 

 In Chapter 6 I investigate how past and present changes in landscape 
characteristics,	related	to	habitat	composition	and	fragmentation,	impact	the	
distribution	and	richness	of	biodiversityǤ	�	do	this	by	analysing	a	dataset	of	bee,	
butterfly	and	hoverfly	species	richness	changes	recorded	between	the	year	
1900 and the present. Land use maps from different time periods are used to 
extract	the	original	conditions	of	the	landscape	before	changes	occurred	and	
also the changes that occurred in a given landscape across time.
 
	 �he	synthesis	presented	in	Chapter	7	brings	the	results	from	the	differ-
ent chapters together and relates these to the effects of environmental changes 
on	the	distribution	of	biodiversity	from	a	historical	and	present	time	perspec-
tiveǤ	Specifically,	it	is	discussed	how	historical	and	present	changes	in	environ-
mental	conditions	may	determine	the	present	species	distributions	and	what	
this	means	for	the	analysis	of	species	response	to	future	climatic	and	land	use	
changesǤ	During	the	synthesis	�	focus	on	these	aspects	and	analyse	future	pros-
pects of research within this realm.
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Abstract

�nderstanding	species	distributions	and	the	factors	limiting	them	is	an	impor-
tant	topic	in	ecology	and	conservation,	including	in	nature	reserve	selection	
and	predicting	climate	change	impactsǤ	�hile	Species	Distribution	Models	
ȋSDMȌ	are	the	main	tool	used	for	these	purposes,	choosing	the	best	SDM	
algorithm is not straightforward as these are plentiful and can be applied in 
many	different	waysǤ	SDM	are	used	mainly	to	gain	insight	in	1Ȍ	overall	species	
distributions,	2Ȍ	their	past-present-future	probability	of	occurrence	and/or	3Ȍ	
to understand their ecological niche limits (also referred to as ecological niche 
modellingȌǤ	�he	fact	that	these	three	aims	may	re�uire	different	models	and	
outputs	is,	however,	rarely	considered	and	has	not	been	evaluated	consistentlyǤ	
�ere	we	use	data	from	a	systematically	sampled	set	of	species	occurrences	to	
specifically	test	the	performance	of	Species	Distribution	Models	across	several	
commonly	used	algorithmsǤ	Species	range	in	distribution	patterns	from	rare	to	
common	and	from	local	to	widespreadǤ	�e	compare	overall	model	fit	ȋrepre-
senting	species	distributionȌ,	the	accuracy	of	the	predictions	at	multiple	spa-
tial	scales,	and	the	consistency	in	selection	of	environmental	correlations	all	
across	multiple	modelling	runsǤ	As	expected,	the	choice	of	modelling	algorithm	
determines	model	outcomeǤ	�owever,	model	�uality	depends	not	only	on	the	
algorithm,	but	also	on	the	measure	of	model	fit	used	and	the	scale	at	which	it	is	
usedǤ	Although	model	fit	was	higher	for	the	consensus	approach	and	Maxent,	
Maxent	and	
AM	models	were	more	consistent	in	estimating	local	occurrence,	
while	�F	and	
�M	showed	higher	consistency	in	environmental	variables	se-
lectionǤ	Model	outcomes	diverged	more	for	narrowly	distributed	species	than	
for	widespread	speciesǤ	�e	suggest	that	matching	study	aims	with	modelling	
approach	is	essential	in	Species	Distribution	Models,	and	provide	suggestions	
how to do this for different modelling aims and species’ data characteristics 
ȋiǤeǤ	sample	si�e,	spatial	distributionȌǤ
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Introduction

�nderstanding	current	and	predicting	future	distributions	of	species	is	piv-
otal	for	ecology	and	for	implementation	of	biodiversity	conservation	and	
policy	measures	ȋeǤgǤ	�nternational	�nion	for	Conservation	of	�ature	-��C�	
�ed	�istsǢ	reserve	selectionȌǤ	�ne	of	the	most	common	methods	used	to	gain	
insight in species distributions and environmental niches is Species Distribu-
tion	Modelling	ȋ
uisan	Ƭ	�huiller,	2005Ȍ,	which	is	also	referred	to	as	ecological	
niche	modelling	ȋsee	discussions	on	terminology	in	ȋ�lith	Ƭ	�eathwick,	2009Ǣ	
Mc�nerny	Ƭ	�tienne,	2012Ǣ	�eterson	Ƭ	Sober×n,	2012Ǣ	�arren,	2012Ǣ	�iggins	
et alǤ,	2012ȌǤ	SDM	identifies	locations	with	suitable	ȋaȌbiotic	conditions	for	
species	occurrences,	based	on	climatological,	environmental	and/or	biotic	cor-
relates	ȋSober×n	Ƭ	�akamura,	2009ȌǤ	A	broad	range	of	algorithms	ȋFranklin,	
2009,	�eterson	et alǤ,	2011Ȍ		and	platforms	ȋiǤeǤ	���M�D,	Mod�co,	�penMod-
ellerǢ	�huiller	et alǤ,	2009Ǣ	
uo	�	Ƭ	�iu,	2010Ǣ	Sou�a	MuÓo�		et alǤ,	2009Ȍ	can	
be	used	to	fit	the	models,	each	with	uni�ue	features,	such	as	different	variable	
selecting	techni�ues	or	methods	for	selecting	ȋpseudoȌ	absences	ȋ�lith	et alǤ,	
2006Ǣ	�lith	Ƭ
raham,	2009Ǣ	�earson	et alǤ,	2006Ǣ	Segurado	et alǤ,	2006ȌǤ	Con-
se�uently,	the	best	fitted	model	depends	not	only	on	presence	data	available,	
but	also	strongly	on	the	modelling	approach	ȋ�uisson	et alǤ,	2010Ǣ	�arve	et alǤ,	
2011ȌǤ	SDMs	are	used	mainly	to	ȋ1Ȍ	gain	insight	in	speciesǯ	overall	distribu-
tion	ȋiǤeǤ	�idinger	et alǤ,	2012Ǣ	Machado-Machado,	2012Ȍ,	ȋ2Ȍ	obtain	predicted	
occurrences	for	specific	locations	ȋiǤeǤ	�aes	et alǤ,	2009Ǣ	�odrÀgue�-Soto	et alǤ,	
2009Ȍ	or	ȋ3Ȍ	understand	niche	limits	of	species	ȋiǤeǤ	�eterson	Ƭ	Sober×n,	2012Ǣ	
�eale	et alǤ,	2008Ǣ	Velo�	et alǤ,	2012Ǣ	Saupe	et alǤ,	2012ȌǤ	Several	studies	point	
to	the	need	to	evaluate	and	validate	SDMs	and	perform	in-depth	analyses	of	
the	impact	of	algorithm	selection	and	within	algorithm	consistency	of	predic-
tions	to	generate	more	meaningful	models	ȋ�lith	Ƭ	�eathwick,	2009Ǣ	Araï�o	Ƭ	
�eterson,	2012ȌǤ	For	example,	using	virtual	species,	Saupe	et alǤ	ȋ2012Ȍ	found	
that the distribution of the species data used for model training with regard to 
the	environmental	conditions	available	influences	modelling	resultsǤ	�is�	et 
alǤ	ȋ2008Ȍ	showed	that	model	accuracy	ȋA�C	valuesȌ	depends	on	the	algorithm	
used,	reinforcing	the	need	to	assess	performance	of	different	modelling	tech-
ni�ues	ȋAraï�o	Ƭ	
uisan,	2006	Ȍ,	including	consensus	methods	ȋthat	integrate	
the	predictions	of	several	algorithmsȌ	ȋMarmion	et alǤ,	2009	ȌǤ	�astly,	�immer-
mann et alǤ	ȋ2010Ȍ	showed	how	SDM	can	be	tailored	to	satisfy	different	aims	
and	improve	prediction	accuracyǤ	�owever,	our	screening	of	recent	papers	
using	SDM	ȋsee	�able	S1	in	Supplementary	materialȌ	shows	that	studies	mod-
elling	a	single	species	tend	to	use	one	algorithm,	whereas	studies	modelling	
multiple	species	tend	to	use	multiple	algorithms,	generally	without		clear
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explanation	of	the	reasons	for	algorithms	selection	criteriaǤ	�he	19	algorithms	
used	in	a	set	of	Ͷ2	recent	papers	ȋ�able	S1Ȍ	occur	in	both,	single	and	multi-spe-
cies	studies,	with	Maxent	ȋMaximum	entropyȌ	and	
�M	ȋ
enerali�ed	�inear	
ModelsȌ	being	two	of	the	most	common	onesǤ	�owever,	none	of	these	studies	
analyse	the	advantages/	disadvantages	of	selecting	one	or	more	algorithms,	
being	still	unclear	whether	species-specific	features	such	as	level	of	rarity,	geo-
graphic	spread	or	a	combination	of	both,	affect	model	fit	ȋbut	see	�able	S1ȌǤ
 
	 �ere	we	investigate	which	species	distribution	modelling	algorithms	
perform	most	consistently	when:	ȋ1Ȍ	evaluating	overall	model	fitǢ	ȋ2Ȍ	evaluat-
ing	spatial	predictions	of	species	occurrence	at	patch,	landscape	and	regional	
scalesǢ	and	ȋ3Ȍ	identifying	environmental	factors	as	important	correlates	of	
species	occurrenceǤ	�e	test	these	three	aspects	for	a	group	of	well-sampled	
hoverfly	species	in	the	�etherlands,	that	are	selected	such	that	they	include	
rare to common and local to widespread species. 

Methods
 
Species data and selection

�e	used	presence-only	records	for	Dutch	hoverflies	ȋDiptera:	SyrphidaeȌ	in	
the	�etherlands	from	the	�uropean	�nvertebrate	Survey	ȋ��S,	2012Ȍ	collected	
during	the	last	ten	years	ȋ2000-2010ȌǤ	�his	database	contains	more	than	Ͷ00,	
000	records	of	328	species	over	a	time	span	of	200	years	for	the	entire	country	
ȋFigǤ	S1ȌǤ	For	the	species	selection	we	first	characterised	all	species	in	terms	
of	occupancy	ȋrare	to	common,	based	on	the	number	of	1	km2	cells	occupiedȌ	
and	spatial	distribution	ȋnarrowly	distributed	to	widespreadȌǤ	Spatial	distri-
bution measure was calculated as the longest distance found within the 3d 
�uartile	of	distances	between	all	recorded	locations	for	that	speciesǤ	�e	chose	
the	3th	�uartile	distance	as	it	may	better	represent	the	records	distribution	
in	geographic	space,	avoiding	any	outlier	present	in	the	last	�uartileǤ	�e	then	
extracted	a	total	of	16	species	that	clearly	belonged	to	one	of	the	following	four	
groups:	narrowly	distributed	and	rare	ȋ��Ȍ,	narrowly	distributed	and	common	
ȋ�CȌ,	widely	distributed	and	rare	ȋ��Ȍ,	and	widely	distributed	and	common	
ȋ�CȌǤ	�he	selected	species	ranged	in	number	of	records	from	6	to	209Ͷ	and	in	
spatial	distribution	from	3Ǥ2	to	238ǤͶ	�m	3rd	�uartile	distance	ȋ�able	S2ȌǤ

Environmental data used for modelling

�e	obtained	bioclimatic	data	from	�orldClim	ȋ�i�mans	et alǤ,	2005Ȍ,	as	its		
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variables	render	biologically	meaningful	estimates	representing	annual	trends
in	seasonality	and	extreme/limiting	factorsǤ	�e	did	not	include	additional	
environmental	variables,	as	our	ob�ective	was	not	an	in-depth	study	of	the	
ecology	of	the	hoverfly	species	but	rather	of	the	consistency	of	performance	of	
the different algorithms. The selected species covered most of the range in en-
vironmental	space	of	the	�etherlands	ȋFigǤ	S2ȌǤ	�o	reduce	co-linearity	between	
predictors	ȋ
uisan	Ƭ	�huiller,	2005Ȍ,	we	only	retained		variables	with	a	�ear-
sonǯs	pair-wise	correlation	coefficient		δȁ0Ǥ7ȁǤ	�hen	two	variables	were	highly	
correlated	we	chose	the	one	least	correlated	to	others,	leading	to	a	total	of	
nine climatic and one topographic variables with a spatial resolution of 1 km2 
selected	for	the	construction	of	the	species	distribution	models	ȋ�able	S3ȌǤ
 
Modelling algorithms

�e	fitted	species	distribution	models	ȋSDMȌ	using	six	commonly	used	al-
gorithms	ȋsee	�able	S1Ȍ:	four	machine	learning	methods,	Artificial	�eural	
�etworks	ȋA��Ǣ	�ipley,	1996Ȍ,	
enerali�ed	�oosted	Models	ȋ
�MǢ	�idgeway,	
1999Ǣ	Friedman,	2001Ȍ,	�andom	Forests	ȋ�FǢ	�reiman,	2001Ȍ	and	Maximum	
�ntropy	modelling	ȋMaxentǢ	�hillips	et alǤ,	2006ȌǢ	and	two	regression	methods,	

enerali�ed	Additive	Models	ȋ
AMǢ	�astie,	1990Ȍ,	
enerali�ed	�inear	Models	
ȋ
�MǢ	McCullagh,	1989ȌǤ	�e	did	not	use	ǲtrue	absenceǳ	data,	using	instead	a	
random or a given sample of background points as pseudo-absences. These 
algorithms have been applied for modelling environmental relationships for a 
wide	range	of	species	ȋFranklin,	2009Ǣ	�huiller	et alǤ,	2009Ǣ	�lith	et alǤ,	2006Ǣ	
�is�	et alǤ,	2008Ǣ	�hillips	et alǤ,	2006Ǣ	Mateo	et alǤ,	2010ȌǤ		�e	used	the	���-
M�D	package	ȋ�huiller	et alǤ,	2009Ȍ	ȋvǤ	1Ǥ1-7Ǥ00Ȍ	for	�	ȋ�	Development	Core	
�eam,	2011Ȍ	for	all	selected	algorithms,	except	Maxent,	for	which	we	used	the	
Maximum	�ntropy	Modelling	software	Max�nt	ȋv3Ǥ3Ǥ3e,	wwwǤcsǤprincetonǤ
edu/̱schapire/maxent/ȌǤ	�e	followed	default	settings	recommended	by	
�huiller	Ǥ	ȋ2010Ȍ	ȋfor	���M�DȌ	and	�hillips	and	Dudik	ȋ�hillips	Ƭ	Dudik,	
2008Ȍ	ȋMax�ntȌ	for	fitting	the	modelsǤ	As	every	run	within	the	A��	algorithm	
can	render	different	results	we	selected	the	best	weight	decay	and	the	number	
of	units	in	the	hidden	layer	by	carrying	out	five-fold	cross-validation	runsǤ	�he	

AM	models	were	run	with	a	spline	function	with	three	degrees	of	smoothingǤ	
�he	
�M	models	were	constructed	by	fitting	5000	trees	and	five	cross-vali-
dations	in	order	to	identify	the	number	of	trees	that	produced	most	accurate	
predictionsǤ	
�Mǯs	were	generated	by	using	polynomial	terms	with	the	step	
wise	procedure	and	using	the	Akaike	�nformation	Criterion	ȋA�CȌ	for	model	
selectionǤ	For	�F	models	500	trees	were	used	as	the	building	criterion	follow-
ing	other	studies	that	have	implemented	the	algorithm	successfully	with	these
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settings	ȋsee	�lith	Ƭ	�eathwick,	2009Ǣ	Scarnati	et alǤ,	2009Ǣ	
ar�×n	et alǤ,	2008Ǣ	
Lawler et alǤ,	2006ȌǤ	Max�nt	was	run	with	the	auto-features	option	and	the	lo-
gistic output format was used as this has proven to be the appropriate method 
in	an	extensive	multispecies	study	carried	out	by	�hillips	and	Dudik	ȋ2008Ȍ	Ǥ	
Finally,	a	consensus	ensemble	approach	ȋAraï�o	Ƭ	�ew,	2007Ȍ,	hereafter	ǲCon-
sensus	approachǳ,	was	applied	using	the	���M�D	platform	models	generated	
by	
�M,	
AM,	
�M,	�F	and	A��Ǥ	�he	Consensus	approach	is	thought	to	offer	
more robust predictions for the potential and realized distribution of spe-
cies	than	single	algorithms	ȋAraï�o	Ƭ	�ew,	2007ȌǤ	Maxent	is	not	integrated	in	
���M�D	v1Ǥ1-7Ǥ00,	and	therefore	it	was	not	part	of	the	Consensus	approachǤ	
The Consensus approach implementation consisted of the ensemble of the 10 
model	repetitions	x	5	modelling	algorithms	α	50	output	mapsǤ	�e	used	the	
�eceiving	�perating	Characteristic	ȋ��CȌ	of	the	area	under	de	curve	mean	
method	ȋ�anley	Ƭ	Mc�eil,	1982Ȍ	to	create	consensus	maps	ȋ�huiller	et alǤ,	
2009ȌǤ	�n	this	method,	after	converting	the	outputs	to	binary	predictions	using	
their	correspondent	thresholds	that	maximi�e	the	sensitivity	and	specificity	of	
the	models	ȋ
im±ne�-Valverde	Ƭ	�obo,	2007Ȍ,	every	cell	for	which	more	than	
half	of	the	models	predicted	a	presence,	was	considered	a	presence,	the	other	
cells were assigned as absence. All single modelling algorithms were run for 
the	16	hoverfly	speciesǤ	For	each	species	and	algorithm	ten	replicate	runs	were	
applied	ȋtwo	species	had	only	6	and	8	number	of	occurrence	records	and	for	
these	respectively	6	and	8	replicate	runs	were	conductedȌǤ	

Modelling process

�o	generate	the	species	distribution	models,	all	modelling	algorithms	used	in	
this	study	re�uired	the	input	of	ȋpseudoȌabsences	ȋ���M�DȌ	or	background	
points	ȋMax�ntȌ	ȋMateo	et alǤ,	2010Ǣ	�hillips	et alǤ,	2009Ǣ	�arbet-Massin	et alǤ,	
2012ȌǤ	�seudo-absences	were	randomly	selected	locations	where	the	focal	
species	was	not	present	but	other	hoverfly	species	had	been	found	ȋmore	than	
9000 Km2 cells conforming the total species modelled and available for gen-
eration	of	pseudo	absencesȌǤ	�his	approach	is	more	ob�ective	and	realistic	than	
taking	pseudo-absences	from	sites	that	have	not	been	sampled	at	all,	account-
ing	for	the	possible	sampling	bias	ȋ�aes	Ƭ	ter	Steege,	2007Ǣ	�lith	et alǤ,	2011Ȍ	
,	and	likely	providing	more	accurate	results	ȋMateo	et alǤ,	2010Ǣ	�hillips	et alǤ,	
2009ȌǤ	For	every	species,	the	presence	records	were	randomly	partitioned	in	
75Ψ	for	training	and	25Ψ	for	testing	and	were	the	same	for	all	algorithms	but	
Maxent,	which	was	run	in	a	separated	platformǤ	�his	random	partitioning	was	
repeated ten times to obtain a robust estimate for the algorithm’s performance 
ȋFranklin,	2009ȌǤ	�e	generated	and	compared	a	total	of	1078	models	for	the
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16	selected	species	ȋ16	species	x	7	algorithms	ȋinclǤ	consensusȌ	�	6-10	cross-
validation	runsȌǤ	

Evaluation of results across modelling algorithms 

Comparing	the	�uality	and	accuracy	of	SDMs	is	generally	achieved	by	compar-
ing	prediction	success,	however,	this	represents	a	limited	view	of	the	models	
accuracy	ȋ�iens,	1989ȌǤ	�herefore,	we	evaluate	the	SDMs	in	three	different	
ways:	aȌ	comparing	the	Area	�nder	the	Curve	ȋA�CȌ	values	to	assess	differ-
ences	in	the	general	model	fit,	bȌ	comparing	the	geographical	consistency	of	
the	maps	produced	by	each	of	the	algorithms	to	assess	the	spatial	congruence	
in	presence	and	absence	predictionsǢ	and	cȌ	comparing	the	contribution	of	the	
various environmental variables to the different models to assess the consis-
tency	of	variable	selection	and	contribution	between	runs	within	algorithmǤ	
Together these assessments provide a more robust and better evaluation of 
the	performance	of	the	different	algorithms	and	insight	into	general	model	fit	
ȋaȌ,	spatial	congruence	of	the	maps	ȋbȌ	and	the	speciesǯ	niche	characterisation	
ȋcȌǤ

Comparing model fit across algorithms: AUC 

�o	obtain	a	measure	of	the	accuracy	of	the	constructed	SDMs	the	A�C	of	the	
��C	has	been	usedǤ	�his	measure	is	not	only	threshold	independent	but	also	
evaluates both the false-positive error rate and the true positive rate in order 
to	obtain	a	measure	for	the	accuracy	of	the	constructed	modelǤ	A�C	values	
range	from	0	to	1,	with	values	below	0Ǥ5	representing	a	model	that	is	not	bet-
ter	than	random	and	values	of	1	represent	models	that	are	highly	accurate	
(Scarnati et alǤ,	2009ȌǤ	For	our	A�C	evaluations,	we	obtained	the	A�C	values	
from	each	of	the	models	created	by	the	10	repetitions	for	each	species	and	per	
algorithm,	including	the	consensus	approachǤ	Although	this	metric	has	been	
highly	critici�ed	in	some	recent	studies	ȋ�aes	et alǤ,	2009Ǣ	
im±ne�-Valverde,	
2012Ȍ,	it	is	still	the	most	applied	measure	of	accuracy	for	SDMs	and	that	is	why	
we	considered	it	for	our	analysisǤ	Moreover,	one	of	the	aims	of	this	paper	is	to	
show	that	other	accuracy	measures,	such	as	consistency	of	spatial	predictions	
and	of	environmental	variables	selection	may	render	different	results	com-
pared	to	A�CǤ

Geographical consistency of predicted distributions 

Species	occurrence	maps	are	the	end	product	of	most	SDMǤ	�owever,	models
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with	similar	A�C	values	do	not	necessarily	predict	occurrences	in	the	same	lo-
cationsǤ	�o	assess	how	consistent	the	spatially	explicit	predictions	of	presence	
and	absence	are	within	and	between	algorithms,	we	calculated	the	similarity	
of	the	maps	produced	in	replicate	runs	and	compared	similarity	across	algo-
rithmsǤ	�he	SDM	map	similarity	was	assessed	by	creating	the	binary	predic-
tions	ȋpresence/absence	mapsȌ	for	each	run	using	the	threshold	that	mini-
mi�es	the	difference	between	sensitivity	and	specificity	for	each	of	the	models	
ȋ
im±ne�-Valverde	Ƭ	�obo,	2007ȌǤ	�ext,	the	10	presence-absence	maps	were	
compared	pair-wise	ȋͶ5	comparisonsȌ	to	obtain	map	similarity	values	per	
algorithm per species. 

	 Spatial	accuracy	can	be	evaluated	at	different	scales	ȋ�orcard	et alǤ,	
200ͶǢ	�raft	Ƭ	Ackerly,	2010ȌǤ	Analy�ing	patterns	at	different	spatial	scales	is	
a	common	procedure,	iǤeǤ	the	ecological	neighbour	theory	of	Addicott	et al. 
ȋ1987Ȍ	or	the	work	of	�iens	ȋ1989Ȍ,	and	relevant	to	identify	the	ecological	
process	and	spatial	needs	of	the	speciesǤ	For	example,	the	relationship	be-
tween	plant	diversity	and	ecosystem	functioning	was	found	to	be	scale	depen-
dent	ȋDÀa�	Ƭ	Cabido,	2001Ǣ	de	�ello	et alǤ,	2010ȌǤ

	 �e	apply	three	different	statistics	incorporated	in	the	Map	Compari-
son	�it	ȋVisser	Ƭ	de	�i�s,	2006Ȍ	to	assess	geographical	patterns	at	different	
scales	from	the	binary	SDM	output	mapsǤ	For	evaluations	at	small	scale	ȋsingle	
cell:	1km2Ȍ	we	used	Cohenǯs	�appa	statistic	ȋCohen,	1960ȌǤ	For	medium	scale	
evaluations,	we	used	the	�mproved	Fu��y	�appa	ȋ�agen-�anker,	2009Ȍ,	which	
also takes values of surrounding cells into account (radius of neighbourhood of 
Ͷ	cellsȌǤ	For	large	scale	similarity	we	used	the	Fu��y	
lobal	Matching	ȋ�agen-
�anker,	2006Ȍ,	which	evaluates	overlap	in	patches	of	cells	by	taking	into	ac-
count	their	area	of	intersection,	area	of	disagreement	and	the	si�e	of	the	patchǤ	
�he	latter	two	metrics	make	use	of	the	fu��y	set	theory	to	extract	similarity	
values	ȋ�agen-�anker,	2009ȌǤ

Consistency in environmental variables used to predict distributions

�o	evaluate	the	consistency	in	the	strength	assigned	to	each	of	the	environ-
mental	variables	in	cross-validation	SDM	runs,	we	estimated	the	importance	
values	of	each	variable	per	algorithm	per	species,	as	described	by	�huiller	
et alǤ	ȋ2010ȌǤ	�o	obtain	consistency	values	for	each	variable	per	model,	spe-
cies and algorithm we calculated the absolute difference between each of the 
importance values obtained for each of the 10 model runs and the average 
variable	importance	ȋaverage	of	the	10	model	runsȌǤ	�e	refer	to	this	as	the	
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ǲdeviance	from	average	variable	contributionǳǤ	A	high	deviance	indicates	a	high	
variance	in	variable	importance	across	runsǤ	�his	analysis	was	not	performed	
for	the	consensus	approach	as	it	is	composed	of	all	���M�D	algorithms	and	a	
combined	variable	contribution	value	cannot	be	defined	in	a	meaningful	way	
for an ensemble model. 

Overall analysis of results

�e	used	�inear	Mixed	�ffects	Models	ȋ�M�Ȍ	ȋ�olker	et alǤ,	2009Ȍ	to	investi-
gate	the	possible	effect	of	algorithm,	the	number	of	records	and	their	spatial	
distribution	on	the	attained	A�C	values,	the	geographic	prediction	similarity	
ȋ�appa,	�mproved	Fu��y	�appa	and	Fu��y	
lobal	MatchingȌ	and	the	environ-
mental variable contributions. 

	 �e	fitted	the	�M�	in	the	�	platform	using	the	ǲnlmeǳ	package	ȋ�inheiro	
et alǤ,	2012ȌǤ	�o	improve	the	normality	of	the	data	a	logit	transformation	was	
applied	to	the	response	variables	A�C	and	Map	similarity	and	a	log	transfor-
mation	to	the	DFAC	valuesǤ	�e	used	the	number	of	records,	spatial	distribution	
of	the	records	ȋupper	value	of	3rd	�uartile	distanceȌ	and	the	algorithm	as	the	
fixed	effects	and	the	species	as	the	random	effect	for	the	A�C	and	Map	similar-
ityǤ	�o	account	for	the	non-independence	of	the	predictions	generated	based	
on	the	data	from	a	given	species,	species	identity	was	included	as	a	random	ef-
fectǤ	Finally,	we	evaluated	the	consistency	in	variable	contribution	to	the	SDMs	
with	a	�M�	that	included	the	environmental	variable	and	algorithm	as	fixed	
effects and species as a random effect.

Results

Comparing model fit across algorithms: AUC

A�C	values	differed	significantly	between	algorithms	ȋFigǤ	S3Ȍ	and	significantly	
declined	with	increasing	number	of	records	ȋFigǤ	1ȌǤ	�he	Consensus	approach	
obtained	the	highest	A�C	values,	independently	of	the	number	of	records	
and	the	spatial	distributionǤ	�he	next	best	models	in	terms	of	model	fit	were	
Maxent	and	
AM,	which	had	significantly	higher	A�C	values	than	
�M,	
�M,	
�F,	especially	at	low	numbers	of	records,	while	A��	performed	significantly	
worse	ȋ�able	1ȌǤ	Spatial	distribution	did	not	significantly	affect	model	fit	ȋonly	
weakly	for	MaxentǤ	�able	1,	�able	SͶȌǤ	
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Figure 1. Effect of records availability and spatial distribution on model fit. Effect 
of	records	availability	and	spatial	distribution	on	model	fit	based	on	the	A�C	evalu-
ation	of	the	different	algorithmsǤ	For	the	A�C	evaluation,	we	present	the	back-trans-
formed	mean	values	estimated	using	�inear	Mixed	�ffect	models	for	each	algorithmǤ	
�he	first	column	presents	the	results	with	relation	to	the	number	of	records	and	the	
second with relation to the records distribution.

Geographical consistency of predicted distributions 

�he	spatial	scale	at	which	maps	were	compared	strongly	affected	the	spatial	
congruence	within	algorithmsǤ	At	the	largest	scale	ȋFu��y	global	matching	
comparison,	ǲF
MǳȌ	all	algorithms	rendered	high	spatial	congruence	across	
model	runs,	while	spatial	congruence	was	lower	at	medium	scale	ȋ�mproved	
Fu��y	�appa	comparison,	ǲ�F�ǳȌ	and	again	lower	when	individual	ȋ1km2Ȍ	
cells	were	compared	ȋ�appa	comparisonȌ	ȋFigǤ	2ȌǤ	�his	is	expected,	because	
the	first	two	methods	buffer	against	small	mismatches	between	maps	ȋ�agen-
�anker,	2009ȌǤ	For	all	algorithms	except	A��,	spatial	congruence	was	not	
significantly	affected	by	number	of	records	or	spatial	distribution	of	the	data	
ȋat	small	and	medium	scales,	�able	1ȌǤ	A��	spatial	congruence	improved	with	
increasing	number	of	records	ȋsmall	and	medium	scalesȌ	and	wider	distribu-
tion	ȋall	scalesȌ	of	the	dataǤ
 
	 At	small	scale	ȋiǤeǤ	using	the	�appa	statisticȌ,	Maxent	and	
AM	pro-
duced	the	highest	spatial	consistencyǤ	�F,	
�M,	
�M	and	the	Consensus	ap-
proach	performed	similarly	when	number	of	records	was	high	but	significantly	
worse	at	low	number	of	records	ȋFigǤ	2,	�appa	panelȌǤ	A��	models	produced
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the	lowest	spatial	consistency	at	both	small	and	medium	spatial	scale,	at	the	
latter	scale	�oined	by	a	poorly	performing	Consensus	approachǤ	At	medium	
spatial	scale,	Maxent	rendered	the	highest	spatial	consistency	values,	but	as	
above	several	other	algorithms,	
AM,	
�M,	
�M	and	�F,	were	not	significantly	
worse	ȋFigǤ	2,	�F�	panel,	�able	1,	�able	S6ȌǤ		
�Ms	and	�F	performed	bet-
ter than the other algorithms at large spatial scale (with all rendering high 
map	similaritiesǢ	FigǤ	2	F
M	panel,	�able	1,	�able	S7ȌǤ	�his	improvement	may,	
however,	be	due	to	overfitting	as	they	mostly	predict	small	presence	patches	
matching	closely	to	the	locations	where	the	training	records	are	found	ȋex-
ample	for	�F	in	FigǤ	SͶȌǤ

Environmental consistency of predicted distributions

�here	were	significant	differences	in	how	consistently	algorithms	assign	
importance	to	environmental	variables	between	different	runs	ȋ�able	1,	�able	
S8ȌǤ	
�M	and	�F	were	the	most	consistent	algorithms,	followed	by	Maxent,	
while	A��,	
AM	and	
�M	rendered	significantly	higher	variability	across	runs	
ȋFigǤ	3ȌǤ	Variable	assignment	was	often	less	consistent	at	small	sample	si�es	
ȋfor	A��,	
AM,	
�M	and	�FǢ	FigǤ	S5ȌǤ	�he	spatial	distribution	of	the	data	af-
fected	the	consistency	in	variable	importance	assignment	for	all	algorithms	for	
at	least	one	variable	ȋFigǤ	S6ȌǤ	

Discussion

Species	distribution	modelling	is	currently	the	main	method	for	predicting	
species	distributions,	which	in	turn	may	guide	conservation	management	ac-
tionsǤ	SDM	can	be	implemented	using	a	range	of	different	algorithms,	whose	
performances	are	analysed	in	this	study	in	three	different	but	complementary	
ways,	by	comparing	model	fit,	consistency	of	spatial	predictions	and	consisten-
cy	of	the	selection	of	environmental	variablesǤ	�e	show	that	depending	on	the	
research	ob�ectives,	number	of	records	and	spatial	distribution	of	such	records	
the	most	suitable	algorithm	will	varyǤ	

The model fit 

�he	decline	of	model	fit	ȋA�CȌ	with	increasing	number	of	records	is	expected	
when	using	pseudo-absences	or	background	data	because	the	maximum	at-
tainable	A�C	value	decreases	with	number	of	records	ȋmaximum	A�Cα	ȋ1-
area	occupiedȌ/2Ȍ	ȋ�hillips	et alǤ,	2006Ǣ	�aes	Ƭ	ter	Steege,	2007Ǣ	�ean	et alǤ,	
2012ȌǤ	For	comparisons	of	model	fit	between	species	the	ȋbias	correctedȌ	null
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Table 1. Results of the Linear Mixed Effect models for the AUC, Kappa, IFK, FGM 
and DFAC (deviance from average variable contribution).	�he	significance	of	the	
pairwise	algorithms	comparisons,	their	interaction	with	the	number	of	records	and	
spatial	distribution	is	presentedǤ	�he	positive	and	negative	signs	apply	for	the	first	
algorithm	being	compared	against	the	secondǤ	For	the	first	four	measures	the	positive	
sign	points	to	algorithms	that	render	higher	values	-better	fits	and	maps	similaritiesǤ	
�n	the	DFAC,	the	negative	signs	point	to	a	more	consistent	algorithm	as	it	renders	
lower	deviances	than	the	secondǤ	Maxα	Maxent,	Conα	Consensus	approachǢ	nsα	no	
significantǢ	naα	not	applicableǤ	SignifǤ	codes:		0	Ǯȗȗȗǯ	0Ǥ001	Ǯȗȗǯ	0Ǥ01	Ǯȗǯ	0Ǥ05Ǥ	Corrected	
�ukeyǯs	�	values	reportedǤ
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model	approach	would	be	more	appropriate	ȋ�aes	Ƭ	ter	Steege,	2007Ȍ,	but	
here	we	only	compared	model	fit	within	speciesǤ

	 As	in	other	studies	ȋMarmion	et alǤ,	2009Ǣ	�omba	et alǤ,	2010Ȍ,	the	
Consensus	approach	rendered	the	best	overall	model	fit,	probably	because	
presence	predictions	are	strictly	limited	to	cells	for	which	the	ma�ority	of	the	
models	in	the	ensemble	predict	a	presenceǤ	�owever,	considering	only	A�C	
scores	as	an	evaluation	method	for	model	performance	may	not	always	be	
the	best	approach	ȋ�iens,	1989Ȍ,	as	A�C	is	not	indicative	of	geographical	and	
environmental	consistency	of	a	model	ȋsee	belowȌǤ	�ven	though	the	Consensus	
approach	produced	good	general	fits,	its	drawbacks	become	apparent	when	
using	other	performance	measures	ȋ�able	2ȌǤ
 
	 Maxentǯs	better	performance	in	comparison	to	the	other	ǲsingleǳ	
algorithms	might	be	partly	due	to	how	the	environmental	variables	and	their	
interactions	are	modelled,	iǤeǤ	incorporating	progressively	more	mathematical	
complexity	of	the	model	when	more	data	are	available	ȋ�hillips	et alǤ,	2006Ǣ	
Elith et alǤ,	2011ȌǤ	�t	also	seems	that	generative	methods	in	general	ȋMaxent,	
but	also	�F	and	
�MȌ	render	better	results	with	small	sample	si�es,	maybe	
due	to	faster	convergence	to	their	higher	asymptotic	error	than	discriminative	
methods	ȋ�g	Ƭ	
ordan,	2002ȌǤ	�n	comparison,	discriminative	methods	such	as	

�M	and	
AM	improve	their	accuracy	as	the	number	of	records	increases	and	
may	even	surpass	results	offered	by	generative	methods	at	large	sample	si�es	
ȋsee	FigǤ	1	at	around	1700	recordsȌǤ	�owever,	for	most	taxa	and	regions,	data	
availability	rarely	reaches	the	point	where	advantages	of	discriminative	meth-
ods	can	be	benefitted	from	ȋ�hillips	et alǤ,	2009Ǣ	�onder	et alǤ,	2010ȌǤ	Finally,	
thanks	to	its	regulari�ation	procedure,	Maxent	models	are	less	likely	to	overfit	
the data (Phillips et alǤ,	2006Ǣ	�lith	et alǤ,	2011Ȍ,	than	�F	and	
�M	models	ȋas	
shown	in	FigǤ	SͶ,	and	other	recent	studies,	ȋ�lith	Ƭ	
raham,	2009Ǣ	�liver	et alǤ,	
2012ȌǤ

Figure 2. ȋnext	pageȌ Effect of records availability and spatial distribution on 
geographical consistency. �ffect	of	records	availability	and	spatial	distribution	on	
geographical	consistency	of	the	different	algorithmsǤ	For	each	spatial	scale	ȋsmall	scale	
–�appaǢ	medium	scale	–	�F�Ǣ	and	large	scale	-	F
MȌ,	we	present	the	back-transformed	
mean	values	estimated	using	�inear	Mixed	�ffect	models	for	each	algorithmǤ	�he	first	
column presents the results with relation with the number of records and the second 
with	relation	with	the	records	distributionǤ	For	clarity	of	comparisons,	A��	results	are	
presented	separately	whenever	its	values	were	much	lower	than	those	obtained	for	
other algorithms. See Tables 1 and S5 for further statistical information.
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Figure 3. ȋnext	pageȌ Consistency of the variables’ contribution to the model. Vari-
ability of the contribution of each environmental variable (i.e. deviance from 
the average variable contribution to the model) for each algorithm. �n	the	�	axis	
higher	deviance	represents	a	lower	consistency	in	the	contribution	values	given	by	the	
algorithm	to	the	different	variables	across	runsǤ	�he	values	for	variable	ǲ�0Ͷǳ	in	the	
A��	algorithm	go	to	80Ψ	and	other	variables	present	outliers	going	beyond	the	Ͷ0	Ψ,	
however,	for	plotting	convenience	we	show	only	the	deviance	up	to	the	Ͷ0ΨǤ	See	�able	
1 and Tables S8 and S9 for further statistical information.

Obtaining geographically consistent predicted distributions

�ur	results	show	that	a	high	A�C	value	is	not	necessarily	associated	with	a	
high	spatial	accuracy	of	the	models	ȋeǤgǤ	for	Consensus	approach	in	our	studyȌǤ		
�owever,	algorithms	with	low	A�C	values	produced	very	inconsistent	spatial	
predictions	ȋsee	FigsǤ	1	and	3ȌǤ	Moreover,	the	accuracy	of	the	occurrence	pre-
dictions	depended	on	the	spatial	scale	usedǤ	�ere	we	used	scales	that	roughly	
represent	small	ȋsubȌ	populations	ȋ1km2	cell	comparisonȌ,	landscape	level	
patterns	ȋseveral	km2	areaȌ	or	regional	populationsǤ	�f	we	focus	on	small	and	
medium	scale	geographic	processes,	Maxent,	
AM	and	�F	models	attain	the	
best	results	predicting	consistently	the	same	geographic	areas	across	repeti-
tions	ȋFigǤ	2,	�appa	and	�F�	panelsȌǤ	�his	result	suggests	that	these	algorithms	
are	preferable	when	modelling	species	that	are	narrowly	distributed	and	
from	which	not	many	record	locations	are	availableǤ	�owever,	at	larger	spatial	
scales	all	algorithms	produce	highly	accurate	and	largely	similar	results	ȋwith	
the	exception	of	A��Ȍ,	�F	and	
�M	obtaining	only	slightly	better	results	ȋFigǤ	
2,	F
M	panelȌǤ	�his	suggests	that	when	focusing	on	processes	occurring	at	re-
gional	or	country	scale,	�F	and	
�M	algorithms	might	be	preferableǤ	�owever,	
due	to	their	tendency	to	overfit	ȋFigǤ	SͶȌ,	the	usefulness	of	these	algorithms	for	
temporal	or	spatial	extrapolation	is	limitedǤ

How consistent are SDM algorithms when selecting significant environ-
mental variables?

From	the	six	algorithms,	�F	and	
�M	were	the	most	consistent	when	selecting	
the environmental factors that are considered to limit the species distributions 
ȋFigǤ	3ȌǤ	�owever,	these	algorithms	tend	to	under-predict	the	species	range	
because	of	overfitting	the	models	to	the	training	data,	which	is	apparent	by	the	
poor	predictions	of	the	test	data,	as	shown	by	the	low	A�C	values	ȋFigǤ	1ȌǤ	�n	
such	cases	these	algorithms	only	detect	part	of	the	reali�ed	niche	of	the	spe-
cies	and	underestimate	the	areas	that	the	species	could	potentially	inhabitǤ
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�herefore,	if	we	are	only	interested	in	the	environmental	niche	of	a	species	
these	two	algorithms	provide	better	results	in	our	evaluationǤ	�owever,	there	
are other algorithms that performed almost as good in the consistent selection 
of	environmental	variables,	while	not	highly	overfitting	the	data	ȋeǤgǤ	Maxent,	
see	also	A�C	evaluationȌǤ	�hese	might	be	a	good	option	for	a	more	consistent	
selection of the species’ important environmental variables.

Implications for species distribution modelling

Setting	the	aim	of	the	SDM	exercise	beforehand	is	key	for	obtaining	appropri-
ate	SDMs	ȋAraï�o	Ƭ	�eterson,	2012ȌǤ	SDM	studies	are	performed	with	different	
main	aims	in	mind	ȋeǤgǤ	estimating	potential	general	distribution,	obtaining	
past,	present	or	future	spatial	predictions,	environmental	niche	characteri�a-
tion,	summari�ed	in	�able	2ȌǤ	�ur	study	clearly	shows	that	depending	on	the	
ob�ective	of	the	study	different	algorithms	should	be	selected	for	SDMǤ	For	
example,	if	a	conservation	practitioner	needs	to	know	what	the	likelihood	is	
of a species occurring in a small nature reserve then using a model with a high 
spatial	congruence	and	high	fit	is	essentialǤ	�n	the	other	hand,	if	one	wants	
to	understand	the	environmental	conditions	that	most	likely	limit	a	speciesǯ	
distribution,	an	algorithm	with	high	consistency	in	variable	strength	assess-
ment is more important. If one would be interested in a balance between the 
above	then	yet	another	algorithm	might	be	preferredǤ	�n	our	analysis	Maxent	
obtained some of the best results across evaluation criteria and might thus 
be	a	good	starting	point	from	among	the	readily	available	modelling	options	
ȋ�able	2Ȍ,	whereas	for	specific	�uestions	several	other	algorithms	give	similar	
�uality	results	or	might	be	preferred,	eǤgǤ	�F	for	consistency	in	environmental	
variable selection. 

	 �ur	results	are	representative	of	the	currently	implemented	versions	
of	the	different	algorithms	and	it	is	likely	that	future	changes	in	coding	the	
algorithms	may	lead	to	performance	improvementsǤ	Moreover,	while	these	
results	are	only	representative	for	the	set	of	conditions	present	in	the	study	
area	ȋ�he	�etherlandsȌ	and	caution	must	be	taken	in	extrapolating	our	find-
ings	to	areas	that	are	substantially	different,	the	extent	and	high	�uality	of	the	
database	here	used	ȋ�etherlands	hoverfly	database,	where	pseudo-absences	
selected	for	the	models	are	likely	closely	related	to	real	absencesȌ,	allowed	us	
to select the species with variable distribution patterns following objective 
criteria,	thus	making	it	possible	to	carry	out	algorithms	comparisons	with	real	
instead of virtual data. Further work is needed to corroborate our results for 
areas with broader spatial and environmental range.
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Algorithm	
   Model	
  fit	
  
-­‐AUC	
  
values	
  

Binary	
  
predictions	
  	
  
similarity	
  

Consistency	
  in	
  
Environmental	
  

Variables	
  
selection	
  

Observations	
  

Consensus	
  
approach	
  

High	
   Low	
  at	
  fine	
  
scale	
  
Medium	
  at	
  
medium	
  scale	
  
Medium	
  at	
  
coarse	
  scale	
  

NA*	
   -­‐Good	
  for	
  high	
  model	
  fit	
  
for	
  narrow,	
  wide,	
  small	
  
and	
  big	
  sample	
  sizes.	
  It	
  is	
  
not	
  the	
  best	
  option	
  for	
  
similarity	
  in	
  spatial	
  
distribution.	
  	
  

Maxent	
   High	
   High	
  at	
  fine	
  
scale	
  
High	
  at	
  
medium	
  scale	
  
Medium	
  at	
  
coarse	
  scale	
  

Medium	
  to	
  high	
   -­‐High	
  scores	
  for	
  narrow	
  
and	
  moderately	
  wide	
  
distribution	
  of	
  records,	
  
also	
  good	
  for	
  small	
  and	
  
moderately	
  big	
  sample	
  
sizes	
  (up	
  to	
  around	
  1700	
  
records).	
  	
  

GAM	
   Medium	
   Medium	
  at	
  
fine	
  scale	
  
Medium	
  at	
  
medium	
  scale	
  
Medium	
  at	
  
coarse	
  scale	
  

Low	
   -­‐For	
  narrow	
  and	
  
moderately	
  wide	
  
distribution	
  of	
  records,	
  
also	
  good	
  for	
  small	
  and	
  
moderately	
  big	
  sample	
  
sizes	
  (around	
  1400	
  
records).	
  

GBM	
   Low	
   Low	
  at	
  fine	
  
scale	
  
Medium	
  at	
  
medium	
  scale	
  
High	
  at	
  coarse	
  
scale	
  

High	
   -­‐Obtains	
  higher	
  scores	
  
than	
  others	
  for	
  common	
  
and	
  widespread	
  records.	
  
Obtains	
  lower	
  scores	
  
with	
  small	
  and	
  narrow	
  
records'	
  distribution.	
  

GLM	
   Low	
   Low	
  at	
  fine	
  
scale	
  
Medium	
  at	
  
medium	
  scale	
  
Medium	
  at	
  
coarse	
  scale	
  

Low	
   -­‐Preferred	
  for	
  common	
  
and	
  widespread	
  records	
  
although	
  not	
  the	
  best	
  in	
  
any	
  comparison	
  metric.	
  
Obtains	
  lower	
  scores	
  
with	
  small	
  and	
  narrow	
  
records'	
  distribution.	
  

RF	
   Low	
   Medium	
  at	
  
fine	
  scale	
  
Medium	
  at	
  
medium	
  scale	
  
High	
  at	
  coarse	
  
scale	
  

High	
   -­‐Good	
  for	
  common	
  and	
  
widespread	
  record.	
  
Obtains	
  lower	
  scores	
  
with	
  small	
  and	
  narrow	
  
records'	
  distribution.	
  
Similar	
  to	
  GBM	
  

ANN	
   Very	
  low	
   Very	
  low	
  at	
  
fine	
  scale	
  
Very	
  low	
  at	
  
medium	
  scale	
  
Very	
  low	
  at	
  
coarse	
  scale	
  

Low	
   -­‐Not	
  better	
  than	
  other	
  in	
  
most	
  of	
  the	
  
comparisons.	
  It	
  produces	
  
low	
  scores	
  across	
  
analysis.	
  

*Not	
  Available	
  for	
  this	
  method.	
  

Table 2. Summary of the algorithms’ performance across analyses 
...
.
and the different aims for which they attain better results (for more details see 
Figs. 1-3).
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Conclusion

�hile	species	distribution	modelling	is	commonly	used	to	inform	and	guide	
conservation	actions,	until	now	no	extensive	evaluation	of	the	�uality	of	the	
many	available	methods	was	available	ȋ�lith	Ƭ	�eathwick,	2009Ǣ	Araï�o	Ƭ	

uisan,	2006ȌǤ	�hile	current	species	distribution	modelling	studies	commonly	
select	modelling	algorithm	hapha�ardly,	mainly	based	on	A�C	accuracy,	our	
results	show	that	performance	is	different	between	algorithmsǢ	no	single	algo-
rithm	was	performing	best	for	all	evaluation	metrics	ȋmodel	fit,	geographical	
consistency	and	environmental	nicheȌǤ	�e	show	that	a	high	model	fit	does	not	
necessarily	translate	into	highly	consistent	spatial	ȋiǤeǤ	consensus	approachȌ	or	
environmental	niche	predictions,	highlighting	the	need	of	a	priori	matching	of	
study	aims	with	modelling	approachǤ		�e	designed	a	modelling	workflow	ȋFigǤ	
ͶȌ,	that	one	may	follow	to	select	the	most	suitable	modelling	algorithmȋsȌ	and/
or	approaches	for	a	given	aim	ȋeǤgǤ	determining	the	range	of	spatially	restrict-
ed	species,	or	identifying	algorithms	that	produce	more	consistent	models	for	
environmental	variables	selection,	given	more	certainty	during	analysis	of	the	
speciesǯ	ecological	nicheȌǤ	Such	framework	is	applicable	to	different	species	
datasets taking into account variation in several important characteristics of 
species	distributions	ȋlevel	of	rarity	and	spatial	extentȌǤ

Figure 4. SDM’s analysis framework. Framework for analysing the algorithms 
adequacy for modelling our species distribution by means of model fit, binary 
predictions similarity and selection of variables importance. These results are 
analysed	across	algorithms	by	means	of	�inear	Mixed	�ffects	models	ȋ�M�Ȍ,	which	will	
aid in the selection of the most suitable algorithm for modelling our species distribu-
tions. 
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Species	
   Number	
  of	
  records	
   Distance	
  (Km)	
  

Brachyopa	
  bicolor	
   19	
   165.36	
  
Brachyopa	
  scutellaris	
   81	
   160.65	
  
Brachyopa	
  testacea	
   22	
   74.95	
  
Chalcosyrphus	
  piger	
   21	
   83.20	
  
Cheilosia	
  chrysocoma	
   43	
   162.32	
  
Cheilosia	
  lenis	
   11	
   16.75	
  
Chrysotoxum	
  cautum	
   346	
   119.69	
  
Eristalinus	
  aeneus	
   127	
   238.35	
  
Eupeodes	
  corollae	
   1578	
   15.12	
  
Helophilus	
  trivittatus	
   2094	
   3.29	
  
Lejogaster	
  tarsata	
   100	
   142.41	
  
Lejops	
  vittata	
   8	
   29.73	
  
Melanostoma	
  scalare	
   1512	
   33.58	
  
Microdon	
  devius	
   6	
   48.00	
  
Platycheirus	
  immarginatus	
   10	
   219.69	
  
Psilota	
  atra	
   12	
   39.51	
  
*Distance	
  represents	
  the	
  3th.	
  quartile	
  distance	
  between	
  the	
  most	
  
separated	
  record	
  locations	
  for	
  the	
  focus	
  species.	
  	
  	
  

	
  

	
  
Name	
   Description	
   Unit	
   Mean	
   Range	
   Std.	
  Dev.	
  

B02	
   Mean	
  Diurnal	
  Range	
   °C	
   6.3	
   4.9	
  –	
  7.8	
   8.6	
  

B04	
   Temperature	
  Seasonality	
   °C	
   5.4	
   5	
  –	
  5.7	
   0.1	
  

B08	
   Mean	
  Temperature	
  of	
  Wettest	
  Quarter	
  	
   °C	
   11.5	
   3.4	
  –	
  17.3	
   4.2	
  

B09	
   Mean	
  Temperature	
  of	
  Driest	
  Quarter	
   °C	
   6.9	
   3.4	
  –	
  11.2	
   2.8	
  

B10	
   Mean	
  Temperature	
  of	
  Warmest	
  Quarter	
   °C	
   16.3	
   15.3	
  -­‐	
  17.3	
   0.6	
  

B12	
   Annual	
  Precipitation	
   mm	
   824.7	
   723	
  -­‐	
  983	
   63.9	
  

B13	
   Precipitation	
  of	
  Wettest	
  Month	
  	
   mm	
   82.5	
   71	
  -­‐	
  94	
   6.9	
  

B14	
   Precipitation	
  of	
  Driest	
  Month	
  	
   mm	
   55.5	
   40	
  -­‐	
  71	
   9.2	
  

B18	
   Precipitation	
  of	
  Warmest	
  Quarter	
   mm	
   231.6	
   194	
  -­‐	
  272	
   22.2	
  

Elevation	
   Elevation	
  range	
  	
   masl	
   109	
   -­‐8	
  -­‐	
  300	
   72.6	
  

The	
  data	
  has	
  a	
  resolution	
  of	
  ≈1	
  km2	
  (Hijmans	
  et	
  al.	
  2005,	
  http://www.worldclim.org).	
  

Table S2. Description of the species data used for fitting the models. 

Table S3. Environmental variables used for fitting the SDM. 



Algorithms	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

Max vs ANN 1.6890	
   10.6090	
   <0.01***	
  

Max vs GAM 0.3988	
   2.5060	
   0.2087	
  

Max vs GBM 1.0940	
   6.8710	
   <0.01***	
  

Max vs GLM 0.9014	
   5.6630	
   <0.01***	
  

Max vs RF 1.1460	
   7.1990	
   <0.01***	
  

Max vs Con -­‐0.4769	
   -­‐2.9960	
   0.0596.	
  

ANN vs GAM -­‐1.2900	
   -­‐8.1040	
   <0.01***	
  

ANN vs GBM -­‐0.5950	
   -­‐3.7380	
   <0.01**	
  

ANN vs GLM -­‐0.7873	
   -­‐4.9460	
   <0.01***	
  

ANN vs RF -­‐0.5428	
   -­‐3.4100	
   0.0165*	
  

ANN vs Con -­‐2.1660	
   -­‐13.6050	
   <0.01***	
  

GAM vs GBM 0.6948	
   4.3650	
   <0.01***	
  

GAM vs GLM 0.5026	
   3.1570	
   0.0366*	
  

GAM vs RF 0.7471	
   4.6940	
   <0.01***	
  

GAM vs Con -­‐0.8757	
   -­‐5.5020	
   <0.01***	
  

GBM vs GLM -­‐0.1922	
   -­‐1.2080	
   0.9555	
  

GBM vs RF 0.0523	
   0.3280	
   1	
  

GBM vs Con -­‐1.5710	
   -­‐9.8670	
   <0.01***	
  

GLM vs RF 0.2445	
   1.5360	
   0.8299	
  

GLM vs Con -­‐1.3780	
   -­‐8.6590	
   <0.01***	
  

RF vs Con -­‐1.6230	
   -­‐10.1950	
   <0.01***	
  

Max vs records -­‐0.0012	
   -­‐5.1640	
   <0.01***	
  

ANN vs records -­‐0.0003	
   -­‐1.3120	
   0.9267	
  

GAM vs records -­‐0.0010	
   -­‐4.3280	
   <0.01***	
  

GBM vs records -­‐0.0006	
   -­‐2.4080	
   0.2579	
  

GLM vs records -­‐0.0008	
   -­‐3.2080	
   0.0317*	
  

RF vs records -­‐0.0006	
   -­‐2.4140	
   0.2537	
  

Con vs records -­‐0.0012	
   -­‐4.9600	
   <0.01***	
  

Max vs distance 0.0000	
   -­‐2.6830	
   0.1378	
  

ANN vs distance 0.0000	
   -­‐0.2010	
   1	
  

GAM vs distance 0.0000	
   -­‐1.8910	
   0.5998	
  

GBM vs distance 0.0000	
   -­‐0.1700	
   1	
  

GLM vs distance 0.0000	
   -­‐0.7300	
   0.999	
  

RF vs distance 0.0000	
   0.0260	
   1	
  

Con vs distance 0.0000	
   -­‐2.0140	
   0.51	
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Table S4. Statistical results of the Linear Mixed Effect models for the AUC values 
between algorithms and their interaction with the number of records and spa-
tial distribution. 
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Table S5. Statistical results of the Linear Mixed Effect models for the maps simi-
larity values at the finer scale (Kappa) between algorithms and their interaction 
with the number of records and their spatial distribution. 
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Algorithms	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

Max vs ANN 2.8590	
   20.0740	
   <0.01***	
  

Max vs GAM 0.3869	
   2.7170	
   0.127	
  

Max vs GBM 0.6669	
   4.6830	
   <0.01***	
  

Max vs GLM 0.6600	
   4.6350	
   <0.01***	
  

Max vs RF 0.3995	
   2.8050	
   0.1013	
  

Max vs Con 0.8643	
   6.0690	
   <0.01***	
  

ANN vs GAM -­‐2.4720	
   -­‐17.3570	
   <0.01***	
  

ANN vs GBM -­‐2.1920	
   -­‐15.3920	
   <0.01***	
  

ANN vs GLM -­‐2.1990	
   -­‐15.4390	
   <0.01***	
  

ANN vs RF -­‐2.4590	
   -­‐17.2690	
   <0.01***	
  

ANN vs Con -­‐1.9950	
   -­‐14.0050	
   <0.01***	
  

GAM vs GBM 0.2799	
   1.9660	
   0.5448	
  

GAM vs GLM 0.2731	
   1.9180	
   0.5798	
  

GAM vs RF 0.0126	
   0.0890	
   1	
  

GAM vs Con 0.4774	
   3.3520	
   0.0196*	
  

GBM vs GLM -­‐0.0068	
   -­‐0.0480	
   1	
  

GBM vs RF -­‐0.2673	
   -­‐1.8770	
   0.6096	
  

GBM vs Con 0.1974	
   1.3860	
   0.9001	
  

GLM vs RF -­‐0.2605	
   -­‐1.8290	
   0.6443	
  

GLM vs Con 0.2043	
   1.4340	
   0.88	
  

RF vs Con 0.4648	
   3.2630	
   0.0268*	
  

Max vs records -­‐0.0001	
   -­‐0.5660	
   0.9999	
  

ANN vs records 0.0006	
   2.9870	
   0.0627	
  

GAM vs records 0.0002	
   1.1230	
   0.9721	
  

GBM vs records 0.0004	
   1.7810	
   0.6779	
  

GLM vs records 0.0003	
   1.6890	
   0.7397	
  

RF vs records -­‐0.0001	
   -­‐0.7260	
   0.999	
  

Con vs records 0.0004	
   1.7680	
   0.6867	
  

Max vs distance 0.0000	
   -­‐0.7530	
   0.9987	
  

ANN vs distance 0.0000	
   3.8090	
   <0.01**	
  

GAM vs distance 0.0000	
   0.4760	
   1	
  

GBM vs distance 0.0000	
   0.5600	
   0.9999	
  

GLM vs distance 0.0000	
   0.8470	
   0.9964	
  

RF vs distance 0.0000	
   -­‐0.7870	
   0.9981	
  

Con vs distance 0.0000	
   1.0070	
   0.9868	
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Table S6. Statistical results of the Linear Mixed Effect models for the maps simi-
larity values at the medium scale (Improved Fuzzy Kappa) between algorithms 
and their interaction with the number of records and their spatial distribution. 
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Algorithms	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

Max vs ANN 3.0180	
   21.0680	
   <0.01***	
  

Max vs GAM 0.2000	
   1.3960	
   0.8929	
  

Max vs GBM 0.2337	
   1.6310	
   0.771	
  

Max vs GLM 0.3915	
   2.7330	
   0.12	
  

Max vs RF 0.1673	
   1.1680	
   0.9623	
  

Max vs Con 0.5407	
   3.7750	
   <0.01**	
  

ANN vs GAM -­‐2.8180	
   -­‐19.6720	
   <0.01***	
  

ANN vs GBM -­‐2.7840	
   -­‐19.4370	
   <0.01***	
  

ANN vs GLM -­‐2.6260	
   -­‐18.3350	
   <0.01***	
  

ANN vs RF -­‐2.8510	
   -­‐19.9000	
   <0.01***	
  

ANN vs Con -­‐2.4770	
   -­‐17.2940	
   <0.01***	
  

GAM vs GBM 0.0337	
   0.2350	
   1	
  

GAM vs GLM 0.1915	
   1.3370	
   0.9154	
  

GAM vs RF -­‐0.0327	
   -­‐0.2280	
   1	
  

GAM vs Con 0.3407	
   2.3780	
   0.2692	
  

GBM vs GLM 0.1578	
   1.1020	
   0.9741	
  

GBM vs RF -­‐0.0664	
   -­‐0.4630	
   1	
  

GBM vs Con 0.3070	
   2.1430	
   0.4146	
  

GLM vs RF -­‐0.2242	
   -­‐1.5650	
   0.8102	
  

GLM vs Con 0.1492	
   1.0420	
   0.9823	
  

RF vs Con 0.3734	
   2.6070	
   0.1643	
  

Max vs records -­‐0.0001	
   -­‐0.4970	
   1	
  

ANN vs records 0.0006	
   2.7130	
   0.1261	
  

GAM vs records 0.0001	
   0.5110	
   1	
  

GBM vs records 0.0002	
   0.8380	
   0.9964	
  

GLM vs records 0.0002	
   0.9470	
   0.991	
  

RF vs records -­‐0.0002	
   -­‐1.0330	
   0.9832	
  

Con vs records 0.0002	
   1.0780	
   0.9775	
  

Max vs distance 0.0000	
   -­‐0.7120	
   0.999	
  

ANN vs distance 0.0000	
   3.4450	
   0.0138*	
  

GAM vs distance 0.0000	
   -­‐0.0940	
   1	
  

GBM vs distance 0.0000	
   -­‐0.3930	
   1	
  

GLM vs distance 0.0000	
   0.0990	
   1	
  

RF vs distance 0.0000	
   -­‐0.6660	
   0.9995	
  

Con vs distance 0.0000	
   0.4240	
   1	
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Table S7. Statistical results of the Linear Mixed Effect models for the maps simi-
larity values at the coarser scale (Fuzzy Global Matching) between algorithms 
and their interaction with the number of records and their spatial distribution. 
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Algorithms	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

Max vs ANN 1.4940	
   15.9990	
   <0.001***	
  

Max vs GAM -­‐0.1440	
   -­‐1.5420	
   0.81365	
  

Max vs GBM -­‐0.5910	
   -­‐6.3300	
   <0.001***	
  

Max vs GLM -­‐0.0231	
   -­‐0.2480	
   1	
  

Max vs RF -­‐0.9389	
   -­‐10.0560	
   <0.001***	
  

Max vs Con -­‐0.0857	
   -­‐0.9180	
   0.99159	
  

ANN vs GAM -­‐1.6380	
   -­‐17.5410	
   <0.001***	
  

ANN vs GBM -­‐2.0850	
   -­‐22.3290	
   <0.001***	
  

ANN vs GLM -­‐1.5170	
   -­‐16.2460	
   <0.001***	
  

ANN vs RF -­‐2.4330	
   -­‐26.0550	
   <0.001***	
  

ANN vs Con -­‐1.5790	
   -­‐16.9170	
   <0.001***	
  

GAM vs GBM -­‐0.4470	
   -­‐4.7880	
   <0.001***	
  

GAM vs GLM 0.1209	
   1.2940	
   0.92416	
  

GAM vs RF -­‐0.7949	
   -­‐8.5140	
   <0.001***	
  

GAM vs Con 0.0582	
   0.6240	
   0.99959	
  

GBM vs GLM 0.5679	
   6.0820	
   <0.001***	
  

GBM vs RF -­‐0.3479	
   -­‐3.7260	
   0.00486**	
  

GBM vs Con 0.5053	
   5.4120	
   <0.001***	
  

GLM vs RF -­‐0.9158	
   -­‐9.8090	
   <0.001***	
  

GLM vs Con -­‐0.0626	
   -­‐0.6710	
   0.99925	
  

RF vs Con 0.8532	
   9.1380	
   <0.001***	
  

Max vs records -­‐0.0007	
   -­‐3.5260	
   0.00996**	
  

ANN vs records -­‐0.0003	
   -­‐1.5410	
   0.8148	
  

GAM vs records -­‐0.0007	
   -­‐3.4830	
   0.01229*	
  

GBM vs records -­‐0.0010	
   -­‐5.2310	
   <0.001***	
  

GLM vs records -­‐0.0006	
   -­‐3.3910	
   0.01626*	
  

RF vs records -­‐0.0010	
   -­‐5.5500	
   <0.001***	
  

Con vs records -­‐0.0007	
   -­‐3.9620	
   0.00215**	
  

Max vs distance 0.0000	
   -­‐2.4560	
   0.22236	
  

ANN vs distance 0.0000	
   2.4970	
   0.20312	
  

GAM vs distance 0.0000	
   -­‐3.0250	
   0.0523	
  

GBM vs distance 0.0000	
   -­‐2.1470	
   0.40086	
  

GLM vs distance 0.0000	
   -­‐2.6080	
   0.15775	
  

RF vs distance 0.0000	
   -­‐0.4670	
   0.99997	
  

Con vs distance 0.0000	
   -­‐1.8400	
   0.61951	
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Table S8.  Statistical results of the Linear Mixed Effects models for the deviance 
from the average environmental variable contribution values between algo-
rithms without separating by variable (environmental variable nested in spe-
cies).

Table S9. Statistical results of the Linear Mixed Effect models results for the 
deviance from the average environmental variable contribution values between 
algorithms for the same variable. 

A	significant	�	value	points	to	a	significance	difference	between	the	deviance	values	
presented	by	each	algorithmǤ	�igher	estimates	mean	a	higher	deviance	an	thus	a	less	
consistent	modelling	algorithmǤ	�he	estimates	are	the	values	as	obtained	in	the	mixed	
model	without	being	log	back-transformedǤ	Maxα	MaxentǢ	SignifǤ	codes:		0	Ǯȗȗȗǯ	0Ǥ001	
Ǯȗȗǯ	0Ǥ01	Ǯȗǯ	0Ǥ05Ǥ	Corrected	�ukeyǯs	�	values	reportedǤ	See	�able	S9	for	a	per	variable	
comparison results between algorithms.

Algorithms	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

Max vs ANN -­‐0.4294	
   -­‐16.0850	
   <1e-­‐07***	
  

Max vs GAM -­‐0.2503	
   -­‐9.3770	
   <1e-­‐07***	
  

Max vs GBM 0.1603	
   6.0040	
   <1e-­‐07***	
  

Max vs GLM -­‐0.4268	
   -­‐15.9870	
   <1e-­‐07***	
  

Max vs RF 0.3840	
   14.3870	
   <1e-­‐07***	
  

ANN vs GAM 0.1791	
   6.7080	
   <1e-­‐07***	
  

ANN vs GBM 0.5897	
   22.0890	
   <1e-­‐07***	
  

ANN vs GLM 0.0026	
   0.0990	
   1	
  

ANN vs RF 0.8134	
   30.4720	
   <1e-­‐07***	
  

GAM vs GBM 0.4106	
   15.3810	
   <1e-­‐07***	
  

GAM vs GLM -­‐0.1764	
   -­‐6.6090	
   <1e-­‐07***	
  

GAM vs RF 0.6344	
   23.7640	
   <1e-­‐07***	
  

GBM vs GLM -­‐0.5870	
   -­‐21.9910	
   <1e-­‐07***	
  

GBM vs RF 0.2238	
   8.3830	
   <1e-­‐07***	
  

GLM vs RF 0.8108	
   30.3730	
   <1e-­‐07***	
  
	
  

Algorithm	
   Env.	
  Variable	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

ANN-­‐Max	
   B02	
   0.0308	
   0.3470	
   0.9993	
  
ANN-­‐Max	
   B04	
   1.4344	
   16.1480	
   <0.001***	
  
ANN-­‐Max	
   B08	
   0.1548	
   1.7430	
   0.5033	
  
ANN-­‐Max	
   B09	
   0.5731	
   6.4520	
   <0.001***	
  
ANN-­‐Max	
   B10	
   0.1873	
   2.1090	
   0.2825	
  
ANN-­‐Max	
   B12	
   0.6494	
   7.3110	
   <0.001***	
  
ANN-­‐Max	
   B13	
   0.3506	
   3.9460	
   0.0011**	
  
ANN-­‐Max	
   B14	
   -­‐0.1361	
   -­‐1.5320	
   0.6435	
  
ANN-­‐Max	
   B18	
   0.8251	
   9.2880	
   <0.001***	
  
ANN-­‐Max	
   Elevation	
   0.2244	
   2.5260	
   0.1166	
  
GAM-­‐ANN	
   B02	
   -­‐0.1993	
   -­‐2.2440	
   0.2178	
  
GAM-­‐ANN	
   B04	
   -­‐1.1210	
   -­‐12.6190	
   <0.001***	
  
GAM-­‐ANN	
   B08	
   -­‐0.2298	
   -­‐2.5870	
   0.1006	
  
GAM-­‐ANN	
   B09	
   -­‐0.3535	
   -­‐3.9790	
   <0.001***	
  
GAM-­‐ANN	
   B10	
   -­‐0.3949	
   -­‐4.4460	
   <0.001***	
  
GAM-­‐ANN	
   B12	
   -­‐0.0947	
   -­‐1.0660	
   0.8950	
  
GAM-­‐ANN	
   B13	
   -­‐0.1174	
   -­‐1.3220	
   0.7731	
  
GAM-­‐ANN	
   B14	
   0.9242	
   10.4040	
   <0.001***	
  
GAM-­‐ANN	
   B18	
   -­‐0.2269	
   -­‐2.5540	
   0.1090	
  
GAM-­‐ANN	
   Elevation	
   0.0226	
   0.2540	
   0.9999	
  
GAM-­‐Max	
   B02	
   -­‐0.1685	
   -­‐1.8970	
   0.4039	
  
GAM-­‐Max	
   B04	
   0.3135	
   3.5290	
   0.00558**	
  
GAM-­‐Max	
   B08	
   -­‐0.0750	
   -­‐0.8440	
   0.9593	
  
GAM-­‐Max	
   B09	
   0.2196	
   2.4720	
   0.1322	
  
GAM-­‐Max	
   B10	
   -­‐0.2076	
   -­‐2.3370	
   0.1794	
  
GAM-­‐Max	
   B12	
   0.5548	
   6.2450	
   <0.001***	
  
GAM-­‐Max	
   B13	
   0.2332	
   2.6250	
   0.09128.	
  
GAM-­‐Max	
   B14	
   0.7881	
   8.8720	
   <0.001***	
  
GAM-­‐Max	
   B18	
   0.5982	
   6.7340	
   <0.001***	
  
GAM-­‐Max	
   Elevation	
   0.2469	
   2.7800	
   0.0609	
  
GBM-­‐ANN	
   B02	
   -­‐0.6102	
   -­‐6.8700	
   <0.001***	
  
GBM-­‐ANN	
   B04	
   -­‐1.2910	
   -­‐14.5330	
   <0.001***	
  
GBM-­‐ANN	
   B08	
   -­‐0.3318	
   -­‐3.7350	
   0.0025**	
  
GBM-­‐ANN	
   B09	
   -­‐0.4538	
   -­‐5.1090	
   <0.001***	
  
GBM-­‐ANN	
   B10	
   -­‐0.7768	
   -­‐8.7440	
   <0.001***	
  
GBM-­‐ANN	
   B12	
   -­‐0.4163	
   -­‐4.6860	
   <0.001***	
  
GBM-­‐ANN	
   B13	
   -­‐0.4310	
   -­‐4.8520	
   <0.001***	
  
GBM-­‐ANN	
   B14	
   -­‐0.4282	
   -­‐4.8210	
   <0.001***	
  
GBM-­‐ANN	
   B18	
   -­‐0.7059	
   -­‐7.9460	
   <0.001***	
  
GBM-­‐ANN	
   Elevation	
   -­‐0.4516	
   -­‐5.0830	
   <0.001***	
  
GBM-­‐GAM	
   B02	
   -­‐0.4109	
   -­‐4.6260	
   <0.001***	
  
GBM-­‐GAM	
   B04	
   -­‐0.1700	
   -­‐1.9130	
   0.3939	
  
GBM-­‐GAM	
   B08	
   -­‐0.1020	
   -­‐1.1480	
   0.8610	
  
GBM-­‐GAM	
   B09	
   -­‐0.1003	
   -­‐1.1290	
   0.8693	
  
GBM-­‐GAM	
   B10	
   -­‐0.3819	
   -­‐4.2990	
   <0.001***	
  



64

Algorithm	
   Env.	
  Variable	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

ANN-­‐Max	
   B02	
   0.0308	
   0.3470	
   0.9993	
  
ANN-­‐Max	
   B04	
   1.4344	
   16.1480	
   <0.001***	
  
ANN-­‐Max	
   B08	
   0.1548	
   1.7430	
   0.5033	
  
ANN-­‐Max	
   B09	
   0.5731	
   6.4520	
   <0.001***	
  
ANN-­‐Max	
   B10	
   0.1873	
   2.1090	
   0.2825	
  
ANN-­‐Max	
   B12	
   0.6494	
   7.3110	
   <0.001***	
  
ANN-­‐Max	
   B13	
   0.3506	
   3.9460	
   0.0011**	
  
ANN-­‐Max	
   B14	
   -­‐0.1361	
   -­‐1.5320	
   0.6435	
  
ANN-­‐Max	
   B18	
   0.8251	
   9.2880	
   <0.001***	
  
ANN-­‐Max	
   Elevation	
   0.2244	
   2.5260	
   0.1166	
  
GAM-­‐ANN	
   B02	
   -­‐0.1993	
   -­‐2.2440	
   0.2178	
  
GAM-­‐ANN	
   B04	
   -­‐1.1210	
   -­‐12.6190	
   <0.001***	
  
GAM-­‐ANN	
   B08	
   -­‐0.2298	
   -­‐2.5870	
   0.1006	
  
GAM-­‐ANN	
   B09	
   -­‐0.3535	
   -­‐3.9790	
   <0.001***	
  
GAM-­‐ANN	
   B10	
   -­‐0.3949	
   -­‐4.4460	
   <0.001***	
  
GAM-­‐ANN	
   B12	
   -­‐0.0947	
   -­‐1.0660	
   0.8950	
  
GAM-­‐ANN	
   B13	
   -­‐0.1174	
   -­‐1.3220	
   0.7731	
  
GAM-­‐ANN	
   B14	
   0.9242	
   10.4040	
   <0.001***	
  
GAM-­‐ANN	
   B18	
   -­‐0.2269	
   -­‐2.5540	
   0.1090	
  
GAM-­‐ANN	
   Elevation	
   0.0226	
   0.2540	
   0.9999	
  
GAM-­‐Max	
   B02	
   -­‐0.1685	
   -­‐1.8970	
   0.4039	
  
GAM-­‐Max	
   B04	
   0.3135	
   3.5290	
   0.00558**	
  
GAM-­‐Max	
   B08	
   -­‐0.0750	
   -­‐0.8440	
   0.9593	
  
GAM-­‐Max	
   B09	
   0.2196	
   2.4720	
   0.1322	
  
GAM-­‐Max	
   B10	
   -­‐0.2076	
   -­‐2.3370	
   0.1794	
  
GAM-­‐Max	
   B12	
   0.5548	
   6.2450	
   <0.001***	
  
GAM-­‐Max	
   B13	
   0.2332	
   2.6250	
   0.09128.	
  
GAM-­‐Max	
   B14	
   0.7881	
   8.8720	
   <0.001***	
  
GAM-­‐Max	
   B18	
   0.5982	
   6.7340	
   <0.001***	
  
GAM-­‐Max	
   Elevation	
   0.2469	
   2.7800	
   0.0609	
  
GBM-­‐ANN	
   B02	
   -­‐0.6102	
   -­‐6.8700	
   <0.001***	
  
GBM-­‐ANN	
   B04	
   -­‐1.2910	
   -­‐14.5330	
   <0.001***	
  
GBM-­‐ANN	
   B08	
   -­‐0.3318	
   -­‐3.7350	
   0.0025**	
  
GBM-­‐ANN	
   B09	
   -­‐0.4538	
   -­‐5.1090	
   <0.001***	
  
GBM-­‐ANN	
   B10	
   -­‐0.7768	
   -­‐8.7440	
   <0.001***	
  
GBM-­‐ANN	
   B12	
   -­‐0.4163	
   -­‐4.6860	
   <0.001***	
  
GBM-­‐ANN	
   B13	
   -­‐0.4310	
   -­‐4.8520	
   <0.001***	
  
GBM-­‐ANN	
   B14	
   -­‐0.4282	
   -­‐4.8210	
   <0.001***	
  
GBM-­‐ANN	
   B18	
   -­‐0.7059	
   -­‐7.9460	
   <0.001***	
  
GBM-­‐ANN	
   Elevation	
   -­‐0.4516	
   -­‐5.0830	
   <0.001***	
  
GBM-­‐GAM	
   B02	
   -­‐0.4109	
   -­‐4.6260	
   <0.001***	
  
GBM-­‐GAM	
   B04	
   -­‐0.1700	
   -­‐1.9130	
   0.3939	
  
GBM-­‐GAM	
   B08	
   -­‐0.1020	
   -­‐1.1480	
   0.8610	
  
GBM-­‐GAM	
   B09	
   -­‐0.1003	
   -­‐1.1290	
   0.8693	
  
GBM-­‐GAM	
   B10	
   -­‐0.3819	
   -­‐4.2990	
   <0.001***	
  

GAM-­‐ANN	
   Elevation	
   0.0226	
   0.2540	
   0.9999	
  
GAM-­‐Max	
   B02	
   -­‐0.1685	
   -­‐1.8970	
   0.4039	
  
GAM-­‐Max	
   B04	
   0.3135	
   3.5290	
   0.00558**	
  
GAM-­‐Max	
   B08	
   -­‐0.0750	
   -­‐0.8440	
   0.9593	
  
GAM-­‐Max	
   B09	
   0.2196	
   2.4720	
   0.1322	
  
GAM-­‐Max	
   B10	
   -­‐0.2076	
   -­‐2.3370	
   0.1794	
  
GAM-­‐Max	
   B12	
   0.5548	
   6.2450	
   <0.001***	
  
GAM-­‐Max	
   B13	
   0.2332	
   2.6250	
   0.09128.	
  
GAM-­‐Max	
   B14	
   0.7881	
   8.8720	
   <0.001***	
  
GAM-­‐Max	
   B18	
   0.5982	
   6.7340	
   <0.001***	
  
GAM-­‐Max	
   Elevation	
   0.2469	
   2.7800	
   0.0609	
  
GBM-­‐ANN	
   B02	
   -­‐0.6102	
   -­‐6.8700	
   <0.001***	
  
GBM-­‐ANN	
   B04	
   -­‐1.2910	
   -­‐14.5330	
   <0.001***	
  
GBM-­‐ANN	
   B08	
   -­‐0.3318	
   -­‐3.7350	
   0.0025**	
  
GBM-­‐ANN	
   B09	
   -­‐0.4538	
   -­‐5.1090	
   <0.001***	
  
GBM-­‐ANN	
   B10	
   -­‐0.7768	
   -­‐8.7440	
   <0.001***	
  
GBM-­‐ANN	
   B12	
   -­‐0.4163	
   -­‐4.6860	
   <0.001***	
  
GBM-­‐ANN	
   B13	
   -­‐0.4310	
   -­‐4.8520	
   <0.001***	
  
GBM-­‐ANN	
   B14	
   -­‐0.4282	
   -­‐4.8210	
   <0.001***	
  
GBM-­‐ANN	
   B18	
   -­‐0.7059	
   -­‐7.9460	
   <0.001***	
  
GBM-­‐ANN	
   Elevation	
   -­‐0.4516	
   -­‐5.0830	
   <0.001***	
  
GBM-­‐GAM	
   B02	
   -­‐0.4109	
   -­‐4.6260	
   <0.001***	
  

	
   GBM-­‐GAM	
   B04	
   -­‐0.1700	
   -­‐1.9130	
   0.3939	
  
GBM-­‐GAM	
   B08	
   -­‐0.1020	
   -­‐1.1480	
   0.8610	
  
GBM-­‐GAM	
   B09	
   -­‐0.1003	
   -­‐1.1290	
   0.8693	
  
GBM-­‐GAM	
   B10	
   -­‐0.3819	
   -­‐4.2990	
   <0.001***	
  
GBM-­‐GAM	
   B12	
   -­‐0.3216	
   -­‐3.6210	
   0.0039**	
  
GBM-­‐GAM	
   B13	
   -­‐0.3136	
   -­‐3.5300	
   0.0056**	
  
GBM-­‐GAM	
   B14	
   -­‐1.3525	
   -­‐15.2250	
   <0.001***	
  
GBM-­‐GAM	
   B18	
   -­‐0.4790	
   -­‐5.3920	
   <0.001***	
  
GBM-­‐GAM	
   Elevation	
   -­‐0.4741	
   -­‐5.3370	
   <0.001***	
  
GBM-­‐Max	
   B02	
   -­‐0.5794	
   -­‐6.5230	
   <0.001***	
  
GBM-­‐Max	
   B04	
   0.1435	
   1.6150	
   0.5884	
  
GBM-­‐Max	
   B08	
   -­‐0.1770	
   -­‐1.9920	
   0.3467	
  
GBM-­‐Max	
   B09	
   0.1193	
   1.3430	
   0.7608	
  
GBM-­‐Max	
   B10	
   -­‐0.5894	
   -­‐6.6360	
   <0.001***	
  
GBM-­‐Max	
   B12	
   0.2331	
   2.6240	
   0.09152.	
  
GBM-­‐Max	
   B13	
   -­‐0.0804	
   -­‐0.9050	
   0.9453	
  
GBM-­‐Max	
   B14	
   -­‐0.5643	
   -­‐6.3530	
   <0.001***	
  
GBM-­‐Max	
   B18	
   0.1192	
   1.3420	
   0.7610	
  
GBM-­‐Max	
   Elevation	
   -­‐0.2272	
   -­‐2.5580	
   0.1079	
  
GLM-­‐ANN	
   B02	
   0.0720	
   0.8110	
   0.9657	
  
GLM-­‐ANN	
   B04	
   -­‐0.8617	
   -­‐9.7010	
   <0.001***	
  
GLM-­‐ANN	
   B08	
   -­‐0.2798	
   -­‐3.1500	
   0.0202*	
  
GLM-­‐ANN	
   B09	
   0.1219	
   1.3720	
   0.7439	
  
GLM-­‐ANN	
   B10	
   -­‐0.1539	
   -­‐1.7330	
   0.5099	
  
GLM-­‐ANN	
   B12	
   0.1946	
   2.1910	
   0.2420	
  
GLM-­‐ANN	
   B13	
   0.0350	
   0.3940	
   0.9988	
  
GLM-­‐ANN	
   B14	
   0.5900	
   6.6420	
   <0.001***	
  
GLM-­‐ANN	
   B18	
   0.1287	
   1.4490	
   0.6970	
  
GLM-­‐ANN	
   Elevation	
   0.1269	
   1.4290	
   0.7095	
  
GLM-­‐GAM	
   B02	
   0.2714	
   3.0550	
   0.0273*	
  
GLM-­‐GAM	
   B04	
   0.2593	
   2.9180	
   0.0409*	
  
GLM-­‐GAM	
   B08	
   -­‐0.0500	
   -­‐0.5630	
   0.9933	
  
GLM-­‐GAM	
   B09	
   0.4754	
   5.3510	
   <0.001***	
  
GLM-­‐GAM	
   B10	
   0.2410	
   2.7130	
   0.0728.	
  
GLM-­‐GAM	
   B12	
   0.2893	
   3.2560	
   0.0142*	
  
GLM-­‐GAM	
   B13	
   0.1524	
   1.7160	
   0.5212	
  
GLM-­‐GAM	
   B14	
   -­‐0.3342	
   -­‐3.7620	
   0.0024**	
  
GLM-­‐GAM	
   B18	
   0.3556	
   4.0030	
   <0.001***	
  
GLM-­‐GAM	
   Elevation	
   0.1044	
   1.1750	
   0.8490	
  
GLM-­‐GBM	
   B02	
   0.6823	
   7.6800	
   <0.001***	
  
GLM-­‐GBM	
   B04	
   0.4292	
   4.8320	
   <0.001***	
  
GLM-­‐GBM	
   B08	
   0.0520	
   0.5850	
   0.9920	
  
GLM-­‐GBM	
   B09	
   0.5757	
   6.4810	
   <0.001***	
  
GLM-­‐GBM	
   B10	
   0.6229	
   7.0120	
   <0.001***	
  
GLM-­‐GBM	
   B12	
   0.6109	
   6.8770	
   <0.001***	
  
GLM-­‐GBM	
   B13	
   0.4660	
   5.2460	
   <0.001***	
  

Ta
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Algorithm	
   Env.	
  Variable	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

ANN-­‐Max	
   B02	
   0.0308	
   0.3470	
   0.9993	
  
ANN-­‐Max	
   B04	
   1.4344	
   16.1480	
   <0.001***	
  
ANN-­‐Max	
   B08	
   0.1548	
   1.7430	
   0.5033	
  
ANN-­‐Max	
   B09	
   0.5731	
   6.4520	
   <0.001***	
  
ANN-­‐Max	
   B10	
   0.1873	
   2.1090	
   0.2825	
  
ANN-­‐Max	
   B12	
   0.6494	
   7.3110	
   <0.001***	
  
ANN-­‐Max	
   B13	
   0.3506	
   3.9460	
   0.0011**	
  
ANN-­‐Max	
   B14	
   -­‐0.1361	
   -­‐1.5320	
   0.6435	
  
ANN-­‐Max	
   B18	
   0.8251	
   9.2880	
   <0.001***	
  
ANN-­‐Max	
   Elevation	
   0.2244	
   2.5260	
   0.1166	
  
GAM-­‐ANN	
   B02	
   -­‐0.1993	
   -­‐2.2440	
   0.2178	
  
GAM-­‐ANN	
   B04	
   -­‐1.1210	
   -­‐12.6190	
   <0.001***	
  
GAM-­‐ANN	
   B08	
   -­‐0.2298	
   -­‐2.5870	
   0.1006	
  
GAM-­‐ANN	
   B09	
   -­‐0.3535	
   -­‐3.9790	
   <0.001***	
  
GAM-­‐ANN	
   B10	
   -­‐0.3949	
   -­‐4.4460	
   <0.001***	
  
GAM-­‐ANN	
   B12	
   -­‐0.0947	
   -­‐1.0660	
   0.8950	
  
GAM-­‐ANN	
   B13	
   -­‐0.1174	
   -­‐1.3220	
   0.7731	
  
GAM-­‐ANN	
   B14	
   0.9242	
   10.4040	
   <0.001***	
  
GAM-­‐ANN	
   B18	
   -­‐0.2269	
   -­‐2.5540	
   0.1090	
  
GAM-­‐ANN	
   Elevation	
   0.0226	
   0.2540	
   0.9999	
  
GAM-­‐Max	
   B02	
   -­‐0.1685	
   -­‐1.8970	
   0.4039	
  
GAM-­‐Max	
   B04	
   0.3135	
   3.5290	
   0.00558**	
  
GAM-­‐Max	
   B08	
   -­‐0.0750	
   -­‐0.8440	
   0.9593	
  
GAM-­‐Max	
   B09	
   0.2196	
   2.4720	
   0.1322	
  
GAM-­‐Max	
   B10	
   -­‐0.2076	
   -­‐2.3370	
   0.1794	
  
GAM-­‐Max	
   B12	
   0.5548	
   6.2450	
   <0.001***	
  
GAM-­‐Max	
   B13	
   0.2332	
   2.6250	
   0.09128.	
  
GAM-­‐Max	
   B14	
   0.7881	
   8.8720	
   <0.001***	
  
GAM-­‐Max	
   B18	
   0.5982	
   6.7340	
   <0.001***	
  
GAM-­‐Max	
   Elevation	
   0.2469	
   2.7800	
   0.0609	
  
GBM-­‐ANN	
   B02	
   -­‐0.6102	
   -­‐6.8700	
   <0.001***	
  
GBM-­‐ANN	
   B04	
   -­‐1.2910	
   -­‐14.5330	
   <0.001***	
  
GBM-­‐ANN	
   B08	
   -­‐0.3318	
   -­‐3.7350	
   0.0025**	
  
GBM-­‐ANN	
   B09	
   -­‐0.4538	
   -­‐5.1090	
   <0.001***	
  
GBM-­‐ANN	
   B10	
   -­‐0.7768	
   -­‐8.7440	
   <0.001***	
  
GBM-­‐ANN	
   B12	
   -­‐0.4163	
   -­‐4.6860	
   <0.001***	
  
GBM-­‐ANN	
   B13	
   -­‐0.4310	
   -­‐4.8520	
   <0.001***	
  
GBM-­‐ANN	
   B14	
   -­‐0.4282	
   -­‐4.8210	
   <0.001***	
  
GBM-­‐ANN	
   B18	
   -­‐0.7059	
   -­‐7.9460	
   <0.001***	
  
GBM-­‐ANN	
   Elevation	
   -­‐0.4516	
   -­‐5.0830	
   <0.001***	
  
GBM-­‐GAM	
   B02	
   -­‐0.4109	
   -­‐4.6260	
   <0.001***	
  
GBM-­‐GAM	
   B04	
   -­‐0.1700	
   -­‐1.9130	
   0.3939	
  
GBM-­‐GAM	
   B08	
   -­‐0.1020	
   -­‐1.1480	
   0.8610	
  
GBM-­‐GAM	
   B09	
   -­‐0.1003	
   -­‐1.1290	
   0.8693	
  
GBM-­‐GAM	
   B10	
   -­‐0.3819	
   -­‐4.2990	
   <0.001***	
  

GBM-­‐GAM	
   B04	
   -­‐0.1700	
   -­‐1.9130	
   0.3939	
  
GBM-­‐GAM	
   B08	
   -­‐0.1020	
   -­‐1.1480	
   0.8610	
  
GBM-­‐GAM	
   B09	
   -­‐0.1003	
   -­‐1.1290	
   0.8693	
  
GBM-­‐GAM	
   B10	
   -­‐0.3819	
   -­‐4.2990	
   <0.001***	
  
GBM-­‐GAM	
   B12	
   -­‐0.3216	
   -­‐3.6210	
   0.0039**	
  
GBM-­‐GAM	
   B13	
   -­‐0.3136	
   -­‐3.5300	
   0.0056**	
  
GBM-­‐GAM	
   B14	
   -­‐1.3525	
   -­‐15.2250	
   <0.001***	
  
GBM-­‐GAM	
   B18	
   -­‐0.4790	
   -­‐5.3920	
   <0.001***	
  
GBM-­‐GAM	
   Elevation	
   -­‐0.4741	
   -­‐5.3370	
   <0.001***	
  
GBM-­‐Max	
   B02	
   -­‐0.5794	
   -­‐6.5230	
   <0.001***	
  
GBM-­‐Max	
   B04	
   0.1435	
   1.6150	
   0.5884	
  
GBM-­‐Max	
   B08	
   -­‐0.1770	
   -­‐1.9920	
   0.3467	
  
GBM-­‐Max	
   B09	
   0.1193	
   1.3430	
   0.7608	
  
GBM-­‐Max	
   B10	
   -­‐0.5894	
   -­‐6.6360	
   <0.001***	
  
GBM-­‐Max	
   B12	
   0.2331	
   2.6240	
   0.09152.	
  
GBM-­‐Max	
   B13	
   -­‐0.0804	
   -­‐0.9050	
   0.9453	
  
GBM-­‐Max	
   B14	
   -­‐0.5643	
   -­‐6.3530	
   <0.001***	
  
GBM-­‐Max	
   B18	
   0.1192	
   1.3420	
   0.7610	
  
GBM-­‐Max	
   Elevation	
   -­‐0.2272	
   -­‐2.5580	
   0.1079	
  
GLM-­‐ANN	
   B02	
   0.0720	
   0.8110	
   0.9657	
  
GLM-­‐ANN	
   B04	
   -­‐0.8617	
   -­‐9.7010	
   <0.001***	
  
GLM-­‐ANN	
   B08	
   -­‐0.2798	
   -­‐3.1500	
   0.0202*	
  
GLM-­‐ANN	
   B09	
   0.1219	
   1.3720	
   0.7439	
  
GLM-­‐ANN	
   B10	
   -­‐0.1539	
   -­‐1.7330	
   0.5099	
  
GLM-­‐ANN	
   B12	
   0.1946	
   2.1910	
   0.2420	
  
GLM-­‐ANN	
   B13	
   0.0350	
   0.3940	
   0.9988	
  
GLM-­‐ANN	
   B14	
   0.5900	
   6.6420	
   <0.001***	
  
GLM-­‐ANN	
   B18	
   0.1287	
   1.4490	
   0.6970	
  
GLM-­‐ANN	
   Elevation	
   0.1269	
   1.4290	
   0.7095	
  
GLM-­‐GAM	
   B02	
   0.2714	
   3.0550	
   0.0273*	
  
GLM-­‐GAM	
   B04	
   0.2593	
   2.9180	
   0.0409*	
  
GLM-­‐GAM	
   B08	
   -­‐0.0500	
   -­‐0.5630	
   0.9933	
  
GLM-­‐GAM	
   B09	
   0.4754	
   5.3510	
   <0.001***	
  
GLM-­‐GAM	
   B10	
   0.2410	
   2.7130	
   0.0728.	
  
GLM-­‐GAM	
   B12	
   0.2893	
   3.2560	
   0.0142*	
  
GLM-­‐GAM	
   B13	
   0.1524	
   1.7160	
   0.5212	
  
GLM-­‐GAM	
   B14	
   -­‐0.3342	
   -­‐3.7620	
   0.0024**	
  
GLM-­‐GAM	
   B18	
   0.3556	
   4.0030	
   <0.001***	
  
GLM-­‐GAM	
   Elevation	
   0.1044	
   1.1750	
   0.8490	
  
GLM-­‐GBM	
   B02	
   0.6823	
   7.6800	
   <0.001***	
  
GLM-­‐GBM	
   B04	
   0.4292	
   4.8320	
   <0.001***	
  
GLM-­‐GBM	
   B08	
   0.0520	
   0.5850	
   0.9920	
  
GLM-­‐GBM	
   B09	
   0.5757	
   6.4810	
   <0.001***	
  
GLM-­‐GBM	
   B10	
   0.6229	
   7.0120	
   <0.001***	
  
GLM-­‐GBM	
   B12	
   0.6109	
   6.8770	
   <0.001***	
  
GLM-­‐GBM	
   B13	
   0.4660	
   5.2460	
   <0.001***	
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GLM-­‐GBM	
   B14	
   1.0183	
   11.4630	
   <0.001***	
  
GLM-­‐GBM	
   B18	
   0.8345	
   9.3950	
   <0.001***	
  
GLM-­‐GBM	
   Elevation	
   0.5785	
   6.5120	
   <0.001***	
  
GLM-­‐Max	
   B02	
   0.1028	
   1.1580	
   0.8569	
  
GLM-­‐Max	
   B04	
   0.5727	
   6.4470	
   <0.001***	
  
GLM-­‐Max	
   B08	
   -­‐0.1250	
   -­‐1.4070	
   0.7228	
  
GLM-­‐Max	
   B09	
   0.6950	
   7.8240	
   <0.001***	
  
GLM-­‐Max	
   B10	
   0.0334	
   0.3760	
   0.9990	
  
GLM-­‐Max	
   B12	
   0.8440	
   9.5010	
   <0.001***	
  
GLM-­‐Max	
   B13	
   0.3856	
   4.3400	
   <0.001***	
  
GLM-­‐Max	
   B14	
   0.4540	
   5.1100	
   <0.001***	
  
GLM-­‐Max	
   B18	
   0.9538	
   10.7370	
   <0.001***	
  
GLM-­‐Max	
   Elevation	
   0.3513	
   3.9540	
   0.0010**	
  
RF-­‐ANN	
   B02	
   -­‐0.7983	
   -­‐8.9860	
   <0.001***	
  
RF-­‐ANN	
   B04	
   -­‐1.7411	
   -­‐19.6000	
   <0.001***	
  
RF-­‐ANN	
   B08	
   -­‐0.7283	
   -­‐8.1990	
   <0.001***	
  
RF-­‐ANN	
   B09	
   -­‐0.7105	
   -­‐7.9980	
   <0.001***	
  
RF-­‐ANN	
   B10	
   -­‐0.6778	
   -­‐7.6310	
   <0.001***	
  
RF-­‐ANN	
   B12	
   -­‐0.8074	
   -­‐9.0890	
   <0.001***	
  
RF-­‐ANN	
   B13	
   -­‐0.6479	
   -­‐7.2930	
   <0.001***	
  
RF-­‐ANN	
   B14	
   -­‐0.3920	
   -­‐4.4130	
   <0.001***	
  
RF-­‐ANN	
   B18	
   -­‐0.7494	
   -­‐8.4360	
   <0.001***	
  
RF-­‐ANN	
   Elevation	
   -­‐0.8816	
   -­‐9.9240	
   <0.001***	
  
RF-­‐GAM	
   B02	
   -­‐0.5990	
   -­‐6.7430	
   <0.001***	
  
RF-­‐GAM	
   B04	
   -­‐0.6201	
   -­‐6.9800	
   <0.001***	
  
RF-­‐GAM	
   B08	
   -­‐0.4985	
   -­‐5.6120	
   <0.001***	
  
RF-­‐GAM	
   B09	
   -­‐0.3570	
   -­‐4.0190	
   <0.001***	
  
RF-­‐GAM	
   B10	
   -­‐0.2829	
   -­‐3.1850	
   0.0181*	
  
RF-­‐GAM	
   B12	
   -­‐0.7128	
   -­‐8.0240	
   <0.001***	
  
RF-­‐GAM	
   B13	
   -­‐0.5305	
   -­‐5.9720	
   <0.001***	
  
RF-­‐GAM	
   B14	
   -­‐1.3162	
   -­‐14.8170	
   <0.001***	
  
RF-­‐GAM	
   B18	
   -­‐0.5226	
   -­‐5.8830	
   <0.001***	
  
RF-­‐GAM	
   Elevation	
   -­‐0.9041	
   -­‐10.1780	
   <0.001***	
  
RF-­‐GBM	
   B02	
   -­‐0.1880	
   -­‐2.1170	
   0.2784	
  
RF-­‐GBM	
   B04	
   -­‐0.4501	
   -­‐5.0670	
   <0.001***	
  
RF-­‐GBM	
   B08	
   -­‐0.3965	
   -­‐4.4630	
   <0.001***	
  
RF-­‐GBM	
   B09	
   -­‐0.2567	
   -­‐2.8900	
   0.0445*	
  
RF-­‐GBM	
   B10	
   0.0990	
   1.1140	
   0.8759	
  
RF-­‐GBM	
   B12	
   -­‐0.3911	
   -­‐4.4030	
   <0.001***	
  
RF-­‐GBM	
   B13	
   -­‐0.2169	
   -­‐2.4420	
   0.1421	
  
RF-­‐GBM	
   B14	
   0.0363	
   0.4080	
   0.9986	
  
RF-­‐GBM	
   B18	
   -­‐0.0436	
   -­‐0.4910	
   0.9970	
  
RF-­‐GBM	
   Elevation	
   -­‐0.4300	
   -­‐4.8410	
   <0.001***	
  
RF-­‐GLM	
   B02	
   -­‐0.8703	
   -­‐9.7970	
   <0.001***	
  
RF-­‐GLM	
   B04	
   -­‐0.8793	
   -­‐9.8990	
   <0.001***	
  
RF-­‐GLM	
   B08	
   -­‐0.4485	
   -­‐5.0490	
   <0.001***	
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Algorithm	
   Env.	
  Variable	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

ANN-­‐Max	
   B02	
   0.0308	
   0.3470	
   0.9993	
  
ANN-­‐Max	
   B04	
   1.4344	
   16.1480	
   <0.001***	
  
ANN-­‐Max	
   B08	
   0.1548	
   1.7430	
   0.5033	
  
ANN-­‐Max	
   B09	
   0.5731	
   6.4520	
   <0.001***	
  
ANN-­‐Max	
   B10	
   0.1873	
   2.1090	
   0.2825	
  
ANN-­‐Max	
   B12	
   0.6494	
   7.3110	
   <0.001***	
  
ANN-­‐Max	
   B13	
   0.3506	
   3.9460	
   0.0011**	
  
ANN-­‐Max	
   B14	
   -­‐0.1361	
   -­‐1.5320	
   0.6435	
  
ANN-­‐Max	
   B18	
   0.8251	
   9.2880	
   <0.001***	
  
ANN-­‐Max	
   Elevation	
   0.2244	
   2.5260	
   0.1166	
  
GAM-­‐ANN	
   B02	
   -­‐0.1993	
   -­‐2.2440	
   0.2178	
  
GAM-­‐ANN	
   B04	
   -­‐1.1210	
   -­‐12.6190	
   <0.001***	
  
GAM-­‐ANN	
   B08	
   -­‐0.2298	
   -­‐2.5870	
   0.1006	
  
GAM-­‐ANN	
   B09	
   -­‐0.3535	
   -­‐3.9790	
   <0.001***	
  
GAM-­‐ANN	
   B10	
   -­‐0.3949	
   -­‐4.4460	
   <0.001***	
  
GAM-­‐ANN	
   B12	
   -­‐0.0947	
   -­‐1.0660	
   0.8950	
  
GAM-­‐ANN	
   B13	
   -­‐0.1174	
   -­‐1.3220	
   0.7731	
  
GAM-­‐ANN	
   B14	
   0.9242	
   10.4040	
   <0.001***	
  
GAM-­‐ANN	
   B18	
   -­‐0.2269	
   -­‐2.5540	
   0.1090	
  
GAM-­‐ANN	
   Elevation	
   0.0226	
   0.2540	
   0.9999	
  
GAM-­‐Max	
   B02	
   -­‐0.1685	
   -­‐1.8970	
   0.4039	
  
GAM-­‐Max	
   B04	
   0.3135	
   3.5290	
   0.00558**	
  
GAM-­‐Max	
   B08	
   -­‐0.0750	
   -­‐0.8440	
   0.9593	
  
GAM-­‐Max	
   B09	
   0.2196	
   2.4720	
   0.1322	
  
GAM-­‐Max	
   B10	
   -­‐0.2076	
   -­‐2.3370	
   0.1794	
  
GAM-­‐Max	
   B12	
   0.5548	
   6.2450	
   <0.001***	
  
GAM-­‐Max	
   B13	
   0.2332	
   2.6250	
   0.09128.	
  
GAM-­‐Max	
   B14	
   0.7881	
   8.8720	
   <0.001***	
  
GAM-­‐Max	
   B18	
   0.5982	
   6.7340	
   <0.001***	
  
GAM-­‐Max	
   Elevation	
   0.2469	
   2.7800	
   0.0609	
  
GBM-­‐ANN	
   B02	
   -­‐0.6102	
   -­‐6.8700	
   <0.001***	
  
GBM-­‐ANN	
   B04	
   -­‐1.2910	
   -­‐14.5330	
   <0.001***	
  
GBM-­‐ANN	
   B08	
   -­‐0.3318	
   -­‐3.7350	
   0.0025**	
  
GBM-­‐ANN	
   B09	
   -­‐0.4538	
   -­‐5.1090	
   <0.001***	
  
GBM-­‐ANN	
   B10	
   -­‐0.7768	
   -­‐8.7440	
   <0.001***	
  
GBM-­‐ANN	
   B12	
   -­‐0.4163	
   -­‐4.6860	
   <0.001***	
  
GBM-­‐ANN	
   B13	
   -­‐0.4310	
   -­‐4.8520	
   <0.001***	
  
GBM-­‐ANN	
   B14	
   -­‐0.4282	
   -­‐4.8210	
   <0.001***	
  
GBM-­‐ANN	
   B18	
   -­‐0.7059	
   -­‐7.9460	
   <0.001***	
  
GBM-­‐ANN	
   Elevation	
   -­‐0.4516	
   -­‐5.0830	
   <0.001***	
  
GBM-­‐GAM	
   B02	
   -­‐0.4109	
   -­‐4.6260	
   <0.001***	
  
GBM-­‐GAM	
   B04	
   -­‐0.1700	
   -­‐1.9130	
   0.3939	
  
GBM-­‐GAM	
   B08	
   -­‐0.1020	
   -­‐1.1480	
   0.8610	
  
GBM-­‐GAM	
   B09	
   -­‐0.1003	
   -­‐1.1290	
   0.8693	
  
GBM-­‐GAM	
   B10	
   -­‐0.3819	
   -­‐4.2990	
   <0.001***	
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GLM-­‐GBM	
   B14	
   1.0183	
   11.4630	
   <0.001***	
  
GLM-­‐GBM	
   B18	
   0.8345	
   9.3950	
   <0.001***	
  
GLM-­‐GBM	
   Elevation	
   0.5785	
   6.5120	
   <0.001***	
  
GLM-­‐Max	
   B02	
   0.1028	
   1.1580	
   0.8569	
  
GLM-­‐Max	
   B04	
   0.5727	
   6.4470	
   <0.001***	
  
GLM-­‐Max	
   B08	
   -­‐0.1250	
   -­‐1.4070	
   0.7228	
  
GLM-­‐Max	
   B09	
   0.6950	
   7.8240	
   <0.001***	
  
GLM-­‐Max	
   B10	
   0.0334	
   0.3760	
   0.9990	
  
GLM-­‐Max	
   B12	
   0.8440	
   9.5010	
   <0.001***	
  
GLM-­‐Max	
   B13	
   0.3856	
   4.3400	
   <0.001***	
  
GLM-­‐Max	
   B14	
   0.4540	
   5.1100	
   <0.001***	
  
GLM-­‐Max	
   B18	
   0.9538	
   10.7370	
   <0.001***	
  
GLM-­‐Max	
   Elevation	
   0.3513	
   3.9540	
   0.0010**	
  
RF-­‐ANN	
   B02	
   -­‐0.7983	
   -­‐8.9860	
   <0.001***	
  
RF-­‐ANN	
   B04	
   -­‐1.7411	
   -­‐19.6000	
   <0.001***	
  
RF-­‐ANN	
   B08	
   -­‐0.7283	
   -­‐8.1990	
   <0.001***	
  
RF-­‐ANN	
   B09	
   -­‐0.7105	
   -­‐7.9980	
   <0.001***	
  
RF-­‐ANN	
   B10	
   -­‐0.6778	
   -­‐7.6310	
   <0.001***	
  
RF-­‐ANN	
   B12	
   -­‐0.8074	
   -­‐9.0890	
   <0.001***	
  
RF-­‐ANN	
   B13	
   -­‐0.6479	
   -­‐7.2930	
   <0.001***	
  
RF-­‐ANN	
   B14	
   -­‐0.3920	
   -­‐4.4130	
   <0.001***	
  
RF-­‐ANN	
   B18	
   -­‐0.7494	
   -­‐8.4360	
   <0.001***	
  
RF-­‐ANN	
   Elevation	
   -­‐0.8816	
   -­‐9.9240	
   <0.001***	
  
RF-­‐GAM	
   B02	
   -­‐0.5990	
   -­‐6.7430	
   <0.001***	
  
RF-­‐GAM	
   B04	
   -­‐0.6201	
   -­‐6.9800	
   <0.001***	
  
RF-­‐GAM	
   B08	
   -­‐0.4985	
   -­‐5.6120	
   <0.001***	
  
RF-­‐GAM	
   B09	
   -­‐0.3570	
   -­‐4.0190	
   <0.001***	
  
RF-­‐GAM	
   B10	
   -­‐0.2829	
   -­‐3.1850	
   0.0181*	
  
RF-­‐GAM	
   B12	
   -­‐0.7128	
   -­‐8.0240	
   <0.001***	
  
RF-­‐GAM	
   B13	
   -­‐0.5305	
   -­‐5.9720	
   <0.001***	
  
RF-­‐GAM	
   B14	
   -­‐1.3162	
   -­‐14.8170	
   <0.001***	
  
RF-­‐GAM	
   B18	
   -­‐0.5226	
   -­‐5.8830	
   <0.001***	
  
RF-­‐GAM	
   Elevation	
   -­‐0.9041	
   -­‐10.1780	
   <0.001***	
  
RF-­‐GBM	
   B02	
   -­‐0.1880	
   -­‐2.1170	
   0.2784	
  
RF-­‐GBM	
   B04	
   -­‐0.4501	
   -­‐5.0670	
   <0.001***	
  
RF-­‐GBM	
   B08	
   -­‐0.3965	
   -­‐4.4630	
   <0.001***	
  
RF-­‐GBM	
   B09	
   -­‐0.2567	
   -­‐2.8900	
   0.0445*	
  
RF-­‐GBM	
   B10	
   0.0990	
   1.1140	
   0.8759	
  
RF-­‐GBM	
   B12	
   -­‐0.3911	
   -­‐4.4030	
   <0.001***	
  
RF-­‐GBM	
   B13	
   -­‐0.2169	
   -­‐2.4420	
   0.1421	
  
RF-­‐GBM	
   B14	
   0.0363	
   0.4080	
   0.9986	
  
RF-­‐GBM	
   B18	
   -­‐0.0436	
   -­‐0.4910	
   0.9970	
  
RF-­‐GBM	
   Elevation	
   -­‐0.4300	
   -­‐4.8410	
   <0.001***	
  
RF-­‐GLM	
   B02	
   -­‐0.8703	
   -­‐9.7970	
   <0.001***	
  
RF-­‐GLM	
   B04	
   -­‐0.8793	
   -­‐9.8990	
   <0.001***	
  
RF-­‐GLM	
   B08	
   -­‐0.4485	
   -­‐5.0490	
   <0.001***	
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Ta
ble
 S9
 - c
on
tin
ue
d

Algorithm	
   Env.	
  Variable	
   Estimate	
   z	
  value	
   Pr(>|z|)	
  

ANN-­‐Max	
   B02	
   0.0308	
   0.3470	
   0.9993	
  
ANN-­‐Max	
   B04	
   1.4344	
   16.1480	
   <0.001***	
  
ANN-­‐Max	
   B08	
   0.1548	
   1.7430	
   0.5033	
  
ANN-­‐Max	
   B09	
   0.5731	
   6.4520	
   <0.001***	
  
ANN-­‐Max	
   B10	
   0.1873	
   2.1090	
   0.2825	
  
ANN-­‐Max	
   B12	
   0.6494	
   7.3110	
   <0.001***	
  
ANN-­‐Max	
   B13	
   0.3506	
   3.9460	
   0.0011**	
  
ANN-­‐Max	
   B14	
   -­‐0.1361	
   -­‐1.5320	
   0.6435	
  
ANN-­‐Max	
   B18	
   0.8251	
   9.2880	
   <0.001***	
  
ANN-­‐Max	
   Elevation	
   0.2244	
   2.5260	
   0.1166	
  
GAM-­‐ANN	
   B02	
   -­‐0.1993	
   -­‐2.2440	
   0.2178	
  
GAM-­‐ANN	
   B04	
   -­‐1.1210	
   -­‐12.6190	
   <0.001***	
  
GAM-­‐ANN	
   B08	
   -­‐0.2298	
   -­‐2.5870	
   0.1006	
  
GAM-­‐ANN	
   B09	
   -­‐0.3535	
   -­‐3.9790	
   <0.001***	
  
GAM-­‐ANN	
   B10	
   -­‐0.3949	
   -­‐4.4460	
   <0.001***	
  
GAM-­‐ANN	
   B12	
   -­‐0.0947	
   -­‐1.0660	
   0.8950	
  
GAM-­‐ANN	
   B13	
   -­‐0.1174	
   -­‐1.3220	
   0.7731	
  
GAM-­‐ANN	
   B14	
   0.9242	
   10.4040	
   <0.001***	
  
GAM-­‐ANN	
   B18	
   -­‐0.2269	
   -­‐2.5540	
   0.1090	
  
GAM-­‐ANN	
   Elevation	
   0.0226	
   0.2540	
   0.9999	
  
GAM-­‐Max	
   B02	
   -­‐0.1685	
   -­‐1.8970	
   0.4039	
  
GAM-­‐Max	
   B04	
   0.3135	
   3.5290	
   0.00558**	
  
GAM-­‐Max	
   B08	
   -­‐0.0750	
   -­‐0.8440	
   0.9593	
  
GAM-­‐Max	
   B09	
   0.2196	
   2.4720	
   0.1322	
  
GAM-­‐Max	
   B10	
   -­‐0.2076	
   -­‐2.3370	
   0.1794	
  
GAM-­‐Max	
   B12	
   0.5548	
   6.2450	
   <0.001***	
  
GAM-­‐Max	
   B13	
   0.2332	
   2.6250	
   0.09128.	
  
GAM-­‐Max	
   B14	
   0.7881	
   8.8720	
   <0.001***	
  
GAM-­‐Max	
   B18	
   0.5982	
   6.7340	
   <0.001***	
  
GAM-­‐Max	
   Elevation	
   0.2469	
   2.7800	
   0.0609	
  
GBM-­‐ANN	
   B02	
   -­‐0.6102	
   -­‐6.8700	
   <0.001***	
  
GBM-­‐ANN	
   B04	
   -­‐1.2910	
   -­‐14.5330	
   <0.001***	
  
GBM-­‐ANN	
   B08	
   -­‐0.3318	
   -­‐3.7350	
   0.0025**	
  
GBM-­‐ANN	
   B09	
   -­‐0.4538	
   -­‐5.1090	
   <0.001***	
  
GBM-­‐ANN	
   B10	
   -­‐0.7768	
   -­‐8.7440	
   <0.001***	
  
GBM-­‐ANN	
   B12	
   -­‐0.4163	
   -­‐4.6860	
   <0.001***	
  
GBM-­‐ANN	
   B13	
   -­‐0.4310	
   -­‐4.8520	
   <0.001***	
  
GBM-­‐ANN	
   B14	
   -­‐0.4282	
   -­‐4.8210	
   <0.001***	
  
GBM-­‐ANN	
   B18	
   -­‐0.7059	
   -­‐7.9460	
   <0.001***	
  
GBM-­‐ANN	
   Elevation	
   -­‐0.4516	
   -­‐5.0830	
   <0.001***	
  
GBM-­‐GAM	
   B02	
   -­‐0.4109	
   -­‐4.6260	
   <0.001***	
  
GBM-­‐GAM	
   B04	
   -­‐0.1700	
   -­‐1.9130	
   0.3939	
  
GBM-­‐GAM	
   B08	
   -­‐0.1020	
   -­‐1.1480	
   0.8610	
  
GBM-­‐GAM	
   B09	
   -­‐0.1003	
   -­‐1.1290	
   0.8693	
  
GBM-­‐GAM	
   B10	
   -­‐0.3819	
   -­‐4.2990	
   <0.001***	
  

RF-­‐GLM	
   B09	
   -­‐0.8324	
   -­‐9.3700	
   <0.001***	
  
RF-­‐GLM	
   B10	
   -­‐0.5239	
   -­‐5.8980	
   <0.001***	
  
RF-­‐GLM	
   B12	
   -­‐1.0020	
   -­‐11.2800	
   <0.001***	
  
RF-­‐GLM	
   B13	
   -­‐0.6829	
   -­‐7.6870	
   <0.001***	
  
RF-­‐GLM	
   B14	
   -­‐0.9820	
   -­‐11.0550	
   <0.001***	
  
RF-­‐GLM	
   B18	
   -­‐0.8781	
   -­‐9.8850	
   <0.001***	
  
RF-­‐GLM	
   Elevation	
   -­‐1.0085	
   -­‐11.3530	
   <0.001***	
  
RF-­‐Max	
   B02	
   -­‐0.7675	
   -­‐8.6400	
   <0.001***	
  
RF-­‐Max	
   B04	
   -­‐0.3066	
   -­‐3.4520	
   0.0073**	
  
RF-­‐Max	
   B08	
   -­‐0.5735	
   -­‐6.4560	
   <0.001***	
  
RF-­‐Max	
   B09	
   -­‐0.1374	
   -­‐1.5460	
   0.6341	
  
RF-­‐Max	
   B10	
   -­‐0.4905	
   -­‐5.5220	
   <0.001***	
  
RF-­‐Max	
   B12	
   -­‐0.1580	
   -­‐1.7790	
   0.4795	
  
RF-­‐Max	
   B13	
   -­‐0.2973	
   -­‐3.3470	
   0.0105*	
  
RF-­‐Max	
   B14	
   -­‐0.5281	
   -­‐5.9450	
   <0.001***	
  
RF-­‐Max	
   B18	
   0.0757	
   0.8520	
   0.9580	
  
RF-­‐Max	
   Elevation	
   -­‐0.6572	
   -­‐7.3980	
   <0.001***	
  

	
   A	significant	�-value	points	to	a	significance	difference	between	the	deviance	values	
with higher values meaning a higher deviance and thus a less consistent modelling 
algorithmǤ	�he	estimates	are	the	values	as	obtained	in	the	mixed	model	without	being	
log	back-transformedǤ	Maxα	MaxentǢ	SignifǤ	codes:		0	Ǯȗȗȗǯ	0Ǥ001	Ǯȗȗǯ	0Ǥ01	Ǯȗǯ	0Ǥ05Ǥ	Cor-
rected	�ukeyǯs	�	values	reportedǤ

Note 1: 
ȗFor	�uestions	about	specific	models	and/or	algorithms	formula	please	con-
tact the author for correspondence. 
ȗMore	information	about	the	species	database	can	be	obtained	contacting	
directly	the	�uropean	�nvertebrate	Survey	–	�he	�etherlands,	��	�ox	9517,	
2300	�A	�eiden,	�he	�etherlandsǢ	http://wwwǤeis-nederlandǤnlǤ
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Figure S1. Distribution of the records locations of hoverfly species in the Neth-
erlands. All	the	localities	where	hoverflies	hove	been	found	are	represented	by	the	
orange	colourǤ	�lue	represents	the	distribution	of	the	locations	for	the	species	mod-
elled	in	this	studyǤ
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Figure S2. Representation of the environmental space occupied by the modelled 
species (for the 10 environmental variables used, in different colours represent-
ing the species) and the available environmental conditions in the complete 
study area (graphs in red colour). �he	selected	species	cover	the	vast	ma�ority	of	
�etherlands	environmental	spaceǤ	�he	ǲxǳ	axis	represents	the	range	of	values	for	the	
environmental	variable	and	the	ǲy	ǲaxis	represents	the	counts	of	cells	with	those	con-
ditions. For reference to the variables names and units see Table S3.  
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Figure S3. Variation of model fit (i.e. AUC 
scores) per algorithm per species in the ten 
repetition runs. �n	the	graph	every	number	of	
records corresponds to a species. Values below the 
dotted line correspond to predictions that are not 
better than random. See Table 1 and S4 for further 
details.

Figure S4.  Example of the data overfitting problematic for one of the RF models. 
Cells	in	green	represent	areas	predicted	as	presences	and	in	grey	are	the	areas	pre-
dicted	as	absences,	the	black	dots	represent	presence	records	used	during	the	train-
ing	of	the	modelsǤ	�he	overfitting	occurs	and	the	ǲpresencesǳ	predictions	are	mostly	
constrained to the training records locations.
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Abstract(

In!the!face!of!global!environmental!change,!identifying!the!factors!that!shape!
the!ecological!niches!of!species!and!understanding!the!mechanisms!behind!
them!can!help!draft!effective!conservation!plans.!The!differences!in!the!
ecological!factors!that!shape!species!distributions!may!then!help!to!highlight!
differences!between!closely;related!taxa.!We!investigate!the!applicability!of!
ecological!niche!modelling!and!the!comparison!of!species!distributions!in!
ecological!niche!space!to!detect!areas!with!priority!for!biodiversity!
conservation,!and!to!analyse!differences!in!the!ecological!niche!spaces!used!by!
closely;related!taxa.!As!location!we!use!the!United!States!of!America,!Mexico!
and!Central!America.!We!apply!ordination!and!ecological!niche!modelling!
techniques!to!assess!the!main!environmental!drivers!of!the!distribution!of!
Mexican!white!pines!(Pinus:!Pinaceae).!Furthermore,!we!assess!the!
similarities!and!differences!of!the!ecological!niches!occupied!by!closely!related!
taxa.!We!analyse!whether!Mexican!white!pines!occupy!similar!or!equivalent!
ecological!niches.!We!found!that!all!the!studied!taxa!presented!different!
responses!to!the!environmental!factors,!resulting!in!a!unique!combination!of!
niche!conditions.!Our!stacked!habitat!suitability!maps!highlighted!regions!in!
southern!Mexico!and!northern!Central!America!as!highly!suitable!for!most!
species!and!thus!with!high!conservation!value.!By!quantitatively!assessing!the!
niche!overlap,!similarity!and!equivalency!of!Mexican!white!pines,!our!results!
prove!that!the!distribution!of!one!species!cannot!be!implied!by!the!
distribution!of!another,!even!if!these!taxa!are!considered!closely!related.!The!
fact!that!each!Mexican!white!pine!is!constrained!by!a!unique!set!of!
environmental!conditions,!and!thus!their!non;equivalence!of!ecological!niches,!
has!direct!implications!for!conservation!as!this!highlights!the!inadequacy!of!
one;fits!all!type!of!conservation!measure.!!

!

!

!

!

!
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Introduction(

The!conservatism!of!ecological!niches!(sensu!Grinnell,!1917)!has!become!an!
issue!of!concern!given!the!expected!impacts!of!climate!change!on!biodiversity!
(Thomas!et#al.,!2004;!Chen!et#al.,!2011;!Araújo!et#al.,!2013).!This!has!prompted!
the!development!of!new!tools!to!assess!how!the!ecological!niche!of!species!can!
shrink/contract,!expand!or!persist,!in!environmental!and!geographic!space,!
anticipating!the!effects!of!global!climate!change!(Warren!et#al.,!2010;!Peterson,!
2011;!Broennimann!et#al.,!2012).!Understanding!how!the!ecological!niche!of!
species!will!change!can!be!used!to!implement!or!guide!conservation!actions,!
especially!in!biodiversity;rich!areas!(Guisan!et#al.,!2013).!!

! Species!groups!that!are!highly!diverse!and!present!a!varied!set!of!
ecological!adaptations!along!an!environmental!gradient!may!be!of!importance!
for!understanding!ecological!niche!differences!and!to!prepare!mitigation!
actions!against!global!change!impacts.!The!plant!family!Pinaceae!(Farjon,!
2008)!includes!11!genera!and!228!species!around!the!world,!and!has!a!centre!
of!diversity!in!North!and!Central!America.!The!genus!#Pinus!has!its!centre!of!
diversity!in!Mexico!with!49!of!the!120!recognized!species!inhabiting!habitats!
from!alpine!tree!line!elevations!to!lowland!sea!level!(Gernandt!&!Pérez;de!la!
Rosa,!2014).!Particularly!the!taxa!in!the!subgenus!Strobus,!commonly!known!
as!the!Mexican!white!pines,!are!highly!important!on!a!global!scale!because!the!
ecological!processes!in!which!they!are!involved!(e.g.,!carbon!sequestration,!
soil!nutrient!retention!and!cycling,!ecosystem!structure)!and!because!of!their!
provision!of!ecosystem!services!in!the!form!of!wood,!resin!and!pulp!
(Richardson,!1998).!Moreover,!this!subgenus!contains!taxa!that!have!been!
classified!as!‘closely!related’!(Bruederle!et#al.,!2001).!There!is!no!general!
agreement!on!the!taxonomic!status!of!some!Mexican!white!pines,!even!after!
recent!morphological!and!phylogenetic!studies!(Price!et#al.,!1998;!Castro;Félix!
et#al.,!2008;!Tomback!&!Achuff,!2010).!For!instance,!#Pinus!strobiformis!and!P.#
ayacahuite#were!formerly!classified!as!the!same!species!(Perry,!1991;!Farjon!
&!Styles,!1997;!Bruederle!et#al.,!2001).!This!highlights!the!ongoing!problems!
with!cryptic!species,!problems!that!are!not!unique!to!taxonomy!but!also!to!
biogeography!and!conservation!studies!(Bickford!et#al.,!2007;!Pfenninger!&!
Schwenk,!2007).!

! The!development!of!ecological!niche!models!(ENMs;!Soberón!&!
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Nakamura,!2009),!also!referred!to!as!species!distribution!models!(Guisan!&!
Thuiller,!2005;!Araújo!&!Peterson,!2012),!has!facilitated!the!extraction!of!
ecological!niche!characteristics!that!can!assist!taxonomic!delineations!and!
biodiversity!conservation!(Raxworthy!et#al.,!2007;!Blair!et#al.,!2013).!

! In!this!study!we!analyse!how!the!species;specific!responses!to!
environmental!factors!and!the!differences!between!distributions!in!ecological!
niche!space!can!aid!future!species!conservation!plans!and!in!the!ongoing!
debate!on!differentiation!between!closely!related!taxa!of!the!subgenus!
Strobus.!To!this!end!we!use!ENM!and!ordination!techniques!to!characterize!
the!ecological!niches!of!Mexican!white!pine!taxa!and!to!quantify!similarities!
between!them.!First,!we!identify!the!main!environmental!variables!that!
constraint!their!distributions.!We!then!use!the!information!on!their!
environmental!constraints!to!generate!a!‘global’!habitat!suitability!map!for!
Mexican!white!pines!to!highlight!hotspots!of!habitat!suitability!to!inform!
conservation!planning.!We!also,!assess!whether!different!Mexican!white!pine!
taxa!share!the!same!ecological!niche!space.!Finally,!we!discuss!how!differences!
in!the!distribution!of!ecological!niche!spaces!and!the!species;specific!
responses!to!environmental!factors!may!inform!conservation!plans.!Following!
the!niche!conservatisms!assumption!(e.g.,!Kozak!&!Wiens,!2006;!Rödder!&!
Lötters,!2009),!we!would!expect!more!genetically!closely;related!species!to!
share!more!of!their!environmental!niche!space,!resulting!in!high!ecological!
niche!space!overlap,!high!similarity!and!high!spatial!overlap.!Meanwhile!with!
niche!divergence!as!a!speciation!mechanism,!we!would!expect!the!ecological!
niches!of!closely!related!species!to!differ!significantly!(Rice!et#al.,!2003;!Jakob!
et#al.,!2010).!Due!to!the!similarities!in!morphological!and!physiological!
characteristics!between!the!Mexican!white!pines,!we!expect!their!ecological!
niches!to!be!similar.!However,!due!to!the!different!adaptations!to!different!
environments!we!expect!ecological!niches!to!be!non;equivalent.!

Methods(

Study(area(and(species(data((

! The!study!area!includes!the!native!distribution!of!Mexican!white!pines,!
extending!from!the!southern!United!States!of!America!(USA)!into!Central!
America!(Perry,!1991),!and!covers!approximately!15!million!km2,!comprising!
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a!wide!variety!of!biomes,!with!an!elevation!gradient!ranging!from!sea!level!to!
more!than!5450!masl.!!

! We!selected!five!Mexican!white!pine!taxa!(genus!#Pinus,!subgenus!
Strobus,!section!Strobus,!subsection!Strobi.!Little!and!Critchfield,!1969):!P.#
strobiformis!Engelm,!P.#ayacahuite#Ehrenb.!ex!Schltdl.,!P.#ayacahuite#var.!
veitchii!(Roezl)!Shaw,!P.#lambertiana!Dougl.,!P.#strobus!var.!chiapensis!
(Martínez).!We!were!not!able!to!include!P.#flexilis!var.!reflexa!Engelm!because!
of!the!low!number!of!available!sample!locations!(<5).!Except!for!P.#
lambertiana,!all!white!pine!taxa!in!our!study!have!their!main!geographic!
distribution!in!Mexico.!The!current!distributions!of!P.#strobiformis!and!P.#
lambertiana!extend!further!north!into!the!USA,!while!P.#strobus!var.!chiapensis!
and!P.#ayacahuite#extend!further!south!into!Central!America.!We!obtained!
species!presence!data!from!the!University!of!Guadalajara!Herbarium!(IBUG,!
2013),!the!National!Commission!for!the!Knowledge!and!Use!of!Biodiversity!
(CONABIO,!2013),!the!Global!Biodiversity!Information!Facility!(GBIF,!2013)!
and!the!Conifers!database!(Farjon,!2013a)!collected!during!the!last!30!years.!
After!removing!duplicates!and!screening!for!incomplete!meta;information!we!
obtained!a!total!of!593!presence!records!for!the!five!pine!taxa!(Table!1).!

!
Table(1.(Ecological(niche(models(evaluation(by(their(AUC(and(null(model(results.((((

(

(

Environmental(data((

We!selected!environmental!data!related!to!different!eco;physiological!
constraints!of!the!pine!taxa.!We!obtained!annual!trends!in!extreme!limiting!
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conditions!related!to!precipitation!and!temperature!from!WorldClim!(Hijmans!
et#al.,!2005).!The!selected!variables!presented!Pearson’s!correlation!≤!0.70!
(Dormann!et#al.,!2013)!and!had!a!resolution!of!1!km2!(Table!2).!We!included!
the!mean!temperature!of!coldest!quarter!(°C)!and!isothermality!(the!quotient!
of!mean!diurnal!and!annual!temperature!ranges),!given!the!reported!different!
preferences!in!temperature!of!the!taxa!in!the!genus!#Pinus!(Perry,!1991;!Farjon!
&!Styles,!1997).!These!climatic!variables!relate!to!temperature!extremes,!
which!are!one!of!the!main!constraints!to!the!distribution!of!vegetation!(van!
Zonneveld!et#al.,!2009;!Linares!&!Tiscar,!2010).!We!included!the!annual!
precipitation!(mm)!and!precipitation!seasonality!(mm)!as!these!variables!
have!been!shown!to!directly!influence!the!development!and!survival!of!pine!
taxa!(Sáenz;Romero!et#al.,!2006;!Sánchez;Salguero!et#al.,!2012).!We!also!
included!topographic!and!soil!characteristics,!namely!elevation!(masl),!slope!
(degrees),!soil!pH!and!percentage!carbon!content!(%!weight)!(FAO!et#al.,!
2012;!INEGI,!2014).!The!soil!characteristics!may!facilitate!or!limit!the!growth!
of!different!pine!taxa!(Galindo;Jaimes!et#al.,!2002).!Elevation!was!included!as!
different!pine!taxa!tend!to!be!found!at!different!elevation!ranges!(Gernandt!&!
Pérez;de!la!Rosa,!2014).!We!also!included!solar!radiation!(kW/m2)!(CCAFS,!
2014),!and!the!Normalized!Difference!Vegetation!Index!(NDVI)!as!an!average!
for!the!1980;2010!period!(IRI,!2013)!which!has!been!shown!to!increase!the!
accuracy!of!model!predictions!for!vegetation!mapping!(Papeş!et#al.,!2012;!
Rocchini,!2013).!In!our!study,!NDVI!is!used!to!help!in!the!delimitation!of!the!
actual!distribution!of!vegetation.!!

Ecological(Niche(Modelling!

To!analyse!the!spatial!distribution!of!Mexican!white!pines!and!identify!key!
environmental!variables!that!constrain!the!species!distributions!we!used!
ENMs.!Based!on!a!previous!study!(Aguirre;Gutiérrez!et#al.,!2013),!we!selected!
maximum!entropy!modelling!as!implemented!in!MaxEnt!(Phillips!et#al.,!2006).!
We!used!the!auto;features!settings!and!the!logistic!output!format!in!MaxEnt!
because!these!options!have!proven!to!be!appropriate!for!extensive!multi;
species!studies!(Phillips!&!Dudik,!2008).!We!used!the!target!group!approach,!
as!suggested!by!Mateo!et!al.!(2010)!and!Elith!et!al.!(2011),!when!extracting!
background!points!for!MaxEnt!as!it!has!performed!with!higher!accuracy!than!
other!methods!(i.e.,!random!selection).!In!this!approach!the!collection!
localities!where!other!Mexican!white!pine!species!have!been!found!but!where!
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the!species!being!modelled!was!not!present!where!used!as!background!
locations.!As!suggested!by!Elith!et!al.!(2011)!this!approach!provides!also!the!
advantage!of!accounting!for!possible!records!selection!biases.!We!used!the!
null!model!approach!of!Raes!and!ter!Steege!(2007)!to!test!the!significance!of!
our!model!predictions.!The!null!model!approach!tests!the!area!under!the!
curve!(AUC)!value!of!the!receiver;operating!characteristic!of!the!species!niche!
model!against!a!null!distribution!of!99!repetitions.!The!null!distribution!was!
generated!from!the!sample!localities!of!the!target!group.!Added!advantage!of!
testing!against!a!null;model!is!that!all!collection!localities!can!be!used!for!
model!calibration.!

!
Table(2.(Percentage(of(variable(contribution(to(the(model(construction,(derived(
from(the(permutation(importance(analysis(from(MaxEnt.(!Top!three!ranking!
variables!printed!in!bold.!The!results!represented!the!drop!in!AUC!after!the!values!
from!the!focus!variable!are!permuted!and!the!model!is!re;evaluated!and!compared!to!
the!original!model.!This!drop!is!standardized!and!converted!to!percentage!
contribution.!For!each!!Pinus!taxon,!the!three!variables!with!the!highest!contributions!
are!presented!in!bold.!

(

! !The!models!of!Mexican!white!pines!were!projected!on!the!study!area!to!
identify!suitable!habitats!for!their!distribution!and!conservation.!To!assess!the!
importance!of!the!different!environmental!variables!in!our!models,!we!used!
the!permutation!importance!values!rendered!by!MaxEnt!and!their!ecological!
response!curves!(Phillips!&!Dudik,!2008).!!

Calculating(niche(characteristics:(breadth,(overlap,(equivalency(and(

similarity((

We!calculated!ecological!niche!characteristics!to!assess!the!degree!of!shared!
environmental!niche!space!between!Mexican!white!pines.!We!obtained!the!

Variable P. ayacahuite P. ayacahuite var. veitchii P. strobiformis P. strobus var. chiapensis P. lambertiana 
Isothermality 39.3 1.3 4.8 28.2 16.9 
Mean temperature of coldest quarter 2.2 0.4 2.4 16.3 7.0 
Annual precipitation 7.2 0.1 2.5 21.0 0.5 
Precipitation seasonality 8.1 66.2 3.9 13.6 28.5 
Elevation 35.8 28.1 49.0 13.3 2.2 
NDVI 2.9 2.8 6.7 2.5 0.8 
Slope 0.6 0.2 2.8 2.3 1.1 
Solar radiation 0.3 0.0 24.8 1.1 40.0 
Soil total organic carbon 1.5 0.2 0.3 1.4 1.7 
Soil pH 1.9 0.8 2.9 0.3 1.3 
!
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niche!breadth!of!each!species!(i.e.,!the!amount!of!ecological!niche!space!
available!to!the!different!pine!species)!by!applying!the!Levins’!inverse!
concentration!metric!(Levins,!1968).!The!niche!breadth!ranges!from!0,!when!
all!but!one!grid!cell!has!non;zero!suitability,!to!1!when!all!the!grid!cells!in!the!
study!area!are!equally!suitable!(Mandle!et#al.,!2010).!Therefore,!species!with!a!
wider!environmental!distribution!render!higher!niche!breadth!values.!!

! The!assessment!of!niche!overlap!allows!quantifying!the!niche!shared!by!
the!Mexican!white!pines.!In!this!study,!niche!overlap!between!pairs!of!Mexican!
white!pines!was!computed!by!means!of!the!Schoener’s!D!statistic!directly!from!
ecological!niche!space!(Schoener,!1968;!Warren!et#al.,!2008).!The!value!of!D!
ranges!between!0,!when!two!species!have!no!overlap!in!the!environmental!
space,!and!1!when!two!species!share!the!same!environmental!space.!!

! We!used!the!niche!equivalence!test!to!assess!whether!the!ecological!
niches!of!pairs!of!Mexican!white!pines!are!significantly!different!from!each!
other!and!if!the!two!niche!spaces!are!interchangeable.!We!performed!the!
niche!equivalence!test!by!comparing!the!niche!overlap!values!(D)!of!pairs!of!
Mexican!white!pines!to!a!null!distribution!of!100!overlap!values.!We!
determined!non;equivalence!of!ecological!niches!if!the!niche!overlap!value!of!
the!species!being!compared!was!significantly!lower!than!the!overlap!values!
from!the!null!distribution!(P!≤!0.05).!!!

! The!test!for!niche!equivalence!is!conservative!as!it!only!assesses!if!the!
two!species!are!identical!in!their!niche!space!by!using!their!exact!locations!and!
does!not!consider!the!surrounding!space.!Therefore,!we!also!performed!a!
niche!similarity!test,!which!assesses!if!the!ecological!niches!of!any!pair!of!
species!are!more!different!than!expected!by!chance,!accounting!for!the!
differences!in!the!surrounding!environmental!conditions!in!the!geographic!
areas!where!both!species!are!distributed!(Warren!et!al.!2010).!A!significant!
difference!from!the!niche!similarity!test!would!not!only!indicate!differences!in!
the!environmental!niche!space!the!two!species!occupy,!but!also!that!these!
differences!are!not!due!to!the!environmental!conditions!that!are!
geographically!available.!!

! To!extract!the!ecological!niche!space!occupied!by!each!Mexican!white!
pine!species!and!to!quantify!niche!overlap,!equivalence!and!similarity!we!used!
an!ordination!technique!that!applies!kernel!smoothers!to!the!species!
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presences!in!environmental!space!for!the!selection,!combination!and!
weighting!of!environmental!variables!(Broennimann!et#al.,!2012).!We!
specified!a!division!of!the!environmental!space!into!a!grid!of!100!x!100!cells,!in!
which!each!cell!corresponds!to!a!unique!vector!of!the!available!environmental!
conditions!in!the!study!area.!The!number!of!occurrences!per!species!can!be!
bias!and!not!represent!the!total!distribution!of!the!species!in!environmental!
space;!this!might!result!in!an!underestimation!of!their!density!in!some!of!the!
cells!and!overestimation!in!others.!Because!of!this!possibility!of!over;!and!
under;estimations,!a!kernel!density!function!is!applied!for!the!smoothing!
density!of!occurrences!for!each!of!the!cells!in!environmental!space,!thus!
obtaining!a!better!indication!of!the!environmental!conditions!suitable!for!each!
species.!Further!details!about!the!kernel!density!estimator!and!its!parameters!
can!be!found!in!Broennimann!et!al.!(2012).!We!implemented!this!approach!by!
means!of!a!principal!component!analysis!that!is!calibrated!on!the!entire!
environmental!space!present!in!the!study!area!(hereafter!referred!to!as!“PCA;
ent”).!All!analyses!were!performed!in!the!R!platform!(R!Development!Core!
Team,!2014).!

Results((

Responses(to(environmental(gradients(

The!distributions!of!Mexican!white!pines!are!underpinned!by!their!different!
responses!to!the!environment!(Fig.!1;!Table!2).!The!distributions!of!all!
Mexican!white!pines!were!mainly!constrained!by!a!combination!of!
isothermality,!precipitation!seasonality,!elevation!and!solar!radiation.!Highly!
suitable!areas!for!P.#ayacahuite#were!found!at!high!elevations!(≈2000!m)!and!
high!isothermality!(≈0.95),!both!of!these!variables!being!the!most!important!
predictors!of!its!distribution.!For!P.#ayacahuite#var.!veitchii!the!suitability!
increased!along!with!both,!precipitation!seasonality!and!elevation.!The!
distribution!of!P.#strobiformis!was!mainly!constrained!by!elevation!and,!to!a!
lesser!extent!by!solar!radiation!(Table!3).!P.#strobiformis!showed!an!optimum!
suitability!at!altitudes!between!2500!and!3000!meters!and!at!radiation!of!
around!15!kW/m2.!Isothermality!was!an!important!environmental!factor!
constraining!the!distribution!of!P.#strobus!var.!chiapensis,!with!highest!
suitability!at!values!of!≈0.90.!Annual!precipitation!was!also!a!main!constraint!
for!the!distribution!of!P.#strobus!var.!chiapensis,!with!suitability!sharply!



!86!

increasing!at!initial!increments!of!precipitation.!Finally,!P.#lambertiana!was!
mainly!constrained!by!the!solar!radiation!and!precipitation!seasonality,!areas!
with!radiation!around!13;14!kW/m2!and!with!a!variation!in!precipitation!of!≈!
60!mm!showing!highest!suitability.!!Unlike!expected,!none!of!the!Mexican!
white!pines!were!strongly!constrained!by!soil!factors.!Most!of!the!pine!taxa!
had!responses!to!soil!variables!that!rarely!overpassed!suitability!estimates!of!
0.5.!

White(pines(distribution(and(hotspots(

We!developed!ecological!niche!models!for!each!of!the!five!Mexican!white!pine!
taxa!(Fig.!2).!Although,!P.!aycahuite!var.!veitchii!was!modelled!using!only!18!
presence!records,!the!null;model!protocol!we!applied!suggests!that!our!results!
are!significantly!better!than!expected!by!a!random!model.!In!fact,!all!our!ENMs!
performed!significantly!better!than!expected!by!chance!alone!(P<0.01;!Table!
1).‘Stacking’!of!the!five!distribution!models!resulted!in!a!map!model!with!
centres!of!high!environmental!suitability!for!Mexican!white!pines!(Fig.!2a).!
Centres!of!high!suitability!were!located!on!the!Mexican!trans;volcanic!belt!and!
on!the!mountain!chain!connecting!southern!Mexico!and!Guatemala.!Additional!
hotspots!were!found!on!the!Mexican!occidental!and!south;eastern!mountain!
chains,!and!on!the!central;southern!areas!of!Mexico,!with!only!a!narrow!area!
in!northern!Mexico!highlighted!as!highly!suitable!for!most!taxa!(Fig.!2a).!!

Ecological(niche(properties(

The!analysis!of!ecological!niche!properties!rendered!a!PCA;ent!with!the!first!
axis!mainly!loaded!by!isothermality,!solar!radiation!and!average!temperature!
of!coldest!quarter,!explaining!32.3%!of!the!total!variation!in!environmental!
conditions!for!the!taxa!in!the!study!area!(Fig.!3).!The!second!axis!explained!
about!28%!of!the!variation!and!was!loaded!by!soil!pH,!annual!precipitation,!
elevation!and!NDVI!variables.!!
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(

Figure(1.(The(ecological(response(curves(for(each(of(Mexican(white(pine.(The(
response(curves(are(based(on(the(ENMs.(Response!curves!show!the!ranges!in!
environmental!conditions!that!are!more!favourable!for!the!distribution!of!the!species.!
The!x;axis!of!the!variables!represents!their!ranges!for!the!complete!study!area,!while!
the!y;axis!represents!the!predicted!suitability!of!the!focus!variable!when!all!of!the!
other!variables!are!set!to!their!average.!In!Table!2,!we!highlight!the!three!most!
relevant!variables!for!each!species.(
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Niche!breadth!and!overlap!

The!results!from!the!niche!breadth!assessment!showed!a!high!variation!in!
environmental!suitability!for!Mexican!white!pines!(Table1).!The!highest!niche!
breadth!we!found!was!0.0673!for!P.#strobus!var.!chiapensis,!which!also!
presented!the!broadest!distribution!of!suitable!habitat!(see!“Area!predicted!
suitable”!in!Table!1).!The!niche!breadth!for!P.#strobiformis!was!also!similarly!
high!(0.0671),!however!this!species!had!a!narrower!distribution!of!suitable!
habitat!than!P.#strobus!var.!chiapensis.!P.#lambertiana!presented!a!niche!
breadth!smaller!than!that!of!P.#strobus!var.!chiapensis,!while,!the!niche!breadth!
of!P.#ayacahuite#was!almost!half!of!that!of!P.#strobiformis!(Table!1).!P.#
ayacahuite#var.!veitchii,!exhibited!both!the!narrowest!distribution!of!suitable!
habitat!and!the!lowest!niche!breadth—three!times!smaller!than!that!of!the!P.#
strobus!var.!chiapensis!(Table!1).!

! Niche!overlap!results!suggest!a!great!variability!in!the!environmental!
space!inhabited!by!the!different!Mexican!white!pines!(Table!3;!Fig.!3).!Some!
species,!such!as!P.#ayacahuite#and!P.#lambertiana,!occupy!considerably!
different!environmental!niches.!Even!closely;related!taxa!such!as!P.#ayacahuite#
and!its!variety!P.#ayacahuite#var.!veitchii,!also!differed!in!their!occupied!niche!
space!(Fig.!3;!Table!3).!All!niche!overlap!values!are!presented!in!Table!3.!

Niche!equivalency!and!similarity!

For!all!possible!pairwise!comparisons!between!Mexican!white!pines!the!null!
hypothesis!of!the!niche!equivalency!test!was!rejected!(Table!3).!On!the!other!
hand,!in!our!analysis!of!niche!similarity!the!null!hypothesis!held!for!all!pairs!of!
Mexican!white!pines!(‘Niche!similarity’!in!Table!3).!For!some!pairs!of!Mexican!
white!pines!the!niche!similarities!were!higher!than!expected!by!chance,!e.g.,!P.#
ayacahuite#with!P.#strobus!var.!chiapensis,!and!P.#ayacahuite#var.!veitchii!with!P.#
strobiformis.!The!environmental!niches!of!P.#ayacahuite#and!P.#strobus!var.!
chiapensis!were!not!statistically!different!(P>0.05),!exhibiting!55%!of!
geographic!overlap!(Table!3).!Other!pairs!of!pine!taxa!shared!niche!spaces!that!
were!more!similar!than!expected!by!chance,!but!only!in!one!direction,!e.g.,!P.#
strobiformis!with!P.!ayacahuite,!and!P.#strobiformis!with!P.#strobus!var.!
chiapensis.!This!suggests!that!the!ecological!niche!of!P.#strobiformis!was!more!
similar!than!expected!by!chance!to!the!one!of!P.#ayacahuite#but!not!vice;versa.!
The!same!is!true!for!P.#strobiformis,!whose!ecological!niche!was!more!similar!
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to!the!one!of!P.#strobus!var.!chiapensis!but!not!vice;versa.!Combined!with!our!
results!from!niche!equivalency,!our!findings!highlight!how!the!ecological!
niches!of!the!Mexican!white!pine!species!although!similar,!are!not!identical.!

!

Table( 3.( Ecological( niche( comparisons( for( the( Mexican( white( pines.( Niche(
overlap( values( are( presented( for( the( comparisons( of( niche( similarity( and(
equivalency( of( species( a( with( species( b.( ( All! of! the! comparisons! between! the!
Mexican!white!pines!highlight!the!non;equivalency!of!their!ecological!niches.(

!

!

Discussion(

We!have!identified!the!environmental!constraints!for!the!distribution!of!
Mexican!white!pines!by!applying!state;of;the;art!ecological!niche!modelling!
and!ordination!techniques.!The!identification!of!the!main!environmental!
constrains!of!the!present!distribution!of!species!is!key!for!current!
conservation!actions!and!when!investigating!the!impacts!of!future!climate!
change!on!biodiversity.!The!wide!distribution!of!Mexican!white!pines!in!the!
American!continent!underlines!the!variety!of!environmental!conditions!to!
which!they!are!adapted!and!also!may!reflect!on!the!physiological!differences!
between!them.!This!is!particularly!important!as!the!physiology!of!pine!trees!
may!limit!their!distribution!across!environmental!gradients,!however,!more!
physiologically!oriented!models!(see!Prentice!et#al.,!1992;!Pearson!&!Dawson,!
2003)!should!be!applied!in!order!to!test!this!for!the!Mexican!white!pines.!
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Moreover,!we!observed!that!the!variables!reflecting!climate;extreme!
characteristics!play!an!important!role!when!investigating!current!species!
distributions,!as!found!in!our!variable!importance!analysis,!and!may!also!
render!insights!when!investigating!future!species!distributions!responses!to!
climate!change!and!future!conservation!actions!(Zimmermann!et#al.,!2009).!!

The(environment(shaping(the(distribution(of(Mexican(white(pines(

The!environmental!factors!shaping!the!distribution!of!the!Mexican!white!pines!
varied!considerably.!The!two!more!northerly;distributed!pine!species,!P.#
strobiformis!and!P.#lambertiana,!were!highly!constrained!by!solar!radiation!
and!temperature!(Table!3).!This!is!as!expected,!for!these!species!as!they!
inhabit!the!northernmost!regions!of!the!distribution!of!Mexican!white!pines,!
where!low;temperatures!winters!last!long!and!where!access!to!light!and!heat!
are!some!of!the!main!constrains!for!the!survival!and!distribution!of!plant!
species!(Maravilla!et#al.,!2004;!Weiss!et#al.,!2004).!!

! Isothermality!is!the!quotient!of!the!differences!between!the!daily!and!
annual!temperature!ranges.!Presence!at!high!values!of!isothermality!may!
indicate!that!the!species!prefers!areas!where!the!differences!in!daily!
temperature!across!the!day!and!night!are!greater!than!those!across!the!year.!
The!importance!of!isothermality!for!the!distribution!of!different!Mexican!
white!pines!shown!in!our!models!is!supported!by!the!great!variation!in!daily!
and!seasonal!temperatures!found!across!their!distributional!range!(e.g.,!the!
mountain!range!in!the!state!of!Chihuahua!Mexico!in!comparison!to!central!and!
southern!Mexico).!In!the!northern!areas,!where!P.#strobiformis!and!part!of!P.#
lambertiana#have!their!main!distribution,!the!daily!temperatures!fluctuations!
appear!to!be!smaller!than!the!great!variation!in!temperature!observed!across!
the!year,!meanwhile!southern!Mexico!and!Central!America!regions!(where!P.#
ayacahuite#and!P.#strobus!var.!chiapensis!are!mainly!distributed)!present!
higher!daily!temperature!variation!in!comparison!to!that!found!across!the!
year!(Maravilla!et#al.,!2004;!Weiss!et#al.,!2004).!!

! The!potential!distribution!of!Mexican!white!pines!obtained!from!our!
ENMs,!are!in!accordance!with!previously!outlined!ranges!(Perry!et#al.,!1998),!
rendering!the!added!value!of!been!spatial!explicit!models!and!of!delineating!
the!differences!in!ecological!niche!space!conditions!that!shape!the!species!
distribution.!Our!results!build!upon!previous!knowledge,!improving!the!
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differentiation!of!the!ecological!niche!ranges!and!highlighting!the!different!
habitats!for!each!Mexican!white!pine.!Specifically,!areas!where!P.#ayacahuite#
(Fig.!2b)!and!P.#strobus!var.!chiapensis!(Fig.!2d)!are!both!found!are!of!
particular!importance!as!the!latter!is!considered!endangered!under!the!IUCN!
(International!Union!for!Conservation!of!Nature)!Red!List!categories!and!the!
populations!of!the!former!are!declining!(Thomas!&!Farjon,!2013).!We!have!
shown!a!wider!environmental!niche!space!for!P.#strobus!var.!chiapensis!than!
for!other!species!(Fig.!3).!The!populations!of!P.#strobus!var.!chiapensis!have!
decreased!in!the!past!years!(Thomas!&!Farjon,!2013).!Some!of!the!main!
threats!identified!for!P.#strobus!var.!chiapensis!are!high!deforestation!rates,!
land!conversion!to!agriculture,!the!introduction!of!exotic!species!(e.g.,!
Casuarina#equisetifolia!L.!and!Cupressus#lusitanica!Miller!),!and!the!
fragmentation!of!populations!(del!Castillo!et#al.,!2009;!Thomas!&!Farjon,!
2013).!Our!results!highlight!opportunities!for!the!re;introduction!and!
implementation!of!new!management!plans!for!P.#strobus!var.!chiapensis!in!
areas!with!high!habitat!suitability!(Fig.!2d).!The!ENM!of!P.#strobiformis!
indicates!a!centre!of!distribution!in!north;western!Mexico!and!south;west!of!
the!USA!and!highlight!areas!from!which!not!presence!records!have!been!
collected!(Fig.!2c).!These!areas!present!opportunities!to!cross;reference!our!
assessments!on!ecological!niche!modelling!for!this!species.!!

! Pine!species!with!wide!spatial!distribution!and!large!niche!breadth,!such!
as!P.#strobiformis!and!P.#strobus!var.!chiapensis!(Table!1;!Figs.!2c!and!2d),!may!
better!endure!some!effects!from!climatic!changes!(Thomas,!2011).!!However,!
although!they!are!widely!distributed!this!might!not!safeguard!them!from!
direct!anthropogenic!impacts!as!deforestation!(e.g.,!Barsimantov!&!Navia!
Antezana,!2012;!Vidal!et#al.,!2014).!Our!projections!of!habitat!suitability!for!P.#
strobiformis!showed!a!geographical!overlap!with!P.#ayacahuite#var.!veitchii!in!
the!trans;volcanic!belt!of!central!Mexico!(Figs.!2c!and!2e).!This!is!not!
surprising!as!this!region!has!been!classified!as!a!centre!of!diversity!of!the!
genus!in!Mexico!and!is!where!the!major!geographic!divisions!between!the!P.#
ayacahuite,!its!variety!veitchii!and!P.#strobiformis!occur!(Perry,!1991;!Gernandt!
&!Pérez;de!la!Rosa,!2014).!This!highlights!the!importance!of!the!trans;volcanic!
belt!as!an!area!of!high!potential!for!biodiversity!conservation!(Fig.!2).!!

! The!only!white!pine!species!whose!range!did!not!overlap!with!other!
white!pines!was!P.#lambertiana,!(Fig.!2f).!For!P.#lambertiana,!suitable!habitat!
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was!also!projected!in!small!locations!where!it!has!not!been!previously!
recorded!in!southern!USA!(Fig.!2f).!For!P.#lambertiana,!these!areas!might!not!
yet!been!populated!because!of!the!long!distance!to!the!main!distributional!
range!in!California!(Kinloch!Jr!&!Dulitz,!1990),!or!given!any!restricting!
biological!interactions!and!environmental!or!anthropogenic!barriers!(Pearson!
&!Dawson,!2003;!Keith!et#al.,!2011).!!

! The!highlighted!suitability!hotspots!areas!(Fig.!2a)!are!of!singular!
importance!as!it!has!been!shown!that!most!species!of!the!genus!#Pinus!in!
Mexico!are!not!adequately!protected!by!the!currently!proposed!network!of!
natural!protected!areas!(Aguirre;Gutiérrez!&!Duivenvoorden,!2010).!This!is!
corroborated!by!our!results!that!show!that!from!a!total!area!of!985568!km2!
predicted!as!suitable!at!least!for!one!white!pine!species!only!12%!is!inside!
declared/official!protected!areas!(Fig.!4).!Furthermore,!from!the!49717!km2!
predicted!as!highly!suitable!for!most!Mexican!white!pine!species!only!10966!
km2!are!currently!under!protection!(Fig.!4).!!The!highlighted!hotspots!regions!
are!crucial!to!delimitate!networks!of!protected!areas!and!safeguard!the!centre!
of!diversity!of!the!Mexican!white!pines.!
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Fig.(4.((next!page)(Location(of(the(suitable(areas(for(Mexican(white(pines.(We(focus(
on(Mexico(and(Central(America(because(most(of(the(suitable(areas(are(found(in(
this(region.(Blue!areas!represent!areas!that!are!suitable!for!at!least!one!or!two!of!the!
Mexican!white!pine!species.!In!purple!we!present!the!areas!suitable!for!three!or!more!
of!Mexican!white!pine!species.!The!areas!delineated!with!black!lines!represent!the!
official!network!of!protected!areas!(IUCN!and!UNEP;WCMC!2014).(
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!

The(niche(overlap,(equivalency(and(similarity(

Given!the!wide!variation!in!environmental!conditions!where!white!pines!
species!occur,!it!is!perhaps!not!surprising!that!niche!overlap!between!Mexican!
white!pines!was!low.!The!low!niche!overlap!values!between!P.#ayacahuite#and!
P.#lambertiana,!and!between!the!latter!and!P.#strobus!var.!chiapensis,!are!also!
reflected!on!their!different!environmental!constrains!(Farjon!et#al.,!1997;!
Richardson,!1998)!!

! In!our!analysis!we!show!how!the!ecological!niches!of!Mexican!white!
pines!are!not!interchangeable:!our!assessment!of!niche!equivalency!rejected!
the!null!hypothesis!that!the!ecological!niches!of!all!species!pairs!are!
equivalent.!This!shows!why!it!is!not!accurate!to!imply!niche!characteristics!for!
one!species!based!on!the!niche!of!another—even!for!these!considered!‘closely!
related’!pine!species.!The!niche!similarity!results!suggest!that!Mexican!white!
pines!share!more!characteristics!of!their!environmental!niche!spaces!than!
randomly!expected.!Together,!the!findings!above!are!not!contradictory!but!
suggest!a!tight!link!between!these!pine!species,!which!share!environmental!
niche!spaces,!thus!corroborating!they!are!closely!related!but!still!different!
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taxa.!The!observed!similarities!in!ecological!niche!space!between!Mexican!
white!pines!suggest!that!they!have!similar!environmental!constrains!but!that!a!
different!set!of!variables!within!this!environmental!niche!space!restrict!their!
distribution.!Further!taxonomic!analyses!that!take!information!on!ecological!
niche!similarity!and!equivalency!into!account,!as!well!as!morphological!and!
molecular!information,!are!needed!to!generate!a!comprehensive!classification!
scheme!for!the!Mexican!white!pines.!

Implications(for(a(broader(context(

The!differences!in!environmental!constrains!shown!in!our!study!offers!
insights!on!the!ecological!niches!of!Mexican!white!pines!as!well!as!on!
individual!impacts!that!on;going!changes!in!climatic!conditions!may!likely!
have!on!them.!This!is!an!important!issue!as!an!increase!in!temperature!from!
1.8!to!4.0!°C,!and!a!reduction!in!precipitation!up!to!20%!are!expected!in!the!
“worst!case”!climate!change!scenario!for!the!regions!of!Central!America!to!
northern!Mexico!(Solomon!et#al.,!2007).!Changes!in!climatic!conditions!will!
have!a!direct!effect!on!the!distribution!of!the!Mexican!white!pines!whose!
ranges!are!strongly!constrained!by!temperature!and!precipitation!(Gomez;
Mendoza!&!Arriaga,!2007;!Chen!et#al.,!2011).!Nonetheless,!to!comprehensively!
assess!the!impacts!of!climate!change,!ENMs!need!to!consider!not!only!climatic!
information!of!the!future!conditions!but!also!integrate!the!species!dispersal!
mechanisms,!crucial!biological!interactions!and!barriers!for!dispersion.!

! Information!on!niche!breadth!has!direct!implications!in!planning!
conservation!actions,!as!widely!distributed!species!might!be!less!vulnerable!to!
localized!anthropogenic!exploitation!(Bellard!et#al.,!2012;!Mantyka;pringle!et#
al.,!2012).!Conservation!actions!for!the!Mexican!white!pines!can!include!
protection!of!current!forest!stands,!reintroduction!of!species!in!
deforested/disturbed!areas!and!increasing!the!connectivity!between!forested!
patches!of!pine!populations.!Furthermore,!considering!the!effects!of!habitat!
fragmentation!and!land;use!change!on!forest!biodiversity!is!pivotal!as!these!
pressures!can!have!delayed!and!long;term!negative!impacts!(extinction!debt,!
Tilman!et#al.,!1994)!that!need!to!be!accounted!for!if!conservation!plans!are!to!
be!successful!(Gonzalez,!2013).!Particularly,!the!narrow!distribution!of!P.#
ayacahuite#var.!veitchii!is!likely!at!risk!given!logging!actions!and!the!intense!
urban!activities!that!are!expanding!into!the!trans;volcanic!belt!area!(Farjon,!
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2013b).!!There!are!few!protected!areas!along!or!close!to!the!Mexican!trans;
volcanic!belt,!though!most!of!them!are!small!and!scattered!(Fig.!4).!Some!of!
the!main!protected!areas!are!the!“Zempoala!;!La!Bufa"!national!park,!the!
“Sierra!de!Manantlan”!and!the!“Monarch!butterfly”!reserve.!These!reserves!
represent!important!areas!that!can!act!as!reservoirs!of!pines!diversity,!
however,!even!in!the!Monarch!butterfly!reserve!that!has!high!protection!
status,!current!logging!actions!and!land!conversion!continue!their!negative!
impact!on!biodiversity!(Navarrete!et#al.,!2011).!Still,!protected!areas!and!social!
awareness!seem!to!be!a!main!asset!for!the!conservation!of!biodiversity!and!
particularly!of!the!Mexican!white!pines.!

Conclusions(

The!significant!differences!in!ecological!niche!spaces!we!have!shown!also!
reflect!the!reported!taxonomic!divisions!among!Mexican!white!pines!(Syring!
et#al.,!2007;!del!Castillo!et#al.,!2009).!Differences!in!environmental!constrains!
of!the!different!Mexican!white!pine!species!are!also!reflected!on!the!niche!
similarity,!overlap!and!equivalency!results.!Based!on!these!differences!our!
results!support!the!taxonomic!division!between!the!P.!ayacahuite–P.#
strobiformis!complex.!

! Several!drivers!of!declines!of!pine!species!around!the!world!have!been!
discussed!in!recent!work!(Richardson!et#al.,!2007),!and!Mexican!white!pines!
are!among!the!most!threatened!of!pine!taxa.!Deforestation!for!agriculture!and!
wood!extraction!are!key!drivers!of!the!alarming!decline!of!taxa!in!this!group!
(i.e.,!Richardson!et#al.,!2007;!Navarrete!et#al.,!2011;!Vidal!et#al.,!2014)!and!thus!
of!their!unique!genetic!diversity!(Farjon!et!al.!1997).!Reduced!genetic!
diversity!will!reduce!the!ability!of!these!pines!to!respond!to!changing!
environmental!conditions,!making!it!imperative!to!protect!remaining!
populations.!Current!and!future!conservation!actions,!not!only!for!the!Mexican!
white!pines!but!also!for!other!taxa,!could!benefit!from!insights!derived!from!
knowledge!of!the!role!of!environmental!variables!in!shaping!the!ecological!
niche!of!focus!species.!In!this!context,!effective!conservation!actions!must!take!
into!account!intrinsic!requirements!of!different!species!and!the!main!
environmental!drivers!that!shape!their!distributions.!Different!conservation!
interventions!may!be!required!even!for!closely;related!taxa!(e.g.,!P.#ayacahuite#
and!the!veitchii!variety).!Insights!from!this!study!should!be!useful!for!
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improving!the!on;going!conservation!actions!to!mitigate!the!declining!trends!
in!the!populations!of!Mexican!white!pines!by!directing!re;introductions!and!
guiding!the!establishment!of!effective!networks!of!protected!areas.!
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Abstract((

Climate!and!land!use!changes!are!two!main!drivers!of!biodiversity!change,!and!
predicting!their!impact!on!species!distributions!is!key!to!manage!ongoing!and!
future!global!change.!However,!methods!such!as!species!distribution!models!
that!are!commonly!used!to!forecast!such!changes!assume!that!the!importance!
of!abiotic!factors!in!delimiting!species!distributions!remains!constant!over!
time.!Here,!we!use!spatially<explicit!historical!data!on!climate,!land!use!and!
species!occurrences!to!test!whether!the!importance!of!different!climatic!and!
land!use!drivers!for!setting!species!geographic!range!limits!has!changed!over!a!
period!of!more!than!60!years!(1951–2014).!We!modelled!the!distribution!of!a!
total!of!470!pollinator!species!(bees,!butterflies!and!hoverflies)!in!three!
different!time!periods!(1951–1970,!1971–1990,!1998–2014)!across!the!
Netherlands.!We!then!assessed!the!importance!of!several!climate!
(precipitation,!temperature)!and!land!use!variables!(landscape!composition,!
habitat!fragmentation,!and!spillover!potential)!in!setting!species!geographic!
range!limits!over!time.(Results!suggest!that!land!use!variables,!especially!
landscape!composition,!had!a!constantly!high!importance!in!limiting!
geographic!distributions!of!all!pollinator!species!across!time.!In!contrast,!
importance!values!of!climatic!factors!tended!to!be!generally!lower!than!those!
of!land!use!variables!across!all!pollinator!groups.!However,!the!importance!of!
temperature!in!setting!range!limits!of!bees!and!hoverflies!has!significantly!
increased!in!recent!times.!Given!the!projected!increases!in!temperature!over!
the!next!decades,!our!results!suggest!that!predictions!of!future!species!range!
changes!may!underestimate!the!role!of!climate!in!setting!range!limits.!This!
might!be!particularly!true!in!regions!where!—similarly!to!the!Netherlands—!
large<scale!land<use!changes!have!mostly!ceased,!but!temperature!change!
remains!rapid.!
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Introduction(

Recent!rapid!changes!in!climatic!conditions!(e.g.!temperature!and!
precipitation;!McCain!and!Colwell!2011)!have!raised!considerable!concerns!
over!their!effect!on!biodiversity!(e.g.!Thomas!et!al.!2004).!For!instance,!
changes!in!temperature!(Sala!et!al.!2000,!Dawson!et!al.!2011)!and!the!increase!
of!extreme!weather!events!(Hansen!et!al.!2012)!can!lead!to!important!changes!
in!biodiversity!around!the!globe.!Moreover,!during!the!last!century!
biodiversity!has!experienced!alarming!declines!and!functional!shifts!due!to!
the!effects!of!land<use!changes!such!as!habitat!loss!(Meyfroidt!and!Lambin!
2011),!habitat!fragmentation!(Krauss!et!al.!2010),!and!land!use!intensification!
(Tscharntke!et!al.!2005).!Climate!and!land!use!are!therefore!considered!key!
drivers!of!biodiversity!loss!today,!and!particularly!when!combined,!they!can!
reduce!suitable!habitats!for!species!and!disrupt!ecological!interactions,!
potentially!driving!species!to!extinction!(Hegland!et!al.!2009,!Fox!et!al.!2014).!!

Climate!and!land<use!changes!are!unlikely!to!change!in!parallel!(Fox!et!
al.!2014).!For!example,!the!rate!of!temperature!rise!increased!in!recent!
decades!(Hansen!et!al.!2012),!while!for!several!highly!industrialized!countries!
major!habitat!changes!were!more!intense!in!the!past!(Fuchs!et!al.!2014).!
Consequently,!the!importance!of!such!drivers!for!biodiversity!dynamics!may!
vary!over!time.!However,!many!tools!(e.g.!species!distribution!models,!SDMs;!
Thuiller!2004)!used!to!analyse!the!effects!of!climate!and!land!use!on!
biodiversity!and!to!forecast!species!range!shifts!under!potential!future!global!
change!are!based!on!projections!of!present<day!species!responses!to!different!
climatic!and!land!use!drivers.!Such!projections!assume!that!species!
distributions!are!in!equilibrium!with!current!environmental!conditions!and!
that!relationships!between!abiotic!factors!and!species!occurrences!remain!
constant!over!time!(Dormann!2007).!This!assumption!is!likely!to!affect!the!
performance!and!reliability!of!SDMs,!especially!under!non<equilibrium!
conditions!(Eskildsen!et!al.!2013).!It!is!therefore!crucial!to!evaluate!whether!
the!importance!of!global!change!drivers!and!their!effects!on!species!
distributions!remain!constant!over!time.!A!key!limitation!for!such!evaluations!
is!that!future!empirical!data!are!not!available!against!which!projections!can!be!
validated.!However,!the!availability!of!historical!information!on!biodiversity!
and!environmental!factors!across!the!same!spatial!domain!allows!exploring!
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the!dynamics!of!such!relationships.!!

Here,!we!use!a!unique!set!of!spatially<explicit!species!occurrence!
records!of!several!groups!of!flower!visitors!(bees,!hoverflies,!and!butterflies),!
in!the!following!referred!to!as!“pollinators”,!and!environmental!data!from!the!
Netherlands!since!1951!to!the!present!to!investigate!whether!the!importance!
of!climate!(temperature!and!precipitation)!and!land!use!(landscape!
composition,!habitat!fragmentation!and!spillover!potential)!as!drivers!of!
species!distributions!has!changed!over!time.!Pollinator’s!accessibility!to!
feeding!and!nesting!resources!greatly!depend!on!landscape!patterns!(Winfree!
et!al.!2011,!Oliver!et!al.!2012).!Therefore,!we!expect!landscape!composition!
and!habitat!fragmentation!to!pose!a!generally!high!influence!on!species!
distributions.!Given!that!most!large<scale!land<use!changes!in!the!studied!
region!have!occurred!before!the!1990s!(Harms!et!al.!1987,!EEA!<European!
Environment!Agency!2010),!and!that!pronounced!changes!in!precipitation!
regimes!and!temperature!have!been!recorded!in!recent!time!(Klein!Tank!
2004,!Ligtvoet!et!al.!2013),!we!expect!that!climate!might!have!become!more!
relevant!to!species!distributions!in!recent!decades.!

Methods(

Study(region(and(time(periods(

The!Netherlands!has!been!intensely!sampled!for!biodiversity!since!the!early!
19th!century,!with!high<quality!species!distribution!data!being!available!at!the!
country!level!across!several!decades.!Moreover,!in!the!last!century!the!
Netherlands!has!experienced!major!changes!in!climate!(KNMI,!2014)!and!land!
use!conditions!(Knol!et!al.!2004,!Hazeu!et!al.!2010).!The!fact!that!major!
changes!in!both!of!these!conditions!have!occurred!in!the!study!area!over!the!
last!century!makes!this!region!particularly!suitable!for!analysing!the!impacts!
of!these!drivers!on!biodiversity!distributions.!All!three!aspects!(biodiversity,!
climate!and!land!use)!are!well!documented!with!spatially!explicit!data!across!
more!than!50!years.!After!the!Second!World!War!(i.e.!during!1950–1970),!the!
Netherlands!has!suffered!rapid!habitat!loss!and!pronounced!agricultural!
intensification!with!an!associated!increase!in!pesticide!use!(Harms!et!al.!
1987).!After!1990,!there!was!an!increasing!investment!in!conservation!
measures!and!agro<environmental!schemes,!especially!since!the!turn!of!the!
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millennium!(Kleijn!and!Sutherland!2003).!The!Netherlands!has!also!
experienced!important!changes!in!climate,!including!important!increases!in!
average!temperature!over!the!last!century!(~1.7°C;!Ligtvoet!et!al.!2013),!
which!may!greatly!affect!the!distribution!of!pollinators!(Kjøhl!et!al.!2011),!
with!the!most!rapid!warming!been!experienced!during!the!last!20!years!(Klein!
Tank!2004).!This!increase!in!temperature!is!twice!the!global!average!(Van!
Oldenborgh!et!al.!2009),!and!increases!of!up!to!5°C!are!expected!during!the!
forthcoming!century!(Ligtvoet!et!al.!2013).!Moreover,!important!changes!in!
the!temporal!distribution!and!amount!of!precipitation!have!been!observed!in!
the!Netherlands,!with!the!average!annual!winter!precipitation!increasing!by!
ca.!20%!(Klein!Tank!2004,!Ligtvoet!et!al.!2013).!Furthermore,!although!the!
Netherlands!covers!a!relatively!small!spatial!extent,!it!shows!strong!variation!
in!climatic!conditions!along!its!latitudinal!and!longitudinal!gradients.!For!
instance,!the!first!warm!day!(above!20°C)!occurs!up!to!20!days!earlier!in!the!
southeaster!part!than!in!the!northwest.!There!is!also!less!precipitation!and!
higher!evapotranspiration!in!the!coastal!zone,!resulting!in!higher!probabilities!
of!drought!in!these!areas!in!comparison!to!inland!eastern!locations!(Ligtvoet!
et!al.!2013).!Based!on!these!observed!changes!in!climate!and!land!use!we!
binned!the!occurrence!records!(see!below)!into!three!distinct!time!periods!
(TP1:!1951–1970,!TP2:!1971–1990,!TP3:!1998–2014)!and!analysed!whether!
the!responses!of!species!distributions!to!environmental!conditions!have!
changed!over!time.!!

Species(distribution(data(

We!included!three!key!pollinator!taxa!in!our!study:!bees!(Hymenoptera:!
Apoidea),!hoverflies!(Diptera:!Syrphidae)!and!butterflies!(Lepidoptera:!
Papilionoidea!and!Hesperioidea).!Presence!records!for!each!species!across!the!
three!time!periods!were!obtained!for!bees!and!hoverflies!from!the!European!
Invertebrate!Survey!(EIS<Nederland,!www.eis<nederland.nl)!and!for!
butterflies!from!the!Dutch!National!Database!of!Flora!and!Fauna!(NDFF,!
www.ndff.nl).!Experts!from!the!EIS!and!the!NDFF!have!extensively!assessed!
the!quality!of!species!identification!and!location!accuracy!of!all!species’!
presence!records!that!we!included!in!our!study.!More!details!about!the!quality!
evaluation!can!be!found!in!www.ndff.nl/validatie.!!

! All!species!occurrence!records!were!compiled!at!a!resolution!of!5!×!5!km!
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grid!cells!to!accommodate!the!higher!uncertainty!in!geographic!coordinates!of!
the!older!records!relative!to!the!higher!location!accuracy!of!the!more!recent!
records.!Accurate!distribution!models!can!be!obtained!with!small!sample!sizes!
depending!on!the!species!prevalence!in!the!study!area!(van!Proosdij!et!al.!In!
press).!In!our!study!we!included!all!species!that!were!present!in!at!least!five!5!
×!5!km!grid!cells!and!only!those!that!were!represented!in!each!of!the!three!
time!periods.!This!allowed!us!to!analyse!a!total!of!470!pollinator!species,!
including!207!bee!species,!61!butterfly!species,!and!202!species!of!hoverflies!
(see!Table!S1).!From!a!total!of!1820!landscapes!(5!×!5!km!grid!cells)!in!the!
Netherlands,!914!had!records!for!bees!in!TP1,!894!for!butterflies,!and!1094!for!
hoverflies.!In!TP2,!bees!were!present!in!972!landscapes,!butterflies!in!1484,!
and!hoverflies!in!1376.!In!TP3,!bees!were!sampled!in!1346!landscapes,!
butterflies!in!1655,!and!hoverflies!in!1592!landscapes!(see!Fig.!S1!for!the!
spatial!distribution!of!the!sampled!landscapes!across!time).!

Climatic(data(

We!obtained!climate!data!for!the!Netherlands!on!maximum,!minimum!and!
average!values!of!temperature!and!precipitation!from!the!project!“ClimateEU:!
historical!and!projected!climate!data!for!Europe”!(Wang!et!al.!2012).!Climatic!
data!were!obtained!at!the!same!resolution!as!the!land!use!and!species!
distribution!data!(5!×!5!km!grid!cells).!These!data!were!then!used!to!calculate!
the!19!bioclimatic!variables!described!in!Hijmans!et!al.!(2005).!To!avoid!
colinearity,!when!two!variables!were!highly!correlated!(Pearson’s!correlation!
≥!|0.75|),!we!only!selected!the!variable!that!was!thought!to!delimit!strongly!
the!distribution!of!insects,!e.g.!those!that!capture!extreme!conditions!during!
the!year!(e.g.!temperature!of!warmest!quarter!of!the!year!instead!of!mean!
annual!temperature).!These!variables!have,!as!supported!by!other!studies!(e.g.!
Kjøhl!et!al.!2011),!important!impacts!on!the!distribution!and!persistence!of!
pollinators!(see!Table!1).!

Land(use(data(

Land!use!data!were!obtained!from!the!geo<information!department!of!
Wageningen!University!(www.wageningenur.nl)!with!an!original!resolution!of!
25!×!25!m!pixels.!The!land!use!map!for!the!oldest!time!period!(TP1)!is!based!
on!topographic!cartography!and!the!newer!maps!(TP2<TP3)!are!based!on!
remote!sensing!imagery,!all!of!them!with!high!land!use!classification!accuracy!
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ranging!from!85–98%!(Knol!et!al.!2004,!Hazeu!et!al.!2010).!The!land!use!maps!
were!obtained!for!the!years!1960!(representing!TP1),!1980!(TP2)!and!2008!
(TP3),!which!represent!central!points!in!time!for!each!of!the!time!periods!for!
which!the!species!data!was!obtained!(see!above).!As!land!use!data!from!more!
recent!time!periods!had!more!detailed!information!on!land!use!classes!than!
data!from!older!time!periods,!the!land!use!maps!were!reclassified!to!derive!
eight!consistent!land!use!types!that!were!representative!for!all!three!time!
periods:!agriculture,!grassland,!forest,!moors/peat,!sandy!soils,!swamps,!
urban!and!water.!Based!on!these!reclassified!land!use!maps,!for!each!5!×!5!km!
grid!cell!(Table!1)!and!for!each!time!period,!we!then!calculated!a!total!of!
twelve!land!use!metrics.!These!land!use!metrics!have!previously!been!shown!
to!impact!species!richness!of!pollinators!(see!Aguirre<Gutiérrez!et!al.!In!press).!
The!calculated!metrics!characterize!three!major!aspects!of!landscape!and!
habitat!structure!(Tscharntke!et!al.!2012):!landscape!composition!(nine!
metrics),!habitat!fragmentation!(two!metrics)!and!spillover!potential!(one!
metric)!(see!below).!

!
Table(1.(Variables(used(in(species(distribution(models(and(their(grouping(for(
subsequent(analyses(in(linear(mixed(models.(For!the!‘general!model’,!
environmental!variables!were!grouped!into!either!climate!or!land!use.!For!the!‘specific!
model’,!variables!were!grouped!into!five!finer!divisions!of!climate!(temperature!and!
precipitation)!or!land!use!(landscape!composition,!habitat!fragmentation!and!
spillover).!

!

!
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For!landscape!composition,!the!nine!metrics!reflected!the!percentage!
of!each!land!use!type!per!grid!cell!(eight!metrics)!as!well!as!the!total!number!
of!land!use!classes!per!grid!cell!(one!metric).!The!latter!was!included!as!a!
proxy!of!spatial!heterogeneity,!which!can!influence!the!turnover!of!pollinator!
species!assemblages!(Tscharntke!et!al.!2012).!Habitat!fragmentation!was!
represented!by!two!metrics:!the!average!area!of!suitable!habitat!patches!and!
total!edge!density.!Following!the!evaluation!of!habitat!suitability!for!
pollinators!from!Vogiatzakis!et!al.!(2015),!we!classified!the!land!use!classes,!
grassland,!moors/peat,!forest!and!sandy!soils!as!‘suitable!habitat’,!and!
agriculture,!urban,!water!and!swamps!as!‘non<suitable!habitat’.!For!total!edge!
density,!we!calculated!the!density!of!edges!between!all!land!use!types!in!a!grid!
cell.!Finally,!we!used!one!metric!to!characterize!species!spillover!potential,!i.e.!
the!potential!for!movements!of!organisms!across!managed!and!natural!
systems!(Rand!et!al.!2006).!Here,!the!proximity!and!existence!of!edges!
between!managed!and!(semi<)!natural!systems!plays!a!key!role.!We!therefore!
calculated!the!edge!density!between!managed!and!(semi<)!natural!systems.!
We!considered!the!land!use!types!grassland!and!agriculture!as!(intensively<)!
managed!and!moors/peat,!forest,!swamps!and!sandy!soils!as!(semi<)!natural!
systems.!Urban!and!water!were!not!taken!into!account!in!this!calculation.!

All!calculations!of!land!use!metrics!were!carried!out!in!R!(Development!
Core!Team,!http://cran.r<project.org)!with!the!“SDMTools”!package.!

Changes(in(climatic(and(land(use(conditions(over(time(

We!quantified!the!changes!in!abiotic!conditions!that!took!place!in!the!
Netherlands!between!consecutive!time!periods!(TP1–TP2,!TP2–TP3).!We!also!
analysed!the!overall!changes!that!occurred!between!the!first!and!last!period!
(TP1–TP3).!The!changes!were!calculated!as!the!post<period!minus!the!pre<
period!value!(e.g.!TP3<TP1)!for!each!climatic!and!land!use!variable.!After!
obtaining!the!change!values!we!used!a!student’s!t<test!(Box!1987)!to!
investigate!if!significant!changes!in!climatic!and!land!use!conditions!indeed!
occurred.!!

Species(distribution(models((

For!each!bee,!butterfly!and!hoverfly!species!in!each!time!period!(TP1,!TP2!and!
TP3),!we!fitted!SDMs!using!the!maximum!entropy!modelling!approach!with!
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MaxEnt!(Phillips!et!al.!2006).!MaxEnt!is!a!machine!learning!technique!that!has!
been!extensively!used!for!modelling!large!data!sets!of!species!in!locations!with!
varied!sets!of!environmental!conditions,!rendering!high!model!accuracy!(Elith!
and!Leathwick!2009,!Marshall!et!al.!In!press).!We!selected!MaxEnt!after!an!in<
depth!comparison!with!other!algorithms!for!a!wide!range!of!species!with!
different!sample!sizes!and!spatial!distribution!of!their!recording!locations!in!
our!study!area!(Aguirre<Gutiérrez!et!al.!2013).!This!comparison!showed!that!
MaxEnt!was!one!of!the!best!performing!algorithms!with!high!model!sensitivity!
and!specificity.!We!therefore!use!MaxEnt!as!the!model!algorithm!here.!In!
MaxEnt,!we!allowed!to!fit!more!complicated!models!(use!of!different!features!
types)!depending!on!the!number!of!records!available!as!described!in!Phillips!
and!Dudik!(2008)!and!Elith!et!al.!(2011).!In!MaxEnt!the!term!“features”!refers!
to!a!set!of!transformations!applied!to!the!original!variables,!depending!on!the!
number!of!records!included!in!the!model!(Elith!et!al.!2011).!Following!Phillips!
and!Dudick!(2008),!we!fitted!only!linear!features!for!species!with!less!than!10!
available!presence!records;!linear!and!quadratic!features!for!species!with!the!
number!of!available!records!between!10!and!14!records;!and!linear,!quadratic!
and!hinge!features!(i.e.!functions!for!piecewise!linear!splines)!for!species!with!
15!to!79!records.!For!species!with!more!than!80!records!the!product!(of!all!
pair<wise!combinations!of!covariates)!and!threshold!features!(involving!a!
simple!step!fitted!function)!were!added.!More!in<depth!explanations!of!the!
MaxEnt!modelling!and!feature!types!can!be!found!in!Elith!et!al.!(2011).!

As!species!sampling!collections!are!usually!geographically!biased!(e.g.!
Merow!et!al.!2013),!this!can!also!generate!environmental!gradient!selection!
bias.!We!accounted!for!this,!as!suggested!by!Phillips!et!al.!(2009)!and!Mateo!et!
al.!(2010),!by!only!extracting!background!information!from!those!collection!
localities!where!species!from!the!same!pollinator!group!had!been!sampled.!
This!method,!called!“target!group”,!has!proven!to!considerably!increase!model!
performance!(Phillips!and!Dudik,!2008).!Moreover,!this!approach!aids!to!
account!for!possible!sampling!and!environmental!selection!biases!because!the!
modelled!data!contains!the!same!collection!bias!as!the!data!used!for!the!
background!selection!(Elith!et!al.!2011).!To!account!for!the!within!algorithm!
model!variation,!we!computed!SDMs!for!each!species!using!ten!repetitions!
with!a!bootstrap!approach!where!80%!of!the!data!was!used!for!training!and!
20%!for!model!testing.!We!then!used!the!area!under!the!curve!(AUC)!value!of!
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the!receiver<operating!characteristic!to!summarize!model!performance!
(Hanley!and!McNeil!1982).!However,!AUC!values!are!constrained!by!the!
fraction!of!the!geographic!area!covered!by!the!species,!and!are!often!low!for!
species!with!large!sample!sizes!and!increase!as!the!number!of!sampling!
records!decreases!(Phillips!et!al.!2006,!van!Proosdij!et!al.!In!press).!To!account!
for!between<model!variability!and!to!avoid!basing!our!model!selection!on!AUC!
values!alone,!we!obtained!an!ensemble!model!for!each!species!by!averaging!
the!suitability!scores!across!the!ten!model!repetitions!and!used!this!average!
value!in!subsequent!analysis.!!

In!order!to!investigate!the!importance!of!the!different!environmental!
drivers!for!delimiting!species!distributions,!we!obtained!two!different!
evaluation!metrics:!the!“permutation!importance”!and!the!“percentage!
contribution”!(Phillips!2006).!These!metrics!have!been!successfully!applied!in!
other!studies!(e.g.!Sobek<Swant!et!al.!2012,!Tellería!et!al.!2012,!Gallardo!and!
Aldridge!2013,!Quillfeldt!et!al.!2013).!For!the!“permutation!importance”,!the!
values!of!the!focus!variable!are!randomly!permuted!on!the!training!presence!
and!background!data.!The!model!is!then!re<evaluated!on!the!permuted!data!
and!the!change!in!the!model’s!AUC!is!calculated.!Large!changes!in!AUC!value!
indicate!that!the!model!is!highly!dependent!on!the!specific!variable!and!thus!
has!a!higher!importance!for!defining!the!final!model.!For!the!“percentage!
contribution”,!the!importance!value!of!each!variable!depends!on!the!specific!
path!taken!by!the!algorithm!to!obtain!the!optimal!model.!During!each!model!
iteration!MaxEnt!identifies!which!environmental!variables!contribute!for!the!
model!fitting!process!by!detecting!the!change!in!model!gain!after!modifying!
the!coefficient!for!a!single!feature!(Phillips!2006).!MaxEnt!then!assigns!the!
change!in!model!gain!to!the!environmental!variable!that!the!feature!depended!
on!in!order!to!obtain!its!final!contribution.!For!the!final!values!for!each!of!the!
two!evaluation!metrics!(permutation!importance!and!percentage!
contribution)!we!averaged!the!results!of!the!ten!model!repetitions.!The!
obtained!importance!values!were!used!as!a!measure!of!how!strongly!a!species!
distribution!is!limited!by!a!specific!environmental!driver!and!then!applied!to!
assess!if!and!how!the!importance!of!such!drivers!varied!between!the!three!
time!periods!analysed!(see!below).!

(
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Environmental(drivers(limiting(pollinator(distributions(across(time((

We!used!a!linear!mixed!effects!model!(Zuur!et!al.!2009)!to!test!whether!
climatic!and!land!use!variables!(Table!1)!had!similar!importance!in!limiting!
species!distributions!in!different!time!periods.!We!performed!two!analyses.!In!
the!first!mixed!model!(‘general!model’),!we!aggregated!the!various!SDM!
predictor!variables!into!two!general!classes:!climate!or!land!use!(Table!1).!The!
importance!values!were!then!used!as!response!variable!and!the!type!of!
environmental!variable!(climate!or!land!use),!pollinator!group!and!time!
period!as!well!as!their!interaction!as!explanatory!variables.!In!the!second!
mixed!model!(‘specific!model’),!we!evaluated!in!more!detail!which!of!the!
climate!or!land!use!variables!were!important!for!each!pollinator!group.!Hence,!
we!repeated!the!mixed!model!analysis,!but!used!a!finer!subgrouping!of!
environmental!variables!by!aggregating!them!into!five!groups:!precipitation,!
temperature,!landscape!composition,!habitat!fragmentation!and!spillover!
potential!(Table!1).!This!allowed!us!to!assess!which!specific!types!of!climate!
and!land!use!variables!have!the!strongest!effects!on!limiting!pollinator!
distributions.!In!both!mixed!models!we!used!species!identity!as!a!random!
effect.!!

Several!of!the!importance!values!of!environmental!variables!were!
equal!to!zero.!To!deal!with!the!high!number!of!zeros,!we!applied!a!zero<
inflated!model!approach!which!combines!a!Binomial!and!Gaussian!model!(see!
Carvalheiro!et!al.!2014).!First,!we!compared!the!probability!of!the!
environmental!variables!to!have!an!effect!on!species!distribution!using!a!
Binomial!model!(variable!equal!0:!no!importance;!1:!importance!>0%).!
Second,!we!compared!the!strength!of!the!effect!of!those!environmental!
variables!that!had!an!effect!(i.e.!with!importance!values!>0)!using!a!Gaussian!
model.!!For!the!Gaussian!model!the!importance!values!were!loge<transformed!
to!normalize!the!residuals.!In!both,!the!Gaussian!and!the!Binomial!models,!we!
used!mixed!models!with!species!identity!as!a!random!effect.!We!also!tested!for!
significant!differences!between!pollinator!groups!and!time!periods!by!
performing!post<hoc!pairwise!comparison!tests!(TukeyHSD).!The!analyses!
were!repeated!for!both!the!permutation!importance!and!the!percentage!
contribution!variable!importance!values!from!MaxEnt.!

All!mixed!models!were!implemented!using!the!“lme4”!package!and!the!
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multiple!comparison!tests!using!the!“multcomp”!package!with!the!“glht”!
function!in!the!R!platform!(http://cran.r<project.org).!

Results(

Changes(in(abiotic(conditions(over(time(

All!climatic!variables!showed!significant!changes!between!the!first!(1951–
1970)!and!the!last!(1998–2014)!time!period!(Fig.!1;!Table!S2).!While!annual!
precipitation!increased!(<20!mm!on!average),!all!other!precipitation<related!
variables!showed!negative!changes!(Fig.!1).!All!temperature<related!variables,!
with!the!exception!of!temperature!seasonality,!showed!increases!between!0.2!
(mean!diurnal!range)!to!3.8!°C!(mean!temperature!of!driest!quarter)!(Fig.!1).!!

! Concerning!land!use!composition,!all!land!use!classes!(except!sandy!
soils!and!water)!showed!significant!changes!in!their!amount!between!the!first!
and!last!time!period!(Fig.!1;!see!Table!S2).!Forest,!swamps!and!urban!classes!
increased!in!their!percentage!in!the!landscape!whereas!agriculture,!grasslands!
and!moors/peat!decreased!(Fig.!1).!As!for!variables!related!to!fragmentation,!
the!average!patch!area!of!suitable!habitats!in!the!landscape!also!presented!
significant!declines!of!up!to!90!ha!on!average!(Fig.!1).!The!total!amount!of!
edges!in!the!landscape!and!the!edges!between!natural!and!managed!systems!
also!increased!significantly,!and!the!number!of!land!use!classes!in!the!
landscape!increased!by!1.5!on!average!over!this!time!period!(Fig.!1;!Table!S2).!!

!
!
!
!
!
!
!
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Figure(1.(Changes(in climatic(and(land(use(conditions(in(the(
Netherlands(between(the(first((TP1,(1951–1970)(and(the(last((TP3,(1998–2014)(
time(period.(The!asterisk!above!the!bars!represents!whether!a!significant!change!has!
occurred!or!not.!Significance!levels:!***P!<!0.001;!**P!<!0.01;!*P!<!0.05;!ns:!not!
significant.!For!statistical!details!see!Table!S2.!
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Absolute(importance(of(climate(and(land(use(in(limiting(pollinator(

distributions(across(time(

The!analyses!with!the!permutation!variable!importance!(Fig.!2;!Tables!S5–S8)!
and!the!percentage!variable!contribution!gave!similar!results!(see!Fig.!S2!and!
Tables!S3–S4,!for!the!results!using!the!“percentage!contribution”!evaluation!
for!the!strength!of!the!effect).!The!only!exception!was!for!precipitation!for!
which!a!slight!decrease!in!importance!over!time!was!detected!using!the!
percentage!contribution!and!an!increase!over!time!with!the!permutation!
importance.!The!different!results!for!the!precipitation!variables!may!be!
caused!by!a!higher!correlation!within!this!group!of!variables,!to!which!the!
percentage!contribution!metrics!is!known!to!be!susceptible.!Given!the!overall!
similarity!of!the!result,!we!only!present!the!analysis!from!the!Gaussian!model!
for!the!permutation!importance!in!the!main!text,!as!it!analyses!the!“strength”!
each!environmental!variable!has!in!limiting!species!distributions,!and!the!
results!from!all!other!analyses!in!the!supplementary!material.!

! In!all!time!periods,!climate!was!an!important!and!statistically!significant!
factor!limiting!the!distributions!of!pollinators!(Fig.!2a;!Tables!S5–S6).!This!was!
true!for!both!precipitation!(Fig.!2b)!and!temperature!(Fig.!2c)!although!
temperature!tended!to!have!higher!importance!values!than!precipitation!
(Supplementary!material,!Tables!S7–S8).!Compared!to!climate,!the!overall!
effect!of!land!use!for!limiting!species!distributions!was!higher!(Fig!2d!vs.!Fig.!
2a).!Among!the!specific!land!use!variables,!landscape!composition!was!the!
strongest!variable!and!spillover!the!weakest,!with!habitat!fragmentation!
showing!intermediate!effects!(Fig.!2e–g;!Tables!S7–S8).!These!effects!were!
largely!consistent!across!pollinator!groups!(Fig.!2).!

(

(

Figure(2.((next!page)!Absolute(importance(of(climate((a–c)(and(land(use((d–g)(for(
limiting(species(distributions(of(different(pollinator(groups((bees,(butterflies(
and(hoverflies)(across(time((periods:(TP1,(1951–1970;(TP2,(1971–1990;(TP3,(
1998–2014).(Values!illustrate!the!average!importance!values!±!95%!confidence!
intervals!of!variables!that!have!an!influence!on!species!distributions!of!each!pollinator!
group!(“strength”!of!environmental!variables,!Gaussian!model).!For!both!climate!and!
land!use!we!present!the!overall!effect!(‘general!model’)!and!the!effect!of!the!more!
detailed!classes!of!environmental!variables!(‘specific!model’)!(compare!Table!1).!For!
statistical!details!see!Tables!S6!and!S8.(
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Relative(changes(in(the(importance(of(climate(and(land(use!

Overall,!importance!of!climate!(Fig.!2a)!in!setting!range!limits!increased!
through!time!for!bees!and!hoverflies!(Fig.!3;!Fig.!S3!and!Table!S6).!For!these!
two!pollinator!groups,!this!overall!shift!in!the!importance!of!climate!was!
mostly!due!to!the!effect!of!temperature!(Fig.!3).!Precipitation!showed!a!
significant!increase!in!importance!between!T1!and!T3!for!bees!(Fig.!3)!
whereas!for!hoverflies!this!only!occurred!between!T1!and!T2!(Fig.!2b).!This!
effect!was!not!found!for!precipitation!with!the!“percentage!contribution”!
evaluation!(Fig.!S2).!Butterflies!did!not!show!such!trends!in!the!importance!of!
climate!(Fig.!2a–c).!In!contrast!to!climate,!the!overall!importance!of!land!use!
did!not!significantly!change!across!pollinator!groups!and!land!use!variables!in!
most!cases!(Fig.!3).!The!importance!of!habitat!fragmentation!and!spillover!
potential!presented!overall!decreases!and!increases!respectively,!however,!
these!were!not!significant!(Fig.!3).!Land!use,!especially!landscape!composition!
and!habitat!fragmentation,!remained!of!constantly!high!importance!through!
time!(Fig.!2d–f).!!

Figure(3.!Relative(changes(in(the(importance(of(climatic(and(land(use(drivers(for(
bee,(butterfly(and(hoverfly(distributions(between(the(first((TP1,(1951–1970)(

and(the(last((TP3,(1998–

2014)(time(period.(The!
different!climatic!variables!
(left!of!dotted!line)!and!land!
use!variables!(right!of!
dotted!line)!correspond!to!
Fig.!2.!The!importance!
change!is!expressed!as!ln+
transformed!values!based!
on!the!(Gaussian)!linear!
mixed!models!results!from!
Fig.!2.!The!asterisk!above!
the!bars!represent!a!
significant!change!occurred.!
Significance!levels:!***P!<!
0.001;!**P!<!0.01;!*P!<!0.05.!
For!statistical!details!see!
Tables!S6!and!S8.!
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Discussion!

Using!spatially<explicit!historical!data!(1951–2014)!of!climate,!land!use!and!
species!occurrences,!we!investigated!if!the!importance!of!climatic!and!land!use!
drivers!for!limiting!species!distributions!has!changed!over!time.!Our!results!
show!that!the!importance!of!land!use!variables!such!as!landscape!composition!
and!habitat!fragmentation!has!been!constantly!high!whereas!climatic!factors!
tended!to!have!lower!importance!in!setting!species!geographic!range!limits.!
However,!climatic!drivers,!especially!temperature,!became!significantly!more!
important!over!time,!and!temperature!became!even!as!important!as!habitat!
composition!during!recent!decades.!!

The!non<constant!importance!of!climatic!variables!(especially!
temperature)!for!limiting!species!distributions!of!Dutch!bees!and!hoverflies!
over!the!last!>60!years!could!be!related!to!the!observed!recent!increase!in!
temperature!in!the!study!area!(Fig.!1;!KNMI!2014).!Given!the!current!
projections!of!future!climate!change!(Diez!et!al.!2012),!these!findings!suggest!
that!climate!may!play!an!even!larger!role!for!limiting!species!distributions!in!
the!future.!For!butterflies,!the!importance!of!climate!was!constantly!high!
which!could!be!explained!by!interactions!between!small<scale!changes!in!
habitat!condition!and!climate.!Many!butterfly!species!depend!on!warm!
microclimatic!conditions!for!larval!development!(WallisDeVries!and!Van!
Swaay!2006).!Increases!in!temperature!lead!to!milder!winters,!which!could!
enhance!opportunities!for!the!development!of!butterflies.!However,!when!
associated!with!the!high!nitrogen!deposition,!such!mild!winters!increase!plant!
productivity,!which!reduces!opportunities!for!developing!caterpillars!to!
absorb!solar!heat!(WallisDeVries!and!Van!Swaay!2006).!Hence,!the!interplay!
between!changes!in!climatic!conditions!and!land!use!may!result!in!counter<
intuitive!changes!in!local!habitat!conditions.!

Within!temperate!regions!such!as!the!Netherlands,!rapid!changes!in!
temperature!and!precipitation!as!well!as!increases!in!extreme!weather!events!
may!have!strong!effects!on!population!dynamics!of!pollinators!(WallisDeVries!
et!al.!2011,!Rasmont!et!al.!2015).!Since!SDM!methods!assume!that!currently!
observed!occurrence<climate!relationships!persist!in!the!future,!the!variable!
importance!of!climatic!variables!here!detected!can!have!important!
implications!for!the!interpretation!of!species!range!projections!based!on!
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SDMs.!Thus,!future!species!range!projections!based!on!SDMs!alone!may!
severely!underestimate!the!role!that!climate!plays!in!setting!future!species!
range!limits.!Other!more!trait<based!or!mechanistic!approaches!might!then!be!
appropriate!for!analysing!future!species!responses!to!climate!changes!(Pacifici!
et!al.!2015).!

The!relative!importance!of!climate!and!land!use!can!depend!on!spatial!
scale,!i.e.!extent!and!grain!size.!For!instance,!climate!measured!at!coarse!grid!
cell!resolutions!might!mostly!describe!the!countrywide!trends!in!climatic!
conditions!(Ligtvoet!et!al.!2013)!and!thus!its!probable!impact!on!species!
distributions!at!broad!spatial!scale!can!be!analysed.!Measures!of!the!
microclimatic!conditions!at!the!patch!level!(fine<scale)!may!render!further!
insights!into!the!local!distribution!patterns!of!species!(Suggitt!et!al.!2011),!and!
thus!of!the!climate!change!impacts!at!fine<scale,!however,!these!measures!are!
not!readily!available!at!the!country!or!global!levels,!making!it!difficult!to!
include!them!in!large!scale!analysis.!Landscape!characteristics!might,!
however,!mostly!modify!species!distributions!locally.!Our!result!that!climatic!
conditions,!especially!temperature<related!variables,!become!increasingly!
important!drivers!of!species!distributions!in!the!study!area!agree!with!the!
observed!physical!changes!in!these!drivers!across!time!(Klein!Tank!2004,!
Ligtvoet!et!al.!2013).!We!detected!significant!changes!in!the!importance!of!
climatic!conditions!for!driving!the!species!distributions!of!pollinators!across!
the!last!>60!years,!even!at!the!spatial!extent!of!the!Netherlands.!We!expect!
that!such!effects!might!even!be!more!pronounced!across!larger!regions!with!
stronger!variation!in!these!conditions!(e.g.!countries/regions!that!cover!a!
broader!spatial!extent).!However,!further!research!is!needed!to!test!whether!
the!temporal!change!in!the!importance!of!climate!and!land!use!as!range<
limiting!factors!varies!at!different!spatial!extents!and!grain!sizes.!

Like!in!other!highly!industrialized!countries!the!major!land<use!
changes!in!the!Netherlands!have!occurred!in!earlier!time!periods!(~1950).!
However,!small!changes!in!land!use!conditions!have!still!occurred!in!the!
Netherlands!during!the!last!half<century!(Fig.!1).!Nevertheless,!land!use,!
especially!landscape!composition,!remains!of!high!importance!for!limiting!
species!distributions!even!in!recent!times.!This!result!reflects!the!high!
importance!of!habitat!availability!(here!represented!by!landscape!
composition)!and!accessibility!(here!represented!by!habitat!fragmentation!
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and!spillover)!for!pollinators.!Indeed,!climatically!suitable!areas!might!not!be!
occupied!by!species!if!habitat!conditions!remain!unsuitable!(Oliver!et!al.!
2012).!Hence,!the!high!importance!of!habitat!fragmentation!(i.e.!habitat!patch!
area!and!edge!density)!in!our!study!is!most!likely!linked!to!the!impact!that!
fragmentation!has!on!pollinator’s!access!to!feeding!and!nesting!resources,!
including!indirect!effects!on!microclimatic!conditions!in!the!surrounding!
landscape!(Steffan<Dewenter!2003,!Ries!et!al.!2004).!!

The!effects!of!habitat!spillover!were!weaker!than!those!of!landscape!
composition!and!habitat!fragmentation,!but!they!represent!also!accentuated!
changes!in!importance!values!across!time!periods!(bees!and!hoverflies;!Fig.!2!
and!Fig.!3).!Highly!homogeneous!areas!(e.g.!intensive!agricultural!lands)!are!
among!the!most!common!habitats!in!the!study!region.!Hence,!an!increasing!
amount!of!edges!between!managed!and!natural!systems!(surrogate!of!
spillover!potential)!may!be!becoming!a!major!driver!for!the!exchange!of!
organism!in!the!landscape!between!different!land!use!classes.!These!findings!
on!spillover!effects!are!highly!relevant!for!conservation!and!management!of!
ecosystem!services!worldwide!because!landscapes!dominated!by!large!
extensions!of!agricultural!fields!have!become!the!rule!in!most!industrialized!
countries!(Foley!et!al.!2005,!EEA!<European!Environment!Agency!2010).!In!
high<biodiversity!countries!with!expanding!agriculture/economy,!the!future!
impacts!of!land<use!changes!on!biodiversity!may!even!be!more!pronounced!
than!in!highly!industrialized!countries!were!major!land<use!changes!have!
already!ceased!decades!ago!(Sala!et!al.!2000).!!!

Our!historical!analysis!supports!the!view!that!land!use!drivers!
(especially!landscape!composition!and!habitat!fragmentation)!have!been!most!
important!in!limiting!pollinator!distributions!across!time!(Oliver!et!al.!2012,!
Warren!et!al.!2001).!However,!we!also!show!that!climate!drivers,!particularly!
temperature,!have!currently!reached!a!similar!importance!than!landscape!
composition!in!limiting!species!distributions!(see!Fig.!2!and!Fig.!3).!This!
suggests!that!ongoing!and!future!climate!change!could!overpass!the!impacts!of!
land!use!modifications!on!biodiversity!(Leadley!et!al.!2010).!This!change!in!the!
importance!of!drivers!is!likely!related!to!the!fact!that!in!our!study!region!most!
major!land<use!changes!have!already!ceased!several!decades!ago!(e.g.!Bouma!
et!al.!1998,!Knol!et!al.!2004).!In!contrast,!changes!in!climatic!conditions!such!
as!increases!in!annual!temperatures!and!a!higher!frequency!of!extreme!
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weather!events!have!occurred!during!recent!decades!(Hansen!et!al.!2012).!
Hence,!our!results!are!most!likely!transferable!to!other!highly!industrialized!
countries!in!temperate!regions.!

Concluding(remarks(

Projections!of!the!potential!future!impacts!of!climate!and!land<use!changes!on!
biodiversity!often!assume!that!the!importance!of!drivers!for!limiting!species!
distributions!remains!constant!over!time!(Dormann!2007).!However,!our!
historical!analysis!shows!that!the!importance!of!environmental!drivers!can!
vary!substantially.!More!specifically,!we!show!that!the!importance!of!
temperature!has!strongly!increased!in!recent!time!periods,!which!raises!
concerns!over!the!use!of!SDMs!fitted!with!current!environmental!predictors!to!
project!future!species!distributions!under!climate!change.!Given!the!current!
and!projected!rapid!changes!in!temperature!and!other!climate!conditions!in!
the!near!future!(Rogelj!et!al.!2012),!the!effect!of!climate!is!likely!to!equal!or!
overpass!the!effects!of!changes!in!land!use!conditions!(see!Leadley!et!al.!
2010),!especially!in!regions!where!large<scale!land<use!changes!have!mostly!
ceased.!A!more!in!depth!exploration!of!the!(non<)constancy!of!climate!versus!
land!use!for!limiting!species!distributions!requires!further!testing,!e.g.!with!
historical!data!for!other!taxa!or!in!other!areas!such!as!tropical!and!arctic!
regions.!This!would!help!to!disentangle!whether!and!to!what!extent!the!
results!found!in!this!study!can!be!extended!to!other!taxonomic!and!functional!
groups!and!biomes.!!
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(

(

Figure(S1.(The(distribution(of(the(5(×(5km(landscapes((each(cell(in(the(map)(in(
the(Netherlands.!Grey!cells!represent!landscapes!where!no!species!were!collected.!
Coloured!cells!represent!landscapes!where!species!were!collected.!The!information!is!
given!for!each!of!the!three!time!periods!analysed!(TP1:!1951–1970,!TP2:!1971–1990,!
TP3:!1998–2014)!and!for!the!three!pollinator!groups.!!!

!
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Abstract!(

Changes!in!climate!and!land!use!can!have!important!impacts!on!population!
persistence.!Species!respond!to!such!environmental!modifications!by!adapting!
to!new!conditions!or!by!shifting!their!geographic!distribution!towards!more!
suitable!areas.!However,!the!latter!might!be!constrained!by!species’!functional!
traits,!that!influence!their!ability!to!colonize!or!thrive!in!a!habitat!and!to!
persist!in!the!face!of!environmental!changes.!This!study!aims!to!test!whether!
functional!traits!related!to!dispersal,!reproduction,!habitat!use,!and!feeding!
can!help!predict!how!pollinator!species!respond!to!environmental!changes!
and!we!use!the!Netherlands!as!our!test!site.!We!modelled!species!distributions!
from!470!pollinator!species!(bees,!butterflies!and!hoverflies)!using!climate!
and!land!use!data!and!analysed!whether!species!traits!(flight!period,!
voltinism,!habitat!specialization,!and!larval!food!preference)!of!pollinators!can!
explain!areal!range!changes!as!well!as!latitudinal!and!longitudinal!shifts!over!a!
period!of!more!than!60!(1951–1970!vs.!1998–2014).!Our!results!show!that!
functional!traits!can!help!predict!the!extent!(i.e.!areal!range!changes)!as!well!
as!the!direction!of!pollinator!range!shifts!(i.e.!latitudinal!or/and!longitudinal)!
driven!by!environmental!changes.!However,!taxonomic!groups!(e.g.!bees!and!
butterflies)!may!respond!in!contrasting!manners!given!these!environmental!
pressures!and!depending!on!their!functional!trait!characteristics!(e.g.!
dispersal,!reproduction,!habitat!use,!and!feeding).!For!example!while!bees!
with!greater!habitat!specialisation!expanded!more!than!generalists,!for!
butterflies!habitat!generalists!showed!higher!range!expansions!than!habitat!
specialists.!The!majority!of!species!(77–88%)!expanded!their!ranges!and!
shifted!towards!northern!latitudes!(22!±!34!km!for!bees;!17.5!±!25!km!for!
butterflies;!19!±!34!km!for!hoverflies),!most!bees!shifted!towards!the!west!and!
butterflies!towards!the!east.!Bees!mostly!presented!westwards!shifts!(14!±!30!
km)!while!butterflies!showed!predominant!eastwards!shifts!(11!±!21!km).!
Hoverflies!did!not!show!pronounced!longitudinal!shifts,!and!larval!food!
preferences!were!key!to!explain!their!geographic!range!changes.!
Generalisations!of!species!responses!to!climate!and!land!use!changes!should!
not!be!made,!responses!greatly!varying!across!and!within!taxa.!Accounting!for!
the!species!response!traits!when!investigating!future!impacts!of!climate!and!
land!use!changes!on!biodiversity!can!help!predict!biodiversity!changes.!Such!
information!can!improve!biodiversity!conservation!and!management!
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measures!in!face!of!global!environmental!changes.!

Introduction!

Changes!in!climate!and!land!use!can!have!severe!effects!on!species!
distributions,!which!ultimately!may!also!affect!humanity!by!disrupting!the!
supply!of!ecosystem!services!(e.g.!pollination,!carbon!storage,!clean!water!
supplies,!pest!control,!Lawler!et!al.,!2014;!Mace!et!al.,!2012)!.!Around!the!
world,!changes!in!climate!have!intensified!over!the!last!decades!with!
significant!changes!in!precipitation!patterns!and!increases!in!the!occurrence!
of!extreme!weather!events!!(Dawson!et!al.,!2011;!Hansen!et!al.,!2012;!IPCC,!
2014)!.!Moreover,!major!and!rapid!land!use!changes!have!taken!place!during!
the!first!half!of!the!century!(~1950),!e.g.!in!north`western!(NW)!Europe!where!
habitat!loss,!agricultural!expansion,!and!increases!in!the!use!of!pesticides!have!
been!pronounced!(Harms!et!al.,!1987).!In!more!recent!decades,!most!large`
scale!land`use!changes!have!ceased!in!such!regions!(Harms!et!al.,!1987;!
European!Environmental!Agency,!2011)!,!but!highly!modified!landscapes!and!
increases!in!nitrogen!deposition!levels!remain!key!challenges!for!managing!
and!conserving!biodiversity!!(Sala!et!al.,!2000;!Xiankai!et!al.,!2008;!Steffen!et!
al.,!2015)!.!!

Changes!in!climate!and!land!use!conditions!have!resulted!in!
observable!shifts!of!species!geographic!ranges,!including!range!contractions!
or!range!expansions!and!major!changes!in!their!north`south!and!east`west!
distributional!extents!(Lenoir!&!Svenning,!2015),!and!substantial!biodiversity!
declines!!(Krauss!et!al.,!2010;!Meyfroidt!&!Lambin,!2011;!Fox!et!al.,!2014)!.!For!
conservation!programmes!to!be!effective,!an!in`depth!understanding!of!how!
different!drivers!affect!biodiversity!is!needed.!However,!it!largely!remains!
unclear!how!these!drivers!impinge!on!functional!aspects!of!biodiversity,!e.g.!
whether!and!how!functional!groups!respond!differently!in!the!face!of!global!
environmental!change!!(Thuiller!et!al.,!2006;!Eskildsen!et!al.,!2015)!.!

Species!have!different!functional!traits,!i.e.!morphological,!
physiological,!phenological,!or!behavioural!characteristics!that!constrain!their!
response!to!the!environment!(‘response!traits’)!and/or!their!effects!on!
ecosystem!properties!(‘effect!traits’)!(Díaz!&!Cabido,!1997;!Díaz!et!al.,!2013;!
Mori!et!al.,!2013)!.!Hence,!the!ability!of!species!to!modify!their!geographic!
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distributions!in!response!to!changes!in!the!surrounding!environment!may!be!
limited!or!constrained!by!their!functional!traits!!(Flynn!et!al.,!2009;!Bellard!et!
al.,!2012;!Díaz!et!al.,!2013)!,!leading!to!changes!in!functional!diversity!within!a!
community!(Thuiller!et!al.,!2006).!This!can!in!turn!affect!ecosystem!
functioning!by!the!modifications!in!species!richness!or!the!species!identity!
(Lavorel,!2013).!Establishing!the!relationship!between!species!distributional!
changes!and!functional!traits!is!therefore!of!primary!importance!for!ecologist!
and!conservation!biologists!in!the!face!of!ongoing!and!expected!future!global!
change.!To!date,!however,!the!importance!of!multiple!functional!traits!for!the!
long`term!changes!in!species!richness!and!population!persistence!remains!
underexplored.!!

Insect!pollinators!are!key!for!ecosystem!functioning,!60–80%!of!wild!
plants!benefiting!from!animal!pollination!!(Kremen!et!al.,!2007)!.!Moreover,!
they!are!especially!sensitive!to!climate!and!land!use!modifications,!which!have!
been!recognised!as!two!of!the!main!drivers!of!biodiversity!homogenisation!
and!pollinator!loss!around!the!world!(Potts!et!al.,!2010;!Giannini!et!al.,!2012;!
Carvalheiro!et!al.,!2013)!.!In!Europe,!only!after!1990!more!environmentally!
friendly!policies!have!been!implemented!in!order!to!counteract!the!effects!
these!drivers!of!change!on!biodiversity!!(Kleijn!&!Sutherland,!2003)!.!These!
policies!have!been!directed!to!increase!(semi`)!natural!habitats!(e.g.!
grasslands!and!forest)!and!also,!in!the!case!of!agri`environmental!schemes,!to!
increase!the!feeding!and!nesting!resources!for!insect!biodiversity!in!
agricultural!landscapes!!(Kleijn!et!al.,!2001)!.!These!policies!may!ameliorate!
the!negative!effects!of!climate!and!land!use!changes!on!insect!pollinators,!
potentially!explaining!in!part!the!slowing!down!of!pollinator!diversity!declines!
detected!in!NW`Europe!!(Carvalheiro!et!al.,!2013)!.!However,!it!is!still!not!clear!
if!some!species!benefit!more!than!others,!and!how!functional!traits!determine!
the!response!of!these!pollinators!to!climate!land`use!change!over!longer!
periods!of!time.!

Here,!we!investigate!how!response!traits!of!flower`visiting!insects!(i.e.!bees,!
butterflies!and!hoverflies;!in!the!following!referred!to!as!‘pollinators’)!relate!to!
changes!in!species!distributions!over!a!period!of!more!than!60!years!in!the!
Netherlands.!Habitat!loss!and!fragmentation!have!been!shown!to!be!main!
determinants!of!pollinator!distributions!(Potts!et!al.,!2010;!González`Varo!et!
al.,!2013).!Therefore,!given!that!major!land`use!changes!already!ceased!
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decades!ago,!and!the!increased!investment!in!biodiversity!friendly!practices,!
we!expect!that!pollinator!species!have!expanded!their!ranges!over!the!studied!
period.!In!particular,!species!habitat!use!(i.e.!degree!of!habitat!specialisation)!
and!feeding!habits!(i.e.!larval!food!preferences)!might!be!key!determinants!of!
population!persistence!in!a!landscape!given!their!relation!with!nesting!and!
feeding!resource!availability!!(e.g.!Clavel!et!al.,!2010;!Weiner!et!al.,!2014)!.!
Hence,!we!expect!that!these!functional!traits!determine!the!extent!of!species!
range!changes.!More!specifically,!we!predict!that!habitat!generalists!and!
species!that!do!not!depend!on!a!few!rare!feeding!resources!have!increased!
their!distributional!extent!more!than!other!more!specialised!species.!Finally,!
owing!to!the!increases!in!temperature!and!precipitation!change!during!the!last!
half`century!(van!Oldenborgh!&!Van!Ulden,!2003;!Klein!Tank,!2004)!,!we!
expect!that!observed!range!shifts!along!latitude!and!longitude!might!be!
related!with!traits!that!enable!species!to!reach!faster!any!suitable!areas!in!
more!distant!locations!over!time!More!specifically!we!expect!that!range!shifts!
are!more!accentuated!for!large`bodied!species,!with!longer!flight!periods!and!
more!generations!per!year.!!

Methods(

Study(region(and(time(periods(

Our!study!region,!the!Netherlands,!is!located!in!NW`Europe,!and!has!a!
temperate!climate!with!cold!winters!(average!minimum!temperature!of!`1°C)!
and!warm!summers!(average!maximum!temperature!of!24°C)!(KNMI,!2014).!
The!most!prominent!land!use!systems!are!agriculture,!which!occupies!almost!
half!of!the!national!territory,!plus!urban!areas!(Hazeu!et!al.,!2010).!
Biodiversity!in!the!Netherlands!has!been!intensely!sampled!since!the!early!
19th!century.!The!area!has!experienced!major!changes!in!climate!(KNMI,!
2014),!and!land!use!has!been!registered!for!more!than!100!years!(Hazeu!et!al.,!
2010;!Knol!et!al.,!2004).!Moreover,!strong!modifications!of!biogeochemical!
flows!have!occurred!in!the!last!century,!including!major!changes!in!
phosphorus!and!nitrogen!cycling!(Steffen!et!al.,!2015).!We!grouped!all!data!
into!two!main!time!periods!based!on!the!observed!changes!in!climate!
conditions!given!the!increases!in!temperature!and!extreme!weather!events!
along!the!last!half`century.!Moreover!TP1!was!centred!in!the!1960!given!the!
observed!changes!in!land!use!conditions!that!occurred!around!that!time!
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period!with!high!habitat!fragmentation!levels!and!land!use!changes!to!more!
anthropogenic!habitats,!as!agriculture!and!urban!areas!(Hazeu!et!al.,!2010;!
Knol!et!al.,!2004).!These!two!periods!correspond!to!years!for!which!land!use!
data!of!high!accuracy!were!available!(see!the!land!use!data!section!below).!
These!two!time!periods!were!centred!on!the!years!for!which!the!land!use!data!
were!available!(1960,!2008),!and!encompassed!a!10!years!before!and!after!for!
the!species!distribution!data!in!period!1!(1951–1970)!and!a!10!years!and!7!
after!for!period!2!(1998–2014).!We!used!these!two!time!periods!to!analyse!
spatial!changes!in!pollinator!species!distributions!from!the!past!to!the!present.!

Species(distribution(data(

Three!important!flower!visitor!taxa!(in!the!following!referred!to!as!
‘pollinators’)!were!considered!in!our!study:!bees!(Hymenoptera:!Apoidea),!
butterflies!(Lepidoptera:!Papilionoidea!and!Hesperioidea),!and!hoverflies!
(Diptera:!Syrphidae).!The!occurrence!records!for!each!species!were!obtained!
for!bees!and!hoverflies!from!the!European!Invertebrate!Survey!(EIS`
Nederland,!www.eis`nederland.nl)!and!for!butterflies!from!the!Dutch!National!
Database!of!Flora!and!Fauna!(NDFF,!www.ndff.nl).!The!quality!of!species!
identification!and!the!location!accuracy!of!occurrence!records!has!been!
assessed!by!the!EIS!and!the!NDFF!(see!www.ndff.nl/validatie).!Since!older!
species!occurrence!records!have!usually!a!higher!uncertainty!in!their!
geographic!location!than!newer!records,!we!accounted!for!this!uncertainty!by!
compiling!all!occurrence!records!at!a!relatively!coarse!resolution!of!5!×!5!km!
grid!cells.!We!included!only!species!that!were!present!(1)!in!at!least!five!5!×!5!
km!grid!cells,!(2)!in!each!of!the!two!time!periods,!and!(3)!in!the!gap!period!
(1971–1997).!The!latter!was!done!to!represent!all!species!that!have!been!
present!in!the!study!area!since!the!1950s.!This!guarantees!robust!species`
environment!responses!in!the!modelling!process!(see!below)!and!allowed!
analysing!the!distribution!patterns!of!a!total!of!207!bee!species,!61!butterfly!
species,!and!202!species!of!hoverflies!(Table!S1).!!!

Species(distribution(modelling(

For!constructing!species!distribution!models!(SDMs)!we!obtained!various!
climate!and!land!use!data!that!can!have!an!impact!on!the!survival!and!
distribution!of!pollinators.!For!climate,!maximum,!minimum!and!average!
values!of!temperature!and!precipitation!per!grid!cell!were!obtained!from!the!
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project!“ClimateEU:!historical!and!projected!climate!data!for!Europe”!(Wang!et!
al.,!2012).!Climatic!data!were!extracted!at!the!same!resolution!as!the!species!
distribution!data!(5!×!5!km!grid!cells)!and!then!used!to!calculate!the!19!
bioclimatic!variables!as!described!in!Hijmans!et!al.,!(2005).!After!correlation!
analyses!of!all!bioclimatic!variables!we!selected!four!precipitation`related!
variables!(all!in!mm)!and!five!temperature!related`variables!(all!in!°C):!annual!
precipitation,!precipitation!of!wettest!month,!precipitation!of!driest!month,!
precipitation!of!warmest!quarter,!mean!diurnal!temperature!range,!
temperature!seasonality,!mean!temperature!of!wettest!quarter,!mean!
temperature!of!driest!quarter!and!mean!temperature!of!warmest!quarter.!
These!climate!variables!showed!low!to!intermediate!correlation!coefficients!
(Pearson’s!correlation!≤!|0.75|)!among!each!other.!!

! Land!use!data!were!obtained!from!the!geo`information!department!of!
Wageningen!University!(www.wageningenur.nl)!for!both!time!periods!at!an!
original!resolution!of!25!×!25!m.!Both!land!use!maps!for!period!1!and!2!had!a!
high!land!use!classification!accuracy!(~95%!and!85%!respectively)!(Hazeu!et!
al.,!2010;!Knol!et!al.,!2004).!The!land!use!maps!were!obtained!for!the!years!
1960!(representing!period1)!and!2008!(period!2),!which!both!are!the!central!
points!in!each!time!period!for!which!the!species!data!were!aggregated.!The!
newer!land!use!map!had!a!higher!thematic!resolution!than!the!older!land!use!
map.!Hence,!both!maps!were!reclassified!to!make!land!use!types!consistent!
between!time!periods.!Eight!land!use!types!were!extracted:!agriculture,!
grassland,!forest,!moors/peat,!sandy!soils,!swamps,!urban!and!water.!Based!on!
these!reclassified!land!use!maps!for!each!5!×!5!km!grid!cell!and!time!period!we!
calculated!a!total!of!twelve!land!use!metrics!that!have!been!shown!to!impact!
the!distribution!and!richness!of!pollinators!(see!Aguirre`Gutiérrez!et!al.,!In!
press):!!%!of!each!land!use!class!(eight!classes),!number!of!land!use!classes,!
total!edge!density!(m/ha),!average!patch!area!of!suitable!habitat!!(ha)!and!the!
edge!density!between!managed!and!natural!systems!(m/ha).!These!metrics!
characterized!three!major!aspects!of!landscape!and!habitat!structure!
(Tscharntke!et!al.,!2012):!landscape!composition!(nine!metrics),!habitat!
fragmentation!(two!metrics)!and!spillover!potential!(one!metric)!(see!below).!

For!landscape!composition,!the!calculated!metrics!reflected!the!
percentage!of!each!land!use!type!per!grid!cell!(eight!land!use!types)!as!well!as!
the!total!number!of!land!use!classes!per!grid!cell!(one!metric).!The!total!
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number!of!land!use!classes!was!included!as!a!proxy!of!spatial!heterogeneity,!
which!can!influence!the!turnover!of!pollinator!species!assemblages!
(Tscharntke!et!al.,!2012).!We!represented!habitat!fragmentation!with!two!
metrics:!the!average!area!of!suitable!habitat!patches!and!total!edge!density!
(total!length!of!edges!per!hectare).!For!the!former,!we!classified!the!land!use!
classes!grassland,!moors/peat,!forest!and!sandy!soils!as!suitable!habitat,!and!
agriculture,!urban,!water!and!swamps!as!non`suitable!habitat!(Vogiatzakis!et!
al.,!2015).!For!the!latter,!we!calculated!the!density!of!edges!between!all!land!
use!types!in!a!grid!cell.!We!used!one!additional!metric!to!characterize!species!
spillover!potential,!i.e.!the!potential!for!movements!of!organisms!across!
managed!and!natural!systems!(Rand!et!al.,!2006).!For!this,!we!considered!the!
land!use!types!grassland!and!agriculture!as!(intensively`)!managed,!and!the!
land!use!types!moors/peat,!forest,!swamps!and!sandy!soils!as!(semi`)natural!
systems.!We!then!calculated!the!edge!density!between!these!two!systems.!
Urban!and!water!were!not!taken!into!account!in!this!calculation.!All!
calculations!of!land!use!metrics!were!carried!out!in!R!(Development!Core!
Team,!http://cran.r`project.org)!with!the!“SDMTools”!package.!

With!the!data!on!species!occurrences,!climate!and!land!use!we!
constructed!SDMs!for!each!bee,!butterfly!and!hoverfly!species!for!both!period!
1!and!2!using!MaxEnt!(Phillips!et!al.,!2006).!MaxEnt!is!a!machine!learning!
modelling!technique!with!high!model!accuracy!that!has!been!extensively!used!
for!modelling!large!sets!of!species!in!locations!with!contrasting!environmental!
conditions!(Elith!&!Graham,!2009).!We!selected!MaxEnt!after!comparing!it!
with!other!SDM!algorithms!(generalized!boosting!models,!generalized!linear!
models,!random!forest,!artificial!neural!networks)!for!modelling!a!range!of!
species!with!different!sample!sizes!and!different!geographic!distributions!
within!the!same!study!area,!as!it!was!one!of!the!best!performing!algorithms!
with!high!model!sensitivity!and!specificity!(see!Aguirre`Gutiérrez!et!al.,!2013).!
In!MaxEnt,!we!allowed!more!complicated!models!(use!of!different!features!
types)!depending!on!the!number!of!records!available!as!described!in!Phillips!
&!Dudik!(2008)!and!Elith!et!al.,!(2011).!As!species!sampling!collections!are!
often!geographically!biased,!this!can!also!create!bias!in!the!environmental!
gradient!selection.!To!account!for!this,!we!followed!Phillips!et!al.,!(2009)!and!
Mateo!et!al.,!(2010)!and!only!extracted!background!information!for!the!SDMs!
from!those!collection!localities!where!species!from!the!same!pollinator!group!



! 167!

had!been!sampled.!This!procedure!has!been!shown!to!greatly!increase!model!
performance!(“target!group!approach”)!(Phillips!et!al.,!2009;!Mateo!et!al.,!
2010)It!aids!to!account!for!possible!sampling!and!environmental!selection!
biases!because!the!modelled!data!contains!the!same!collection!bias!as!the!data!
used!for!the!background!selection!(Elith!et!al.,!2011).!In!order!to!account!for!
within!algorithm!model!variation,!we!computed!SDMs!for!each!species!using!
ten!repetitions!with!a!bootstrap!approach!where!80%!of!the!data!was!used!for!
training!and!20%!for!model!testing.!Model!performance!per!species!was!
summarized!with!the!area!under!the!curve!(AUC)!values!of!the!receiver`
operating!characteristic!(Hanley!&!McNeil,!1982).!AUC!is!a!common!measure!
of!SDM!performance!and!values!range!from!0!to!1,!with!higher!scores!often!
though!to!refer!to!higher!model!accuracy(but!see!Raes!&!ter!Steege,!2007).!
However,!recently!it!has!been!shown!that!these!values!are!constrained!by!the!
fraction!of!the!geographic!area!covered!by!each!species,!often!with!low!AUC!
values!for!species!with!big!sample!sizes!and!hence!a!decrease!in!AUC!values!as!
the!number!of!sampling!records!increases,!which!could!influence!the!selection!
of!models!based!only!on!AUC!values!(Phillips!et!al.,!2006;!Raes!&!ter!Steege,!
2007).!Given!this!and!to!avoid!basing!the!model!selection!on!AUC!values!alone!
we!obtained!an!ensemble!model!for!each!species!by!averaging!the!suitability!
scores!across!ten!model!repetitions!and!used!this!ensemble!model!in!
subsequent!analysis.!We!applied!the!MaxEnt!logistic!output!format!(Phillips!&!
Dudik,!2008)!to!convert!the!ensemble!suitability!maps!into!binary!maps!
(presence`absence)!using!the!threshold!that!maximises!the!sensitivity!and!
specificity!of!the!model!(Jiménez`Valverde!&!Lobo,!2007).!These!binary!
distribution!maps!were!then!used!to!analyse!the!spatial!changes!in!pollinator!
distributions!(see!below).!

Spatial(changes(in(pollinator(species(distributions(

We!quantified!three!different!aspects!of!spatial!range!changes!based!on!
modelled!species!distributions!between!the!two!time!periods:!(1)!areal!range!
changes!(contractions!and!expansions),!(2)!latitudinal!range!shifts,!and!(3)!
longitudinal!range!shifts.!!

Areal!range!changes!were!calculated!between!time!periods!as!the!
percentage!gain!or!the!percentage!loss!in!geographic!range!size!of!each!
species!using!the!“biomod2”!R!package!(http://cran.r`project.org).!We!used!
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linear!models!with!Gaussian!error!structure!to!test!if!areal!range!changes!of!
pollinator!groups!differed!significantly!from!zero!and!between!time!periods.!
Using!the!pollinator!group!(bees,!butterflies!and!hoverflies)!as!explanatory!
variable.!To!normalize!residuals,!we!used!the!natural!log!of!the!ratio!of!areal!
range!change!as!response!variable.!We!then!used!a!post`hoc!pairwise!
comparison!test!(TukeyHSD)!to!assess!whether!the!three!pollinator!groups!
differed!significantly!in!areal!range!changes!between!the!two!time!periods.!

To!assess!latitudinal!and!longitudinal!range!shifts!(north`south,!east`
west)!for!each!species!of!the!three!pollinator!groups,!we!used!the!centroids!of!
the!predicted!(binary)!species!distribution!maps!for!period!1!and!2!and!
calculated!the!difference!in!latitudinal!and!longitudinal!location!(in!
kilometres).!This!was!done!using!the!directional!distribution!tool!in!ArcGIS!
(v10.1!ESRI!Redlands,!CA).!Values!of!zero!reflect!no!change!in!the!latitudinal!
or!longitudinal!midpoint!of!a!species!geographic!range!between!periods,!
values!above!zero!indicate!range!shifts!towards!northern!or!eastern!locations,!
and!values!below!zero!represent!range!shifts!towards!southern!or!western!
locations.!We!applied!Students!t`tests!for!each!pollinator!group!to!quantify!
whether!differences!in!latitudinal!or!longitudinal!midpoints!differed!
significantly!between!the!two!time!periods.!

Species(traits(and(geographic(distributions((

! To!analyse!if!pollinator!species!traits!can!explain!changes!in!species!
distributions,!we!compiled!information!on!traits!related!to!the!pollinators!
susceptibility!to!climatic!and!land`use!changes.!The!traits!can!therefore!be!
considered!as!response!traits!sensu!Díaz!et!al.!(2013).!For!each!pollinator!
group,!a!total!of!five!functional!traits!were!considered!(Table!1).!Traits!related!
to!species!responses!to!land!use!change!were!habitat!specialization!
(specialists!or!generalists)!and!food!larval!preference!(bees:!lectic!status;!
butterflies:!larval!host!plant!specialization!and!Ellenberg!nitrogen!value!of!
host!plant;!hoverflies:!larval!food!type,!animals!or!others).!For!traits!related!to!
species!responses!to!climate!change!we!considered!flying!period!(number!of!
weeks!of!flight)!and!voltinism!(number!of!generations!per!year).!We!also!
considered!body!size,!a!trait!that!influences!dispersal!ability!and!hence!may!
affect!how!species!respond!to!both!land!use!and!climate!changes.!These!traits!
were!selected!to!capture!several!key!aspects!of!species’!life!histories!
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(dispersal,!reproduction,!habitat!use!and!feeding!habits).!Traits!were!obtained!
for!bees!from!S.!P.!Roberts!from!the!“ALARM”!project!(www.alarmproject.net),!
for!butterflies!from!Bink!(1992),!WallisDeVires!(2014)!and!van!Swaay!et!al.,!
(2006),!and!for!hoverflies!from!the!“Syrph!the!Net”!database!(Speight!et!al.,!
2000)!and!Reemer!et!al.,!(2009).!!For!the!Ellenberg!nitrogen!value!of!host!
plants!for!butterflies!we!gathered!information!on!the!larval!host!plant!use!
published!in!the!North!European!literature!on!butterflies!(Geraedts,!1986;!
Heath!&!Emmet,!1989;!Eliasson!et!al.,!2005).!Based!on!this!information!and!
the!Ellenberg!nitrogen!indicator!values,!describing!the!soil!fertility!conditions!
and!nitrogen!preferences!of!larval!host!plants!(Ellenberg!et!al.,!1991;!Fujita!et!
al.,!2013),!we!calculated!an!average!Ellenberg!nitrogen!indicator!value!of!host!
plants!used!by!each!butterfly!species!(Table!1).!

Table(1.(Functional(traits(of(pollinators((bees,(butterflies,(hoverflies)(and(their(
relation(to(global(change(drivers.(The!related!global!change!driver!refers!to!either!
climate!and/or!land!use!which!is!expected!to!have!a!stronger!relation!with!the!given!
trait!that!mediates!the!response!of!the!species.!

!

Pollinator 
group Trait Trait category Type

Related 
driver Units Description

All groups Flight period Dispersal Continuous Climate Count Number of flying weeks per year

All groups Body size Dispersal Continuous Climate / 
Land use

Millimetres The specific measure of body size varies per pollinator 
group and we hereafter referred to it as ‘body size’. 
Measured as the intertegular distance for bees, wing 
size for butterflies, and body length for hoverflies.

All groups Voltinism Reproduction Categorical Climate Univoltine or 
multivoltine

Number of generations per year. The number of life 
cycles that a species completes during a year. 
Univoltine species have one generation per year 
whereas multivoltine species have two or more 
generations per year.

All groups Habitat 
specialisation

Habitat use Categorical Land use Specialist or generalist For bees, specialist species have only one habitat type 
and generalists more than one. The butterfly 
classification was made by distinguishing between 
anthropogenic (agricultural and urban) and (semi-
)natural habitats shown on the biotope classification of 
European butterflies according to CORINE habitats. 
Generalist butterflies are species predominantly 
associated with anthropogenic habitats and specialists 
with (semi-)natural habitats. For hoverflies, habitat 
specialisation refers to the macro-habitats (CORINE 
land use) where the adult hoverflies are found, as 
specified in Speight et al. (2000).

All groups Larval food 
preference

Feeding Categorical Land use Non-polyphagous or 
polyphagous for bees. 
For butterflies the 
values range from 1 to 
4; animals vs. other for 
hoverflies

For bees, their lectic preference is used, which is related 
to pollen and nectar resources. Non-polyphagous bees 
correspond to mono and oligolectic species. For 
butterflies, smaller values represent species that feed on 
one or few plant species and species with higher value 
feed on a varied range of plant species. For hoverflies, 
larval food is categorised according to whether they 
feed on living animals or other, which refers to plants 
and/or organic matter. 

Butterflies Larval food 
preference

Feeding Continuous Land use Ellenberg nitrogen 
value

Nitrogen value of host plants. 
The values are based on information obtained for the 
larval host plant use and the Ellenberg nitrogen 
indicator values, describing the soil fertility conditions 
and nitrogen preferences of larval host plants. 

*1: S.P.M. Roberts. Compilation of trait data of European bees from published sources (see www.alarmproject.net); 2: Bink (1992); 3: WallisDeVires (2014); 4: 
Speight et al. , (2000); 5: Reemer et al. , (2009); 6: Van Swaay et al. , (2006); 7: Geraerdts (1986); 8: Heath and Emmet (1989); 9: Eliasson et al. , (2005); 10: 
Ellenberg et al. , (1991); 11: Fujita et al.,  (2013).
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! To!analyse!if!and!to!what!extent!functional!traits!can!explain!the!species!
areal!range!changes!and!latitudinal!and!longitudinal!shifts!we!applied!
multivariate!linear!models!with!a!Gaussian!error!structure.!As!range!changes!
and!latitudinal!and!longitudinal!shifts!may!depend!on!the!initial!range!size!
(number!of!occupied!5!×!5!km!cells)!of!a!species!(i.e.!in!period!1),!we!included!
this!as!a!control!explanatory!variable!in!all!models.!We!further!tested!for!all!
two`way!interactions!between!predictor!variables!because!combinations!of!
functional!traits!may!be!involved!in!species!responses!to!climate!and!land!use!
modifications.!To!normalize!residuals,!we!used!the!natural!log!of!the!ratio!of!
areal!range!change,!and!the!latitudinal!as!well!as!the!longitudinal!centroid!
shifts!as!response!variables.!All!continuous!explanatory!variables!were!
standardized!and!centred!before!analysis.(We!selected!the!most!parsimonious!
model!based!on!the!Bayesian!Information!Criteria!(smallest!BIC)!using!the!R!
package!“MuMIn”!(Barton,!2014).!For!comparison,!we!also!kept!all!candidate!
models!with!BIC!Δ<!2.Where!relevant,!we!also!show!the!results!of!the!second!
best!model!(see!results!section).!Model!selection!based!on!the!BIC!criteria!was!
chosen!because!the!number!of!degrees!of!freedom!was!very!high!and,!in!
comparison!to!AIC,!this!method!penalizes!more!complex!models!by!excluding!
terms!that!only!explain!very!reduced!amounts!of!data!variability!(Johnson!&!
Omland,!2004;!Aho!et!al.,!2014).!

Results(

SDM(performance(

The!implemented!SDMs!mostly!showed!fair!to!good!AUC!values.!Overall,!AUC!
values!in!period!1!(1951–1970,!see!Table!S1)!ranged!from!0.62!to!0.98!
(average!of!0.82±0.08!SD)!across!all!species.!AUC!values!for!period!2!(1998–
2014)!had!a!similar!average!of!0.80!(±0.11!SD),!but!a!slightly!wider!range!from!
0.5!(three!widely!distributed!butterfly!species)!to!0.99.!AUC!values!are!
generally!dependent!on!the!number!of!records!and!hence!the!lowest!values!
were!commonly!obtained!for!species!with!large!sample!sizes.!AUC!values!also!
increased!with!a!decreasing!number!of!records!decreased!(Pearson’s!
coefficient!`0.73!for!period!1!and!`0.82!for!period!2).!Thus,!lower!AUC!values!
did!not!point!towards!less!well!performing!models,!which!were!also!
supported!by!visual!inspection!of!the!species!distribution!maps!and!the!
species!record!locations.!(
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Spatial(changes(in(pollinator(species(distributions(

Initial!range!sizes!of!all!species!covered!<25%!of!the!study!area.!Most!species!
expanded!their!distributional!range!from!period!1!(1951–1970)!to!period!2!
(1998–2014)!(Fig.!1a).!For!bees,!about!83%!of!the!species!showed!range!
expansions,!16%!range!contractions,!and!1%!no!change.!For!butterflies,!77%!
of!the!species!expanded!their!ranges!and!23%!showed!range!contractions.!For!
hoverflies,!87.5%!of!the!species!showed!range!expansions!and!12.5%!range!
contractions.!Overall,!range!size!changes!of!hoverflies!were!significantly!more!
accentuated!than!those!of!the!two!other!pollinator!groups!(Fig.!1a;!statistical!
details!in!Table!S2).!!

Beyond!areal!range!changes,!the!three!pollinator!groups!also!showed!
substantial!latitudinal!and!longitudinal!range!shifts!(Fig.!1b!and!Fig.!1c).!From!
period!1!to!period!2,!all!three!pollinator!groups!shifted!significantly!
northwards!(Fig.!1b,!Table!S3),!with!an!average!of!22!±!34!km!for!bees!(mean!
±!SD),!17.5!±!25!km!for!butterflies,!and!19!±!34!km!for!hoverflies.!Longitudinal!
range!shifts!were!less!pronounced!than!latitudinal!ones!(Fig.!1c).!However,!
bees!shifted!significantly!westwards!(on!average!14!±!30!km;!Table!S3)!and!
butterflies!significantly!eastwards!(on!average!11!±!21!km).!Hoverflies!
showed,!on!average,!no!statistically!significant!longitudinal!shifts!(Table!S3).!!

!!!
!

!
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Figure(1.(Spatial(changes(in(species(distributions(of(pollinators((bees,(

butterflies,(hoverflies)(between(period(1((1951–1970)(and(period(2((1998–

2014).!Three!aspects!of!species!distributional!changes!are!captured.!(a)!Areal!range!

A
re

al
 ra

ng
e 

ch
an

ge
 (%

)

Bees

Butt
erf

lie
s

Hov
erf

lie
s

a)

La
tit

ud
in

al
 ra

ng
e 

sh
ift

 (k
m

)

Lo
ng

itu
di

na
l r

an
ge

 sh
ift

 (k
m

)

−20

−10

0

10

West

EastNorth

South

10

20

0

Bees

Butt
erf

lie
s

Hov
erf

lie
s

b) c)

0

50

100

150

Bees

Butt
erf

lie
s

Hov
erf

lie
s



!172!

changes!(%!change!in!geographic!range!size!between!period!1!and!2);!(b)!latitudinal!
range!shifts!(latitudinal!change!of!the!range!centroid!between!periods,!with!positive!
values!representing!northward!shifts!and!negative!values!southwards!shifts,!in!km);!
(c)!longitudinal!range!shifts!(longitudinal!change!of!the!range!centroid!between!
periods,!with!positive!values!representing!eastward!shifts!and!negative!values!
westward!shifts,!in!km).!For!all!spatial!range!changes,!the!mean!±!95%!confidence!
interval!across!all!species!within!a!pollinator!group!is!presented.!Statistical!tests!of!
differences!among!pollinator!groups!and!time!periods!are!given!in!Table!S2–S3.!

Species(traits(and(geographic(distributions((

Areal!range!changes!were!mostly!explained!by!traits!related!to!habitat!
specialisation,!larval!feeding!habits,!body!size!and!flight!period!(Fig.!2,!Table!2!
and!Table!S4).!Habitat!specialization!influenced!species!distributional!changes!
of!all!three!pollinator!groups!(Figs.!2a–c).!However,!the!direction!of!the!effect!
differed!among!groups.!While!for!butterflies,!more!specialised!species!showed!
range!contractions!whereas!generalists!showed!range!expansions!(Fig.!2b),!
bees!with!greater!habitat!specialisation!expanded!more!than!generalists!(Fig.!
2a).!For!hoverflies,!areal!range!changes!depended!on!species’!initial!range!
sizes:!specialists!expanded!slightly!more!than!generalists!but!only!if!species!
had!small!initial!range!sizes!(Fig.!2c;!Fig.!S2;!Table!2!and!Table!S4).!For!species!
with!large!initial!ranges!no!differences!were!found!between!generalists!and!
specialists.!Larval!feeding!habits!only!affected!the!patterns!of!change!for!
hoverflies.!For!this!group,!species!with!larvae!feeding!on!animals!presented!
greater!areal!range!expansions!than!species!feeding!on!other!resources!such!
as!plants!and!organic!matter!(Fig.!2d).!This!effect!was!however!constrained!by!
the!length!of!their!flight!period;!species!with!longer!flight!periods!generally!
showed!more!accentuated!range!expansions!than!species!with!shorter!flight!
seasons.!Body!size!also!played!an!important!role!for!hoverfly’s!areal!range!
changes!with!large`bodied!species!showing!on!average!more!areal!range!
expansions!than!small`bodied!species!(Fig.!2e).!!

!

(

Table(2.((next!page)!Best(models(obtained(during(the(analyses(of(areal(range(
changes,(latitudinal(and(longitudinal(shifts(and(their(relation(to(the(species(
functional(traits(of(pollinators((bees,(butterflies,(hoverflies).!For!a!detail!version!
of!the!table!see!Table!S4.(
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!

!
!
Latitudinal!shifts!also!depended!on!species!functional!traits.!However,!

the!role!of!the!traits!greatly!varied!between!groups!(Fig.!3;!Table!2).!For!bees,!
body!size!was!the!only!trait!that!influenced!latitudinal!range!shifts!(Fig.!3a;!
Table!2,!see!2nd!best!model).!Small`bodied!bee!species!presented!shifts!
towards!higher!latitudes!that!were!slightly!more!pronounced!than!those!
detected!for!large`bodied!species!(Fig.!3a).!For!butterflies!and!hoverflies,!
larval!food!preferences!often!influenced!their!latitudinal!shifts,!although!its!
effect!depended!on!other!traits!(Table!2).!For!butterfly!species!that!had!
generalists!habitat!preferences,!species!whose!larvae!feed!on!nitrophilous!
plants!(plants!adapted!to!high!nitrogen!conditions)!had!stronger!shifts!
towards!northern!locations!than!species!feeding!on!non`nitrophilous!plants!.!
However,!if!species!were!specialized!in!a!given!habitat,!the!trend!was!reverse,!
species!feeding!on!non`nitrophilous!plants!having!more!accentuated!
northward!shifts!(Fig.!3b).!The!effect!of!larval!feeding!habits!also!interacted!
with!flight!period:!for!butterfly!species!feeding!on!non`nitrophilous!plants,!
species!with!shorter!flight!periods!had!more!accentuated!shifts!towards!
southern!locations!(Fig.!3b).!For!species!feeding!on!nitrophilous!plants!the!
length!of!the!flight!period!had!little!effect.!For!hoverflies,!the!influence!of!
larval!food!preferences!depended!on!voltinism!(Fig.!3c):!univoltine!species!

Pollinator 
group Best models

Explanatory variables 
selected Adj. R2

BIC Δ BIC
Areal range 
change Bees 1 H IR − − − 0.23 273.1

2 − IR − − − 0.21 274.2 1.1

Butterflies 1 H − − − − 0.38 130.3

Hoverflies 1 F × LFP IR × H S − − 0.37 305.1
2 F × LFP IR S H − 0.34 305.3 0.2

Latitudinal shift Bees 1 IR − − − − 0.05 -404.2
2 IR S − − − 0.07 -403.7 0.5

Butterflies 1 F × ND H × ND H × IR − − 0.40 -170.6
2 H × ND H × IR − − − 0.32 -168.8 1.7

Hoverflies 1 V × LFP IR − − − 0.21 -452.6

Longitudinal 
shifts Bees 1 − − − − − − -143.4

2 F − − − − 0.02 -142.5 1
3 V − − − − 0.02 -142.1 1.3

Butterflies 1 F × V F × H F × IR V × IR − 0.45 -119.3

2 F × V F × H F × IR V × IR H ×
IR 0.47 -118.8 0.5

3 F × V − − − − 0.26 -117.7 1.6
4 F × V F × H F × IR − − 0.39 -117.4 1.9

Hoverflies 1 LFP IR − − − 0.08 -240

F: Flying period; LFP: Larval food preference; H: Habitat; ND: Larval food preference related to Ellenberg nitrogen value of diet; S: Body size; 
V: Voltinism; IR: Initial range. 
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with!larval!feeding!on!plants!and!other!organic!matter!presented!stronger!
shifts!towards!northern!locations!than!hoverfly!species!feeding!on!animals.!
This!pattern!was!not!evident!multivoltine!hoverflies!(Fig.!3c).!Initial!range!size!
also!influenced!butterfly!patterns!of!change,!with!habitat!specialists!with!large!
range!sizes!shifting!more!towards!northern!locations!than!species!with!small!
range!sizes!(Table!S4).!
!
!

!
Figure(2.(Relation(between(species(traits(and(areal(range(changes(of(pollinators(
(bees,(butterflies,(hoverflies).!(a)!Bee!habitat!specialists!have!on!average!larger!
areal!range!expansions!than!generalists.!(b)!Butterflies!show!an!opposite!trend,!with!
habitat!generalists!presenting!range!expansions!and!habitat!specialists!range!
contractions.!c)!Hoverfly!habitat!specialists!presented!a!mild!stronger!areal!range!
expansion!than!generalists,!however,!this!difference!with!generalists!is!not!as!strong!
as!for!bees!and!butterflies!(mean!±!1SD!shown!only!for!species!with!small!initial!
ranges,!first!quartile!of!the!data,!for!comparison!purposes!with!bees!and!butterflies;!
See!Table!S2!for!the!full!data!plot).!(d,!e)!Hoverfly’s!areal!range!changes!depend!on!
larval!food,!length!of!flight!period,!and!adult!body!size.!Areal!range!changes!of!
hoverflies!with!larval!feeding!on!animals!are!more!strongly!dependent!on!length!of!
flight!period!than!species!with!larval!feeding!on!other!resources!(d).!Large`bodied!
hoverfly!species!increase!their!range!size!more!strongly!than!small`bodied!species!(e).!
For!all!plots!the!average!prediction!±!95%!confidence!intervals!are!shown.!For!
statistical!details!see!Table!S4.!
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Figure(3.(Relation(
between(species(traits(
and(latitudinal(range(
shifts(of(pollinators(
(bees,(butterflies,(
hoverflies).!(a)!Effect!of!
bee!body!size!on!
latitudinal!range!shift,!
with!smaller!species!
shifting!more!towards!
northern!locations!than!
larger!species.!(b)!
Butterfly!latitudinal!
range!shifts!depend!on!
habitat!use!and!larval!
host!plant!use.!Habitat!
generalists!with!larval!
host!plants!that!have!
high!nitrophily!values!
and!habitat!specialists!
with!larva!host!plants!
that!show!low!nitrogen!
levels!shifted!towards!
more!northern!latitudes.!
Moreover,!butterfly!
species!with!shorter!
flight!periods!show!
stronger!shifts!towards!
southern!latitudes!than!
species!with!longer!flight!
periods,!but!only!when!
larval!host!plants!have!
low!nitrophily!values.!(c)!
Finally,!hoverfly’s!
latitudinal!range!shifts!
depend!on!voltinism!and!
larval!food!plants,!with!
univoltine!species!that!
have!larval!feeding!on!
other!resources!than!
animals!presenting!more!
northwards!shifts!than!
animal!feeder!species.!
For!butterflies!the!
partial!residual!(i.e.!
residuals!after!removing!
the!effect!of!all!other!
variables)!are!shown.!

For!all!plots!the!average!prediction!±!95%!confidence!intervals!are!shown.!For!
statistical!details!see!Table!S4.!
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! Longitudinal!range!shifts!were!also!influenced!by!several!traits:!the!
length!of!the!flight!period,!voltinism,!habitat!specialisation!and!larval!feeding!
habits!(Table!2!and!Table!S4).!Bees!with!longer!flight!periods!and!with!
multiple!generations!per!year!presented!on!average!stronger!shifts!towards!
western!locations!than!univoltine!species!with!shorter!flight!periods!(Fig.!4a).!
For!butterflies!the!opposite!trend!was!found,!,!i.e.!species!with!long!flight!
periods!had!stronger!shifts!towards!eastern!locations!than!species!with!short!
flight!periods!(Fig.!4b).!The!effect!of!flight!period!length!was!also!constrained!
by!habitat!specialisation!(Fig.!4c)!and!initial!range!size!of!butterfly!species!
(Table!2).!Butterfly!habitat!generalists!with!short!flight!periods!as!well!as!
habitat!specialists!with!long!flight!periods!showing!stronger!shifts!towards!
eastern!locations!(Fig.!4c).!Butterfly!species!with!longer!flight!period!and!large!
initial!range!sizes!expanded!more!towards!the!east!than!other!butterfly!
species!(Table!S4).!Moreover,!univoltine!butterfly!species!with!larger!initial!
ranges!presented!stronger!shifts!towards!the!east!than!multivoltine!species!
(Table!S4).!For!hoverflies,!larval!feeding!preferences!were!the!most!important!
trait!to!explain!longitudinal!range!shifts!(Fig.!4d;!Table!2).!Hoverfly!species!
with!larval!feeding!on!animals!tended!to!shift!towards!the!west!whereas!
species!feeding!on!other!sources!(plants/organic!material)!tended!to!shift!
towards!the!east!(Fig.!4d).!Initial!range!size!also!played!a!role,!with!large`
ranging!hoverflies!showing!stronger!shifts!towards!eastern!locations!(Table!
S3!and!Table!S4).! !

!

!
!
Fig.(4.((next!page)!Relation(between(species(traits(and(longitudinal(range(shifts(of(
pollinators((bees,(butterflies,(hoverflies).!(a)!Multivoltine!bee!species!with!longer!
flight!periods!show!stronger!shifts!towards!western!locations!than!univoltine!species.!
(b)!Butterflies!responded!in!the!opposite!direction!than!bees,!with!multivoltine!
species!that!have!longer!flight!periods!shifting!towards!more!eastern!locations,!and!
univoltine!species!with!longer!flight!periods!shifting!towards!more!western!locations.!
(c)!Butterfly!habitat!specialists!increased!their!shifts!towards!eastern!locations!as!
their!flight!period!increased!and!habitat!generalists!showed!no!shifts!or!shifts!towards!
the!west!with!increases!in!flight!period.!(d)!Finally,!hoverfly!species!with!larva!feeding!
on!plants!and!other!organic!material!shifted!towards!eastern!locations!whereas!
species!with!larval!feeding!on!animals!shifted!towards!more!western!locations.!For!
statistical!details!see!Table!S4.!



! 177!

(

(

Discussion!

Recent!studies!have!suggested!that!pollinator!diversity!recovered!during!recent!
decades!in!NW`Europe!(Carvalheiro!et!al.,!2013).!Subsequent!studies!have!
evaluated!the!role!of!specific!climatic!and!land!use!drivers!on!pollinator!species!
long!term!patterns!of!change!(e.g.!Aguirre`Gutierrez!et!al.!in!press;!Aguirre`
Gutierrez!et!al.!in!prep.!).!However,!the!role!that!the!species!traits!play!in!the!
responses!of!biodiversity!to!climatic!and!land!use!changes!is!still!far!from!being!
clearly!understood!(Parmesan!et!al.,!2013).!In!this!study!we!use!detailed!
information!on!species!occurrence,!climate!and!land!use!and!show!that!functional!
traits!can!help!predict!the!extent!as!well!as!the!direction!of!pollinator!species!
range!changes!driven!by!environmental!changes.!We!show!that!following!our!
expectations!species!with!initial!narrow!distributions!(IR)!increased!their!ranges!
during!this!last!half!century.!This!has!been!probably!as!a!result!of!the!increase!in!
biodiversity!conservation!policies!adopted!in!the!Netherlands,!and!in!general!in!
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NW`Europe,!during!the!last!decades.!Moreover,!we!show!that!both,!habitat!use!
and!feeding!habits!related!traits!can!explain!the!observed!patterns!in!areal!range!
changes!and!geographic!shifts!of!the!three!pollinator!groups!but!that!their!
responses!can!be!contrasting!(e.g.!between!bees!and!butterflies).!The!impacts!of!
body!size,!flight!period!and!voltinism!varied!per!pollinator!group!and!often!
interacted!with!other!traits.!Below!we!discuss!the!details!and!the!ecological!
implications!of!our!findings.!

Species!traits!and!areal!range!changes!

Our!findings!show!pronounced!pollinator!range!expansions!(50–70%!for!
bees!and!butterflies,!and!of!more!than!100%!for!many!hoverflies)!over!the!whole!
time!period!here!analysed!(>60!years).!Other!studies!as!in!Carvalheiro!et!al.,!
(2013)!have!shown!a!pattern!of!decreases!in!species!losses!or!even!increases!in!
pollinator!diversity!for!the!study!area.!Our!study!allows!us!to!go!further!than!only!
detecting!patterns!of!change!of!species!distributions!but!also!evaluate!in!detail!
which!species!in!each!pollinator!group!are!responsible!for!the!observed!change!
distribution!patterns.!!

Areal!range!changes!of!bees!were!on!average!more!accentuated!for!
species!with!greater!habitat!specialisation!(Fig.!2a),!for!hoverflies!this!depended!
on!the!initial!range!size!(Fig.!S1)!and!for!butterflies!this!occurred!for!generalist!
species.!More!specialized!species!tend!to!have!a!smaller!range,!and!are!hence!
more!likely!to!increase!their!ranges!than!the!most!widely!distributed!species!
(generalists)!(Table!2!and!Table!S4;!Fig.!S2).!However,!the!effect!of!specialization!
was!significant!over!and!above!the!effect!of!size!of!initial!range,!indicating!that!
when!comparing!species!with!similar!initial!ranges,!specialised!species!expanded!
more!than!generalist!species.!This!suggests!that!habitat!resources!for!specialist!
species!have!become!more!widely!available!along!the!last!half!century,!while!
habitat!resources!for!generalist!species!have!been!kept!relatively!constant.!
Indeed,!in!the!Netherlands!forest!cover!has!increased!generating!a!varied!source!
of!nesting!and!feeding!habitats!along!the!forest!structure!gradient!(shrub–trees),!
which!has!positive!impacts!on!the!bee!composition!favouring!specialist!species!
(Grundel!et!al.,!2010).!This!has!been!also!shown!to!have!positive!impacts!on!
hoverflies,!especially!on!saproxylic!species!(Reemer!etl!al.!2005).!The!fact!that!for!
butterflies!more!generalist!species!have!increased!more!their!ranges!points!to!
also!increases!in!the!anthropogenic!habitats,!e.g.!urban!areas,!which!have!come!
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more!readily!available!in!the!study!area.!

Our!results!show!average!areal!range!expansions!for!hoverflies,!a!pattern!
also!that!started!to!be!observed!already!by!past!studies!(Reemer!et!al.,!2003).!
Hoverflies!areal!changes!were!particularly!influenced!by!traits!that!are!related!
with!dispersal!ability,!such!as!length!of!flight!period!and!body!size.!The!positive!
effect!of!flight!period!length!and!body!size!was!expected!given!that!these!species!
can!reach!distant!suitable!habitats!more!easily,!and!given!their!longer!flight!
periods,!may!be!more!adapted!to!a!wider!range!of!climatic!conditions!(Sullivan!et!
al.,!2000;!Chown!&!Gaston,!2010).!Indeed,!species!with!shorter!flight!period!have!a!
higher!risk!of!suffering!declines!(Sullivan!et!al.,!2000).!However,!the!positive!effect!
of!length!of!flight!period!was!mostly!detected!for!species!whose!larvae!feed!on!
animals!in!comparison!to!species!with!larva!feeding!on!plants!or!organic!matter!
(Fig.!2d).!These!increases!may!be!partially!explained!by!the!continuous!in!the!
availability!of!crop!fields!along!the!latitudinal!gradient!of!the!Netherlands!from!
which!aphid!eaters!may!specially!benefit.!Other!(semi`)!natural!(e.g.!floral)!feeding!
resources!have!become!more!fragmented!in!the!landscape!mainly!driven!by!the!
increases!in!intensive!agriculture!and!urban!areas!(Jongman,!2002),!which!could!
also!explain!the!marginal!effects!on!other!hoverflies!species.!

Species!traits!and!latitudinal!shifts!

Given!the!ongoing!increases!in!temperature!(Klein!Tank,!2004;!IPCC,!2014),!
latitudinal!shifts!are!expected!for!several!biodiversity!groups!(Chen!et!al.,!2011).!
The!three!pollinator!groups!presented!average!northward!range!shifts!of!17.5–22!
km!since!the!1950s.!These!results!suggests!that!climatic!drivers,!especially!those!
related!to!changes!in!temperature,!may!be!highly!important!for!setting!current!
species!limits!in!their!latitudinal!range!(Lenoir!&!Svenning,!2015).!Moreover,!it!
has!been!suggested!that!climatic!drivers!may!become!more!important!in!the!
future!for!limiting!species!distributions!(Diez!et!al.,!2012).!Given!that!most!strong!
land!use!changes!have!already!occurred!in!the!study!are!in!past!decade!(Harms!et!
al.,!1987;!European!Environmental!Agency,!2011),!the!effects!of!changes!in!
climatic!conditions!seem!to!pose!one!of!the!main!threats!for!pollinators.!!

! Latitudinal!shifts!in!bees!were!explained!by!their!body!size,!meanwhile!for!
butterflies!and!hoverflies!were!explained!by!larval!food!preferences,!the!flight!
period!and!habitat!specialisation!(for!butterflies)!and!voltinism!(hoverflies)!(see!
Fig.!3).!The!species!body!size!is!a!proxy!for!dispersal!ability!!(Chown!&!Gaston,!
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2010)!,!and!so!it!expectable!that!larger!species!with!higher!mobility!are!able!to!
respond!faster!to!increases!in!temperature.!Our!findings,!however,!show!the!
opposite!with!larger!species!(e.g.!bumblebee!species)!having!on!average!weaker!
shifts!in!contrast!to!smaller!species,!which!tended!to!move!more!towards!
northern!locations.!This!result!might!be!explained!by!the!fact!that!larger!species!
tend!to!have!higher!energy!efficiency!and!higher!tolerance!against!starvation!!
(Hoiss!et!al.,!2012)!,!although!this!remains!controversial!!(see!Chown!&!Gaston,!
2010)!.!Moreover,!bigger!species!tend!to!have!longer!foraging!distances,!thus!
these!may!not!be!as!affected!by!changes!in!local!landscape!conditions!given!their!
capacity!to!maintain!a!longer!distance!between!their!feeding!and!nesting!
resources!in!comparison!to!smaller!species!!(Greenleaf!et!al.,!2007)!.!The!lack!of!
an!effect!of!body!size!on!butterflies!and!hoverflies!(but!see!range!changes!for!
hoverflies)!may!be!due!to!the!distance!to!their!feeding!and!nesting!resources,!as!
these!are!not!as!restrictive!as!for!bees,!which!are!central!place!foragers!that!need!
both!the!feeding!and!nesting!resources!at!short!distances.!

! The!importance!of!larval!food!preferences!related!to!the!nitrophily!of!host!
plants!of!butterflies!partly!explained!their!latitudinal,!however!this!effect!was!
dependent!on!the!length!of!their!flight!period!and!their!habitat!specialisation.!
Previous!studies!show!that!nitrogen!deposition!is!a!major!driver!of!biodiversity!
change!(Xiankai!et!al.,!2008)!and!that!for!butterflies!it!can!disrupt!the!distribution!
of!species!adapted!to!nutrient!poor!environments!by!affecting!their!rates!of!
development!and!their!reproductive!potential!(Throop!&!Lerdau,!2004;!
Wallisdevries!&!Van!Swaay,!2006;!Turlure!et!al.,!2013).!The!increases!in!nitrogen!
deposition!and!also!the!increase!of!nitrophilous!plants!in!the!study!area!(Tamis!et!
al.,!2005).!Similarly!to!what!was!suggested!by!previous!studies!(e.g.!Öckinger!et!
al.,!2006;!Wallisdevries!&!Van!Swaay,!2006;!Weiss,!1999)!we!observed!that!
butterfly’s!latitudinal!shifts!were!mostly!related!to!the!affinity!of!their!host!plants!
to!habitats!rich!in!nitrogen!and!that!for!these!species!the!length!of!their!flight!
period!had!a!weak!effect!on!latitudinal!shifts.!Moreover,!habitat!generalists!
moved!north!but!mostly!species!that!are!associated!with!highly!nitrophilous!
plants.!The!shifts!presented!by!these!butterfly!species!are!thus!likely!due!to!the!
expansions!of!their!host!plants!in!the!Netherlands!and!surrounding!areas!and!as!
shown!by!the!habitat!generalists,!these!shifts!may!be!closely!related!to!the!
expansion!of!anthropogenic!habitats!(Tamis!et!al.,!2005;!Van!Landuyt!et!al.,!
2008).!Investigating!the!spatial!distribution!of!the!butterfly!host!plants!and!
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including!nitrogen!deposition!information!would!render!further!insight!as!to!
what!extent!nitrogen!deposition!per!se!is!driving!the!distribution!of!butterfly!
communities.!!

! As!with!butterflies,!hoverfly!latitudinal!shifts!were!explained!by!the!larval!
food!preferences,!however!these!depended!on!the!number!of!generations!of!the!
species!along!the!year.!The!fact!that!larva!feeding!on!other!resources,!as!plant!and!
organic!material,!mostly!shifted!northwards!implies!that!their!feeding!resources!
have!become!more!widely!available!in!those!locations.!As!shown!by!Reemer!et!al.,!
(2005),!this!may!be!the!case!for!a!great!part!of!the!species!(e.g.!saproxylic!
hoverflies)!in!the!Netherlands.!Moreover,!it!has!been!shown!that!temperature!has!
a!direct!effect!on!the!species!development!(Kiritani,!2006),!favouring!the!
multivoltine!species!to!increase!their!number!of!generations!(Tobin!et!al.,!2008),!
thus!explaining!the!observed!difference!in!our!study!between!univoltine!and!
multivoltine!species.!

Species!traits!and!longitudinal!shifts!

Range!shifts!along!longitude!have!been!less!investigated!than!latitudinal!range!
shifts!(Lenoir!&!Svenning,!2015).!However,!our!study!shows!that!despite!
latitudinal!shifts!being!more!accentuated!than!longitudinal!shifts!(Fig.!1b!and!Fig.!
1c),!the!latter!were!still!substantial.!Longitudinal!shifts!were!mostly!explained!by!
the!length!of!the!flight!period!and!their!voltinism!for!both!bees!and!butterflies,!
but!interestingly!with!opposite!trends.!Multivoltine!bees!with!longer!flight!
periods!tended!to!shift!towards!western!locations!meanwhile!butterflies!tended!
to!shift!towards!the!east.!It!has!been!suggested!that!species!with!short!flight!
periods!in!the!year!may!be!more!vulnerable!to!climatic!and!land`use!changes!than!
species!with!longer!flight!periods!(Nilsson!et!al.,!2008).!Longer!flight!periods!may!
enhance!the!species!winter!survival!by!rendering!access!to!more!feeding!
resources!in!longer!periods!across!the!year!and!accelerating!developmental!rate!
(Kiritani,!2006;!Robinet!&!Roques,!2010).!Moreover,!it!has!been!shown!that!
multivoltine!species!with!longer!flight!periods,!which!may!start!earlier!during!the!
year,!profit!from!increases!in!temperature!given!the!acceleration!in!
developmental!rates!by!producing!more!generations!during!the!year!(Robinet!&!
Roques,!2010).!Thus!the!effect!of!voltinism!and!the!length!of!the!flight!period!may!
be!in!principle!related!to!both,!changes!in!climatic!conditions,!e.g.!changes!in!
continentally!in!the!Netherlands,!and!also!to!land`use!modifications.!Specially,!the!
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western!areas!have!become!of!primary!importance!for!bees,!which!are!central!
place!foragers,!requiring!heterogeneous!landscapes!with!feeding!resources!but!
also!with!suitable!nesting!locations!within!relatively!short!distances!(Gathmann!&!
Tscharntke,!2002;!Murray!et!al.,!2009).!These!conditions!seem!to!have!become!
more!readily!available!in!the!west!of!the!country!given!the!high!levels!of!
agricultural!landscapes!and!also!the!increases!in!landscape!fragmentation!(e.g.!
given!increases!in!urban!areas)!in!comparison!to!the!eastern!locations!(see!Table!
S5!for!a!general!view!of!these!changes).!The!shifts!of!butterflies!towards!eastern!
locations!may!indicate!changes!in!distributions!of!their!host!plants!(Krauss!et!al.,!
2004;!Dennis!et!al.,!2004)!given!the!increases!in!species!adapted!to!nutrient!rich!
and!decreases!of!those!adapted!to!nutrient!poor!conditions!in!and!around!the!
study!area!(Tamis!et!al.,!2005;!Van!Landuyt!et!al.,!2008).!Moreover,!this!may!also!
be!the!result!of!changes!in!land!use!in!the!study!area,!as!more!(semi`)natural!
environments!preferred!by!butterflies!have!become!less!accessible!in!the!west!
part!of!the!country,!where!a!greater!part!of!the!intensive!arable!agricultural!area!
is!located!(Diogo!et!al.,!2013).!This!may!also!explain!the!fact!that!most!specialists!
butterflies,!which!are!associated!to!(semi`)natural!habitats!have!shifted!towards!
eastern!locations.!!

!! Hoverflies!did!not!present!overall!shifts!in!their!longitudinal!distribution!as!
a!group;!however,!this!is!the!result!of!almost!half!of!the!species!presenting!shifts!
towards!the!west!(98!species)!and!the!others!towards!the!opposite!direction!(104!
species).!The!distribution!and!amount!of!agriculture!in!the!landscape!may!also!
explain!the!shifts!presented!by!hoverflies!(e.g.!Jauker!et!al.,!2009),!as!animal!
feeding!larva!shifted!towards!the!west,!where,!as!mentioned!before,!more!
agriculture!landscapes,!and!thus!feeding!resources,!especially!for!aphid!feeders,!
have!become!largely!available.!Hence!the!small!longitudinal!shifts!observed!for!
hoverflies!as!a!whole!may!be!explained!by!this!dichotomy!in!shifts!of!animal!
feeders!(west)!against!plant/organic!material!feeders!(east).!!

Concluding(remarks(and(future(prospects(

Biodiversity!conservation!programmes!often!assume!that!responses!of!one!or!few!
species!groups!(e.g.!of!insects)!would!represent!how!general!biodiversity!
responds!to!drivers!of!biodiversity!change,!e.g.!climate!and!land!use!(Caro!&!
O'Doherty,!1999;!Ozaki!et!al.,!2006).!However,!this!may!not!be!always!the!case!as!
much!of!the!responses!to!such!drivers!may!be!constrained!by!the!species,!or!group!
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specific,!functional!traits!(Díaz!et!al.,!2013).!Understanding!how!species’!ecological!
and!life!history!traits!are!associated!with!distributional!responses!to!climate!and!
land`use!change!can!help!to!improve!conservation!actions!by!accounting!for!the!
functional!capacity!of!the!species!to!respond!to!these!changes.!In!our!study!we!
show!that!information!on!species!traits!can!help!predict!the!areal!range!changes!
and!latitudinal!and!longitudinal!shifts!related!to!climatic!and!land!use!changes.!
Moreover,!we!show!that!traits!involved!in!the!different!spatial!distribution!
changes!may!vary!between!pollinator!groups!and!that!in!some!cases!they!can!
respond!in!opposite!direction!(e.g.!see!traits!involved!in!longitudinal!shifts!for!
bees!and!butterflies).!The!relation!between!the!spatial!changes!detected!for!
butterflies!and!the!nitrophily!of!their!host!plants!are!of!primary!concern!given!the!
documented!increases!of!nitrogen!deposition!in!the!Netherlands!and!western!
Europe!in!general!during!the!last!decades!and!its!impact!on!biodiversity!(Xiankai!
et!al.,!2008;!Feest!et!al.,!2014).!Importantly!the!fact!that!all!groups!showed!shifts!
towards!northern!latitudes!greatly!underlines!the!role!that!climatic!changes!may!
have!setting!species!range!limits,!raising!concerns!about!further!impacts!of!
changes!in!climatic!conditions!on!the!distribution!of!biodiversity.!Given!the!
observed!species!geographic!shifts!and!their!areal!range!changes!within!the!study!
area!it!is!essential!to!investigate!how!these!may!impact!the!protection!status!of!the!
species!and!also!if,!how!and!to!what!extent!the!ecosystem!functions!(i.e.!
pollination!of!wild!plants)!and!services!(i.e.!pollination!of!crops)!they!provide!have!
been!disrupted!in!the!past!or!are!likely!to!be!disrupted!in!the!future.!Our!results!
raise!concerns!about!the!efficacy!of!general!conservation!actions!that!do!not!
account!for!these!differential!responses!across!(pollinator)!groups!and!highlight!
the!restricted!value!of!one`fits`all!type!of!conservation!measure.!!
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Table(S1.((next!page)(List(of(species(from(the(three(pollinator(groups(included(in(
the(analyses.(The!number!of!records!available!in!each!time!periods!(TP1,!TP2)!used!
during!the!MaxEnt!modelling!is!provided.!The!AUC!value!represents!the!model!
accuracy!(see!methods)!for!each!species!and!time!period.!
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Table(S3.!Results(of(the(comparison(of(shifts(in(the(midpoints(of(species(
distributions(per(pollinator(group(for(the(whole(study(period,(TP1–TP2((TP(1(=(
1951–1970;(TP(2(=(1998–2014).(A!Student!t`test!was!used!to!investigate!if!the!
overall!changes!in!the!centroids!of!the!species!geographic!ranges!differed!significantly!
from!zero!(no!change)!within!each!pollinator!group.!
!

Latitude( Longitude(Group(
t"

P0value(
t"

P0value(

Bees( 4.99( <0.001( 04.99( <0.001(

Butterflies( 2.01( 0.04( 2.21( 0.03(

Hoverflies( 4.46( <0.001( 0.79( 0.43(

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
Table(S4.((next!page)Detailed(results(of(best(model(to(explain(the(relation(
between(species(functional(traits(of(three(pollinator(groups((bees,(butterflies,(
hoverflies)(and(areal(range(changes,(latitudinal(and(longitudinal(shifts,(
respectively.!The!starting!model!contained!areal!range!change,!latitudinal!or!
longitudinal!shift!values!as!response!variable!and!all!two!way!interactions!between!
functional!traits!as!predictors!(including!also!the!starting!range!size).!After!model!
selection,!only!models!with!BIC!Δ!<2!were!kept.!The!level!of!the!factorial!variable!to!
which!the!coefficient!refers!to!is!shown!between!brackets.!Coefficients!and!standard!
errors!are!provided!for!each!model.((
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(
(
(
(
(
(
(

(
!
!
(
(
(
(
(
(

Areal range change  
 

  M1±SE M2±SE M3±SE M4±SE 

 
Bees Intercept 0.49±0.04 0.56±0.03   

 
  

H (specialists) 0.19±0.07    
 

  
IR -0.27±0.03 -0.25±0.03   

 
  

Adj. R2 0.23 0.2     

  
        

 
 

Butterflies Intercept 0.88±0.12     

  
H (specialists) -1.06±0.17     

  
Adj. R2 0.38       

  
       

 
Hoverflies Intercept 0.72±0.06 0.71±0.05   

 
  

S 0.15±0.03 0.17±0.03   
 

  
F 0.31±0.06 0.32±0.06   

 
  

LFP  (other) 0.21±0.07 0.23±0.07   
 

  
IR -0.30±0.04 -0.33±0.04   

 
  

H (specialists) -0.48±0.16 -0.12±11   
 

  
F × LFP (other) -0.22±0.07 -0.25±0.07   

 
  

H (specialists) × IR -0.58±0.19    
 

 
  Adj. R2 0.37 0.34     

  
          

Latitudinal shifts  
 

       

 
Bees Intercept 0.05±0.005 0.05±0.005   

 
  

IR -0.01±0.005 -0.01±0.005   
 

  
S   -0.01±0.005   

 
  

Adj. R2 0.04 0.06     

        
 

   
  

 
  

 
 

Butter Intercept 0.02±0.01 0.03±0.01    

  
F 0.03±0.01     

  
ND 0.06±0.01 0.04±0.01    

  
H (specialists) 0.02±0.02 -0.01±0.02    

  
IR -0.003±0.01 -0.004±0.01    

  
F × ND -0.03±0.01     

  
H (specialists) × ND -0.10±0.02 -0.05±0.02    

  
H (specialists) × IR 0.03±0.01 0.04±0.01    

  
Adj. R2 0.40 0.32     

  
       

 
Hoverflies Intercept 0.04±0.009    

 

  

LFP (other) 0.0001±0.0
1    

 
  

V (univoltine) -0.003±0.01    
 

  
IR -0.02±0.005    

 
  

LFP (other) × V (univoltine) 0.05±0.02    
 

 
  Adj. R2 0.21       

!
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!
!
!
!
!
Table(S5.(The(environmental(variables(included(in(the(analyses(and(their(
changes(across(time(across(the(Netherlands.(Comparisons!were!carried!with!a!
Student!t@tests!for!changes!between!time!period!TP1!and!TP2.!
!

!
!
!

   
  

 
  

 Longitudinal shifts  
       

 
 

Bees Intercept -0.07±0.01 -0.07±0.01 -0.13±0.03 
 

  
F   -0.02±0.01   

 
  

V (univoltine)    0.06±0.03 
 

  
Adj. R2 0 0.02 0.01   

  
      

 
 

Butter Intercept 0.04±0.02 0.04±0.02 0.03±0.02 0.03±0.02 

  
F 0.04±0.02 0.04±0.02 0.09±0.02 0.04±0.02 

  

V (univoltine) 0.02±0.02 0.01±0.02 0.002±0.0
2 0.03±0.02 

  
H (specialists) 0.03±0.03 0.02±0.02   0.01±0.03 

  
IR -0.01±0.02 -0.01±0.02   0.02±0.01 

  
F × V (univoltine) -0.1±0.03 -0.10 ±0.02 -0.09±0.03 -0.09±0.03 

  
F × H (specialists) 0.14±0.03 0.14±0.03   0.12±0.03 

  
F × IR 0.05±0.01 0.05±0.02   0.04±0.01 

  
V (univoltine) × IR 0.06±0.02 0.09±0.03   

 
  

H (specialists) × IR   -0.05 ±0.03   
 

  
Adj. R2 0.45 0.47 0.26 0.40 

   
  

 
  

 
 

Hoverflies Intercept -0.01±0.01    
 

  
LFP (other) 0.06±0.02    

 
  

IR 0.03±0.008    
     Adj. R2 0.08       

F: Flying period; LFP: Larval food preference; H: Habitat; ND: Larval food preference related to Ellenberg nitrogen 
value of diet; S: Size; V: Voltinism; IR: Initial range.  
M1–M4: Coefficients of the best models obtained; SE: standard error. 
!

Table S5. The environmental variables included in the analyses and their changes across time across the 
Netherlands. Comparisons were carried with a Student t-tests for changes between time period TP1 and TP2. 

Environmental variable Average value Standard 
deviation TP1 vs TP2 P-value 

TP1 TP2 TP1 TP2 t 
Mean diurnal range  7.05 7.25 0.67 0.75 8.02 <0.001 
Temperature seasonality  5.79 5.66 0.13 0.14 -27.66 <0.001 
Mean temp. of wettest quarter  15.45 15.85 0.68 2.06 7.54 <0.001 
Mean temp. of driest quarter 5.79 9.6 1.78 1.97 58.76 <0.001 
Mean temp. of warmest quarter 15.92 17.16 0.36 0.45 88.32 <0.001 
Annual precipitation 803.9 828.2 25.14 21.82 29.84 <0.001 
Precipitation of wettest month 102.28 91.18 5.96 4.86 -59.09 <0.001 
Precipitation of driest month 44.84 41.13 2.91 3.45 -33.65 <0.001 
Precipitation of warmest quarter 253.4 238.78 11.7 11.48 -36.46 <0.001 
Average patch area of suitable habitat 104.97 16.61 354.79 113.3 -9.43 <0.001 
Total edge density 0.019 0.023 0.008 0.011 11.73 <0.001 
Edge density managed-natural systems 0.007 0.011 0.004 0.005 18.37 <0.001 
Number of land use classes 6.28 7.72 1.21 0.75 40.36 <0.001 
Grassland 42.23 40 26.26 20.35 -2.67 <0.01 
Agriculture 31.41 27.46 25.01 22.31 -4.68 <0.001 
Moors/peat 2.04 1.34 6.32 4.68 -3.53 <0.001 
Forest 8.53 11.14 13.92 14.23 5.2 <0.001 
Urban 6.94 10.9 7.69 10.13 12.39 <0.001 
Water 6.97 6.42 15.46 10.7 -1.16 0.25 
Swamps 0.2 1.43 0.7 5.8 8.37 <0.001 
Sandy soils 1.68 1.31 9.1 7.23 -1.26 0.21 
!
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Fig.(S1.(Effect(of(habitat(specialisation(on(hoverflies(depended(on(the(initial(
range(size(of(the(species.!Range!expansions!were!on!average!more!accentuated!for!
species!with!greater!habitat!specialisation!and!smaller!initial!ranges.!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
(
(
(
(
Figure(S2.(Summary(of(the(initial(range(size(for(hoverfly(habitat(generalists(and(
specialists.(
!
!
!
!
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Abstract((

Pollinators!play!an!important!role!in!ecosystem!functioning,!affecting!also!

crop!production.!Their!decline!may!hence!lead!to!serious!ecological!and!

economic!impacts,!making!it!essential!to!understand!the!processes!that!drive!

pollinator!shifts!in!space!and!time.!Land;use!changes!are!thought!to!be!one!of!

the!most!important!drivers!of!pollinators’!loss,!and!there!is!increasing!

investment!on!pollinator;friendly!landscape!management.!However,!it!is!still!

unclear!if!landscape!history!of!a!given!region!influences!on!how!pollinator!

communities!respond!to!further!landscape!modification.!Using!geographically!

explicit!historical!landscape!and!pollinator!data!from!the!Netherlands,!we!

evaluated!how!species!richness!changes!of!three!important!pollinator!groups!

(bees,!hoverflies!and!butterflies)!are!affected!by!landscape!changes!related!to!

habitat!composition,!fragmentation!and!species!spillover!potential,!and!if!such!

effects!depend!on!the!historical!characteristics!of!the!landscape.!Our!results!

show!that!the!effect!of!landscape!changes!varied!between!different!pollinator!

groups.!While!bumblebee!richness!benefited!from!increases!in!edges!between!

managed!and!natural!systems,!other!bees!benefited!from!increases!in!

landscape!heterogeneity!and!hoverfly!richness!was!fairly!resistant!to!land;use!

changes.!We!found!that!for!the!majority!of!the!pollinators!past!landscape!

characteristics!conditioned!the!more!recent!pollinator!richness!changes.!

Landscapes,!which!had!historically!more!suitable!habitat,!were!more!

susceptible!to!display!hoverfly!declines!(caused!by!drivers!not!considered!in!

this!study).!Landscapes,!which!had!historically!greater!spillover!potential,!

were!more!likely!to!suffer!butterfly!richness!declines!and!the!bumblebee!

assemblages!were!more!susceptible!to!the!effects!of!fragmentation.!The!

diversity!of!responses!of!the!pollinator!groups!suggest!that!multispecies!

approaches!that!take!group;specific!responses!to!land;use!change!into!

account!are!highly!valuable.!These!findings!emphasize!the!limited!value!of!a!

one;size;fits;all!biodiversity!conservation!measure!and!highlight!the!

importance!of!considering!landscape!history!when!planning!biodiversity!

conservation!actions.!!

!

!
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Introduction( (

There!is!increasing!concern!about!the!status!and!trends!of!pollinators!across!

the!globe!(Potts!et!al.,!2010,!Winfree,!2013).!Pollinators!play!an!important!

role!for!the!functioning!of!ecosystems!and!are!essential!for!crop!production!

(Vanbergen!&!The!Insect!Pollinators!Initiative,!2013,!Garibaldi!et!al.,!2013).!

However,!they!have!suffered!accentuated!declines!over!the!past!century!

(Biesmeijer!et!al.,!2006,!Carvalheiro!et!al.,!2013),!only!showing!some!subtle!

signs!of!recovery!in!some!regions!in!recent!years!(Carvalheiro!et!al.,!2013).!

Understanding!the!processes!that!have!led!to!shifts!in!pollinator!diversity!is!

essential!to!develop!better!conservation!measures!that!stop!declines!and!

restore!pollinator!communities.!!

While!there!is!a!great!diversity!of!potential!drivers!of!pollinator!loss!

(Potts!et!al.,!2010),!global!land;use!intensification!and!landscape!

fragmentation!are!among!the!prime!suspects!(Winfree!et!al.,!2009).!Because!

historical!data!are!lacking!for!most!regions!and!taxa,!most!studies!that!aim!to!

evaluate!the!impacts!of!landscape!changes!compare!current!landscapes!that!

vary!in!landscape!features!(e.g.!Brosi!et!al.,!2008;!Uehara;Prado!&!Freitas,!

2009).!Most!of!these!studies!assess!shifts!at!small!spatial!scales!and!focus!on!a!

limited!type!of!landscapes!(Benedick!et!al.,!2006;!Taki!et!al.,!2010).!Studies!

using!a!space;for;time!substitution!approach!assume!that!comparing!recent!

landscapes!that!differ!in!fragmentation!and!composition!represents!the!

processes!that!have!taken!place!in!a!specific!location!across!time.!However,!

this!is!unlikely!to!be!generally!true,!as!the!original!state!of!the!landscape!could!

be!guiding!the!responses!of!the!remaining!biodiversity!(Kuussaari!et!al.,!

2009).!For!example,!locations!that!have!been!subjected!to!rapid!historical!

landscape!changes!may!have!species!communities!more!susceptible!to!

extinctions!presenting!also!an!extinction!debt!(delayed!loss!of!biodiversity!

after!habitat!loss!and/or!fragmentation!events)!(Tilman!et!al.,!1994),!than!

locations!that!have!experienced!changes!at!slower!peace!through!time.!

Therefore,!the!loss!of!a!given!fraction!of!natural!habitat!may!have!a!stronger!

impact!on!locations!that!were!already!deprived!of!natural!habitat.!Moreover,!

(re)colonization!patterns!that!determine!in!situ!biodiversity!may!also!depend!

on!the!original!state!of!the!landscape!and!such!effects!might!then!not!be!

apparent!in!short;term!studies.!Evaluating!if!and!to!what!extent!landscape!
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history!conditions!species!responses!to!changes!in!the!landscape!

characteristics!is,!therefore,!crucial!for!the!improvement!of!biodiversity!

conservation!actions.!!

Given!that!different!pollinator!groups!(e.g.!bees,!hoverflies,!butterflies)!

differ!in!their!needs!for!habitat!and!feeding!resources!and!also!in!their!life!

history!and!dispersal!capabilities!(Fründ!et!al.,!2010),!it!is!expected!that!the!

responses!of!pollinators!to!fragmentation!and!habitat!loss!will!vary!between!

groups.!However,!landscape!management!practices!that!aim!to!slow!

biodiversity!loss!are!usually!based!on!the!responses!of!single!species!groups!

(Fleishman!et!al.,!2000),!suggesting!a!one;size;fits;all!type!of!biodiversity!

conservation!measure,!an!approach!that!has!been!challenged!by!recent!

biodiversity!conservation!studies!(Maes!&!Dyck,!2005;!Gerlach!et!al.,!2013).!!

! Different!hypotheses!concerning!the!effect!of!landscape!modification!on!

pollinators!have!been!proposed!(Tscharntke!et!al.,!2012).!However,!these!are!

based!on!evidence!from!space!for!time!substitution!studies!(e.g.!Hendrickx!et!

al.,!2007).!In!this!study,!using!historical!and!current!landscape!and!pollinator!

information,!and!thus!not!relying!on!the!space!for!time!substitution,!we!

analyse!the!impacts!that!changes!in!habitat!composition!and!fragmentation!

during!the!last!100!years!in!the!Netherlands!have!had!on!the!species!richness!

changes!of!the!different!pollinator!groups.!We!further!analyse!if!these!impacts!

are!similar!across!pollinator!groups!and!if!landscape!history!(i.e.!landscape!

conditions!before!changes!occurred)!conditions!the!species!responses!to!

these!impacts.!

Landscapes!with!higher!amount!of!suitable!habitat!and!higher!

diversity!of!habitats!are!likely!to!present!higher!diversity!of!food!resources!

and!contain!a!more!diverse!pollinator!assemblage!(e.g.!β;diversity!hypothesis;!

see!Tscharntke!et!al.!2012).!Therefore,!it!is!expected!that!increases!in!habitat!

heterogeneity!and!in!the!amount!of!suitable!habitat!are!positively!related!to!

changes!in!pollinator!species!richness!(hypothesis!1).!Moreover,!while!

landscape!fragmentation!is!generally!perceived!as!having!negative!effects!on!

biodiversity!(Potts!et!al.,!2010)!(hypothesis!2),!the!increase!in!length!of!edges,!

specially!between!(semi)!natural!and!managed!systems!may!increase!the!

interactions!between!organisms,!and!thus,!increase!the!functional!

connectivity,!thus!helping!to!maintain!high!local!biodiversity!(Bianchi!et!al.,!
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2006;!Kuefler!et!al.,!2010).!It!is!hence!expected!that!the!increase!in!edges!

between!managed!and!natural!land;use!classes,!a!proxy!for!potential!species!

spillover!effects!(Blitzer!et!al.,!2012),!favours!the!local!species!richness!

(hypothesis!3).!Additionally!high!spatial!heterogeneity!of!communities!(at!

local!and!landscape!scale)!may!reduce!the!negative!local!effects!of!

fragmentation!or!loss!of!suitable!habitat!(e.g.!landscape!insurance!hypotheses,!

see!(Tscharntke!et!al.,!2012),!being!important!to!consider!interactive!effects!

between!different!landscape!parameters.!

Methods(

Species(data(

This!study!uses!data!from!a!previous!study!of!Carvalheiro!et!al.!(2013)!which!

has!applied!a!combination!of!interpolation!and!extrapolation!techniques!to!

species!accumulation!curves!to!deal!with!the!unstandardized!nature!of!

historical!collections!and!estimated!richness!changes!of!three!important!

Dutch!pollinator!groups!(bees,!butterflies!and!hoverflies)!for!three!time!

comparisons:!1930–1949!vs.!1950–1969!(TC1),!1950–1969!vs.!1970–1989!

(TC2)!and!1970–1989!vs.!1990–2009!(TC3).!In!the!study!of!Carvalheiro!et!al.!

(2013)!the!bee!and!hoverfly!data!were!obtained!from!the!European!

Invertebrate!Survey!(EIS;Nederland,!http://www.eis;nederland.nl)!and!the!

butterfly!data!from!the!Dutch!National!Database!of!Flora!and!Fauna!(NDFF,!

www.ndff.nl).!For!and!in!depth!explanation!on!how!species!richness!changes!

were!calculated!and!more!details!about!the!species!richness!data!and!methods!

see!Carvalheiro!et!al.!(2013).!The!focal!area!of!this!study,!the!Netherlands,!has!

been!intensely!sampled!for!biodiversity!since!the!early!19th!century!and!is!an!

area!that!has!experienced!major!well;documented!changes!in!land;use!(Knol!

et!al.,!2004;!Hazeu!et!al.,!2010).!Here!we!used!such!detailed!information!on!

land;use!and!test!if!land;use!change!explains!the!patterns!of!pollinator!

richness!changes!detected!by!Carvalheiro!et!al.,!(2013).!As!in!Carvalheiro!et!al.!

(2013)!the!bumblebees!(Apidae,!Bombini)!were!separated!from!other!bees!

(hereafter!referred!to!as!non;bumblebees)!due!to!their!recognized!high!

vulnerability!(Williams!&!Osborne,!2009)!and!different!trait!characteristics!

(highly;social,!large!bees!with!a!large!foraging!range).!A!total!of!40!landscapes!

(10x10!km!each)!for!bumblebees,!144!for!non;bumblebees,!432!for!butterflies!

and!402!for!hoverflies!were!used!(Fig.!S1).!!
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Land5use(data(((

We!obtained!land;use!data!for!the!years!1900!(at!50!×!50!meters!resolution),!

1960,!1980!and!2008!(each!at!25!×!25!meters!resolution),!with!a!high!land;

use!classification!accuracy!ranging!from!84.8!to!98!%!(Knol!et!al.,!2004;!Hazeu!

et!al.,!2010).!Based!on!those!land;use!maps,!for!each!10x10!km!cell!

(‘landscapes’)!for!which!we!had!species!richness!change!values,!we!calculated!

land;use!changes!between!the!following!periods:!1900!vs.!1960!(LP1),!1960!

vs.!1980!(LP2),!and!1980!vs.!2008!(LP3).!We!assumed!land;use!data!from!LP1,!

LP2!and!LP3!to!be!representative!of!the!time!comparisons!TC1,!TC2!and!TC3,!

respectively,!because!most!of!the!species’!sampling!period!was!covered!by!the!

land;use!change!period.!These!time!periods!are!also!associated!with!very!

different!trends!in!land;use!change.!During!LP1!the!Netherlands!suffered!

intensive!and!rapid!habitat!loss,!while!during!LP2!there!was!great!agriculture!

intensification!and!associated!increase!in!pesticides!use!(Harms!et!al.,!1987;!

Geiger!et!al.,!2010).!During!LP3!there!was!an!increase!in!investment!on!

conservation!measures!and!agri;environmental!schemes!(Kleijn!&!Sutherland,!

2003;!European!Environmental!Agency,!2010;!European!Environmental!

Agency,!2011).!For!each!time!comparison!we!calculated!several!metrics!of!

landscape!composition!and!fragmentation!and!their!changes!(explained!

below).!!

To!standardize!land!cover!type!classifications!between!maps,!the!land;

use!classes!were!reclassified!to!match!the!oldest!map!classes!(1900).!This!

resulted!in!10!final!land;use!classes!for!the!four!maps!(Fig.!S2;!see!Table!S1!in!

Supporting!Information).!The!resulting!land;use!maps!were!then!used!for!the!

extraction!of!the!fragmentation!and!composition!variables!for!each!10!×!10!

km!landscape!cell!as!described!below.!!

Landscape)composition)and)fragmentation)metrics)

In!our!study,!we!identified!several!landscape!variables!related!to!composition!

and!fragmentation!mentioned!by!Tscharntke!et!al.!(2012)!which!include!the!

ones!most!commonly!used!in!recently!empirical!published!work!(Table!S2).!!

We!selected!two!variables!related!to!habitat!composition:!the!

percentage!of!suitable!habitat!(PSH)!present!in!each!10x10!km!cell,!and!the!

number!of!land;use!classes!(patch!richness:!PR).!To!calculate!PSH,!land;use!
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suitability!values!were!generated!by!expert!opinion!(Vogiatzakis!et!al.,!2014)!

and!were!applied!equally!to!all!pollinator!groups!(Table!S1).!Although!these!

values!were!not!created!for!the!Netherlands!but!for!the!United!Kingdom,!this!

is!the!best!approximation!currently!available!for!the!land;use!classes!in!our!

study!area.!Following!these!values!we!classified!the!land;use!classes!

Grassland,!Moors/Peat,!Deciduous/Mixed!forest!and!Sandy!soils!as!suitable!

habitat,!and!Agriculture,!Coniferous!forest,!Urban,!Water!and!Swamps!as!non;

suitable!habitat.!Due!to!the!excessive!management!of!Dutch!grasslands!(e.g.!

high!fertilizers!input),!their!suitability!is!likely!lower!today!than!it!was!before!

the!70’s!(Oenema!et!al.,!2012).!Despite!the!difference!in!grassland!suitability!

between!periods!grassland!was!always!considered!suitable!as!this!habitat!still!

has!substantial!feeding!and!nesting!resources!for!pollinators!in!comparison!to!

other!agricultural!habitats!(Hegland!et!al.,!2001;!Öckinger!&!Smith,!2007).!In!

addition,!we!have!at!present,!no!objective!way!to!assess!grassland!suitability!

change.!Agriculture!was!considered!not!suitable!as!in!the!Netherlands!it!

mostly!refers!to!highly!intensified!monocultures.!To!calculate!patch!richness!

(PR),!we!used!the!number!of!land;use!classes,!and!we!consider!this!variable!a!

surrogate!for!spatial!heterogeneity!of!species!assemblages!(β;diversity!

hypothesis;!Tscharntke!et!al.,!2012).!!

As!landscape!fragmentation!is!a!complex!process,!we!divided!the!

fragmentation!variables!into!two!groups.!The!first!group!included!two!

variables!representing!habitat!configuration!per!se:!proximity!between!

suitable!habitat!patches!(Proximity);!and!average!weighted!mean!patch!area!

of!suitable!habitat!patches!(PA,!where!a!smaller!value!represents!more!

fragmentation).!The!second!group!included!edge!density!in!the!total!

landscape!(ED).!However,!the!edges!between!managed!and!natural!systems!

may!enhance!functional!connectivity!(i.e.!edges!between!differently!managed!

systems)!instead!of!acting!as!functional!barriers!(Kuefler!et!al.,!2010),!and!can!

be!seen!as!a!surrogate!for!landscape!spillover!effects.!Therefore,!we!also!

calculated!the!edge!density!between!managed!and!natural!systems!(ED!Man;

Nat)!and!analysed!its!affects!separately!from!the!total!edge!density.!When!

calculating!the!edge!density!between!managed!and!natural!systems!we!

considered!the!Grassland!and!Agriculture!classes!as!(intensively)!managed!

and!the!Moors,!Peat,!the!Forest!types,!Swamps!and!Sandy!soils!as!(semi;

)natural!systems.!All!spatial!analyses!were!carried!out!in!ArcGis!(v10,!Esri!
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Redlands,!CA,!USA).!The!landscape!fragmentation!and!edge!metrics!were!

obtaining!using!Fragstats!v4!(McGarigal!et!al.,!2012).!

Statistical(analysis(

All!statistical!analyses!were!carried!out!in!the!R!platform!(R!Development!

Core!Team,!2014).!For!each!of!the!landscape!metrics!described!above!we!

calculated!the!land;use!changes!(∆)!that!occurred!in!each!time!period!(LP1,!

LP2!and!LP3).!The!land;use!change!data!for!each!time!period!was!calculated!

as!the!log!of!the!ratio!between!the!post!period!and!the!pre!period!landscape!

value!(e.g.!for!LP1,!pre!period!equals!1900!and!post!period!equals!1960).!As!

we!also!wanted!to!test!if!the!historical!characteristics!of!the!landscape!

conditioned!the!effect!of!such!land;use!changes,!we!also!considered!

information!of!the!original!state!of!the!landscape!as!a!separate!variable,!

hereafter!referred!to!as!T1!(i.e.!for!TC1!we!included!fragmentation!and!

composition!values!in!1900,!for!TC2!we!included!the!fragmentation!and!

composition!values!in!1960!and!for!TC3!the!values!of!1980).!We!then!

analysed!the!impact!of!landscape!fragmentation!and!composition!on!

bumblebees,!non;bumblebees,!butterflies!and!hoverflies!species’!richness!

changes,!with!linear!mixed!effects!models!using!the!“lme4”!R!package!(Bates!

et!al.,!2014).!As!we!sometimes!have!data!from!the!same!location!in!more!than!

one!time!period!(see!Fig.!S1),!to!account!for!the!non;independence!of!the!

predictions!generated!based!on!the!data!from!a!given!location!and!period!of!

time!we!used!the!time!comparison!analysed!(TC1,!TC2,!TC3)!and!landscape!ID!

(cell!location)!as!random!effects.!Including!time!comparison!as!a!fixed!effect!

would!allow!us!to!explore!in!more!detail!the!dynamics!of!biodiversity!changes!

in!the!study!region.!However,!the!objective!of!our!study!is!to!detect!general!

patterns!of!responses!of!the!different!pollinator!groups!to!land!use!

modification,!so!that!they!can!be!extrapolated!to!other!regions!where!man;

driven!landscape!changes!occurred!in!different!time!periods.!!

For!all!the!species!groups!we!created!a!general!initial!model!that!

included!all!the!interactions!between!the!fragmentation!and!composition!

variables!for!the!original!state!(T1)!and!land;use!change!values!(Table!S3).!We!

then!selected!the!most!parsimonious!model!(smallest!Bayesian!Information!

Criterion,!BIC)!by!applying!a!model!selection!procedure!using!the!R!package!

“MuMIn”!(Barton,!2014).!The!species!richness!change!data!was!transformed!
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to!a!log;ratio!and!the!landscape!variables!were!centred!and!standardised!

before!analyses!(z!scores;!Gelman,!2008).!Given!that!landscapes!closer!to!each!

other!may!present!similar!species!richness!changes!we!first!tested!for!any!

spatial!autocorrelation!using!the!Morans!I!test!with!the!R!package!“spdep”!

(Bivand,!2014),!and!no!significant!effects!were!found.!After!analysis,!we!

confirmed!the!applicability!of!our!linear!mixed!effects!model!to!the!data!as!the!

residuals!of!fitted!models!were!approximately!normally!distributed!with!no!

indication!of!over!dispersion!or!heteroscedasticity.!!

Results(

Effect(of(changes(in(habitat(heterogeneity(and(in(the(amount(of(suitable(

habitat((

The!increase!in!habitat!diversity!(i.e.!diversity!of!land;use!classes)!positively!

impacted!one!pollinator!group!(Table!1),!the!non;bumblebees,!where!richness!

increased!with!habitat!heterogeneity!(Table!1a;!Fig.!1a).!!

!

Table(1.(Results(of(the(mixed(models(analysing(the(species(richness(changes(as(
function(of(landscape(composition(and(fragmentation.(Details(about(the(original(
starting(model(are(presented(in(Table(S3.!The!final!model!for!each!species!group!
analysed!was!the!best!model!(lowest!BIC)!after!model!selection.!We!also!present!the!
second!best!model!and!its!BIC!value!for!comparison!purposes.((

(

!

!

!! Terms Coefficient SE BIC 2nd best BIC 2nd best model 
a) Non-bumblebees  ∆ PR 0.1257 0.0357 -23.2 -22.8 Null 
b) Hoverflies  PSH T1 -0.0730 0.0230 -104 -100.7 ∆ PA + PSH T1 
c) Bumblebees  ED Man-Nat T1 0.1439 0.0914 

22 25 ED Man-Nat T1 + ∆ PA + ∆ PA × ED 
Man-Nat T1 

 ∆ PA -0.0917 0.0677 
 ∆ ED Man-Nat 0.2482 0.0825 

 ∆ PA × ED Man-Nat T1 -0.4599  0.2009 
d) Butterflies ED Man-Nat T1 -0.0656 0.0255 22.5 22.6 ED T1 
Composition and fragmentation variables descriptors= PR: Number of land-use classes in the landscape; ED Man-Nat: Edge 
density between managed and natural habitat; ED: Total edge density in the landscape; PA: patch's area; PSH: Percentage of 
suitable habitat in the landscape. ∆: Change; T1: Time 1 or original landscape state. SE= standard error. All two-way combinations 
of terms were tested, but only the terms included in the two best models are listed. 

!
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! Although!most!landscapes!in!the!Netherlands!(our!10!×!10!km!cells)!

have!experienced!decreases!or!increases!over!the!last!century!between!;20%!

and!+20!%!(Fig.!S3),!contrary!to!expectations!none!of!the!pollinator!groups!

were!affected!by!changes!in!the!amount!of!suitable!habitat!(Table!1).!

However,!hoverfly!richness!changes!were!conditioned!by!the!amount!of!

suitable!habitat!in!the!original!landscape!(Table!1b):!landscapes!that!

contained!low!amounts!of!suitable!habitat!in!the!original!state!were!more!

likely!to!show!subsequent!species!richness!increases!than!landscapes!with!

abundant!suitable!habitat!in!the!original!state!(Fig.!1b).!

!

(

Figure(1.(The(effects(of(habitat(composition(on(pollinator(species(richness(
changes.(a)!Effect!of!habitat!heterogeneity!(∆!PR)!on!non;bumblebees.!Landscapes!
that!increased!in!heterogeneity!presented!higher!species!richness!than!more!
homogeneous!landscapes;!b)!Effect!of!the!percentage!of!suitable!habitat!on!hoverflies.!
Landscapes!with!high!percentage!(T1)!presented!significantly!lower!species!richness!
changes!than!low!percentage!ones.!For!all!plots!the!values!of!the!centred;
standardized!explanatory!variables!are!presented.!Grey!bands!represent!the!95%!
confidence!interval.!

!

Effect(of(changes(in(landscape(fragmentation((

The!pollinators’!responses!to!fragmentation!differed!among!the!different!

groups.!In!landscapes!that!had!originally!a!high!spillover!potential!(i.e.!where!

edge!density!between!managed!and!natural!areas!was!high!in!T1)!changes!in!

the!average!patch!area!had!an!effect!on!bumblebees:!declines!in!richness!were!

more!accentuated!in!areas!where!patch!area!increased!(Table!1c;!Fig!2a).!In!

landscapes!with!a!high!average!patch!area!species!richness!loss!was!more!
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likely!with!increases!in!the!density!of!these!edges.!Other!groups!were!not!

significantly!affected!by!changes!in!fragmentation!level!(i.e.!changes!in!

proximity!between!patches!of!suitable!habitat!or!total!edge!density).!

However,!responses!of!butterflies!to!other!landscape!characteristics!(or!to!

other!drivers)!were!conditioned!by!the!original!state!of!fragmentation!in!the!

landscape!(ED!T1,!in!model!2).!Landscapes!with!higher!amount!of!edges!in!the!

original!state!were!significantly!more!likely!to!suffer!decreases!in!butterfly!

species!richness!(Table!1d;!Fig.!2b).!!

(

Figure(2.(The(effects(of(fragmentation(and(edges(for(spillover(effects(on(
pollinator(species(richness(changes.(a)!Effect!of!the!interaction!between!the!edge!
density!of!managed!and!natural!systems!(T1)!and!the!change!in!patch!area!on!
bumblebees.!Increases!in!richness!occurred!in!landscapes!with!originally!more!of!
these!edges!and!smaller!patches.!Light!colours!represent!negative!or!below!the!
average!∆!Patch!Area.!Dark!colours!represent!positive!above!average!∆!Patch!Area;!b)!
The!effect!of!the!total!edge!amount!in!the!landscape!(T1)!on!butterfly!species!richness!
changes.!Landscapes!with!high!densities!of!total!edge!were!more!likely!to!experience!
negative!species!richness!changes!of!butterflies;!c)!Effects!of!changes!in!edge!density!
between!managed!and!natural!systems!on!species!richness!of!bumblebees.!
Landscapes!with!higher!edge!densities!were!more!likely!to!increase!their!bumblebee!
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species!richness;!d)!Effects!of!edge!between!managed!and!natural!systems!(T1)!on!
species!richness!of!butterflies.!Landscapes!with!higher!densities!were!more!likely!to!
decrease!their!butterfly!species!richness.!For!bumblebees!the!partial!residual!(i.e.!
residuals!after!removing!the!effect!of!all!other!variables)!are!shown.!For!all!plots!the!
values!of!the!centred;standardized!explanatory!variables!are!presented.!Grey!bands!
represent!the!95%!confidence!interval.!(

(

Effect(of(changes(in(the(density(of(edges(between(managed(and(natural(

habitats,(a(proxy(for(potential(species(spillover(effects(

Bumblebees!were!the!only!group!of!pollinators!affected!by!changes!in!edge!

density!between!managed!and!natural!systems!(ED!Man;Nat;!Fig.!2c).!

Increases!in!ED!Man;Nat!led!to!significant!increases!in!species!richness!of!

bumblebees!(Table!1c).!Moreover,!for!bumblebees!the!effects!of!

fragmentation!(i.e.!patch!area)!described!above!depended!on!the!original!

density!ED!Man;Nat!(i.e.!of!edges!which!potentiate!spillover!effects).!In!

landscapes!with!originally!high!spillover!potential,!increases!in!patch!area!led!

to!more!accentuated!declines!(Fig.!2a).!Richness!changes!in!butterflies!were!

also!conditioned!by!the!original!spillover!potential.!For!this!group,!species!

richness!increases!were!more!likely!to!occur!in!landscapes!with!originally!less!

edge!density!between!managed!and!natural!systems,!conversely,!landscapes!

with!originally!higher!density!of!these!edges!were!more!likely!to!present!

species!richness!declines!(Fig.!2d).!!

Discussion(

Anthropogenic!landscape!changes!are!one!of!the!main!drivers!of!biodiversity!

loss!(González;Varo!et!al.,!2013).!Most!studies!evaluating!the!impacts!of!such!

changes!focus!on!a!limited!number!of!species!and!compare!current!landscapes!

with!different!levels!of!habitat!modification,!mostly!comparing!extremes!(i.e.!

use!space!for!time!substitution)!(Winfree,!2013).!While!this!approach!allowed!

the!development!of!important!ecological!approaches!on!the!impacts!of!

landscape!changes!(Tscharntke!et!al.,!2012),!long;term!datasets!based!on!a!

large!number!of!species!are!needed!to!better!understand!the!role!of!the!

landscapes’!history!on!ongoing!patterns!of!species!changes.!Here!we!use!a!

long;term!datasets!(>100!years)!on!pollinator!richness!change!and!land;use!

changes!and!show!that!changes!in!species!richness!were!closely!linked!to!

landscape!historical!changes!(diversity!of!habitats,!patches’!area!and!potential!
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for!spillover!effects!between!managed!and!natural!systems),!but!that!such!

effects!largely!depended!on!the!original!state!of!the!landscape!before!changes!

occurred!(Table!2).!

!

Table(2.(Summary(results(for(the(composition(and(fragmentation(hypothesis(
analysed.(Hypothesis!one!analyses!the!effects!of!landscape!composition!on!
biodiversity.!Hypothesis!two!focuses!on!the!effects!of!landscape!fragmentation!and!
hypothesis!three!on!the!edges!between!managed!and!natural!systems,!a!proxy!for!
spillover!effects.!The!results!are!group!dependent.!There!is!a!predominant!effect!of!the!
original!state!of!the!landscape!on!the!pollinator!species!richness!changes.!!

!

(

Effect(of(changes(in(habitat(heterogeneity(and(in(the(amount(of(suitable(

habitat(!

We!expected!that!increases!of!the!amount!of!suitable!habitat!and!of!the!

diversity!of!habitats!would!lead!to!increases!the!pollinator!species!richness!(β;

diversity!hypothesis;!Tscharntke!et!al.!2012).!Contrary!to!our!expectations,!

none!of!the!studied!pollinator!groups!were!affected!by!changes!in!the!amount!

of!suitable!habitat!(Table!2).!This!result!could!be!related!to!the!fact!that!most!

of!the!species’!data!comes!from!recent!time!periods!(last!two!periods;!Fig.!S1),!

a!time!during!which!the!available!natural!habitat!was!already!very!reduced!in!

the!Netherlands!(e.g.!by!loss!of!natural!habitat!to!agricultural!and!urban!

landscapes;!Fig.!S2)!and!during!which!agricultural!practices!had!already!

generated!highly!homogenous!areas.!Therefore,!recent!species!responses!

might!not!be!due!to!recent!but!to!past!changes!in!the!landscape!conditions,!

Group 
Landscape 

state 

Hypothesis 1 -Composition effects Hypothesis 2 -Fragmentation effects 
Hypothesis 3 -
Fragmentation 
spillover effects 

> Suitable habitat →  >  Habitat heterogeneity → <Patch area, Proximity; > Edges →   > Edges→  > Edges MAN-NAT →  

> Species richness > Species richness < Species richness < Species richness  > Species richness 

Bumblebees 
T1       Positive 

∆    Negative  Positive 

Non-bumblebees 
T1         

∆   Positive     

Butterflies 
T1      Negative Negative 

∆        

Hoverflies 
T1 Negative      

∆           

T1:$Original$landscape$state;$∆:$$Changes;$SR:$Species$richness;$>:$Higher;$<:$Lower;$→:$Then. Positive and 
Negative: direction of the effect. 
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suggesting!that!extinction;colonization!debt!may!be!important!(Bommarco!et!

al.,!2014).!Furthermore,!in!this!study!we!defined!Grassland,!Moors/Peat,!

Deciduous/Mixed!forest!and!Sandy!soils!as!suitable!habitats,!and!it!is!possible!

that!pollinator!species!which!resisted!to!the!accentuated!changes!which!

occurred!before!1980!are!able!to!make!use!and!sustain!their!populations!in!

areas!that!we!considered!unsuitable!(e.g.!urban!areas!or!agricultural!

landscapes).!!

Hoverflies!were!not!affected!by!any!of!the!landscape!change!

characteristics!considered!by!this!study.!This!suggests!that!other!drivers!may!

be!the!most!important!for!hoverflies!(e.g.!climate,!other!landscape!

characteristics).!However,!changes!in!richness!of!this!group!were!conditioned!

by!the!original!amount!of!suitable!habitat!in!the!landscape.!This!was!expected!

as!the!majority!of!the!Dutch!syrphid!species!(around!2/3)!present!a!close!

association!with!scrub!and!forest!habitats!(Reemer!2005),!and!the!area!of!

such!habitats!used!to!be!smaller!at!the!beginning!of!the!second!half!of!the!20th!

century.!The!fact!that!landscapes!with!higher!amounts!of!suitable!habitat!

(included!forested!areas)!were!less!likely!to!experience!further!increases!in!

hoverfly!richness!suggests!that!such!areas!already!contained!well;established!

populations!and!thus!great!increases!in!species!richness!were!not!possible.!

Moreover,!hoverflies!not!only!benefit!from!forested!areas!but!also!some!of!

them!(around!20;30!common!species)!greatly!benefit,!at!the!larval!stage,!from!

managed!areas!where!prey!is!abundant!(i.e.!aphids!in!crop!fields;!Reemer!et!al.!

2009),!areas!that!in!our!study!were!not!classified!as!suitable!habitat.!!

The!suitability!of!a!habitat!for!pollinators!depends!on!the!availability!

of!floral!and!nesting/reproduction!resources,!and!hence!on!the!characteristics!

of!the!landscape,!such!as!habitat!heterogeneity!(Kremen!et!al.,!2007;!Batáry!et!

al.,!2011).!The!results!of!this!study!show!that!the!effects!of!changes!in!habitat!

heterogeneity!were!mild,!with!only!non;bumblebees!increasing!with!the!

amount!of!habitat!land;use!classes!available.!However,!these!results!show!that!

higher!diversity!of!habitats!tend!to!contain!a!more!diverse!pollinator!

assemblage!that!more!homogeneous!areas!(Table2).!It!is!possible!that!

landscapes!with!higher!habitat!heterogeneity!have!more!diverse!vegetation!

structures!providing!the!diversity!of!feeding!and!nesting!resources!required!

by!multiple!bee!species!(Garibaldi!et!al.,!2014).!Thus!increasing!the!

heterogeneity!of!land;use!classes,!for!example!by!means!of!adding!natural!or!
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semi;natural!elements!to!more!homogeneous!landscapes,!may!improve!the!

species!richness!levels!of!bees!in!these!areas!(Kremen!et!al.,!2007).!

Furthermore,!this!habitat!improvement!could!especially!benefit!species!that!

have!different!feeding!preferences!at!different!life!stages!and!seasons!of!the!

year!(Kohler!et!al.,!2008),!and!which!without!this!habitat!improvement!seem!

to!be!particularly!threatened.!!!

Landscape(fragmentation(and(spillover(effects(

In!human;dominated!areas,!highly!fragmented!habitats!(e.g.!fragmented!

forest,!urban!areas)!and!mosaics!of!highly!homogeneous!landscapes,!(e.g.!

areas!with!intensive!agriculture),!are!the!rule.!While!fragmentation!of!suitable!

habitat!may!negatively!affect!biodiversity!(Fahrig,!2003),!in!homogeneous!

landscapes!dispersal!of!organisms!between!patches!of!different!land;use,!i.e.!

spillover!effect,!becomes!highly!important!as!this!may!increase!resource!

availability,!generate!stable!ecological!processes!and!facilitate!ecosystem!

functioning!(Kremen!et!al.,!2007;!Blitzer!et!al.,!2012).!However,!depending!on!

the!scale!and!on!the!study!taxa,!this!may!in!turn!reduce!the!overall!beta!

diversity,!(e.g.!Loreau,!2000;!Clough!et!al.,!2007).!Furthermore,!these!

ecological!processes!may!be!reinforced!in!landscapes!where!habitat!area!and!

proximity!between!suitable!habitats!is!increased!(Sabatino!et!al.,!2010).!

In!our!study!the!effect!of!changes!in!landscape!fragmentation!

(reduction!in!patch!area)!on!pollinators’!richness!was!only!evident!for!

bumblebees!(Table!1!and!Table!2).!The!fact!that!fragmentation!was!associated!

with!increased!in!bumblebee!richness!in!landscapes!where!originally!the!

density!of!edges!between!managed!and!natural!systems!was!high!was!

unexpected!(Fig.!2a).!However,!this!fragmentation;spillover!outcome!is!logical!

if!further!fragmentation!occurred!in!areas!with!already!high!amounts!of!

managed!and!natural!areas!and!thus!with!high!species!richness!(given!

spillover!potential!already!in!place),!facilitating!in!this!manner!additional!

potential!spillover!effects.!The!positive!effect!of!these!edges!is!further!

emphasized!by!the!increase!in!species!richness!of!bumblebees!also!in!

landscapes!that!experienced!increases!(change)!in!edge!density!between!the!

managed!and!natural!systems.!Thus!the!edges!between!managed!and!natural!

systems!become!essential!as!they!can!potentiate!the!movement!of!species!

across!different!habitats!(spillover!effects;!Table!2),!and!may!facilitate!the!
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access!to!the!diversified!vegetation!structures!provided!by!a!matrix!of!

diversified!patches!of!habitats!that!bumblebee!communities!need!for!feeding!

and!nesting!(Lye!et!al.,!2009).!The!access!to!these!diversified!resources!is!of!

primary!importance!for!bumblebees!since!it!has!been!shown!that!landscape!

resources!diversity!(e.g.!given!by!higher!levels!of!managed;natural!areas)!and!

not!resources!density!drives!bumblebee!species!distribution!and!foraging!

behaviour!at!the!patch!and!landscape!level!(Jha!and!Kremen,!2013).!

While!butterflies!richness!changes!were!not!associated!with!the!

patterns!of!fragmentation!change,!we!found!significant!effects!of!the!original!

landscape!state!(T1)!of!total!edge!density!and!spillover!potential!(Fig.!2b!and!

Fig.!2d)!(see!also!Tscharntke!et!al.,!2008;!Lucey!&!Hill,!2012).!However,!our!

results!suggest!that!landscapes!that!were!originally!more!fragmented!(high!ED!

T1!and!ED!Man;Nat!T1)!were!more!likely!to!suffer!butterfly!species!losses!

(Table!1d,!first!and!second!model).!This!may!be!because!the!amount!of!edges!

in!the!landscape!may!interfere!with!the!habitats’!(micro)climatic!conditions!

(Ries!et!al.,!2004),!which!are!vital!for!the!survival!of!many!butterflies,!

particularly!specialist!species!(Ries!&!Debinski,!2001;!WallisDeVries!&!Van!

Swaay,!2006).!Furthermore,!these!responses!suggest!a!possible!delayed!effect!

(T1!effects)!on!the!recent!butterflies!communities!and!implies!that!recent!

butterfly!richness!may!still!be!highly!determined!by!the!past!landscape!

characteristics.!Therefore!it!is!possible!that!recent!butterfly!populations!from!

more!fragmented!landscapes!are!more!susceptible!to!local!extinction!(Sang!et!

al.,!2010).!!

The!lack!of!a!significant!effect!of!habitat!fragmentation!on!hoverfly!

richness!changes!could!be!due!to!their!high!mobility,!and!non;dependence!of!

larvae!on!flower!resources!(Jauker!et!al.,!2009)!making!them!less!dependent!

on!the!surrounding!landscape!configuration!and!more!resilient!to!habitat!

changes!(Schweiger!et!al.,!2005).!The!lack!of!fragmentation!effects!on!non;

bumblebees!species!was!unexpected!as!these!depend!on!small;scale!landscape!

characteristics!(Steffan;Dewenter!et!al.,!2002;!Holzschuh!et!al.,!2007).!

However,!it!is!possible!that!weak!fragmentation!effects!on!this!group!had!been!

counteracted!by!increases!in!feeding!and!nesting!resources!availability!

created!along!habitat!margins!(Jauker!et!al.,!2009).!!

!
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Implications(for(conservation(and(landscape(management!

Most!studies!analysing!the!changes!in!insect!biodiversity!in!response!to!

environmental!changes!focus!on!single!species!groups,!e.g.!butterflies,!as!

insect!biodiversity!indicators!(e.g.!Fleishman!et!al.,!2000).!The!single;group!

approach!has!recently!been!challenged!emphasising!the!need!for!a!multi;

group!monitoring!approach!(e.g.!Maes!&!Dyck,!2005;!Gerlach!et!al.,!2013).!

However,!butterflies!tend!to!be!the!first!choice!because,!as!this!group!has!

historically!caught!the!attention!of!conservationists!and!species!are!easily!

recognizable,!data!availability!is!greater!than!in!other!taxa.!Butterflies!are!

indeed!one!of!the!most!sensitive!pollinator!groups!(Carvalheiro!et!al.,!2013).!

However,!here!we!show!that!responses!of!butterflies!are!not!always!

representative!for!responses!of!other!insect!groups!(e.g.!responses!of!

butterflies!to!ED!Man;Nat!but!not!of!hoverflies,!and!the!fact!that!contrary!to!

non;bumblebees,!butterflies!were!not!affected!by!changes!in!habitat!

heterogeneity;!see!Table!2).!Consequently,!conservation!measures!aiming!to!

restore!pollinator!populations!and/or!pollination!functioning!might!be!more!

effective!when!taking!a!broader!range!of!pollinator!responses!into!account.!

While!we!analyse!richness!changes!from!three!time!periods!from!1900!

to!2009,!the!majority!of!the!data!originates!from!the!most!recent!periods,!post!

1960!(Fig.!S1).!Large;scale!landscape!changes!in!the!Netherlands!occurred!

mostly!before!1980!(Fig.!S2),!with!some!increases!in!forest!area!occurring!in!

recent!time!periods.!Therefore,!it!is!possible!that!for!most!of!the!landscapes!

analysed!and!for!some!pollinator!groups!concurrent!landscape!changes!were!

not!large!enough!to!cause!significant!changes!in!species!richness.!Moreover,!

the!lack!of!higher!resolution!of!our!historical!species!data!(10!×!10!km)!could!

in!principle!lead!to!lower!power!to!detect!effects!of!our!much!more!accurate!

landscape!data!on!species!richness!changes.!However,!despite!these!

limitations,!our!study!found!that!for!all!studied!groups!landscape!history!

influenced!the!way!communities!responded!to!landscape!changes.!The!

conditions!of!a!given!landscape!in!the!previous!time!period!(our!T1)!can!be!

seen!as!a!snapshot!of!a!dynamic!landscape!in!the!past!and!may!itself!represent!

a!landscape!in!flux.!Therefore,!the!results!of!this!study!alert!for!the!potential!

extinction!or!colonization!debts!in!studies!when!no!effects!of!recent!landscape!

changes!are!detected!(see!also!Bommarco!et!al.,!2014).!Results!from!studies!

that!implement!the!space;for;time!substitution!approach!are!likely!to!reflect!a!
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mix!of!responses!to!the!past!landscape!(the!‘original!state’)!and!to!recent!

change!in!that!landscape.!In!these!studies!strong!biodiversity!responses!might!

be!observed!in!landscapes!where!past!and!present!changes!occurred!in!the!

same!direction!(e.g.!continued!fragmentation!or!deforestation),!whereas!weak!

biodiversity!responses!may!occur!in!landscapes!where!past!and!recent!

changes!went!in!opposite!directions!(e.g.!past!deforestation!now!shifted!to!

reforestation).!The!results!of!our!study!show!clearly!that!attempts!to!

counteract!future!species!richness!loss!should!consider!both!historical!and!

present!landscape!conditions.!Future!monitoring!schemes!will!be!essential!to!

determine!to!what!extent!present!communities!still!carry!signatures!of!past!

conditions,!and!what!the!time!window!of!the!responses!is.!

Land;use!variables!used!in!this!study!explained!a!relatively!small!part!

of!the!variance!observed!in!species!richness!changes.!This!suggests!that!other!

drivers!might!also!be!important,!such!as!climatic!conditions,!uses!of!pesticides,!

increases!in!the!levels!of!nitrogen!deposition,!presence!of!pathogens!and!

competition!between!species!(Potts!et!al.,!2010;!WallisDeVries,!2014).!Further!

work!on!the!conservation!of!insect!pollinators!that!includes!this!information!

would!be!highly!valuable.!!

Although!species!richness!can!be!seen!as!a!simple!biodiversity!

indicator,!it!has!been!shown!to!be!highly!correlated!to!the!functions!

biodiversity!provides!e.g.!pollinator!assemblages!with!higher!richness!were!

found!to!be!associated!with!higher!levels!of!pollination!services!delivery!

(Garibaldi!et!al.,!2013).!Furthermore,!species!composition!changes!might!have!

more!important!impacts!on!ecosystem!functioning!than!species!richness!

changes!per!se.!Thus,!further!analysis!incorporating!changes!observed!in!

species!composition,!functional!diversity!and!community!homogenization!

across!time!and!space!would!help!unravelling!the!impact!of!these!changes!on!

ecosystem!functioning!and!provide!important!insights!for!biodiversity!

conservation!in!these!human;dominated!landscapes.!!

Concluding(remarks(

Using!historic!data!on!Dutch!pollinators!and!landscape!changes!

covering!more!than!100!years,!this!study!reveals!striking!differences!in!how!

pollinators!responded!to!landscape!characteristics.!While!some!pollinators!

benefited!from!increased!landscape!heterogeneity!(non;bumblebees),!others!
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depended!mostly!on!landscape!fragmentation!levels!and!the!potential!for!

spillover!effects!(bumblebees).!Strikingly,!for!the!majority!of!the!pollinators!

the!historical!landscape!characteristics!have!conditioned!their!pattern!of!

species!richness!changes!during!the!last!century!in!the!Netherlands.!This!

suggests!that!recent!species!responses!to!landscape!modification!are!

constrained!by!the!past!landscape!conditions!and!that!future!pollinator!

responses!to!further!landscape!changes!may!be!dependent!on!the!recent!

landscape!characteristics.!

It!is!thus!evident!that!conservation!approaches!must!include!

information!about!the!original!state!of!the!landscape,!as!this!might!condition!

the!effects!that!such!conservation!actions!could!have!on!biodiversity!and!also!

on!the!ecosystem!services!it!provides.!!
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Supplementary(material(

(
Table(S1.(Land5use(classes(in(the(Netherlands(used(in(the(study.The(suitability(
values(per(class(were(assigned(in(a(scale(ranging(from(0((no(suitable)(to(5(
(highly(suitable).!We!present!the!per!land;use!average!suitability!values!given!by!13!
experts!in!the!species!groups!analysed!as!presented!in!Vogiatzakis!et!al.!(2014).!!
!
!

Land%use)class) Suitability)value)

Sandy&soils& 3.6&

Grassland& 3.5&

Moors/Peat& 3.2&

Deciduous&Forest& 2.8&

Mixed&Forest& 2.5&

Agricultural& 2.3&

Coniferous&Forest& 1.9&

Urban& 1.6&

Water& 0.6&

Swamps& 0.2&

! &

Vogiatzakis&I.N.,&Stirpe&M.T.,&Rickebusch&S.,&Metzger&M.,&Xu&G.,&

Rounsevell,&M,&Bommarco&R.,&Potts,&S.G.&(2014)&Rapid&assessment&of&

historic,&future&and&current&habitat&quality&for&biodiversity&around&UK&

Natura&2000&sites.)Environmental)Conservation,&in&press.&

!
!
!
!
!
!
!
!
!
!
!
!
Table(S2.((next!page)(Summary(of(the(most(relevant(studies(for(our(analysis(
related(to(the(impacts(of(landscape(composition(and(configuration(on(
pollinators.!We!obtained!these!studies!by!means!of!a!search!in!the!ISI!Web!of!
Knowledge!with!the!following!data!entrance:!"Title=(land!use!cover!change*!
bumblebee!OR!land!use!cover!change*!butterflies!OR!land!use!cover!change*!
hoverflies).!The!search!also!included!the!following:!"Title=(landscape*!OR!
fragmentation*!OR!cover!change*)!AND!Title=(pollinators*!OR!butterflies*!OR!
hoverflies*!OR!Bees*)".!The!search!was!carried!out!on!the!!23th.!of!November!2012!
and!we!only!included!studies!from!the!year!2001!onwards.!We!do!not!include!review!
papers!in!this!table,!for!that!check!the!references!in!the!main!document.!
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Table(S3.(The(General(model(implementation.(Forward(and(backwards(stepwise(
model(selection(was(applied(to(the(general(starting(model(containing(the(below(
specified(terms.!All!two;way!interactions!between!the!T1!and!change!terms!were!
tested.!Landscape!ID!(geographic!location!of!the!cell)!and!Period!(1,2,3)!were!included!
as!random!effects.!
!
!

T1!terms! Change!terms! Random!terms!

ED&Man\Nat&T1& ∆&Proximity& Landscape&ID&

ED&T1& ∆&PR& Time&period&

Patch&Area&T1& ∆&ED&Man\Nat& &

PR&T1& ∆&ED& &

Proximity&T1& ∆&Patch&Area& &

PSH&T1& ∆&PSH& &

Fragmentation&and&composition&variables&descriptors=&Proximity:&

Proximity&index&between&patches&of&suitable&habitat;&PR:&Number&of&

land\use&classes&in&the&landscape;&ED&Man\Nat&:&Edge&density&between&

managed&and&natural&systems;&ED:&Total&edge&density&in&the&landscape;&

PA:&average&weighted&mean&patch’s&area&of&suitable&habitat;&PSH:&

Percentage&of&suitable&habitat&in&the&landscape.&∆:&Change;&T1:&Time&1&

or&original&landscape&state.&

!
!
!
!
!
!
!
!
!
!
!
!
!
!
Figure(S1.((next!page)!Changes(in(richness(of(several(important(pollinator(groups(
in(the(Netherlands(and(the(changes(in(land5use(for(the(same(areas.!In!the!left!side!
the!maps!with!cells!(10x10km)!for!which!we!have!values!of!species!changes,!for!each!
three!time!comparisons!of!species!richness!and!pollinator!groups.!Species!richness!
comparisons,!TC1:!1930–1949!vs.!1950–1969;!TC2:!1950–1969!vs.!1970–1989;!TC3:!
1970–1989!vs.!1990–2009.!Blue!colours!represent!positive!species!richness!changes!
while!red!colours!represent!negative!changes.!The!right!side!of!the!image!contains!the!
maps!presenting!the!areas!in!the!Netherlands!that!experienced!changes!(grey)!in!land;
use!and!the!ones!that!did!not!experience!changes!(black)!for!the!three!time!periods!
analysed.!
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Where!and!how!biodiversity!is!distributed!around!the!globe!has!been!
investigated!for!centuries!(Darwin,!1859;!Patterson,!1994;!Shaffer!et!al.,!1998;!
Wallace,!1869).!This!research!field!has!produced!a!wealth!of!information!and!
insight!on!the!factors!determining!species!distributions!and!the!functions!
species!carry!out!in!ecosystems!(e.g.!Gamfeldt!et!al.,!2013;!Nelson!et!al.,!2009).!
Moreover,!research!on!the!distribution!of!biodiversity!locally!and!globally!has!
proven!directly!applicable!for!nature!conservation!actions!!(e.g.!Rodrigues!et!
al.,!2004).!!

! One!of!the!main!problems!in!studying!species!distributions!is!the!lack!of!
detailed!distribution!data!and!even!more!from!old!time!periods!(e.g.!before!
1950).!Collecting!such!data!requires!enormous!effort!and!has!only!been!done!
for!some!iconic!or!local!species,!often!only!in!part!of!their!full!distribution.!
Novel!techniques!have!been!applied!to!these!historical!species!distribution!
data!for!investigating!changes!in!biodiversity!across!time,!as!for!instance!in!
the!work!of!Carvalheiro!et!al.!(2013),!however,!this!only !renders!a!partial!
picture!of!these!biodiversity!changes.!Consequently,!methods!that!can!
robustly!predict!(global)!species!distributions!based!on!a!limited!amount!of!
species!locations!data!as!input!are!very!important!in!this!field.!These!methods!
should!be!able!to!capture,!in!an!accurate!manner,!the!environmental!
characteristics!that!limit!species!distributions!(Chapter!2).!These!methods!can!
then!be!used!for!a!variety!of!applications!including!detection!of!current!
species!distributions!within!protected!areas!(Bagchi!et!al.,!2013;!Hannah,!
2008),!analysis!of!the!pathways!and!impact!of!alien!species!invasions!
(Buckland!et!al.,!2014;!Giovanelli!et!al.,!2008),!investigating!ecosystem!
services!delivery!under!climate!change!scenarios!(Polce!et!al.!2013;!polce!et!al.!
2014)!!or!the!investigation!of!differences!in!the!ecological!niches!of!closelyT
related!taxa!(e.g.!Chapter!3).!!

! In!the!following!sections,!I!will!summarize!how!the!biodiversity!
responses!to!environmental!change!from!past!to!present!presented!in!this!
thesis!contribute!to!the!field!of!biodiversity!conservation,!and!how!this!can!
help!predict!future!biodiversity!distributions!in!a!context!of!global!
environmental!change.!Lastly!I!will!present!the!implications!of!my!results!in!
the!context!of!biodiversity!conservation!and!discuss!some!of!the!future!
research!prospects!within!the!field.!
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Predicting*species*distributions*across*time!

Since!the!beginning!of!the!decade!there!has!been!a!great!investment!in!the!
development!of!approaches!that!can!estimate!where!species!are!distributed!
and!how!their!ranges!are!delimited!by!biotic!and!abiotic!conditions.!This!has!
led!to!a!boom!in!novel!methods!and!frameworks!to!which!we!refer!to!as!
“Species!distribution!models”,!”Ecological!Niche!models”!or!“Habitat!
suitability!models”!(Franklin!et!al.,!2009;!Peterson!et!al.,!2011).!From!these!
methods!we!have!to!decide!on!the!modelling!algorithm!and!framework.!How!
or!on!what!should!we,!as!conservation!biologists!and!ecologists,!base!our!
selection?!Are!all!algorithms!rendering!the!same!answers?!The!decisions!
taken!at!this!stage!determine!the!results!we!get!and!thus!the!conclusions!we!
draw.!

In!this!thesis,!I!show!that!the!performance!of!different!modelling!
algorithms!for!predicting!the!distribution!of!a!set!of!systematically!selected!
data!of!species!occurrences!(rare!to!common!and!narrow!to!widespread!
species)!varies!significantly!(Chapter!2).!Some!of!these!algorithms!present!
significantly!more!accurate!results!than!others,!particularly!MaxEnt!or!an!
ensemble!of!model!predictions!(Chapter!2).!I!show!that!these!differences!in!
outputs!are!maintained!even!when!analysing!landscapes!across!different!
spatial!scales,!and!that!algorithms!also!differ!in!how!they!attribute!the!
importance!of!environmental!drivers!when!delimiting!the!species!
distributions!(Chapter!2).!The!differences!in!attribution!of!the!drivers’!
importance!is!of!main!concern!as!it!can!lead!to!different!conclusions!on!how!
drivers!of!change!define!the!distribution!of!each!species!and!thus!on!how!
different!species!(groups)!can!be!protected.!We!should!ideally!opt!for!
algorithms!that!are!consistent!in!their!predictions!across!modelling!
repetitions!(low!within!algorithm!variability)!and!spatial!scales,!and!that!have!
high!accuracy!in!their!predictions!without!being!constrained!by!the!species!
data!characteristics!(number!of!records!and!their!spatial!distribution).!!

Furthermore,!I!show!that!algorithms!such!as!MaxEnt!and!an!ensemble!
of!model!predictions!are!among!the!best!options!for!modelling!species!
distributions!as!they!render!high!model!fit!and!are!consistent!in!their!outputs!
(Chapter!2).!However,!although!the!ensemble!of!models!often!renders!
projections!with!high!accuracy,!these!are!also!often!difficult!to!interpret!in!
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regard!to!the!assessment!of!how!important!are!the!environmental!variables!
for!delimiting!species!range!limits!given!that!they!are!an!ensemble!of!
predictions!from!different!algorithm.!Although!the!study!presented!in!Chapter!
2!focuses!on!the!Netherlands,!which!has!a!relatively!small!area!and!
homogeneous!landscape!characteristics,!the!results!obtained!are!in!line!with!
others!carried!out!in!different!locations!and!with!different!environmental!
conditions!(e.g.!Elith!et!al.,!2006).!The!high!performance!of!species!
distribution!models!constructed!with!the!MaxEnt!algorithm!for!the!Mexican!
white!pines!in!the!American!continent!(Chapter!3)!also!confirms!our!findings.!
Besides!MaxEnt,!an!ensemble!of!model!predictions!has!become!appealing!in!
recent!years!as!it!can!capture!the!variability!presented!by!the!different!
algorithms!into!a!more!robust!prediction!(Thuiller,!2014).!However,!the!
construction!of!model!ensemble!also!implies!the!selection!of!the!method!to!
obtain!the!final!projection,!e.g.!average!of!predictions!across!modelling!
algorithms,!median!of!predictions,!consensus!approach,!mean!of!predictions!
weighted!by!the!model!accuracy,!among!others,!which!also!needs!an!inTdepth!
evaluation!as!different!model!ensemble!methods!may!vary!in!their!final!
output.!!

! Although!much!research!has!been!carried!out!in!the!field!of!species!
distribution!modelling,!more!is!needed!to!better!understand!how!factors!such!
as!biotic!interactions!(Giannini!et!al.,!2013),!species!dispersal!capacity!
(Boulangeat!et!al.,!2012),!and!their!plasticity!for!adapting!to!changing!
environments!(instead!of!modifying!their!distributions)!(Eckhart!et!al.,!2011)!
may!impact!the!model!predictions.!Incorporating!this!information!in!a!
satisfactory!manner!into!the!species!distribution!modelling!protocol!would!
enhance!our!knowledge!of!how!biodiversity!may!respond!to!future!
environmental!changes.!

Climate*and*land*use*change*set*the*limits*of*species*

distributions*across*time*

Climatic!and!landTuse!changes!are!two!of!the!main!drivers!of!species!
distribution!changes!globally!(Newbold!et!al.,!2015;!Wu!et!al.,!2011).!
Modifications!in!each!of!these!drivers!can!cause!the!extinction!of!species!at!
local!and!global!scales!(Jetz!et!al.,!2007;!Sala!et!al.,!2000;!Thomas!et!al.,!2004;!
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Thuiller!et!al.,!2005).!These!drivers!rarely!change!independently!as!the!
modification!of!one!tends!to!impact!the!other,!which!may!create!a!cascade!
effect!that!will!ultimately!effect!the!species!distributions.!The!results!of!
Chapter!5!show!that!in!face!of!these!environmental!changes,!species!can!adapt!
to!the!new!conditions!or,!depending!on!their!trait!characteristics!(e.g.!
pollinator!wing!size!which!is!linked!to!dispersal!ability),!shift!their!ranges!
towards!more!suitable!areas.!Given!the!observed!species!geographic!shifts,!
and!their!areal!range!changes!within!the!study!area,!it!is!imperative!to!
investigate!how!this!may!impact!the!protection!status!of!these!species!as!well!
as!if,!how!and!to!what!extent!the!ecosystem!functions!(i.e.!pollination!of!wild!
plants)!and!services!(i.e.!pollination!of!crops)!they!provide!may!have!been!
disrupted!in!the!past!or!are!likely!to!be!disrupted!in!the!future.!

Studies!on!the!effects!that!climate!change!can!have!on!biodiversity!are!
highly!relevant!given!the!predictions!of!changing!temperature!and!
precipitation!patterns,!as!well!as!increases!in!extreme!weather!events,!that!are!
occurring!around!the!world!(Kirtman!et!al.,!2013).!In!this!thesis!I!show!that!
although!land!use!conditions!are!often!highlighted!as!some!of!the!most!
important!drivers!of!species!occurrences,!climatic!drivers!are!also!highly!
important!determinants!of!range!limits!for!species.!In!Chapter!4,!in!a!study!
carried!out!for!three!pollinator!groups!in!the!Netherlands,!I!specifically!show!
that!the!importance!of!climatic!drivers!for!determining!species!range!limits,!
especially!those!related!to!temperature,!has!significantly!increased!during!
recent!decades!now!reaching!that!of!land!use.!The!results!suggest!that!for!the!
Netherlands!the!influence!of!these!climatic!drivers!will!continue!increasing!
and!will!probably!surpass!the!importance!of!land!use!impacts!on!species!
distribution,!especially!given!that!land!use!related!drivers!have!mostly!
stabilized!during!these!last!decades!(Bouma!et!al.,!1998;!Knol!et!al.,!2004).!
These!results!are!most!likely!transferable!to!other!highly!industrialized!
countries!in!temperate!regions.!However,!a!more!in!depth!research!in!tropical!
regions,!where!strong!land!use!changes!are!still!ongoing,!is!still!needed!to!
investigate!the!applicability!of!our!results!to!these!regions.!!

One!of!the!main!challenges!when!investigating!biodiversity!responses!
to!past!climatic!and!land!use!changes!is!the!lack!of!historical!data!on!species!
occurrences!and!environmental!conditions.!Given!this!lack!of!data!most!
studies!apply!a!spaceTforTtime!substitution!approach.!In!this!setTup!a!series!of!
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landscapes!differing!in!climatic!and!land!use!conditions!are!analysed!as!
representatives!of!the!modifications!that!could!have!occurred!in!a!single!
landscape!across!time!(e.g.!Brosi!et!al.,!2008;!UeharaTprado!et!al.,!2007).!This!
may!not!always!be!fully!representative!of!the!responses!to!changes,!as!the!
original!state!of!the!landscape!could!also!be!guiding!the!responses!of!the!
remaining!biodiversity!(Kuussaari!et!al.,!2009).!In!Chapter!6!I!ask!if!recent!
landscape!modifications!(partially)!drive!current!species!distributions!and!
whether!historical!landscape!conditions!are!also!responsible!for!the!
distribution!patterns!we!see!at!present.!I!show!that!for!most!of!the!pollinator!
groups!I!analysed,!the!historical!landscape!state!(i.e.!before!changes!occurred)!
significantly!constrains!subsequent!species!responses!to!landscape!changes.!
This!means!that!many!of!the!species!distribution!patterns!that!we!see!at!
present!may!actually!be!constrained!by!past!landscape!characteristics,!
pointing!out!to!a!possible!extinction!debt!(delayed!loss!of!biodiversity!after!
habitat!loss!and/or!fragmentation!events)!(Tilman!et!al.,!1994),!but!also!to!
possible!“colonization!debts”!(as!it!may!take!time!for!species!to!colonize!newly!
suitable!areas).!While!my!study!provides!new!insights!into!this!issue,!more!
research!is!needed!to!disentangle!what!the!time!lags!are!for!the!effects!of!past!
landscape!characteristics!on!current!species!distribution!patterns,!and!what!
underlying!ecological/evolutionary!mechanisms!cause!this!delayed!timeT
effect.!

! The!finding!of!this!thesis!and!other!recent!studies!have!shown!that!both!
climate!and!land!use!characteristics!define!biodiversity!distributions!locally!
and!globally!(Newbold!et!al.,!2015;!Wu!et!al.,!2011).!However,!the!relative!
importance!of!each!of!these!drivers!for!setting!species!range!limits!may,!
however,!not!be!equal!and!constant!over!time.!In!Chapter!4,!by!analysing!the!
importance!that!different!land!use!characteristics!have!for!setting!species!
range!limits,!I!show!that!habitat!composition,!fragmentation!and!spillover!
potential!have!constantly!been!major!drivers!of!pollinator!species!
distributions!over!the!last!half!century!in!the!Netherlands.!Especially!habitat!
composition,!which!I!analyse!as!the!amount!of!each!land!use!type!in!the!
landscape!and!the!variety!of!the!land!use!classes,!has!been!a!highly!important!
driver!over!time;!even!more!so!than!fragmentation!and!spillover!potential.!!

I!have!shown!that!land!use!is!a!major!driver!of!species!distributions!
and!that!although!both!past!and!present!landscape!characteristics!are!
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important,!for!the!Netherlands,!the!historical!land!use!characteristics!have!
constrained!the!present!biodiversity!of!pollinators!even!more!than!the!
landscape!changes!!(Chapter!6).!Still,!as!shown!in!Chapter!5,!the!way!in!which!
different!pollinator!groups!respond!to!these!changes!(also!to!climatic!changes)!
in!terms!of!range!modifications!and!geographical!shifts!greatly!depend!on!
their!functional!traits!and!the!pollinator!group!identity!(Chapter!5).!

Implications*for*conservation*and*concluding*remarks*

Biodiversity!conservation!actions!are!increasingly!based!on!analysis!made!
with!tools!such!as!SDMs!(Franklin,!2010;!Guisan!et!al.,!2013).!The!results!of!
this!thesis!show!that!the!selection!of!the!methodological!details!when!fitting!
SDMs!should!not!be!done!haphazardly,!as!the!outputs!of!different!methods!
may!render!diverse!and!sometimes!even!contrasting!results.!As!shown!in!
Chapter!2,!no!single!algorithm!will!be!best!under!all!circumstances.!I!therefore!
suggest!selecting!the!preferable!modeling!tool!for!the!aim!(e.g.!determining!
the!range!of!spatially!restricted!species,!environmental!variables!profiling)!
and!data!characteristics!(e.g.!number!and!spatial!distribution!of!species!
presence!records)!in!a!given!study!via!a!calibrationTevaluation!procedure.!
Chapter!2!provides!a!template!for!such!a!calibrationTevaluation!procedure.!!

Biodiversity!conservation!actions!tend!to!focus!on!single!groups!that!
may!represent!the!effects!that!climatic!and!land!use!changes!have!on!general!
species!within!bigger!biodiversity!groups!(Fleishman!et!al.,!2000;!Ozaki!et!al.,!
2006),!e.g!butterflies!are!often!used!to!represent!insect!biodiversity.!Based!on!
these!groups,!conservation!actions!are!then!proposed.!This!approach!has!been!
recently!challenged!by!studies!that!favour!a!multiTgroup!approach!for!
biodiversity!conservation!(Gerlach!et!al.,!2013;!Maes!&!Dyck,!2005).!The!
reason!is!that!different!(pollinator)!groups!are!often!impacted!by!different!
drivers!(climate!or!land!use)!or!by!the!same!driver!in!a!different!manner!or!
intensity.!The!results!obtained!in!this!thesis!show!that,!although!the!pollinator!
groups!present!synergies!in!their!responses!to!climatic!and!land!use!impacts,!
their!responses!cannot!be!generalized!(see!for!example!chapters!4!to!6).!Given!
the!diversity!of!responses!observed!between!pollinator!groups,!I!suggest!that!
multiTgroup!approaches!that!account!for!the!different!responses!of!
biodiversity!to!these!drivers!of!change!should!be!considered!when!planning!
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future!conservation!actions.!The!findings!of!this!thesis!further!emphasize!the!
limited!value!of!oneTsizeTfitsTall!type!of!biodiversity!conservation!measures!
and!suggest!that!including!historical!and!present!climatic!and!land!use!
information!when!planning!future!biodiversity!conservation!programmes!is!of!
critical!importance.!

The!findings!of!this!thesis!suggest!future!challenges!as!in!the!field!of!
biodiversity!conservation!and!applied!ecology.!The!inclusion!of!multiTspecies!
responses!to!climatic!and!land!use!changes!and!of!historical!climatic!and!land!
use!information!in!future!conservation!plans!are!definitely!two!with!high!
importance.!Moreover,!including!multiTspecies!interaction!information!in!the!
modelling!framework!is!a!challenge!that!deserves!much!attention!given!that!
species!distributions!and!persistence!clearly!depend!on!them.!This!is!of!main!
concern!as!most!research!for!biodiversity!conservation!purposes!is!carried!
out!with!multiple!species!which!makes!this!process!more!complex!than!when!
modelling!only!few!species.!Lastly,!the!coupling!of!new!technologies!as!remote!
sensing!techniques,!e.g.!LiDAR!(light!detection!and!ranging)!and!
(hyper)spectral!data,!with!the!modelling!of!species!distributions!should!be!
more!deeply!explored!as!new!research!suggest!this!could!be!highly!
advantageous!for!the!field!of!conservation!biology!and!in!our!
case!for!
investigating!more!in!depth!and!at!high!spatial!resolution!how!the!landscape!
context,!e.g!landscape!structure,!defines!species!range!limits!at!high!spatial!
resolution.!!!
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Summary'

The!discovery!of!the!patterns!and!processes!that!define!the!distribution!of!
biodiversity!around!the!world!has!greatly!excited!ecologists!and!conservation!
biologist!along!the!last!century.!This!continues!being!an!important!topic!of!
research!for!academics!and!the!general!public,!as!having!this!knowledge!not!
only!improves!biodiversity!conservation!actions!but!also!generates!economic!
wealth.!Answering!the!where,!how!and!why!of!biodiversity!distributions!is!
exciting!and!also!challenging.!For!the!purpose!of!answering!these!questions!
different!tools!and!methodologies!have!been!developed.!Species!distribution!
models!(SDMs),!also!called!ecological!niche!models!(ENM)!or!habitat!
suitability!models!(HSM),!are!an!example!of!these!tools.!SDMs!are!
mathematical!algorithms!that!can!identify!suitable!conditions!for!the!existence!
of!a!given!species!given!its!environmental!preferences.!Moreover,!these!
algorithms!can!elucidate!the!importance!that!different!environmental!
correlates!have!for!defining!the!species!range!limits.!SDMs!can!also!be!applied!
for!investigating!if!and!to!what!extent!different!closely!related!taxa!occupy!
similar!or!equivalent!ecological!niches,!which!renders!insights!into!the!
between!species!ecological!relationships.!Most!studies!applying!these!tools!
(e.g.!SDMs)!for!the!protection!of!biodiversity!given!anthropogenic!and!natural!
global!environmental!changes!focus!on!future!impacts,!neglecting!the!effects!
of!historical!environmental!changes!on!biodiversity.!However,!looking!to!how!
biodiversity!has!responded!to!historicGtoGpresent!environmental!
modifications!can!renders!insights!as!how!it!may!respond!to!future!changes!in!
these!conditions.!!

! In!Chapter!1!of!this!thesis!I!give!a!general!introduction!to!two!of!the!
main!drivers!of!biodiversity!change,!climate!and!landGuse!changes,!and!to!
some!of!the!main!tools!used!for!investigating!their!impacts!on!biodiversity!
(e.g.!SDMs).!In!Chapter!2!I!investigate!which!are!the!most!commonly!used!
species!distribution!modelling!techniques!and!which!of!them!generate(s)!the!
most!robust!distribution!projections.!The!results!show!that!in!deed!some!of!
them!as!an!ensemble!of!model!predictions!and!machine!learning!techniques,!
(i.e.!MaxEnt),!often!render!high!model!performance!independently!of!the!
number!of!species!record!locations!and!their!spatial!distribution.!Moreover,!
there!are!also!algorithms!that!are!most!consistent!in!the!prediction!of!the!
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importance!that!environmental!variables!have!for!setting!species!range!limits.!
Given!the!results!obtained!I!concluded!that!there!is!not!an!always!best!
performing!algorithm!over!all!others,!but!that!however,!some!of!them!tend!to!
offer!more!robust!predictions!across!species!and!data!characteristics!(e.g.!
number!of!records!and!their!spatial!distribution).!I!suggest!that!accounting!for!
the!data!characteristics!(e.g.!number!and!distribution!of!presence!records)!
should!be!a!first!step!when!selecting!the!modelling!algorithms!to!use.!In!
chapter!2!I!give!more!insights!into!the!protocol!that!can!be!followed!when!
selecting!and!fitting!the!SDM!for!the!specific!purpose!of!the!study.!!

! Based!on!the!results!from!Chapter!2!I!selected!the!MaxEnt!algorithm!and!
further!tested!its!performance!when!modelling!species!from!the!genus!Pinus!
in!Central!and!North!America!(Chapter!3).!I!selected!these!locations!as!in!
comparison!to!the!Netherlands!they!contain!highly!varied!environmental!and!
topographic!conditions,!and!thus!represent!conditions!that!differ!from!those!
where!the!algorithm!was!tested!in!Chapter!2.!In!this!analysis!I!specifically!
investigate!how!species!distribution!modelling!techniques!can!be!applied!to!
extract!the!ecological!niche!space!where!species!are!distributed.!I!then!
compare!the!species’!ecological!niches!to!investigate!the!identity!of!closely!
related!Mexican!white!pine!taxa.!I!show!that!the!ecological!niches!of!the!
analysed!taxa!are!similar,!which!corresponds!to!the!fact!that!they!belong!to!
the!same!pines!group!(white!pines)!but!are!not!equivalent,!showing!that!they!
are!in!deed!not!the!same!species,!something!that!is!still!under!debated.!!

! In!Chapter!4!I!model!the!distribution!of!three!different!pollinator!
groups,!bees,!butterflies!and!hoverflies,!and!investigate!if!the!importance!that!
environmental!drivers!have!for!setting!the!species!range!limits!has!changed!
over!time.!With!this!research!I!give!an!insight!on!the!role!that!drivers!related!
to!climate,!as!temperature!and!precipitation,!and!those!related!to!land!use,!as!
habitat!composition,!fragmentation!and!spillover,!have!played!for!setting!
current!species!distributions.!I!show!that!although!in!the!past!(~1950)!land!
use!drivers!were!significantly!more!important!than!climatic!drivers!for!setting!
species!range!limits,!in!the!present!climatic!drivers!have!gained!equal!
importance!to!those!of!land!use.!Given!the!expected!changes!in!climatic!
conditions!in!the!near!future!and!the!fact!that!the!major!changes!in!land!use!
conditions!already!occurred!decades!ago!in!the!study!area!(as!in!other!highly!
industrialised!countries)!it!is!expected!that!the!importance!of!climatic!drivers!
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of!species!distributions!may!overpass!that!of!land!use.!!

! In!Chapter!5!using!the!same!modelling!technique!and!the!same!
pollinator!groups!than!in!the!preceding!chapter!I!investigate!the!species!areal!
range!changes,!latitudinal!and!longitudinal!shifts!as!a!response!to!changes!in!
climatic!and!land!use!conditions!since!the!1950’s.!Furthermore,!I!analyse!if!
and!how!different!species!functional!traits!related!to!climatic!and!land!use!
conditions!may!explain!the!observed!species!geographic!distribution!shifts!
and!areal!range!changes.!I!show!that!all!pollinator!groups!have!increases!their!
distributional!area!during!the!last!half!century,!and!that!all!of!them!also!
presented!shifts!towards!more!northern!areas.!Latitudinal!shifts!differed!
between!pollinator!groups.!I!further!show!that!information!on!species!traits!
can!help!predict!the!areal!range!changes!and!latitudinal!and!longitudinal!shifts!
related!to!climatic!and!land!use!changes.!The!traits!involved!in!the!different!
spatial!distribution!changes!may!vary!between!pollinator!groups!and!in!some!
cases!they!can!respond!in!opposite!direction!(e.g.!see!traits!involved!in!
longitudinal!shifts!for!bees!and!butterflies).!The!fact!that!all!groups!showed!
shifts!towards!northern!latitudes!underlines!the!role!that!climatic!changes!
may!have!in!setting!species!range!limits.!This!raises!concerns!about!further!
impacts!of!changes!in!climatic!conditions!on!the!distribution!of!biodiversity!
given!the!projected!increases!in!temperature!and!in!extreme!weather!events!
in!the!near!future.!!

! Lastly,!in!Chapter!6!with!land!use!change!data!and!species!richness!
change!data!since!the!year!1900!I!investigate!the!role!that!landscape!
composition,!fragmentation!and!spillover!have!had!for!defining!species!
richness!changes!of!bees,!butterflies!and!hoverflies!in!the!Netherlands.!I!ask!if!
recent!landscape!modifications!(partially)!drive!current!species!distributions!
and!whether!historical!landscape!conditions!are!also!responsible!for!the!
distribution!patterns!we!see!at!present.!I!show!that!the!effects!of!landscape!
changes!varied!per!pollinator!group!and!that!for!the!majority!of!the!
pollinators!past!landscape!characteristics!conditioned!the!more!recent!
pollinator!richness!changes.!Given!the!obtained!results!I!concluded!that!the!
species!distribution!patterns!that!we!see!at!present!may!actually!be!a!result!of!
past!landscape!characteristics!and!that!more!research!is!needed!as!to!
disentangle!what!the!time!lags!are!of!the!effects!of!past!landscape!conditions!
on!current!species!distribution!patterns.'
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Samenvatting'

Weten!hoe!biodiversiteit!verspreid!is!in!de!wereld!en!waarom!is!een!
belangrijk!onderwerp!in!zowel!de!academische!gemeenschap!als!bij!het!
algemene!publiek.!Dit!komt!waarschijnlijk!omdat!deze!kennis!niet!alleen!
bijdraagt!aan!het!behouden!van!biodiversiteit,!maar!omdat!het!ook!
economische!welvaart!oplevert.!Uitvinden!hoe!biodiversiteit!is!verdeeld!en!
het!bestuderen!van!de!patronen!in!biodiversiteit!op!verschillende!locaties!
houdt!ecologen!al!jaren!bezig.!Een!antwoord!vinden!op!de!waar,!hoe!en!
waarom!van!de!verspreiding!van!biodiversiteit!is!spannend!maar!ook!een!
echte!uitdaging.!Vanwege!deze!uitdaging!zijn!er!verschillende!methoden!
ontwikkeld!om!deze!vragen!ten!minste!!gedeeltelijk!te!beantwoorden.!Een!
voorbeeld!van!één!van!deze!methoden!is!de!wiskundige!algoritmes!die!
geschikte!leefgebieden!van!een!specifieke!soort!kan!identificeren!en!ook!kan!
aangeven!hoe!belangrijk!de!verschillende!omgevingsfactoren!zijn!voor!de!
verspreidingslimieten!van!de!soort.!Bovendien!kunnen!deze!methoden!ook!
identificeren!of!en!in!hoeverre!verschillende!nauw!verwante!taxa!gebruik!
maken!van!dezelfde!of!vergelijkbare!ecologische!niches,!wat!inzicht!geeft!in!de!
ecologische!relaties!tussen!soorten.!Een!groot!deel!van!de!studies!die!
onderzoekt!hoe!deze!methoden/hulpmiddelen!kunnen!bijdragen!in!het!
beschermen!van!biodiversiteit!voor!antropogene!en!natuurlijke!
veranderingen!in!het!globale!milieu!focussen!zich!op!de!toekomstige!gevolgen,!
waarbij!ze!het!verleden!negeren.!Bestuderen!hoe!biodiversiteit!heeft!
gereageerd!op!veranderingen!in!het!milieu!in!het!verleden!kan!belangrijke!
inzichten!geven!in!hoe!het!kan!reageren!op!toekomstige!veranderingen,!zoals!
bijvoorbeeld!veranderingen!in!het!klimaat!en!landgebruik.!In!dit!proefschrift!
in!hoofdstuk!1!geef!ik!een!algemene!introductie!in!de!belangrijkste!factoren!
die!veranderingen!in!biodiversiteit!veroorzaken!en!de!meest!gebruikte!
methoden/hulpmiddelen!om!de!gevolgen!ervan!te!onderzoeken!(bijvoorbeeld!
soorten!distributie!modellen).!In!hoofdstuk!2!onderzoek!ik!wat!de!meest!
gebruikte!soort!distributie!modelleer!technieken!zijn!en!welke!de!meest!
naukeurig!resultaten!oplevert.!Ik!heb!geconstateerd!dat!sommige!als!
ensemble!!van!model!voorspellingen!goede!prestaties!leveren,!evenals!
machine!learning!technieken,!zoals!MaxEnt.!Gebaseerd!op!deze!resultaten!heb!
ik!het!MaxEnt!algoritme!geselecteerd!om!zijn!prestaties!verder!te!testen!
tijdens!het!modelleren!van!soorten!van!het!Pinus!genus!in!Centraal!en!Noord!
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Amerika,!gebieden!met!een!hoge!variëteit!in!milieu!en!topografische!
omstandigheden!(Hoofdstuk!3).!In!deze!analyse!onderzoek!ik!hoe!soort!
distributie!modelleer!technieken!gebruikt!kunnen!worden!om!de!verspreiding!
van!verschillende!soorten!in!de!ecologische!niche!ruimte/het!ecosysteem!te!
extraheren.!Daarna!vergelijk!ik!de!ecologische!niches!van!de!soorten!om!de!
identiteit!van!de!nauw!verwante!Mexicaanse!witte!den!taxa!te!onderzoeken.!Ik!
toon!aan!dat!de!ecologische!niches!van!de!onderzochte!taxa!vergelijkbaar!zijn,!
wat!overeenkomt!met!het!feit!dat!ze!tot!dezelfde!den!groep!behoren,!maar!dat!
ze!niet!exact!hetzelfde!zijn,!wat!laat!zien!dat!het!inderdaad!niet!dezelfde!
soorten!zijn,!iets!wat!nog!steeds!onder!discussie!staat.!In!hoofdstuk!4!
modelleer!ik!de!verspreiding!van!drie!verschillende!bestuivergroepen,!bijen,!
vlinders!en!zweefvliegen,!en!onderzoek!ik!of!de!belangrijkheid!van!de!
omgevingsfactoren!die!de!verspreiding!van!soorten!limiteren!zijn!veranderd!
in!de!loop!van!de!tijd.!Met!dit!onderzoek!geef!ik!inzicht!in!de!rol!die!factoren!
gerelateerd!aan!het!klimaat,!zoals!temperatuur!en!neerslag,!en!die!gerelateerd!
aan!landgebruik,!zoals!habitat/leefgebied!compositie,!fragmentatie!en!
spillover,!hebben!gespeeld!voor!de!huidige!soorten!distributies.!Ik!laat!zien!
dat!hoewel!in!het!verleden!(~1950)!landgebruikfactoren!significant!
belangrijker!waren!dan!klimaatfactoren!als!limiet!voor!soorten!distributies,!de!
klimaatfactoren!tegenwoordig!even!belangrijk!zijn!als!het!landgebruik.!Gezien!
de!verwachtte!veranderingen!in!het!klimaat!in!de!nabije!toekomst!en!het!feit!
dat!de!grote!veranderingen!in!landgebruik!decennia!geleden!al!hebben!
plaatsgevonden!in!het!onderzoeksgebied!(net!zoals!in!andere!zeer!
geïndustrialiseerde!landen),!is!het!te!verwachten!dat!de!belangrijkheid!van!
klimaatfactoren!die!van!landgebruikfactoren!gaat!passeren.!Ten!slotte!
onderzoek!ik!in!hoofdstuk!5!aan!de!hand!van!data!over!de!veranderingen!van!
landgebruik!en!soortenrijkdom!data!sinds!1900!de!rollen!die!landschap!
compositie,!fragmentatie!en!spillover!hebben!gehad!bij!het!definiëren!van!de!
soortenrijkdom!veranderingen!van!bijen,!vlinders!en!zweefvliegen!in!
Nederland.!Ik!heb!gevonden!dat!voor!de!meerderheid!van!de!bestuivers!de!
landschap!karakteristieken!uit!het!verleden!de!meer!recente!bestuiver!
rijkdom!veranderingen!verklaren.!

!
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