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Abstract 23	

Land-use	change	creates	acute	trade-offs	among	ecosystem	services	that	support	24	

wellbeing.	We	comprehensively	assess	trade-offs	and	synergies	in	ecosystem	service	25	

provisioning	across	land	covers.	We	systematically	surveyed	published	literature	(1970	–	26	

2015)	for	New	Zealand,	to	quantify	1137	individual	land	cover	-	ecosystem	services	27	

relationships	for	473	service	provision	indicators	across	17	services.	For	each	service,	we	28	

used	a	network	meta-analysis	to	obtain	quantitative	estimates	of	provision	from	each	land	29	

cover.	Multivariate	analyses	of	these	estimates	allowed	us	to	compare	1)	land	covers	in	the	30	

provision	of	multiple	services,	and	2)	services	in	terms	of	the	different	land	covers	that	31	

provide	them.	We	found	a	significant	trade-off	in	service	provision	between	land	covers	32	

with	a	high	production	intensity	against	those	with	extensive	or	no	production;	the	former	33	

providing	only	a	limited	range	of	services.	However,	our	results	also	indicate	that	optimal	34	

provision	of	multiple	services	is	unlikely	to	be	met	by	a	single	land	cover,	but	requires	a	35	

combination	of	multiple	land	covers	in	the	landscape.	When	applied	to	land-use/land-cover	36	

planning,	our	approach	reveals:	1)	land	covers	that	cluster	together,	and	thus	provide	37	

redundancy	(and	potentially	resilience)	in	service	production,	and	2)	land	covers	that	are	38	

likely	to	exhibit	complementary	roles	in	service	provision	because	they	occur	at	opposite	39	

extremes	of	the	multivariate	service	space.	It	also	allows	identification	of	service	bundles	40	

that	respond	similarly	to	land	cover.	Actively	incorporating	findings	from	different	41	

disciplines	into	ecosystem	services	research	can	guide	practitioners	in	shaping	land	42	

systems	that	sustainably	support	human	welfare.	43	

Keywords:	Ecosystem	services,	land-use	planning,	trade-off,	network	meta-analysis,	land	44	

cover	45	

Introduction 46	

Human	transformation	of	the	Earth’s	surface	through	land-use	activities	has	reached	an	47	

unprecedented	magnitude,	and	constitutes	a	major	driver	of	global	environmental	change	48	

(1–3).	Humans	rely	on	resources	appropriated	through	land	use,	however	most	of	these	49	

practices	affect	the	earth´s	ecosystems	in	ways	that	undermine	human	welfare	(1).	50	
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Continued	population	growth	(4)	and	growing	per	capita	consumption	of	resources	(5)	51	

make	it	critical	to	reconcile	production	and	sustainability	in	land	systems.	52	

Ecosystem	services	offer	a	framework	for	addressing	these	complex	issues	in	land-use	53	

planning	and	management	by	linking	human	welfare	with	ecosystems.	They	explicitly	54	

account	for	the	benefits	that	ecosystems	bring	to	society,	and	prioritize	long-term	welfare	55	

over	immediate	economic	reward	(6–9).	This	perspective	encourages	strategies	that	56	

optimize	service	provision	across	different	land	uses	or	enhance	the	provision	of	multiple	57	

services	within	a	single	type	of	land	use	(10).	To	this	end,	important	efforts	have	been	58	

made	to	map	and	quantify	services	and	estimate	their	economic	value	(11–14)	or	to	59	

examine	synergies	and	trade-offs	in	their	spatial	occurrence	(15–21).	60	

Despite	these	advances,	our	understanding	of	service	trade-offs	and	synergies	has	61	

traditionally	been	impaired	by	the	lack	of,	and	costliness	of	obtaining,	spatial	data	on	62	

multiple	ecosystem	services	from	multiple	land	uses	across	landscapes.	Recent	efforts	have	63	

addressed	these	problems,	for	example,	by	using	satellite	earth	observation	to	assess	64	

service	supply	(22)	or	by	examining	ecosystem	service	bundles	and	their	spatial	65	

distribution	in	relation	to	socio-ecological	systems	(23–26).	However,	these	approaches	are	66	

still	limited	by	data	availability,	which	generally	constrains	the	assessment	of	each	service	67	

to	measurements	of	individual	indicators	that	are	often	location-specific.	Furthermore,	in	68	

many	cases	these	measurements	may	not	necessarily	convey	information	that	can	be	69	

readily	used	by	decision-makers	or	the	public,	because,	for	example,	they	do	not	take	full	70	

account	of	the	differences	in	the	spatial	and	temporal	scales	at	which	ecological	and	social	71	

systems	operate	(27)	or	their	link	with	human	welfare	issues	is	not	stated	or	72	

communicated	effectively	(9,	28,	29).	Thus,	consistent	generalizations	regarding	trade-offs	73	

among	broad	categories	of	land	use	(e.g.,	natural	vs.	production	systems)	or	services	(e.g.,	74	

those	with	local	vs.	global	beneficiaries)	remain	elusive.	75	

Data	limitations	also	constrain	the	use	of	monetary	valuation	of	ecosystem	services	as	a	76	

means	to	assess	synergies	and	trade-offs.	Monetary	values	are	particularly	difficult	to	77	

define	for	services	that	provide	non-market	benefits	including	those	related	to	fair	78	

distribution	and	sustainability	(28).	Moreover,	monetary	values	are	not	necessarily	79	
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relevant	to	all	decisions	(30,	31)	and	can	have	limited	extrapolation	to	other	locations	(32)	80	

or	be	highly	contested	among	certain	groups	(33,	34).	This	necessitates	the	development	of	81	

alternative	methods	to	provide	decision	makers	with	evidence	that	is	well-suited	to	their	82	

needs,	is	based	on	readily-available	data	and	can	be	extrapolated	(9).	83	

Here	we	present	an	approach	to	inform	land-use	decisions	by	assessing	trade-offs	and	84	

synergies	in	the	provision	of	multiple	ecosystem	services	across	land	covers	(as	a	proxy	for	85	

land	use).	We	use	New	Zealand	as	a	case	study	because	the	high	levels	of	endemic	flora	and	86	

fauna	and	relatively	recent	introduction	of	large-scale	intensive	agriculture	make	87	

conservation-production	tensions	particularly	acute,	and	necessitate	conservation	88	

strategies	that	go	beyond	protected	areas	(35).	We	derive	quantitative	evidence	of	land	89	

cover	effects	on	ecosystem	service	provision	from	existing	literature	through	a	meta-90	

analysis	(SI	Appendix	7	and	SI	Dataset	1).	Unlike	existing	reviews	and	meta-analyses	on	91	

ecosystem	services	(36–42),	our	work	does	not	collate	existing	ecosystem	service	92	

assessments.	Rather,	we	synthesize	primary	biophysical	research	that	compares	land	93	

covers	in	relation	to	a	large	variety	of	measures	that	indicate	the	provision	of	a	service,	94	

regardless	of	whether	service	terminology	was	used.	95	

We	use	this	comprehensive	evidence	base	to	detect	land	covers	that	may	operate	as	96	

‘generalists’	(i.e.	providing	many	services)	or	‘specialists’	(i.e.	providing	just	a	few	services).	97	

This	allows	us	to	determine	whether	landscapes	require	multiple	land	covers	to	provide	a	98	

comprehensive	suite	of	non-production	services,	or	whether	a	single	land	cover	(e.g.,	a	99	

natural	habitat)	can	provide	the	majority.	We	also	identify	ecosystem	service	bundles	100	

(i.e.	services	that	are	provided	by	the	same	land	cover	type),	and	potential	trade-offs	101	

among	services	that	are	best	provided	by	different	land	covers.	Subsequently,	we	test	102	

whether	there	is	a	systematic	difference	between	exotic-species-dominated	production	and	103	

native	non-production	systems	in	their	provisioning	of	service	bundles.	Due	to	potential	104	

tensions	between	service	beneficiaries	and	providers	(43,	44),	we	also	test	whether	105	

services	with	localized	(e.g.,	soil	formation)	vs.	global	(e.g.,	climate	regulation)	benefits	tend	106	

to	flow	from	different	land	covers.	If	they	do,	then	this	could	exacerbate	the	disconnect	107	

between	beneficiaries	and	those	who	enable,	maintain	and	restrict	services	(45).	Finally,	108	

we	present	an	example	of	how	this	information	can	be	used	to	readily	examine	the	effects	109	
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of	land	use	or	land	cover	trajectories	or	contrasting	decisions	on	landscape-scale	110	

management	of	ecosystem	service	trade-offs.	111	

Methods 112	

Our	systematic	review	was	structured	according	to	the	“Guidelines	for	Systematic	Review	113	

in	Environmental	Management”	developed	by	the	Collaboration	for	Environmental	114	

Evidence	(46).	We	searched	the	literature	for	quantitative	comparisons	of	two	or	more	115	

land	uses	in	the	provision	of	one	or	more	ecosystem	services	within	New	Zealand.	Our	116	

ecosystem	service	definitions	were	adapted	from	the	Millennium	Ecosystem	Assessment	117	

(47),	with	a	total	of	35	services	spanning	across	the	provisioning,	regulating,	cultural	and	118	

supporting	categories	(SI	Appendix	1).	Land	uses,	formally	defined	as	the	purposes	to	119	

which	humans	put	land	into	use	(48),	were	captured	in	our	research	as	land	covers	(SI	120	

Appendix	1),	since	these	include	units	that	are	not	directly	used	by	humans	and,	121	

consequently,	correspond	more	closely	with	the	actual	experimental	or	sampling	units	of	122	

many	of	the	documents	in	our	search.	123	

Data collection, aggregation and calculation of effect sizes 124	

Full	details	of	the	search	and	screening	process	are	described	in	SI	Appendix	2;	here	we	125	

present	a	brief	outline.	We	searched	the	Scopus	database	for	titles,	abstracts	and	keywords	126	

with	at	least	one	match	in	each	of	the	3	components	that	structured	our	search:	1)	“New	127	

Zealand”,	2)	land	cover	and	land	use	terms	and	3)	ecosystem	service	terms	(see	SI	128	

Appendix	3	for	the	full	search	phrase).	Land	cover	terms	included	all	possible	variations	of	129	

“land	use”	and	“land	cover”	as	well	as	terms	on	specific	land	use	and	land	covers	(both	130	

generic	and	specific	to	New	Zealand).	The	ecosystem	services	component	drew	upon	the	131	

names	of	each	service	(and	possible	variations	of	these)	but	also	included	vocabulary	132	

describing	processes	and	conditions	that	could	reflect	their	provision	at	the	site	scale	akin	133	

to	individual	land	cover	units.	The	search	was	finalized	in	December	2014,	and	was	134	

constrained	to	include	documents	published	from	1970	onward,	to	be	comparable	with	135	

current	land	use	regimes	in	New	Zealand	(49).	136	
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Our	keyword	search	yielded	9,741	references,	and	an	initial	automated	screening	reduced	137	

these	to	4,373	publications	by	removing	references	that	only	mentioned	a	single	type	of	138	

land	cover	or	land	use	in	their	title,	abstract	and	keywords.	Publications	with	2	or	more	139	

land	cover	terms	were	scanned	using	Abstrackr,	an	interactive	machine	learning	system	for	140	

semi-automated	abstract	screening,	often	used	in	medical	meta-analyses	(50).	By	learning	141	

from	the	abstracts	or	words	a	user	identifies	as	relevant	during	the	screening	process,	142	

Abstrackr	can	predict	the	likely	relevance	of	unscreened	abstracts	and	effectively	assist	in	143	

the	exclusion	of	irrelevant	ones	(more	details	in	SI	Appendix	2).	144	

Abstract	screening	yielded	914	relevant	papers,	which	were	passed	on	to	a	team	of	four	145	

reviewers	for	full-text	assessment	and	data	extraction.	Studies	that	did	not	have	replicated	146	

observations	(as	defined	in	SI	Appendix	2)	for	any	land	covers	were	discarded,	whereas	147	

studies	that	contained	replication	on	some,	but	not	all,	of	the	land	covers	were	kept	and	148	

only	data	on	the	replicated	land	covers	were	extracted.	Although	we	only	included	149	

terrestrial	land	covers,	ecosystem	services	provided	by	land	but	linked	to	a	water	body	150	

were	included	in	our	analysis.	Full	details	of	how	the	full-text	selection	criteria	were	151	

applied	can	be	found	in	SI	Appendix	4.	In	total,	we	extracted	data	from	136	studies	that	152	

passed	all	inclusion	criteria	(see	SI	Appendix	5	for	bibliographic	details	of	each	study).	153	

Information	on	the	land	covers,	quantitative	measures	of	ecosystem	service	provision,	154	

experimental	design	and	bibliographic	details	for	each	study	was	collated	in	a	database.	To	155	

allow	for	comparability	across	studies,	individual	land	covers	described	in	each	study	were	156	

matched	to	the	nearest	category	in	New	Zealand’s	Land	Cover	Database	-	LCDB	(51).	This	157	

classification	system	includes	forest,	shrubland	and	grassland	areas	of	either	158	

predominantly	native	or	exotic	vegetation,	as	well	as	cropland	and	more	artificial	surfaces	159	

such	as	built-up	surfaces	and	mining	areas	(SI	Appendix	1).	160	

Often,	the	same	quantitative	measure	of	service	provision	obtained	from	a	study	161	

(indicators,	presented	in	SI	Dataset	1)	would	be	relevant	to	more	than	one	ecosystem	162	

service.	We	therefore	assigned	each	indicator	to	one	or	more	ecosystem	services	and	163	

defined	the	general	direction	of	each	indicator	-	ecosystem	service	relationship	(i.e.	by	164	

determining	whether	larger	values	of	the	indicator	would	generally	reflect	an	increase	or	165	
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decrease	in	service	provision).	This	was	done	because	the	majority	of	the	studies	in	our	166	

meta-analysis	did	not	explicitly	use	‘ecosystem	services’	terminology.	Instead,	they	167	

measured	environmental	or	ecological	variables	that	could	be	used	as	indicators	of	168	

ecosystem	service	provision,	provided	a	conceptual	link	was	defined	between	the	indicator	169	

(e.g.,	annual	water	discharge	of	a	catchment)	and	the	corresponding	service	(provision	of	170	

freshwater).	Thematic	experts	(see	Acknowledgements)	were	consulted	for	assigning	171	

indicators	to	services	and	determining	the	direction	of	the	indicator	-	ecosystem	service	172	

relationship	when	we	could	not	readily	define	this.	Although	we	recognize	that	the	173	

relationship	between	an	indicator	and	a	service	may	be	non-linear	(e.g.,	pollination	174	

services	may	saturate	with	large	numbers	of	pollinators),	in	most	cases	it	was	not	possible	175	

to	establish	a	clearly	defined	non-linear	function,	so	we	assumed	a	linear	relationship	for	176	

all	indicators.	177	

Unique	identifiers	allowed	us	to	define	individual	studies,	regardless	of	whether	they	were	178	

published	within	a	publication	that	spanned	more	than	one	study	or	across	different	179	

publications	(SI	Appendix	2).	Multiple	measures	from	within	the	same	replicate	site	were	180	

aggregated	into	a	single	value	per	replicate	(see	SI	Appendix	2	for	details).	Methods	for	181	

standardizing	measures	of	variance	are	provided	in	SI	Appendix	6.	182	

We	obtained	a	final	database	with	information	on	473	ecosystem	service	indicators	among	183	

3105	pairwise	comparisons	of	two	land	covers	from	136	studies.	A	log	Response	Ratio	was	184	

used	as	the	effect	measure	for	comparing	pairs	of	land	covers	within	each	study	and	was	185	

standardized	such	that	larger	values	always	represented	greater	service	provision	in	the	186	

numerator	land	cover	relative	to	the	denominator	one	(see	SI	Appendix	2	for	this	187	

standardization	and	log	Response	Ratio	variance	calculations).	188	

Studies	with	more	than	one	indicator	of	a	given	service	were	aggregated	to	have	the	same	189	

weight	as	studies	with	only	a	single	indicator	(see	SI	Appendix	2).	Subsequently,	the	total	190	

number	of	land	cover	comparisons	in	our	final	dataset	of	136	studies	was	reduced	from	191	

3105	to	1003	comparisons	for	individual	services	within	single	studies	(See	SI	Dataset	2	for	192	

an	overview	of	the	final	data).	193	
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Data analysis 194	

Data	analysis	was	conducted	as	a	two	stage	process:	we	first	examined	the	provision	of	195	

each	ecosystem	service	by	different	land	covers,	and	then	assessed	the	relationships	among	196	

land	covers	in	terms	of	multiple	ecosystem	services.	For	the	first	stage,	we	conducted	a	197	

separate	network	meta-analysis	(52)	for	each	ecosystem	service.	Network	meta-analysis	198	

allowed	us	to	compare,	for	each	ecosystem	service,	a	wide	array	of	land	covers	across	199	

different	studies,	even	though	we	did	not	have	data	for	direct	comparisons	among	all	200	

combinations	of	land	covers.	Conventional	meta-analysis	compares	2	treatments	at	a	time,	201	

using	direct	comparisons	from	each	study.	In	contrast,	a	network	meta-analysis	can	202	

compare	multiple	(i.e.	3	or	more)	treatments	simultaneously	by	using	both	direct	evidence	203	

(studies	comparing	pairs	of	treatments)	and	indirect	evidence	derived	from	linking	204	

common	treatments	across	different	studies	in	a	network	of	evidence	(52).	For	example,	if	205	

some	studies	show	that	land	cover	A	is	better	than	B	in	the	provision	of	a	service,	and	206	

others	provide	direct	evidence	that	B	is	better	than	C,	then	a	network	meta-analysis	allows	207	

us	to	make	the	inference	that	A	will	also	be	better	than	C.	208	

We	conducted	our	network	meta-analyses	with	the	R	package	Netmeta	(53),	which	offered	209	

a	frequentist	approach	to	calculate	point	estimates	(and	their	corresponding	95%	210	

confidence	intervals)	of	the	effect	of	the	different	land	covers	on	the	provision	of	each	211	

ecosystem	service.	We	used	a	random	effects	meta-analytic	model	to	generate	these	212	

estimates	and	their	confidence	intervals,	both	of	which	were	then	used	to	define	213	

probability	scores	(54)	and	examine	how	different	land	covers	ranked	in	the	provision	of	214	

each	ecosystem	service.	We	used	both	rankings	and	point	estimates	to	construct	forest	215	

plots	comparing	all	land	covers	to	the	high	producing	exotic	grassland	(which	we	defined	216	

as	a	baseline	reference)	in	the	provision	of	each	service.	We	selected	high	producing	exotic	217	

grasslands	as	the	reference	because	it	was	the	only	land	cover	that	was	represented	across	218	

all	ecosystem	services	in	our	dataset.	219	

Trade-offs	and	synergies	in	land	cover	effects	across	the	whole	suite	of	ecosystem	services	220	

were	then	examined	using	hierarchical	clustering	of	the	network	meta-analytic	estimates.	221	

For	this,	we	constructed	a	land	cover	by	ecosystem	services	matrix	(found	in	SI	Appendix	222	
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7)	using	the	estimated	log	Response	Ratios	of	each	land	cover	(relative	to	the	high	223	

producing	exotic	grassland	reference)	in	each	service,	as	determined	with	the	individual	224	

network	meta-analyses	(see	forest	plots	in	SI	Appendix	10	for	estimated	ratios).	Missing	225	

values	in	this	matrix	resulted	from	sets	of	land	covers	for	which	we	had	no	information	on	226	

a	given	service	or	could	not	infer	the	corresponding	ratios.	227	

For	analysis,	we	selected	the	largest	possible	subsets	of	this	matrix	with	no	gaps.	This	228	

resulted	in	two	data	subsets:	a	matrix	of	ten	land	covers	by	eight	ecosystem	services	and	229	

another	matrix	with	nine	ecosystem	services	by	eight	land	covers.	The	matrix	with	ten	land	230	

covers	was	used	to	compare	land	covers	in	their	provision	of	the	eight	services.	This	231	

allowed	us	to	explore	how	land-cover	differences	influence	suites	of	services.	The	matrix	232	

with	nine	services	was	rotated	to	have	services	as	rows	(land	covers	as	columns)	and	used	233	

to	compare	services	in	terms	of	the	land	covers	that	provide	them.	This	allowed	us	to	234	

identify	services	that	tended	to	be	provided	by	different	land	covers	and	thus	would	likely	235	

be	traded	off	with	one	another	in	land	decisions.	A	dissimilarity	matrix	was	then	calculated	236	

from	each	of	these	matrices	using	the	daisy	function	of	the	cluster	package	for	R	(55)	with	237	

Euclidean	distances.	For	the	matrix	with	ten	land	covers,	distances	were	based	on	land	238	

cover	observations	for	each	service,	while	for	the	rotated	matrix	with	nine	distances	were	239	

based	on	service	observations	for	each	land	cover.	Each	of	the	distance	matrices	was	then	240	

used	to	perform	hierarchical	clustering	(56)	to	identify	groups	of	land	covers	and	services	241	

exhibiting	similar	behavior.	242	

Finally,	we	tested	hypotheses	on	whether	characteristics	of	the	land	covers	and	ecosystem	243	

services	in	our	distance	matrices	explained	the	trends	observed	in	each	of	the	244	

corresponding	clusterings.	Land	covers	were	grouped	under	two	categorical	variables,	one	245	

denoting	the	presence/absence	of	forest	cover	and	another	separating	production	land	246	

covers,	dominated	by	exotic	vegetation	cover,	from	those	with	no	production	activities.	247	

Originally,	we	intended	to	compare	land	covers	with	a	native	vs.	exotic	vegetation	cover	248	

separately	from	production	vs.	natural.	However,	we	omitted	the	former	category	because,	249	

except	for	one,	all	land	covers	with	exotic	vegetation	were	production	and	all	native	covers	250	

had	little	or	no	production.	We	used	a	permutational	multivariate	analysis	of	variance	251	
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(PERMANOVA)	to	test	whether	these	variables	or	their	interaction	explained	between-252	

land-cover	differences	in	the	provision	of	multiple	ecosystem	services.	253	

Similarly,	ecosystem	services	were	classified	into	three	categories	according	to	the	scale	at	254	

which	their	benefits	were	perceived	(locally	within	each	land	cover,	regionally	across	255	

neighboring	land	covers,	or	globally)	and	into	three	categories	representing	the	biophysical	256	

domain	to	which	the	majority	of	indicators	used	to	quantify	the	provision	of	each	the	257	

service	belonged	to	(biotic,	hydrologic	or	edaphic).	A	PERMANOVA	was	applied	to	test	258	

whether	scale	or	domain	explained	groupings	of	ecosystem	services	within	the	259	

multidimensional	space	of	service	provisioning	across	land	covers.	We	did	not	test	for	an	260	

interaction	between	these	two	variables	because	some	combinations	of	factor	levels	were	261	

absent	and	we	lacked	sufficient	degrees	of	freedom.	262	

PERMANOVA	analyses	were	conducted	using	the	adonis	function	of	the	vegan	package	in	R	263	

(57).	Since	variables	are	added	sequentially	in	adonis,	to	be	conservative	we	performed	264	

each	PERMANOVA	twice	and	swapped	the	order	of	the	variables	in	the	second	iteration	so	265	

that	each	variable	was	tested	second,	after	controlling	for	any	collinearity	with	the	other	266	

predictor	(i.e.	adjusted	sums	of	squares).	The	betadisper	function	of	the	vegan	package	was	267	

used	to	test	the	assumption	of	multivariate	homogeneity	of	group	dispersions,	and	all	tests	268	

met	this	assumption.	SI	Appendix	8	presents	the	land	covers	and	ecosystem	service	269	

categories	used	in	these	analyses.	270	

Results 271	

Data coverage 272	

The	136	studies	in	our	database	contributed	data	on	17	different	ecosystem	services	and	273	

25	land	covers	(SI	Appendix	9).	All	four	categories	of	ecosystem	services	(47)	were	274	

represented	within	our	dataset.	However,	most	studies	examined	regulating	or	supporting	275	

services,	with	116	and	115	studies,	respectively.	Only	47	studies	presented	data	on	276	

provisioning	services	and	five	on	cultural	ones.	All	of	the	services	in	the	supporting	277	

category	(habitat	provision,	nutrient	cycling,	soil	formation,	water	cycling	and	primary	278	

production)	are	represented	in	our	database.	Only	four	land	cover	comparisons	had	more	279	
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than	20	studies	(high	producing	exotic	grassland	vs.	exotic	forest,	indigenous	forest	vs.	high	280	

producing	exotic	grassland,	short-rotation	cropland	vs.	high	producing	exotic	grassland	281	

and	exotic	forest	vs.	indigenous	forest);	whereas	the	remaining	land	cover	pairs	were	282	

represented	by	10	or	fewer	studies	each.	283	

Land cover effects on individual ecosystem services 284	

SI	Appendix	1	presents	an	overview	of	the	evidence	network	and	individual	network	meta-285	

analyses	for	each	of	the	17	ecosystem	services	in	our	database.	The	results	of	the	meta-286	

analyses	are	expressed	as	forest	plots	(SI	Appendix	10).	For	several	services,	the	narrow	287	

confidence	intervals	in	these	forest	plots	reveal	that	land	covers	with	native	shrub,	grass	288	

and	forest	vegetation	(i.e.	broadleaved	indigenous	hardwoods,	indigenous	forest,	289	

manuka/kanuka,	matagouri	or	grey	scrub	and,	in	many	cases,	tall	tussock	grassland)	290	

tended	to	rank	higher	in	their	provision	than	the	more	intensive	high-value	production	291	

land	covers	(particularly	short-rotation	cropland	and	high-producing	exotic	grassland).	292	

Regulation	of	water	timing	and	flows,	water	purification,	freshwater	provision	and	disease	293	

mitigation	conformed	to	this	general	pattern.	In	these	services,	low	producing	grasslands	294	

(which	comprise	a	mix	of	exotic	and	native	vegetation)	and	exotic	forests	also	perform	295	

relatively	well	and	always	rank	within	the	top	half	of	all	land	covers.	296	

For	habitat	provision	the	difference	between	native	vegetation	and	production	systems	297	

was	less	important	than	the	presence	of	open	vs.	woody	vegetation	cover.	For	this	service,	298	

land	covers	with	woody	vegetation	(sub-alpine	shrubland,	matagouri	or	grey	scrub,	exotic	299	

forest,	broadleaved	indigenous	hardwoods	and	forest)	ranked	higher	in	their	estimates	of	300	

service	provision	than	those	with	open	covers	(short-rotation	cropland,	depleted,	tussock,	301	

low	and	high	producing	grasslands)	or	deciduous	hardwoods.	Meanwhile,	primary	302	

production	tended	to	be	highest	under	production	systems	(e.g.,	exotic	forest,	cropland	and	303	

high-intensity	grassland)	and	lower	in	natural	systems	(e.g.,	low	producing	and	tussock	304	

grassland,	indigenous	forest),	rather	than	differing	between	forested	and	open	covers;	305	

however,	these	trends	were	not	statistically	significant	due	to	the	wide	and	overlapping	306	

confidence	intervals.	Importantly,	these	results	indicate	that	no	single	land	cover	provides	307	
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all	services	at	a	maximal	level.	Rather,	in	order	to	ensure	flows	of	multiple	services,	308	

multiple	land	covers	will	be	required	within	the	landscape.	309	

The	forest	plots	in	SI	Appendix	10	for	primary	production,	erosion	control,	pest	regulation,	310	

waste	treatment,	capture	fisheries,	ethical	&	spiritual	values,	pollination	and	regional	&	311	

local	climate	regulation	all	present	wide,	overlapping	confidence	intervals	for	all	or	most	of	312	

their	estimates.	This	suggests	non-significant	differences	in	land-cover	provision	of	these	313	

services.	For	some	services,	this	could	be	due	to	small	evidence	bases,	either	in	terms	of	314	

few	studies	or	few	comparisons	for	specific	land	cover	pairs	within	a	network	(which	can	315	

be	seen	as	large	differences	in	link	weights	in	the	corresponding	evidence	networks,	SI	316	

Appendix	10).	In	the	case	of	erosion	control,	where	the	evidence	base	is	formed	by	22	317	

studies	(SI	Appendix	10),	overlapping	confidence	intervals	in	the	land	covers	with	the	318	

greatest	number	of	comparisons	express	high	variability	in	service	provision	from	these	319	

land	covers	and	suggest	that	other	factors	besides	land	cover	(e.g.,	slope,	soil	type)	likely	320	

account	for	the	differences	in	erosion	control	across	the	sites	in	all	22	studies.	321	

Land cover effects across multiple ecosystem services 322	

To	explore	how	the	above	trends	in	the	provision	of	individual	services	translate	into	323	

trade-offs	and	synergies	among	suites	of	services	and	the	land	covers	providing	them,	we	324	

conducted	multivariate	analyses	on	service	provision	across	land	covers.	First,	we	325	

examined	whether	groups	of	land	covers	played	a	similar	role	in	the	average	provision	of	326	

services	and,	conversely,	whether	groups	of	services	responded	similarly	to	differences	in	327	

land	cover.	328	

Differences among land covers in their provision of services 329	

When	we	focused	on	the	subset	of	data	with	values	for	the	greatest	number	of	land	covers	330	

across	the	maximum	number	of	ecosystem	services,	we	observed	a	gradient	of	land	covers	331	

that	separates	those	with	lower	production	(and,	generally,	forest	cover)	from	the	high	332	

value	production	systems	(Fig.	1).	More	specifically	we	can	identify	the	following	clusters:	333	

• Cluster	A	-	Fruit	and	vegetable	production	systems	334	
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• Cluster	B	-	Intensive	production	systems:	exotic	forests	(harvested	and	unharvested)	335	

and	high	production	grasslands	336	

• Cluster	C	-	Indigenous	forests	(well-established	or	in	advanced	succession)	and	low	337	

production	grasslands	338	

• Cluster	D	-	Tall	tussock	grasslands	and	deciduous	hardwoods	339	

The	gradient	from	clusters	A	to	C	is	consistent	with	the	aforementioned	trend	of	native	340	

land	covers	performing	better	in	the	services	for	which	production	land	covers	perform	341	

poorly	and	vice	versa	(see	SI	Appendix	10).	These	clusters	provide	an	approach	to	identify	342	

the	strongest	trade-offs	in	service	provision,	such	as	that	between	the	land	covers	in	cluster	343	

C	and	those	in	clusters	A	and	D	(Fig.	1)	with	the	latter	specializing	in	biomass	production,	344	

the	formation	of	soil	suitable	for	plant	growth	and	fast	water	cycling	rates,	and	the	former	345	

being	better	suited	for	providing	habitat,	cycling	nutrients	and	purifying,	providing	and	346	

regulating	the	flow	of	water.	Larger	differences	in	the	height	at	which	clusters	separate	347	

from	each	other	indicate	greater	differences	in	service	provision.	Consequently,	in	Fig.	1,	348	

clusters	B	and	C	(both	with	grasslands	and	forests)	are	more	similar	to	each	other	in	their	349	

provision	of	services	than	they	are	to	clusters	A	or	D.	Likewise,	B	and	C	are	more	similar	to	350	

each	other	(indicated	by	the	lower	branch	point)	than	A	and	D	are	to	each	other.	351	

The	trade-off	in	service	provision	between	production	and	non-production	land	covers	was	352	

statistically	significant	(PERMANOVA,	Pseudo	F1,6	=	2.927,	partial	R2=	0.259,	p	<	0.01;	see	353	

detailed	results	in	SI	Appendix	11).	The	assumption	of	homogeneous	dispersion	between	354	

both	groups	was	met	(F1,8	=	0.15,	p	>	0.05),	suggesting	that	neither	provides	a	greater	range	355	

of	ecosystem	services	among	its	different	land	covers.	Conversely,	the	separation	between	356	

forested	and	non-forested	land	covers	did	not	significantly	explain	the	distribution	of	land	357	

covers	in	service	space	(Pseudo	F1,6	=	1.226,	partial	R2=	0.109,	p	>	0.05;	see	also	SI	358	

Appendix	11)	nor	did	the	interaction	between	forested/non-forested	and	production/non-359	

production	(Pseudo	F1,6	=	1.141,	partial	R2=	0.101,	p	>	0.05;	SI	Appendix	11).	360	

Differences among ecosystem services in the land covers that provide them 361	

By	clustering	ecosystem	services	based	on	their	provisioning	in	each	land	cover,	we	362	

identified	some	services	that	tend	to	perform	differently	from	each	other	and,	363	
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consequently,	have	their	provision	traded-off	across	land	covers.	This	trade-off	is	acute	for	364	

water-related	services;	most	of	these	tend	to	occupy	distinct	spaces	within	the	dendrogram	365	

with	water	cycling	standing	apart	from	all	other	services,	water	purification	and	freshwater	366	

provision	in	a	separate	cluster,	and	regulation	of	water	timing	and	flows	in	a	single	branch	367	

close	to	global	climate	regulation	and	nutrient	cycling	(Fig.	2).	The	trade-off	between	water	368	

cycling	and	regulation	of	water	timing	and	flows	is	likely	because	land	covers	that	allow	369	

increased	runoff	and	present	low	water	retention	(such	as	harvested	forests,	croplands	and	370	

built-up	areas)	deliver	more	of	the	water	cycling	service	than	the	land	covers	that	promote	371	

soil	water	storage	and,	consequently,	perform	better	under	the	regulation	of	water	timing	372	

and	flows	service	(e.g.,	broadleaved	indigenous	hardwoods,	indigenous	forests	and	low	373	

producing	grasslands).	Freshwater	provision	and	water	purification	form	a	cluster	because	374	

the	water	quality	aspect	of	their	provision	was	assessed	with	common	indicators	(SI	375	

Dataset	1)	and	in	both	cases	greater	service	provision	came	from	land	covers	contributing	376	

to	enhanced	water	quality	(such	as	tall	tussock	grassland	and	indigenous	forest,	SI	377	

Appendix	10).	378	

In	contrast	to	the	water-related	services,	those	more	closely	linked	to	the	soil	system	379	

(nutrient	cycling	and	soil	regulation)	are	found	closer	to	each	other	in	Fig.	2,	and	appear	to	380	

be	delivered	similarly	across	land	covers	(see	forest	plots	in	SI	Appendix	10).	In	our	381	

analysis,	global	climate	regulation	falls	under	this	broad	group	of	services	and	forms	a	tight	382	

cluster	with	nutrient	cycling	(Fig.	2).	This	is	likely	due	to	the	indicators	shared	by	both	and	383	

a	gap	in	our	database	with	respect	to	the	contribution	of	vegetation	and	livestock	in	384	

greenhouse	gas	fluxes.	Further	research	on	these	aspects	should	therefore	allow	for	a	more	385	

comprehensive	quantification	of	the	provision	of	this	service	across	land	covers	and	uses.	386	

Neither	the	spatial	scale	of	service	provision	(local,	regional,	global)	nor	the	main	387	

biophysical	domain	of	services	(edaphic,	hydrologic	and	vegetation)	significantly	affect	the	388	

distribution	of	services	in	multidimensional	‘land	cover	space’.	When	tested	together	as	389	

additive	main	effects	in	a	model,	we	observed	changes	in	the	importance	of	each	variable	390	

that	depended	on	their	order	in	the	model	(SI	Appendix	11),	suggesting	collinearity	391	

between	the	two	predictors.	When	each	was	tested	after	removing	the	partial	effect	of	the	392	

other	(i.e.	as	second	in	the	model),	neither	the	biophysical	domain	of	services	393	
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(PERMANOVA,	Pseudo	F2,4	=	2.253,	partial	R2=	0.312,	p	>	0.05;	see	also	SI	Appendix	11)	or	394	

spatial	scale	of	service	provision	(PERMANOVA,	Pseudo	F2,4	=	2.337,	partial	R2=	0.323,	p	>	395	

0.05;	SI	Appendix	11)	independently	explained	significant	variation	in	the	distribution	of	396	

services	in	multidimensional	space.	In	Fig.	2,	the	only	services	of	similar	scale	that	cluster	397	

together	are	freshwater	provision	and	water	purification,	which	deliver	benefits	at	regional	398	

scales	and,	as	mentioned	before,	share	some	of	their	indicators	and	responses	to	these	399	

indicators.	The	two	other	services	which	form	a	tight	cluster	in	Fig.	2	(nutrient	cycling	and	400	

global	climate	regulation)	also	have	common	indicators	(pertaining	to	microbial	401	

respiration	and	carbon	dioxide	fluxes	in	the	soil)	to	which	they	respond	similarly,	despite	402	

their	benefits	being	experienced	at	different	scales.	403	

Discussion 404	

Our	meta-analysis	revealed	a	clear	difference	between	high	-	value	production	land	covers,	405	

which	specialize	mainly	in	services	relating	to	primary	productivity,	and	all	the	land	covers	406	

with	native	shrub	or	forest	vegetation.	Together,	land	covers	with	native	vegetation	407	

outperformed	production	ones	in	the	provision	of	most	supporting	and	regulating	services.	408	

However,	in	New	Zealand	production	land	covers	are	dominant,	with	exotic	forests,	high	409	

producing	exotic	grasslands,	croplands,	and	orchards/vineyards	occupying	42%	of	the	410	

country´s	terrestrial	area	in	2012	(58).	Ecosystem	service	assessments	were	conceived,	in	411	

part,	to	make	explicit	how	decisions	on	ecosystem	management	reflect	preferences	for	412	

different,	competing	sets	of	services	(7,	59).	The	trade-off	we	find	between	production	and	413	

native	land	covers	illustrates	how	the	provision	of	services	with	a	high	market	value	and	414	

short-term	returns	occurs	at	the	expense	of	services	that	have	a	non-market	value	but	are	415	

essential	for	sustained,	long-term	human	welfare	(60).	416	

The	above	findings	resonate	with	the	recommendations	of	Foley	and	colleagues	(61)	with	417	

respect	to	halting	indiscriminate	expansion	of	agriculture	into	sensitive	ecosystems.	418	

However,	our	findings	also	suggest	that,	at	the	landscape	scale,	the	dichotomy	between	419	

production	and	non-production	land	covers	is	not	solved	with	a	single	‘generalist’	native	420	

land	cover.	Even	for	the	services	that	were	best	delivered	by	land	covers	with	native	421	

vegetation,	we	did	not	find	evidence	of	a	single	land	cover	consistently	performing	better	422	
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than	the	rest	in	providing	all	of	the	services.	Instead,	our	findings	show	that	while	423	

indigenous	forests	tend	to	perform	well	in	the	provision	of	most	services	(particularly	424	

erosion	control,	waste	treatment,	disease	mitigation	and	global,	regional	and	local	climate	425	

regulation),	in	many	services	they	are	outperformed	by	other	land	covers	such	as	native	426	

shrubland	(manuka	and	or	kanuka,	which	contribute	very	well	to	soil	formation	and	427	

regulation	of	water	timing	and	flows),	tall	tussock	grasslands	(which	are	well	suited	to	428	

freshwater	provision,	water	purification	and	pest	regulation)	and	even	advanced	429	

successional	forest	(broadleaved	indigenous	hardwoods,	which	rank	high	in	regulation	of	430	

water	timing	and	flows,	nutrient	cycling	and	habitat	provision).	Therefore,	a	landscape	431	

with	a	mosaic	of	these	land	covers	is	more	likely	to	offer	a	broader	suite	of	services	than	432	

one	dominated	by	large	extents	of	any	single	native	land	cover	(62–64).	433	

Thus,	we	support	earlier	recommendations	to	extend	beyond	the	dichotomy	of	434	

conservation	vs.	production	land	into	a	more	a	comprehensive	management	(65–67).	Such	435	

management	could,	for	example,	contemplate	the	extension	or	restoration	of	under-436	

represented	native	land	uses	at	strategic	sites	where	intensive	use	is	not	matched	by	437	

increased	production	yield,	to	promote	provision	of	critical	services	or	broaden	the	existing	438	

suite.	To	this	end,	management	will	need	to	be	informed	by	a	comprehensive	439	

understanding	of	how	services	can	scale	up	from	individual	land	use	units	and	how	the	440	

relative	sizes	of	different	land	use	units	within	a	landscape	can	affect	service	provision.	441	

Our	analysis	shows	that	low	intensity-production	land	covers	that	retain	some	native	442	

vegetation	(i.e.	the	low	producing	grasslands	in	our	dataset)	can	approach	native	land	443	

covers	(broadleaved	indigenous	hardwoods	and	indigenous	forests)	in	terms	of	overall	444	

service	provision.	These	low-intensity	production	land	covers	demonstrate	that	production	445	

and	a	suite	of	other	services	can	be	jointly	delivered,	providing	empirical	support	to	the	446	

notion	of	managed	ecosystems	with	“restored”	services	proposed	by	Foley	et	al.	(1).	447	

Importantly,	we	identified	great	variability	in	the	effect	of	some	land	covers	on	the	448	

provision	of	certain	services,	despite	there	being	high	replication	in	our	evidence	base	for	449	

these	effects	(e.g.,	water	purification	by	short-rotation	croplands	and	erosion	control	by	450	

high	producing	exotic	grasslands,	indigenous	and	exotic	forests).	This	suggests	that	local	451	

environmental	conditions	and	management	practices	can	significantly	alter	how	a	given	452	
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land	use	affects	service	provision	(68),	which	implies	some	potential	to	improve	service	453	

provision	by	adjusting	management	practices	of	specific	land	uses	(69–71).	Within	454	

individual	land	uses,	decisions	on	which	practices	to	adopt	will	require	detailed	research	455	

on	the	effects	of	different	management	regimes	on	service	provision,	as	well	as	an	456	

understanding	of	the	extent	to	which	the	plasticity	in	service	provision	is	constrained	(or	457	

favored)	by	environmental	factors.	458	

A	critical	challenge	in	applying	the	ecosystem	services	framework	to	spatial	and	459	

environmental	planning	is	understanding	the	extent	to	which	different	land	uses	affect	the	460	

provision	of	services	(72).	The	uneven	coverage	of	different	services	that	we	observed	in	461	

the	literature	reflects	both	the	variable	ease	of	quantifying	different	services	and	the	likely	462	

relevance	of	comparing	provision	of	a	given	service	among	land	uses.	Within	our	dataset,	463	

supporting	and	regulating	services	are	best	represented.	In	the	global	literature,	regulating	464	

services	are	also	the	most	commonly	quantified	and	mapped	category,	however,	they	are	465	

usually	followed	by	provisioning	services	while	the	evidence	on	supporting	services	is	466	

scarce	(11,	13,	14,	36,	38,	73).	The	limited	representation	of	provisioning	services	in	our	467	

dataset	possibly	occurred	because	most	provisioning	services	(e.g.,	milk,	timber)	are	linked	468	

to	single	or	few	land	covers	and,	consequently,	are	unlikely	to	be	compared	across	land	469	

covers.	Such	services,	however,	enter	the	market	directly	and	can	be	more	readily	470	

quantified	in	monetary	terms.	In	contrast,	the	supporting	and	regulating	services	that	471	

predominate	in	our	dataset	usually	translate	to	externalities	in	the	context	of	production	472	

systems	and	are	likely	more	readily	quantified	through	biophysical	indicators	than	473	

monetary	units	(36,	74).	474	

Cultural	services	are	poorly	represented	in	our	database,	with	the	few	indicators	for	this	475	

category	all	being	shared	with	the	capture	fisheries	provisioning	service,	because	they	476	

pertain	to	eels,	which	are	of	cultural	significance	to	Māori	in	New	Zealand.	As	has	been	477	

argued	elsewhere	(75),	cultural	ecosystem	services	have	non-material	and	ideological	478	

dimensions	that	are	not	readily	quantified	and,	thus,	are	not	well	represented	even	within	479	

the	emerging	body	of	specialized	literature	on	ecosystem	service	provision	assessment	480	

(76).	Moreover,	it	has	been	suggested	that	cultural	services	escape	the	instrumental	value	481	

domain	present	in	the	ecosystem	services	framework.	Instead,	they	fall	under	the	relational	482	
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domain,	whereby	value	is	not	solely	defined	in	terms	of	the	direct	benefits	we	can	derive	483	

from	an	ecosystem,	but	also	in	terms	of	the	social	webs	of	desired	and	actual	relationships	484	

we	construct	around	that	ecosystem	or	its	components	(33).	Consequently,	for	these	485	

services,	a	quantitative	approach	like	ours	should	be	complemented	with	assessments	that	486	

address	the	relational	dimensions	of	the	values	people	hold	for	the	natural	elements	in	487	

different	land	uses	to	better	represent	their	importance	in	a	cultural	context	(77).	488	

Individual	services	are	defined	to	encompass	distinct	processes	and	values,	but	these	are	489	

often	quantified	by	overlapping	sets	of	indicators	(74).	For	example,	in	our	dataset	490	

indicators	of	water	and	soil	pertained	to	more	than	one	service	(e.g.,	water	purification	and	491	

provision	of	freshwater	both	share	indicators	of	water	quality,	while	erosion	control	and	492	

soil	formation	share	indicators	on	soil	stability).	Since	the	MEA	was	released,	there	have	493	

been	initiatives	to	redefine	services	and	their	categories	(78,	79);	here	we	argue	that	future	494	

work	in	determining	how	to	best	quantify	services	and	their	spatio-temporal	variation	will	495	

be	at	least	as	important	as	refining	their	taxonomy.	Furthermore,	if	a	focus	on	quantifying	496	

ecosystem	services	should	reveal	aspects	of	services	that	are	best	left	unquantified	(such	as	497	

the	relational	domain	of	cultural	services),	this	could	also	lead	to	the	development	of	498	

alternative	ways	of	assessing	those	services,	which	could	then	be	applied	in	combination	499	

with	quantitative	approaches	like	the	one	we	have	developed	here.	Recent	developments,	500	

like	the	concept	of	nature’s	contributions	to	people	and	the	framework	for	their	501	

assessment	proposed	by	Díaz	and	colleagues	(80),	provide	an	opportunity	for	reconciling	502	

these	aspects.	503	

Our	work	suggests	that	there	is	great	potential	in	using	existing	data	for	assessing	trade-504	

offs	in	ecosystem	service	provision	more	cost-efficiently	than	through	direct	field	505	

observation	and,	moreover,	that	conceptual	improvements	in	service	quantification	could	506	

greatly	improve	our	ability	to	exploit	this	potential.	An	important	caveat	in	our	approach	507	

stems	from	underlying	factors	that	are	correlated	with	land	cover	and	use	and	impact	the	508	

provision	of	certain	services.	For	example,	steep	slopes	are	frequently	found	in	some	land	509	

covers	and	land	uses	(like	forestry	and	natural	habitats)	and	would	influence	erosion	510	

control.	Within	our	work	the	effect	of	these	factors	on	service	provision	has	not	been	511	

separated	from	that	of	land	cover.	In	fact,	one	could	argue	that	land	use	is	not	selected	512	
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independently	from	the	local	environment,	so	these	factors	are	a	component	of	any	land	513	

use	and	its	influence	on	services.	Nevertheless,	future	approaches	may	benefit	from	514	

examining	how	these	factors	affect	the	between-	or	within-land-use	differences	in	service	515	

provision.	This	distinction	would	allow	a	shift	from	comparisons	across	locations	(as	we	516	

examined	here)	to	the	predicted	impacts	of	land	use	change	on	services	at	any	location.	517	

However,	such	predictions	would	need	to	incorporate	legacy	effects	of	past	land	uses,	as	518	

these	can	have	enduring	consequences	on	ecosystem	functioning	(81,	82).	519	

Likewise,	we	do	not	examine	whether	it	is	land	covers	or	land	uses	that	best	capture	the	520	

full	range	of	benefits	from	each	ecosystem	service.	Identifying	whether	there	are	any	521	

differences	in	the	benefits	captured	by	land	cover	over	land	use	categorizations,	may	help	522	

inform	the	selection	of	either	in	future	assessments.	Moreover,	some	ecosystem	service	523	

benefits	may	not	be	captured	by	neither	land	cover	nor	land	use,	but	by	other	spatially	524	

variable	factors	(e.g.,	slope	influences	housing	views	which	informs	aesthetic	values).	These	525	

factors	were	beyond	the	scope	of	our	work,	however	assessments	that	aim	to	capture	the	526	

full	range	of	ecosystem	service	benefits	will	likely	need	to	include	these	factors	in	addition	527	

to	land	cover	/	land	use.	528	

Overall,	we	have	presented	a	method	for	using	existing	data	to	assess	trade-offs	and	529	

synergies	in	service	provision	across	land	covers.	This	approach	can	facilitate	the	530	

comparison	of	entire	landscapes	in	the	provision	of	multiple	ecosystem	services.	531	

Quantitative	measures	of	how	multiple	land	covers	provide	ecosystem	services	generated	532	

with	our	review	(or	land	uses	from	equivalent	exercises)	can	be	used	to	map	land	covers	or	533	

land	uses	into	the	multidimensional	service	space	(Fig.	3).	This	mapping	could	reveal	two	534	

key	characteristics	for	land-use	planning:	1)	land	covers/uses	that	cluster	together,	and	535	

thus	exhibit	redundancy	(and	potentially	resilience)	in	service	provision,	or	2)	land	536	

covers/uses	that	occur	at	opposite	extremes	of	service	space,	and	are	therefore	likely	to	537	

exhibit	complementary	roles	in	their	service	provision	(as	services	are	traded	off	between	538	

them).	In	addition,	the	total	hyper-volume	occupied	by	all	land	covers/uses	in	this	539	

multidimensional	service	space	(ordination	plots	in	Fig.	3)	can	indicate	the	diversity	of	540	

services	provided	by	the	full	set	of	land	covers/uses	within	a	given	landscape,	which	could	541	

be	used	in	comparisons	of	existing	landscapes	or	future	scenarios.	542	

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 29, 2019. ; https://doi.org/10.1101/621706doi: bioRxiv preprint 

https://doi.org/10.1101/621706


20	
	

As	an	example,	the	cases	in	Fig.	3	show	how	increasing	the	number	of	land	covers	within	a	543	

landscape	results	in	a	corresponding	increase	in	the	diversity	of	services	provided	by	that	544	

landscape.	Case	3,	with	the	greatest	diversity	of	land	covers,	occupies	the	greatest	hyper-545	

volume	in	multidimensional	service	space.	However,	most	of	the	land	covers	at	the	edge	of	546	

this	volume	exhibit	low	redundancy,	in	contrast	to	the	land	covers	in	Case	2	that	cluster	547	

around	one	portion	of	the	ordination	plot	(and	thus	provide	redundancy	in	the	delivery	of	548	

that	set	of	services).	Note	that	no	landscape	is	likely	to	ever	occupy	a	hyper-volume	that	549	

extends	through	the	entire	service	space,	since	some	areas	of	this	space	may	not	550	

correspond	to	any	actual	configuration	of	existing	services.	Therefore	this	approach	is	best	551	

applied	for	comparing	existing	and/or	potential	land	cover	(or	land	use)	configurations	552	

against	each	other,	rather	than	for	assessing	individual	cases	with	no	reference	of	the	553	

diversity	of	land	covers	that	could	actually	be	achieved	in	that	landscape.	554	

Similarly,	mapping	ecosystem	services	in	multidimensional	land-cover	or	land-use	space	555	

(e.g.,	Fig.	2)	allows	the	identification	of	bundles	of	services	that	respond	similarly	to	land	556	

cover	/	land	use.	These	bundles	can	then	be	used	to	identify	management	decisions	that	557	

minimize	disruption	of	service	flows.	Our	approach	opens	the	way	for	actively	558	

incorporating	existing	sources	of	information	into	ecosystem	services	research	and	559	

informing	practitioners	to	shape	land	systems	that	sustainably	support	human	welfare.	560	
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Figure legends 767	

Fig.	1.	Hierarchical	clustering	of	land	covers.	Land	covers	exhibiting	a	greater	similarity	in	768	

their	provision	of	8	ecosystem	services	are	clustered	closer	to	each	other	than	covers	with	769	

contrasting	trends	in	service	provision.	Likewise,	distances	along	the	height	axis	indicate	770	

dissimilarity	among	clusters	of	land	covers,	with	clusters	that	merge	at	a	greater	height	771	

exhibiting	greater	dissimilarity	in	service	provision.	772	

Fig.	2.	Hierarchical	clustering	of	ecosystem	services.	Ecosystem	services	that	cluster	773	

together	tend	to	be	provided	similarly	across	eight	land	covers.	A	greater	separation	774	

between	the	branching	points	for	clusters	along	the	height	axis	indicates	greater	775	

dissimilarity	among	clusters	in	the	extent	to	which	they	deliver	each	of	the	services	776	

included	in	the	analysis.	777	
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Fig.	3.	Example	visualizations	for	exploring	land	use	trade-offs	in	the	provision	of	multiple	778	

ecosystem	services	from	entire	landscapes.	Quantitative	measures	of	the	provision	of	779	

multiple	ecosystem	services	by	different	land	uses	or	land	covers	(such	as	those	obtained	780	

from	our	meta-analysis)	can	be	used	to	generate	ordinations	that	‘map’	land	covers	or	land	781	

uses	into	the	multidimensional	space	of	ecosystem	service	provision	(ordination	graphs).	782	

Distribution	of	land	covers	(or	uses)	within	that	space	can	assist	with	identification	of	783	

redundancies	in	service	provision	(among	land	covers/uses	that	map	close	together)	and	784	

trade-offs	among	land	covers/uses	that	provide	contrasting	sets	of	services	and,	785	

consequently,	occupy	opposite	extremes	of	the	ordination	space.	Furthermore,	the	786	

hypervolume	enclosed	by	the	total	set	of	land	covers/uses	from	a	given	landscape	787	

expresses	the	diversity	of	services	provided	by	that	landscape.	As	an	example,	our	data	can	788	

be	used	to	compare	multi-service	provision	for:	a	landscape	with	few,	undifferentiated	789	

production	land	covers	(Case	1);	a	landscape	with	a	combination	of	some	production	and	790	

non-production	land	covers	(Case	2)	and	a	landscape	with	a	broad	range	of	production	and	791	

non-production	land	covers	that	provide	a	diverse	range	of	services	(Case	3).	In	each	case,	792	

the	size	of	the	points	is	proportional	to	the	areal	extent	of	the	land	cover.	793	
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Fig. 1. Hierarchical clustering of land covers. Land covers exhibiting a greater similarity in their provision of 8 20 

ecosystem services are clustered closer to each other than covers with contrasting trends in service provision. 21 

Likewise, distances along the height axis indicate dissimilarity among clusters of land covers, with clusters that 22 

merge at a greater height exhibiting greater dissimilarity in service provision. 23 
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Fig. 2. Hierarchical clustering of ecosystem services. Ecosystem services that cluster together tend to be provided 14 

similarly across eight land covers. A greater separation between the branching points for clusters along the height 15 

axis indicates greater dissimilarity among clusters. 16 
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Fig. 3. Example visualizations for exploring land use trade-offs in the provision of multiple ecosystem services from 1 

entire landscapes. Quantitative measures of the provision of multiple ecosystem services by different land uses or 2 

land covers (such as those obtained from our meta-analysis) can be used to generate ordinations that ‘map’ land 3 

covers or land uses into the multidimensional space of ecosystem service provision (ordination graphs). 4 

Distribution of land covers (or uses) within that space can assist with identification of redundancies in service 5 

provision (among land covers/uses that map close together) and trade-offs among land covers/uses that provide 6 

contrasting sets of services and, consequently, occupy opposite extremes of the ordination space. Furthermore, the 7 

hypervolume enclosed by the total set of land covers/uses from a given landscape expresses the diversity of services 8 

provided by that landscape. As an example, our data can be used to compare multi-service provision for: a 9 

landscape with few, undifferentiated production land covers (Case 1); a landscape with a combination of some 10 

production and non-production land covers (Case 2) and a landscape with a broad range of production and non-11 

production land covers that provide a diverse range of services (Case 3). In each case, the size of the points is 12 

proportional to the areal extent of the land cover. 13 
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Appendix 1. Definitions 16	

Table	S1.	Overview	of	Ecosystem	services	17	

Category	 Ecosystem	Service	 Description	

Provisioning	

Food	-	crops	 Cultivated	plants	for	use	by	people	or	animals.	

Food	-	milk	
Animals	raised	for	domestic	or	commercial	

consumption	or	use.	

Food	-	meat	
Animals	raised	for	domestic	or	commercial	

consumption	or	use.	

Food	-	capture	fisheries	
Wild	fish	captured	through	trawling	and	other	

non-farming	methods.	
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Category	 Ecosystem	Service	 Description	

Food	-	aquaculture	
Fish,	shellfish,	and/or	plants	that	are	bred	and	

reared	in	ponds,	enclosures.	

Food	-	wild	plant	and	

animal	products	

Plant	and	animal	food	sources	gathered	or	caught	

in	the	wild.	

Fiber	-	timber	and	

wood	

Products	made	from	trees	harvested	from	forest	

ecosystems,	plantations,	or	non-forested	lands.	

Fiber	-	other	Fibers	
Non-wood	and	non-fuel	based	fibers	sourced	from	

the	environment.	

Biomass	fuel	
Sources	of	fuel	derived	from	plants	and	animals	

(wood,	biofuel	production,	dung).	

Genetic	resources	

Genes	and	genetic	information	used	for	animal	

breeding,	plant	improvement,	and	biotechnology	

(MEA,	2005).	

Biochemicals,	natural	

medicines	and	

pharmaceuticals	

Medicines,	biocides,	food	additives,	and	other	

biological	materials	derived	from	ecosystems	for	

commercial	or	domestic	use.	

Ornamental	resources	
Products	from	nature	that	serve	aesthetic	

purposes.	

Freshwater	

Inland	bodies	of	freshwater,	groundwater,	

rainwater,	and	surface	waters	for	household,	

industrial,	and	agricultural	uses.	

Regulating	

Maintenance	of	air	

quality	

Influence	ecosystems	have	on	air	quality	by	either	

emitting	chemicals	to	the	atmosphere	(reducing	

air	quality)	or	extracting	chemicals	from	the	

atmosphere	(increasing	air	quality).	

Global	climate	

regulation	

Influence	ecosystems	have	on	the	global	climate	

by	emitting	greenhouse	gases	or	aerosols	to	the	

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 29, 2019. ; https://doi.org/10.1101/621706doi: bioRxiv preprint 

https://doi.org/10.1101/621706


3	
	

Category	 Ecosystem	Service	 Description	

atmosphere,	or	by	absorbing	greenhouse	gases	or	

aerosols	from	the	atmosphere.	

Regional	and	local	

climate	regulation	

Influence	ecosystems	have	on	local	and	regional	

climatic	systems	(expressed	in	local	temperatures,	

rains,	winter,	frost	frequency	and	other	climatic	

factors).	

Regulation	of	water	

timing	and	flows	

Influence	ecosystems	have	on	the	timing	and	

magnitude	of	water	runoff,	flooding,	and	aquifer	

recharge	(particularly	in	terms	of	the	water	

storage	potential	of	the	ecosystem	or	landscape).	

Erosion	control	
Role	plants	play	in	soil	retention	and	the	

prevention	of	landslides.	

Water	purification	
Role	ecosystems	play	in	filtering	nutrients,	heavy	

metals	and	pollutants	in	water.	

Waste	treatment	

Role	ecosystems	play	in	decomposing	organic	

wastes	and	recycling	them;	taking	up	and	

detoxifying	compounds	through	soil	and	subsoil	

processes.	

Disease	mitigation	

Influence	that	ecosystems	have	on	the	incidence	

and	abundance	of	human	pathogens.	Bio-control	

agents	and	pathogens	limit	the	need	for	chemical	

interventions.	

Pest	regulation	

Influence	ecosystems	have	on	the	amount	of	crop	

and	livestock	pests	and	diseases.	Bio-control	

agents	and	pathogens	limit	the	need	for	chemical	

interventions.	

Pollination	
Role	ecosystems	play	in	transferring	pollen	

between	male	and	female	plants.	
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Category	 Ecosystem	Service	 Description	

Natural	hazard	

regulation	

Degree	to	which	ecosystems	reduce	damage	

caused	by	natural	hazards.	

Cultural	

Ethical	and	spiritual	

values	

Spiritual,	religious,	aesthetic,	intrinsic	or	other	

values	people	attach	to	ecosystems,	landscapes	or	

species.	

Educational	and	

inspirational	values	

Information	people	get	from	ecosystems	that	is	

used	for	intellectual	development,	culture,	art,	

design	and	innovation.	

Recreation	and	

ecotourism	

Recreation	undertaken	in	nature,	including	

tourism	sector	business	and	tourist	activities	that	

rely	on	natural	or	managed	ecosystems.	

Supporting	

Habitat	provision	

Natural	or	semi-natural	environments	that	

provide	all	the	necessary	elements	for	the	survival	

and	reproduction	of	animal	and	plant	populations	

and	their	capacity	to	recover	after	disturbances.	

Nutrient	cycling	
Cycling	of	essential	nutrients	for	life	(20	in	total,	

includes	nitrogen	and	phosphorous)	(MEA,	2005).	

Soil	formation	 Rate	of	soil	formation	(MEA,	2005).	

Primary	production	

As	a	measure	of	the	assimilation	or	accumulation	

of	energy	and	nutrients	by	organisms	(MEA,	

2005).	

Water	cycling	

Different	from	freshwater	provision	in	that	it	

involves	the	cycling	of	water	through	ecosystems	

as	a	benefit	for	living	organisms	(MEA,	2005).	

	18	

Table	S2.	Overview	of	land	cover	classes	as	defined	by	Thompson	et	al.	(2003)	for	New	19	

Zealand’s	Land	Cover	Database	–	LCDB.	20	
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Group	 Class	 Description	

Artificial	

surfaces	

Built-up	area	

(settlement)	

Central	business	districts,	suburban	dwellings,	

commercial	and	industrial	areas,	horticultural	sites	

dominated	by	structures	and	sealed	surfaces.	Includes	

associated	hard	surfaces	and	infrastructures	(e.g.,	

roads,	carparks,	paved	areas),	low	density	residential	

areas.	

	 Urban	parkland/	

Open	space	

Open,	typically	mown,	within	or	associated	with	bolt-up	

areas.	Includes	parks	(with	scattered	trees),	playing	

fields,	cemeteries,	airports,	golf	courses,	river	berms).	

Hard	surfaces,	trees	or	scrub	exceeding	one	hectare	are	

classified	separately.	

	 Surface	mine	&	

dump	

Gravel	pits	and	other	open	quarries	or	disposal	areas	

for	solid	waste	material.	

	 Transport	

infrastructure	

Roads,	railroads,	airport	runways,	skid	sites	from	forest	

logging	that	are	discernible	in	the	satellite	imagery	used	

for	the	classification	(generally	should	exceed	one	

hectare).	

Bare	or	

lightly	

vegetated	

surfaces	

Sand,	gravel	and	

rock	

Coastal	strip,	landward	side	of	the	coastline.	

	 Gravel	and	rock	 Areas	of	gravel,	sand	and	rock	areas	adjacent	to	rivers,	

streams	and	lakes.	Also	includes:	bare	ground	

associated	with	thermal	activity;	scree	slopes,	glacial	

debris,	rock	tor	areas	in	hills	and	high	lands	and	

recently	formed	surfaces	with	little	or	no	biomass.	

	 Landslide	 Subsoil	and	parent	material	exposed	due	to	localized	

erosion.	
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Group	 Class	 Description	

	 Permanent	snow	

and	ice	

Areas	greater	than	one	hectare	with	perennial	cover	of	

snow	and	ice,	includes	glacier	areas.	

	 Alpine	grass	/	

herbfield	

Vegetation	areas	above	the	tree	line,	dominated	by	low	

growing	and	mat	forming	herbs	and	grasses.	High	bare	

ground	components.	Sites	don’t	have	a	history	of	

pastoral	use.	

Water	bodies	 Lake	or	pond	 Permanently	or	intermittently	standing	open	fresh	

water	without	emerging	vegetation.	Water	bodies	can	

be	natural	or	artificial	(oxidation	ponds,	fire	control	

ponds	and	reservoirs).	

	 River	 Flowing	open	freshwater	without	emerging	vegetation.	

Includes	natural	and	modified	systems	with	a	width	

greater	than	30	meters.	

	 Estuarine	open	

water	

Standing	or	flowing	open	water	areas	without	emerging	

vegetation	and	in	which	saline	waters	are	occasionally	

or	periodically	diluted	by	freshwater	(or	freshwater	is	

made	saline).	Includes	estuaries	of	rivers,	lagoons	and	

dune	swales.	

Cropland	 Short	-	rotation	

cropland	

Areas	where	soil	is	exposed	to	cultivation	regularly	or	

at	least	annually.	Includes	land	for	growing	cereal	

crops,	root	crops,	annual	seed	crops,	annual	vegetable	

crops,	hops,	strawberry	fields,	annual	flower	crops	and	

open	ground	nurseries.	

	 Orchard,	

vineyard	&	other	

perennial	crops	

Orchards	and	areas	cultivated	less	than	annually	used	

for	producing	tree	crops	as	well	as	crops	grown	on	

shrubs	or	climbing	plants.	Includes	areas	with	

perennial	vines	supporting	grape	crops.	

Grassland,	 High	producing	 Exotic	grasslands	with	vigorous	vegetation	cover	
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Group	 Class	 Description	

Sedgeland,	

Saltmarsh	

exotic	grassland	 (clovers	-	Trifolium	spp.,	ryegrass	-Lolium	perenne,	

cocksfoot	-	Dactylis	glomerata).	Usually	comprises	

intensively	managed	grasslands,	rotationally	grazed	for	

wool,	lamb,	beef,	dairy	and	deer	production.	

Management	involves	pasture	renewal	every	five	to	ten	

years,	application	of	fertilizers	and	in	some	cases	

irrigation.	Class	also	includes	extensively	managed	

grasslands	with	low-producing	grasses	(browntop	-	

Agrostis	capillaris	and	sweet	vernal	-	Anthoxanthum	

odoratum)	that	happen	to	show	lush	growth	due	to	high	

soil	fertility	or	annual	rainfall.	

	 Low	producing	

grassland	

Exotic	and	indigenous	grasslands	with	low	plant	vigor	

(seasonally	varying)	and	biomass	(which	may	be	due	to	

environmental	conditions	or	management	practices).	

Dominant	species	include	less	productive	exotic	grasses	

(browntop	-	Agrostis	capillaris	and	sweet	vernal	-	

Anthoxanthum	odoratum)	usually	mixed	with	short	

tussock	species.	Also	includes	areas	of	short	tussock	

grassland	hard	tussock	(Festuca	novaezelandiae),	blue	

tussock	(Poa	colensoi),	and	/	or	silver	tussock	(Poa	

cita).	

	 Tall	tussock	

grassland	

Highland	areas	that	have	not	been	under	intensive	farm	

management	and	with	the	presence	of	Chionochloa	spp.	

(usually	accompanied	by	short	tussock	and	herbs	-

particularly	Celmisia	spp.).	Can	support	extensive	

summer	grazing	which	usually	accounts	for	the	

presence	of	exotic	grasses.	

	 Depleted	 Grassland/herbfield	areas	with	very	low	herbaceous	
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Group	 Class	 Description	

grassland	 vegetation	cover.	Short	tussock	grassland	species	are	

present	but	have	less	than	10%	cover.	Hieracium	spp.	

and/or	exotic	grassland	species	are	conspicuous	as	is	

the	bare	ground.	Low	plant	vigor	is	due	to	soil	nutrient	

loss	from	repeated	burning	and	overgrazing.	

	 Herbaceous	

freshwater	

vegetation	

Permanent	or	periodical	freshwater	wetland	areas	with	

emergent	herbaceous	aquatic	vegetation	dominated	by	

sedges	(Cyperaceae),	rushes	(Juncaceae)	or	tall	erect	

herbs	(Poaceae,	Restionaceae,	Typhaceae).	Includes	

areas	with	low	growing	dicotyledon	herbs	and	with	

Sphagnum	moss.	

	 Herbaceous	

saline	vegetation	

Estuarine	or	coastal	wetland	areas	(with	

saline/brackish	water	or	saltwater	saturated	soils)	

dominated	by	herbaceous	aquatic	vegetation.	

Dominance	of	salt-tolerant	plants	(Schoenoplectus	spp.,	

Apodasmia	similis,	or	glasswort	-	Sarcocornia	

quinqueflora).	Most	areas	are	subject	to	tidal	changes	in	

water	level.	

	 Flaxland	 Areas	dominated	by	lowland	flax	(Phormium	tenax),	

usually	moist	and	as	part	of	wetland	systems	.	

Scrub	and/or	

Shrubland	

Fernland	 Areas	where	bracken	fern	(Pteridium	esculentum),	

umbrella	fern	(Gleichenia	spp.),	and	ring	fern	(Paesia	

scaberula)	dominate.	It	represents	a	successional	

vegetation	type	in	previously	forested	land	and	

encompasses	sites	with	low	fertility	and	which	have	

been	recently	burnt.	

	 Gorse	and/or	

broom	

Disturbed	areas	where	low	fertility,	extensive	grazing	

and	fire	have	facilitated	the	spread	and	establishment	
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Group	 Class	 Description	

of	gorse	and/or	broom.	

	 Manuka	and/or	

kanuka	

Indigenous	shrubland,	usually	found	as	an	early	

successional	scrub	type	on	previously	forested	land.	

Fires	are	used	to	maintain	area	in	scrub	stage	and	

prevent	and	prevent	succession	into	mature	stands	and	

forest.	Both	manuka	and	kanuka	can	occur	but	the	

former	is	more	common	in	the	South	Island	and	the	

latter	in	the	North	Island.	

	 Matagouri	or	

grey	scrub	

Matagouri	(Discaria	toumatou)	is	a	thorny	divaricate	

shrub	found	in	open	shrubland	or	thickets	among	

montane	areas	of	the	South	Island.	It	is	usually	

associated	with	freely	drained	recent	soils	(river	

terraces,	outwash	fans)	and	can	occur	in	areas	under	

extensive	farm	management	as	a	response	to	practices	

such	as	phosphate	application.	Grey	scrub	areas	are	

dominated	with	small-leaved	indigenous	shrubs	with	

divaricate	growth	(entangled	fine	branches	at	almost	

right	angles	to	each	other),	and	native	climbers	(e.g.,	

Muehlenbeckia	and	Parsonsia),	however,	the	dominant	

feature	is	the	woody	component	(hence	grey	scrub).	

	 Broadleaved	

indigenous	

hardwoods	

Areas	usually	in	an	advanced	successional	stage	back	to	

indigenous	forest.	Vegetation	cover	involves	a	mix	of	

broad-leaved,	usually	seral	(successional)	broadleaved	

species	(wineberry	-	Aristotelia	serrata,	mahoe	-	

Melicytus	ramiflorus,	Pseudopanax	spp.,	Pittosporum	

spp.,	Fuchsia	spp.,	ngaio	-	Myoporum	laetum,	and	titoki	-	

Alectryon	excelsus),	tutu	(Coriaria	spp.)	and	tree	ferns.	

Usually	found	in	areas	with	high	rainfall.	Class	also	
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Group	 Class	 Description	

includes	low-growing	coastal	broadleaved	forest.	

	 Sub-alpine	

Shrubland	

Diverse	range	of	communities	occurring	in	the	900	-	

1200	m.a.s.l	range	between	indigenous	forest	and	tall	

tussock	grassland,	alpine	grass/herbfields	and	alpine	

gravel	and	rock.	Can	also	be	found	at	lower	altitudes	as	

secondary	vegetation	after	forest	clearance.	Community	

composition	and	height	strongly	influenced	by	rainfall	

and	exposure.	Class	includes	frost	flats	(old	tephra	

plains	-	plains	formed	by	alluvial	deposition	of	pumice	

stone).	

	 Mixed	exotic	

shrubland	

Single-species	or	mixed	communities	of	introduced	

shrubs	and	climbers	boxthorn,	hawthorn	(Crataegus	

spp.),	elderberry	(Sambucus	spp.),	brier	(Rosa	

rubiginosa),	buddleja	(Buddleja	davidii),	blackberry	

(Rubus	spp.),	and	old	man’s	beard	(Clematis	vitalba).	

Includes	areas	of	amenity	planting	where	shrublands	

are	larger	than	one	hectare.	

Forest	 Exotic	forest	 Areas	with	Pinus	radiata	as	well	as	exotic	forests	of	

conifers	(douglas	fir,	Monterey	cypress,	larch)	and	

broadleaved	species	(Acacia,	Eucalyptus).	Includes	

wilding	pines	(i.e.	those	that	are	growing	spontaneously	

outside	of	plantations),	when	identifiable	in	the	

imagery.	Also	includes	linear	features	of	evergreen	or	

deciduous	trees	extending	for	more	than	150	meters.	

	 Forest	-	

harvested	

Areas	with	evidence	of	harvesting	since	the	previous	

LCDB	survey.	Includes	canopy	openings,	skidder	tracks,	

new	roads,	log	landings.	It	is	assumed	that	these	sites	

will	become	replanted	if	they	are	occuring	inside	
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Group	 Class	 Description	

plantations,	they	are	therefore	marked	as	plantations	

and	checked	in	the	next	LCDB	survey	iteration	(which	

should	occur	every	5	years)	by	then	the	forest	should	

be	identifiable.	Cleared	areas	of	native	forest	are	also	

assigned	to	this	class	unless	the	loss	is	due	to	localized	

erosion	(in	which	case	they	are	classified	as	landslides).	

This	class	is	used	to	check	the	extent	of	harvested	forest	

that	is	replanted	and	the	indigenous	forest	that	is	

converted	to	another	land	cover.	

	 Deciduous	

hardwoods	

Willows	and	poplar	species	growing	adjacent	to	inland	

water	and	rivers	as	well	as	planted	deciduous	

hardwoods	(oak	-	Quercus	spp.,	ash	-	Fraxinus	excelsior	

and	elm	-	Ulmus	spp.).	

	 Indigenous	forest	 Forest	dominated	by	indigenous	tall	forest	canopy	

species.	

	 Mangrove	 Avicenna	officinalis	communities	occurring	in	estuarine	

mudflats	and	tidal	creeks.	Distribution	is	confined	to	

North	Island	(up	to	38	degrees	South).	

 21	

	  22	
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Appendix 2. Detailed data collection and processing methods 23	

Literature search 24	

To	assess	the	viability	of	our	project,	an	initial	scoping	search	was	conducted	using	Google	25	

Scholar	and	some	general	terms	to	capture	our	review	subject	(essentially,	“New	Zealand”,	26	

“land	use”	or	variations	of	this,	and	keywords	on	some	of	the	ecosystem	services,	see	SI	27	

Appendix	3).	After	manually	screening	the	results	of	the	scoping	search,	201	potentially	28	

relevant	documents	were	identified,	suggesting	that	the	project	would	not	be	limited	by	29	

insufficient	evidence/data.	30	

The	multidisciplinary	database	Scopus	was	then	selected	for	our	formal	search	since	it	31	

provided	uniform	access	(i.e.	independent	of	institutional	subscription	categories)	to	a	32	

comprehensive	collection	of	abstracts	and	citations	from	international,	peer-reviewed	33	

journals	and	serial	books.	We	searched	for	titles,	abstracts	and	keywords	that	contained	at	34	

least	one	match	in	each	of	the	3	components	that	structured	our	search:	1)	“New	Zealand”,	35	

2)	land	cover	and	land	use	terms,	and	3)	ecosystem	service	terms	(see	SI	Appendix	3	for	36	

the	full	search	phrase).	Land	cover	terms	included	all	possible	variations	of	“land	use”	and	37	

“land	cover”	as	well	as	terms	on	specific	land	covers	(both	generic	and	specific	to	New	38	

Zealand.	The	ecosystem	services	component	drew	upon	the	names	of	each	service	(and	39	

possible	variations	of	these)	but	also	included	vocabulary	describing	processes	and	40	

conditions	that	could	reflect	their	provision	at	the	site	scale	akin	to	an	individual	land	cover	41	

unit.	To	distill	the	final	set	of	land-use	and	ecosystem	service	terms,	69	trial	searches	were	42	

conducted.	This	ensured	that	the	final	phrase,	with	approximately	840	terms,	was	43	

sufficiently	comprehensive.	The	search	was	finalized	in	December	2014,	and	was	44	

constrained	to	include	documents	published	from	1970	onward,	to	be	comparable	with	45	

current	land	use	regimes	in	New	Zealand	(1).	46	

Document screening and assessment 47	

In	total,	9,741	citations	matched	our	search	criteria.	The	titles,	abstracts	and	keywords	of	48	

these	citations	were	subjected	to	an	automatic	screening	that	removed	any	duplicates	and	49	

selected	only	those	that	mentioned	at	least	two	different	land	cover	terms.	We	conducted	50	
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the	latter	step	because	our	search	returned	studies	with	at	least	one	land	cover	term	51	

whereas	we	required	studies	that	compared	two	or	more	land	covers.	The	abstracts	of	the	52	

4,373	citations	marked	as	relevant	after	this	screening	were	then	scanned	to	check	53	

whether	they	pertained	to	research	that	could	potentially	allow	for	the	quantitative	54	

comparison	of	two	or	more	different	terrestrial	land	covers,	in	New	Zealand,	for	the	55	

provision	of	any	of	the	35	ecosystem	services	we	defined	for	the	project.	56	

Abstracts	were	screened	using	an	interactive	machine	learning	system	for	semi-automated	57	

abstract	screening,	Abstrackr,	which	is	often	used	in	medical	meta-analyses	(2).	By	using	an	58	

active	learning	approach	and	a	dual	supervision	classification	algorithm,	Abstrackr	draws	59	

from	the	selection	decisions	and	relevant/irrelevant	words	reviewers	find	in	a	sample	of	60	

their	abstracts	to	estimate	the	likelihood	of	the	unscreened	abstracts	being	relevant.	The	61	

screening	order	of	the	remaining	abstracts	is	subsequently	prioritized	according	to	this	62	

likelihood.	Abstracts	in	our	study	were	screened	by	two	reviewers	who,	after	checking	for	63	

agreement	in	their	decisions	for	a	common	pilot	set	of	500	abstracts,	independently	64	

reviewed	the	remaining	abstracts	until	a	stopping	point	of	50	consecutive	non-relevant	65	

citations	was	reached.	This	stopping	point	was	reached	after	2,957	abstracts	were	66	

screened,	leaving	1,416	unscreened	ones,	which	the	machine-learning	algorithm	deemed	to	67	

be	less	relevant	than	the	50	that	comprised	our	stopping	point.	68	

The	abstract	screening	and	the	initial	pilot	search	yielded	914	relevant	abstracts,	which	69	

were	passed	on	to	a	team	of	4	reviewers	for	full-text	assessment	and	data	extraction.	The	70	

full-text	assessment	included	the	following	inclusion	criteria:	71	

1. Selected	studies	had	to	present	quantitative	data	derived	from	original	research	72	

conducted	in	1970	or	later,	and	which	did	not	duplicate	data	that	had	been	published	73	

in	other	studies	already	in	our	analysis.	74	

2. Only	quantitative	measures	that	could	be	taken	as	indicators	of	the	provision	of	one	75	

(or	more)	ecosystem	services	(according	to	the	service	definitions	in	SI	Appendix	1)	76	

were	extracted	from	each	study.	77	
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3. The	data	for	each	land	cover	had	to	come	from	at	least	two	replicate	observations.	For	78	

any	given	study,	a	replicate	observation	was	defined	as	one	taken	from	a	land	cover	79	

unit	that	could	be	identified	as	a	distinct	spatial	feature	and	which	had	sufficient	80	

separation	from	other	units	of	the	same	land	cover	included	in	the	same	study	so	as	to	81	

ascertain	spatial	independence	of	the	observations.	For	the	cases	where	the	spatial	82	

separation	of	two	units	of	the	same	land	cover	could	not	be	readily	ascertained,	we	83	

applied	a	distance	criterion.	Instead	of	defining	a	fixed	minimum	distance	between	84	

replicate	land	cover	units	(which	could	vary	depending	on	the	scale	of	a	service),	we	85	

defined	as	separate	replicates	any	two	units	of	the	same	land	cover	that	were	86	

separated	such	that	the	distance	between	them	was	larger	than	the	distance	between	87	

any	of	them	and	any	neighboring	units	of	a	different	land	cover.	88	

Given	the	diversity	of	ecosystem	services	in	our	review,	the	documents	we	assessed	89	

comprised	a	very	heterogeneous	set	of	sampling	and	experimental	designs,	which	meant	90	

that	a	land	cover	unit	could	range	in	size	from	whole	forests	and	catchments	to	forest	91	

fragments,	fields	and	crop	plots;	all	of	which	were	included	as	long	as	we	could	verify	that	92	

the	unit	was	spatially	independent	from	other	units	of	the	same	land	cover	and	dominated	93	

in	at	least	80%	by	the	same	land	cover	type.	Studies	that	did	not	have	replicated	94	

observations	(as	defined	above)	for	any	land	covers	were	discarded	whereas	studies	that	95	

contained	replication	on	some,	but	not	all,	of	the	land	covers	were	kept	and	only	data	on	96	

the	replicated	land	covers	were	extracted.	If	in	the	original	studies’	data	were	corrected	for	97	

the	potential	effect	of	confounding	covariates	(i.e.	slope),	the	corrected	values	were	98	

extracted	instead	of	the	uncorrected	ones.	Finally,	within	our	review,	the	units	of	interest	99	

comprised	only	terrestrial	land	covers	such	that	any	comparisons	between	water	bodies	100	

and	any	terrestrial	land	covers	were	not	extracted.	However,	information	on	how	different	101	

terrestrial	land	covers	affected	ecosystem	services	linked	to	a	water	body	was	included	in	102	

our	analysis.	Full	details	of	how	the	full-text	selection	criteria	were	applied	can	be	found	in	103	

SI	Appendix	4.	104	

Weekly	meetings	of	the	reviewers	were	held	throughout	the	assessment	and	data	105	

extraction	processes	to	ensure	consistent	implementation	of	these	criteria.	Authors	were	106	

contacted	whenever	the	data	presented	in	a	study	were	not	readily	extractable	(due	to	107	
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legibility	or	formatting	issues)	or	when	further	clarification	was	needed	on	the	types	of	108	

land	covers	involved	in	the	study	or	the	methods	used	to	sample	them.	Authors	of	96	109	

studies	were	contacted	with	a	50%	success	response	rate.	In	total,	data	from	260	studies	110	

were	extracted.	111	

Data aggregation and calculation of effect sizes 112	

Extracted	data	from	all	studies	were	recorded	in	a	database.	As	described	in	the	main	text,	113	

we	assigned	the	quantitative	measures	of	ecosystem	service	provision	(indicators)	114	

reported	by	each	study	to	one	or	more	ecosystem	services	(SI	Dataset	1)	and	defined	115	

whether	service	provision	would	generally	increase	or	decrease	with	larger	values	of	the	116	

indicator.	Thematic	experts	(see	Acknowledgements)	were	consulted	when	there	was	117	

uncertainty	in	the	allocation	of	an	indicator	to	a	service	or	the	direction	of	the	relation	118	

between	both.	119	

Our	database	included	some	cases	where	either	a	single	document	contained	the	results	of	120	

multiple	experiments	(each	with	a	unique	method	or	indicator)	or,	conversely,	different	121	

results	of	a	single	experiment	were	published	in	separate	documents.	The	latter	case	122	

included	studies	with	partial	duplication	of	the	results	in	different	publications	and	a	case	123	

were	the	results	for	different	land	covers	for	the	same	experiment	were	published	in	124	

separate	documents.	To	bring	these	studies	into	comparable	terms	with	those	that	had	the	125	

results	of	experiments	published	in	only	one	article,	we	generated	new	unique	study	126	

identifiers	such	that,	for	all	effects	in	our	review,	these	cases	would	either	be	treated	as	127	

separate	studies	(i.e.	when	a	single	publication	presented	the	outcomes	of	multiple,	128	

separate	experiments)	or	merged	into	a	single	study	(i.e.	where	the	outcomes	of	a	single	129	

experiment	was	published	in	multiple	studies	with	no	or	partial	overlap).	For	cases	where	130	

two	or	more	publications	contained	duplicated	results	from	a	single	experiment,	only	data	131	

from	the	publication	with	the	most	comprehensive	set	of	results	was	kept	in	our	dataset.	132	

In	addition,	several	studies	in	our	database	contained	multiple	or	repeated	measures	of	the	133	

same	indicator	within	a	single	land	cover	replicate.	To	allow	for	a	standardized	comparison	134	

across	all	studies,	these	were	summarized	to	a	single	value	per	land	cover	replicate.	In	135	

cases	where	the	multiple	measures	were	taken	at	different	soil	or	water	depths,	the	136	
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measurement	of	the	topmost	layer	that	occurred	across	all	the	land	covers	in	the	study	was	137	

taken	as	the	summarized	value.	For	all	other	cases,	repeated	or	multiple	measures	were	138	

summarized	into	a	single	mean	value	of	the	service	indicator	per	replicate.	This	is	139	

equivalent	to	aggregating	data	to	one	response	value	per	individual	patient	in	medical	140	

meta-analyses.	Studies	that	did	not	provide	enough	information	to	allow	for	the	141	

aggregation	of	multiple/repeated	measurements	to	the	standard	replication	level	had	to	be	142	

excluded	from	the	analysis.	143	

Some	studies	reported	a	summary	for	all	replicates	of	the	same	land	cover,	for	the	144	

remaining	studies,	the	mean	and	variance	across	replicates	of	the	same	land	cover	(and	145	

ecosystem	service	indicator)	was	calculated.	For	studies	where	data	were	already	146	

summarized	across	land	cover	replicates,	but	were	presented	as	medians	with	either	147	

absolute	and/or	interquartile	ranges,	conversions	to	means	and	variances	were	made	148	

following	the	methods	defined	by	(3).	Similarly,	conversions	from	standard	deviation,	149	

standard	error	and	95%	confidence	intervals	to	variance	were	also	applied	for	summarized	150	

data	that	presented	these	measures	of	variation	(see	SI	Appendix	6	for	the	equations	to	151	

convert	95%	confidence	intervals).	For	studies	that	reported	a	mean	value	for	the	indicator	152	

per	land	cover	but	no	measure	of	variance,	Taylor’s	power	law	(4)	was	used	to	impute	153	

variances	with	estimates	from	a	linear	regression	model	of	all	reported	means	and	154	

variances	in	our	dataset	in	log-log	space	(the	full	regression	model	can	be	found	in	SI	155	

Appendix	6).	Imputed	variances	accounted	for	11%	of	the	records	in	the	final	dataset	found	156	

in	SI	Dataset	2.	Cases	where	data	could	not	be	converted	into	means	with	variances	across	157	

replicate	land	covers	(including	data	on	only	the	maximum	and	minimum	values,	geometric	158	

means	with	no	variation	and	medians	with	standard	errors	or	lacking	variation	or	sample	159	

size)	were	not	included	in	the	dataset.	160	

We	adopted	a	log	Response	Ratio	as	the	standard	effect	measure	for	comparing	pairs	of	161	

land	covers	within	each	study.	For	each	pair	of	land	covers	(A	and	B)	in	a	study,	this	162	

measure	was	estimated	as	ln(A)	-	ln(B)	for	the	indicators	in	which	larger	values	163	

corresponded	to	an	increase	in	service	provision.	For	the	indicators	in	which	larger	values	164	

reflected	a	decrease	in	service	provision	(e.g.,	when	the	amount	of	soil	eroded	was	a	165	
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measure	of	erosion	control)	the	inverse	of	the	log	Response	Ratio	was	used	i.e.	-	(ln(A)	-	166	

ln(B)).	For	all	cases	the	variance	of	the	log	Response	Ratio	was	estimated	as	(5):	167	

!"" =
$%&

'()%
& +

$+&

'&)+
& 	168	

Where	!""	is	the	variance	for	the	log	Response	Ratio,	)	denotes	the	mean	value	of	the	169	

ecosystem	service	indicator	for	land	covers	A	and	B,	with	variance	s	and	sampling	size	n.	170	

For	cases	where	both	land	covers	had	negative	numbers	in	the	indicator,	we	based	the	ratio	171	

and	variance	calculations	on	the	absolute	indicator	values	and	took	the	inverse	of	the	ratio	172	

calculated	with	absolute	values	as	the	final	value.	Similarly,	in	cases	where	at	least	one	of	173	

the	land	covers	had	a	value	of	zero	for	the	ecosystem	service	indicator,	we	added	a	small	174	

value	(3	orders	of	magnitude	smaller	than	the	smallest	value	in	the	dataset)	to	the	zero	to	175	

allow	for	the	ratio	and	variance	calculations.	176	

Studies	that	presented	multiple	indicators	for	a	single	ecosystem	service	from	each	site	177	

(e.g.,	measures	of	the	cycling	rates	of	various	different	nutrients),	or	which	presented	data	178	

on	the	same	indicator	expressed	in	two	different	units,	required	further	aggregation	of	179	

their	log	Response	Ratios	to	avoid	giving	these	studies	disproportionate	weight	in	the	180	

analysis.	For	some	studies,	not	all	the	indicators	of	a	service	(or	different	units	for	the	same	181	

indicator)	had	information	from	all	of	the	land	covers	for	the	study.	Thus,	for	each	study,	182	

we	only	aggregated	the	indicators	of	the	same	ecosystem	service	(or	sets	of	data	with	183	

different	units	on	the	same	indicator)	that	were	measured	from	all	of	the	land	covers	184	

present	in	the	study	for	that	service,	and	excluded	from	the	analysis	any	indicators	that	185	

were	not	presented	for	the	full	range	of	land	covers.	If	only	a	single	indicator	(or	unit)	186	

contained	data	on	all	of	the	land	covers	then	the	other	indicators	of	that	service	were	187	

excluded	for	that	study.	If	two	or	more	indicators	(or	units)	contained	data	for	the	full	set	of	188	

land	covers,	then	data	were	aggregated	by	taking	a	mean	of	the	log	Response	Ratios	and	189	

corresponding	variances	across	the	different	indicators	for	each	pairwise	combination	of	190	

land	covers	of	that	service	in	that	study.	The	final	dataset	with	aggregated	log	Response	191	

Ratios	for	each	study	and	ecosystem	service	can	be	found	in	SI	Dataset	2.	192	
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Appendix 4. Full search phrase for pilot and formal searches 193	

A.	Phrase	used	in	formal	search		194	

Database	used:	Scopus	195	

Please	consult	https://dev.elsevier.com/tips/ScopusSearchTips.htm	for	an	explanation	of	196	

booloean	operators	and	wildcards	used	197	

Search	was	conducted	on	the	26th	January,	2015.	198	

Phrase:	199	

TOPIC:	(“New	Zealand”)	200	

AND	201	

TOPIC:	(“land	use”	OR	“land	cover”	OR	habitat	OR	“vegetation	type”	OR	ecosystem*	OR	202	

forest*	OR	plantation	OR	scrub*	OR	shrub*	OR	pasture*	OR	grass*	OR	crop*	OR	“tussock	203	

grassland”	OR	“grey	scrub”	OR	bush	OR	herbfield	OR	catchment	OR	“drainage	basin”	OR	204	

watershed*	OR	wetland*	OR	river	OR	lake	OR	peatland	OR	marsh	OR	bog	OR	fernland	OR	205	

flaxland	OR	matagouri	OR	mangrove	OR	orchard	OR	estuary	OR	urban	OR	mine	OR	town	206	

OR	city	OR	residential	OR	park	OR	garden)	207	

AND	208	

TOPIC:	(“ecosystem	service*”	OR	“habitat	quality”	OR	“habitat	provision”	OR	“nursery	209	

provision”	OR	“habitat	diversity”	OR	“habitat	complexity”	OR	“habitat	feature”	OR	“habitat	210	

character*”	OR	((feeding	OR	resting	OR	roosting	OR	nesting	OR	brood	OR	foraging	OR	211	

mating)	NEAR	(site*	OR	cover))	OR	“vegetation	cover”	OR	“food	availability”	OR	nurser*	OR	212	

nitrogen	OR	phosphorus	OR	potassium	OR	calcium	OR	magnesium	OR	sulphur	OR	213	

nitrification	OR	“soil	organic	matter”	OR	nitrification	OR	fixation	OR	“nutrient	cycl*”	OR	214	

“chemical	cycl*”	OR	“decomposition”	OR	“nutrient	uptake”	OR	“nutrient	export”	OR	detritus	215	

OR	bacteria	OR	microorganism	OR	“biogeochemical	cycl*”	OR	microbial	OR	decomposition	216	

OR	“soil	formation”	OR	weathering	OR	“humification”	OR	“mineralization”	OR	pedogen*	OR	217	

“soil	quality”	OR	“soil	fertility”	OR	“soil	nutrients”	OR	“nutrient	leaching”	OR	“microbial	218	

biomass”	OR	“nutrient	storage”	OR	“soil	structure”	OR	“nutrient	assimilation”	OR	biomass	219	

OR	“primary	production”	OR	“primary	productivity”	OR	litter*	accumulation	OR	220	

aboveground	OR	belowground	OR	NPP	OR	“carbon	allocation”	OR	“productivity	allocation”	221	
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OR	“air	quality”	OR	pollut*	OR	“nitrogen	oxide*”	OR	“sulphur	and	oxide*”	OR	aerosol*	OR	222	

“atmospheric	cleansing	capacity”	OR	“tropospheric	oxidizing	capacity”	OR	“acid	rain”	OR	223	

particulate	OR	“volatile	organic	compounds”	OR	“carbon	stock”	OR	“total	carbon”	OR	“total	224	

C”	OR	“carbon	storage”	OR	emission*	OR	“carbon	loss”	OR	((carbon	OR	methane	OR	225	

“tropospheric	ozone”	OR	aerosol*	OR	“greenhouse	gas*”	OR	“nitrous	oxide”)	SAME	226	

(emission*	OR	sink	OR	sequestration))	OR	albedo	OR	“heat	flux”	OR	evapotranspiration	OR	227	

precipitation	OR	rainfall	OR	temperature	OR	wind	OR	humidity	OR	“climate	regulation”	OR	228	

“climatic	variability”	OR	runoff	OR	interception	OR	infiltration	OR	“water	flow”	OR	229	

discharge	OR	“water	retention”	OR	“lag	time”	OR	“water	storage”	OR	“aquifer	recharge”	OR	230	

“stream*flow”	OR	“water	yield”	OR	“water	balance”	OR	“base*flow”	OR	percolation	OR	231	

“flow	regime”	OR	“flow	regulation”	OR	erosion	OR	gullying	OR	gully	OR	“soil	cover”	OR	232	

“vegetation	cover”	OR	rill	OR	“soil	loss”	OR	“sediment	yield”	OR	“sediment	retention”	OR	233	

“soil	stability”	OR	“soil	compaction”	OR	“aquatic	or	pollution”	OR	“water	quality”	OR	“water	234	

purification”	OR	“water	filtration”	OR	“filtration”	OR	“dissolved	organic	carbon”	OR	“heavy	235	

metals”	OR	“dissolved	oxygen”	OR	“nutrient	retention”	OR	“microbial	degradation”	OR	236	

“benthic	indicators”	OR	“nutrient	removal”	OR	“maximum	daily	loads”	OR	“load”	OR	(waste	237	

SAME	(regulat*	or	treat*	or	assimilat*	or	decompos*	or	process*	or	degrad*))	OR	pollut*	238	

OR	toxic*	OR	contaminant*	OR	“detoxification”	OR	“soil	pollut*”	OR	“nutrient	retention”	OR	239	

remineralisation	OR	“human	AND	pathogen*”	OR	"	human	AND	disease*"	OR	“infectious	240	

disease*”	OR	(propagation	SAME	(disease	OR	vector	OR	pathogen))	OR	“disease	vector”	OR	241	

“pathogen	infect*”	OR	“disease	risk”	OR	“disease	incidence”	OR	“ecology	of	disease”	OR	242	

“disease	ecology”	OR	“vector	control”	OR	“invasion	resistance”	OR	“pest	control”	OR	"	pest	243	

management"	OR	biocontrol	OR	“biological	control”	OR	“biological	pest	control”	OR	244	

“natural	pest	control”	OR	weed*	OR	“pest	predat*”	OR	(“natural	enemy”	SAME	245	

(conservation	OR	augmentation))	OR	“seed	set”	OR	pollinat*	OR	“flower	visit*”	OR	246	

zoophilus	OR	ornithophilous	OR	melittophilous	OR	entomophilous	OR	fruit	OR	“crop	247	

plants”	OR	“hazard	mitigation”	OR	“disaster	reduction”	OR	“disaster	risk	reduction”	OR	248	

buffer*	OR	((storm	OR	flood	OR	drought	OR	fire	OR	landslide	OR	avalanche	OR	“mass	249	

movement”	OR	hurricane	OR	windstorm)	SAME	(protect*	OR	buffer*	OR	mitigate*	OR	250	

attenuat*	OR	defen*))	OR	“flood	storage”	OR	“storm	flow”	OR	“peak	flow”	OR	“extreme	251	

event*”	OR	“storm	peak”	OR	((timber	OR	round*wood	OR	pulp*wood	OR	wood)	NEAR	252	
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(harvest*	OR	yield	OR	extraction	OR	production))	OR	“forest	product”	OR	“Non-timber	253	

forest	product”	OR	“non-wood	forest	product”	OR	((fiber	OR	leather	OR	hemp	OR	hide	OR	254	

“merino	wool”	OR	yarn	OR	“alpaca	wool”	OR	“merino	wool”	OR	“possum	wool”	OR	“possum	255	

fur”	OR	“harakeke	flax”	OR	“flax	fibre”	OR	wool	OR	fur)	SAME	(production	OR	supply	OR	256	

provision	OR	yieldOR	extraction))	OR	((“fuel	wood”	OR	“wood	fuel”	OR	firewood)	SAME	257	

(production	OR	extraction))OR	biofuel	OR	“biomass	energy”	OR	biogas	OR	biodiesel	OR	258	

“woody	biomass”	OR	“cultural	identity”	OR	“maori”	OR	“livelihood”	OR	((sacred	OR	259	

spiritual)	SAME	(site	OR	landscape	OR	place	OR	plant	OR	animal*	OR	ecosystem))	OR	260	

“spiritual	inspiration”	OR	“ritual	site”	OR	“sacred	grove”	OR	“sense	of	belonging”	OR	261	

aesthetics	OR	“scenic	value”	OR	“environmental	attribute*”	OR	“site	attribute*”	OR	262	

“aesthetic	enjoyment”	OR	“aesthetic	preference”	OR	“environmental	aesthetics”	OR	“scenic	263	

beauty”	OR	“aesthetic	pleasure”	OR	“environmental	perception”	OR	wilderness	OR	264	

“landscape	preference*”	OR	“visual	landscape”	OR	hedonic	OR	“cultural	importance”	OR	265	

“archaeological	site*”	OR	“historic	site”	OR	“heritage	site”	OR	“ancestral	site”	OR	“cultural	266	

landscape”	OR	“cultural	heritage”	OR	“cultural	site”	OR	“cultural	attribute*	OR”traditional	267	

landscape"	OR	landmark*	OR	“ritual	site”	OR	“burial	site”	OR	“tribal	landmark”	OR	“natural	268	

heritage	place*”	OR	“Maori	site*”	OR	“intellectual	development”	OR	“traditional	knowledge	269	

system”	OR	ethnobotan*	OR	ethnobiolog*	OR	“maatauranga	maori”	OR	“experimental	farm”	270	

OR	“educational	forest”	OR	“educational	farm”	OR	“distribution	research	project”	OR	271	

“distribution	research	locations”	OR	“distribution	research	site*”	OR	“didactic	farm”	OR	272	

“didactic	forest”	OR	“educational	visit*”	OR	“school	visit*”	OR	“field	trip*”	OR	“field	station”	273	

OR	“research	site*”	OR	“research	location*”	OR	“research	project	location*”	OR	274	

inspirational	site	OR	((movie	OR	film	OR	photograph*	OR	painting)	SAME	(setting	OR	275	

location))	OR	“maori	art”	OR	craft*	OR	“inspiration	from	nature”	OR	“nature	in	art”	OR	276	

“nature	in	film”	OR	“nature	in	literature”	OR	biomimicry	OR	bionics	OR	biomimet*	OR	277	

recreation	OR	visit*	OR	tourism	OR	“nature	tourism”	OR	ecotourism	OR	“adventure	278	

tourism”	OR	“rural	tourism”	OR	“agri*tourism”	OR	“cultural	tourism”	OR	“nature*based	279	

tourism”	OR	“nature*based	recreation”	OR	angling	OR	hiking	OR	tramping	OR	birding	OR	280	

hunting	OR	fishing	OR	mountaineering	OR	alpinism	OR	walking	OR	kayaking	OR	rowing	OR	281	

surfing	OR	sailing	OR	rafting	OR	canoeing	OR	skiing	OR	“snow	sport*”	OR	“winter	sport*”	282	
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OR	windsurfing	OR	“kites	surfing”	OR	horse	riding"	OR	caving	OR	“outdoor	sport*”	OR	283	

rappelling	OR	abseiling)	284	

B.	Phrases	used	in	pilot	search		285	

Database	used:	Google	Scholar	286	

Searches	were	conducted	between	Feburary	-	April	,	2014.	287	

1. “New	Zealand”	AND	“land	use”	AND	diversity	288	

2. “New	Zealand”	AND	“land	use”	AND	biodiversity	289	

3. “New	Zealand”	AND	“land	use”	AND	H’	290	

4. “New	Zealand”	AND	“land	use”	AND	evenness	291	

5. “New	Zealand”	AND	“land	use”	AND	“species	richness”	292	

6. “New	Zealand”	AND	“land	use”	AND	“species	abundance”	293	

7. “New	Zealand”	AND	“land	use”	AND	insect	294	

8. “New	Zealand”	AND	“land	use”	AND	arthropod	295	

9. “New	Zealand”	AND	“land	use”	AND	invertebrate	296	

10. “New	Zealand”	AND	“land	use”	AND	Collembola	297	

11. “New	Zealand”	AND	“land	use”	AND	Diptera	298	

12. “New	Zealand”	AND	“land	use”	AND	beetle	299	

13. “New	Zealand”	AND	“land	use”	AND	Coleoptera	300	

14. “New	Zealand”	AND	“land	use”	AND	arachnid	301	

15. “New	Zealand”	AND	“land	use”	AND	spider	302	

16. “New	Zealand”	AND	“land	use”	AND	mite	303	

17. “New	Zealand”	AND	“land	use”	AND	Acari	304	

18. “New	Zealand”	AND	“land	use”	AND	bird	305	

19. “New	Zealand”	AND	“land	use”	AND	avifauna	306	

20. “New	Zealand”	AND	“land	use”	AND	plant	307	

21. “New	Zealand”	AND	“land	use”	AND	vegetation	308	

22. “New	Zealand”	AND	“land	use”	AND	aquatic	309	

23. “New	Zealand”	AND	“land	use”	AND	stream	310	
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24. “New	Zealand”	AND	“land	use”	AND	“water	yield”	311	

25. “New	Zealand”	AND	“land	use”	AND	“water	quality”	312	

26. “New	Zealand”	AND	“land	use”	AND	soil	313	

27. “New	Zealand”	AND	“land	use”	AND	“microbial	biomass”	314	

28. “New	Zealand”	AND	“land	use”	AND	microbes	315	

29. “New	Zealand”	AND	“land	use”	AND	biota	316	

30. “New	Zealand”	AND	“land	use”	AND	fungi	317	

31. “New	Zealand”	AND	“land	use”	AND	mycorrhiza	318	

32. “New	Zealand”	AND	“land	use”	AND	nutrient	319	

33. “New	Zealand”	AND	“land	use”	AND	nitrogen	320	

34. “New	Zealand”	AND	“land	use”	AND	phosphorus	321	

35. “New	Zealand”	AND	“land	use”	AND	potassium	322	

36. “New	Zealand”	AND	“land	use”	AND	carbon	323	

37. “New	Zealand”	AND	“land	use”	AND	methane	324	

38. “New	Zealand”	AND	“land	use”	AND	transpiration	325	

39. “New	Zealand”	AND	“land	use”	AND	evapotranspiration	326	

40. “New	Zealand”	AND	“land	use”	AND	photosynthesis	327	

Searches	also	substituted	“land	use”	with:	328	

1. “catchment”	329	

2. “paired	catchment”	330	

3. “vegetation	type”	331	

4. “site”	and	“comparison”	332	

5. “forest”	and	“tussock”	333	

6. “forest”	and	native	bush"	334	

7. “forest”	and	“pasture”	335	

8. “plantation”	and	“native”	336	

9. “plantation”	and	“pasture”	337	

10. “plantation”	and	“tussock”	338	
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11. “native	and	pasture”	339	

12. “native	and	tussock”	340	

13. “tussock”	and	“bush”	341	

14. “tussock”	and	“pasture”	342	

15. “paired	catchment”	and	“forest”	343	

16. “paired	catchment”	and	“tussock”	344	

17. “paired	catchment”	and	“pasture”	345	

18. “paired	catchment”	and	“bush”	346	

19. “paired	catchment”	and	“native”	347	

20. Pinus	348	

21. Podocarp	349	

22. Broadlea*	350	

23. Chionochloa	351	

24. Nothofagus	352	

25. Pasture	353	

26. Hieracium	354	

27. Scrub	355	

28. Shrubland	356	

29. “Grey	shrub”	357	
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1. Assess the type of study 

Track references 
to source articles

3. How are the land covers sampled?

The site measurements occur along
a succession t of changing land covers There are repeated measures 

of  the same site(s) over time

Check for duplicates
 in project library

Is the data of the study replicated in 
any of the studies that have already 

been extracted? 

2. Examine the Land Covers

No duplication

Suspect 
duplication

0. Assess the scope 
of the study DiscardNo

Yes

For each of the sites where there is a measurement, 
is there a land cover that dominates in 80% or more 

of the total area of the site? 

Does the study look at the effects of distinct,
 well differentiated land covers?

Find equivalence of the land cover 
stated by the authors with LCDB classes

Consult with 
project coordinator

 if unsure 
about equivalence

4 How are the data presented? 

Data can only be extracted in these cases when:
1. There are site measures in more than one land

cover unit for at least two types of land cover
 (i.e there is replication)

AND

2. The measurement sites from which data will be
extracted have a land cover that dominates in 80% or more  

Consider if there is any
 any stratification / 

blocking of the site measurements?

Start extracting data! 

Record why it has 
been discarded 

(Study is out of geographic, 
temporal or thematic scope, 

provide details)

Report to 
project coordinator

Decision on which 
duplicate is better to keep

Report  only data for sites with a dominant land cover and 
make a note of the measurements that are excluded

Consult with 
project coordinator

if unsure about 
excluding data 

Report which site measurements
belong to the same block

(Use the Block ID to group 
measures of the same block)

Extract data and report measures from: 
The same time as belonging to the same block

(Use Block ID column)

AND

The same site as belonging to the same plot
(Use Plot ID column)

No

Yes

Discard

Does the study:
Contain data from the mainland of New Zealand's 

North  or South Island? 

AND

Compare the effect of 2 or more land covers on 
a variable that can be related to an

 ecosystem service? 

AND

Contain relevant data from 1970 or later 

Is the data collected 
directly by the authors or does it come 

from primary sources ?

Yes

No

Determine whether the study: 

Uses data from other studies

Is a review or meta-analysis of other studies

 Is something else

Report to  project coordinator & 
discuss in weekly meeting

Yes

No

Yes

Record data in spreadsheet under
 the dominant & subsidiary

 land cover scheme 

No

Is it possible to take a partial set of the data,
 reporting only the measurements for the sites
 where a land cover dominates in 80% or more 

of the total area of the site?

Yes

No Report to 
project coordinator

Decision on discarding
or keeping the study

Yes

No

Is there only one measurement site 
for each of the land cover units?

For each of the land cover classes,
 is there more than one land cover unit?

Yes

No

General rule: 
Measurement sites of the same land 

cover must not be closer to each other than
 measurement sites of different land covers

Is there a good separation between
 the measurement sites?  

No

No Yes

Extract data

Re-group site measures into 
true replicates

(Assign them the same ID 
in the Plot ID column)

There are serveral site measurements
 per land cover unit which makes them

 pseudoreplictaed measurements

Are there several measurement 
sites for each land cover unit?

Are there repeated measures of the 
same measurement sites over time? 

Yes

No

Yes

There is only one land cover unit(s)
 with one measure each, this means no there

 is no replication

Discard

Record why it has 
been discarded 

(There is no replication
 of land cover measures or classes)

 

Land cover unit

Land cover A

Land cover D

Land cover C

Land cover B

Land cover E

Measurement site

Land cover class

Replicate measurements are taken
 in independent land cover units

 

 Consult with 
project coordinator

if unsure 
about grouping 

pseudoreplicates

See what to do in the 
"Special cases" section

Special cases

But

Data can only be extracted in these cases when:

1.There are site measures in one or more land
cover unit(s) for at least two types of land cover 

OR

2. There are site measures in
 only one land cover unit per land cover class 

OR

3. There are measurements on a single site but land
cover is chaning in it through time

 

Are the data statistically summarized as: 

Central tendency & variation measures 

OR

Tests for group differences

Yes

No
Are there individual measurements

 for the data collected at each
 measurement site?

Yes

No Are the data presented as a series 
of measurements taken over time?

Yes

Are the data summarized in terms
of regression curves and coefficients?

Is there an overlap in the measurement period 
for the different measurement sites? 

Take data only from periods where there 
is overlap for the different measurement sites

Yes 

Consult with 
project coordinator

Is there a summary statistic available 
for the overlapping period?

Consider

Yes 

No

Contact authors to try and 
obtain raw data series

Manually digitize series &
calculate relevant summary

 statistics (mean, maximum, etc.) 

If dataset is
 excesively large

Consult with 
project coordinator

Have the data been corrected
 for some confounding variable 

by the authors of the study?

No

Is the land cover is being treated as a 
continous and not a categorical variable? 

Yes

Consult with
 project coordinator 

No

Further considerations

Yes 
No

Use corrected data
and note  this in the "Modifications

 to original data" column Extract data as it is

Record why it has 
been discarded 

(Land cover predictor
 variable is continuous)

No

Discard

Record why it has 
been discarded 

(No overlap in time
 series data)

There are serveral site measurements
 per land cover unit and only one site unit

Are the data in a graph? 

No
Yes 

Take a snippet image of the graph
 and upload it to webplot digitizer to 

extract data points
http://arohatgi.info/WebPlotDigitizer/app/

Note in the "Modifications to data" column that data 
has been extracted from a graph or figure  

Note which sites appear to be very close, 
clustered or spatially autocorrelated in the

 data quality column
(Write: Site is in close proximity to...)

Before extracting, 
consider

If land covers change over time:

Measurements of the sites that are changing

MUST be coupled with

Measurements of the sites that are NOT changing

Need to convert coordinates 
to decimal degrees? 

Generate text file with list of formated 
coordinates and use

 http://apps.linz.govt.nz/coordinate-conversion/

Consider

If coordinates are not given but there is an 
alternative spatial reference (eg. a grid reference):

Note the name in the Coordinate Reference System column (if available)

Write "other" in the Latitude and Longitude columns 

Provide further details of the reference in the General Notes and 
Observations column

General rule: 
If there are measures with different (but equivalent) aggregation
 levels, extract data for the most complete and comprehensive 

level of aggregation.
When deciding this, make sure alternatives are equivalent 
(there is no data loss), else consult with project coordinator

General rule:
Authors description of the site (if they have visited it) 
is the best indication of what the land cover looks like

Fig. S1: Decision tree with the selection criteria used in the full-text assessment of publications with relevant abstracts for our review.

Appendix 4. Decision tree for full-text assessment
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Appendix 5. List of studies included in our final dataset 363	

Table	S3.	Reference	list	for	the	studies	included	in	our	meta-analysis.	The	Study	ID	values	364	

are	not	sequential	because	they	correspond	to	the	unique	identifier	that	each	study	365	

received	at	the	start	of	the	literature	screening	process.	They	can	be	used	to	link	the	values	366	

presented	in	SI	Dataset	2	to	the	bibliographical	reference	of	each	study.	367	

Study	ID	 Reference	

S0008	 Fahey,	B.	&	Watson,	A.	(1991).	Hydrological	impacts	of	converting	tussock	

grassland	to	pine	plantation,	Otago,	New	Zealand.	New	Zealand	Journal	of	

Hydrology,	30,	1–15.	

S0010	 Tate,	K.R.,	Ross,	D.J.,	Saggar,	S.,	Hedley,	C.B.,	Dando,	J.	&	Singh,	B.K.	et	al.	

(2007).	Methane	uptake	in	soils	from	Pinus	radiata	plantations,	a	reverting	

shrubland	and	adjacent	pastures:	Effects	of	land-use	change,	and	soil	

texture,	water	and	mineral	nitrogen.	Soil	Biology	and	Biochemistry,	39,	

1437–1449.	

S0011	 Yeates,	G.W.,	Hawke,	M.F.	&	Rijkse,	W.C.	(2000).	Changes	soil	fauna	and	soil	

conditions	under	Pinus	radiata	agroforestry	regimes	during	a	25-year	tree	

rotation.	Biology	and	Fertility	of	Soils,	31,	391–406.	

S0013	 Thompson,	R.M.	&	Townsend,	C.R.	(2003).	Impacts	on	Stream	Food	Webs	

of	Native	and	Exotic	Forest	:	An	Intercontinental	Comparison.	Ecology,	84,	

145–161.	

S0014	 Thompson,	R.M.	&	Townsend,	C.R.	(2004b).	Impacts	of	riparian	

afforestation	on	stream	biofilms:	An	exotic	forest-native	grassland	

comparison.	New	Zealand	Journal	of	Marine	and	Freshwater	Research,	38,	

895–902.	

S0015	 Giddens,	K.M.,	Parfitt,	R.L.	&	Percival,	H.J.	(1997).	Comparison	of	some	soil	

properties	under	Pinus	radiata	and	improved	pasture.	New	Zealand	

Journal	of	Agricultural	Research,	40,	409–416.	

S0017	 Adams,	M.L.,	Davis,	M.R.	&	Powell,	K.	(2001).	Effects	of	grassland	
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Study	ID	 Reference	

afforestation	on	exchangeable	soil	and	soil	solution	aluminium.	Australian	

Journal	of	Soil	Research,	39,	1003–1014.	

S0019	 Quinn,	J.M.	&	Stroud,	M.J.	(2002).	Water	quality	and	sediment	and	nutrient	

export	from	New	Zealand	hill-land	catchments	of	contrasting	land	use.	

New	Zealand	Journal	of	Marine	and	Freshwater	Research,	36,	409–429.	

S0020	 Boulton,	A.J.,	Scarsbrook,	M.R.,	Quinn,	J.M.	&	Burrell,	G.P.	(1997).	Land-use	

effects	on	the	hyporheic	ecology	of	five	small	streams	near	Hamilton,	New	

Zealand.	New	Zealand	Journal	of	Marine	and	Freshwater	Research,	31,	

609–622.	

S0021	 Broekhuizen,	N.	&	Quinn,	J.M.	(1998).	Influences	of	stream	size	and	

catchment	land-use	on	fine	particulate	organic	matter	retention	in	

streams.	New	Zealand	Journal	of	Marine	and	Freshwater	Research,	32,	

581–590.	

S0022	 Thompson,	R.M.	&	Townsend,	C.R.	(2004c).	Land-use	influences	on	New	

Zealand	stream	communities:	Effects	on	species	composition,	functional	

organisation,	and	food-web	structure.	New	Zealand	Journal	of	Marine	and	

Freshwater	Research,	38,	595–608.	

S0030	 Singh,	B.K.,	Tate,	K.R.,	Ross,	D.J.,	Singh,	J.,	Dando,	J.	&	Thomas,	N.	et	al.	

(2009).	Soil	methane	oxidation	and	methanotroph	responses	to	

afforestation	of	pastures	with	Pinus	radiata	stands.	Soil	Biology	and	

Biochemistry,	41,	2196–2205.	

S0035	 Jacobsen,	L.B.	(2012).	Interacting	effects	of	land	use	and	landscape	context	

on	wild	bees	(Apoidea)	in	Canterbury,	New	Zealand.	PhD	thesis.	University	

of	Copenhagen.	

S0036	 Hughes,	A.O.,	Quinn,	J.M.	&	McKergow,	L.A.	(2012).	Land	use	influences	on	

suspended	sediment	yields	and	event	sediment	dynamics	within	two	

headwater	catchments,	Waikato,	New	Zealand.	New	Zealand	Journal	of	

Marine	and	Freshwater	Research,	46,	315–333	
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Study	ID	 Reference	

S0047	 Fahey,	B.,	Marden,	M.	&	Phillips,	C.	(2003b).	Sediment	yields	from	

plantation	forestry	and	pastoral	farming,	coastal	Hawke’s	Bay,	North	

Island,	New	Zealand.	Journal	of	Hydrology	New	Zealand,	42,	27–38.	

S0048	 Sparling,	G.P.,	Shepherd,	T.G.	&	Schipper,	L.A.	(2000).	Topsoil	

characteristics	of	three	contrasting	New	Zealand	soils	under	four	long-

term	land	uses.	New	Zealand	Journal	of	Agricultural	Research,	43,	569–

583.	

S0050	 Quinn,	J.M.,	Cooper,	A.B.,	Davies-Colley,	R.J.,	Rutherford,	J.C.	&	Williamson,	

R.B.	(1997).	Land	use	effects	on	habitat,	water	quality,	periphyton,	and	

benthic	invertebrates	in	Waikato,	New	Zealand,	hill-country	streams.	New	

Zealand	Journal	of	Marine	and	Freshwater	Research,	31,	579–597.	

S0051	 Hicks,	B.J.	&	McCaughan,	H.M.	(1997).	Land	use,	associated	eel	production,	

and	abundance	of	fish	and	crayfish	in	streams	in	Waikato,	New	Zealand.	

New	Zealand	Journal	of	Marine	and	Freshwater	Research,	31,	635–650.	

S0052	 Warburton,	B.,	Cowan,	P.	&	Shepherd,	J.	(2009).	How	many	possums	are	

now	in	New	Zealand	following	control	and	how	many	would	there	be	

without	it?	-	Landcare	Research	Contract	Report	LC0910/060.	Landcare	

Research.	

S0056	 Parkyn,	S.M.,	Davies-Colley,	R.J.,	Scarsbrook,	M.R.,	Halliday,	N.J.,	Nagels,	J.W.	

&	Marden,	M.	et	al.	(2006).	Pine	afforestation	and	stream	health:	a	

comparison	of	land-use	in	two	soft	rock	catchments,	East	Cape,	New	

Zealand.	New	Zealand	Natural	Sciences,	31,	113–135.	

S0057	 Duncan,	M.J.	(1995).	Hydrological	impacts	of	converting	pasture	and	gorse	

to	pine	plantation,	and	forest	harvesting,	Nelson,	New	Zealand.	Journal	of	

Hydrology	(NZ),	34,	15–41.	

S0060	 Mark,	A.F.	&	Rowley,	J.	(1976).	Water	Yield	of	Low-Alpine	Snow	Tussock	

Grassland	in	Central	Otago.	Journal	of	Hydrology	(NZ),	15,	59	-	79.	
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Appendix 6. Conversion of confidence intervals to variance and imputation of missing values 370	

Conversion of 95% confidence intervals to variance 371	

$& = 95%/0
1 − 34515367 × √'	372	

Where	$&	denotes	the	variance,	95%CI	corresponds	to	the	95%	confidence	interval	and	n	is	373	

the	sample	size	reported	by	the	authors.	The	t-critical	value	is	the	value	in	the	t-374	

distribution	for	the	corresponding	alpha	and	degrees	of	freedom.	For	all	studies	in	our	375	

dataset	where	we	needed	to	apply	this	conversion,	the	degrees	of	freedom	where	not	376	

available	so	we	approximated	the	t-critical	value	as	two.	This	was	done	because	the	two-377	

sided	t-distribution	values	for	an	alpha	of	0.05	range	between	2.57	and	asymptopte	at	1.96	378	

for	5	or	more	degrees	of	freedom.	379	

Regression model for applying Taylor’s Law 380	

	381	

Fig.	S2.	Regression	(in	natural	logarithm	space)	of	the	mean	ecosystem	service	indicator	382	

values	for	all	land	covers	reported	in	our	dataset	into	their	corresponding	variances.	383	
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The	equation	used	to	impute	variances	from	means	based	on	regression	coefficients	from	384	

the	relation	between	both	in	natural	logarithm	space	is	shown	below.	Coefficients	are	given	385	

to	three	decimal	places	in	the	equation,	however	their	full	values	were	used	in	the	actual	386	

calculation	of	the	imputed	values.	387	

$:;<& = =[?&.(ABC((.EBE×FG(|I|)]	388	

Where	$:;<& 	is	the	imputed	variance	and	L	the	mean	used	for	the	imputation.		389	
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Appendix 7. Summary of log Response Ratios per land cover and ecosystem service 390	

combination. 391	

	392	

Fig.	S3.	Aggregated	log	Response	Ratios	of	ecosystem	service	provision	across	land	covers.	393	

Values	are	given	relative	to	the	high	producing	exotic	grassland	reference.	Red-orange	tones	394	

highlight	cases	where	the	land	covers	perform	comparatively	worse	than	the	reference	in	the	395	

provision	of	a	service,	while	blue	tones	signal	land	covers	that	perform	comparatively	better.	396	

The	darker	the	blue	or	red-orange	tone,	the	greater	the	ratio	separating	the	land	cover	to	the	397	

reference	in	the	provision	of	the	corresponding	service.398	
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Appendix 8. Classification of land covers and ecosystem services for PERMANOVA analysis 399	

Table	S4.	Delimitation	of	categorical	variables	used	in	PERMANOVA	of	land	cover	effects	400	

across	ecosystem	services	401	

Land	cover	
Forest	

Cover	
Production	

Type	of	vegetation	

cover	

Indigenous	forest	 Present	 No	 Native	

Deciduous	hardwoods	 Present	 No	 Exotic	

Exotic	forest	 Present	 Yes	 Exotic	

Forest	harvested	 Present	 Yes	 Exotic	

Broadleaved	indigenous	hardwoods	 Present	 No	 Native	

Tall	tussock	grassland	 Absent	 No	 Native	

Low	producing	grassland	 Absent	 No	 Native	

High	producing	exotic	grassland	 Absent	 Yes	 Exotic	

Orchard	vineyard	&	other	perennial	

crops	

Absent	
Yes	 Exotic	

Short	rotation	cropland	 Absent	 Yes	 Exotic	

Vegetation	cover	was	not	included	in	the	analysis	since	all	but	one	of	land	cover	groups	in	402	

the	native	/	exotic	groups	overlap	with	those	in	the	production	/	non-production	groups.	403	

Table	S5.	Delimitation	of	categorical	variables	used	in	PERMANOVA	of	ecosystem	service	404	

provision	across	land	covers	405	

Ecosystem	service	
Scale	of	

benefits	

Biophysical	

domain	

Habitat	provision	 Regional	 Biotic	

Nutrient	cycling	 Local	 Edaphic	

Soil	formation	 Local	 Edaphic	
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Primary	production	 Local	 Biotic	

Water	cycling	 Global	 Hydrologic	

Freshwater	provision	 Regional	 Hydrologic	

Global	climate	regulation	 Global	 Edaphic	

Regulation	of	water	timing	and	

flows	
Regional	 Hydrologic	

Water	purification	 Regional	 Hydrologic	

	 	 	

 406	

	  407	
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Appendix 9. Overview of research effort for New Zealand 408	

Fig.	S4	shows	that	all	of	the	supporting	ecosystem	services	are	represented	in	our	database,	409	

whereas	for	the	remaining	categories	our	data	only	offer	partial	coverage	of	their	services,	410	

with	information	on:	nine	out	of	the	11	regulating	services,	two	of	the	15	provisioning	411	

services	and	one	of	the	three	cultural	services	defined	for	the	project.	For	the	categories	412	

that	were	represented	by	more	than	one	ecosystem	service	in	our	database,	the	number	of	413	

studies	per	service	ranged	from	two	to	54	for	the	regulating	services;	from	five	to	44	for	the	414	

provisioning	ones	and	from	29	to	60	in	the	supporting	services.	A	total	of	five	studies	415	

provide	evidence	for	the	single	service	in	the	cultural	category	in	our	database.	416	
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	417	

Fig.	S4.	Distribution	of	studies	per	ecosystem	service	and	land	cover.	For	most	services,	data	418	

are	concentrated	along	a	selection	of	land	covers:	high	producing	exotic	grassland	(with	a	419	

total	of	92	studies	across	all	ecosystem	services),	exotic	forest	(64	studies	in	total),	indigenous	420	

forest	(58	studies),	short-rotation	cropland	(24	studies)	and	tall	tussock	grassland	(20	421	

studies).	In	addition,	eight	of	the	43	land	cover	classes	in	the	LCDB	classification	were	not	422	

present	in	our	data	base.	These	land	cover	classes	were:	“sand,	gravel	and	rock”	(i.e.	the	423	

coastal	strip	separating	land	from	sea),	“mangrove”,	“fernland”,	“landslide”,	“permanent	snow	424	

and	ice”,“lake	or	pond”,	“river”	and	“estuarine	open	water”.	The	last	three	units	correspond	to	425	

aquatic	land	covers	which	were	not	included	in	our	review,	whereas	the	remainder	were	426	

simply	poorly	represented	within	the	literature	used	for	our	review.	Note	that	the	total	row	427	
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and	column	don’t	match	the	actual	sum	of	column	and	row	counts	because	our	dataset	428	

includes	studies	with	data	on	multiple	ecosystems	and	land	covers.	Likewise,	the	row	and	429	

column	totals	do	not	add	up	to	the	grand	total	in	the	lower	right	corner	which,	instead,	430	

corresponds	to	the	total	number	of	studies	in	our	dataset.	431	

Since	we	aggregated	data	from	studies	with	multiple	indicators	of	the	same	service,	the	432	

matrix	in	Fig.	S4	effectively	reflects	the	number	of	data	points	in	our	spreadsheet	for	each	433	

ecosystem	service	and	land	cover	combination.	The	actual	number	of	indicators	for	each	434	

ecosystem	service	-	land	cover	combination	are	shown	in	Fig.	S5	which	indicates	that,	435	

overall,	the	number	of	indicators	follow	a	similar	distribution	to	that	of	the	number	of	436	

studies.	However,	for	the	most	common	ecosystem	service-land	cover	combinations	in	our	437	

dataset	(e.g.,	soil	formation	or	nutrient	cycling	in	both	exotic	forest	and	high	producing	438	

exotic	grasslands)	there	were	as	many	as	four	to	five	times	more	indicators	than	studies,	439	

suggesting	that	studies	with	multiple	indicators	were	more	frequent	in	the	land	covers	and	440	

ecosystem	services	that	were	also	more	commonly	studied.	441	
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	442	

Fig.	S5.	Distribution	of	studies	per	land	cover	comparisons.	Studies	contributing	data	on	443	

multiple	ecosystem	services	are	only	counted	once	in	each	pair	of	land	covers	where	they	444	

contribute	data.	445	
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Appendix 10. Evidence base and network meta-analysis for individual ecosystem services 446	

Regulation of water timing and flows 447	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	448	

were	drawn	from	36	indicators.	The	main	aspects	quantified	by	these	indicators	pertain	to	449	

soil	characteristics	that	either	provide	greater	regulation	by	enhancing	soil	water	retention	450	

or	have	detrimental	effects	in	the	provision	of	this	service	by	promoting	increased	runoff.	451	

In	addition,	there	are	also	some	indicators	on	stream	channel	characteristics	(such	as	its	452	

dimensions)	that	affect	its	ability	to	regulate	water	flow	over	time	and	that,	to	an	extent,	453	

can	be	altered	by	land	cover.	454	

	455	

Fig.	S6.	Evidence	network	for	land	cover	comparisons	on	regulation	of	water	timing	and	456	

flows.	In	all	evidence	network	graphs,	lines	connect	pairs	of	land	covers	that	are	compared	in	457	

one	or	more	studies	and	their	thickness	is	inversely	proportional	to	the	standard	error	for	the	458	

comparison,	with	thicker	lines	indicating	smaller	standard	errors	and,	consequently,	a	greater	459	

evidence	for	the	comparison.	Shaded	areas	indicate	the	presence	of	multi-arm	studies	which	460	

compare	three	or	more	land	covers.	461	
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	462	

Evidence	base:	This	evidence	network	is	formed	by	126	pairwise	comparisons	of	14	land	463	

covers.	Data	were	obtained	from	54	different	studies,	each	contributing	a	minimum	of	one	464	

and	a	maximum	of	four	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	465	

in	Fig.	S6,	the	land	covers	that	are	most	commonly	compared	are:	466	

• High	producing	exotic	grassland	(64	comparisons)	467	

• Exotic	forest	(58	comparisons)	468	

• Indigenous	forest	(50	comparisons)	469	

• Short-rotation	cropland	(19	comparisons)	470	

	471	

Fig.	S7.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	regulation	of	water	timing	and	472	

flows.	Random	effects	model	with	high	producing	exotic	grassland	as	a	reference.	Log	473	

Response	Ratios	depicted	here	are	the	network	meta-analysis	model	estimates	of	the	overall	474	

ratios	between	each	land	cover	and	high	producing	exotic	grassland.	The	model	accounts	for	475	

the	direct	and	indirect	comparisons	in	the	evidence	network,	as	well	as	the	random	effects	476	

from	having	comparisons	on	the	same	land	covers	drawn	from	different	studies.	Bars	indicate	477	

the	95%	confidence	intervals	for	each	estimate	while	grey	boxes	reflect	the	relative	weight	of	478	

the	comparison	between	each	land	cover	and	high	producing	exotic	grassland	in	the	overall	479	
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model	estimates.	Comparisons	that	have	greater	weights	are	depicted	with	larger	boxes.	Land	480	

covers	are	presented	in	descending	order	of	their	P-Scores	which	are	calculated	from	the	481	

magnitude	and	precision	of	the	log	Response	Ratio	estimates	for	each	land	cover	and	provide	482	

a	means	to	rank	treatment	effects	(i.e.	land	covers)	according	to	their	comparative	483	

effectiveness	(6)	484	

	485	

Measures	of	heterogeneity/network	inconsistency:	486	

M2	=	0.165	487	

I2	=	53.452	488	

Main	results:	489	

• Overall	there	is	a	gradient	from	native	vegetation	(manuka/kanuka,	broadleaved	490	

hardwoods	and	indigenous	forest)	to	more	artificial	and	production-oriented	land	491	

covers	(high	producing	exotic	grassland,	orchard,	vineyard	and	perennials,	harvested	492	

forest).	493	

• Cropland,	exotic	forest	both	seem	to	behave	similarly	to	indigenous	forest,	as	do	494	

broadleaved	indigenous	hardwoods,	manuka	an/kanuka,	and	low	producing	495	

grassland.	496	

• Built-up	area	stands	out	as	the	worst	performing	land	cover	in	terms	of	on	regulation	497	

of	water	timing	and	flows,	which	is	likely	explained	by	the	presence	of	impervious	498	

surfaces	and	channel	morphologies	that	enhance	runoff.	499	

• The	high	infiltration	capacity	in	gravel	and	rock	probably	accounts	for	its	high	ranking	500	

in	the	provision	of	this	service.	501	

	502	

Nutrient cycling 503	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	504	

were	drawn	from	161	indicators,	most	of	which	focus	on	the	cycling	and	flow	of	nutrients	505	

within	the	soil	system	and	characteristics	of	the	soil	environment	that	promote	or	hinder	506	
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nutrient	cycling.	The	latter	were	taken	as	negative	indicators	for	the	provision	of	nutrient	507	

cycling,	as	were	the	indicators	on	nutrient	loss	from	the	soil	system.	In	addition,	the	data	508	

also	include	indicators	on	how	land	cover	conditions	plant	uptake	and	the	processing	of	509	

nutrients	both	in	the	soil	and	freshwater	systems.	A	large	number	of	the	indicators	pertain	510	

to	nitrogen	and	phosphorus	however	there	is	also	information	on	other	nutrients	511	

including:	calcium,	carbon,	chlorine,	copper,	magnesium,	potassium,	sodium,	sulfur	and	512	

zinc	(we	have	followed	the	Millennium	Ecosystem	Assessment	(7)	in	their	delimitation	of	513	

the	nutrients	for	this	service	as	those	relevant	for	plant	growth).	514	

	515	

Fig.	S8.	Land-cover	comparison	networks	for	nutrient	cycling.	516	

	517	
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Evidence	base:	The	evidence	base	for	this	service	is	split	into	two	networks	of	land	cover	518	

comparisons	depicted	in	Fig.	S8.	The	smaller	of	these	networks	holds	the	comparison	519	

between	sub-alpine	shrubland	and	surface	mine	&	dump,	for	which	there	is	only	evidence	520	

from	a	single	study	and,	consequently,	are	not	connected	to	any	of	the	land	covers	in	the	521	

larger	network.	In	the	smaller	network	the	single	study	evidence	defines	a	log	Response	522	

Ratio	of	approximately	1.435	in	favor	of	the	sub-alpine	shrubland	over	the	surface	mine	&	523	

dump	(the	standard	error	of	this	estimate	is	approximately	0.054).	In	what	follows	we	524	

focus	exclusively	on	the	evidence	base	and	network	meta-analysis	for	the	larger	network	of	525	

land	covers	in	this	service.	526	

	527	

Fig.	S9.	Evidence	network	for	land	cover	comparisons	on	nutrient	cycling.	528	

This	evidence	network	is	formed	by	123	pairwise	comparisons	of	14	land	covers.	Data	529	

were	obtained	from	59	different	studies,	each	contributing	a	minimum	of	one	and	a	530	

maximum	of	four	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	in	Fig.	531	

S9,	the	land	covers	that	are	most	commonly	compared	are:	532	

• High	producing	exotic	grassland	(67	comparisons)	533	
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• Exotic	forest	(47	comparisons)	534	

• Indigenous	forest	(39	comparisons)	535	

• Short-rotation	cropland	(30	comparisons)	536	

	537	

Fig.	S10.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	nutrient	cycling.	538	

	539	

Measures	of	heterogeneity/network	inconsistency:	540	

M2	=	0.802	541	

I2	=	96.271	542	

Main	results:	543	

• With	the	exception	of	short-rotation	cropland,	the	confidence	intervals	for	most	land	544	

covers	overlap	the	high	producing	exotic	grassland	reference.	Moreover,	exotic	forests	545	

and	orchards,	vineyards	&	other	perennial	crops	also	exhibit	very	small	effect	546	

estimates,	suggesting	they	may	share	similar	nutrient	cycling	dynamics	to	those	found	547	

in	high	producing	exotic	grasslands	with	artificial	nutrient	enrichment	inducing	more	548	

dynamic	processing	rates	in	the	soil	system	(8).	On	the	contrary,	short-rotation	549	

croplands	and	other	land	covers	dominated	by	exotic	species	but	lacking	the	artificial	550	
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enrichment	(forest	harvested,	deciduous	hardwoods	and	gorse	and/broom)	perform	551	

worse	in	the	provision	of	this	service	than	the	reference	cover.	552	

• The	wider	confidence	intervals	in	the	forest	plot	shown	in	Fig.	S10	correspond	to	the	553	

land	covers	that	had	the	least	number	of	direct	comparisons	within	the	evidence	554	

network,	while	the	land	covers	with	narrower	intervals	are	the	ones	that	were	555	

informed	by	the	greatest	number	of	comparisons.	556	

	557	

Habitat provision 558	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	559	

were	drawn	from	80	indicators	which,	for	the	most	part,	expressed	aspects	relating	to	the	560	

availability	of	resources	and/or	conditions	favorable	to	wildlife	within	a	land	cover,	habitat	561	

occupation	or	use	by	native	fauna	and	the	health	of	native	animal	species	within	a	given	562	

land	cover.	563	
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	564	

Fig.	S11.	Land-cover	comparison	networks	for	habitat	provision.	565	

	566	

Evidence	base:	As	shown	in	Fig.	S11,	there	are	two	networks	connecting	the	land	cover	567	

comparisons	for	this	service.	The	smaller	of	these	networks	encompasses	the	mixed	exotic	568	

shrublands	and	manuka/kanuka	(which	are	compared	only	in	one	study	for	this	service),	569	

while	the	remaining	land	covers	are	connected	in	the	larger	network.	Evidence	for	the	570	

smaller	network	suggests	manuka	and/or	kanuka	is	marginally	better	than	mixed	exotic	571	

shrubland	in	the	provision	of	habitat	(with	a	log	response	ratio	of	approximately	0.025	for	572	

manuka	and/or	kanuka	over	the	mixed	exotic	shrubland,	and	a	standard	error	of	573	

approximately	0.079	in	this	estimate).	Below	we	present	the	evidence	base	and	network	574	

meta-analysis	for	the	larger	network	of	land	covers	in	this	service.	575	
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	576	

Fig.	S12.	Evidence	network	for	land	cover	comparisons	on	habitat	provision.	577	

This	evidence	network	is	formed	by	122	pairwise	comparisons	of	13	land	covers.	Data	578	

were	obtained	from	49	different	studies,	each	contributing	a	minimum	of	one	and	a	579	

maximum	of	four	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	in	Fig.	580	

S12,	the	land	covers	that	are	most	commonly	compared	are:	581	

• High	producing	exotic	grassland	(61	comparisons)	582	

• Indigenous	forest	(51	comparisons)	583	

• Exotic	forest	(49	comparisons)	584	

• Tall	tussock	grassland	(17	comparisons)	585	
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	586	

Fig.	S13.	Forest	plot	of	land	cover	contrasts	in	habitat	provision.	Random	effects	model	with	587	

high	producing	exotic	grassland	as	a	reference.	588	

	589	

Measures	of	heterogeneity/network	inconsistency:	590	

M2	=	1.699	591	

I2	=	99.552	592	

Main	results:	593	

• Exotic	and	native	forests	are	both	significantly	better	than	high	producing	exotic	594	

grassland	in	providing	habitat	and,	although	non-significant,	the	exotic	forest	ranks	595	

slightly	higher	than	the	native	one	in	delivering	this	service.	596	

• Tall	tussock	grasslands	rank	poorly	and	are	significantly	worse	than	both	exotic	and	597	

native	forests	and	high	producing	exotic	grasslands	in	the	provision	of	habitat.	598	

• All	croplands	and	grasslands	(low,	high	and	depleted)	perform	similarly	in	the	599	

provision	of	this	service	and,	overall,	rank	below	the	forest	and	native	shrublands.	600	

	601	
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Soil formation 602	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	603	

were	drawn	from	111	different	indicators	that	cover	aspects	such	as:	soil	aggradation	and	604	

degradation	processes	(the	latter	having	a	negative	effect	on	soil	formation),	soil	structure	605	

and	stability,	the	availability	of	nutrients	and	favorable	conditions	for	plant	growth	in	the	606	

soil.	607	

	608	

Fig.	S14.	Evidence	network	for	land	cover	comparisons	on	soil	formation.	609	

	610	

Evidence	base:	This	evidence	network	is	formed	by	110	pairwise	comparisons	of	16	land	611	

covers.	Data	were	obtained	from	51	different	studies,	each	contributing	a	minimum	of	one	612	

and	a	maximum	of	four	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	613	

in	Fig.	S14,	the	land	covers	that	are	most	commonly	compared	are:	614	

• High	producing	exotic	grassland	(54	comparisons)	615	

• Exotic	forest	(42	comparisons)	616	
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• Short-rotation	cropland	(30	comparisons)	617	

• Indigenous	forest	(25	comparisons)	618	

	619	

Fig.	S15.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	soil	formation.	Random	effects	620	

model	with	high	producing	exotic	grassland	as	a	reference.	621	

	622	

Measures	of	heterogeneity/network	inconsistency:	623	

M2	=	0.241	624	

I2	=	67.163	625	

Main	results:	626	

• No	land	cover	is	significantly	better	than	the	high	producing	exotic	grassland	in	627	

promoting	soil	formation	however,	the	ratio	estimate	for	deciduous	hardwoods	does	628	

place	them	a	bit	above	the	reference	in	the	provision	of	this	service.	629	

• High	producing	exotic	grasslands	rank	well	in	this	service,	this	is	likely	a	result	of	both	630	

the	high	artificial	nutrient	inputs	(that	result	in	a	greater	nutrient	availability	for	631	

plants	and,	by	our	accounting,	increased	soil	formation)	and	the	fact	that	this	land	632	
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cover	tends	to	be	found	in	areas	where	the	soils	are	well	developed	and	very	favorable	633	

to	plant	growth.	The	small	(and	unsignificant)	differences	between	high	producing	634	

exotic	grassland	and	both	cropland	covers	(short	rotation	and	the	orchard,	vineyard	&	635	

other	perennial	crops)	could	be	explained	by	similar	factors.	636	

• Except	for	manuka	and/or	kanuka,	all	native	land	covers	rank	similarly	in	the	637	

provision	of	this	service.	Indigenous	forests	and	tall	tussock	grasslands	are	638	

significantly	worse	than	the	reference	land	cover,	while	broadleaved	indigenous	639	

hardwoods	and	matagouri	also	do	worse	than	the	reference	but	not	significantly	so.	640	

• Gorse	and/or	broom	and	forest	harvested	also	rank	below	the	reference	land	cover	in	641	

delivering	this	service,	but	their	wide	confidence	intervals	make	these	differences	642	

statistically	non-significant.	Wide	confidence	intervals	also	apply	to	herbaceous	643	

freshwater	and	saline	vegetation	which,	nevertheless,	still	perform	significantly	worse	644	

than	the	reference	and	many	of	the	other	land	covers.	This	makes	sense	given	how	645	

they	are	prone	to	influxes	of	water	that	prevent	soil	forming	processes.	646	

	647	

Freshwater provision 648	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	649	

were	drawn	from	71	indicators	all	of	which	expressed	a	measure	of	land	cover	effects	on	650	

the	quantity	or	quality	of	freshwater	provided	by	streams.	Indicators	on	the	quality	of	651	

water	draw	mostly	on	measures	from	concentrations	of	nutrients	commonly	linked	to	652	

euthrophication	(namely	nitrogen	and	phosphorus),	sediments	and	fecal	contamination.	653	
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	654	

Fig.	S16.	Evidence	network	for	land	cover	comparisons	on	freshwater	provision.	655	

	656	

Evidence	base:	This	evidence	network	is	formed	by	96	pairwise	comparisons	of	12	land	657	

covers.	Data	were	obtained	from	44	different	studies,	each	contributing	a	minimum	of	one	658	

and	a	maximum	of	three	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	659	

in	Fig.	S16,	the	land	covers	that	are	most	commonly	compared	are:	660	

• High	producing	exotic	grassland	(52	comparisons)	661	

• Indigenous	forest	(40	comparisons)	662	

• Exotic	forest	(35	comparisons)	663	

• Tall	tussock	grassland	(16	comparisons)	664	
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	665	

Fig.	S17.	Forest	plot	of	land	cover	contrasts	on	freshwater	provision.	Random	effects	model	666	

with	high	producing	exotic	grassland	as	a	reference.	667	

	668	

Measures	of	heterogeneity/network	inconsistency:	669	

M2	=	0.423	670	

I2	=	81.514	671	

Main	results:	672	

• It	is	striking	to	find	built-up	area	as	the	highest	ranking	land	cover	in	providing	this	673	

service.	However	the	log	response	estimate	is	bounded	by	wide	confidence	intervals.	674	

For	this	specific	land	cover	we	only	had	information	on	how	it	compares	to	high	675	

producing	exotic	grassland	in	terms	of	specific	stream	flow,	where	it	exceeds	the	676	

grassland	by	4	times.	So	the	effect	we	see	here	could	be	an	artifact	of	this	single	data	677	

point.	678	

• Tussock	grasslands	and	indigenous	forests	both	perform	significantly	better	than	the	679	

high	producing	exotic	grassland	in	providing	freshwater.	While	low	producing	680	

grasslands	also	tended	to	do	better	than	the	reference	but	not	significantly	so.	681	
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• Exotic	and	harvested	forests	have	very	similar	rankings,	performing	slightly	better	682	

than	the	reference	but	not	in	a	significant	way.	Likewise,	the	deciduous	hardwoods,	683	

tend	to	do	worse	than	the	reference	in	providing	freshwater	but	the	difference	is	not	684	

significant.	685	

• Short-rotation	cropland	performs	poorly	in	the	provision	of	this	service	and	has	686	

significant	differences	not	only	with	the	reference	land	cover,	but	also	with	some	of	687	

the	ones	that	rank	high	in	its	provision	(built-up	area,	tall	tussock	and	low	producing	688	

grasslands,	exotic,	harvested	and	indigenous	forests).	689	

• For	the	remainder	of	the	land	covers,	the	confidence	intervals	are	wide	and	intersect	690	

those	of	all	the	other	land	covers.	691	

	692	

Water purification 693	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	694	

were	drawn	from	78	indicators	that	provide	a	measure	of	either:	the	filtering	of	pollutants	695	

and	excess	nutrients	from	the	water	(either	in	the	soil	or	in	aquatic	systems,	for	processes	696	

that	are	affected	by	land	cover),	or	the	accumulation	of	pollutants	and	toxic	substances	in	697	

freshwater.	698	
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	699	

Fig.	S18.	Evidence	network	for	land	cover	comparisons	on	water	purification.	700	

	701	

Evidence	base:	This	evidence	network	is	formed	by	80	pairwise	comparisons	of	12	land	702	

covers.	Data	were	obtained	from	40	different	studies,	each	contributing	a	minimum	of	one	703	

and	a	maximum	of	three	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	704	

in	Fig.	S18,	the	land	covers	that	are	most	commonly	compared	are:	705	

• High	producing	exotic	grassland	(41	comparisons)	706	

• Indigenous	forest	(32	comparisons)	707	

• Exotic	forest	(28	comparisons)	708	

• Tall	tussock	grassland	(16	comparisons)	709	
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	710	

Fig.	S19.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	water	purification.	Random	711	

effects	model	with	high	producing	exotic	grassland	as	a	reference.	712	

	713	

Measures	of	heterogeneity/network	inconsistency:	714	

M2	=	0.588	715	

I2	=	90.579	716	

Main	results:	717	

• Both	tall	tussock	grasslands	and	indigenous	forests	stand	out	as	land	covers	that	do	718	

significantly	better	than	the	reference	in	the	provision	of	this	service,	and	overall,	rank	719	

above	all	other	land	covers.	Exotic	and	harvested	forests	also	tend	to	perform	slightly	720	

better	the	reference	land	cover	in	this	service,	although	not	significantly	so.	721	

• Croplands	&	high	producing	grasslands	rank	poorly,	with	short	rotation	croplands	722	

performing	significantly	worse	than	many	of	the	land	covers,	including	the	high	723	

producing	grasslands.	724	

• Broadleaved	indigenous	hardwoods,	manuka	and/or	kanuka,	deciduous	hardwoods	725	

and	orchard,	vineyard	&	other	perennial	crops	all	have	wide	confidence	intervals	and,	726	

as	a	result,	are	not	significantly	different	from	the	other	land	covers.	727	
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• The	relatively	high	ranking	estimate	for	built	areas	is	quite	surprising	here.	However,	728	

the	estimate	is	bounded	by	large	confidence	intervals	and	supported	by	direct	729	

comparisons	with	only	two	other	land	covers	(high	producing	exotic	grassland	and	730	

indigenous	forest),	both	of	which	stem	from	a	single	study.	731	

	732	

Global climate regulation 733	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	734	

were	drawn	from	29	indicators	most	of	which	are	based	on	measures	of	greenhouse	gas	735	

emission	and	sequestration	processes	in	the	soil.	The	majority	of	the	indicators	focus	on	736	

carbon	dioxide	however,	the	data	also	include	a	few	on	methane	and	nitrous	oxide.	737	

	738	

Fig.	S20.	Evidence	network	for	land	cover	comparisons	on	global	climate	regulation.	739	

	740	

Evidence	base:	This	evidence	network	is	formed	by	75	pairwise	comparisons	of	11	land	741	

covers.	Data	were	obtained	from	33	different	studies,	each	contributing	a	minimum	of	one	742	
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and	a	maximum	of	four	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	743	

in	Fig.	S20,	the	land	covers	that	are	most	commonly	compared	are:	744	

• High	producing	exotic	grassland	(45	comparisons)	745	

• Exotic	forest	(34	comparisons)	746	

• Short-rotation	cropland	(25	comparisons)	747	

• Indigenous	forest	(19	comparisons)	748	

	749	

Fig.	S21.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	global	climate	regulation.	750	

Random	effects	model	with	high	producing	exotic	grassland	as	a	reference.	751	

	752	

Measures	of	heterogeneity/network	inconsistency:	753	

M2	=	0.335	754	

I2	=	94.585	755	

Main	results:	756	

• There	are	no	significant	differences	between	the	high	producing	exotic	grassland	757	

reference	and	all	other	land	covers,	except	for	short-rotation	croplands	which	758	

performs	significantly	worse	than	the	reference	and	indigenous	forest	in	delivering	759	

this	service.	The	fact	that	short-rotation	cropland	does	worse	than	the	high	producing	760	
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grassland,	and	that	the	latter	is	not	significantly	different	from	the	native	land	covers	761	

could,	in	part,	be	explained	by	the	selection	of	indicators	available	for	this	service	762	

(which	focus	mainly	on	processes	at	the	soil	level	instead	of	the	entire	land	system	763	

which	would	include	the	effects	of	livestock).	764	

	765	

Primary production 766	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	767	

were	drawn	from	23	indicators.	The	larger	proportion	of	these	indicators	express	primary	768	

productivity	as	the	amount	of	biomass	within	a	given	land	cover,	however	there	are	also	769	

some	indicators	on	the	effects	land	covers	have	over	primary	productivity	in	streams	(e.g.,.	770	

by	providing	more	or	less	shade	cover).	771	

	772	

Fig.	S22.	Evidence	network	for	land	cover	comparisons	on	primary	production.	773	

	774	
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Evidence	base:	This	evidence	network	is	formed	by	66	pairwise	comparisons	of	12	land	775	

covers.	Data	were	obtained	from	32	different	studies,	each	contributing	a	minimum	of	one	776	

and	a	maximum	of	three	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	777	

in	Fig.	S22,	the	land	covers	that	are	most	commonly	compared	are:	778	

• High	producing	exotic	grassland	(33	comparisons)	779	

• Indigenous	forest	(27	comparisons)	780	

• Exotic	forest	(25	comparisons)	781	

• Tall	tussock	grassland	(14	comparisons)	782	

	783	

Fig.	S23.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	primary	production.	Random	784	

effects	model	with	high	producing	exotic	grassland	as	a	reference.	785	

	786	

Measures	of	heterogeneity/network	inconsistency:	787	

M2	=	2.021	788	

I2	=	99.602	789	

Main	results:	790	

• All	of	the	land	cover	effect	estimates	for	this	service	have	wide	confidence	intervals	791	

that	overlap	each	other	and	intersect	the	reference	mark	for	the	high	producing	exotic	792	
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grassland.	However,	the	production	land	covers	(exotic	and	harvested	forests,	793	

croplands,	deciduous	hardwoods	and	high	producing	exotic	grasslands)	tend	to	be	794	

better	at	delivering	this	service	than	the	native	ones	(broadleaved	indigenous	795	

hardwoods,	tall	tussock	grassland,	sub-alpine	shrubland,	manuka	and/or	kanuka	and	796	

indigenous	forest).	This	is	likely	due	to	the	high	biomass	turnover	found	in	production	797	

systems	and	reflected	in	the	measures	of	biomass	accumulation	we	have	for	this	798	

service.	Under	the	LCDB	definition,	forest	harvested	includes	areas	where	native	and	799	

exotic	forests	have	been	cleared	and	within	those,	areas	were	the	forest	has	been	800	

replanted	and	is	up	to	5	years	old.	The	fast	growth	rate	of	young	forests	could	thus	801	

account	for	the	high	rank	of	this	land	cover	in	the	provision	of	primary	production.	802	

	803	

Water cycling 804	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	805	

were	drawn	from	16	indicators,	all	of	which	quantify	the	amount	of	water	flowing	through	806	

the	different	components	of	the	terrestrial	segment	of	the	cycle.	For	this	service	we	defined	807	

a	positive	relationship	between	all	measures	of	water	flow	and	the	provision	of	the	service,	808	

such	that	the	greater	the	flow	at	a	given	land	cover,	the	larger	the	contribution	of	that	land	809	

cover	to	the	provision	of	the	service.	This	follows	the	MEA	definition	of	water	cycling	as	a	810	

supporting	service	that	benefits	all	living	organisms	by	allowing	the	movement	of	water	811	

through	ecosystems	(9).	812	
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	813	

Fig.	S24.	Evidence	network	for	land	cover	comparisons	on	water	cycling.	814	

	815	

Evidence	base:	This	evidence	network	is	formed	by	61	pairwise	comparisons	of	12	land	816	

covers.	Data	were	obtained	from	29	different	studies,	each	contributing	a	minimum	of	one	817	

and	a	maximum	of	three	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	818	

in	Fig.	S24,	the	land	covers	that	are	most	commonly	compared	are:	819	

• High	producing	exotic	grassland	(31	comparisons)	820	

• Exotic	forest	(26	comparisons)	821	

• Indigenous	forest	(25	comparisons)	822	

• Tall	tussock	grassland	(10	comparisons)	823	
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	824	

Fig.	S25.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	water	cycling.	Random	effects	825	

model	with	high	producing	exotic	grassland	as	a	reference.	826	

	827	

Measures	of	heterogeneity/network	inconsistency:	828	

M2	=	0.332	829	

I2	=	77.458	830	

Main	results:	831	

• Built-up	area	and	orchard,	vineyard	&	other	perennial	crops	stand	out	as	land	covers	832	

that	do	very	well	in	providing	this	service.	Their	effect	estimates	stand	out	as	833	

significantly	better	than	the	high	producing	exotic	grassland	reference	and	most	of	the	834	

other	land	covers	(except	harvested	forest	and	short-rotation	cropland).	For	built-up	835	

(settlement)	areas	this	could	be	an	effect	of	increased	flow	speeds	due	to	the	presence	836	

of	impervious	surfaces.	837	

• Systems	that	have	slower	water	cycles	(native	and	exotic	forests,	broadleaved	838	

indigenous	hardwoods,	tall	tussock	and	low	producing	grasslands)	tend	to	rank	worse	839	

in	this	service	than	they	do	in	the	regulation	of	water	timing	and	flows,	suggesting	a	840	

trade-off	between	water	cycling	and	the	regulation	of	flows.	However,	gavel	and	rock,	841	
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which	would	be	a	system	with	faster	cycling	rates,	also	follows	this	trend.	This	could	842	

be	driven	by	the	direct	evidence	we	have	for	gravel	and	rock	under	water	cycling	843	

which	involves	water	yield	comparisons	to	tall	tussock	and	low	producing	grasslands,	844	

and	in	which	gravel	and	rock	always	performs	worse	(given	its	high	infiltration	845	

capacity).	In	contrast,	all	other	land	covers	with	faster	cycling	rates	(orchard,	vineyard	846	

and	other	perennials,	high	producing	exotic	grassland	and	short-rotation	cropland)	847	

are	better	at	water	cycling	than	they	are	at	the	timing	and	regulation	of	flows.	848	

	849	

Erosion control 850	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	851	

were	drawn	from	25	indicators	on	the	magnitude	of	soil	loss	and	sediment	export	to	852	

waterways	as	well	as	soil	and	stream	channel	characteristics	that	provide	increased	853	

resistance	to	erosion.	854	

	855	

Fig.	S26.	Evidence	network	for	land	cover	comparisons	on	erosion	control.	856	
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	857	

Evidence	base:	This	evidence	network	is	formed	by	36	pairwise	comparisons	of	nine	land	858	

covers.	Data	were	obtained	from	22	different	studies,	each	contributing	one	to	two	859	

pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	in	Fig.	S26,	the	land	860	

covers	that	are	most	commonly	compared	are:	861	

• High	producing	exotic	grassland	(19	comparisons)	862	

• Indigenous	forest	(19	comparisons)	863	

• Exotic	forest	(12	comparisons)	864	

• Forest	harvested	(five	comparisons)	865	

	866	

Fig.	S27.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	erosion	control.	Random	867	

effects	model	with	high	producing	exotic	grassland	as	a	reference.	868	

	869	

Measures	of	heterogeneity/network	inconsistency:	870	

M2	=	9.08	871	

I2	=	99.967	872	

Main	results:	873	

• Effect	estimates	are	all	bounded	by	wide	confidence	intervals,	which	yield	no	874	

significant	differences	between	any	of	the	land	covers.	This	could	be	due	to	the	effect	875	

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 29, 2019. ; https://doi.org/10.1101/621706doi: bioRxiv preprint 

https://doi.org/10.1101/621706


79	
	

of	environmental	variables	such	as	slope	and	parent	material	of	the	soil	which	876	

introduce	additional	variation	within	each	land	cover.	877	

• Except	for	short-rotation	cropland,	the	production	land	covers	tend	to	perform	poorly	878	

in	the	provision	of	this	service.	In	contrast,	those	with	native	vegetation	covers	(in	the	879	

form	of	grass,	forest	or	shrublands)	have	higher	ranking	estimates	for	their	control	880	

over	erosive	processes.	881	

	882	

Pest regulation 883	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	884	

were	drawn	from	44	indicators,	most	of	which	focus	on	the	abundance	of	invasive	species	885	

in	different	land	covers.	However,	there	are	also	some	indicators	that	quantify	habitat	886	

occupation	and	use	by	invader	species,	and	their	response	to	biological	controls.	887	
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	888	

Fig.	S28.	Land-cover	comparison	networks	for	pest	regulation.	889	

	890	

Evidence	base:	As	shown	in	Fig.	S28,	there	are	four	networks	connecting	the	land	cover	891	

comparisons	for	this	service:	three	smaller	ones	and	a	larger	one.	The	evidence	for	the	892	

smaller	networks	is	summarized	in	Table	S6,	whereas	the	remainder	of	this	section	893	

describes	the	data	and	analysis	for	the	larger	network	of	land	covers	in	this	service.	894	

Table	S6.	Reported	response	ratios	for	evidence	subnetworks	in	pest	regulation.	Ratios	are	895	

based	on	the	natural	logarithm	of	the	quotient	of	land	cover	1	over	land	cover	2	896	
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Sub-

network	
Land	Cover	1	 Land	Cover	2	

Log	

Response	

Ratio	

Standard	

Error	

Study	

ID	

1	

broadleaved	

indigenous	

hardwoods	

urban	

parkland/open	

space	

-0.045	 0.206	 S14626	

1	
built-up	area	

(settlement)	

urban	

parkland/open	

space	

8.760	 0.126	 S16437	

2	 gorse	and/or	broom	 manuka	and/or	

kanuka	

-0.572	 0.304	 S14266	

2	 manuka	and/or	

kanuka	

mixed	exotic	

shrubland	

0.117	 0.065	 S18250	

3	 depleted	grassland	 low	producing	

grassland	

0.105	 0.593	 S13628	

3	 depleted	grassland	 matagouri	or	grey	

scrub	

0.063	 0.550	 S13628	

3	 low	producing	

grassland	

matagouri	or	grey	

scrub	

-0.042	 0.424	 S13628	
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	897	

Fig.	S29.	Evidence	network	for	land	cover	comparisons	on	pest	regulation.	898	

The	largest	evidence	network	for	pest	regulation	is	formed	by	11	pairwise	comparisons	of	899	

eight	land	covers.	Data	were	obtained	from	seven	different	studies,	each	contributing	a	900	

minimum	of	one	and	a	maximum	of	two	pairwise	land	cover	comparisons.	As	indicated	by	901	

the	thicker	lines	in	Fig.	S29,	the	land	covers	that	are	most	commonly	compared	are:	902	

• Indigenous	forest	(seven	comparisons)	903	

• Tall	tussock	grassland	(three	comparisons)	904	

• Forest	harvested	(three	comparisons)	905	

• Exotic	forest	(three	comparisons)	906	
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	907	

Fig.	S30.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	pest	regulation.	Random	908	

effects	model	with	high	producing	exotic	grassland	as	a	reference.	909	

	910	

Measures	of	heterogeneity/network	inconsistency:	911	

M2	=	4.88	912	

I2	=	96.012	913	

Main	results:	914	

• Effect	estimates	are	all	bounded	by	wide	confidence	intervals	which	yield	no	915	

significant	differences	between	the	ratio	estimates	for	any	of	the	land	covers.	This	916	

could	be	explained	by	the	fact	that	the	evidence	network	has	many	comparisons	917	

converging	around	indigenous	forest	(Fig.	S29)	and	that	five	out	of	the	seven	studies	in	918	

this	service	provide	evidence	only	on	a	single	pair	of	land	covers.	919	

• In	relation	solely	to	the	log	Response	Ratio	estimates,	tall	tussock	grasslands	and	920	

exotic	forests	(harvested	and	unharvested)	have	the	highest	estimates,	ranking	above	921	

the	high	producing	grassland	reference	in	the	provision	of	this	service.	In	contrast,	922	

indigenous	forests	rank	similarly	to	short-rotation	croplands	with	small	differences	923	

with	the	reference	while	the	remaining	native	land	cover,	sub-alpine	shrubland,	924	

performs	worse	than	all	other	land	covers	in	this	service.	925	

	926	
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Waste treatment 927	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	928	

were	drawn	from	21	indicators	most	of	which	provide	a	measure	of	the	concentration	and	929	

export	of	toxic	compounds	in	the	soil.	930	

	931	

Fig.	S31.	Evidence	network	for	land	cover	comparisons	on	waste	treatment.	932	

	933	

Evidence	base:	This	evidence	network	is	formed	by	13	pairwise	comparisons	of	seven	934	

land	covers.	Data	were	obtained	from	seven	different	studies,	each	contributing	one	to	two	935	

pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	in	Fig.	S31,	the	land	936	

covers	that	are	most	commonly	compared	are:	937	

• Exotic	forest	(seven	comparisons)	938	

• High	producing	exotic	grassland	(six	comparisons)	939	

• Tall	tussock	grassland	(four	comparisons)	940	

• Indigenous	forest	(three	comparisons)	941	
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	942	

Fig.	S32.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	waste	treatment.	Random	943	

effects	model	with	high	producing	exotic	grassland	as	a	reference.	944	

	945	

Measures	of	heterogeneity/network	inconsistency:	946	

M2	=	0.911	947	

I2	=	94.681	948	

Main	results:	949	

• No	significant	differences	can	be	found	between	the	land	covers	in	this	service	since	950	

the	confidence	intervals	all	overlap	each	other	and	extend	over	both	sides	of	the	951	

baseline	reference.	Furthermore,	with	the	exception	of	manuka	and/or	kanuka,	the	952	

estimated	log	Response	Ratio	between	every	land	covers	and	the	high	producing	953	

exotic	grassland	reference	is	always	between	one	and	minus	one.	954	

• Indigenous	forest	and	grassland	land	covers	have	rank	the	highest	in	the	provision	of	955	

this	service,	while	the	exotic	forest	and	the	remaining	native	land	covers	(tall	tussocks,	956	

manuka	and/or	kanuka,	matagouri	or	grey	scrub)	all	rank	poorly	an	perform	957	

comparatively	worse	than	the	reference	land	cover.	958	

	959	
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Capture fisheries 960	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	961	

were	drawn	from	22	indicators	on	the	abundance,	biomass,	size	and	growth	of	freshwater	962	

fish.	963	

	964	

Fig.	S33.	Evidence	network	for	land	cover	comparisons	on	capture	fisheries.	965	

	966	

Evidence	base:	This	evidence	network	is	formed	by	11	pairwise	comparisons	of	five	land	967	

covers.	Data	were	obtained	from	five	different	studies,	each	contributing	one	to	two	968	

pairwise	land	cover	comparisons.	The	land	covers	that	are	most	commonly	compared	are:	969	

• High	producing	exotic	grassland	(eight	comparisons)	970	

• Indigenous	forest	(five	comparisons)	971	

• Exotic	forest	(four	comparisons)	972	

• Low	producing	grassland	(three	comparisons)	973	
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	974	

Fig.	S34.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	capture	fisheries.	Random	975	

effects	model	with	high	producing	exotic	grassland	as	a	reference.	976	

	977	

Measures	of	heterogeneity/network	inconsistency:	978	

M2	=	3.955	979	

I2	=	99.399	980	

Main	results:	981	

• The	wide	confidence	intervals	for	all	land	covers	preclude	any	significant	differences	982	

between	any	of	the	land	covers.	However,	in	terms	of	the	ratio	estimates,	both	983	

indigenous	forests	tend	to	deliver	less	of	the	capture	fisheries	service	than	the	low	and	984	

high	producing	grasslands	and	the	deciduous	hardwoods.	985	

	986	

Ethical and spiritual values 987	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	988	

were	drawn	from	14	indicators,	all	of	which	express	the	abundance,	biomass,	and	growth	989	

of	culturally	valuable	fauna	namely,	bats	an	eels.	Information	for	the	latter	includes	most	of	990	

the	indicators	for	the	capture	fisheries	service.	991	
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	992	

Fig.	S35.	Evidence	network	for	land	cover	comparisons	on	ethical	and	spiritual	values.	993	

	994	

Evidence	base:	This	evidence	network	is	formed	by	11	pairwise	comparisons	of	five	land	995	

covers.	Data	were	obtained	from	five	different	studies,	each	contributing	one	to	two	996	

pairwise	land	cover	comparisons.	The	land	covers	that	are	most	commonly	compared	are:	997	

• High	producing	exotic	grassland	(seven	comparisons)	998	

• Indigenous	forest	(five	comparisons)	999	

• Low	producing	grassland	(four	comparisons)	1000	

• Exotic	forest	(four	comparisons)	1001	
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	1002	

Fig.	S36.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	ethical	and	spiritual	values.	1003	

Random	effects	model	with	high	producing	exotic	grassland	as	a	reference.	1004	

	1005	

Measures	of	heterogeneity/network	inconsistency:	1006	

M2	=	4.594	1007	

I2	=	99.58	1008	

Main	results:	1009	

• Land	covers	in	this	service	appear	to	share	the	same	trends	as	those	for	the	capture	1010	

fisheries	service	with	wide	confidence	intervals	and	the	estimated	ratios	for	exotic	and	1011	

native	forests	at	the	negative	end	of	the	spectrum	and	being	smaller	than	those	for	the	1012	

grasslands	and	deciduous	hardwoods.	This	is	an	effect	of	the	large	overlap	between	1013	

the	indicators	that	support	the	evidence	on	this	service	and	that	of	capture	fisheries.	1014	

	1015	

Disease mitigation 1016	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	1017	

were	drawn	from	nine	indicators	on	the	abundance	of	mosquitoes	and	their	predators,	and	1018	

on	the	presence	of	fecal	coliforms,	Esceherichia	coli	or	entreocoliforms	in	streams	and	1019	

freshwater	sources.	1020	
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	1021	

Fig.	S37.	Evidence	network	for	land	cover	comparisons	on	disease	mitigation.	1022	

	1023	

Evidence	base:	This	evidence	network	is	formed	by	ten	pairwise	comparisons	of	four	land	1024	

covers.	Data	were	obtained	from	four	different	studies,	each	contributing	one	to	two	1025	

pairwise	land	cover	comparisons.	The	number	of	comparisons	per	land	cover	is	as	follows:	1026	

• Indigenous	forest	(seven	comparisons)	1027	

• High	producing	exotic	grassland	(seven	comparisons)	1028	

• Exotic	forest	(four	comparisons)	1029	

• Built-up	area	(settlement)	(two	comparisons)	1030	
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	1031	

Fig.	S38.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	disease	mitigation.	Random	1032	

effects	model	with	high	producing	exotic	grassland	as	a	reference.	1033	

	1034	

Measures	of	heterogeneity/network	inconsistency:	1035	

M2	=	1.729	1036	

I2	=	95.505	1037	

Main	results:	1038	

• Built-up	area	stand	out	as	the	land	cover	that	performs	significantly	worse	than	any	of	1039	

the	others	in	delivering	this	service.	1040	

• Production	land	covers	(exotic	forest	and	high	producing	exotic	grassland)	perform	1041	

slightly	worse	than	the	indigenous	forest	with	respect	to	disease	mitigation.	The	1042	

difference	with	the	indigenous	forest	is	significant	for	the	high	producing	exotic	1043	

grasslands	but	not	for	the	exotic	forest.	1044	

	1045	

Pollination 1046	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	1047	

were	drawn	from	four	indicators	that	quantify	the	potential	for	pollination	in	a	land	cover	1048	

based	on	either	the	abundance	or	body	size	of	pollinators	or	on	the	flower	visitation	rates	1049	

and	duration.	1050	
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	1051	

Fig.	S39.	Land-cover	comparison	networks	for	pollination.	1052	

	1053	

Evidence	base:	As	shown	in	Fig.	S39,	the	evidence	for	this	service	is	split	into	two	1054	

networks:	a	smaller	one	connecting	broadleaved	indigenous	hardwoods	and	flaxland	and	a	1055	

larger	one	with	the	four	remaining	land	covers.	For	the	land	covers	in	the	smaller	sub-1056	

network,	the	evidence	available	comes	from	a	single	study	in	which	the	log	Response	Ratio	1057	

of	broadleaved	indigenous	hardwoods	to	flaxland	is	approximately	-0.823	and	has	a	1058	

standard	error	of	0.625.	Details	for	the	larger	network	are	presented	below.	1059	
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	1060	

Fig.	S40.	Evidence	network	for	land	cover	comparisons	on	pollination.	1061	

This	evidence	network	is	formed	by	seven	pairwise	comparisons	of	four	land	covers.	Data	1062	

were	obtained	from	two	different	studies,	each	contributing	a	minimum	of	one	and	a	1063	

maximum	of	three	pairwise	land	cover	comparisons.	As	indicated	by	the	thicker	lines	in	1064	

Fig.	S44,	the	land	covers	that	are	most	commonly	compared	are:	1065	

• Urban	parkland/open	space	(four	comparisons)	1066	

• High	producing	exotic	grassland	(four	comparisons)	1067	

• Short-rotation	cropland	(three	comparisons)	1068	

• Orchard,	vineyard	&	other	perennial	crops	(three	comparisons)	1069	
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	1070	

Fig.	S41.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	pollination.	Random	effects	1071	

model	with	high	producing	exotic	grassland	as	a	reference.	1072	

	1073	

Measures	of	heterogeneity/network	inconsistency:	1074	

M2	=	1.412	1075	

I2	=	95.049	1076	

Main	results:	1077	

• There	are	no	significant	differences	between	the	different	land	covers	in	the	provision	1078	

of	this	service,	since	all	confidence	intervals	for	the	ratio	estimates	overlap	each	other	1079	

and	extend	across	the	baseline	reference.	In	part	this	could	be	a	result	of	having	only	2	1080	

studies	informing	this	analysis.	1081	

• The	ratio	estimates	suggest	that	the	urban	parkland/open	spaces	and,	to	a	lesser	1082	

extent,	the	croplands	perform	worse	than	the	high	producing	exotic	grasslands	in	1083	

delivering	pollination	services.	1084	

	1085	

Regional & local climate regulation 1086	

Type	of	indicators	for	this	ecosystem	service:	Comparisons	for	this	ecosystem	service	1087	

were	drawn	from	three	indicators	that	quantify	the	regulation	of	temperatures	either	in	1088	

stream	water	or	near	the	land	surface	(as	expressed	by	evapotranspiration).	1089	
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	1090	

Fig.	S42.	Evidence	network	for	land	cover	comparisons	on	regional	and	local	climate	1091	

regulation.	1092	

	1093	

Evidence	base:	This	evidence	network	is	formed	by	seven	pairwise	comparisons	of	four	1094	

land	covers.	Data	were	obtained	from	two	different	studies,	each	contributing	a	minimum	1095	

of	one	and	a	maximum	of	three	pairwise	land	cover	comparisons.	The	number	of	1096	

comparisons	per	land	cover	is	as	follows:	1097	

• High	producing	exotic	grassland	(four	comparisons)	1098	

• Exotic	forest	(four	comparisons)	1099	

• Orchard,	vineyard	&	other	perennial	crops	(three	comparisons)	1100	

• Indigenous	forest	(three	comparisons)	1101	
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	1102	

Fig.	S43.	Forest	plot	of	land	cover	contrasts	in	the	provision	of	regional	and	local	climate	1103	

regulation.	Random	effects	model	with	high	producing	exotic	grassland	as	a	reference.	1104	

	1105	

Measures	of	heterogeneity/network	inconsistency:	1106	

M2	=	Not	available	1107	

I2	=	Not	available	1108	

Main	results:	1109	

• Besides	exotic	forests	(which	are	significantly	better	than	the	reference	land	cover),	all	1110	

the	land	covers	have	overlapping	confidence	intervals	and,	consequently,	are	not	1111	

significantly	different	from	each	other	in	the	provision	of	this	service.	This	is	probably	1112	

due	to	the	limited	number	of	studies	with	evidence	on	this	service.	1113	

• The	ratio	estimates	suggest	that	forested	land	covers	tend	to	deliver	greater	climate	1114	

regulation	at	the	local	and	regional	level	than	the	high	producing	exotic	grassland	and	1115	

the	orchard	land	covers.	1116	

	1117	

A note on confidence intervals and the size of the evidence base 1118	

The	forest	plots	above	show	that,	primary	production,	erosion	control,	pest	regulation,	1119	

waste	treatment,	capture	fisheries,	ethical	&	spiritual	values,	pollination	and	regional	&	1120	

local	climate	regulation	all	present	wide,	overlapping	confidence	intervals	for	all	or	most	of	1121	

their	estimates.	This	suggests	that	differences	in	the	provision	of	all	of	these	services	across	1122	
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land	covers	were	not	significant.	For	some	of	these	services,	this	is	due	to	smaller	evidence	1123	

bases,	as	in	the	case	of	pollination	and	regional	&	local	climate	regulation	where	the	1124	

network	meta-analysis	was	informed	by	only	7	-	8	comparisons	taken	from	2	different	1125	

studies.	For	services	with	a	slightly	larger	evidence	base	(e.g.,	capture	fisheries,	ethical	and	1126	

spiritual	values,	pest	regulation	and	waste	treatment)	there	is	an	asymmetry	in	the	number	1127	

of	comparisons	available	for	the	different	land	covers,	since	one	or	two	pairs	of	land	covers	1128	

harness	most	of	the	comparisons	and	leave	limited	evidence	for	the	other	pairs	of	1129	

comparisons	(note	the	large	differences	in	link	weights	in	the	corresponding	evidence	1130	

networks	presented	above).	With	over	60	pairwise	comparisons	across	all	land	covers,	the	1131	

evidence	base	for	primary	production	has	a	similar	problem	since	most	of	the	comparisons	1132	

involve	high	producing	exotic	grasslands,	indigenous	and	exotic	forests.	A	similar	trend	can	1133	

be	observed	with	some	(but	not	all)	pairs	of	land	covers	for	other	well-informed	services,	1134	

such	as	regulation	of	water	timing	and	flows	and	soil	formation.	For	waste	treatment,	the	1135	

low	sample	size	results	from	having	few	comparisons	(13	in	total)	spread	over	a	large	1136	

number	of	land	covers	(7	in	all),	which	results	in	an	evidence	network	formed	by	several,	1137	

poorly	informed	links.	1138	

Appendix 11. Detailed results from PERMANOVA analyses 1139	

Table	S7.	Detailed	output	of	the	permutational	analysis	of	variance	(PERMANOVA,	adonis)	1140	

on	the	effects	of	land	cover	characteristics	on	land	cover	provision	of	multiple	ecosystem	1141	

services.	Model	specified	with	production	as	the	first	variable	term.	1142	

Variable	 Degrees	of	freedom	 F	 Partial		R2	 p	-	value	

Production	 1	 2.927	 0.259	 0.00995	

Forest	cover	 1	 1.226	 0.109	 0.289	

Interaction	(Production	:	

Forest	cover)	

1	 1.141	 0.101	 0.338	

Residuals	 6	 	 0.531	 	

Total	 9	 	 1.000	 	
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Table	S8.	Detailed	output	of	the	permutational	analysis	of	variance	(PERMANOVA,	adonis)	1143	

on	the	effects	of	land	cover	characteristics	on	land	cover	provision	of	multiple	ecosystem	1144	

services.	Model	specified	with	forest	cover	as	the	first	variable	term.	1145	

Variable	 Degrees	of	freedom	 F	 Partial		R2	 p	-	value	

Forest	cover	 1	 1.226	 0.109	 0.333	

Production	 1	 2.927	 0.259	 0.0199	

Interaction	(Production	:	

Forest	cover)	

1	 1.141	 0.101	 0.328	

Residuals	 6	 	 0.531	 	

Total	 9	 	 1.000	 	

Table	S9.	Comparisons	of	group	mean	dispersions	for	variables	on	land	cover	1146	

characteristics.	Separate	tests	were	conducted	for	each	variable	(permdisp:	betadisper	and	1147	

permutest	with	999	permutations).	1148	

Variable	 F(1,8)	 p-	value	

Production	 0.1508	 0.683	

Forest	cover	 1.1379	 0.348	

	1149	

Table	S10.	Detailed	output	of	the	PERMANOVA	(adonis)	on	the	effects	of	ecosystem	1150	

service	characteristics	on	ecosystem	service	provision	across	multiple	land	covers.	Model	1151	

specified	with	biophysical	domain	as	the	first	variable	term.	1152	

Variable	 Degrees	of	freedom	 F	 Partial		R2	 p	-	value	

Biophysical	domain	 2	 2.253	 0.312	 0.065	

Scale	of	benefits	 2	 2.973	 0.411	 0.045	

Residuals	 4	 	 0.277	 	

Total	 8	 	 1.000	 	
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Table	S11.	Detailed	output	of	the	PERMANOVA	(adonis)	on	the	effects	of	ecosystem	1153	

service	characteristics	on	ecosystem	service	provision	across	multiple	land	covers.	Model	1154	

specified	with	scale	of	benefits	as	the	first	variable	term.	1155	

Variable	 Degrees	of	freedom	 F	 Partial		R2	 p	-	value	

Scale	of	benefits	 2	 2.337	 0.323	 0.055	

Biophysical	domain	 2	 2.888	 0.400	 0.035	

Residuals	 4	 	 0.277	 	

Total	 8	 	 1.000	 	

Table	S12.	Comparisons	of	group	mean	dispersions	for	variables	on	ecosystem	service	1156	

characteristics.	Separate	tests	were	conducted	for	each	variable	(permdisp:	betadisper	and	1157	

permutest	with	999	permutations).	1158	

Variable	 F(1,8)	 p	-	value	

Scale	of	benefits	 0.486	 0.688	

Biophysical	domain	 0.823	 0.623	

 1159	

Captions for datasets S1 to S2 1160	

SI	Dataset	1:	Quantitative	indicators	used	to	quantify	provision	of	each	ecosystem	service.	1161	

For	each	indicator	the	units	used	by	different	studies	are	given.	Indicators	that	lack	units	1162	

are	reported	as	index	or	ratio	in	the	units	column.	If	the	indicator	is	a	variable	that	was	1163	

logged,	units	of	the	variable	before	applying	the	logarithm	are	generally	given.	“No.	Studies”	1164	

describes	the	number	of	studies	reporting	each	of	the	indicators	in	our	dataset.	1165	

SI	Dataset	2:	Final	log	Response	Ratios	on	ecosystem	service	provision	for	pairwise	1166	

comparison	of	land	covers	in	each	study	used	in	our	analysis.	Within	each	study,	log	1167	

Response	Ratios	of	multiple	indicators	of	provision	for	the	same	ecosystem	service	have	1168	

been	aggregated	to	a	single	value	per	service	for	each	pairwise	land	cover	comparison	of	1169	
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land	covers.	Column	heading	abbreviations:	Ecosystem	service	(ES),	Study	ID	(S.ID),	Land	1170	

Cover	(LC),	Log	Response	Ratio	(LRR),	Variance	(Var)	and	Standard	Errror	(SE).	1171	
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