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Abstract
Quantifying	habitat	quality	 is	dependent	on	measuring	a	site's	relative	contribution	
to	population	growth	rate.	This	is	challenging	for	studies	of	waterbirds,	whose	high	
mobility	 can	 decouple	 demographic	 rates	 from	 local	 habitat	 conditions	 and	 make	
sustained	monitoring	of	 individuals	near-	impossible.	To	overcome	these	challenges,	
biologists	 have	 used	many	direct	 and	 indirect	 proxies	 of	waterbird	 habitat	 quality.	
However,	consensus	on	what	methods	are	most	appropriate	for	a	given	scenario	 is	
lacking.	We	undertook	a	structured	literature	review	of	the	methods	used	to	quantify	
waterbird	habitat	quality,	and	provide	a	synthesis	of	the	context-	dependent	strengths	
and	limitations	of	those	methods.	Our	search	of	the	Web	of	Science	and	Scopus	da-
tabases	 returned	a	 sample	of	666	 studies,	upon	which	our	 review	was	based.	The	
reviewed	studies	assessed	habitat	quality	by	either	measuring	habitat	attributes	(e.g.,	
food	abundance,	water	quality,	vegetation	structure),	or	measuring	attributes	of	the	
waterbirds	themselves	(e.g.,	demographic	parameters,	body	condition,	behavior,	dis-
tribution).	Measuring	habitat	attributes,	although	they	are	only	 indirectly	related	to	
demographic	rates,	has	the	advantage	of	being	unaffected	by	waterbird	behavioral	
stochasticity.	 Conversely,	 waterbird-	derived	 measures	 (e.g.,	 body	 condition,	 peck	
rates)	may	be	more	directly	related	to	demographic	rates	than	habitat	variables,	but	
may	be	subject	to	greater	stochastic	variation	(e.g.,	behavioral	change	due	to	presence	
of	conspecifics).	Therefore,	caution	is	needed	to	ensure	that	the	measured	variable	
does	influence	waterbird	demographic	rates.	This	assumption	was	usually	based	on	
ecological	theory	rather	than	empirical	evidence.	Our	review	highlighted	that	there	
is	no	single	best,	universally	applicable	method	to	quantify	waterbird	habitat	quality.	
Individual	project	specifics	(e.g.,	time	frame,	spatial	scale,	funding)	will	influence	the	
choice	of	variables	measured.	Where	possible,	practitioners	should	measure	variables	
most	directly	related	to	demographic	rates.	Generally,	measuring	multiple	variables	
yields	a	better	chance	of	accurately	capturing	the	relationship	between	habitat	char-
acteristics	and	demographic	rates.
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1  |  INTRODUC TION

A	core	aim	of	conservation	management	is	optimizing	habitat	quality	
for	focal	species	(Johnson,	2005;	McComb,	2016).	For	management	
to	be	truly	optimized,	a	measurable	understanding	of	what	consti-
tutes	 habitat	 quality	 is	 required	 (Marzluff	 et	 al.,	 2000).	 The	 term	
habitat	has	diverse	meanings	in	the	literature.	For	the	purposes	of	
this	 review,	 we	 follow	 the	 definition	 provided	 by	 Kearney	 (2006)	
whereby	 habitat	 is	 a	 spatially	 and	 temporally	 explicit	 description	
of	the	physical	features,	 including	abiotic	and	biotic	elements,	of	a	
place	where	an	organism	either	actually	or	potentially	lives.	The	ul-
timate	measure	of	the	quality	of	a	habitat	for	an	individual	is	the	in-
dividual's	relative	contribution	to	the	growth	rate	of	the	population	
when	inhabiting	a	given	habitat	(Johnson,	2007).	There	are	two	com-
ponents	of	this	measure:	survival	and	reproduction.	By	defining	hab-
itat	quality	 in	 terms	of	population	growth	rate,	habitat	quality	can	
be	assessed	on	a	 continuous	 temporal	 scale.	For	example,	habitat	
quality	can	be	measured	instantaneously	or	as	a	life-	time	measure	of	
habitat	quality	akin	to	the	individual's	fitness.	There	are	many	com-
ponents	 that	 combine	 to	 influence	 survival	 and	 reproductive	 out-
put	including	food	availability,	predation	risk,	habitat	structure	and	
configuration,	 and	 the	 presence	 of	 disturbances	 (e.g.,	 human	 foot	
traffic;	Johnson,	2007).	Moreover,	different	species	will	experience	
habitat	in	different	ways	because	of	the	species-	specific	mechanistic	
ways	 in	which	they	 interact	with	features	of	 the	habitat	 (i.e.,	 their	
respective	niches	as per	the	definition	of	Kearney	(2006))	and	habitat	
quality	is	therefore	species-	specific.

Quantifying	demographic	 rates	 (survival	and	 reproductive	out-
put)	 is	a	challenging	task	(Stephens	et	al.,	2015),	as	it	requires	sus-
tained	monitoring	of	individuals	of	known	identity.	Studies	that	do	
achieve	 this	are	often	conducted	either	on	sessile	organisms	 (e.g.,	
Ma	et	al.,	2014;	Wang	et	al.,	2012;	Zhao	et	al.,	2006)	or	large-	bodied	
organisms	 that	 are	 restricted	 to	 a	 small	 geographic	 area	 (e.g.,	 is-
lands:	Kruuk	et	 al.,	1999,	 Richard	et	 al.,	2014;	 natal	 colony:	Baker	
&	Thompson,	2007;	Le	Boeuf	et	al.,	2019).	Demographic	 rates	are	
also	 financially	 costly	 to	 measure	 (Knutson	 et	 al.,	 2006;	 Pidgeon	
et	al.,	2006),	and	the	long	timeframes	for	data	collection	can	mean	
that	 research	extends	beyond	 typical	 funding	 cycles	 and	 research	
project	lifetimes,	particularly	for	research	on	long-	lived	species	(Le	
Boeuf	et	al.,	2019).	Despite	these	challenges,	there	have	been	stud-
ies	 that	 successfully	 monitor	 survival	 (Valdez-	Juarez	 et	 al.,	 2019)	
and	 reproductive	 performance	 (Pérot	 &	 Villard,	 2009;	 Pidgeon	
et	 al.,	 2006;	 Zanette,	2001)	 of	 birds	 in	 relation	 to	 habitat	 quality.	
Outputs	from	these	studies	are	often	very	applied	with	actionable	
recommendations	for	conservation	decision-	makers.

Waterbirds	are	a	particularly	challenging	group	to	obtain	habitat	
quality	estimates	for	because	multiple	factors	can	confound	the	rela-
tionship	between	site	habitat	conditions	and	resultant	demographic	

rates.	The	distribution	of	many	waterbird	 species	 is	 influenced	by	
social	attraction	(Gawlik	&	Crozier,	2007).	As	a	result,	areas	of	favor-
able	habitat	may	go	unused	because	waterbirds	newly	arriving	in	an	
area	are	drawn	to	sites	with	existing	waterbird	presence	(Gawlik	&	
Crozier,	2007).	Moreover,	many	waterbirds	are	highly	dispersive	and	
track	ephemeral	habitat	conditions	at	 local,	 regional,	or	even	con-
tinental	 scales	 (Cumming	 et	 al.,	2012;	 Pedler	 et	 al.,	2014; Roshier 
et	 al.,	 2006),	 creating	 the	 potential	 for	 mismatches	 between	 the	
scale	of	monitoring	and	the	scale	at	which	demographic	processes	
are	governed.

Dispersive	behavior	can	also	mean	that	the	conditions	at	a	par-
ticular	wetland	may	be	conducive	for	survival	and	reproduction,	yet	
waterbirds	do	not	capitalize	on	these	favorable	conditions	because	
other	wetlands	in	the	broader	landscape	are	also	providing	favorable	
conditions	(behavioral	choice	impacts)	(Cumming	et	al.,	2012).	This	
poses	 a	 challenge	 for	management	 because	 under	 the	 theoretical	
definition	 of	 habitat	 quality,	 unused	 sites	 are	 not	 conferring	 any-
thing	 to	 an	 individual's	 relative	 contribution	 to	 population	 growth	
rate	and	so	the	wetland	would	be	deemed	low-	quality	habitat.	Yet,	
from	a	management	perspective,	the	site	is	being	managed	to	pro-
vide	 conditions	 consistent	with	 high-	quality	 habitat.	 Similarly,	 this	
scenario	also	highlights	the	role	of	density	 in	habitat	quality	when	
habitat	quality	is	assessed	at	the	level	of	the	population	rather	than	
the	individual.	Although	a	site	may	support	only	modest	population	
growth	from	an	individual's	perspective,	if	the	site	has	a	high	popula-
tion	density,	then	the	population	growth	rate	may	be	relatively	high.	
Conversely,	if	a	site	has	only	a	small	number	of	resources	but	these	
are	high-	quality	resources	(e.g.,	optimum	nest	sites),	the	per	capita	
contribution	to	population	growth	rate	at	the	site	may	be	high,	but	
the	site	has	 low	habitat	quality	 from	a	population	perspective	be-
cause	the	density	of	individuals	supported	by	the	site	is	low.

Many	waterbirds	are	also	migratory.	Consequently,	demographic	
parameters	in	one	part	of	the	range	may	be	decoupled	from	the	hab-
itat	 conditions	 experienced	 at	 that	 time	due	 to	 carry-	over	 effects	
from	previous	 seasons	 (Aharon-	Rotman,	Bauer,	&	Klaassen,	 2016; 
Sedinger	&	Alisauskas,	2014;	Swift	et	al.,	2020).	For	example,	 sur-
vival	during	the	breeding	period	and	breeding	success	may	be	higher	
in	individuals	that	depart	their	nonbreeding	grounds	in	better	condi-
tion	(Swift	et	al.,	2020).	Furthermore,	breeding	performance	in	one	
part	 of	 the	 range	 may	 influence	 parameters	 including	 abundance	
and	population	age	structure	on	the	nonbreeding	grounds,	irrespec-
tive	of	the	 local	conditions	on	the	nonbreeding	grounds	(Rogers	&	
Gosbell,	2006).	In	addition	to	carryover	effects,	survival	data	may	be	
particularly	sensitive	to	pinch	points	of	low-	quality	habitat	along	the	
migratory	flyway	(Piersma	et	al.,	2016;	Studds	et	al.,	2017).

Due	 to	 the	 difficulties	 of	 obtaining	 waterbird	 demographic	
data	 in	 a	 given	 area,	 an	 array	 of	 methods	 have	 been	 used	 as	
proxies	 to	measure	 habitat	 quality	 (Ma	 et	 al.,	2010).	 The	 use	 of	
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proxies	also	helps	to	overcome	budget	limitations	of	management	
agencies	by	allowing	snapshot	estimates	of	habitat	quality	 to	be	
made	without	 the	 need	 for	 extended	 periods	 of	 data	 collection	
in	 space	 and	 time	 (Osborn	et	 al.,	2017).	However,	 the	many	dif-
ferent	options	available	for	measuring	habitat	quality	can	be	be-
wildering	 for	 research	 scientists	 and	 conservation	 practitioners	
(Pidgeon	et	al.,	2006).	There	is	little	consensus	on	which	method,	
or	 combination	of	methods,	 produces	 the	most	meaningful	 esti-
mate	of	waterbird	habitat	quality,	and	in	some	cases,	it	is	unclear	
as	 to	whether	 particular	 proxies	meaningfully	 reflect	 underlying	
habitat	quality	 from	the	perspective	of	direct	 impact	on	popula-
tion	processes	 (Johnson,	2005,	2007;	Stephens	et	al.,	2015;	Van	
Horne,	1983).	For	example,	density	of	individuals	may	not	reflect	
underlying	 habitat	 quality	 if	 the	 population	 does	 not	 follow	 the	
ideal	 free	 distribution	 (Van	Horne,	 1983),	 and	 time	 spent	 forag-
ing	 may	 not	 reflect	 underlying	 habitat	 quality	 if	 individuals	 are	
constrained	by	prey	handling	 time	or	digestive	bottlenecks	 (Van	
Gils	et	al.,	2005).	Furthermore,	the	spatial	scale	at	which	proxies	
are	measured	may	have	 implications	 for	 their	 relevance	 to	man-
agers	 (Guisan	 &	 Thuiller,	 2005;	 Pidgeon	 et	 al.,	 2006;	 Stephens	
et	al.,	2015).	The	dynamic	nature	of	wildlife	populations	also	means	
that	meta-	population	 processes	 (e.g.,	 local	 extinction	 and	 recol-
onization,	 source-	sink	dynamics),	 including	 those	of	 competitors	
and	predators,	may	confound	proxy	measures	for	habitat	quality	
because	these	proxies	typically	assume	the	study	population	is	in	
equilibrium	(Guisan	&	Thuiller,	2005;	Pulliam,	2000).

In	 this	 review,	 we	 seek	 to	 catalogue	 the	methods	 that	 have	
been	used	to	quantify	waterbird	habitat	quality	and	provide	a	syn-
thesis	of	the	conditions	under	which	each	may	provide	meaningful	
measures	of	habitat	quality	 in	 future	waterbird	studies.	Outputs	
from	 this	 review	 are	 intended	 to	 guide	 environmental	managers	
on	the	types	of	data	they	should	be	collecting	when	attempting	to	
quantify	waterbird	habitat	quality.	This	will	ensure	that	decisions	
on	how	to	manage	habitat	to	optimize	habitat	quality	are	based	on	
meaningful	 information.	Outputs	 are	 also	 expected	 to	 be	useful	
for	conservation	practitioners	 in	 terrestrial	 settings	because	 the	
factors	governing	the	relationship	between	a	proxy	and	underly-
ing	 habitat	 quality	 are	 founded	 on	 general	 ecological	 principles.	
Therefore,	 support	 for	 a	method	 in	 a	waterbird	 context	 is	 likely	
to	 mean	 that	 the	 same	 data	 type	 would	 provide	 a	 useful	 habi-
tat	 quality	 proxy	 in	 a	 terrestrial	 setting.	 Furthermore,	 the	 open	
habitat	 structure	occupied	by	many	waterbird	species	 (e.g.,	bare	
mudflats)	facilitates	prolonged	periods	of	observation	of	 individ-
uals	relative	to	those	from	terrestrial	settings	such	as	forests	and	
scrublands.	Likewise,	visual	methods	for	assessing	body	condition	
have	been	developed	for	waterbirds	(Féret	et	al.,	2005;	Wiersma	
&	Piersma,	1995),	whereas	capture	is	required	to	collect	the	same	
data	for	terrestrial	birds	 (e.g.,	Milenkaya	et	al.,	2015).	Therefore,	
waterbirds	provide	a	novel	 test-	case	to	quantify	the	relationship	
between	some	purported	habitat	quality	proxies	and	the	expected	
outcome	(e.g.,	influence	of	body	condition	on	survival	and	repro-
duction)	where	evidence	from	terrestrial	settings	remains	unclear	
(Barnett	et	al.,	2015;	Milenkaya	et	al.,	2015).

2  |  METHODS

For	 the	 purposes	 of	 this	 review,	 we	 followed	 the	 definition	 of	
waterbirds	 used	 by	 Wetlands	 International	 (2012).	 This	 covers	
all	 species	within	32	bird	 families	 that	 are	 ecologically	 dependent	
on	wetlands.	The	most	 familiar	of	 these	 families	 are	 the	Anatidae	
(ducks,	geese,	and	swans),	Laridae	 (gulls	and	 terns),	Ardeidae	 (her-
ons	and	egrets),	Scolopacidae	(sandpipers),	and	Charadriidae	(plov-
ers).	 Other	 representatives	 include	 the	 Rallidae	 (rails	 and	 crakes),	
Podicipedidae	(grebes),	Threskiornithidae	(ibises	and	spoonbills),	and	
Recurvirostridae	(stilts	and	avocets).

Systematic	 reviews	 require	 defining	 the	 question	 elements	
‘subject’,	 ‘intervention’,	 ‘outcome’,	 and	 ‘comparator’	 (Pullin	 &	
Stewart,	 2006).	 Very	 few	 studies	 of	 habitat	 quality	 involve	ma-
nipulative	 experiments	 (Stephens	 et	 al.,	 2015),	 so	 for	 the	 ma-
jority	of	 studies	 there	 is	a	 lack	of	a	clearly	defined	 intervention.	
Furthermore,	 for	 data	 to	 be	 pooled	 for	 meta-	analysis,	 it	 is	 im-
portant	 to	 consider	 the	 heterogeneity	 of	 the	 input	 data,	 with	
high	 levels	 of	 heterogeneity	 making	 data	 pooling	 inappropriate	
(Crowther	 et	 al.,	 2010).	 For	 example,	 it	 is	 important	 that	 only	
data	 with	 similar	 interventions	 and	 measures	 of	 outcomes	 are	
combined	 (Crowther	 et	 al.,	2010).	 Among	 the	 diverse	waterbird	
habitat	 quality	 literature,	 there	 are	 clear	 differences	 in	 terms	of	
the	experimental	 design,	 comparator	 group	used	 (e.g.,	 some	use	
neighboring	populations	as	comparators	whereas	others	use	pre-
vious	points	 in	 time,	or	 a	 comparator	 is	 lacking	completely),	 and	
the	measured	outcome	 (e.g.,	 some	 relate	changes	 in	a	measured	
variable	to	change	in	abundance	whereas	for	others	the	response	
is	 changes	 in	 reproductive	 rate).	 Consequently,	 pooling	 data	 to	
conduct	 a	 formal	 meta-	analysis	 would	 have	 been	 inappropriate	
in	this	review.	Hence,	we	used	the	‘narrative	synthesis’	approach	
recommended	by	Haddaway	et	al.	(2020)	for	synthesizing	hetero-
geneous	 literature.	 To	 obtain	 a	 representative	 sample	 of	 the	 lit-
erature	 for	synthesis,	we	used	a	structured	approach	to	 identify	
relevant	 information	 sources	 (published	 literature,	 reports,	 and	
gray	literature)	and	use	these	sources	to	make	qualitative	assess-
ments	of	the	various	methods	that	have	been	used	for	measuring	
waterbird	habitat	quality.

We	searched	the	Web	of	Science	(all	databases)	and	Scopus	on	
September	1,	2022	to	obtain	a	set	of	papers	on	which	to	base	this	
review.	When	 searching	 the	Web	 of	 Science	 we	 used	 the	 search	
string	TS = (waterbird* OR shorebird* OR wader* OR “wading bird*” OR 
waterfowl) AND TS = (“habitat quality” OR “habitat condition” OR “envi-
ronment* quality” OR “environment* condition” OR “wetland quality” OR 
“wetland condition”),	where	TS	means	‘Topic	Search’.

When	searching	 the	Scopus	database	we	specified	 two	search	
fields.	The	first	contained	the	search	string	waterbird* OR shorebird* 
OR wader* OR “wading bird*” OR waterfowl	 and	 the	 second	 con-
tained	 the	 search	 string	 “habitat quality” OR “habitat condition” OR 
“environment* quality” OR “environment* condition” OR “wetland qual-
ity” OR “wetland condition”.	In	both	cases,	the	search	was	restricted	
to	 include	only	 information	 appearing	 in	 the	 article	 title,	 abstract,	
keywords.
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These	 searches	 returned	 a	 sample	of	1085	 results	once	dupli-
cates	and	records	pertaining	to	datasets	(e.g.,	publication	support-
ing	information	lodged	with	Dryad	or	Figshare)	had	been	removed.	
Further	 screening	 removed	 an	 additional	 158	 papers	 that	 did	 not	
relate	to	waterbirds,	155	papers	in	which	no	habitat	quality	assess-
ment	was	made,	25	studies	that	related	to	toxicology,	and	52	review	
articles.	 It	was	not	possible	 to	obtain	a	copy	of	 the	 full	 text	 in	29	
cases	and	these	records	were	also	excluded	from	the	synthesis.	This	
resulted	 in	a	final	sample	of	666	papers	upon	which	our	synthesis	
was	based	(see	Appendix	S1	for	a	spreadsheet	of	search	results	and	
inclusion	status).	For	cases	where	the	returned	paper	was	in	a	lan-
guage	other	 than	English	or	French,	Google	Translate	was	used	to	
extract	the	relevant	information.	Our	aim	in	conducting	this	review	
was	to	catalogue	the	spectrum	of	methods	that	have	been	used	for	
waterbird	 habitat	 quality	 assessments.	 Therefore,	 we	 did	 not	 ap-
praise	 the	quality	of	 individual	 studies	when	determining	whether	
they	should	be	included	in	the	review	or	not.	Rather	we	included	any	
study	that	purported	to	measure	habitat	quality	and	used	evidence	
from	within	that	study	or	others	in	the	returned	set	to	contextualize	
whether	the	method	was	 likely	to	provide	an	accurate	estimate	of	
habitat	 quality,	 as	well	 as	 outlining	 any	 caveats	 as	 to	 the	 settings	
under	which	the	method	 is	 likely	to	provide	useful	data.	 It	was	 in-
tended	 that	 this	 would	 help	 readers	 make	 their	 own	 assessment	
as	 to	whether	a	particular	habitat	quality	metric	 is	useful	 for	 their	
own	needs.	We	 also	 avoid	 ‘vote	 counting’	 (i.e.,	 tallying	 how	many	
studies	 used	 a	 particular	method)	 as	 a	way	of	 assessing	 how	well	
a	given	habitat	quality	assessment	method	performs	because	there	
are	many	factors	 that	can	contribute	to	a	particular	method	being	
used	(e.g.,	ease	of	data	collection),	or	the	likelihood	of	the	research	
being	published	(e.g.,	sample	size	needed	for	statistical	power)	that	
are	unrelated	to	the	performance	of	that	method.

3  |  SYNTHESIS OF RE VIE WED STUDIES

Our	 structured	 search	 returned	 studies	 that	 undertook	waterbird	
habitat	 quality	 assessments	 in	 two	main	ways:	 studies	 that	meas-
ured	 some	biophysical	 attribute(s)	of	 the	habitat;	 and	 studies	 that	
measured	some	attribute(s)	of	waterbirds	themselves	to	infer	under-
lying	habitat	quality	 (Table 1).	 Studies	 that	measured	attributes	of	
waterbirds	themselves	could	be	further	broken	down	into	four	sub-
categories:	 studies	 that	 directly	measured	waterbird	 demographic	
characteristics;	 studies	 that	 measured	 waterbird	 body	 condition;	
studies	 that	measured	waterbird	behavior;	 and	studies	 that	meas-
ured	waterbird	distribution	 (Table 1).	There	were	also	studies	 that	
used	methods	from	a	combination	of	these	categories.

In	many	cases,	the	proxies	used	assumed	a	simplistic	relationship	
between	 the	measured	 attribute	 and	 habitat	 quality	 that	 ignored	
other	potential	influences	on	true	habitat	quality.	For	example,	stud-
ies	that	measured	prey	intake	rate	assumed	that	higher	prey	intake	
rates	equated	to	better	quality	habitat	without	explicitly	considering	
factors	 such	 as	predation	 risk	or	 the	physiological	 costs	of	 inhab-
iting	sites	with	profitable	foraging	conditions.	This	 is	an	 important	

consideration	 that	 practitioners	 must	 evaluate	 when	 determining	
which	variables	they	will	measure	and	the	reliability	of	their	findings.

The	reviewed	studies	often	presented	evidence	for	a	hierarchy	in	
terms	of	how	relevant	each	proxy	was	for	assessing	habitat	quality.	
Some	proxies	were	used	more	often	as	response	variables	whereas	
others	were	used	consistently	as	predictor	variables.	Proxies	often	
used	as	response	variables	 (e.g.,	measures	of	 reproductive	output,	
survival,	 abundance,	 body	 condition)	 were	 typically	more	 directly	
linked	 to	 demographic	 parameters,	 whereas	 proxies	 relating	 to	
physico-	chemical	properties	of	wetlands	(e.g.,	vegetation	structure,	
primary	 productivity,	 nutrient	 concentrations)	 seldom	 featured	 as	
response	variables.	We	interpret	this	as	an	indication	that	managers	
seeking	to	assess	habitat	quality	are	best	equipped	if	they	are	able	
to	measure	proxies	most	directly	related	to	demographic	parameters	
(Figure 1).

3.1  |  Methods of habitat quality assessment

3.1.1  | Measuring	demographic	parameters

By	definition,	the	quantification	of	habitat	quality	depends	on	esti-
mating	a	site's	contribution	to	survival	and	reproduction.	Therefore,	
any	method	that	directly	measures	survival	or	reproductive	output	
will	 produce	 a	 quantitative	 estimate	 of	 the	 respective	 parameter	
that	is	free	from	error	propagation	caused	by	imperfect	correlation	
between	 a	measured	 attribute	 and	 these	 variables.	Consequently,	
studies	 that	 directly	measure	 both	 of	 these	 parameters	 are	 likely	
to	provide	the	most	accurate	quantification	of	habitat	quality	with	
the	fewest	assumptions	about	the	direction	and	strength	of	correla-
tions	between	the	measured	attribute	and	population	growth	rate.	
However,	cautious	interpretation	is	still	required	when	only	one	of	
these	attributes	is	measured,	because	sites	with	similar	reproductive	
output	can	have	divergent	population	trajectories	if	the	population	
size	is	governed	by	adult	survival,	and	vice	versa	(Cohen	et	al.,	2009).	
Similarly,	emigration	or	 immigration	at	a	site	may	also	obscure	the	
signal	 arising	 from	measures	 of	 reproduction	 and	 survival	 (Cohen	
et	 al.,	2009).	 Caution	must	 also	 be	 used	 if	 the	measure	 of	 repro-
ductive	output	reflects	an	early	stage	in	the	reproductive	cycle	(e.g.,	
number	of	breeding	pairs,	clutch	size)	because	the	number	of	indi-
viduals	that	recruit	into	the	breeding	population	from	these	nesting	
attempts	may	not	be	perfectly	correlated	with	this	early	season	data.	
For	example,	density-	dependent	effects	may	mean	that	the	number	
of	pairs	increases	but	the	number	of	chicks	fledged	per	pair	declines	
(Kwon	et	al.,	2021).	Measuring	demographic	rates	can	be	a	lengthy,	
costly,	and	logistically	challenging	process.	In	waterbird	research,	di-
rectly	measuring	a	site's	contribution	to	survival	and	reproduction	
may	be	unachievable	owing	to	the	mobility	of	waterbird	populations.	
Although	our	structured	search	 returned	examples	of	studies	 that	
did	quantify	survival	(e.g.,	Alves	et	al.,	2013;	Rice	et	al.,	2007;	Swift	
et	al.,	2020)	and/or	reproduction	 (e.g.,	Hunt	et	al.,	2017;	Powell	&	
Powell,	1986;	Swift	et	al.,	2020),	most	studies	used	proxies	for	one	
or	both	of	these	measures.
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3.1.2  |  Estimating	food	abundance	and	availability

Many	of	 the	proxies	 in	 the	reviewed	studies	assumed	that	a	high-	
quality	habitat	provided	waterbird	individuals	with	a	high	net	energy	
intake	rate.	The	corollary	assumption	was	that	high	net	energy	intake	
results	in	increased	survival	and	reproductive	performance.	Methods	
used	to	infer	net	energy	intake	rate	included	measures	of	prey	abun-
dance,	prey	accessibility,	and	waterbird	physiology	or	morphology	as	
an	indicator	of	past	foraging	returns	(Table 1).	Habitat	quality	assess-
ments	that	are	based	on	habitat	attributes	are	appealing	because	re-
sults	are	independent	of	variation	in	bird	behavior	caused	by	factors	
unrelated	to	local	habitat	quality	(e.g.,	current	wind	and	rain	condi-
tions	can	determine	which	sites	waterbirds	use	at	very	local	scales	
(Kelly,	2001)	and	these	short	term	changes	are	not	typically	useful	
for	managers).	For	this	reason,	measuring	the	abundance	or	biomass	
of	food	was	used	widely	in	the	reviewed	studies	to	assess	waterbird	

habitat	quality.	There	is	support	for	this	method	being	an	appropriate	
proxy	for	habitat	quality	because	waterbirds	preferentially	forage	at	
sites	with	the	highest	prey	biomass	and	density	(Guerra	et	al.,	2016; 
Rose	&	Nol,	2010).	Moreover,	prey	availability	has	a	positive	 influ-
ence	on	reproductive	performance	and	survival	(Herring	et	al.,	2010; 
Holopainen	et	al.,	2014;	Swift	et	al.,	2020).	However,	there	are	also	
situations	where	prey	biomass	at	a	site	can	be	a	poor	 indicator	of	
habitat	 quality.	 For	 example,	 sites	with	high	prey	biomass	 are	not	
always	favored	foraging	sites	(Hagy	&	Kaminski,	2015),	and	although	
these	sites	might	have	high	occupancy,	they	do	not	necessarily	sup-
port	 high	 waterbird	 abundance	 (Gillespie	 &	 Fontaine,	 2017).	 This	
suggests	that	factors	such	as	predation	risk,	forager	condition,	and	
prey	 accessibility	modulate	 the	 effect	 of	 prey	 biomass	 on	 habitat	
quality	(Hagy	&	Kaminski,	2015).	Such	a	relationship	is	also	depend-
ent	on	waterbirds	having	a	perfect	knowledge	of	the	distribution	of	
prey	resources	(Reurink	et	al.,	2015),	which	may	not	always	be	the	

F I G U R E  1 An	example	of	the	hierarchy	among	a	selection	of	proxy	methods	for	assessing	waterbird	habitat	quality.	The	horizontal	axis	
shows	differences	in	terms	of	how	directly	or	indirectly	a	selected	habitat	quality	proxy	relates	to	the	ultimate	determinants	of	habitat	
quality:	reproductive	output	and	survival	probability.	Arrows	point	in	the	direction	of	the	presumed	relationship	from	causal	factor	to	
outcome.	Arrows	originating	from	a	line	linking	two	proxy	measures	together	indicate	that	the	outcome	results	from	the	interaction	
between	the	two	linked	factors.	Gray	arrows	depict	relationships	where	the	link	likely	manifests	itself	via	another	pathway	in	the	ecological	
web.	For	example,	greater	waterbird	abundance/density	does	not	necessarily	increase	the	reproductive	output	of	an	individual.	Rather,	
more	individuals	are	probably	drawn	to	sites	with	high	prey	abundance	and	accessibility,	where	prey	intake	rates	and	thus	waterbird	body	
condition	and	then	reproductive	output	can	be	maximized.	Artworks	for	some	proxy	measures	were	obtained	from	the	Integration	and	
Application	Network	Media	Library	(ian.umces.edu/media	-	library),	with	contributions	from	artists	Tracey	Saxby,	Kim	Kraeer,	Lucy	Van	
Essen-	Fishman,	Dieter	Tracey	(Marine	Botany	UQ),	Joanna	Woerner,	Emily	Nastase,	Jason	C.	Fisher	(University	of	California	Los	Angeles),	
Jane	Hawkey,	and	Jane	Thomas.

https://ian.umces.edu/media-library
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case	(Lewis	et	al.,	2010),	and	relies	on	researchers	correctly	identify-
ing	dietary	preferences	and	requirements	of	focal	species.

The	presence	of	suitable	water	levels	and	variation	in	water	lev-
els	was	also	used	as	a	proxy	for	habitat	quality	in	the	reviewed	stud-
ies.	These	habitat	attributes	can	influence	accessibility	of	prey	and	
foraging	energetics	(Herring	&	Gawlik,	2013;	Kang	&	King,	2014).	In	
some	cases,	only	a	small	proportion	of	a	wetland	provides	suitable	
water	levels	for	waterbirds	to	access	prey	(Collazo	et	al.,	2002).	This	
suggests	 that	 there	 is	 value	 in	 quantifying	 either	 prey	 biomass	 or	
the	amount	of	suitable	habitat	through	water	 level	measurements.	
However,	the	two	attributes	will	interact	to	influence	the	net	rate	of	
energy	intake	possible	at	a	site	meaning	studies	that	measure	both	
variables	may	have	a	greater	likelihood	of	teasing	apart	meaningful	
habitat	quality	relationships	and	informing	appropriate	management	
(Herring	 &	 Gawlik,	 2013).	 Similarly,	 remotely	 sensed	measures	 of	
primary	productivity	(e.g.,	Normalized	Difference	Vegetation	Index)	
are	expected	 to	be	correlated	with	prey	abundance.	Yet,	 the	 rela-
tionship	between	net	energy	 intake	 rate	and	primary	productivity	
is	dependent	on	changes	in	primary	productivity	causing	changes	in	
prey	abundance	(e.g.,	 invertebrates,	seeds,	tubers)	as	well	as	those	
prey	items	being	available	to	feeding	waterbirds	(Guan	et	al.,	2016; 
Zhang	et	al.,	2017).	This	suggests	there	is	a	hierarchy	in	the	ability	
of	proxies	to	provide	precise	habitat	quality	estimates	based	on	how	
direct	the	link	between	the	variable	being	measured	and	net	energy	
intake	rates	is	(Figure 1).	In	addition	to	this	hierarchy,	the	precision	
of	the	proxy	used	may	also	be	dependent	on	other	factors,	such	as	
predation	 risk,	 that	 are	 not	 encompassed	within	 the	 scope	 of	 the	
proxy	measure	but	do	influence	true	habitat	quality.

3.1.3  |  Estimating	food	intake	rate

The	 behavior	 and	 habitat	 use	 patterns	 of	 waterbirds	 themselves	
were	often	used	in	the	reviewed	studies	to	infer	underlying	patterns	
of	habitat	quality	(Table 1).	Indicators	of	prey	intake	rate	(be	it	cur-
rent,	past	or	expected	future	foraging	returns)	were	frequently	used	
metrics	 of	 habitat	 quality.	 Variables	 including	 peck	 rate,	 capture	
success	rate,	and	the	proportion	of	time	a	bird	spent	foraging	were	
commonly	measured	to	assess	the	current	rate	of	energy	intake	sup-
ported	by	a	habitat.	Defecation	rate	is	significantly	correlated	with	
peck	 rate	 in	 a	 visually	 foraging	 shorebird,	 supporting	 the	assump-
tion	that	peck	rate	represents	a	valid	indicator	of	intake	rate	(Rose	
&	Nol,	2010).	Likewise,	sites	with	a	higher	peck	rate	or	probe	rate	
had	a	higher	rate	of	successful	prey	captures	in	a	study	where	cap-
ture	success	could	be	visually	verified	(Kuwae	et	al.,	2010).	However,	
different	 prey	 items	 have	 different	 energy	 content	 and	 different	
processing	costs	within	 the	digestive	 system	 (Dugger	et	al.,	2007; 
Jorde	 et	 al.,	1995).	 This	means	 that	 the	 net	 rate	 of	 energy	 intake	
will	depend	on	the	prey	type	consumed.	This	may	not	be	an	issue	in	
studies	of	diet	specialists,	but	it	may	confound	the	interpretation	of	
peck	rate	and	capture	success	data	for	diet	generalists.	In	situations	
where	 the	diet	 of	 the	population	being	 studied	 is	 not	well	 under-
stood,	investigating	the	prey	community	composition	to	determine	

prey	encounter	rates,	or	dietary	studies	(e.g.,	metabarcoding	of	prey	
DNA	sequences	in	fecal	samples)	will	inform	whether	differences	in	
peck	rate	between	sites	or	across	time	genuinely	reflect	changes	in	
energy	returns.

Intake	rates	over	the	recent	and	more	distant	past	were	inferred	
from	a	variety	of	variables	including	body	condition,	blood	metabo-
lites,	and	indicators	of	feather	growth	rate.	These	have	the	advantage	
that	they	reflect	assimilated	energy	rather	than	gross	intake	includ-
ing	energy	lost	via	excretion	or	through	processing	costs.	However,	
the	longer	timeframe	of	integration	meant	that	studies	using	these	
methods	 were	 rarely	 site-	specific,	 rather	 they	 tended	 to	 assess	
habitat	 quality	 at	 regional	 scales	 (e.g.,	 Aharon-	Rotman,	Buchanan,	
et	al.,	2016).	In	cases	where	individuals	use	only	a	small	geographic	
area	(e.g.,	when	nesting	constrains	movements,	or	individuals	have	
strong	residency	patterns)	these	measures	may	provide	insights	into	
site-	specific	habitat	quality.	For	example,	Swift	et	al.	 (2020)	 found	
that	 visually	 scored	 body	 condition	 of	 nonbreeding	 Hudsonian	
Godwits	Limosa haemastica	was	correlated	with	pecking	rate	at	 in-
dividual	nonbreeding	sites.	This	suggests	that	these	birds	were	res-
ident	at	sites	 long	enough	to	 integrate	site-	specific	habitat	quality	
information	 in	 the	 form	of	body	condition.	 Importantly,	birds	with	
higher	body	condition	had	higher	survival	and	reproductive	output	
the	 following	breeding	season,	 indicating	 that	body	condition	 reli-
ably	 influenced	demographic	rates	 (Swift	et	al.,	2020).	Conversely,	
body	condition	may	not	be	a	 sensitive	enough	parameter	 in	 some	
cases	to	truly	reflect	underlying	changes	in	habitat	quality.	For	ex-
ample,	Gunness	et	al.	(2001)	detected	no	seasonal	change	in	duck-
ling	 survival	 for	mothers	with	 high	 body	 condition,	 but	 broods	 of	
mothers	with	low	body	condition	did	have	reduced	survival	 late	in	
the	season.	This	suggests	that	there	is	some	buffering	capacity	for	
females	with	high	body	condition	 to	moderate	 the	effects	of	 sea-
sonal	declines	in	habitat	quality.	Furthermore,	individuals	inhabiting	
sites	with	variable	prey	availability	may	store	more	energy	reserves	
than	 individuals	with	consistent	access	to	prey	because	they	must	
maintain	 enough	 energy	 reserves	 to	 see	 them	 through	periods	 of	
resource	scarcity	(Ruthrauff	et	al.,	2013).	For	this	reason,	it	may	be	
challenging	to	infer	patterns	of	habitat	quality	from	body	condition	
alone.

3.1.4  |  Predation	pressure

Given	 the	 direct	 link	 between	 predation	 pressure	 and	 survival,	 it	
was	surprising	that	predation	pressure	was	estimated	relatively	in-
frequently	in	the	reviewed	studies.	This	is	perhaps	reflective	of	the	
difficulties	 of	 censusing	 predator	 populations	 due	 to	 predators	 of	
waterbirds	typically	occurring	at	 low	density	and	predation	events	
on	adult	waterbirds	being	rare.	Where	predation	pressure	was	quan-
tified,	 these	 studies	often	 focused	on	nest	predation	 (e.g.,	Kenow	
et	al.,	2009;	Pehlak	&	Lõhmus,	2008;	Trinder	et	al.,	2009).	Most	stud-
ies	that	inferred	an	influence	of	predation	pressure	on	habitat	quality	
assumed	that	the	abundance	of	predators	was	correlated	with	pre-
dation	rate	without	explicitly	testing	this	assumption,	which	may	be	



16 of 25  |     MOTT et al.

problematic	when	generalist	predators	are	 involved.	Some	studies	
also	assessed	predation	pressure	by	using	vigilance	or	escape	behav-
iors	of	waterbirds	(Fernández	&	Lank,	2010;	Gunness	et	al.,	2001).	
This	has	the	advantage	of	integrating	information	on	the	degree	of	
lost	foraging	time	as	a	result	of	predation	pressure	because	lost	for-
aging	opportunities	will	affect	reproductive	performance	as	well	as	
survival	(Castillo-	Guerrero	et	al.,	2009).

3.1.5  |  Physical	habitat	attributes

Many	 of	 the	 reviewed	 studies	 measured	 various	 physical	 and/or	
chemical	 attributes	 of	 waterbird	 habitats	 to	 infer	 habitat	 quality.	
The	attributes	measured	were	purported	to	influence	habitat	qual-
ity	via	their	contribution	to	supporting	viable	prey	populations	(e.g.,	
water	pH,	water	conductivity,	sediment	grain	size),	enabling	access	
to	sufficient	quantities	of	food	(e.g.,	water	area,	pond	density	in	the	
local	area	and	vegetation	composition,	as	well	as	water	level	which	
we	discussed	previously),	or	providing	shelter	from	predators	(e.g.,	
vegetation	structure).	 In	most	cases,	 these	environment	attributes	
are	linked	indirectly	to	demographic	rates	(Figure 1)	and	the	mecha-
nisms	governing	their	effects	may	be	difficult	to	disentangle	(Raquel	
et	al.,	2016).	Nonetheless,	physical	attributes	of	the	habitat	may	pro-
vide	waterbirds	with	visual	cues	as	to	the	quality	of	a	site	and	play	
a	role	 in	determining	patterns	of	site	use,	which	can	have	flow-	on	
effects	on	demographic	rates	(Buderman	et	al.,	2020).

3.1.6  |  Species	richness

Among	 the	 reviewed	 studies,	 some	 used	 species	 richness	 as	 an	
indicator	 of	 habitat	 quality	 (e.g.,	 Arzel	 et	 al.,	 2015;	 Dugger	 &	
Feddersen,	2009;	Hickman,	1994).	As	established	above	(Section	1),	
habitat	quality	is	a	species-	specific	parameter.	Hence,	species	rich-
ness	does	not	necessarily	align	with	the	definition	of	habitat	quality	
unless	it	is	viewed	as	an	emergent	property	of	a	system	that	is	able	to	
provide	high-	quality	habitat	for	an	array	of	species.	There	are	some	
circumstances	whereby	 the	 presence	of	 heterospecific	 individuals	
may	enhance	habitat	quality	for	certain	species	(Arzel	et	al.,	2015).	
For	example,	the	abundance	of	gulls	(Larus	spp.)	was	correlated	with	
better	 waterbird	 brood	 success,	 probably	 because	 gulls	 provided	
defense	against	predators	(Arzel	et	al.,	2015;	but	see	Broyer	(2009)	
where	no	such	effect	of	gulls	was	found).	However,	facilitative	inter-
actions	will	not	occur	 in	all	species	pairings	and	some	 interactions	
will	have	a	negative	impact	on	habitat	quality	for	one	species,	such	
as	aggression	by	Mute	Swans	(Cygnus olor)	leading	to	a	reduction	in	
breeding	pair	density	of	Mallards	(Anas platyrhynchos;	Broyer,	2009).

3.1.7  |  Climate,	weather,	and	terrain	attributes

A	feature	of	many	of	the	reviewed	studies	was	the	inclusion	of	cli-
mate,	 weather,	 and	 terrain	 attributes.	 These	 variables	 generally	

cannot	be	 influenced	by	wetland	managers,	 so	on	 face	 value	 they	
may	 seem	 less	 important	 for	 the	 study	 of	 habitat	 quality	 from	 a	
management	 perspective.	 Nonetheless,	 they	 can	 play	 a	 key	 role	
in	wetland	availability	 (e.g.,	 rainfall)	 and	can	also	directly	 influence	
energy	budgets	(e.g.,	temperature	and	wind	effects	on	thermoregu-
lation),	which	have	important	ramifications	for	whether	a	site	or	re-
gion	 represents	 suitable	habitat	 (Krijgsveld	et	 al.,	2003;	McKinney	
&	McWilliams,	2005;	Sorenson	et	al.,	1998).	Furthermore,	these	pa-
rameters	can	provide	contextual	information	that	helps	explain	some	
of	the	variation	in	relationships	between	other	parameters	of	man-
agement	 interest.	 For	 example,	 survival	 and	 fecundity	 of	 Eurasian	
Oystercatchers	 (Haematopus ostralegus)	 with	 a	 bill	 morphology	
suited	to	generalist	foraging	is	high	in	most	years,	but	in	years	with	
a	harsh	winter	their	survival	is	reduced	relative	to	individuals	with	a	
bill	morphology	suited	to	specialized	foraging	strategies	(van	de	Pol,	
Brouwer,	et	al.,	2010).	The	addition	of	climate	information	to	van	de	
Pol,	Brouwer,	et	al.	(2010)	study	provides	insight	into	why	measure-
ments	of	 short-	term	prey	 intake	 rates	do	not	 align	with	 long-	term	
fitness	outcomes	for	individuals.	As	a	consequence	of	the	influence	
of	 climate,	 weather,	 and	 terrain	 variables	 on	 habitat	 quality,	 they	
may	provide	information	relevant	to	management	prioritization	deci-
sions.	For	example,	species	that	are	restricted	to	a	narrow	elevation	
range	may	be	more	sensitive	to	changes	in	habitat	quality	and	may	
benefit	most	 from	management	 to	 improve	 habitat	 conditions	 (Xu	
et	al.,	2019).	Given	the	ready	availability	of	datasets	relating	to	cli-
mate,	weather,	and	terrain	in	most	cases	(e.g.,	global	climate	models,	
local	weather	stations,	and	high	resolution	digital	elevation	models)	
the	ability	to	include	these	variables	as	covariates	provide	research-
ers	with	additional	insights	to	disentangle	the	complex	interactions	
influencing	waterbird	habitat	quality.

3.1.8  |  Other	methods

A	variety	of	other	methods	were	used	infrequently	in	the	reviewed	
studies	(Table 1).	These	included	estimates	of	 levels	of	human	dis-
turbance,	individual	movement	data	(e.g.,	home	range	size),	and	the	
spatial	 distribution	 of	 individuals	 in	 different	 age	 classes.	 Despite	
their	infrequent	use,	these	methods	may	provide	meaningful	habitat	
quality	 information.	Factors	such	as	the	cost	of	obtaining	the	data	
or	 the	difficulty	of	obtaining	 the	data	 (e.g.,	 challenges	distinguish-
ing	between	age	classes	 in	the	field)	probably	contributed	to	their	
infrequent	use.

3.1.9  |  Combination	of	methods

Many	 of	 the	 reviewed	 studies	 recorded	 data	 on	 multiple	 proxies	
for	 habitat	 quality.	Multiple	 lines	 of	 evidence	 allowed	 researchers	
to	 tease	 apart	 complex	 relationships	 among	 various	 parameters	
in	 their	 respective	 study	 systems	 and	 provide	 powerful	 insight	 to	
conservation	managers	(Cohen	et	al.,	2009;	Hunt	et	al.,	2017;	Swift	
et	 al.,	 2020).	 In	 these	 studies,	 it	 was	 often	 possible	 to	 pinpoint	
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factors	 that	were	 limiting	habitat	quality,	providing	managers	with	
priorities	to	address	in	order	to	improve	habitat	quality.	For	exam-
ple,	Cohen	et	al.	(2009)	recommended	that	restoring	Piping	Plover,	
Charadrius melodus,	habitat	adjacent	to	bayside	intertidal	flats	would	
improve	habitat	quality	by	increasing	the	number	of	breeding	pairs	
that	could	occupy	a	site.	However,	this	action	must	be	carried	out	
in	 conjunction	with	predator	management	 in	order	 to	 achieve	 the	
desired	increase	in	reproductive	output.

Applications
A	 feature	 of	 many	 of	 the	 reviewed	 studies	 was	 the	 use	 of	 cho-
sen	 habitat	 quality	 proxy	 variable(s)	 as	 inputs	 into	 sophisticated	
ecological	 analyses,	 such	 as	 habitat	 suitability	 models	 (e.g.,	 Guan	
et	al.,	2016;	Hsu	et	al.,	2014;	Tang	et	al.,	2016;	Wen	et	al.,	2016),	car-
rying	capacity	estimates	(e.g.,	Collazo	et	al.,	2002;	Mu	et	al.,	2022; 
Stillman	 et	 al.,	2000),	 population	 viability	 analyses	 (e.g.,	Mattsson	
et	al.,	2012;	Saunders	et	al.,	2021;	Weegman	et	al.,	2022),	or	to	pre-
dict	 the	outcome	of	management	 interventions	on	waterbird	 vital	
rates	(e.g.,	Beerens	et	al.,	2015;	Toral	et	al.,	2012).	Where	the	pre-
dictor	variables	for	these	analytical	approaches	covered	large	spa-
tial	extents	or	could	be	sourced	from	extensive	temporal	archives,	
knowledge	gained	 from	site-	level	 studies	could	be	extrapolated	 in	
space	 and/or	 time	 to	 provide	 a	 far-	reaching	 evaluation	 of	 habitat	
quality.	 Accordingly,	 many	 of	 the	 studies	 that	 produced	 a	 habitat	
suitability	model	used	remotely	sensed	data	sources.	For	example,	
Mokany	et	al.	(2022)	used	satellite-	derived	water	cover	data	to	pre-
dict	 habitat	 quality	 for	waterbirds	during	 two	 time	periods	 across	
a	study	area	spanning	1.06	million	km2,	and	Wen	et	al.	(2016)	used	
waterbird	 presence	 and	 Normalized	 Difference	 Vegetation	 Index	
data	 to	 predict	 changes	 in	 waterbird	 distribution	 in	 response	 to	
drought-	breaking	rains	across	a	810,000 km2	study	area.

3.2  |  Factors influencing the choice of variables 
to measure

3.2.1  |  Staying	within	the	project's	scope

Our	 synthesis	of	 the	habitat	quality	 literature	 indicates	 that	 there	
is	a	hierarchy	of	data	quality	from	directly	monitoring	demographic	
rates	to	measuring	parameters	that	are	increasingly	indirectly	linked	
to	demography.	Yet,	practitioners	typically	face	a	trade-	off	between	
the	 need	 for	 accuracy	 of	 the	 habitat	 quality	 estimate	 and	 their	
particular	 study's	 aims	 and	 constraints.	 If	 it	 is	 feasible,	measuring	
demographic	 rates	directly	generally	 involves	extended	 field	 time,	
individually	marked	birds,	limited	spatial	scale,	and	substantial	costs	
(Buderman	et	al.,	2020).	Other	factors	may	also	influence	the	suit-
ability	of	a	proxy	for	the	habitat	quality	assessment	at	hand	includ-
ing	ethical	considerations	(Hunt	et	al.,	2013),	and	the	availability	of	
appropriately	 trained	 personnel.	 Physiological	 and	 morphological	
measurements	used	in	the	reviewed	studies	typically	required	birds	
to	be	handled	 (but	 see	 the	abdominal	profile	 index	method;	Swift	
et	al.,	2020),	which	imposes	stress	on	the	study	subjects	(Karlíková	

et	al.,	2018),	and	capturing	a	large	sample	size	of	birds	can	be	time	
consuming.	This	may	mean	that	methods	requiring	birds	to	be	han-
dled,	 including	 individually	 marking	 birds	 for	 quantifying	 demo-
graphic	rates,	are	not	feasible	within	the	scope	of	a	project.

Spatial	and	temporal	scales	of	assessments

Another	 consideration	 that	must	 be	made	 prior	 to	 implementing	
a	study	on	habitat	quality	 is	whether	the	habitat	quality	measure	
being	used	returns	data	at	a	relevant	spatial	and/or	temporal	scale.	
For	example,	prey	abundance	measures	typically	provide	very	local	
scale	(both	spatial	and	temporal)	information	on	habitat	conditions,	
but	may	not	be	representative	of	habitat	quality	across	the	entire	
wetland	or	extended	timeframes	(e.g.,	the	entire	nonbreeding	pe-
riod).	 For	 example,	 Fonseca	 and	 Navedo	 (2020)	 reported	 a	 43%	
reduction	in	invertebrate	prey	biomass	as	a	result	of	shorebird	for-
aging	in	study	plots	over	the	course	of	3 days.	Consequently,	habi-
tat	quality	assessments	either	side	of	this	three-	day	period	could	
yield	 vastly	 different	 inferences	 about	 local	 habitat	 quality	 and	
neither	may	be	representative	of	habitat	quality	over	an	extended	
timeframe.	The	 accuracy	of	 these	methods	 in	 terms	of	 returning	
habitat	quality	data	at	timescales	meaningful	for	management	will	
therefore	be	increased	by	repeated	sampling	(Murray	et	al.,	2010).	
This	was	reflected	in	a	number	of	the	reviewed	studies,	especially	
those	 aimed	 at	 specifying	 management	 regimes,	 repeating	 sam-
pling	both	spatially,	and	 intra-		and	 inter-	annually	 (e.g.,	Gillespie	&	
Fontaine,	2017).	Whereas	methods	that	relied	on	measuring	attrib-
utes	of	the	habitat	typically	provided	snapshot	estimates	of	habitat	
quality,	methods	reliant	on	waterbird	body	condition	or	physiology	
(e.g.,	abdominal	profile	 index	or	red	blood	cell	heat	shock	protein	
concentrations)	 often	provide	 information	 integrated	over	 longer	
timeframes	 (Herring	&	Gawlik,	2013).	They	may	therefore	be	un-
suitable	for	site-	specific	and/or	instantaneous	habitat	quality	ques-
tions,	but	may	be	applied	 to	questions	 informing	management	of	
a	 regional	 wetland	 complex	 over	 broader	 timeframes.	 Similarly,	
remotely	 sensed	measures	 of	 primary	 productivity	 offer	 the	 po-
tential	 to	 rapidly	 and	 cost-	effectively	monitor	 habitat	 conditions	
at	large	spatial	and	temporal	scales.	For	example,	Wen	et	al.	(2016)	
used	 remotely	 sensed	primary	productivity	data	 to	 inform	an	as-
sessment	of	waterbird	habitat	quality	across	a	810,000	km2	study	
area	in	multiple	years.

There	 is	 no	 rule	 that	 governs	whether	 the	 spatial	 or	 temporal	
scale	of	a	particular	proxy	is	appropriate	for	a	particular	application	
because	even	 labour	 intensive	or	 costly	methods	 that	 return	 site-	
specific	 information	may	be	suitable	 for	 large-	scale	projects	 if	 the	
budget	enables	sufficiently	widespread	sampling	(e.g.,	sites	and	time	
points).	We	 provide	 some	 recommendations	 as	 to	 the	 spatial	 and	
temporal	 scales	 that	methods	 for	 habitat	 quality	 assessments	 are	
typically	carried	out	at	(Table 1).	Readers	may	also	find	papers	such	
as	Behney	et	al.	(2014)	guide	to	determining	the	optimum	number	of	
benthic	core	samples	to	collect	useful	for	planning	how	much	field	
effort	is	likely	to	be	involved	when	planning	a	sampling	regime.
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3.3  |  What makes for a good habitat quality 
assessment?

Measuring	habitat	quality	enables	conservation	managers	to	assess	
the	need	for	or	effectiveness	of	management	actions	(e.g.,	Schultz	
et	al.,	2020).	The	ultimate	objective	of	conservation	management	
is	to	influence	demographic	parameters	of	conservation	targets	to	
improve	 conservation	 status.	 Therefore,	 assessments	 of	 habitat	
quality	 inherently	must	determine	a	site's	contribution	to	survival	
probability	 and/or	 reproductive	output.	This	 requires	 there	 to	be	
a	 link	 between	 the	 variable,	 or	 combination	 of	 variables,	 used	 to	
measure	habitat	quality	and	demographic	 rates	 (Figure 1).	Before	
commencing	an	assessment	of	habitat	quality,	the	researcher	must	
carefully	 consider	 whether	 the	 selected	 measure	 does	 actually	
influence	 demographic	 rates.	 For	 example,	 quantifying	 the	 time	
budgets	 of	 waterbirds	 is	 a	 commonly	 used	 method	 for	 inferring	
differences	in	habitat	quality	(Dugger	&	Feddersen,	2009;	van	der	
Kolk	et	al.,	2019).	However,	the	inferences	derived	from	time	budget	
comparisons	may	not	actually	reflect	changes	in	underlying	habitat	
quality.	Time	budgets	can	be	flexible	to	buffer	intrinsic	changes	in	
requirements	 (Mallory	et	al.,	1999).	For	example,	 this	may	be	due	
to	individuals	dedicating	more	time	to	foraging	to	meet	the	meta-
bolic	demands	of	producing	a	clutch	of	eggs	(Mallory	et	al.,	1999),	or	
dedicating	more	time	to	feeding	to	fatten	up	for	migration	(Castillo-	
Guerrero	et	al.,	2009).	That	is	not	to	say	that	time	budgets	are	un-
suitable	for	quantifying	habitat	quality,	but	care	must	be	taken	to	
ensure	 that	 appropriate	 comparison	 groups	 are	 being	 used	 (e.g.,	
sampling	at	the	same	time	of	year;	Pezzanite	et	al.,	2005).	Similarly,	
care	must	be	taken	to	ensure	that	the	appropriate	response	variable	
is	measured.	For	example,	management	may	result	in	better	nesting	
habitat,	but	no	advantage	may	be	conferred	on	subsequent	chick	
survival	 (Smart	et	al.,	2013).	 In	 this	case,	management	may	 result	
in	more	chicks	recruiting	to	the	breeding	population	because	there	
are	more	nests,	but	if	managers	were	measuring	the	probability	of	
a	given	chick	fledging	there	would	be	no	signal	to	indicate	the	im-
provement	in	population	growth.

Researchers	must	 also	 be	 aware	 that	 inferences	made	 about	
populations	that	are	not	at	equilibrium	may	depart	from	theoretical	
relationships	underpinning	many	habitat	quality	proxies.	For	exam-
ple,	populations	that	have	been	reduced	below	carrying	capacity	by	
historical	or	offsite	factors	may	not	show	any	temporal	differences	
in	various	local	habitat	quality	proxies	(e.g.,	foraging	success,	stress	
markers,	 body	 condition,	 time	 budgets)	 because	 individuals	 are	
easily	able	to	meet	their	resource	requirements	even	if	 local	hab-
itat	quality	 is	declining.	Similarly,	 there	may	be	differences	 in	the	
relevance	of	 some	habitat	quality	proxies	depending	on	whether	
the	conservation	target	is	a	resident	population,	or	a	dispersive	or	
migratory	 population	 (Loewenthal	 et	 al.,	 2015).	 Abundance	 and	
density	are	clearly	linked	to	local	habitat	quality	for	resident	pop-
ulations,	but	may	not	be	truly	reflective	of	local	habitat	quality	for	
populations	that	undertake	large-	scale	movements	exposing	indi-
viduals	to	factors	that	limit	population	size	elsewhere	in	the	range.	
For	 example,	 Jia	 et	 al.	 (2018)	 reported	 declines	 in	 abundance	 of	

migratory	 shorebirds	at	 a	migratory	 staging	 site,	but	none	of	 the	
measured	 proxy	 variables	 for	 habitat	 quality	 could	 explain	 these	
declines.	 They	 suggest	 that	 factors	 in	 other	 parts	 of	 the	 migra-
tory	range	may	be	responsible	for	driving	the	observed	declines	in	
abundance	rather	than	changes	in	habitat	quality	at	their	study	site.

Many	of	 the	habitat	quality	proxies	 identified	 in	 this	 review	as-
sume	individuals	have	perfect	knowledge	of	the	resource	distribution	
at	 a	 site	and	behave	 such	 that	 the	net	 rate	of	energy	gain	 is	being	
maximized	at	any	given	time	(Reurink	et	al.,	2015).	Several	factors	can	
result	 in	waterbirds	using	their	habitat	 in	ways	that	do	not	conform	
to	 these	assumptions	 (Stillman	et	al.,	2005).	The	choice	of	 foraging	
site	for	many	waterbirds	is	strongly	influenced	by	conspecific	attrac-
tion	(Gawlik	&	Crozier,	2007;	Herring	et	al.,	2015;	Smith,	1995).	This	is	
also	true	for	the	selection	of	nest	sites	(Sebastián-	González,	Sánchez-	
Zapata,	 Botella,	 &	Otso,	2010).	 Furthermore,	 fidelity	 to	 areas	 that	
have	provided	 favorable	 habitat	 conditions	 in	 the	past	may	decou-
ple	patterns	of	waterbird	habitat	use	from	current	habitat	conditions	
(O'Neil	et	al.,	2014).	Waterbird	habitat	requirements	may	also	change	
with	breeding	stage	(Holopainen	et	al.,	2014),	and	during	less	energet-
ically	demanding	parts	of	the	annual	cycle,	such	as	the	nonbreeding	
period,	individuals	may	be	less	selective	in	their	habitat	use	decisions	
(Sebastián-	González,	Sánchez-	Zapata,	&	Botella,	2010).

Most	of	 the	reviewed	studies	provided	a	 relative	assessment	
of	habitat	quality	(i.e.,	they	compared	waterbird	habitat	quality	at	
a	 site	 to	previous	points	 in	 time,	or	made	comparisons	between	
sites).	These	studies	allow	researchers	to	determine	habitat	qual-
ity	trends	or	identify	the	best	and	worst	sites	in	a	landscape,	but	
do	not	enable	managers	 to	determine	whether	 the	habitat	qual-
ity	 is	 sufficient	 to	 maintain	 viable	 waterbird	 populations.	 There	
were	some	studies	that	sought	to	determine	whether	the	habitat	
quality	 at	 a	 site	was	 sufficient	 to	 support	 population	 growth	 or	
whether	the	site	represented	a	sink	habitat	(e.g.,	Roy	et	al.,	2019; 
Sabatier	et	al.,	2010).	These	studies	do	enable	managers	to	deter-
mine	whether	management	intervention	is	necessary	rather	than	
arbitrarily	setting	a	reference	site	as	the	standard	against	which	to	
decide	whether	management	 is	warranted.	 In	 particular,	 studies	
seeking	to	identify	whether	a	site	had	sufficient	habitat	quality	to	
support	population	growth	tended	to	focus	directly	on	reproduc-
tive	output	or	survival	data	(Roy	et	al.,	2019;	Weiser	et	al.,	2018a),	
or	 in	 some	cases	 focused	on	energetic	demands	 relative	 to	prey	
resources	(West	et	al.,	2005).

Together,	 the	 potentially	 confounding	 factors	mean	 that	 there	
is	no	universally	applicable	habitat	quality	proxy.	Yet,	with	careful	
consideration	 and	 a	 detailed	 understanding	 of	 the	 ecology	 of	 the	
study	system,	waterbird	researchers	and	management	practitioners	
can	derive	meaningful	measures	of	habitat	quality.

3.4  |  Limitations of the review

We	used	only	English	 language	 search	 terms.	This	 could	have	 re-
sulted	in	some	methods	that	are	used	in	only	a	subset	of	countries	
that	 are	 non-	English-	speaking	 being	 overlooked	 by	 our	 research.	
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Overlooking	some	methods	should	not	bias	the	inferences	we	have	
drawn	 about	 methods	 that	 we	 did	 catalogue	 because	 evidence	
within	the	reviewed	studies	supporting	or	contradicting	the	use	of	a	
particular	method	remains	valid.	Furthermore,	the	mobility	of	many	
waterbirds	and	the	frequency	with	which	they	cross	 international	
borders	also	promotes	international	collaboration	along	flyways	as	
evidenced	by	groups	such	as	the	Atlantic	Flyway	Shorebird	Initiative	
and	the	East	Asian-	Australasian	Flyway	Partnership.	These	groups	
share	knowledge	among	partners	in	countries	flyway-	wide,	so	it	is	
unlikely	that	a	method	that	is	useful	in	one	part	of	the	flyway	would	
not	be	used	 throughout	 the	 flyway.	Given	 that	 seven	of	 the	nine	
flyways	 recognized	 by	Wetlands	 International	 (https://wpp.wetla	
nds.org/backg	round/	WAF)	 include	 English-	speaking	 nations,	 we	
feel	that	this	is	unlikely	to	have	resulted	in	us	overlooking	regionally	
specific	methods	to	a	large	degree.

4  |  CONCLUSIONS

This	 review	 of	 the	 literature	 comprising	 more	 than	 600	 articles	
strongly	 suggests	 that	 there	 is	 no	 one	 broadly	 accepted	 method	
for	 assessing	waterbird	 habitat	 quality.	Directly	measuring	 breed-
ing	success	and	survival	rate	are	the	most	reliable	measures,	but	it	
is	unfeasible	to	obtain	these	data	in	many	cases.	A	variety	of	proxy	
measures	are	available,	but	their	interpretation	requires	substantive	
contextualization	 and	 a	 good	 understanding	 of	 their	 appropriate-
ness	to	a	specific	project	aim.

In	 general,	 if	 it	 is	 not	 possible	 to	measure	 direct	 demographic	
parameters,	 projects	 should	 consider	 the	 suite	 of	 available	 proxy	
measures	 (Table 1)	 and	 consider	which	 are	most	 suitable	 to	 their	
site,	budget	and	timeframe.	Often,	developing	a	protocol	based	on	
multiple	proxies	will	 increase	confidence	in	results	over	the	use	of	
a	 single	proxy.	For	example,	 studies	 investigating	 the	comparative	
habitat	quality	of	multiple	sites	could	use	a	combination	of	waterbird	
abundance,	behavior	and	body	condition	coupled	with	a	measure	of	
prey	availability	to	gain	insight	into	which	site(s)	are	providing	bet-
ter	food	resources.	Studies	assessing	if	a	single	site	is	profitable	for	
waterbirds	 from	an	 energy	perspective	 (i.e.,	 habitat	 quality	 is	 suf-
ficiently	high	 to	 support	population	growth)	could	use	a	combina-
tion	 of	waterbird	 behavior	 and	 available	 energy	 density	 to	 assess	
whether	 daily	 energy	 requirements	 are	 being	 met	 at	 the	 site.	 All	
studies	using	proxy	measures	should	be	mindful	of	the	potential	for	
interactions	between	features	of	the	habitat	 (e.g.,	prey	abundance	
and	prey	accessibility)	to	influence	the	direction	of	the	relationship	
between	habitat	conditions	and	resultant	demographic	rates.
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