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Abstract
Aim: Biodiversity assessment and decisions rely on knowledge of the spatial distribu-
tion of species, yet most global biodiversity is inadequately represented by occur-
rence records. Efforts to improve our knowledge of biodiversity distribution include 
targeted taxon survey programmes aimed at generating records of new, or previously 
unrecorded,	species.	Here,	we	evaluate	nearly	8 years	of	biodiversity	record	collection	
by	Bush	Blitz,	Australia's	largest	species	discovery	programme,	to	test	how	efficiently	
knowledge was added through the programme.
Location: Continental	Australia.
Methods: Because we expect locations that are environmentally distinct in compari-
son with those already surveyed to harbour novel records of species, we assess the 
extent to which Bush Blitz surveys complement continental environmental diversity 
(ED).	We	then	assess	how	effectively	this	improvement	in	sampling	of	ED	translates	
into the accumulation of records of new, or previously unrecorded, species. Our as-
sessment is based on Bush Blitz data for six taxa (amphibians, spiders, land snails, 
moths and butterflies, reptiles and vascular plants), benchmarked against data accu-
mulated	over	the	same	period	by	the	Atlas	of	Living	Australia	(ALA)—Australia's	larg-
est	aggregation	of	biodiversity	records—as	a	comparison	of	effectiveness	to	the	Bush	
Blitz programme.
Results: Environments surveyed through the Bush Blitz programme are highly com-
plementary to environments from which ‘background’ observations were made over 
the	same	period	and	aggregated	in	the	ALA.	Bush	Blitz	surveys	result	in	large	numbers	
of	records	of	new,	or	previously	unrecorded,	species.	Across	most	biological	groups	
considered, additions were made highly efficiently with respect to survey effort, rela-
tive	to	background	survey	effort	represented	in	the	ALA.
Main Conclusions: Our results demonstrate the ability of the Bush Blitz programme to 
contribute valuable data to conservation assessment and planning and the important 
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1  |  INTRODUC TION

Continued collection of biological data through national field- survey 
programmes is essential to improving knowledge of biodiversity 
and underpins our ability to adequately manage natural areas into 
the future (Brito, 2010; Reddy, 2010).	Globally,	 the	biodiversity	of	
most regions is only partially documented, and this is particularly 
the case for less well- studied taxonomic groups (Oliver et al., 2021). 
For	example,	in	Australia,	it	is	estimated	that	only	around	one-	third	
of all species have been documented, with the undocumented 
portion heavily biased towards groups such as invertebrates 
(Chapman, 2009;	 Taxonomy	Decadal	 Plan	Working	 Group,	2018). 
New	 surveys,	 coupled	with	 the	 entry	 of	 existing	 survey	 data	 into	
publicly	accessible	national	repositories	such	as	the	Atlas	of	Living	
Australia	(ALA)	(Belbin	et	al.,	2021;	Belbin	&	Williams,	2016) and the 
Global	 Biodiversity	 Information	 Facility	 (GBIF	 Secretariat,	 2019), 
should improve our capacity to manage biodiversity and make in-
formed decisions. Yet, quantitative assessments of how well new 
surveys have improved knowledge of overall biodiversity and, by ex-
tension, capacity to manage and conserve biodiversity, are rarely un-
dertaken	(Balmford	&	Gaston,	1999; Carvalho et al., 2010;	Grantham	
et al., 2008; Lõhmus et al., 2018).

Existing assessments of the value of investing in biodiversity 
data	collection	present	a	mixed	picture.	Balmford	and	Gaston	(1999) 
found new biodiversity surveys to be of high value due to the effi-
ciency with which survey data could be used to aid in the spatial prior-
itisation	of	new	protected	areas.	Meanwhile,	Grantham	et	al.	(2008) 
concluded that, when other dimensions of conservation are consid-
ered (e.g. limited money to spend, challenges in filling data gaps effi-
ciently and adequacy of existing data), ongoing survey efforts yield 
limited value. Other studies have found either support for additional 
data collection (Chowdhury et al., 2023; Hanson et al., 2023;	Ware	
et al., 2018)	or	mixed	(Field	&	Elphick,	2019; Rodewald et al., 2019) 
or	 limited	 support	 (Maxwell	 et	 al.,	 2015;	 Mentges	 et	 al.,	 2021). 
Ascertaining	 the	 general	 value	 of	 collecting	 additional	 biodiver-
sity data from published tests, therefore, is not straightforward. 
However, the complex picture presented exists largely due to differ-
ences in methods and data used among studies, how and for what 
purpose data were collected, the conservation objectives tested, 
taxonomic scope, and whether socioeconomic factors were consid-
ered. In most cases, it is difficult to separate the effect of how com-
plete biological datasets are from other confounding factors (Kujala 
et al., 2018). Increasingly, methods are being developed to test the 
effectiveness and improve the utility of additional data collection 

(Callaghan et al., 2019; Hanson et al., 2023;	Mesaglio	et	al.,	2023). 
The value of additional data to conservation planning will certainly 
decline at some point simply because the incremental difference 
made reduces as the dataset becomes more complete (Possingham 
et al., 2007). In contrast, the value of additional data for more poorly 
documented groups should be substantial (Troudet et al., 2017), but 
assessments for these groups are lacking.

Methods	to	assess	the	value	of	additional	biodiversity	data	for	
achieving conservation goals have mostly used tests of reserve se-
lection based on biological datasets of different size and complex-
ity	(e.g.	Beier	&	de	Albuquerque,	2016; Coetzee et al., 2014; Dunn 
et al., 2016;	Gaston	&	Rodrigues,	2003; Rodewald et al., 2019).	Given	
the value of additional data should be greatest where existing data 
are most incomplete, a different but complementary means of as-
sessing the value of collecting additional data lies in tests of existing 
data completeness. ‘Environmental diversity’ (ED) (Faith, 1994, 2003; 
Faith	&	Walker,	1996a) is a biodiversity surrogates framework for 
linking species data and environmental gradients that is well suited 
to such tests. Several empirical tests of the ED framework demon-
strate that it performs well when used to assess biodiversity rep-
resentativeness	(Beier	&	de	Albuquerque,	2015, 2016; Engelbrecht 
et al., 2016). The framework assumes species exhibit unimodal re-
sponses to environmental gradients (i.e. high abundances of any 
given species are concentrated in some portion of environmental 
space) (Faith, 2003), implying that sites which are distant in terms 
of their environmental characteristics will support different species.

Measures,	 therefore,	 of	 how	well	 the	 ED	of	 a	 region	 is	 repre-
sented by locations where species surveys have been conducted, 
should, as a result, translate into an estimate of how adequately the 
species diversity of a region has been sampled (Ferrier, 2002). Faith 
and	Walker	(1996a) demonstrated that, under this model, the num-
ber of species sampled will be maximised if a set of survey locations 
is distributed such that, on average, the distance from any point in 
environmental space to the nearest survey site is minimised. This 
application to biodiversity measurement is a special form of the p- 
median problem (Church, 2002;	ReVelle	&	Swain,	1970). It follows 
that summing the distance from each and every location in a region 
to the most similar existing survey site provides a measure of diver-
sity	‘forgone’	(Faith	&	Walker,	1996a) and can be interpreted when 
calculated for a given region and set of survey sites, as an estimate 
of	survey	completeness	(see	Appendix	S1.1 for a description of the 
p- median problem).

The original multivariate biodiversity surrogate formulation 
used	by	Faith	and	Walker	(1996a) to demonstrate the concept of 

role of surrogate- based assessments of ED complementarity in planning new targeted 
biological surveys.

K E Y W O R D S
Australia,	biodiversity	surrogate,	biological	surveys,	Bush	Blitz	programme,	environmental	
diversity, generalised dissimilarity modelling
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ED has since been extended by the introduction of generalised 
dissimilarity modelling (Faith et al., 2004; Ferrier et al., 2002). 
Generalised	dissimilarity	modelling	(GDM)	(Ferrier	et	al.,	2007) is 
a statistical technique for analysing and predicting spatial patterns 
in species assemblage data that flexibly accommodates nonlinear-
ity in relationships between patterns of species occurrence and 
environmental	gradients.	As	a	surrogate	for	conservation	decision-	
making, biologically scaled environmental gradients derived from 
GDMs	have	 been	 used	 to	 assess,	 for	 example	 gaps	 in	 biological	
survey	data	(Ashcroft	et	al.,	2010; Bell et al., 2014), protected- area 
representativeness (Ferrier et al., 2004;	Williams	et	al.,	2016) and 
the proportion of species expected to be retained within a region 
as	a	function	of	different	configurations	of	natural	habitat	(Allnutt	
et al., 2008;	Di	Marco	et	 al.,	2019; Ferrier et al., 2020;	Mokany	
et al., 2020).

Here, we present analyses of the relative efficiency of targeted 
taxon surveys using the Bush Blitz programme as a test case. Bush 
Blitz (www. bushb litz. org. au)	 is	Australia's	 largest	species	discovery	
programme. It is a multiyear, multimillion- dollar partnership be-
tween	 the	Australian	Government,	BHP	and	Earthwatch	Australia	
(https:// earth watch. org. au/ ), developed with the aim of recording 
new information, including new species to science, new occurrence 
records, and range extensions (Preece et al., 2015). One of the over-
arching objectives of the programme is to fill gaps in the sampling of 
ED.	Our	assessment	uses	data	from	8 years	of	these	expeditionary	
surveys (2009–2017) to evaluate how the programme: (1) improves 
coverage of ED represented in biological record aggregations; and 
(2) efficiently generates records of new, or previously unrecorded, 
species relative to other survey efforts based on national aggrega-
tions	available	through	the	Atlas	of	Living	Australia.

We	consider	six	taxonomic	groups	in	our	assessment	(amphibi-
ans, spiders, land snails, moths and butterflies, reptiles and vascular 
plants) and determine the value of additional data collection sepa-
rately for each. In undertaking these analyses, we also provide ad-
ditional evidence for the general utility of the ED framework as a 
surrogate of species diversity.

2  |  MATERIAL S AND METHODS

2.1  |  Analytical overview

The main components of our analysis are presented in Figure 1. The 
backbone of our analytical framework is comprised of models of bio-
logically scaled environmental space. These are derived by fitting 
generalised	dissimilarity	models	(GDM:	Ferrier	et	al.,	2007) to avail-
able observation records for each taxonomic group considered, and 
a suite of covariates characterising biologically relevant environmen-
tal gradients. To assess both the degree to which Bush Blitz contrib-
uted to sampling ED and how this equated to new records of species, 
we compared the performance of Bush Blitz to a separate dataset 
referred	 to	as	 ‘background’	data.	We	considered	 records	available	
through	the	Atlas	of	Living	Australia	(ALA)	as	the	background	data	

for	two	reasons.	First,	the	ALA	freely	provides	access	to	Australia's	
largest aggregation of records of biological observations regularly 
ingested from custodian natural history institutions and individual 
collectors.	 Second,	 the	ALA's	 vision	 is	 to	 deliver	 trusted	 biodiver-
sity	data	services	for	Australia	supporting	world-	class	research	and	
decision- making (Belbin et al., 2021). Implicit in our analyses is the 
assumption that national conservation decisions are mostly made 
based	on	ALA	data	(or	information	sets	derived	from	ALA	data)	and	
that	 the	ALA	 is	complete	 in	 the	sense	 that	all	available	data	 is	ac-
cessible via that platform. Our analyses thus assess the efficiency 
with which additional information was collected by the Bush Blitz 
programme	compared	with	the	ALA	over	the	same	period.

Improvement in ED coverage was assessed by evaluating how 
well each new survey location complemented the existing set of 
surveyed locations in representing ED for a given taxon. These cal-
culations were performed using a formulation of the p- median algo-
rithm, and models of biologically scaled environments to represent 
ED. Species discovery (either new records to science, or records of 
species in new locations) was assessed by tallying the accumulation 
of new records as they were collected by date, or in order of their 
ED complementarity using the p- median algorithm. The latter ap-
proach iteratively identified which of the set of surveyed sites would 
best	fill	gaps	in	ED.	When	standardised	by	the	total	number	of	re-
cords collected on each survey date or at each site as selected by 
the p- median algorithm (described below), the relative rate of accu-
mulation indicates the performance of the Bush Blitz programme in 
species discovery relative to background observations accessed via 
the	ALA	 (excluding	 any	 ingested	 records	 attributable	 to	 the	Bush	
Blitz programme). Both analyses were performed relative to the 
‘baseline’	 given	 as	 the	 background	ALA	dataset	 prior	 to	 the	 com-
mencement of Bush Blitz in 2009.

2.2  |  The Bush Blitz programme

The Bush Blitz programme was developed to fill gaps in knowledge 
of	 Australia's	 biodiversity	 (Preece	 et	 al.,	 2015). The programme 
undertakes a series of intense, targeted expeditions, where taxo-
nomic experts representing diverse biological groups combine 
to carry out surveys of priority sites. The multidisciplinary team 
pool resources (e.g. a pitfall trap for vertebrates will also collect 
other target taxa such as invertebrates) and shares knowledge 
to increase data and specimen collection and to generate a bet-
ter	 understanding	 of	 plant–animal	 relationships	 (e.g.	 Cheng	 &	
Cassis, 2019). Target taxa are usually selected to maximise spe-
cies discovery for groups that have large numbers of undescribed 
species (e.g. spiders), together with better described groups (e.g. 
vascular plants) of conservation priority. However, each expedi-
tion focusses on a range of different taxa that can vary depending 
on taxon expert availability. The programme started in 2009 and 
had conducted 36 expeditions by 2018 (Figure 2) across continen-
tal	Australia	 (grouped	by	 timing	or	 general	 location	 in	Appendix	
Table S2.1). The programme has contributed upwards of 40,000 
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new biological occurrence records representing 39 biological 
groups, including records of more than 1800 putative new species 
(http://	bushb	litz.	org.	au/	stati	stics/		 ).

The choice of Bush Blitz survey locations depends on several 
criteria. Foremost among these is the prospect of species dis-
covery in one or more of the target taxa, weighed against more 

practical considerations such as land manager engagement op-
portunities and infrastructure to support the expedition (Preece 
et al., 2015).	Bush	Blitz	expeditions	initially	focussed	on	Australian	
National	 Reserve	 System	 properties	 (DAWE,	 2021;	 National	
Reserve	System	Task	Group,	2009). Since 2014, site selection ex-
panded to include land managed under some form of conservation 

F I G U R E  1 Overview	of	the	analysis	framework	used	to	assess	the	efficiency	with	which	Bush	Blitz	surveys	sampled	ED	and	contributed	
records of new species, or records of species at previously unrecorded locations, compared with background survey data drawn from 
the	Atlas	of	Living	Australia	(ALA).	Biologically	scaled	environments	derived	from	generalised	dissimilarity	models	of	each	assessed	
biological	group	underpinned	the	complementarity	assessment	of	sampled	ED	(described	in	Ware	et	al.	(2018)	and	summarised	in	Appendix	
Table S2.4). The relative performance of the Bush Blitz dataset, background dataset and their combination, in improving ED representation 
was calculated using a new formulation of the p- median algorithm (see main text for details). The ED measure is expressed in units of 
compositional dissimilarity, whereby increases in dissimilarity indicate additional survey locations have reduced the average dissimilarity of 
any location given a set of existing surveyed sites (depicted in the central- left plot of ‘gains in sampled ED’ vs. ‘year of sampling’). Species 
discovery is assessed using two measures depicted in the central- right plot by solid and dashed lines. The order of accumulation of new 
records	of	species	is	tallied	either	by	date	(solid	line)	or	by	ED	complementarity	using	the	p-	median	algorithm	(dashed	line).	Accumulated	new	
records of species are standardised by the total number of records collected ordered by their observation date or by ED complementarity 
according to the p- median algorithm and thus represent a measure of efficiency.
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agreement which includes national parks, Indigenous Protected 
Areas	 and	 private	 land	 (Preece	 et	 al.,	 2015). ED was used as a 
proxy for expected species discovery and calculated for tar-
get taxa to identify optimal survey locations. Resulting maps of 
unsampled ED were intersected with knowledge from taxonomic 
experts and incorporated in the expedition site selection process. 
This process was updated annually with data location from com-
pleted expeditions.

Specimens collected by taxon experts are held by natural his-
tory institutions in the jurisdiction where they were collected or, by 
agreement, held in a partner institution. Following taxonomic de-
termination, specimen records are digitised and mobilised into the 
ALA.	This	process,	from	observation	to	public	repository,	can	take	
many years depending on the scientific staff and resources of the 

custodian institution and so Bush Blitz offers financial support to fa-
cilitate expedited curation of specimens, publication of new species 
and digitisation.

2.2.1  |  Biological	survey	data

Background biological survey data for each of the six taxa were ob-
tained	from	the	ALA	(extracted	16th	January	2018)	using	custom	
R	scripts	adapted	from	the	ALA4R	package	(Newman	et	al.,	2019; 
Raymond et al., 2014;	described	in	Appendix	Section	S1.2.1). The 
ALA	data	were	split	 into	 two	sets:	 records	before	 the	 first	Bush	
Blitz	 survey	 in	 September	2009	 (ABRS,	2009) and records after 
the	36th	expedition	in	May	2017	(ABRS,	2017a, 2017b). The actual 

F I G U R E  2 Location	of	Bush	Blitz	expeditions	(orange	dots)	conducted	between	2009	and	2017.	Details	of	the	surveys	are	provided	
in	Appendix	Table S2.1.	Numbers	correspond	to	the	ID	column	in	Table S2.1.	Basemap:	Bing	Maps	Aerial	(Microsoft	product	screen	copy	
reprinted	with	permission	from	Microsoft	Corporation).
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start and end months varied slightly depending on the taxon. 
Records were only considered in our analyses if those taxa ob-
servations were made on, or prior to, the 36th Bush Blitz expe-
dition	(i.e.	amphibians:	17	May	2017;	Araneae:	8	May	2017;	 land	
snails:	 16	March	 2017;	 Lepidoptera,	 reptiles;	 vascular	 plants	 18	
May	2017).

All	biological	records	sourced	from	the	ALA	were	further	subject	
to a set of filters to remove potentially spurious, or inaccurate re-
cords, or records of non- native species. Data quality assertions pro-
vided	by	the	ALA	(Belbin	et	al.,	2020;	Miles,	2011) aided decisions 
about	which	records	to	remove	 (see	Appendix	Section	S1.2.2, and 
Tables S1.1 and S1.2).

Bush Blitz survey data for the 36 expeditions were sourced from 
the programme. Because some of these records had already been 
deposited	in	the	ALA	(excluding	new	or	cryptic	species	yet	to	be	de-
scribed or identified and made publicly accessible), we identified and 
removed	Bush	Blitz	records	from	the	ALA	data	download,	which	is	
to be used to represent background survey effort method described 
in	Appendix	Section	S1.2.3.

The	 ALA	 aggregates	 biological	 records	 collected	 in	 diverse	
ways, including observations and specimen data (organisms, im-
ages and recordings). Observations and specimens come from 
many sources, including museum and natural history collections, 
universities, indigenous ecological knowledge holders, science 
agencies, individuals, community and conservation groups, gov-
ernment	and	 industry	 (ALA,	2023). Institutes collect and publish 
biological records for a range of reasons beyond species discovery. 
We	used	all	 records	available	 in	 the	ALA	and	did	not	attempt	 to	
filter according to how the data were collected or by who. High- 
level breakdowns of the data sources and record types of the 
ALA	data	that	we	used	are	provided	for	each	taxon	 in	Appendix	
Figures S3.1a and S3.1b.

2.2.2  |  Surrogate	environmental	diversity	patterns

GDMs	 of	 compositional	 turnover	 for	 four	 taxonomic	 groups	 (vas-
cular plants, reptiles, amphibians and land snails), as previously de-
scribed	 in	Ware	et	al.	 (2018), were used as surrogate measures of 
ED. Each site was associated with the value of environmental predic-
tor variables representing climatic, topographic, water balance and 
substrate gradients, as listed in appendix 6 of Reside et al. (2013). 
Initial models were fitted using all variables, and variable selection 
followed	the	approach	outlined	by	Williams	et	al.	(2012) to remove 
redundant variables and reduce model complexity (i.e. avoid over-
fitting). The indirect effect of geographical distance between site 
pairs was tested as an additional variable once a reduced model had 
been derived and was retained in the final model if its unique contri-
bution	was	above	the	specified	minimum.	See	Appendix	Table S2.2 
for details of predictors used in each taxon model. Because there 
were	insufficient	records	available	to	fit	models	to	either	Araneae	or	
Lepidoptera	records,	we	used	the	vascular	plant	GDM	as	a	surrogate	

as	shown	by	Ware	et	al.	(2018) to perform reasonably well for these 
groups.

A	key	output	of	a	GDM	is	the	transformation	of	environmental	
predictors into values of biological importance placed on a com-
mon scale. The resulting values are in units of ecological distance 
(E), such that the difference in value between any two points (i,j) 
for a given variable (x) represents the contribution to ecological 
distance between the two points for that variable. By summing 
the absolute differences across all transformed variables (|xi−xj|, 
i.e.	the	Manhattan	distance),	we	obtain	the	change	in	E (ΔE) be-
tween	 the	 two	 points.	 Applying	 a	 negative	 exponential	 back-	
transformation	of	the	logistic	link	function	used	in	the	GDM,	and	
then subtracting this from one, the ecological distances can be 
expressed	as	Sørenson	compositional	dissimilarity.	A	value	of	one	
represents the modelled expectation that all species are shared 
between sites, and values approaching zero indicate no species 
are	in	common.	When	continuous	environmental	grids	are	in	this	
way biologically scaled, back- transformed and mapped, the re-
sulting patterns can be interpreted as spatial variation in species 
composition as a function of the predictors used in the model. 
Because	 GDM-	transformed	 grids	 are	 scaled	 according	 to	 their	
importance in representing patterns of biological turnover for 
the taxonomic group in question, they provide a valuable means 
of assessing survey coverage consistent with the ED framework. 
Therefore,	 we	 refer	 to	 these	 GDM-	transformed	 environmental	
grids as ‘biologically scaled’.

2.3  |  Analysis of improvement in environmental 
diversity coverage

This analysis was applied to the six taxa, for each year of survey 
between	September	2009	and	May	2017	(except	for	reptiles,	 first	
surveyed	 November	 2009).	 Four	 of	 the	 taxa	 were	 matched	 with	
ED patterns modelled using data for that taxon, and two others 
(Araneae	 and	 Lepidoptera)	were	matched	with	 vascular	 plants	 (as	
outlined above).

The following analyses were undertaken for each taxon:

•	 Baseline	 ALA:	 Prior	 to	 the	 first	 survey	 conducted	 by	 the	 Bush	
Blitz	programme,	how	much	of	Australia's	ED	had	already	been	
sampled?

• Bush Blitz: How much additional ED did the Bush Blitz survey pro-
gramme sample above baseline each successive year (i.e. 2009, 
2010, …, 2017)?

•	 Background	 ALA:	 How	much	 additional	 ED	 did	 other	 observa-
tions (i.e. background records) sample above baseline during the 
same period as the Bush Blitz survey programme each successive 
year?

•	 Effective:	Overall,	how	much	more	knowledge	about	Australia's	
ED did the Bush Blitz programme contribute, above that contrib-
uted by other observations each year?
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    |  7 of 17WARE et al.

2.3.1  |  Adapting	ED	complementarity	method	for	
assessing representation of biodiversity by surveys

One of the primary applications of the ED framework is its use in 
prioritising locations for further species surveys (e.g. Funk et al., 
2005).	Doing	so	requires	two	elements	(Faith	&	Walker,	1996b): first, 
a model of ED for all locations in a given study region; and, second, 
an optimisation procedure to maximise the span of ED covered by 
a	new	set	of	survey	sites.	Faith	and	Walker	(1996b) argued that the 
p- median optimisation model, developed in the scientific field of fa-
cilities location (operations research), provided the most appropriate 
method to optimally locate new survey sites. In the context of pri-
oritising sites for surveys, the p- median problem consists of locating 
new survey sites, such that the sum of distances from each of the 
unsurveyed sites to its nearest survey site is minimised. How well 
each site complements the existing surveyed sites in ED is referred 
to	as	ED	complementarity	 (Faith	&	Walker,	1996b) and is given by 
the	site's	contribution	to	the	p- median value, such that a site with 
high ED complementarity will lower the p- median value more rela-
tive to other potential sites (for further explanation, including our 
novel	solution	for	representing	continuous	ED,	see	Appendix	S1.1). 
Typically, this form of survey gap analysis is conducted using gridded 
representations of regions or countries and multidimensional envi-
ronmental space.

To assess incremental improvements in continuous ED coverage, 
we used the p- median approach to calculate annual p- median val-
ues	for	the	Bush	Blitz,	ALA	background	and	combined	datasets.	The	
approach	we	implemented	was	performed	using	GDM-	transformed	
grids	and	is	outlined	in	Appendix	Section	S1.2. Individual p- median 
calculations	for	each	grid	cell	of	continental	Australia	were	summed	
to derive a ‘global p- median’ for each spatial layer of the analysis 
design. The global p- median statistic reduces to 0 when the ED of 
the study region is fully represented by surveyed sites. Once trans-
formed into units of compositional dissimilarity (as per Section 2.2.2), 
the global ED statistic measures the average proportion of species 
shared	between	any	site	and	the	set	of	surveyed	sites.	A	value	of	one	
represents no shared species, and zero represents the same comple-
ment of species.

2.3.2  |  Analysis	of	Bush	Blitz	efficiency	in	sampling	
environmental diversity

To evaluate the relative efficiency of Bush Blitz in sampling ED com-
pared	with	ALA	background	records,	we	accumulated	annual	gains	
in ED complementarity using the global p- median statistic to show 
the rate in two ways: (1) plotted in chronological order by year of 
observation, and (2) the plots of chronological order standardised 
by	cumulative	number	of	additional	sites	(250 m	grid	cells)	with	ob-
servation	records—as	a	measure	of	survey	effort.	We	expect	Bush	
Blitz records to accumulate faster, especially when standardised by 
survey effort. To measure achievement over the study period, we 
calculated	 the	 area	 under	 the	 curve	 (AUC).	We	 also	 derived	 their	

combined	rate	to	show	how	Bush	Blitz	records	complemented	ALA	
background (i.e. generally filled gaps in ED).

2.4  |  Analysis of Bush Blitz efficiency in 
species discovery

We	 measured	 the	 efficiency	 of	 Bush	 Blitz	 expeditions	 in	 terms	
of generating records of new, or previously unrecorded, species 
relative	 to	ALA	background	data	using	 the	 same	biological	 survey	
data subsets and questions as for improvements in ED coverage 
(Section 2.3):	ALA	baseline	observations	prior	to	the	first	Bush	Blitz	
expedition,	 Bush	 Blitz	 expeditions	 and	 ALA	 background	 observa-
tions	during	the	same	period	as	the	Bush	Blitz	surveys.	ALA	baseline	
data established which species were observed before the Bush Blitz 
programme	started	 in	September	2009.	We	used	 rates	of	new,	or	
previously unrecorded, species accumulation as the measure of per-
formance and accumulated surveyed sites and their species in two 
ways: (1) in the order given by their observation date; (2) by selecting 
the site which iteratively best complemented the ED represented 
by the existing set of surveyed sites according to the p- median al-
gorithm.	We	expect	the	rate	of	new,	or	previously	unrecorded,	spe-
cies accumulation by Bush Blitz expeditions to always be higher than 
background observations, and for the optimal accumulation rate 
based on p- median ordering of complementarity to always be higher 
than chronological ordering. Locations with higher p- median values 
are more likely to yield different species because their environments 
are relatively distinct from those already sampled.

For method (2), we iteratively selected locations within a survey 
set in order of their contributions to filling gaps in ED space. Because 
each optimally selected location will often mean nearby locations 
do not contribute additional information (i.e. characterised by the 
same environments, and thus do not reduce the p- median further), 
we devised a new way to correctly associate those locations with 
the nearest optimally selected location in ED space and accordingly 
accumulate	their	species	(see	Appendix	Section	S1.3 and Tables S1.1 
and S1.2 for details).

As	each	surveyed	location	is	added,	the	number	of	new,	or	pre-
viously unrecorded, species were accumulated on the y- axis, while 
the number of all species records made (of either new, or previously 
unrecorded, species, or records of previously described species) are 
accumulated as a proxy for survey effort on the x- axis (i.e. termed 
‘survey	 event’).	When	 plotted,	 the	 resulting	 species	 accumulation	
curves measure both success and efficiency in species discovery.

2.5  |  Relationship between sampling of 
environmental diversity and new records of species 
across taxa

We	expected	that	the	number	of	records	of	new,	or	previously	unre-
corded, species contributed by new surveys for each taxon should be 
related to how much new ED was sampled between 2009 and 2017. 
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8 of 17  |     WARE et al.

To explore this, we used simple linear models to evaluate whether 
decreases	in	average	GDM-	based	ED	covaried	with	numbers	of	new	
records	 of	 species.	 Numerous	 factors	 other	 than	 how	well	 ED	was	
sampled should affect this relationship, including how comprehen-
sively a taxon was surveyed at baseline, and the overall species rich-
ness of the taxon. The purpose of our simple model was to provide 
supporting evidence for the general utility of the ED framework as 
a surrogate of species diversity applied to this analysis of Bush Blitz 
efficiency. To partially account for the factors listed above, we used 
the number of new, or previously unrecorded, species as a proportion 
of those records available at baseline as this somewhat accounts for 
previous survey effort and species richness. Linear models of the pro-
portion of new species observed as a function of ED sampled were 
fit using the R statistical programming language (R Core Team, 2020).

3  |  RESULTS

3.1  |  Summary of biological survey data

For all taxa considered in our assessment, Bush Blitz surveys gener-
ated	more	records	of	new,	or	previously	unrecorded,	species	than	ALA	
background records over the study period since Bush Blitz commenced 

(Table 1). On average, a record of a new, or previously unrecorded spe-
cies was generated at every 1.7 sites (grid cells) or for every 11.9 ob-
servations of species made on Bush Blitz expeditions. For background 
survey data, it took on average 98.7 sites or 1399 observations for a 
record	of	a	new,	or	previously	unrecorded	species.	More	new,	or	pre-
viously unrecorded, species records of Lepidoptera were discovered 
than for other taxa, with just over two new records discovered at every 
Bush	Blitz	analysis	site	on	average.	Moths,	for	example,	are	among	one	
of	the	most	species-	rich	insect	groups	in	Australia	and	only	about	half	
of	the	estimated	22,000	species	have	been	scientifically	named	(Austin	
et al., 2004;	Zborowski	&	Edwards,	2007). High numbers of new re-
cords	were	also	discovered	of	Araneae	(also	a	species-	rich	group)	and	
land snails through Bush Blitz expeditions, while the fewest records 
of new, or previously unrecorded species, were of amphibians (either 
through	Bush	Blitz	expeditions	or	ALA	background	records;	Table 1).

3.2  |  Improvement in environmental diversity 
coverage and sampling efficiency

Improvements in ED coverage consistently led to reductions in aver-
age species compositional dissimilarity to surveyed locations above 
baseline for all taxa (Figures 3 and 4). The continent- wide gain in 

Group Data subset n sites n records n species

Amphibians Baseline 53,787 210,747 205

Background 10,413 46,098 7

Bush Blitz 272 957 13

Araneae Baseline 3506 12,551 1164

Background 948 2369 113

Bush Blitz 452 1962 486

Gastropods	(land	snails) Baseline 3507 12,550 1167

Background 948 2370 113

Bush Blitz 557 2291 416

Lepidoptera Baseline 3548 24,826 1401

Background 4471 27,691 872

Bush Blitz 601 10,726 1213

Reptiles Baseline 75,918 272,756 766

Background 14,050 54,623 52

Bush Blitz 663 2420 55

Vascular plants Baseline 642,359 7,429,214 20,653

Background 93,782 1,632,400 105

Bush Blitz 2140 14,722 580

Total Background 124,612 1,765,551 1262

Bush Blitz 4685 33,078 2763

Note:	The	summary	is	broken	down	by	Bush	Blitz	and	background	(ALA)	records	and	the	existing	
baseline	(ALA	prior	to	the	start	of	Bush	Blitz	in	2009).	‘n sites’ is the unique number of sites 
(9- arcsecond grid cells) with at least one species observation record; ‘n records’ is the total number 
of observations records; and ‘n species’ is the total number of species (richness). For Bush Blitz and 
ALA	background	data	subsets,	‘n sites’ and ‘n	species’	numbers	are	new	(i.e.	unique)	relative	to	ALA	
baseline.

TA B L E  1 Summary	of	biological	
record data for the six taxonomic groups 
considered in our assessment.
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    |  9 of 17WARE et al.

ED	coverage	attributed	to	Bush	Blitz,	over	that	contributed	by	ALA	
background records over the same period, varies for each of the six 
taxa (Figure 3 and Table S2.3). Considering just the chronology of 
surveys (Figure 3a,	panels),	ALA	background	records	sampled	more	
gaps in ED than Bush Blitz expeditions, except for spiders and land 
snails. However, when survey effort is considered, Bush Blitz expe-
ditions were always more efficient (Figure 3b, panels). For amphib-
ians, for example, there were few Bush Blitz sites (272) compared 
with	ALA	 background	 (53,787),	 yet	 Bush	Blitz	 expeditions	 rapidly	
sampled	new	ED,	whereas	for	the	equivalent	survey	effort	ALA	re-
cords	 revealed	 only	 a	 negligible	 gain	 in	 ED.	When	Bush	Blitz	 and	
ALA	background	records	are	combined	(green	lines	in	Figure 3), the 

result is additive, indicating survey effort is generally complemen-
tary—that	is	rarely	overlaps	sites	with	similar	ED.

The	complementary	nature	of	Bush	Blitz	and	ALA	background	
records (2009 to 2017) in contributing to gains in ED coverage 
above baseline is also apparent spatially in Figure 4. Each new spe-
cies	 observation	 record	 (or	 cluster	 of	 records	within	 a	 250 m	 grid	
cell) potentially contributes to gains in ED according to how distinct 
the biologically scaled environment is relative to all other unsur-
veyed locations above baseline. The spatial extent of any gain in 
ED resulting from a single surveyed location is a function of how 
restricted or broad the environment is in which the survey location 
exists. If the surrounding environment is heterogeneous, numerous 

F I G U R E  3 Annual	gains	in	environmental	diversity	(ED)	sampling	above	baseline	for	the	six	taxon	groups	between	2009	and	2017	
attributed	to	either	Bush	Blitz	(blue),	ALA	background	(red)	or	their	combination	(green);	presented	in	two	ways:	(a)	cumulative	annual	gain	
in	sampled	ED	and	(b)	annual	gain	standardised	by	survey	efficiency—the	cumulative	number	of	sites	surveyed	each	year	(baseline	is	the	first	
number of surveyed grids on the x- axis). The y- axis is stretched to the maximum range above the respective baseline across all six biological 
groups for comparability. Units of sampled ED (y- axis) are expressed as the average proportion of species not shared between any site and 
the set of surveyed sites based on the ‘global p- median’ statistic. The two numbers on panel (b) displayed at the peaks of the Bush Blitz 
(blue)	and	ALA	background	(red)	lines,	are	the	area	under	the	curve	(AUC)	statistics	as	a	measure	of	the	total	relative	survey	effort	for	that	
improvement in ED.
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10 of 17  |     WARE et al.

survey locations may be required to adequately sample regional ED, 
whereas in a homogenous environment a single survey location may 
suffice to adequately sample regional ED. Because the three inverte-
brate	groups	(Araneae,	Lepidoptera	and	land	snails)	were	among	the	
least	well-	surveyed	taxa	across	continental	Australia	at	baseline,	the	
additional surveys between 2009 and 2017 had the greater spatial 
gains in ED (depicted by the greater spread of blue shades for Bush 
Blitz	and	red	for	ALA	background	records	in	Figure 4). In contrast, 
the gains in ED for relatively well- known taxa such as vascular plants 
are more localised, where remaining gaps are in more spatially re-
stricted environments.

The	ALA	baseline	survey	effort	reveals	knowledge	gaps	across	
the	 western	 and	 arid	 interior	 of	 Australia	 and	 remote	 locali-
ties	 of	 northern	 Australia	 for	 most	 taxonomic	 groups	 (Appendix	
Figures S3.2–S3.7). Some of these gaps were filled by specific 
Bush Blitz expeditions, which individually accounted for a reduc-
tion in ED of between 0.12% for vascular plants and 1.68% for 
Araneae,	 in	units	of	average	species	dissimilarity	 (mean	across	the	
six	 taxa	 is	0.78%;	Appendix	Table S2.3). Background observations 
on the other hand accounted for a reduction of between 0.59% for 
vascular plants and 3.10% for Lepidoptera in average species dis-
similarity	(Appendix	Table S2.3). Improvements in ED coverage con-
tributed	by	ALA	background	or	Bush	Blitz	varied	by	taxa:	Bush	Blitz	

improvements	were	greatest	for	Araneae	and	land	snails,	while	ALA	
background improvements were greatest for Lepidoptera and am-
phibians (Figure 4,	Appendix	Table S2.3).

3.3  |  Efficiency with which new records of species 
were accumulated

For all taxa, Bush Blitz expeditions generated more records of new, 
or previously unrecorded, species and at a much faster rate (i.e. 
more	efficiently)	than	ALA	background	records	(Figure 5). This was 
evident irrespective of whether new records of species were tallied 
chronologically, or in the order they sampled gaps in ED (using the 
p- median algorithm). However, records of new, or previously un-
recorded, species were more often accumulated faster when the 
order of sites from which additional records were tallied was deter-
mined by the p- median algorithm irrespective of the Bush Blitz or 
ALA	background	source.	The	order	of	Bush	Blitz	sampling	for	three	
taxa	 (Araneae,	 Lepidoptera	 and	 vascular	 plants)	 by	 date	 or	 by	 ED	
complementarity appeared to make less difference to the rate of 
accumulation of records of new, or previously unrecorded, species 
(less separation in the curves). These were the more species rich of 
the six groups analysed. The accumulation rate of records of new, or 

F I G U R E  4 Regional	gains	in	environmental	diversity	(ED)	coverage	above	baseline	for	the	six	taxa	uniquely	attributed	to	either	Bush	Blitz	
(blue	shades)	or	ALA	background	(red	shades)	records,	or	shared	by	both	Bush	Blitz	and	ALA	records	(equal	contributions	are	represented	by	
violet	shades),	between	2009	and	2017	for	continental	Australia.	Lighter	hues	indicate	less	gain	relative	to	baseline	and	darker	hues	greater	
gain	in	ED	complementarity.	Where	both	ALA	and	Bush	Blitz	records	overlap	in	contributing	to	regional	gains	in	ED,	their	relative	influence	
is	indicated	by	how	reddish	(ALA)	or	bluish	(Bush	Blitz)	the	resulting	violet	colour	is.	Gain	in	ED	complementarity	is	calculated	as	the	shortest	
Manhattan	distance	between	an	individual	location	(250 m	pixel)	and	any	existing	surveyed	location	in	ED	space.	Black	dots	are	Bush	Blitz	
survey locations for the respective group.
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    |  11 of 17WARE et al.

previously unrecorded, species is sensitive to how comprehensively 
each group was surveyed at baseline and at each survey location 
subsequently, and the Bush Blitz targeted survey methodology did 
not necessarily aim to achieve comprehensive sampling of all poten-
tial species at all sites.

3.4  |  Relationship between environmental 
diversity and new records of species across taxa

We	found	only	weak	relationships	between	the	incremental	sam-
pling of ED and resulting numbers of records of new, or previously 
unrecorded,	 species	 (ALA	 background:	 p = <.05, R2 = .72.	 Bush	
Blitz: p = .11,	R2 = .50,	Figure 6). In the case of Bush Blitz data, re-
sults for Lepidoptera strongly influenced the weak relationship, 
whereas	amphibian	data	weakened	the	relationship	for	ALA	back-
ground	data.	Amphibians	are	 represented	by	 fewer	 species	 than	
the other taxa analysed, and Lepidoptera are among the most 
species	rich.	When	these	taxa	were	omitted	as	outliers	from	the	
respective	model,	 the	 relationships	strengthened	markedly	 (ALA	
background: p = <.001, R2 = .98	excluding	amphibians;	Bush	Blitz:	

p = <.01, R2 = .97	 excluding	 Lepidoptera),	 suggesting	 support	 for	
the use of ED as a surrogate for species diversity in survey strate-
gies and biodiversity assessments.

4  |  DISCUSSION

4.1  |  A novel approach to biological survey 
programme evaluation

We	 found	 that	 the	 Bush	 Blitz	 programme	 efficiently	 contributed	
large numbers of records of new, or previously unrecorded, species 
and that these contributed to improving representation of biodiver-
sity in databases, when measured relative to background observa-
tions	aggregated	by	the	Atlas	of	Living	Australia	(ALA).	The	accrued	
value of additional investment in targeted survey effort was greatest 
for those biological groups for which records of occurrence were 
least well represented across their environmental range. The three 
invertebrate taxa represented by most new records of species con-
tributed	through	Bush	Blitz	surveys	(Araneae,	Lepidoptera	and	land	
snails) were also those for which their ED was least well sampled 

F I G U R E  5 Gains	in	species	discovery	(species	accumulated	as	new	event	records	were	added)	for	the	six	biological	groups	between	2009	
and 2017, presented in two ways: in chronological order by observation date (solid lines) and by ED complementarity order according to the 
p-	median	algorithm	(dotted	lines).	Accumulation	is	scaled	by	survey	event	records—a	measure	of	the	number	of	species	records	associated	
with a survey event (unique site and date), as a proxy for survey effort. The x- axis range is determined by the minimum number of survey 
event	records	from	either	the	Bush	Blitz	or	ALA	background	records.	Bush	Blitz	records	are	shown	in	blue,	ALA	background	in	red.	ALA	
background records include systematic surveys as well as ad hoc observations.
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12 of 17  |     WARE et al.

at baseline (Table 1, Figure 5, Figures S3.2–S3.7	 in	 Appendix	S3). 
These results are consistent with findings from similar studies 
(Albuquerque	&	Beier,	2018; Engelbrecht et al., 2016; Funk et al., 
2005;	Guerin	et	al.,	2020, 2021) which support the use of the ED 
framework (i.e. complementarity of biodiversity surrogates) for pri-
oritising survey locations.

Grantham	et	al.	(2008) evaluated the return on investment from 
spending different amounts of money on survey data before under-
taking a programme of implementing new protected areas. By simu-
lating the selection of new protected areas using different amounts 
of survey data, they were able to estimate the cost required to retain 
Protea habitat and represent Protea species in selected protected 
areas. They found that the effectiveness of conservation prioritisa-
tion increased only minimally after spending as little as 1/25th of 
what	it	was	estimated	to	acquire	the	full	dataset.	While	their	assess-
ment clearly underscores the dynamic nature of the conservation 
problem	 (Meir	 et	 al.,	2004), their results may also reflect the fact 
that the Protea survey locations were not prioritised within an ED 
framework.

4.2  |  The Bush Blitz approach to species discovery 
was effective at filling knowledge gaps

Our assessment illustrates that the number of records is often less 
important than how well survey locations have been sampled for 
complementary ED, when used to develop surrogates for biodiver-
sity management and decisions. In our assessment, for all taxa, more 
sites	and	species	records	were	represented	by	ALA	background	re-
cords during the period we evaluated, yet in all cases, Bush Blitz ex-
peditions were responsible for contributing more records of new, or 
previously unrecorded, species for the given survey effort (Figure 5). 
Furthermore, the contribution of additional surveys to species discov-
ery is related to sampling of ED (Figure 6). Therefore, by incorporating 
the iterative filling of gaps in ED in survey design strategies, we can 
expect higher rates of return in biodiversity data for decision- making 
for the same effort, when compared with ad hoc surveys.

Ware	et	al.	(2018) showed that Bush Blitz data led to improve-
ments in the effectiveness of modelled biodiversity surrogates 
across all six taxonomic groups considered in the present work. 

F I G U R E  6 Relationship	between	gains	in	sampling	environmental	diversity	(ED)	and	the	proportion	of	new	records	of	species	observed	
between	September	2009	and	May	2017,	shown	for	each	biological	group	by	Bush	Blitz	(blue	text)	or	ALA	background	(red	text)	records.	
ED on the x- axis in units of percentage decrease in average species compositional dissimilarity between sites without species records to 
those with records. The y- axis is the proportion of new records of species observed relative to the pre- September 2009 baseline. Solid lines 
represent the linear model fit to each dataset, whereas dashed lines represent the linear model fit to each dataset when the outlier taxa 
Amphibians	and	Lepidoptera	were	removed.
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Surrogates are assumed to represent spatial patterns in the dis-
tribution of biodiversity, and therefore improvements in how well 
they achieve this should translate into improved biodiversity as-
sessments and prioritisation decisions. Improvements were great-
est	for	Lepidoptera	and	Araneae,	reflected	in	the	present	work	by	
the efficiency with which Bush Blitz records sampled ED relative 
to the other taxonomic groups (Figure 3). Despite vascular plant 
ED being already well sampled relative to the other groups con-
sidered at baseline (second only to reptiles), the modelled plant 
surrogate	developed	by	Ware	et	al.	(2018) was still improved, both 
as a within- taxa and cross- taxon surrogate, with the addition of 
Bush	Blitz	data.	We	did	not	explore	how	 the	value	of	additional	
data might vary when factoring in financial costs associated with 
the Bush Blitz expeditions, but these would be partially offset for 
any given taxonomic group because each Bush Blitz survey targets 
numerous taxa.

Few of the species accumulation curves representing Bush Blitz ex-
peditions shown in Figure 5 appear to be plateauing (except perhaps, 
reptiles and amphibians), from which we could assume that further 
Bush Blitz discovery expeditions will continue to contribute records 
of	 new,	 or	 previously	 unrecorded,	 species.	 GDM-	based	 cross-	taxon	
surrogates using either gastropod or amphibian records perform best 
(Ware	et	al.,	2018), and so additional records of these taxa should yield 
further improvements when applied to modelled surrogates, adding 
to	their	value	in	biodiversity	assessments.	Additional	data	for	the	less	
well-	represented	groups	will	likely	strengthen	GDM	performance	and	
thereby lead to improved surrogacy performance. This is particularly so 
for	Araneae	and	Lepidoptera,	where	additional	data	may	enable	replac-
ing the vascular plant proxy model used in this assessment.

4.3  |  ED- based complementarity is an effective 
tool for prioritising new survey locations

The Bush Blitz programme site selection method was aided in later 
years (2014–2018) by maps identifying sites, which would best 
complement existing sampling of ED for multiple taxonomic groups 
(Preece et al., 2015). The effect of incorporating these data in site 
selection is not readily identifiable in our results because their input 
was balanced alongside a host of other factors related to site selec-
tion and survey logistics.

Species accumulation curves representing records of new, or pre-
viously unrecorded, species at sites selected by the p- median algo-
rithm (Figure 5) were broadly as, or more, efficient than those where 
site records were tallied chronologically. The substantial contribution 
made by Bush Blitz expeditions to gains in ED complementarity for 
the three invertebrate groups, in particular, is shown in Figure 4. The 
spatial gain is more localised for relatively well- surveyed groups such 
as vascular plants (Figure 4). Taken together, these results suggest 
ED complementarity should be a key consideration when selecting 
prospective survey sites for the purposes of nature discovery and im-
proving biodiversity assessments for more robust conservation deci-
sions. These findings for individual taxa are similar to those reported 

in	 a	 retrospective	 evaluation	 of	 an	 Australian	 continental	 network	
of	ecosystem	monitoring	plots	(Guerin	et	al.,	2020). In their analysis, 
Guerin	et	al.	(2020) found sampling of ED to be a good surrogate for 
ecological representativeness, and the cumulative sampling of envi-
ronments was strongly related to the sampling of new records of vas-
cular plant species. In our implementation of ED complementarity, we 
devised	a	solution	(detailed	in	Appendix	S1.1) allowing us to apply the 
continuous version ED as originally proposed by Faith (1994), but until 
now was considered computationally intractable.

4.4  |  Relationship between ED and species richness

The relationships between sampling of ED and records of new, or 
previously unrecorded, species across taxa were weak (Figure 6) and 
affected	strongly	by	outliers.	New	Bush	Blitz	records	of	Lepidoptera	
were frequently obtained despite being represented by relatively 
moderate gains in the sampling of ED. In the case of background 
data, the gain in sampling of ED for amphibians was relatively good 
but	led	to	few	contributions	of	new	records	of	species.	We	expect	
that these outliers simply represent both ends of the diversity 
spectrum along with a bias in survey effort: Lepidoptera is a highly 
diverse order, which was represented by relatively few records at 
baseline, whereas amphibians are a relatively species- poor class well 
represented	by	occurrence	 records	at	baseline.	Additionally,	many	
of	the	relatively	remote	regions	of	Australia	targeted	by	Bush	Blitz	
expeditions tended to have low amphibian diversity (i.e. too hot and 
dry or too cool).

Aspects	 of	 the	 surrogate	 modelling	 approach	 can	 also	 affect	
the strength of the identified relationship between ED and species 
richness. First, the spatial resolution of environmental predictors 
to which our models were fitted is coarse relative to the scale at 
which taxa use habitat. Second, we used a surrogate model (the 
plant model) for Lepidoptera as too few Lepidoptera records were 
available for this model. Third, the choice of candidate predictor 
variables used in the amphibian model derived from a generic set, 
whereas some custom predictors to better account for the life cycle 
and biology of distributions may result in a more effective surrogate. 
Refinement in these aspects should yield a better representation of 
biologically	 scaled	 ED.	 All	 else	 being	 equal,	 where	 novel	 environ-
ments remain unsampled, the opportunity to collect new records of 
species will be greater where diversity is greater, and where existing 
records at baseline are fewer.

4.5  |  Incorporating species richness models to 
enhance priority site selection using ED

A	key	omission	 in	the	procedure	we	used	to	calculate	ED	comple-
mentarity of any survey site to the existing set of surveyed sites was 
a measure of the local species richness (alpha diversity) expected at 
each	of	these	sites.	While	the	difference	in	species	composition	(beta	
diversity) between sites is critical in assessing complementarity, 
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local	species	richness	is	required	in	conjunction	with	GDM-	derived	
compositional dissimilarity to optimally prioritise sites for the spe-
cies discovery objective. For example, two unsurveyed sites can be 
equally dissimilar to an existing surveyed site if they are estimated to 
share no species in common; in these cases, the priority site to sur-
vey for the Bush Blitz species discovery approach would be the one 
with	 the	greatest	 species	 richness.	Not	 incorporating	measures	of	
species richness likely led to suboptimal site selections in the analy-
ses conducted in this work, and therefore results based on p- median 
calculations	should	be	viewed	as	conservative	estimates.	Methods	
to formally incorporate species richness in biodiversity surrogate 
models	have	been	discussed	(Faith	&	Walker,	1996b) and published 
elsewhere	 (Albuquerque	&	Beier,	2018;	Arponen	et	al.,	2008) and 
should be investigated and incorporated in future complementarity- 
based prioritisations.

4.6  |  The value of the Atlas of Living Australia for 
survey programme evaluation

ALA	 records	 available	 over	 the	 period	 of	 our	 evaluation	 were	
dominated by records based on specimens collected by insti-
tutes (Figures S3.1a and S3.1b). The end of our study period ap-
proximately coincides with a period of exponential growth in the 
number	of	Australian	observations	contributed	to	the	iNaturalist	
biodiversity	citizen	science	platform	(Mesaglio	&	Callaghan,	2021). 
The number of species observations contributed increased by 
nearly	an	order	of	magnitude	between	2016	and	2021	(Mesaglio	
&	 Callaghan,	2021), all of which have since become available in 
the	ALA.	Understanding	how	these	different	trends	in	data	collec-
tion and mobilisation might sway the results we observed would 
require additional analysis. Large numbers of additional records 
contributed	for	certain	taxa,	for	example	Lepidoptera	(Mesaglio	&	
Callaghan, 2021), would almost certainly include records of new, 
or previously unrecorded, species. How efficiently this sampling 
contributed records of new, or previously unrecorded, species, 
however, would depend in large part on how well additional re-
cords sampled new ED and complemented existing biases in the 
ALA.	 Whether	 there	 are	 large-	scale	 differences	 between	 what	
was predominately institution- provided data and the newly ag-
gregated citizen science data in these measures seems likely, but 
it is difficult to speculate on how these differences might alter the 
trends reported here without further analysis.

Taxonomic	and	spatial	observation	bias	in	the	ALA	is	strong	(Daru	
et al., 2018; Haque et al., 2017, 2020), as in other large public repos-
itories of biodiversity data (Daru et al., 2018; Troudet et al., 2017). 
These biases, due to ad hoc or opportunistic data aggregation (in-
cluding repeat sampling for monitoring purposes), necessarily reduce 
the relative efficiency of spatial sampling of ED or records of new, 
or previously unrecorded, species. Furthermore, large collections by 
universities or private institutes may not (yet) be mobilised through 
the	ALA	(Nelson	&	Ellis,	2019).	We	are	aware	of	datasets	for	partic-
ular taxa including Lepidoptera and reptiles that were not available 

through	the	ALA	at	the	time	we	extracted	data,	and	their	omission	
likely	affects	our	results.	As	with	the	consideration	of	additional	citi-
zen science records outlined above, it is uncertain how these missing 
data might alter both the sampling of ED and efficiency of generat-
ing records of new, or previously undescribed, species that we ob-
served.	In	this	sense,	our	use	of	the	ALA	as	a	benchmark	conflates	
the true state of species discovery with the state of species occur-
rence record publishing, and therefore, our assessment of Bush Blitz 
programme	efficiency	for	some	taxa	may	be	inflated.	Nevertheless,	
the	ALA	represents	 the	 leading	Australian	platform	 in	aggregating	
and providing publicly accessible biodiversity information, with 
the aim of enabling evidence- based decision- making in all aspects 
of	biodiversity	and	environmental	research	and	policy	(ALA,	2020; 
Belbin et al., 2021). Future conservation decisions based on best- 
available data, including their use in surrogate models, will depend 
on	how	comprehensively	 the	ALA	 represents	 biodiversity.	 Part	 of	
the value of the Bush Blitz programme is the commitment obtained 
from partner natural history institutions to prioritise digital mobilisa-
tion	of	all	collected	data	into	the	ALA	for	public	access.

5  |  CONCLUSION

Our evaluation highlights the value of targeted contributions made 
by Bush Blitz relative to background species observations reflected 
in	the	ALA	and	demonstrates	the	effectiveness	with	which	the	pro-
gramme sampled ED which translated into records of new, or previ-
ously unrecorded, species. The retrospective nature of our analysis 
and	 use	 of	 the	ALA	 as	 the	 source	 of	 biological	 heritage	 data	 on	
species	distributions	is	timely,	given	Australia's	achievements	since	
2010 in mobilising vast collections of natural history museum spec-
imen and ecological survey data to publicly accessible repositories 
(Belbin et al., 2021;	Belbin	&	Williams,	2016;	Nelson	&	Ellis,	2019; 
Sparrow et al., 2020; Turner et al., 2017). Our assessment supports 
the use of the ED framework in guiding future survey priorities and 
assessing existing survey adequacy and underscores the need to 
continue to mobilise survey data into publicly accessible reposi-
tories. It further provides a framework to inform data aggregation 
strategies, which might be adopted by data aggregators, such as 
the	ALA,	to	incentivise	and	prioritise	data	digitisation.	While	back-
ground efforts contributed large numbers of records to our col-
lective knowledge of biodiversity, our assessment indicates that 
targeted, data- driven surveys are required to efficiently enhance 
data underpinning capacity to make better- informed biodiversity 
assessments and decisions.
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