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Abstract. A critical design component of studies measuring diversity is sampling effort. Allocation of sampling effort
dictates how many sites can be sampled within a particular time-frame or budget, as well as sample duration, frequency and
intensity, thereby determining the resolution and reliability of emergent inferences. Conventional survey techniques use
ﬁxed-effort methods that assume invariant detectabilities among sites and species. Several approaches have been developed
in the past decade that account for variable detectability by using alternative sampling methods or by adjusting standard
counts before analysis, but it is unclear how widely adopted these techniques have been or how current bird surveying norms
compare with best-practice recommendations. I conducted a systematic search of the primary literature to ascertain how
sampling effort is determined, how much effort is devoted to sampling each site and how variation in detectability is dealt
with. Of 225 empirical studies of bird diversity published between 2004 and 2016, ﬁve used results-based stopping rules
(each derived independently), 54 used proportional sampling, and 159 (71%) used implicit effort-based stopping rules
(ﬁxed effort). Effort varied widely, but 61% of studies used samples of 10 min or less and 62% of studies expended total
effort per datum of 2 h or less, with 78% providing no justiﬁcation for sampling efforts used and just 15% explicitly
accounting for estimated detectability. Given known variation in detectability, relying on short-duration ﬁxed-effort
approaches without validation or post hoc correction means that most bird diversity studies necessarily under-sample
some sites and/or species. Having identiﬁed current bird surveying norms and highlighted their shortcomings, I provide
ﬁve practical solutions to improve sampling effort determination, urging contributors and consumers of empirical
ecological literature to consider survey data in terms of sample completeness.
Additional keywords: completeness, detectability, diversity, stopping rule.

Received 13 December 2016, accepted 17 April 2017, published online 26 May 2017

Introduction
A key design component of empirical studies of diversity is
sampling effort. The way in which sampling effort is allocated
dictates the number of sites sampled within a particular timeframe or budget, as well as sample duration, frequency and
intensity, thereby determining the strength, breadth and
reliability of emergent inferences (Quinn and Keough 2002;
Beck and Schwanghart 2010). Whereas overall sampling effort
is ultimately constrained by available time and/or funding, effort
expended at individual sites is generally determined by balancing
quantitative rigour and desired resolution against perceived
sources of variation in sample completeness (the proportion of
species or individuals detected). Although most studies are
designed by considering data resolution and logistical
constraints, sources of variation in sample completeness are
poorly-known and rarely acknowledged.
Much of the discussion associated with sampling effort and
completeness is framed in terms of detectability i.e. the
likelihood of recording a species when it is present (Gu and
Swihart 2004; de Solla et al. 2005; Zhang et al. 2014).
Detectability is variously considered in study design, namely
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when framing questions and selecting a sampling approach
(a priori; see MacKenzie and Royle 2005) or once the data
have been collected (a posteriori; see Kéry et al. 2010). When
estimating species richness is the priority, richness estimators
allow the number of species detected to be considered as a
function of the total number of species predicted to occur
(Peterson and Slade 1998). Although routinely used for
invertebrates (Longino et al. 2002; Ellison et al. 2007) and
plants (Archaux et al. 2006; Colwell et al. 2012), these
predictive approaches are rarely used with other groups
(Watson 2010), with priority being given to identifying species
rather than estimating the proportion of species detected
(Watson 2003). Emphasis in the recent ornithological literature
has been on a posteriori approaches i.e. building models to
estimate detection probability and correct for it (Marques et al.
2007; Murray et al. 2011; Hutto 2016). Although they can be
applied at the community scale, these removal models are
typically species-speciﬁc and are used primarily to generate
standardised density or occupancy estimates (Farnsworth et al.
2002; Kéry and Schmid 2004; Royle and Link 2006), but they
are unable to account for species present but not detected.
www.publish.csiro.au/journals/wr
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There is growing unease among ecologists and conservation
biologists that correcting for variation in detectability a
posteriori may introduce more bias into the dataset than the
use of uncorrected estimates or, as Welsh et al. (2013) (p. 15)
phrased it, ‘ignoring non-detection can actually be better than
trying to adjust for it’(but see Guillera-Arroita et al. 2014).
Rather than collecting inconsistent data, there has been renewed
interest in developing and using sampling approaches
that explicitly account for variation in detectability, enabling
resultant data to be analysed with conﬁdence that they are
both comparable and representative of the actual variation in
occurrence. Thus, ‘given a well-thought out and balanced
sampling design, we suggest that unadjusted estimates of
single- and multiple-species responses to ecological gradients
can be just as robust as estimates that were a posteriori
controlled for covariates of detection probability’ (BanksLeite et al. 2014, p. 857).
The confounding effects of detectability – speciﬁcally,
variation in sample completeness among species and/or sites –
are closely related to sampling effort (Gotelli and Colwell 2011)
and of critical importance for conservation and management.
Although the proportion of individuals and species present but
not detected necessarily decreases with increasing effort per
site, greater sampling efforts may not be practicable given
design/budgetary constraints. Regardless of sampling effort,
sample completeness varies among sites (Bebber et al. 2007) –
in all but the most homogeneous of systems, the same quantum of
sampling effort will under-sample some sites and over-sample
others (Beck and Schwanghart 2010; Watson 2010), leading to
potentially spurious inferences and misguided management
recommendations. One solution to this conundrum is to scale
effort to desired completeness, using results-based stopping
rules to determine when a site is adequately sampled (Cam et al.
2002; Watson 2003). By minimising variation in the proportion
of species or individuals missed, comparability of resultant
estimates is maximised, regardless of the effort required
(Peterson and Slade 1998; Chao et al. 2009). Although there is
an extensive literature on the issues of detectability and how
best to ensure that it does not confound estimates of density
and species richness, it is unclear whether these approaches
have become widely adopted by practitioners and empirical
researchers.
In this quantitative review, I address the following questions:
(1) how is sampling effort determined; (2) what approaches
are used to minimise or otherwise account for variation in
detectability; and (3) how do current methodological norms
compare with best-practice recommendations? Having
established current norms using a systematic literature search,
I consider relationships between study design and survey effort,
and distinguish determinants of variation in sample duration,
stopping rules and consideration of detectability (in terms of
the location and scale of study and the journal in which it
was published). Finally, I present ﬁve recommendations for
best-practice sampling effort determination, urging research
practitioners and consumers alike to consider sample
completeness explicitly, and to normalise estimations of
variation in detectability. Although the present review is based
on studies of birds – a group widely studied as surrogates for
terrestrial diversity (Larsen et al. 2012) – the issues explored
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herein relate to diversity estimation generally, making this
contribution relevant to anyone collecting or consuming data
on species richness or occurrence.
Literature search and analysis
To gain an overview of recent bird survey practices and identify
current norms used to estimate bird richness and abundance,
I conducted a systematic literature search. An initial search
for publications containing the words ‘landscape’, ‘bird’ and
‘diversity’ in the abstract published between March 2004 and
March 2016 (using Scopus) yielded 730 results. Once studies
written in languages other than English, relating to wetland or
coastal birds, using informal or purely qualitative methods
(typically single-site studies), reviews, methodological
comparisons and multiple papers using the same dataset were
excluded, 225 studies presenting empirical data on determinants
of bird diversity in terrestrial landscapes were identiﬁed for
consideration (full dataset is summarised in Table S1,
available as supplementary material to this paper). Rather than
exhaustive or necessarily representative, this restricted search
provided an indicative sample of the range of approaches that
have been used to survey terrestrial bird communities and the
associated sampling efforts and design protocols employed. For
each study meeting the above criteria, the following data were
retrieved: sample duration, total sampling effort used for each
datum (if variable effort, mean value used), justiﬁcation given
for sampling effort and stopping rule applied. Total effort per
datum was calculated on the basis of the ﬁnest scale of
comparisons used in that particular study, whether at the
treatment, habitat patch or landscape scale. Thus, if the study
estimated richnesses for forest patches based on quarterly 10-min
point counts for 4 years, the effort per datum would be 160 min,
whereas if comparisons were conducted separately for each
season, the effort per datum would be 40 min. Thirty-one
studies considered effort in terms of area rather than time, so
the number of studies used for the ﬁrst two metrics is 194.
Studies were also classiﬁed by location (North America,
Europe, Africa and Middle East, Asia, Australasia, Latin
America), habitat type (forest, woodland, grassland, farmland,
plantation, urban), scale of inquiry (patch, vegetation type or
landscape) and the impact factor of the journal in which they
were published (2009 values used; see Table S1 for further
details). Most results in the review are qualitative; however,
some quantitative analyses were conducted, using either
product–moment correlations (Pearson) between various
measures of sampling effort, or generalised linear models to
compare measures of sampling effort among different groups
of studies deﬁned by sampling design, with bivariate comparisons
of means reported as Student’s t-tests. All analyses were
conducted in R (R Core Team 2013), using log-transformed
data to normalise leptokurtic distributions, with untransformed
values reported as means to facilitate interpretation.
Results
Sampling effort
Sample duration varied widely, but most studies (169 of the 194
studies that provided sampling effort in minutes; 87%) used
samples of 20 min or shorter duration (Fig. 1), with 10 min
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being the most frequently used sample duration (69 studies; 36%)
followed by 5 min (36 studies; 19%), 20 min (28 studies; 14%)
and 15 min (21 studies; 11%). Sampling effort per datum varied
more widely, owing to initial differences in sample duration and
variation in study design, sampling frequency and study duration
(Fig. 2). Most studies (121; 62%) devoted 120 min or less to each
datum; the most frequently employed effort was 40 min (16
studies), with 15 studies using 20 min, 14 studies 10 min and
13 studies 30 min.
Sample duration is just one component of study design and,
although there was a signiﬁcant positive relationship between
the duration of a single sample and the total effort per datum
(r2 = 0.399, P < 0.001), total effort per datum was more closely
related to frequency of sampling (number of occasions a study
unit was sampled; r2 = 0.595, P = 0.003) and sampling intensity
(number of samples per site or study unit on each sampling
occasion; r2 = 0.475, P < 0.001).
Of the 225 studies considered, 175 (78%) did not explain how
sampling effort was determined, with 169 providing no
justiﬁcation for the sampling effort expended and six citing
reference(s) to a standard method (Table 1). A second set of
10 studies (4%) claimed that their sampling effort was
sufﬁcient; six of these found the effort to be sufﬁcient in prior
(unpublished) work, whereas four performed repeat visits to a
subset of sites to ensure that no species were missed. The ﬁnal
set of 40 studies (18%) presented data demonstrating sufﬁciency
of sampling efforts; 15 of these used rarefaction to adjust estimates
to harmonise completeness, ﬁve studies used a results-based
stopping rule to standardise sample completeness, ﬁve presented
species accumulation data to demonstrate sufﬁciency, and 15 used
richness estimates for analysis to control for differential
completeness (Table 1).
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Fig. 1. Sample duration used by the 194 studies that provided sampling
effort in minutes. For those studies using variable effort, mean values were
used.

60

Number of studies

50

40

30

20

10

0
0.5

1

2

3

4

5

6

7

8

C

9

10

11

12

13

14

15

16

17

18

19

>20

Effort per datum (h)
Fig. 2. Total effort per datum for the 194 studies that provided sampling effort in minutes (rescaled to hours). In addition to relating
to sample duration, sampling frequency and sampling intensity (the number of samples per site on each sampling occasion), total effort
relates to the question being asked. Thus, if monthly 20-min point counts are used for seasonal comparisons, effort per datum is 1 h, and 4 h
if used for inter-annual comparisons.
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These three groups of studies (sufﬁciency ignored (n = 175),
sufﬁciency claimed (n = 10) and sufﬁciency demonstrated
(n = 40)) were compared and no signiﬁcant differences were
found among them in terms of sample frequency, sample
duration or impact factor of the journal in which they were
published. Two signiﬁcant differences were detected; both
effort per datum and sampling intensity were greater in those
studies where sufﬁciency was demonstrated than in those
where sufﬁciency was ignored (t = 2.76, P = 0.006 and t = 2.83,
P = 0.005 respectively, Fig. 3). Those studies that did not
explain how sampling effort was determined expended an
average of 290 min per datum, compared with 902 min for
those studies where sampling sufﬁciency was demonstrated.
To evaluate whether approaches to determine sampling effort
have changed over time, proportions of studies in these three
groups were compared for three time periods (2004–08,
2009–12, 2013–16), with the proportion of studies ignoring

sufﬁciency increasing, and the proportion of studies claiming
or demonstrating sufﬁciency decreasing (Table 1).
Few of the variables examined were signiﬁcant predictors of
variation in sampling effort, but the 20 studies from Asia were
most divergent in terms of total effort per datum (mean of
945 min compared with 119 min), sample duration (46 min vs
15 min) and frequency (mean of 11 vs 4; t = 3.26, 4.05, 3.58
respectively, P < 0.001) compared with those from Europe.
Likewise, several signiﬁcant differences were noted among
studies of different habitats; the 10 studies undertaken in
plantations used samples with a mean duration of 68 min,
compared with a mean of 10 min for grasslands (t = 3.11,
P = 0.002). Survey method was related to sampling effort, with
point counts being signiﬁcantly lower than transects in terms of
sample duration (12 min vs 58 min; t = 6.23, P < 0.001) and total
effort per datum (321 min vs 873 min; t = 2.36, P = 0.02). There
were signiﬁcant differences between studies comparing birds

Table 1. Determination of sampling effort
Arrows (up for increasing, down for decreasing) denote consistent trends across the three subsets of the 12-year dataset
Justiﬁcation for sampling effort
No justiﬁcation provided
Deemed sufﬁcient by referenced paper
Sufﬁciency ignored
Found sufﬁcient in prior study
Consistent composition after repeat visits
Sufﬁciency claimed
Tested using rarefaction
Results-based stopping rule
Rate of species accumulation
Calculated estimated richness
Sufﬁciency demonstrated

N in 2004–08
(% of 62)

N in 2009–12
(% of 73)

N in 2013–16
(% of 90)

N in 2004–16
(% of 225)

40
3
43 (69%)

57
1
58 (79%)

72
2
74 (82%)

169 (75%)
6 (3%)
175 (78%)"

3
2
5 (8%)

2
1
3 (4%)

1
1
2 (2%)

6 (3%)
4 (2%)
10 (4%)#

7
1
3
3
14 (23%)

4
1
1
6
12 (16%)

4
3
1
6
14 (16%)

15 (7%)
5 (2%)
5 (2%)
15 (7%)
40 (18%)#
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Fig. 3. Differences in (a) effort per datum (number of samples collected during each sampling occasion and (b) sampling intensity among studies based
on how sufﬁciency of sampling effort was determined (log-transformed data plotted). Those studies that provided no information about how sampling
effort was determined expended signiﬁcantly less effort and lower sampling intensity than did those studies where sufﬁciency was demonstrated, reﬂecting
a greater than three-fold difference in the mean sampling effort per datum (290 min vs 902 min).
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associated with different vegetation types and patch-scale
studies in terms of sample intensity (28 vs 4; t = 4.43,
P < 0.001) and total effort per datum (50 min vs 805 min;
t = 3.22, P = 0.002). No signiﬁcant relationships were detected
between journal impact factor and sample duration, sampling
intensity, frequency or total effort per datum.
Stopping rules
Of 225 studies considered, 54 (24%) used proportional
sampling, with 53 using greater efforts at larger sites and one
study using greater effort at sites with more complex vegetation.
In total, 159 studies (71%) applied ﬁxed-effort sampling –
either sampling ﬁxed areas, using samples of ﬁxed duration or
both; 12 studies (5%) used variable effort, of which seven used
territory-mapping or area-search methods applied at the
whole-of-patch scale and ﬁve used results-based stopping rules
(Table 2).
Signiﬁcant differences were discerned on the basis of how
sampling effort was allocated. Fixed-effort studies employed a
mean total effort per datum of 250 min, compared with 377 min
for studies employing proportional effort and 472 min for
studies using variable effort (t = 4.03, P < 0.001 and t = 2.33,
P = 0.02 respectively). Sampling intensity also differed; ﬁxedeffort studies employed a mean sampling intensity of 7,
compared with 11 for proportional-effort and 25 for variableeffort designs (t = 3.321, P = 0.001; t = 3.75, P < 0.001). Sampling
frequency also differed, with studies that used ﬁxed-effort
regimes sampling on an average of four occasions compared

with three occasions for studies that used variable-effort designs
(t = 2.09, P = 0.037). No signiﬁcant differences were noted in
terms of the impact factor of the journal publishing these studies.
In terms of temporal variation, the proportion of studies using
ﬁxed-effort designs increased during the 12 years considered,
whereas the proportion using proportional designs consistently
decreased, with no clear pattern for the 12 studies using variable
effort (Table 2).
Detectability
In terms of detectability, 166 studies (74%) did not account for
detectability; of those, 147 studies did not consider detectability
at all, 10 studies claimed detectabilities were comparable (among
both sites and species) but presented no corroborative data, and
nine studies measured detection distance but did not consider
detectability further nor did they adjust count data before
analysis (Table 3). A second group of 26 studies (12%)
considered detectability explicitly, but did not adjust their data
before analysis, including 23 studies that minimised variation
in detectability via design, and three studies that found
detectabilities to be comparable in their system during
previous work. The third and ﬁnal group comprised 33 studies
(15%) that explicitly accounted for detectability, including 13
studies that quantiﬁed detectability (four using removal
models, four using occupancy models), 15 studies that used
distance (Buckland et al. 1993) to adjust density estimates
(ﬁve of which found density estimates comparable, so no
adjustments were warranted), and ﬁve studies that calculated

Table 2. Procedure used to allocate sampling effort
Arrows (up for increasing, down for decreasing) denote consistent trends across the three subsets of the 12-year dataset
Allocation of sampling effort
Fixed
Variable (proportionalA)
Variable (patch-scale area search)
Variable (results-based stopping rule)

N in 2004–08
(% of 62)

N in 2009–12
(% of 73)

N in 2013–16
(% of 90)

N in 2004–16
(% of 225)

38 (61%)
19 (31%)
4 (6%)
1 (2%)

54 (74%)
18 (25%)
0 (1%)
1 (1%)

67 (74%)
17 (19%)
3 (3%)
3 (3%)

159 (71%)"
54 (24%)#
7 (3%)
5 (2%)

A

Of those 47 studies that used a proportional design, all but one study (where an additional sample was collected at sites
with more complex vegetation) scaled effort to the site area.

Table 3. Procedure used to estimate variation in detectability (either among species or sites)
Consideration of detectability

E

N in 2004–08
(% of 62)

N in 2009–12
(% of 73)

N in 2013–16
(% of 90)

N in 2004–16
(% of 225)

Not considered
Presumed similar
Measured detection distance (counts unadjusted)
Ignored detectability

37
4
3
44 (71%)

51
3
1
55 (75%)

59
3
5
67 (74%)

147
10 (4%)
9 (4%)
166 (74%)

Minimised via design
Found to be comparable in previous work
Considered detectability

8
2
10 (16%)

6
0
8 (11%)

9
1
10 (11%)

23 (10%)
3 (1%)
26 (12%)

Modelled detectability explicitly
Used distance
Used adjusted richness estimates
Accounted for detectability

3
2
3
8 (13%)

5
6
1
12 (16%)

5
7
1
13 (14%)

13 (6%)
15 (7%)
5 (2%)
33 (15%)

F
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Fig. 4. Differences in sampling intensity (number of samples collected
during each sampling occasion, log-transformed data plotted) among studies
on the basis of how detectability was dealt with; those studies that made
no mention of detectability (ignored) using fewer samples per sampling
occasion (mean of 4) than did studies that considered detectability but
made no adjustments (mean of 13), and those that accounted for variation
in detectability explicitly (mean of 26).

estimated richness values, thereby accounting for species
present but not detected (Table 3).
There were no signiﬁcant differences among these three
groups of studies in terms of either sampling frequency,
sample duration, effort per datum or impact factor; however,
those studies that ignored detectability used fewer samples per
sampling occasion (mean of 4) than did either those studies that
considered detectability but did not make any adjustments, or
those studies that adjusted data before analysis (means of 13
and 26 respectively); differences deemed signiﬁcant (t = 2.15,
P = 0.03 and t = 3.1, P = 0.002 respectively, Fig. 4). No clear
trends were detected in terms of temporal variation; more
recently published studies were not more likely to consider or
account for detectability than were those published earlier
(Table 3).
Discussion
The lack of conformity in all aspects of terrestrial bird surveys
was striking, especially considering the restrictive criteria used
to select studies for inclusion. Although journal impact factors
have many shortcomings as measures of journal quality, the lack
of any association between impact factor and sampling approach
suggested that more highly-cited research does not necessarily
employ more rigorous study design. Even considering studies
conducted in similar ecosystems at comparable scales, there was
no uniformity in sample duration, survey frequency, sampling
intensity nor the overall effort per datum. Hence, for those 81
studies of forest bird communities published from 2004 to
2016, sample duration varied from 5 min to 3 h, sites were
visited 1–40 times, with 1–500 samples being recorded on
each occasion, resulting in a total sample effort per datum
ranging across ﬁve orders of magnitude. This variability
notwithstanding, the distribution of sampling effort (in terms

of both single samples and total effort per datum) was strongly
left-skewed (Figs 1, 2). Thus, for the same set of forest bird
community studies, more than half employed total efforts per
datum of 150 min or less. As discussed below, a longer sampling
duration need not yield more consistent or comparable diversity
estimates but, for a given study design, the potential confounding
effects of both differential detectability and completeness on
diversity estimates increase with diminishing sampling efforts
(Watson 2004).
Also noteworthy was the redundancy in the literature
surveyed, exempliﬁed by multiple, independent derivations of
results-based stopping rules to determine sampling effort. Of
those ﬁve studies employing a results-based stopping rule, Aerts
et al. (2008) re-invented the standardised search (Watson 2003),
whereas Wyshynski and Nudds (2009) independently developed
a results-based stopping rule to determine how many point
counts were required. Werling et al. (2014) and McMahon
et al. (2013) used ‘whole-ﬁeld searches’, i.e. informal resultsbased stopping rules whereby sampling continued until the
observer was satisﬁed that all individuals present were
detected, with speed of walking and overall effort being
determined by the number of birds present. Davis et al. (2013)
(p. 429) used a similar informal approach to survey birds in
urban woodland remnants and parks, where ‘observers were
instructed to take as much time as was necessary to survey all
habitat types’. Although the approach used by this last study
was clearly inspired by the standardised search (citing relevant
papers in the associated reports that justify selection of methods
in detail), not one of these ﬁve empirical studies cited any of
the relevant primary literature, nor described the approach they
used in terms of stopping rules. Indeed, none of the 225 studies
considered here used the term ‘stopping rule’, demonstrating a
disconnect between ﬁeld-based empiricists applying methods
and the comparative literature evaluating and reﬁning them
(e.g. Biadu
n and Zmihorski 2011).
Detectability
The very low proportion of studies that accounted for
detectability (15%) is at odds with the current emphasis on
adjusting for detectability, both in ornithology (Farnsworth
et al. 2002; Marques et al. 2007; Watson 2010) and in the
wider ecological literature (de Solla et al. 2005; Gotelli and
Colwell 2011; Banks-Leite et al. 2014). Indeed, the majority
(65%) of studies considered made no mention whatsoever of
detectability. Whether or not this is problematic depends partly on
one’s perspective, but also relates to the objectives of the
individual study. Thus, if a study aims to compare occurrence
patterns in adjacent vegetation types (e.g. MacGregor-Fors and
Schondube 2011), apparent differences could be confounded by
different likelihoods of detection, potentially invalidating any
inferences based on unadjusted counts (Gu and Swihart 2004).
Conversely, if a study aims to identify which subset of an
assemblage inhabiting native vegetation occurs within adjacent
plantations (e.g. Azhar et al. 2013), differences in detectability
may result in overlooked species in one or both habitats, but
would be unlikely to diminish the overall validity of the ﬁndings
(Colwell et al. 2012). Distance-based approaches to estimate
individuals present but not recorded accounted for 7% of the
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studies evaluated; 9 of the 15 studies were conducted in North
America or Europe. Several authors have identiﬁed
shortcomings with distance-based methods to adjust density
estimates (Elphick 2008; Welsh et al. 2013; Banks-Leite et al.
2014), and this approach is more frequently used for studies
where estimating changes in abundance are a greater priority
than determining variation in species richness (Elphick 2008;
Hutto 2016). Of the 13 studies that modelled detectability
explicitly, four used occupancy analysis, a modelling approach
designed speciﬁcally for ﬁeld-based studies recording species
with variable detection probabilities (MacKenzie et al. 2003;
MacKenzie and Royle 2005). Although developed in 2003 and
becoming widely used in other disciplines, the fact that only four
studies of the 225 considered here adopted this approach (three
of which were conducted in North America) indicates that
occupancy analysis is either unfamiliar to avian ecologists or
ill-suited to community-scale studies of occurrence patterns
(see Welsh et al. 2013).
An alternative approach that is gaining popularity (11 of
15 studies published in the past 5 years) is using predictive
methods to estimate richness on the basis of the ratio of
species seen repeatedly (duplicates) to those species seen only
once (uniques), and either using these predicted values for
analysis or adjusting recorded values or sampling effort on the
basis of the estimated number of missed species (Peterson and
Slade 1998). By scaling sampling effort to survey completeness,
this approach is a robust means of generating comparable
richness estimates in a wide range of habitats with very
different likelihoods of detectability. Rather than numbers of
individuals, species can be considered in terms of the proportion
of samples in which they were detected (Watson 2003), with the
resultant incidence values being far less susceptible to many of
the species- and habitat-based factors known to confound
density estimates (summarised by Verner 1985). Several
studies employing ﬁxed-effort designs used accumulationbased methods to check the overall completeness of surveys
(e.g. Suarez-Rubio and Thomlinson 2009; Guldemond and van
Aarde 2010; Pineda-Diez de Bonilla et al. 2012) or determine the
number of samples (e.g. Fontana et al. 2011), but not to evaluate
sufﬁciency of single samples. Although reassuring the reader
that the overall community has been adequately sampled, this
post hoc validation does not allow completeness of individual
inventories to be estimated, nor consistency to be checked to
ensure comparability. In addition to affecting inferences by the
author(s), the ramiﬁcations of confounded comparisons extend
to future application of reported results, which are of particular
concern when management applications interpret reported
absences as actual absences (Gu and Swihart 2004).
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et al. (2009) (p. 2579) as follows ‘Counts of longer duration
were not used in order to allow for sampling of all survey points
(185 total points in 2005; 145 points in 2006) twice during each
breeding season.’. What constitutes a longer duration also varied:
Linden et al. (2012) considered 30 min to be longer than a
typical bird survey, whereas Sánchez-Oliver et al. (2014)
(p. 137) considered their 10 min point counts (conducted
twice each season) to be ‘considerably longer than that used
in previous studies recording species richness in woodland
islands’ (see also Matsuoka et al. 2014).
Many studies adhered to a ﬁxed sampling protocol in the belief
(expressed or implied) that this standardised protocol ensures
comparability; for example, ‘a standardised sampling protocol
is most important and a potential underestimation of local
diversity would enter the statistical analysis merely as a
systematical error’ (Flohre et al. 2011; see also Hutto 2016).
Fixed-effort approaches (which accounted for 71% of the
studies evaluated) generate comparable diversity estimates
only if sites are sampled to the same degree (i.e. equivalent
proportions of individuals/species are missed, yielding
comparable completeness estimates); however, in the absence
of completeness estimates, comparability is unknown. This
concern is exacerbated by the small sample durations typically
associated with ﬁxed-effort approaches (5 min and 10 min being
the two most commonly used survey durations) and the lack of
corroborating data demonstrating that these sample durations
are sufﬁcient. It is worth noting that these short-duration ﬁxedeffort counts were originally developed to estimate bird
densities in continuous, homogeneous forests (Merikallio
1958); transect and point count methods are poorly suited for
species richness estimation in patchy landscapes (Verner 1985;
Watson 2004).
At the other extreme, greater sampling efforts can also be
problematic, in terms of both reduced efﬁciency and inﬂated
richness estimates. Although the studies employing resultsbased stopping rules used comparable sampling efforts, studies
employing proportional sampling involved a signiﬁcantly
greater effort per datum. Of those 66 studies applying variable
effort to different sites, most (60 studies; 91%) scaled sampling
effort to site area. This approach pre-supposes a positive
relationship between diversity and patch area, effectively
forcing area sensitivity (Haila 1986; Horn et al. 2000).
Although some studies recognised this issue explicitly (e.g.
Shake et al. 2012), others (e.g. Loss et al. 2009) used more
samples for larger sites, but then considered overall richness
per sampling point, confounding underlying species–area
relationships.

Sampling effort: how much is enough?

Dependent-variable selection: how informative
is species richness?

More than 90% of the studies evaluated relied on samples of
30 min or shorter duration, with 72% using samples of 15 min or
shorter duration. Most of the studies that were evaluated (175,
78%) did not explain how sampling effort was determined, and
used less than a third the effort per datum of those 40 studies
(18%) where sampling sufﬁciency was demonstrated (Fig. 3).
Interestingly, several studies discussed explicitly the balance
between sample duration and logistics, exempliﬁed by Loss

Although studies considered here necessarily measured species
richness (‘diversity’ was one of three keywords used for the
literature search), some ecologists consider abundance to be far
more ecologically important (Šizling et al. 2009; Gaston 2010), so
sampling approaches that overlook rarely encountered species
need not be discarded. Even for those studies solely concerned
with density or rank abundance, ensuring consistency of
estimates across multiple sites and/or time periods remains
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critical. Although playing a more minor role in food webs and
energy transfer than common species (Evans et al. 2005), rarely
encountered species are often of greater management concern
and more likely to be sensitive to changes in habitat extent or
quality (see Matthews et al. 2014). Indeed, by explicitly focusing
sampling methods on common species, it begs the question – how
rare does an event need to be in order to justify exclusion?
Numerous ecological interactions (e.g. pollination and seed
dispersal) are disproportionately inﬂuenced by infrequent
events – even one-off events can have profound and farreaching consequences. Rather than simply relating to the
duration of the sampling period, overall study design –
especially the number of sites and sampling frequency –
determines the likelihood of detecting infrequent events, and
must be considered explicitly when selecting dependent
variables.
Five practical solutions to improve bird survey methods
In addition to researchers, consultants and other practitioners
undertaking empirical studies, referees, editors and research
managers share the responsibility to increase adoption of bestpractice approaches to quantify bird occurrence patterns. To assist
in this regard, I offer ﬁve practical solutions to be considered
when planning or evaluating studies relying on estimates of bird
diversity. Rather than advocating any particular approach, these
solutions focus on maximising alignment among the methods
selected, the study system and the question being addressed. By
maximising efﬁciency and accuracy of diversity estimates, the
inferential basis of studies can be improved and comparability
among them enhanced.
(1) Consider completeness
Recognising that bird surveys (and biodiversity inventories
generally) are necessarily incomplete, richness estimates
should be considered relative to the number of species that were
actually present. Dividing the former (recorded) integer by the latter
(predicted) value yields a single number; namely, the estimated
completeness of recorded species richness. By considering survey
data in terms of sampling completeness during the design stage, the
appropriateness of different sampling regimes can be objectively
assessed relative to the question(s) being addressed. Hence, ﬁxedeffort sampling pre-supposes minimal variation in sample
completeness, whereas proportional sampling pre-empts the
ﬁndings by scaling sampling effort to the area being sampled.
By calculating completeness estimates, the validity of these
assumptions can be iteratively evaluated, enabling researchers to
gain a real-time appreciation for the appropriateness of their
approach, identifying and correcting incipient issues in the ﬁeld.
Subsequently, presenting completeness data as a component of
reporting allows research consumers to realise the inferential
limitations of resultant richness estimates, contextualising
uncertainty associated with the reported data and emergent
interpretations.
(2) Estimate detectability
Given the very small proportion of ornithological studies
presenting information on detectability, a comprehensive
understanding of the relative inﬂuence of various sources of
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variation in detectability is not possible, leading to a pervasive
nagging concern that detectability must be a confounding
factor. The best answers to the question ‘How was variation in
detectability dealt with?’, which is invariably asked of any
ecological study, start with ‘On the basis of estimated variation
in detectability. . .’. Rather than invoking assumptions based on
previous work, widely used methods or personal experience, data
on the nature and magnitude of variation in detectability should
be presented (e.g. Crates et al. 2017). Estimated variation in
detectability may be minimal, or may vary in unanticipated
ways. Adjustments to density or richness estimates may not be
needed, or particular analyses may need to be regarded as
provisional without undermining the rigour of the overall study.
This information does not need to be onerous to collect or present,
and may include a preliminary dataset comparing time till ﬁrst
detection for several key species in different patch sizes/habitat
types, an evaluation of density estimates from surveys at different
times of the day, or detection distances in different times of
the day or seasons (e.g. La and Nudds 2016). By normalising
the inclusion of such data, not only will strength of inference
improve but a more complete understanding of the determinants
of detectability will emerge.
(3) Before using any method, test it
Although so obvious it should go without saying, the present
review highlighted the lack of objectivity associated with
bird survey selection – only 40 (~18%) of the published
papers considered herein demonstrated the sufﬁciency of
sampling efforts employed. Just as research questions vary, so
do their budgets, time-frames, study species, study systems and
surveyors; so, every study represents a unique combination of
factors to be reconciled when deciding on a sampling design and
survey method(s). As with detectability estimation, testing a
method need not require exhaustive additional work, but
should be an integral component of initial ﬁeldwork. Having
selected a particular survey method, determining the sampling
effort required can easily be achieved by sampling a small subset
of sites exhaustively and examining the relationship between
sampling effort and estimated completeness. In addition to
resolving the most efﬁcient way to apportion sampling effort,
these initial trials can be used to demonstrate the sufﬁciency of
sampling effort in resultant reports and publications.
(4) Reﬁne the question
As part of methodological trials, consider closely the question
you are addressing and ensure the time-frame, spatial scale,
grain size and variables are all tailored to the question. If you
are asking questions about the temporal dynamics of rainforest
bird assemblages, do you need to include raptors, owls and
swifts? If so, understand that this may require a doubling or
tripling of the survey effort involved (Watson 2010). Conversely,
if asking a question about woodland bird responses to a
competitively dominant species, is species richness the best
variable to use, or is rank abundance more ecologically
meaningful? By alternating between aspects of study design
and the exact scope of the question being asked, not only will
a mismatch between approach and question be avoided, but
efﬁciency of data collection will be maximised.

Sampling-effort determination for terrestrial bird surveys

(5) Optimise sampling frequency to the question
being addressed
Although just one aspect of study design, frequency of
sampling is one of the least considered aspects, despite having
great inﬂuence over the total survey effort required in a particular
study. To revisit the last two examples – for a study of rainforest
residents, is it essential to conduct surveys every month or
would paired surveys in the wet season and dry season
sufﬁce? If so, the same effort would yield 6 years of seasonal
data instead of 1 year of monthly dynamics. Likewise, for the
woodland bird competition study, why conduct four seasonal
surveys over 2 years when surveys over the peak breeding
season could be undertaken over twice the time-frame using
half the overall effort? Repeat sampling is often combined
with low sampling effort (e.g. Cunningham et al. 2014; Paker
et al. 2014) when one single longer survey at the most
ecologically relevant time may be far more instructive (and
more cost effective).
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