
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Detecting range shifts from historical
species occurrences: new perspectives
on old data
Morgan W. Tingley1,2 and Steven R. Beissinger1,2

1 Department of Environmental Science, Policy & Management, 137 Mulford Hall No. 3114, University of California, Berkeley, CA

94720, USA
2 Museum of Vertebrate Zoology, University of California, Berkeley, CA, 94720, USA

The difficulty of making valid comparisons between
historical and contemporary data is an obstacle to doc-
umenting range change in relation to environmental
modifications. Recent statistical advances use occu-
pancy modeling to estimate simultaneously the prob-
ability of detection and the probability of occupancy, and
enable unbiased comparisons between historical and
modern data; however, they require repeated surveys
at the same locations within a time period. We present
two models for explicitly comparing occupancy between
historical and modern eras, and discuss methods to
measure range change. We suggest that keepers of
historical data have crucial roles in curating and aiding
accessibility to data, and we recommend that collectors
of contemporary specimen data organize their sampling
efforts to include repeated surveys to estimate detection
probabilities.

Historical occurrence data: a new opportunity
Documenting range shifts is an integral part of under-
standing how species and communities have responded to
past environmental change and how they might respond to
future environmental modifications [1,2]. A key strategy
for documenting range shifts is the use and resurvey of
historical occurrence data, such as those from museum
collections and field notes [3]. Here, we define historical
occurrence data as any set of information that, through
observed detections or non-detections (see Glossary), pro-
vides evidence on the true presence or absence of individ-
uals of a species (Box 1). A major obstacle to documenting
range change, however, is making valid comparisons be-
tween historical and contemporary data [4]. Historical
species occurrences are often perceived as untrustworthy,
and many rich sources of baseline data have been forgot-
ten, lost, or discarded (e.g. Refs [5,6]). Compared with
contemporary data, most historical data were collected
using outdated or alternative methodologies, with associ-
ated uncertainties and inaccuracies [7] and might not
provide strong inference on changewhen compared naı̈vely
with modern observations. The rapid pace of environmen-
tal change, however, necessitates an urgent reexamination
of all potential sources of information on range shifts [8].

We describe the types of ecological inference to be
gained from historical species occurrence data, and the
problems associated with making such inferences.
Additionally, numerous recent advances in the estimation
and statistical modeling of uncertainty now enable
unbiased comparisons between historical and modern
data. By minimizing or controlling for many of the pro-
blems that have plagued earlier analyses of historical
occurrence data, these techniques can aid in understand-
ing range changes that have already occurred. We hope
that future studies will ‘rediscover’ historical occurrence
data and provide greater inference on how communities,
populations and species have shifted over long temporal
scales.

Review

Glossary

Absence: a species not occurring at a location (site); difficult in practice to

differentiate from a non-detection.

Colonization: an event where a location transitions from being unoccupied to

being occupied by a species over time.

Covariate: an explanatory variable that is potentially predictive of the studied

outcome. Covariates might be directly related to occupancy (e.g. elevation or

habitat) or important nuisance terms affecting detectability (e.g. era or season)

that need to be controlled.

Detectability: the probability that a species will be found (detected) during a

survey, given its presence.

Extinction: an event where a location transitions from being occupied to being

unoccupied by a species over time.

False absence: a non-detection that is treated mistakenly and with certainty as

a true absence.

Georeference: a specific reference in a geographical coordinate system that

assigns an event (e.g. a detection or occurrence) to a location.

Gradient: a measurable physical quantity or dimension (e.g. elevation,

temperature or longitude) that changes gradually in magnitude.

Non-detection: when a species was not detected during a survey by the

observer. Non-detections result from the species either being absent or being

present and undetected.

Occupancy: the probability of species being present at a set of locations.

Occupancy modeling: an analytical framework that estimates the probability

of occupancy while taking into account imperfect detection during surveys;

summarized in Ref. [18].

Presence: a species occurring at a location, as affirmed by a positive detection.

Resurvey: a survey that returns to an area that has been previously surveyed.

Used to estimate detectability when the time interval between surveys is short,

and to make comparisons between two or more time periods (eras) when the

interval between surveys is long.

Season: in reference to occupancy modeling, a season refers to any duration

of time within which occupancy does not change, but between-seasons

occupancy can change [18]. Single-season occupancy models only estimate

the probability of occupancy for a single season. Multiple-season occupancy

models estimate an initial probability of occupancy for the first season and

then estimate concurrent probabilities of extinction and colonization for

subsequent seasons.
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Problems with using historical occurrence data to
document range shifts
Variation in the details recorded and methodological
characteristics of historical occurrence data largely deter-
mine both the problems faced in inferring range change
and the solutions available.We group historical occurrence
data into four general forms, each differing in the data and
the resulting inferences available (Table 1). The simplest
form of occurrence data is presence-only data, which are
widely available from natural history museum (NHM)
collections, are used frequently in modeling distributions
and are likely to be the most abundant type of historical
occurrence data [9–11]. But presence-only data pose sev-
eral problems to determining changes to species ranges
due to their lack of information on non-detections [12].
Lack of historical non-detections restricts comparisons
with modern data to only those locations where species
once occurred, enabling an estimate of extinction (or its
converse, persistence) but not of colonization [13]. The use
of randomly generated ‘pseudo-absence’ data sets has
become popular in modeling distributions from presence-
only data [9], but pseudo-absences contain an inestimable
number of false absences [14], thus biasing comparisons.
Although presence-only data are effective in many cases at
defining species ranges [15], they can result in vast over-
prediction of occurrence [9] and generally do not perform as
well as models that include non-detections [15,16].

Other types of historical data include presence and non-
detection data, where each site was visited once and all
species detected were recorded (Table 1). Presence and
non-detection data are more informative than are pre-
sence-only data and can enable estimates of changes in
occupancy [13]. However, the inability to discriminate non-
detections from true absences means naı̈ve use of presence

and non-detection data overestimates colonization events
and underestimates extinction events [17]. To yield pre-
sence and estimable absence data, historical surveys at
sites must have been repeated within short time periods,
either by one observer or multiple independent observers.
Assuming that survey sites do not change occupancy status
over short timescales, repeated surveys or collecting events
provide patterns of detection and non-detection, enabling
the estimation of the probability of true absence given
imperfect detection [18]. Lastly, abundance data enhance
simple presence or non-detection data by enabling the
estimation of changes in relative abundance, true abun-
dance, or density over time, thus providing a more com-
prehensive view of range and distribution. Documenting
contemporary range change solely through the use of
historical abundance data, however, has proven difficult
owing to the use of outdated or nonstandardmethodologies
in collecting most historical abundance data [3].

Regardless of the data format, a notable problem with
historical data is the difficulty in differentiating between
true absences and non-detections. In particular, the bur-
den of evidence necessary to define ‘extinction’ has been
discussed for a variety of taxa [19–21]. In at least one case
[22], populations presumed extinct were re-discovered
during the publication process because populations were
too low during the original survey period for the species to
be detected, highlighting the dangers of presuming a non-
detection to be equivalent to an absence. Consequently,
detectability has a key role in interpreting non-detection
data [23].

Whereas false absences are a well-documented and
consistent problem for interpreting occurrence data, ‘false
presences’ or misclassifications of species are generally
ignored. False presences are typically associated with
survey data, where species identification is related to
individual observer skill and experience [24]. However,
analyses of range based on physical specimens are not
immune from false presences, as misidentifications of spe-
cimens in museums [25,26] and herbaria [27] have
occurred. Although misidentifications of specimen records
can be secondarily validated, correcting for false presences
in surveywork ismore complicated.Meeting this challenge
is necessary, however, as even low rates of false presences
in occurrence data can bias estimated distributions [28].

A broader problem inherent in all historical data arises
from the comparability of surveys done at different times
with ‘different underlying properties’ [7]. Comparison of
occurrence data from different time periods often suffers
from survey-specific differences in methodology, observer
skill, weather, effort and other related factors. Thus, com-
parisons of historical andmodern datawill often havemore
inherent bias than will comparisons between samples
taken within a single time period [29].

Finally, geographical precision is a problem typically
unique to historical occurrence data, yet has been largely
ignored. Museum specimens are usually georeferenced by
specimen tags or collectors’ field notes, but vague accounts,
dishonest reporting and human error have led to inaccur-
acy or imprecision in location [30]. These biasesmight exist
unrecognized, despite new protocols to incorporate
estimates of locational uncertainty consistently into

Box 1. Defining ‘historical occurrence data’

We define ‘historical occurrence data’ as any set of information that

provides evidence for the presence or absence of a species. The

term ‘historical’ is relative yet implies that the individual who

collected the occurrence records in the past might differ from the

person using the records in the present. We also distinguish

historical occurrence data from long-term monitoring data, which

is often highly standardized, measured and specific in purpose. By

contrast, historical occurrence data can be anecdotal, observational

and general in nature. To be used in understanding species ranges,

historical occurrence data must contain information on at least

location and time. Without an assigned geographic locality and

temporal reference, occurrence records cannot be compared to

contemporary data.

Historical occurrence records originate from a variety of sources.

Faunal surveys, such as for breeding atlases (e.g. Ref. [57]), are the

most obvious source of data, as they were originally collected with

the purpose of estimating species distributions. Historical species

accounts and species lists can also be found in the field notes and

journals of observers who collected the data without an intentional

immediate use. In some cases, photographs of a specific location

(e.g. Ref. [58–60]) can be sources of occurrence data for visually

unique species, tree species, habitat elements or other aspects of

vegetation. Finally, specimen collections from natural history

museums are valuable sources of information on species occur-

rence [61]. Metadata from specimen records are increasingly

available over the Internet from global museum databases (e.g.

VertNet, http://vertnet.org/), which enable rapid access to large

amounts of occurrence data from around the world [11].
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georeferencing processes (e.g. [31]). Locational error can
create inaccurate distribution maps [26] and can impact
estimates of species richness and community composition
[32]. In resurvey work, locational error can lead to false
conclusions on extinction and colonization events, inflating
turnover estimates [27].

Past attempts to account for problems with historical
occurrence data
The use of historical surveys for range change comparisons
has grown rapidly. Ten years ago, Shaffer et al. [3] cham-
pioned the use of historical data to document declines,
citing 15 studies over 38 years that resurveyed species
distributions. To illustrate the variety of inferences avail-
able from historical data and how they were made, we
reviewed recent work published since Ref. [3] that expli-
citly compared historical and contemporary survey data
(Table 2). We found 37 studies published over the past
decade that resurveyed species distributions. The time
period separating historical and contemporary data varied
among studies, depending largely on the data source.
Generally, the longest durations were studies of plants

in isolated patches [33,34]. Only one study used historical
data to examine colonization [35], despite the existence of a
large literature on colonization and species invasions (c.f.
Ref. [36]). Consequently, many researchers do not appreci-
ate the value of conditioning current presences with prob-
abilistic assessment of past absence.

Many of the biases inherent in the use of historical
occurrence data were not acknowledged in past studies.
Almost two-thirds of the recent studies resurveyed specific
locations where historical data were collected (i.e.
sampling sites as fixed effects; [3]), whereas the remainder
resurveyed in the same region, foregoing a direct site-to-
site comparison (i.e. sampling sites as random effects; [3]).
More than half of the studies (54%) acknowledged that
data collection methods differed between the resurvey and
the historical survey, and that this might have affected the
detectability of species; yet, only one study [37] attempted to
correct for this problem. Even fewer studies (35%) discussed
the risk of false absences in historical or resurvey data, and
these primarily dealt with proving extinctions rather than
range change.Only three studies statistically quantified the
probability of false absences in occurrence data.

Table 1. Different types of historical occurrence data listed from least informative to most informative

aOpen circles represent sites where a species went undetected during historical surveys, whereas closed circles represent sites with detections. Numbers in the circles

represent abundances. Data presented for illustrative purposes only.
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In conclusion, although some researchers were aware of
problems caused by using historical data, most failed to
address them directly. It is likely that the complexity of the
problems and the novelty of accessible solutions are mostly
to blame for the widespread lack of response to biases in
historical data.

Dealing with problems in historical occurrence data: a
primer
Some issues with historical data, particularly geographic
precision and survey-specific differences, can be addressed
simply through careful design of resurvey efforts [38]. For
example, sites with extreme uncertainty in location can be

Table 2. Recent studies that have explicitly resurveyed historical data to make different types of inference on range change

Study system Location Historical data

source

Comparison

time spana

Addressed biases? Refs
Attempted

resurvey of

specific localitiesb

Addressed differences

in methodology or

similar factorsc

Addressed false

absencesc

Extinction only

Plants Oceania Literature 99–114 Yes No No [62]

Europe Specimens 5–127 Yes No Verbally [63]

Europe Specimens 88–164 Yes No Verbally [34]

Europe Literature 80–100 Yes Verbally Statistically [19]

Beetles Africa Specimens 12–131 No No Verbally [64]

Mammals North America Specimens, literature,

field notes

60–129 Yes No Verbally [65]

Colonization only

Snails Australia Specimens, literature,

field notes

110 No Verbally No [35]

Extinction and colonization

Amphibians North America Specimens, literature 27–106 No No No [66]

North America Original survey data,

pers. commun.

21–29 Yes Verbally Verbally [67]

North America Specimens, literature 22–82 No Verbally Verbally [68]

Birds Africa Literature 30–47 Yes Verbally No [69]

Europe Literature 28–38 Yes Verbally Verbally [70]

Range change

Algae Europe Literature 32–50 Yes Verbally No [71]

Trees Europe Literature 45–55 Yes No No [72]

North America Original survey data 62–71 Yes No No [73]

Plants Europe Atlas 115 Yes Verbally No [74]

Europe Original survey data 1–100 No No No [50]

North America Original survey data,

pers. commun.

28–29 Yes Verbally No [75]

North America Field notes, literature 40–183 Yes Verbally Verbally [33]

Coral Oceania Field notes, literature 82–85 Yes Verbally No [76]

Bivalves North America Field notes, literature 3–42 Yes Verbally Verbally [38]

Lepidoptera Europe Atlas 5–35 No No No [77]

Europe Pers. commun.,

literature

31–37 Yes No No [78]

Europe Atlas 15–51 No No No [79]

Odonata Europe Atlas 15–35 No Verbally No [80]

Amphibia North America Specimens, literature,

field notes

13–119 Yes Verbally Statistically [81]

North America Field notes, specimens 30 Yes Verbally No [82]

South America Literature 18–34 Yes Verbally No [83]

North America Pers. commun.,

literature

22–33 Yes No No [4]

Herpetofauna North America Original survey data,

literature

61–66 No No No [84]

Birds North America Field notes, specimens,

pers. commun.

51–93 No Verbally No [58]

North America Field notes, literature 38–83 No No No [85]

Europe Atlas 7–15 No No No [86]

Europe Atlas 16–23 No No No [87]

Mammals North America Field notes, specimens 83–94 Yes Statistically Statistically [37]

North America Field notes, specimens 1–125 No Verbally Verbally [88]

North America Field notes, specimens 51 Yes Verbally No [89]
dRange change was identified as a resurvey study where the goal was to look at the change in geographical range of a species over time. This was considered distinct from an

extinction and colonization study where the goal was to look at occupancy dynamics or turnover within a population.
aTime span calculated as the minimum–maximum number of years between historical and contemporary data. For instance, data collected between 1920 and 1930 and

between 2000 and 2005 would equal 70–85 years of time span.
bDistinction was made between a resurvey at the same location as historical data and resurveying in the same general vicinity but not a direct comparison of occupancy at the

site level [3].
cA verbal address acknowledges the inherent bias and might or might not try to explain how the problem was mitigated; a statistical address attempts to control for the bias

through any variety of statistical methods.
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removed from the analysis [39]. Additionally, by conducting
modern surveys at the same location, time of day and timeof
year as the historical data, many potential biases of com-
parison can be reduced. However, even perfect matching of
survey characteristics and methods cannot eliminate large
differences in detectability between sampling periods, and
these differences must be approached in another way.

Many factors – both controlled (e.g. survey method,
time, and date) and uncontrolled (e.g. weather, habitat)
– can impact the probability of detecting a species, and the
degree of impact can differ on temporal, geographic and
taxonomic scales [23,40,41]. Thus, species will often differ
in their probabilities of detection, which might be site, era,
or survey specific. Expecting differences in detectability
between survey eras enables the development of sets of
hypotheses that can be tested using occurrence data. The
‘occupancy modeling’ approach simultaneously estimates
both the probability of detection and the probability of
occupancy, conditioning probabilities of occupancy with
the risk of false absences [17,18,42]. This approach can

model covariates of both occupancy and detectability,
enabling separate, independent estimates of detection
and occupancy for survey eras, or independent probabil-
ities of detection for surveymethods [43]. A strength of this
framework lies in testing and comparing competingmodels
that represent hypotheses of which covariates best explain
the observed patterns of detection or occupancy [44].

Occupancy models cannot use presence-only data but
require repeated surveys at the same locations within a
time period to estimate detectability [18]. If historical
presence and non-detection data without repeated surveys
are available, detectability functions derived from modern
repeated survey data could be applied to historical non-
detections, but it is ill-advised to assume that detectability
is constant across survey eras.

Although the application of occupancy modeling is
expanding rapidly, it is still used only rarely to compare
modern and historical data [37]. Given the complex
and variable nature of historical occurrence data, a
flexible framework for analysis is needed. We highlight

Box 2. Parameterizations of occupancy models for inferring range shifts

The unpaired-site model provides a flexible framework with which to

work with occurrence data (Table I). With the unpaired-site model,

data from all sites are entered into a single-season occupancy design

[18] and ‘era’ (e.g. historical surveys or modern resurveys) is a

covariate explored in both models of detectability and occupancy.

This configuration does not require matched pairs of sites, but does

require occupancy to be related to a defining covariate affecting range

(e.g. elevation, precipitation, latitude or longitude). Many different

mathematical forms can be used to model the relationship between

occupancy and a covariate. Change in the relationship between this

defining covariate and occupancy is used to create occupancy profiles

and is examined as a proxy for colonization or extinction at sites [37].

Consequently, the unpaired-site model can be used when historical

locations are not described well enough to enable a matched pair

analysis, and when the relationship between a species and an

environmental gradient is the desired indicator of change over time.

It is also useful when the number of paired sites sampled and the

number of sites changing occupancy state are small.

The paired-site model can be used to explore occupancy when

sufficient numbers of matched pairs of sites are available (Table I). In

this specification, a ‘multi-season’ occupancy design [18] is used to

compare how the probability of colonization and extinction of sites

has changed occupancy between eras. The paired-site model typically

estimates the probability of historical occupancy at a site and then

models the probability of extinction and colonization between eras

[17]. Site-specific covariates (e.g. changes in climate or land use) can

be used to explore specific hypotheses related to colonization and

extinction estimates. The paired-site model might enable a mechan-

istic analysis of the factors that affect site-specific occupancy by

incorporating covariates potentially associated with range change.

Table I. Model parameterizations for occupancy comparisons along a dominant gradient over two time periodsa

Model Modeled parameters Example equations Range change inference

Unpaired site Occupancy (c) logit(c) = b0+ b1�era+ b2�gradient+ b3�gradient2

Detectability ( p) logit( p) = b4+ b5�era

Paired siteb Initial Occupancy (co) logit(co) = b0+ b1�gradient+ b2�gradient2

Extinction (e) logit(e) = b3+ b4�gradient

Colonization (g) logit(g) = b5+ b6�gradient

Detectability ( p) logit( p) = b7+ b8�era

aTime, or era, is a covariate with which occupancy and/or detectability might vary.
bExtinction (e) and colonization (g) probabilities enable calculation of occupancy in future time periods from an initial probability of occupancy (co) and a probability of

detection ( p), which might or might not be era specific.
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two different methods (‘unpaired’ and ‘paired’ site
models, Box 2) for comparing occupancy at sites in both
historical and modern eras. Each asks slightly different
questions of occurrence data, yet both facilitate the
estimation of range shifts while accounting for risks of
false absence.

Although both models consequently solve many issues
in using historical data, neither addresses the problem of
false presences. At least one modification to occupancy
models enables incorporation of false positives [28] by
estimating the probability of a false positive at a site where
a species is not present. Modeling the probability of false
positives reduces inflated estimates of occupancy when
false positives are abundant [28]. Consequently, models

incorporating the risk of false positives should be strongly
considered when analyzing occurrence data. However, this
is a developing field and methods that further integrate
false positive risks into the occupancymodeling framework
are needed.

Measures of range change
Estimating the probability of occupancy for a species in
both historical and present eras accounts for many of
the biases in historical data, yet a method is also
needed to measure range change. Defining the range of
a species is a complex and often controversial task [45];
consequently, we provide multiple methods for comparing
ranges across time. The first method requires a modeled

Box 3. Measuring range changes in practice

We use the montane shrew, Sorex monticolus, to illustrate two

ways of measuring range change via occupancy modeling. Our data

come from Ref. [37], in which small mammal communities

were resurveyed along an elevational transect through Yosemite

National Park, USA. Historical surveys of small mammals were

conducted by trapping at sites on consecutive nights, thus building

a record of repeated surveys. Owing to the inability of the resurvey

team to locate all historical sites with high confidence and to the

addition of new survey sites, the unpaired-site model was used for

analyses.

Moritz et al. [37] defined and categorized range shifts through the

use of Pfa tests (Figure Ia). Detectability was estimated using the best

of 32 competing models that explored changes in detectability over

trap night and survey era, and included trap effort. Historically, S.

monticolus was not found below 2212 m. During the resurvey, it was

found at 18 lower sites, down to 1209 m. The probability that S.

monticolus was present within that elevational range at one or more of

the historical survey sites (n = 17) and went undetected in the

contemporary resurvey was Pfa <0.001. Consequently, it was con-

cluded that the lower elevational range limit of the species had shifted

downward by 1003 m.

Another way to examine range shifts is through species optimums,

by determining the covariate value where the probability of occupancy

is highest [50,51]. Moritz et al. [37] built a candidate set of 112

occupancy models per species using the best 14 detection models

combined with eight competing occupancy models that incorporated

era, elevation (represented as linear or quadratic functions) and

interactions. Model-averaged occupancy curves [44] were created for

S. monticolus, illustrating how the probability of occupancy changed

over the elevational gradient and how this relationship changed over

time (Figure Ib). Historically, the optimum elevation was at 2870 m,

whereas the modern optimum increased to 3190 m, an increase in

optimum elevation of 320 m. S. monticolus occupancy also increased

throughout its range.

At first glance, these two measures seem to provide contradictory

conclusions from the same data. However, they describe different

aspects of the complex process of range change. Looking at either the

range margins (Pfa) or the optimum partially describes range change,

yet neither measure describes change to the entire range. Lack of a

standard technique to compare full range distributions hinders our

ability to understand how species have responded to large-scale

environmental change.

Figure I. Methods of quantifying range change using modeled probabilities of detection and occupancy for the species Sorex monticolus [37]. Raw presence (solid circle)

and non-detection (open circle) data (a) can be used to calculate the probability of false absence (Pfa) for a set of sites along an elevational gradient. The modeled

probability of occupancy curve (b) can be used to find the ‘optimum’ elevation (denoted by arrows) for each time period. Figure adapted from the Online Supplementary

Material in Ref [37].
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probability of detection function, whereas the second
method could be applied to any occupancy distribution.

The first method examines naı̈ve estimates of change in
occupancy and tests for statistical support by calculating
the probability of false absence (Pfa). This measure comes
from Ref. [37], and is reformulated as Equation 1:

Pfa ¼
Ym

j¼1
ð1� p�jÞ ¼

Ym

j¼1

Yn

i¼1
ð1� pi jÞ (1)

where pij is the probability of detection at the ith survey of
site j, and p�j is the probability of detecting the species over
n surveys at site j. The probability of false absence can be
calculated across m sites with non-detections to estimate
the chance the species was present at all of those sites and
escaped detection . The Pfa test uses only the modeled
probabilities of detection to test the likelihood of absence
across a set of unoccupied sites. Consequently, it gives a
confidence estimate as to whether a naı̈ve range shift is
significant.

Pfa tests have many uses, one of which is to test for
changes in the limits of distributions (Box 3) [37]. However,
inferences focusing solely on the limits or extremes of a
distribution could be biased by vagrant or single ‘out-of-
range’ individuals that temporarily exist outside the
boundary of the fundamental niche [46]. These individuals
might signify ‘sink’ populations that cause an apparent
expansion of range boundaries [47], or result in observed
high rates of turnover and local extinction at range bound-
aries [48]. Although individuals or populations at the
limits of a distribution might be most responsive to
environmental change, occupancy changes across the
whole of a species distribution might be more indicative
of a population-level response to environmental change
[49]. In simulations, analyses of range change based on
entire distributions have been shown to be more sensitive
to detecting expansions or retractions than have analyses
focused on range limits [7].

In attempting to infer change from the entire distri-
bution, several authors [50,51] have used a ‘maximum
probability’ approach, where the maximum probability of
occupancy in a species distribution along a gradient
(elevation) was chosen as the species ‘optimum’ (Box
3). Changes over time can be calculated as shifts of
the species optimum [50]. Although this approach pro-
vides inference on the distribution as a whole, it is
difficult to interpret when there is no single maximum
value (e.g. when occupancy is maximized over many
continuous values or the distribution is multi-modal).
The development of further measures for estimating
range shift from probabilistic occupancy functions
should be a priority for future research in applying these
analytical methods.

Conclusions: an eye to the past and an eye to the future
Many of the problemswith using historical data can now be
explicitly accounted for through occupancy modeling [18]
and other quantitative techniques [37]. To avoid bias,
however, these techniques require, at a minimum, occur-
rence data with some repeated visits within survey
periods, and data from enough sites to achieve sufficient

statistical power (c.f. Ref. [52]). Consequently, occupancy
modeling is not a ‘one-size-fits-all’ solution and additional
approaches will need to be developed to deal with all types
of occurrence data (Table 1). The recent development of
‘multi-state’ occupancy models [53] might provide a useful
framework for comparing historical and resurvey abun-
dance data.

The tools presented here provide important implica-
tions for those who both store and use historical data, as
well as those who collect contemporary data. Foremost,
observational and occurrence data should be given
greater value by NHMs, field biologists and other holders
of original historical records. In particular, field notes
often hold key occurrence metadata, including infor-
mation on non-detections, location and effort, that indi-
vidual records do not contain. When possible, occurrence
data, including field notes, should be made publicly avail-
able and important metadata, such as geographic
location and specificity, should be refined and uncertainty
quantified. NHMs have led the way in making specimen-
based occurrence data available publicly [11], but have
been slow to do the same with historical observation
records.

To estimate probabilities of detection, museums or
database managers might have to modify how occurrence
records are related to each other in a structured data-
base [54]. Most specimen-based occurrence databases are
currently structured around localities, with specimens
attached to localities, and items such as collection date
and collector are unrelated metadata [55]. To estimate
detectability, occurrence records need to be assembled
into survey periods, with resurveys at localities. Thus,
date of collection and details of the collector become
crucial organizational levels of occurrence data rather
than unrelated metadata. Incorporating this extra struc-
tural level into databases might be difficult to populate
with data correctly, particularly as most occurrence
databases are organized around known objects (e.g.
specimens or observations) rather than non-detections.
Designating occurrence data as part of a specific ‘survey’
or ‘collection event’ requires detailed historical records
and the effort must be made to obtain them [11]. Con-
version from presence-only occurrence data to presence
and estimable absence data [56] would be a burden on
NHMs, which have other important missions. Yet, this
endeavor would expand the value of museum specimens
and records for measuring the influence of environmen-
tal change.

To increase the future value of contemporary occurrence
or specimen data, researchers could organize their
sampling efforts to include repeated surveys to estimate
detection probabilities. Repeatedly surveying locations
during a single collecting trip conflicts with conventional
museum collecting methods, which sample as many
habitats and locations as possible to maximize diversity
of collections. Yet, changing methods to include repeat
surveys is necessary if researchers are to infer absence
successfully and thus accurately estimate occupancy. If
resampling specific transects is not possible, sampling
similar habitats within the same locality can facilitate
estimation of detectability at a local level.
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Historical data represent an underused but valuable
source of data that can provide novel insights into how the
natural world has changed over human life spans. The
rapid pace of human-mediated alteration of the global
environment requires that ecologists turn to innovative
methods for identifying impacts [8]. By enlarging estab-
lished baseline data sets to include historical data,
researchers can expand both the geographic and the
temporal scale of inference on change. Not to do so would
forfeit countless opportunities to gain reliable knowledge
about biological processes on largely undiscovered time-
scales
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