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Abstract

Background Among the most widely predicted climate change-related impacts to biodiversity are geographic
range shifts, whereby species shift their spatial distribution to track their climate niches. A series of commonly articu-
lated hypotheses have emerged in the scientific literature suggesting species are expected to shift their distributions
to higher latitudes, greater elevations, and deeper depths in response to rising temperatures associated with climate
change. Yet, many species are not demonstrating range shifts consistent with these expectations. Here, we evalu-
ate the impact of anthropogenic climate change (specifically, changes in temperature and precipitation) on species’
ranges, and assess whether expected range shifts are supported by the body of empirical evidence.

Methods We conducted a Systematic Review, searching online databases and search engines in English. Studies
were screened in a two-stage process (title/abstract review, followed by full-text review) to evaluate whether they
met a list of eligibility criteria. Data coding, extraction, and study validity assessment was completed by a team of
trained reviewers and each entry was validated by at least one secondary reviewer. We used logistic regression mod-
els to assess whether the direction of shift supported common range-shift expectations (i.e,, shifts to higher latitudes
and elevations, and deeper depths). We also estimated the magnitude of shifts for the subset of available range-shift
data expressed in distance per time (i.e., km/decade). We accounted for methodological attributes at the study level
as potential sources of variation. This allowed us to answer two questions: (1) are most species shifting in the direction
we expect (i.e, each observation is assessed as support/fail to support our expectation); and (2) what is the average
speed of range shifts?

Review findings We found that less than half of all range-shift observations (46.60%) documented shifts towards
higher latitudes, higher elevations, and greater marine depths, demonstrating significant variation in the empirical
evidence for general range shift expectations. For the subset of studies looking at range shift rates, we found that spe-
cies demonstrated significant average shifts towards higher latitudes (average = 11.8 kmn/dec) and higher elevations
(average =9 m/dec), although we failed to find significant evidence for shifts to greater marine depths. We found

that methodological factors in individual range-shift studies had a significant impact on the reported direction and
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magnitude of shifts. Finally, we identified important variation across dimensions of range shifts (e.g., greater support
for latitude and elevation shifts than depth), parameters (e.g., leading edge shifts faster than trailing edge for latitude),
and taxonomic groups (e.g,, faster latitudinal shifts for insects than plants).

Conclusions Despite growing evidence that species are shifting their ranges in response to climate change, substan-
tial variation exists in the extent to which definitively empirical observations confirm these expectations. Even though
on average, rates of shift show significant movement to higher elevations and latitudes for many taxa, most species
are not shifting in expected directions. Variation across dimensions and parameters of range shifts, as well as differ-
ences across taxonomic groups and variation driven by methodological factors, should be considered when assessing
overall confidence in range-shift hypotheses. In order for managers to effectively plan for species redistribution, we
need to better account for and predict which species will shift and by how much. The dataset produced for this analy-
sis can be used for future research to explore additional hypotheses to better understand species range shifts.

Keywords Global change, Distribution shift, Species redistribution, Latitude, Elevation, Depth, Warming, Vulnerability

Background

Contemporary climate change represents one of the fore-
most drivers of ecological change, yet its current and
future impacts on species, communities, and distribu-
tions remain uncertain. Such uncertainty impedes effec-
tive planning and decision making for conservation and
natural resource management (e.g., spatial conservation
planning, corridor designs, endangered species listings).
This uncertainty is driven in part by large variability in
biological responses to climate change [1]. Despite a
range of commonly-held hypotheses supported by eco-
logical theory, many species are responding in counter-
intuitive ways [2—4]. Among the most significant and
widely discussed of these expectations are shifts in spe-
cies’ spatial distributions (i.e., range shifts). Range shifts
have the potential to reshape ecological communities,
alter ecosystem functions and the provision of ecosystem
services, impact human health and well-being, and even
have feedback effects on the climate system [5]. Under-
standing how species are shifting as a function of climate
change is important for effectively managing species and
habitats.

Climate-change-related range shifts (hereafter “range
shifts”) are well documented [6-9] and relatively well
studied [10-12]. Over the past two decades, as the
research community has conducted an increasing num-
ber of studies devoted to documenting range shifts [13],
a series of broad hypotheses have emerged. Generally,
these hypotheses predict that species will track their cli-
matic niches along spatial gradients [8, 14—16]. Niche
tracking is easier to predict for temperature (i.e., iso-
therm tracking) than precipitation (i.e., isohyet tracking),
as temperatures generally decrease with increasing ter-
restrial latitude and elevation, and with increasing depth
in freshwater and marine environments [8, 17]. In par-
ticular, there are three prominent directional outcomes in
terms of species range shifts expected from the isotherm-
tracking hypothesis [18]: (i) poleward to higher latitudes;

(ii) upslope to higher elevations (for terrestrial and fresh-
water species); and (iii) to greater depths (for freshwater
and marine species) [6, 7]. In addition, the leading edge
(e.g., the poleward or upslope edge of species’ ranges) is
generally expected to shift more rapidly in response to
rises in temperature than the trailing edge (e.g., equato-
rial or downslope edge) or the center of species’ ranges
[8, 19, 20]. Although there are no clear directional out-
comes for species range shifts in response to changing
precipitation patterns, generally species are expected to
shift their ranges to maintain optimal precipitation enve-
lopes (i.e., isohyet tracking [14, 21, 22]). The expected
directional outcomes for temperature have become so
widespread that many reports generally assume that spe-
cies should shift poleward, to higher elevations, and to
greater depths without considering local isotherms or
other abiotic dimensions of the climatic niche space, lim-
iting our ability to infer mechanisms for non-conforming
responses (but see [1, 2, 8, 23]).

Previous reviews have demonstrated general support
across taxonomic groups and regions for expected lati-
tudinal, elevation, and depth shifts [7-9]; yet, substan-
tial variation across species, systems, and regions has
also been documented [1, 9, 24]. Numerous studies have
found that many species, populations, and taxonomic
groups have not demonstrated the expected shifts, or
have even displayed counterintuitive shifts (e.g., equa-
torial or downslope movement) [1, 25, 26]. Moreover,
previous reviews have been hampered by a number of
limitations, including: (i) combination of or unspecified
range-shift parameters (e.g., leading edge, trailing edge,
and center-of-range) [8, 27]; (ii) omission of studies meas-
uring changes in abundance [28]; and (iii) exclusion of
single-species studies in an attempt to avoid publication
bias [9]. Given the ubiquity of climate change impacts,
and the important role of climate in determining spe-
cies’ ranges, the substantial body of evidence that does
not conform to hypothesized range shift expectations



Page 3 of 21

(2023) 12:7

Rubenstein et al. Environmental Evidence

(sol3es 3]1uaAN[ 01 3npe ul sabueyd bulnsesw
‘SYUI| JO SDURID|O) [PULIBYY,Sa1D9dSs bunnseaw “6:9) abuel sapads
e Ul sabueyd JUSWIND0P 01 SIUBWINSEaW Ax0Id 95N 1843 S9|DILY

9|eds [eioduial syl Ayads

10U 0P 1Yl 95041 JO auli} Ul Julod 3|BUIS B WOJ SUOIIBAISSTO
95N AJuo 1ey1 s9|d11Ie pUe ‘SU0IId3(01d JO SUOIIBINWIS UO Paseq
SYIys uonnguisip/abuel saidads aininy 101paid AJuo Jeyl sspdIyY

(uonedyipioe

U320 ‘3514 [2A3] S “63) S9|qelieA a1ew|d paiefal uoeyddaid
-UOU JO ainteladwal-uou 01 asuodsal Ul syIys sbuels Juawnd0p
1BY1 S9|D11IE S [|9M SE ‘UOIIeLIEA S1PWI|D [EUOSESS IO (S9ARMIERY
aurew ‘OSN3 “69) sebueyd a1ewid Alejodwial ‘soleuads abueyd
S1eWI|D 21N1NJ ‘e1BP DIIeWID03[ed UO paseq aJe 1eyl s9PIly

ELE]
-9be|qUIaSSe JO-A1UNWWOD B UO JO (2313 ‘Ajluie} ‘snuab) sdnoib
JIWOUOXE) JOPROIQ 10) Pauasaid aie 1eyl synsal apnjdul 1o ‘syue|d
10 S|PWIU SB P3YISSe|D 10U Swisiueblo uo 1odal 1eyl ssppily

(9buel B UIYUM UOIINQLISIP “91) 9dUBPUNGE Ul SYIYS
[ereds 10 ‘(SUIYS [9A9] Alepunog “o'1) uonnguisip [eneds 1o abuel
sa10ads Ul 9bueyd e usWNOOP 01 1dwisiie J0 1odai 1eyl 9|21y

i

1sed oy ur 9dA1 swies ayy

JO UOBAJISSCO SUO 1583] 18 L1IM (S)UONBAISSCO Alejodwaluod
oY1 buedwod AQ suul| 9BuRl J0/puUR UOINGUISIP S213dSs Ul
sabueyD ISP 01 SUOIBAISSCO [EOHIdWS 3SN 1eY3 SID1Y

abueyd arewd
Siusbodoiyiue ‘uispou 03 anp uoneyddaid 1o aintesadwal
Ul sabueyd Atelodwialuod o1 sasuodsal Apnis 1eyl s3Iy

oy1dads saipadsgns Jo -sa1oads
2/e 18y} S3NSal Yim ‘syueld pue sjewdjue uo podal 1eyl sapiuy

uonnguisip lydesboabyjeneds ul YIYs :ouodn0

pouad [esnolsIy 3yl buunp suol
-Ipuod uoleyddaid 1o/pue ainjeladwial suljaseg :1ojeiedwo)

(uon
-eyididaid pue ainjesadwal) sa|gerieA abueyd sew|D :insodx3

syueld Jo sjewjue Jo sa10ads :uoneindod

|apnpx3

apnpuj

jusauodwod 0D3d

euaud Alaible Apnis L ajqelL




Rubenstein et al. Environmental Evidence (2023) 12:7

deserves greater investigation. An updated assessment
and repository of range-shift studies that highlight the
evidence for and against hypothesized range shift expec-
tations are needed to clarify sources of variation in the
empirical data. Indeed, a recent survey by the U.S. Asso-
ciation of Fish and Wildlife Agencies identified research
on range shifts as a priority need for coastal and marine
natural resource managers, indicating the benefits of
additional synthesis for improving wildlife and habitat
management [29]. Given this identified gap, the research
team, composed of U.S. government employees and uni-
versity researchers, developed and conducted this review.

Objective of the review
The objective of this review is to provide a robust assess-
ment of evidence for a series of general range-shift
expectations in response to climate change for plants and
animals across terrestrial, freshwater, and marine ecosys-
tems. These expectations, while based on isotherm- and
isohyet-specific tracking hypotheses, are broadly formu-
lated: species are generally expected to shift their ranges
to higher latitudes, higher elevations, and greater depths
to maintain their temperature niche, and to shift in vari-
ous ways to maintain their precipitation niche (e.g., if
precipitation in a species’ range decreases, we expect
the species to move to areas with higher precipitation, as
assessed by the authors of the original studies). Following
the PECO (Population, Exposure, Comparator, Outcome)
question framework (Table 1) [30, 31], we identified four
key elements of our study that structured and guided our
literature search, including:
(i) population of interest—animal and plant species
(ii) exposure—climate change variables (temperature
and precipitation)
(ili) comparator—baseline temperature and/or precipi-
tation conditions during the historical period
(iv) outcome—measures of species range shift in spa-
tial/geographic distribution

We assessed the overall direction and magnitude of
species range shifts and evaluated variation across taxo-
nomic groups. Analyzing direction of shift allowed us to
also consider studies that reported range shifts qualita-
tively rather than quantitatively (e.g., study reported that
a species moved north during the study period, but did
not provide the shift value in a measurable unit), which
has not been done systematically before. This allowed us
to answer two questions: (1) are most species shifting in
the direction we expect (i.e., each observation is assessed
as support/fail to support our expectation); and (2) what
is the average speed and direction of range shifts? We
improved upon previous studies by analyzing range-
shift parameters separately, as well as by incorporating
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single-species studies and studies which measured range
shifts through changes in local abundance. We assessed
the degree to which documented observations support
hypothesized range-shift expectations. We collected
documented examples of climate-change-driven range
shifts globally, including studies appropriately designed
to document shifts but which failed to detect them, and
assessed the body of evidence in terms of both magni-
tude (i.e., average km/decade shifts) and direction of
species range shifts (i.e., consistent or inconsistent with
hypothesized expectations).

Methods

A full accounting of our systematic review methods is
available in [32].We added slight updates and additional
details to the data synthesis and presentation section to
track the final analyses (e.g., we excluded longitudinal
range shift studies from the final analysis given the lim-
ited number of observations and difficulty of linking with
temperature-related range shift hypotheses). Below, we
provide an updated description of our systematic review
process.

Searching for articles

Online databases

We conducted the review using the advanced search
tool in two online databases: Web of Science and Scopus
(Fig. 1). For Web of Science, we used the Science Cita-
tion Index Expanded Science collection within the Core
Collection Database. We selected the ‘all years (1985 to
2019)’ timespan.

Online search engines

We then conducted a follow-up search in the online
search engine Google Scholar (Fig. 1), and reviewed
1000 articles (the maximum retrievable; [36]); only arti-
cles not previously identified were included. We used
the advanced search options and entered our search
terms in the “with all of the words” field. Similar to the
Web of Science and Scopus searches, our Google Scholar
searches were not constrained by date, year, or author. All
searches were conducted in English, since this is the pri-
mary language of the reviewers. We acknowledge a clear
bias by not incorporating the non-English-language sci-
ence that could impact the spatial representativeness of
species redistribution (see Fig. 3b; [37-39]), and that the
conclusions of our review should be interpreted in light
of this gap. Although we did not search for any non-Eng-
lish articles, we did include them if they came up during
the search (i.e., through the snowball method described
below).
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Article Screening Workflow

Search Term
((“climate” OR “global warming” OR "temperature" OR
"precipitation") AND (“range” OR “distribution” OR
“habitat extent” OR “occupancy”) AND (“species”))

ISI Web of

Science
n=73,672

Google

Scholar
n=1,000

Articles sorted by relevance in Colandr. Stop
reviewing titles/abstracts after 300 articles with
no new inclusions.

(n=11,581 abstracts reviewed, n=333 for full text
review)

Review references in all “pass”
articles and review articles
(n=418 for full text review)

l

Google Scholar —
and Web of Opportunistically
Science Alerts found articles (n=37
(n=54 for full for full text review)

text review)

VL v

Inclusion Criteria for Full Text Review
Article studies range shifts in plant or animal species in response to recent anthropogenic climate change
n=842 full texts reviewed

A

A

Final articles included in review (n=315)
database searches=115, new publication alerts=9,
opportunistic=9, review articles/reference searches=182

Articles used for
summary
n=315

Articles used for Articles used for
direction of shift rate of shift
analysis analysis
n=311 n=203

Fig. 1 Systematic Review workflow diagram

Search terms

We established a broad set of search terms based on our
knowledge of climate change and ecological literature
(Fig. 1) and conducted preliminary searches with dif-
ferent combinations of those terms. For each combina-
tion, we compared the total number of articles retrieved
and the number of articles whose title and abstract were
judged to be relevant based on our eligibility criteria in
the first 500 returns. We selected our final search terms
(Additional File 1) based on the combination of terms
that returned the most relevant articles in the first 500
reviewed. We tested the comprehensiveness of the search

terms by compiling a list of all articles included in a
recent meta-analysis [7], as well as a few relevant arti-
cles chosen based on the author team’s previous knowl-
edge of the literature (35 articles total; see Additional File
1 for complete list) and determining how many of them
were successfully returned by the Web of Science, Scopus,
and/or Google Scholar search results. All articles were
returned in our search results.

Additional search methods
We used the snowball method [40], whereby we reviewed
the cited literature within each article that passed title/
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abstract review to determine if any of those additional
articles should have been included. We also screened
opportunistically retrieved articles. These are articles
that we came across outside of the formal search pro-
cess, such as those sent to us by colleagues or found by
chance in an unrelated capacity. We recorded the citation
information of any opportunistically retrieved articles
and reviewed this list for any potentially relevant articles
not already identified through the Web of Science, Scopus,
Google Scholar, or snowball search methodologies.

After we completed our initial review, we set up alerts
for new articles that matched our search terms in Google
Scholar and Web of Science: this allowed us to capture
any newly published articles that may have come out
after our search but before publication of this system-
atic review. Alerts were checked on a regular basis by a
trained reviewer, and the articles listed in the alert were
subject to title/abstract review. We did not include any
new articles identified via alerts or opportunistically
reviewed articles after June 2021.

Other considerations

We did not incorporate data from review articles or
previous meta-analyses (e.g., [6, 9, 41]) directly into our
review; instead, we used review articles and meta-anal-
yses to identify original articles that may have contained
relevant data. We flagged review articles and meta-anal-
yses as “review” to be inspected after the preliminary
title and abstract review. Each review article and its cita-
tions were read to identify the relevant primary source;
we then evaluated the primary source and included it as
appropriate based on a title/abstract review.

Our methodology is challenged with regards to repro-
ducibility, given that our exact literature search in Google
Scholar may not produce identical results in the future.
Search results from these sources vary as a function
of date and location. To address this, we maintained a
spreadsheet of all search results and used Colandr to sort
articles by relevance, which improves the transparency of
this process.

Article screening and study eligibility criteria

We uploaded our search results to Colandr, a machine
learning tool that iteratively sorts articles based on rel-
evance as defined by the user (i.e., it continually learns
to rank articles based on which articles are included and
excluded) [33]. This process allowed us to review the
most relevant articles based on our inclusion criteria
(Table 1; see section below on eligibility criteria). Given
the particularly broad scope of this review (i.e., global
range shifts across all animals and plants from marine,
freshwater, and terrestrial ecosystems), the number of
retrieved articles exceeded our capacity to complete an
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exhaustive review of every article. To balance specific-
ity with comprehensiveness, we constructed an accu-
mulation curve to determine when to stop reviewing
article abstracts following the method outlined in [34].
Using the Colandr relevance ranking function, highly
relevant articles appeared earlier in the search. We
reviewed abstracts 100 at a time, recording the number
of included vs. excluded articles to create an accumula-
tion curve (articles passing title/abstract review per 100
titles); once we reached the asymptote of the accumula-
tion curve (defined by no new successful articles out of
300 titles reviewed), we stopped searching the database
results. To validate our stopping criteria, we selected a
random subset of 300 unreviewed articles for title and
abstract review, and evaluated whether their inclusion
substantially altered the findings of our meta-analysis
(similar to the displacement method described in [35]).
During this validation step in our review, we found only
two additional articles that met our study inclusion crite-
ria. We found that inclusion of these two articles did not
change our overall results, and we therefore considered
our search sufficient (Additional File 5: Table S1, see [35]
for additional assessments of a similar search stopping
criteria).

Screening process
We used a two-stage screening process to determine eli-
gibility: (1) title/abstract review and (2) full text review.
Internal reviewers (among our co-authors) indepen-
dently reviewed the first 500 articles in stage 1 (a little
over 4% of the total abstracts screened); decisions (e.g.,
eligible/ineligible) were compared and discrepancies dis-
cussed to ensure that eligibility criteria (Table 1) were
being consistently applied. After the first 500 articles,
we reviewed individual articles independently. In stage
2, any article that passed full text review was checked by
a second author. Any questions about whether an article
met screening criteria were discussed among co-authors.
During the first stage of the screening process, the
reviewer read titles to determine relevance. For example,
a relevant title might be one that contains one or more
of our keywords, but not those that are clearly from
another subject or field. If the title was determined to be
relevant, the reviewer read the abstract and checked that
the article contained the necessary components for our
study (Table 1). If the abstract indicated that the study
may meet the required components or that eligibility was
unclear, the article was passed on to full-text review.
During the second stage, reviewers read articles in
their entirety and verified that the article met all eligi-
bility criteria. Any uncertainties about a paper were dis-
cussed with at least one additional co-author to resolve
how to move forward. Reviewers that had authored an
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article under consideration were recused from decisions
regarding the eligibility of the article. A full list of articles
excluded from the first stage of title/abstract review and
those excluded during the second stage at full-text review
are available as a Additional File 2, including documented
reasons for exclusion.

Eligibility criteria

To determine eligibility for inclusion in the review, we
established eligibility criteria to align with PECO ele-
ments of our review, based on a priori familiarity with
climate change research and the scope of our research
objectives (e.g., [6, 8, 9, 41]), which were refined after
preliminary scoping of the available literature (Table 1).
Because the objective of our study was to assess empiri-
cal evidence for climate change-related range shifts, we
only accepted articles that documented or attempted
to document distributional shifts based on empirical
observations, and not those that exclusively described
projected future changes based on model predictions or
simulations. Our review was focused on species-level
range shifts, so that we could examine the variability of
responses at this scale. Consequently, we only accepted
articles reporting results at the species level or finer taxo-
nomic resolutions (e.g., subspecies level). For articles that
failed to report results at a species or subspecies level,
but which appeared to have used underlying species-
specific data, we contacted the corresponding author for
data. Additionally, we only included articles reporting
observed range shifts in animals and plants (excluding
fungi), since these are the most well-represented taxo-
nomic groups in the scientific literature and are likely to
be of greater interest to natural resource managers. Since
we are interested in understanding spatial changes in
response to recent anthropogenic climate change, we
did not include articles that were related to paleocli-
matic conditions or temporary or seasonal climate vari-
ations, such as the El Nifo-Southern Oscillation (ENSO).
Although we did not impose a minimum study length
for article inclusion in the database, we did impose addi-
tional criteria for inclusion in the data analysis portion
of our review as required by analytical constraints (see
Data synthesis & Presentation section). Our range-shift
expectations are specific to trends in temperature and
precipitation, so only studies that considered bioclimatic
variables related to either temperature or precipitation
were eligible (e.g., we did not include studies focused on
range shifts related to sea level rise).

Study validity assessment

All eligible studies were critically appraised for risk
of bias and coded based on their methodology and
data quality [8, 9]. Rather than excluding studies using
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certain methodologies, we included methodological
metrics as covariates in our analyses. This enabled us
to account for differences in methodology among stud-
ies and estimate the size and direction of bias associ-
ated with different study methods [42]. We categorized
studies according to five methodological factors that
may influence or bias study outcomes [9, 42]. These fac-
tor categories included:

+ Number of taxa for which range-shift observations
were recorded in the study (referred to as ntax),
indicating potential positive publication bias [6,
7]: although some previous meta-analyses of range
shifts have omitted single-species studies, we deter-
mined that accounting for this as a methodological
approach could effectively allow for the inclusion of
these data [9]. For our analyses, we categorized ntax
into a binary factor variable of one or more than one
species;

+ Monitoring frequency (referred to as sample): regu-
lar (i.e., authors sampled species ranges continu-
ously throughout the study period at specified time
intervals) vs. irregular (i.e., authors sampled species
ranges periodically throughout the study period at
irregular time intervals);

+ Underlying nature of the data, indicating whether
abundance or occurrence data were collected
(referred to as obsvt);

+ Sampling design (referred to as resurvey), indicating
whether the data were drawn from a balanced resur-
vey (i.e., from strictly paired designs such as perma-
nent plots or calculated from a resampling procedure
designed to reach a balanced dataset) or if data were
collected opportunistically (i.e., resurveys conducted
within the same general area, but not necessarily bal-
anced);

+ Underlying transformation of the data (referred to
as raw), indicating whether the estimated range shift
was derived directly from the data (i.e., raw with little
to no data cleaning) or if estimates were derived from
models (e.g., occupancy models).

Studies that did not provide sufficient information
to assess these metrics were excluded from the review.
For all studies, a second reviewer independently read
the article and checked the five points listed above for
study validity assessment. Differences identified by the
second reviewer were addressed by the original paper
reviewer, and any disagreements were discussed with a
third co-author. By considering these methodological
variables, we were able to capture the variety and diver-
sity of methodological attributes specific to each study,
and to account for the role of methodological factors in
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explaining variation in estimated range shifts (see Data
Synthesis & Presentation section below) [9].

Additional observations regarding the study design and
findings, such as missing data or unreported outcomes,
were noted. Corresponding authors were contacted
to obtain the missing information, and studies were
excluded if authors did not respond or if the absence of
the data prevented complete entry into the database.

Data coding and extraction strategy

Data from each article that passed title/abstract and full
text review were extracted and entered into a spread-
sheet that was initially shared among co-authors in
Google Drive. This table was converted to an excel file
(Additional File 3). Range-shift data were extracted
for each species described in an included study; there-
fore, if a study contained results for more than one spe-
cies, that study had more than one row in the table. In
addition, for a given taxon in a given study, we reported
range-shift values on distinct dimensions, time periods
(e.g., shifts were reported separately between a base-
line survey and resurvey, and between the first resurvey
and the second), and range-shift parameters on separate
rows, if the authors reported these shifts as disaggregated
data. We kept time period data disaggregated to avoid
re-calculating range shifts produced by the authors, and
also to allow future assessments on differences in shifts
across time periods (e.g., looking at differences in climate
exposure between different study periods). Each entry
included an attribute to identify its source (i.e., an article
identifier).

Broadly, we extracted data from each study into four
general categories: (i) basic information about the study
itself (i.e., study duration, study location, methodologi-
cal factors); (ii) basic information on the species included
in the study, including scientific names and taxonomic
grouping/information (see also 5,6); (iii) information
about the observed range shift response (e.g., latitude/
longitude/elevation/depth, shift in occupancy or abun-
dance, leading/trailing edge) [8]; and (iv) description
of the shift, including both direction (e.g., latitudinal
increase, elevational decrease), and, when available,
magnitude (expressed as kilometers per decade) (see
Additional File 4 for full description of metadata). We
considered a study to have observed a range shift if the
study’s author(s) found a change in location of the lead-
ing or trailing edge (i.e., occupancy shift on the leading
or trailing edge), a change in abundance on the leading
or trailing edge (i.e., abundance shift on the leading or
trailing edge), or a shift in maximum abundance or prob-
ability of presence within the range or part of the range
(i.e., center-of-range shift) (Fig. 2). We used the range
position as defined by the author(s) of the study (e.g.,
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leading edge defined as the 95th percentile of the latitu-
dinal occurrences or the northernmost latitudinal occur-
rence, center-of-range as the median of the latitudinal
occurrences or maximum probability of presence). For all
studies, we indicated whether the observation supports
or fails to support the hypothesized range-shift expecta-
tions. For example, observations of latitudinal decrease
or no change in latitudinal distribution would be catego-
rized as “fails to support” given the general expectation of
poleward shifts.

Database review & logical checks
We ensured reproducibility and consistency in data
coding and extraction by writing a detailed manual of
instructions and guidelines on the process of entering
data into our spreadsheet (Additional File 4). This was
detailed enough for any of our co-authors to follow. It
included complementary information clarifying our
eligibility criteria and it answered common questions
encountered during the review process. In addition, we
trained reviewers to ensure consistency in how data were
entered. We implemented a dual-review system so that
all articles and associated data entry were reviewed by a
second co-author. To resolve any questions or problems,
the authors convened and reviewed questionable entries.
After our initial data entry, we performed additional
data validation and cleaning steps in R version 4.0.4 [43].
We performed a series of logical checks to confirm that
range dimensions, categorical changes, hypothesis sup-
port, and sign of numeric shifts aligned for all entries;
for example, an observation categorized as “latitudinal
increase” should have a positive numeric entry (positive
numbers indicating movement towards the poles) and be
categorized as “supports” We ensured that species names
used in the database were correct and up to date using
the taxonomizr package [44]. We verified species names
and pulled the full taxonomic classification for each spe-
cies from the National Center for Biotechnology Infor-
mation (NCBI [45]), Global Biodiversity Information
Facility (GBIF [46]), Integrated Taxonomic Information
System (ITIS [47]), Arctos [48], and iNaturalist databases
[49]. For species names that did not match any database,
we pulled the full taxonomic classification based on
genus. Following taxonomic harmonization, we grouped
some classes into higher order groups for analysis (e.g.,
mollusks, crustaceans, plants).

Potential effect modifiers/reasons for heterogeneity

To better understand the variation in species
responses, we extracted and considered several poten-
tial sources of variability (i.e., effect modifiers) from
each study [8, 9, 42]. Basic information on the study
location (e.g., northern vs. southern hemisphere),
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Fig. 2 Typology of range shifts used in this review. Leading edge or center of range increases and trailing edge decreases were considered to
support our temperature-related range shift hypotheses. Lack of shifts in any parameter; decreases on the leading edge or in the mean/optimum;

and increases on the trailing edge were all considered “fail to support”

ecosystem type (terrestrial, freshwater, and marine),
and taxonomic group likely contributed to some vari-
ation in observed results, since regional and taxo-
nomic variation in climate-change-driven range shifts
is expected [7, 22, 50]. Information on study method-
ology and data quality (see study validity assessment

section above) was also included as potential effect
modifiers [8, 9, 42].

Data synthesis & presentation
First, we calculated basic summary statistics on the
database (e.g., total number of range-shift records, total
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number of species registered, geographic regions cov-
ered). We then assessed the direction and magnitude of
range shifts. We determined that studies which measured
range shifts over fewer than 10 years should be excluded
due to the potential for confounding effects from short-
term and decadal climatic variability (e.g., temporary
range shifts arising from decadal climate phenomena
such as ENSO) rather than long-term anthropogenic
climate change. This resulted in the exclusion of twenty-
four articles that were otherwise eligible for inclusion
in the review. For taxon-specific analyses, we excluded
taxonomic classes with fewer than 100 observations or
for which only one study described the range shift. We
grouped most organisms by class, but grouped a few at
higher taxonomic levels that might be relevant for man-
agers if it allowed the group to have over 100 observa-
tions (e.g., plants, molluscs, and crustaceans).

Direction

In this portion of the analysis, the response variable was
a binary factor describing the observation as either sup-
porting or failing to support general range shift expecta-
tions. For temperature-related analyses, we considered
all increases in latitude, elevation, and depth (via distri-
bution or abundance) as “support’, given that they con-
form to general range shift expectations; all decreases
or lack of statistically significant movement were cat-
egorized as “failed to support” In cases where statistical
significance was not assessed (e.g., only qualitative shifts
were reported), we based our support/fail to support
assessment on the overall direction of shift reported by
the authors. Because similarly broad expectations about
longitudinal range shifts are not available (i.e., there is no
a priori expectation of westerly or easterly movement to
track isohyet or isotherms), we did not include longitu-
dinal shift data in temperature-related analyses. Instead,
we included longitudinal shifts only in precipitation-
related analyses when authors expressed a specific iso-
hyet-tracking hypothesis, and we followed the individual
author assessment of whether species conformed to the
hypothesis: that is, we generally expected species to move
longitudinally to follow their precipitation niche, and we
relied on the individual author assessment of whether
the species conformed to that hypothesis. Therefore,
observations which tracked an isohyet were categorized
as “support,” and those that did not were categorized as
“fails to support”

To assess the probability that observations support/
fail to support general range shift expectations related
to temperature, we fitted binomial logistic regression
models using the glm function from the stats package
in R [43]. We fitted separate models for each explana-
tory variable of interest (i.e., range dimension, parameter,
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taxonomic group, and ecosystem type), because some of
the variables are related (e.g., the taxonomic group fish
could only be in freshwater or marine ecosystem types)
and fitting separate models allowed us to more clearly
explore these relationships. Each of these variables of
interest, as well as the five methodological variables were
used as fixed effects (see Additional File 5: Table S2 for
full description of the models) [8, 42]. After fitting the
logistic regressions, we used the emmeans function in
the emmeans package [51] to compute the estimated
marginal mean (EMM) probability and 95% confidence
interval of support for general range (i.e., the predicted
probability of support/fails to support after averaging
across the methodological variables weighted propor-
tionally to their occurrence in the original dataset). We
tested for significant differences in EMMs (p<0.05)
across variables of interest using a post-hoc Tukey
adjustment.

Magnitude

We used regression analysis to assess the magnitude of
range shifts on the quantitative observations in our data-
base (i.e., observations expressed as unit space per unit
time). We did not use random-effects meta-analysis,
because it is difficult to rigorously define study sample
size in this context (e.g., number of sites in the study,
number of years used to estimate range shifts, number of
individual surveys, or number of species). In most cases,
these data are not reported, and given the various ways
that studies measured range shifts, sample sizes in this
sense would not be directly comparable. Thus, we have
limited confidence in the comparability and consistency
of sample size measurements across studies to use this as
a weight for observations in a regression model. Instead,
we converted all quantitative measures of range shifts to
a standardized unit (kilometers per decade) for ease of
comparison across dimensions, and with previous meta-
analyses (raw and converted shift values are included in
Additional File 3). We calculated the average velocity of
range shift by dimension (e.g., overall latitudinal, eleva-
tional, and depth shifts), as well as for particular subsets
of observations (e.g., by range parameter and taxonomic
group).

To account for methodological factors, we first fit a
multiple linear regression with methodological variables
as predictors of km/dec shifts to assess the significance
of methodological variables on quantitative estimates of
range shifts, and to gain a general understanding of the
direction and magnitude of the relationship between
methodological factors and the magnitude of range
shifts (see Additional File 5: Table S2 for full description
of statistical models). Having established that all meth-
odological variables contributed significant variation
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to quantitative range-shift estimates (Additional File
5: Table S3), we calculated estimated marginal means
(EMM; as above) to estimate range-shift coefficients for
specific taxonomic groups using the emmeans package
in R [8, 9, 42]. We used post-hoc Tukey adjustments to
assess the significance of the marginal means over the
methodological variables and used proportional weights
when accounting for observations within each methodo-
logical category.

In addition, we created a suite of linear mixed-effects
model (package lmer) to assess the coefficient size and
significance of ecological factors (i.e., dimension, parame-
ter, taxonomic group, and ecosystem type) while control-
ling for methodological factors. The five methodological
factors (see study validity assessment above) were set as
random effects (i.e., random intercepts; we tested for the
significance of random slopes but this did not improve
model fit). We used the ImerTest package to estimate
p-values for the fixed effects, and the MuMIn package to
calculate conditional and marginal R2. We selected our
final models by comparing AIC scores. We first deter-
mined which methodological predictors to include in the
initial modeling suite based on significance in a multiple
linear regression with km/dec as the dependent variable
and all methodological variables as independent vari-
ables. All five methodological variables were significant,
and were therefore included in the linear mixed effects
model as random effects. In our final model, we included
dimension, parameter, taxonomic grouping, and eco-
system type as fixed effects (all were significant based
on estimated p-values), and included the suite of meth-
odological variables described above as random effects.
Finally, we ran a sensitivity analysis to evaluate the role
of statistical outliers in our dataset (Additional File 5:
Table S4).

Review findings

Review results

Our literature search workflow yielded a total of 94,672
candidate articles from Web of Science, Google Scholar,
and Scopus. We reviewed 11,581 of these candidate arti-
cles before reaching the peak of the accumulation curve
during the abstract and title review phase. Another 519
articles were identified through our additional search
methods, updating our total articles reviewed to 12,100.
Of these, 842 candidate articles passed the initial title/
abstract review for in-depth review. Full-text review
resulted in a final list of 315 articles fitting criteria for
inclusion in the database (Fig. 1; see Additional File 2 for
list of all reviewed/included articles and full study valid-
ity assessment). These numbers do not include dupli-
cate articles, since Colandr removes duplicates before
abstract screening. Of the 315 articles included in the

Page 11 of 21

final database, 124 came directly from online database
searches, while the remaining 191 articles came from
review paper search, snowball methodology, and oppor-
tunistic articles. This is likely due to the order of our
search procedure, and the prominence of previously pub-
lished high-profile review papers. We initially reviewed
only 2000 abstracts from our database search before
beginning the snowball methodology. Included within
this original 2000 abstracts were several large, high-pro-
file review papers which cited many relevant primary-
source articles. These articles are therefore coded in our
database as coming from “snowball methodology’; even
though they also turned up later inour extended database
search as well. We completed the article searches in: Web
of Science on April 16, 2019; Google Scholar on June 14,
2019; and Scopus on December 17, 2019. Opportunisti-
cally retrieved articles were accepted through June 2021.

Distribution of database observations

The 315 articles included in the final database reported
32,632 range-shift estimates across 12,009 species. The
number of estimates per study (i.e., the number of rows
entered for the paper based on criteria described above)
ranged from one to 4426, with a median of 11. A few
studies included very large number of estimates (10 arti-
cles had over 500). These studies included multiple spe-
cies and multiple estimates per species (e.g., leading edge
and trailing edge, multiple time periods, or multiple study
areas). Range-shift estimates were heavily concentrated
in the Northern Hemisphere (90.06%), with only 9.5% of
estimates occurring in the Southern Hemisphere and the
remainder occurring across both hemispheres (Fig. 3a, b,
Additional File 5: Table S5). Range-shift estimates were
roughly evenly split between latitudinal (48.4%) and
elevational range shifts (40.90%), with depth and longi-
tudinal range shifts representing a small proportion of
the registered estimates at the species level (2.26% and
8.43%, respectively; Fig. 3a, Additional File 5: Table S5).
Center-of-range and leading-edge estimates (46.75% and
38.1%, respectively) were more common than range-shift
estimates at the trailing edge (11.83%). The vast major-
ity (89.48%) of estimates were terrestrial, with only 8.6%
coming from marine environments and even fewer from
freshwater environments (1.88%, Fig. 3a, Additional File
5: Table S5). As a percentage of overall estimates, plants
(35.96%) and some groups of animals, including birds
(22.81%), insects (27.01%), fish (6.46%), and mammals
(1.54%) were well represented (Fig. 3a, Additional File 5:
Table S5). These biases are more skewed when compared
to the total number of species in each of these groups
(e.g., there are many more species of plants and insects
than mammals or birds).
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Fig. 3 a Distribution of observations in the Database. An evaluation of how observations are distributed in the database, including by dimension,
parameter, hemisphere, ecosystem type, and taxonomic group. Note: longitudinal shifts were considered only for precipitation-related analysis. b
Global Distribution of Species in the Database. Counts reflect number of species assessed, rather than individual studies, represented in 1degree
cells. Darker colors reflect more species
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Fig. 3 continued

Direction of shift

Support for temperature-related expected range shifts

We removed longitudinal shifts for temperature-related
analyses, leaving us with 29,881 range shift estimates.
Less than half of all the raw observations supported com-
mon range-shift expectations (i.e., towards the poles,
higher elevations, deeper depths; 46.63%). Estimated
marginal means from our logistic regression models
showed that there was variation across dimensions, with
greater support for shifts to higher latitudes (49.7% of all
latitudinal shifts supported expectations; CI 48.7-50.7)
and elevations (42.9% of all elevational shifts supported
expectations; CI 41.8—43.9) than to deeper depths (36.3%
of all depth shifts supported expectations; CI 32.9-39.8;
Fig. 4, Additional File 5: Table S6). Support for common
range-shift expectations was greater at the leading edge
(48.4%; CI 47.4-49.5) and at the center-of-range (47.9%;
46.9-48.9) than at the trailing edge (34.1%; CI 32.5-35.7)
(Fig. 4, Additional File 5: Table S6).

Support for common range shift expectations varied
across ecosystem types and taxonomic groups. Sup-
port for expected shifts was greater than 50% for fresh-
water systems, less than 50% for terrestrial ecosystems,
and lowest in marine ecosystems (Fig. 3, Additional File
5: Table S6). Across taxonomic groups, spiders, poly-
chaetes, and insects showed the greatest level of support
for expected shifts (Fig. 4, Additional File 5: Table S6).

Esri

Precipitation-related expected shifts

Most studies (82.2% of observations) did not assess
whether observed range shifts occurred towards geo-
graphical locations that would allow the species to main-
tain their precipitation niche under climate change. Of
the remaining observations, failure to support (86.2%;
including both observations of no shift or counterintui-
tive shift) was more common than support (13.8%). All
studies that assessed precipitation hypotheses were
from terrestrial ecosystems, and nearly all (98%) looked
at elevational shifts. Given the small number of obser-
vations, we did not run logistic regression models for
precipitation.

Magnitude of shift

Of the non-longitudinal shift estimates, 25,445
included range shift rates. We found significant rates
of shift towards higher latitudes (11.8 km/dec; 95% CI
11.10-12.51; p<0.05) and higher elevations (9 m/dec;
95% CI 0.0056-0.013, p<0.05) but a non-significant
shift in depth (— 0.09 m/dec; 95% CI — 0.0012-0.001,
p-value =0.8679; note that negative sign indicates shal-
lower movement) (Fig. 5; Additional File 5: Table S7).
There was also significant variation by parameter for
latitudinal shifts: leading-edge shifts (19.7 km/dec)
exceeded center-of-range (4.2 km/dec) or trailing-edge
shifts (0.5 km/dec); these parameters are all significantly
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Fig. 4 Model Results for temperature hypotheses. Estimated marginal mean probability and 95% confidence intervals of support for shifts
poleward, upward, and deeper across dimensions (top left), ecosystem types (top right), parameters (bottom left), and taxonomic groups (bottom
right); i.e,, the predicted probability of support/fails to support after averaging across the methodological variables weighted proportionally to their
occurrence in the original dataset. Letters show significant differences (p =0.05) across within a given plot using post-hoc Tukey correction

different from each other when assessed in a multiple lin-
ear regression (p <0.05) (Additional File 5: Table S7). Ele-
vational shifts varied by parameters but these differences
were not significant. Finally, we did not assess differences
in parameter for depth due to limited observations in this
dataset.

We found that all the methodological variables listed
in the study validity assessment section had a significant
effect on quantitative estimates of range shift (Additional
File 5: Table S3). A linear mixed-effects model combin-
ing all dimensions with methodological factors as ran-
dom effects confirmed support for latitudinal poleward
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shifts (18.4 km/dec, p<0.05) and upslope shifts (6 m/
dec,p=0.03), even after accounting for methodological
shifts. This model found a small (non-significant) average
movement towards shallower marine depth of (— 0.19 m/
dec, p-value =0.32)). (Additional File 5: Table S9).

The magnitude of range shift also varied by taxonomic
group (Fig. 5, Additional File 5: Table S8). Latitudinal
shifts in birds, insects, fish, crustaceans, polychaetes, and
spiders were statistically significant (i.e., the 95% confi-
dence interval did not include 0), whereas shifts in rep-
tiles, plants, mammals, and amphibians were not (Fig. 5,

Additional File 5: Table S8). For elevational shifts, only
two taxonomic groups demonstrated statistically signifi-
cant shifts: insects shifted significantly upslope, whereas
fish shifted significantly downslope (Fig. 5, Additional
File 5: Table S8). All other taxonomic groups demon-
strated shifts, but these were non-significant (Additional
File 5: Table S8).

Finally, we assessed the relative contribution of meth-
odological and ecological variables in explaining overall
variation in magnitude of range shifts through a linear
mixed effects model in which methodological variables
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were set as random intercept terms. We followed the
methodology of Lenoir et al. 2020, whereby we compared
conditional R2 (total variance explained) to marginal
R2 (variance explained by fixed effects) to compare the
relative ability of methodological vs ecological factors to
explain variation in the database. Our final model, which
included dimension, parameter, taxonomic group, and
ecosystem type as fixed effects, and all methodological
variables as random effects had a total variance explained
(conditional R2) of 14.3%, while variance explained by
ecological (fixed) effects (marginal R2) was 11.9%. Vari-
ance explained by methodological variables (conditional
R2-marginal R2) was 2.4% (Additional File 5: Table S9).
We found that dimension, parameter, taxonomic group
and ecosystem type were all statistically significant even
after accounting for the variation due to methodological
factors.

Review findings summary

Support for expected temperature-driven range shifts
was mixed, with less than half of all observations shift-
ing as expected. This suggests that general expectations
of shifts poleward, to higher elevations, and to greater
depths cannot be assumed, and that other processes
are contributing to global redistribution of biodiversity.
Although warming has been observed at the macro-
scale, the complex mosaic of local climate velocities
may mean that more localized range-shift directions
are not necessarily oriented poleward, upward, or bot-
tomward (e.g., [53]). Indeed, local or regional changes
in temperature and precipitation patterns, such as iso-
therms shifting towards the equator or isohyets shifting
towards lower elevations, may lead to seemingly counter-
intuitive range shifts equatorward for fish (e.g., [53]) and
downslope for plants (e.g., [2]), respectively. Changing
temperature and precipitation patterns can interact to
affect overall water availability, and so considering the
multi-dimensional impacts of climate change can lead to
different expectations. For example, amphibian species
are highly sensitive to changes in temperature and water
availability; expected snowpack reductions in the eastern
US may reduce species occupancy, while milder winters
may improve overwinter survival [54].

In addition, there are numerous important non-climate
drivers and disturbances which affect species’ spatial
distribution, including land use change, habitat loss and
fragmentation, and disturbance regimes such as wildfire
and extreme drought [55-58]. Lack of shifts could indi-
cate that species are not keeping pace with the rate of
climate change. This could be driven by lags in dispersal
or establishment at the leading edge or lags in extinction
at the trailing edge [59]. Alternatively, it may indicate
that some species are able to adapt in place, such as by
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changing behavior or phenology [60]. However, even spe-
cies that are able to adapt phenotypically may do so at a
pace that is too slow to allow persistence in the long term
[61].

Other range-shift expectations have also been pro-
posed in the scientific literature, including that species
ranges may respond more strongly at the leading edge of
the range due to higher exposure to temperature changes,
especially nearer the pole in the Northern Hemisphere
[8, 19, 20, 62]. Abiotic factors might be more impor-
tant drivers of range limits at leading edges than trailing
edges, so species may be able to tolerate warmer condi-
tions than they currently experience [63]. Biotic factors
can also interact with abiotic factors to mediate range
limits [64]. This can lead to disequilibrium between cli-
matic tolerances and where species are currently found
[63]. Methodological factors, however, may contribute to
the expectation of faster leading edge shifts, including the
fact that colonization at leading edges is easier to detect
than extirpations at trailing edges [28]. Indeed, we found
greater support for hypothesized range-shift expecta-
tions along leading edges compared to trailing edges. We
found varying levels of support for the hypotheses among
different taxonomic groups. For example, insects showed
a high proportion of supporting observations compared
to many other taxonomic groups. As small, ectothermic
animals that often have short life cycles, insects are espe-
cially sensitive to changes in temperature [65, 66].

For magnitude of shifts, we found evidence for an aver-
age range shift in latitude and elevation in the direction
anticipated (i.e., poleward latitudinal shifts, upslope ele-
vational shifts), but failed to find evidence for an average
shift towards greater marine depths. Our dataset demon-
strates tremendous variation in observed species’ range
shifts, including variation across parameter and taxo-
nomic group. Interestingly, leading edge shifts were faster
than trailing edge shifts for latitude, but not for elevation.
Similarly, Rumpf et al. [62] found that leading and trailing
edges did not differ in rates of shift for elevation. Trailing
edge shifts might keep pace with leading edge shifts for
elevation rather than for latitude due to increased human
pressure on lower elevation sections of mountains, or
differences between low and high elevations in the mag-
nitude of climate change or the importance of biotic
interactions. Moreover, area for expansion on the leading
edge in high elevation areas is limited [62, 67]. In addi-
tion, we found that methodological factors accounted for
a substantial amount of additional variation, revealing
that the techniques used to study range shifts can have
a substantial impact on ecological signal. Our review
results were comparable to previous range shift meta-
analyses (Additional File 5: Table S10). We found similar
latitudinal shifts as Chen et al. [7] and Lenoir et al. [9] (in
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terrestrial environments); our estimates for marine shifts
were larger than terrestrial environments (as expected
due to fewer barriers to movement and greater thermal
connectivity in water; [9]) but smaller than recent analy-
ses in [9]. Our estimates of elevational shifts were similar
to [9].

Surprisingly, we found that even though the direction
of shift did not support general expectations in many
cases, we still found significant rates of shift in expected
directions when we looked at the subset of articles
reporting range magnitudes. For example, we found less
support for direction of range shifts in marine ecosystems
compared to terrestrial and freshwater ecosystems, even
though, similar to Lenoir et al. [9], we found that rates
of marine shifts were faster than terrestrial shifts. This
might be explained by observed localized marine climate
isotherm shifts, which display greater spatial variability
and do not always closely match the coarse hypothesis
of poleward/equatorial shifts [53]. It is also possible that
even though marine species are shifting more quickly on
average, there is high variability in the number of species
that are shifting in the expected direction. This seems
likely given that we found many marine taxa (e.g., poly-
chaetes, molluscs, fish, and crustaceans) with significant
rates of shift towards the poles (Fig. 5).

Differences in methodology between our direction of
shift and magnitude of shift analyses may help account
for the discrepancy. First, in our direction of shift analy-
sis, we considered studies that qualitatively presented
range shifts, even if no quantitative value was provided,
whereas our magnitude of shift analysis only included
quantitative shifts. Second, our direction of shift analy-
sis included shifts in both occupancy and abundance (i.e.,
abundance increases or decreases) on leading and trailing
edges, and abundance shifts tended to show lower sup-
port for expected shifts. Third, in our direction of shift
analysis, we considered both no shifts and shifts towards
the equator and downslope as “failed to support” There-
fore, no shift observations might have a stronger effect
on the direction of shift analysis than the magnitude of
shift analysis, because if you have some species moving
quickly in one direction (e.g., towards the poles), it could
give you an average rate of shift in the direction you
expect, even if less than half of all species are shifting.
Finally, in some cases, studies reported small quantita-
tive shift values that were not found to be significant due
to variability in the data. In these cases, we considered
it as “no shift” for the direction analysis but did include
the shift value in the magnitude of shift analysis. In some
cases, non-significant shifts could reflect data limitations
rather than lack of shifts. This could mean that quantita-
tive shifts might be a better earlier indicator of response
and that shifts might accelerate in the future.

Page 17 of 21

Even though on average, rates of shift show significant
movement to higher elevations and latitudes for many
taxa, less than half of species are shifting in these direc-
tions. In order for managers to effectively plan for species
shifts, we need to better account for and predict which
species will shift and by how much.

Influence of methodological factors

Similar to other findings [9, 42], we found that meth-
odological variables play an important role in explaining
overall variability in range shifts. As in Brown et al.[42],
we found that studies using irregular time sampling esti-
mated greater rates of change than regular sampling; this
is likely due to infrequent sampling conflating short-term
variability with long term trends. We also found that esti-
mated range shifts were lower in studies using abundance
data rather than occurrence data—this may be because
changes in occurrence are more readily observable,
whereas shifts in abundance require greater monitor-
ing, reflecting the greater sensitivity of abundance data
in reflecting early stages of range shifts [9, 68]. Addition-
ally, studies examining more than one species reported
smaller range shifts than single-study species; this may
be due to publication bias towards single-species studies
where range shifts are expected or easily observed [41].
While Brown et al. [42] and Lenoir et al. [9] found that
variance explained by methodological factors exceeded
variance explained by ecological factors, we found that
more variability was explained by ecologically relevant
factors like dimension, parameter, taxonomic group and
ecosystem type. This discrepancy may reflecte differences
in methodologies: Lenoir et al. [9], for example, consid-
ered family and genus to be random effects rather than
fixed ecological effects in their analyses.

Review limitations

We only searched for relevant articles in English in our
review, and we included only 2 non-English articles
found during our snowball search (one in Spanish and
one in French). This may have introduced geographical
bias in our search results, but it circumvented the diffi-
culties and delays associated with translation of materi-
als. In the future, our methodology could be conducted
using a greater breadth of studies in other languages and
evaluated by fluent speakers. In addition, we limited our
review to observed, long-term range shifts, but excluded
experimental studies or those documenting shifts in
response to short-term changes in temperature or pre-
cipitation. We chose to exclude these studies to focus on
evidence for long-term range shifts observed thus far, but
such studies could provide useful information on mecha-
nisms driving shifts. Finally, we limited our review to
articles providing species-level range shift information,
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but excluded many articles documenting assemblage-
level changes.

Limitations in the underlying articles may have affected
our review conclusions. First, the number of observa-
tions for different range dimensions, parameters, and
taxonomic groups was skewed. We had fewer depth
or longitude observations than latitude or elevation,
and trailing-edge observations were less common than
leading-edge or within-range shifts. Plants, insects, and
birds were studied far more often than other taxonomic
groups. In addition, very few studies assessed range shifts
in comparison to historical variability (i.e., used continu-
ous data or used multiple years of data to establish base-
line and current range-shift estimates). Range edges are
dynamic [52], so studies that do not account for year-to-
year variability may overestimate shifts.

In addition, it is extremely difficult to quantify meas-
ures of uncertainty for range shift observations as
reported in most of the literature we reviewed. Direct
measures of uncertainty are rarely provided in range
shift studies, which tend to report only absolute changes
in range boundaries or mean distributions and do not
estimate how these estimates are affected by sampling
distributions or observational error. Lack of standard
error estimates in the underlying literature prevented
us from conducting a formal assessment of publication
bias. Therefore, the overall estimates of effect size pre-
sented in this review do not explicitly account for meas-
ures of uncertainty or confidence intervals at the scale
of individual articles. Including measures of uncertainty
in range shift studies would allow us to better assess our
confidence in range shift estimates: in particular, it would
be valuable for studies to assess the degree of historical
variability in range shift boundaries in order to contextu-
alize the significance of contemporary range shifts with
respect to baseline variability.

An additional limitation is that there may be some
degree of correlation between observations of the same
species, or phylogenetically similar groupings, in our
review. While we expect exposure to be a primary deter-
minant of species observed range shifts, we may also
expect that species which are more phylogenetically
related should demonstrate more similar responses,
resulting in a lack of independence of these observations.
While we cannot account for species-level dependence
directly in our models due to model convergence issues,
we do include taxonomic grouping as an explanatory var-
iable when calculating overall effect size, which accounts
for some of this correlation.

Finally, our inclusion of longitudinal range shift obser-
vations was only useful to evaluate precipitation-related
hypotheses if the study explicitly reported the direc-
tion of precipitation changes. This meant that we had to
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record many longitudinal shifts (99%) as indeterminant
regarding their support for this hypothesis. However, if
no shifts occurred but changes in temperature or precipi-
tation were reported, we were able to record shifts as “fail
to support”; “fail to support” observations are therefore
likely over-reported in our review.

Review conclusions

Implications for research

In this review, we assessed whether established range-
shift hypotheses were supported by available evidence.
However, we did not explicitly link observed range shifts
and climate change. Other range-shift analyses have done
this by associating shifts with trends in temperature or
other ecologically relevant climate variables; others by
calculating alignment or mismatch with climatic iso-
therms (i.e., climate velocity). Although these metrics are
useful indicators, they do not assess whether observed
changes are tracking local climate velocities or whether
they are significant compared to historical climate vari-
ability, and therefore whether the species is experienc-
ing changes outside of what is “normal” for its range. To
address this limitation, future range-shift studies should
consider comparing changes to baseline data on histori-
cal range variability. Future studies may consider using
a signal: noise ratio analysis to assess whether exposure
to climate change is historically significant, and if so, the
time of signal emergence [69, 70]. Additionally, species
may be responding to changes in multiple climate vari-
ables that may not be shifting the same way [1]. Few stud-
ies in our review assessed whether species shifts followed
precipitation changes. Considering a variety of tempera-
ture and precipitation variables could improve our ability
to predict shifts.

In addition to considering species exposure to cli-
mate change, assessing species sensitivity and adaptive
capacity may help to explain varying responses [60, 71].
Thus far, studies have not found strong support for spe-
cific traits as predictors of species range shifts [72-74].
However, accounting for exposure, sensitivity, adapta-
tive capacity, and non-climate drivers such as land-use
change together in a vulnerability framework approach
may prove more fruitful [75]. This database could form
the basis for such an analysis. Many articles included in
our review discussed traits or other drivers that might
explain why species shifted as they did. We captured
these explanations qualitatively in our database. Con-
ducting a full text analysis of this section could provide a
useful starting point for identifying key traits or drivers.
From an initial screening, some of the non-climate driv-
ers included land use change or habitat loss, changes in
habitat quality, changes in anthropogenic pressure such
as exploitation or disturbance, and biotic interactions
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such as competition or predation. Traits included behav-
joral plasticity, thermal tolerance, dispersal ability, habi-
tat specialization, and life span. Moreover, our data could
be used for more in-depth analyses of differences among
population subgroups (e.g., male vs. female, age class)
that may further help to explain observed variability.
Finally, future research efforts focusing on better repre-
senting currently underrepresented regions (particularly
the southern hemisphere) and taxonomic groups would
provide information necessary for understanding global
variability. Overall, the dataset produced for this analy-
sis can be used for future research to explore additional
hypotheses to better understand species range shifts.

Implications for management/policy

Species range shifts have the potential to restructure
ecosystems, with implications for biodiversity conserva-
tion, ecosystem functioning, economic development, and
human health and well-being [5]. We have shown that
species shifts are highly variable, with many species not
shifting as expected. Indeed, our direction of shift analy-
sis, which accounted for changes in both occupancy and
abundance, found less support for common range shift
hypotheses than when we only considered magnitude of
shifts. In some cases, changes in species abundance can
be more impactful for ecosystem function and manage-
ment than changes in occupancy. For example, if only a
few individuals have shifted outside their historical range
on the leading edge, it may not trigger new management
plans, but if the abundance greatly increases, new man-
agement plans may be warranted. Additional modeling
and monitoring to anticipate and detect species shifts
is needed to assess when these species may need to be
integrated into management plans [76]. Monitoring the
impacts of range-shifting species would also be benefi-
cial, as shifting species can have unanticipated impacts
on recipient communities [77]. For example, insects seem
to be shifting especially quickly. In general, this could be
a positive sign of adaptation, but can be a concern for
certain pest or disease carrying species [78, 79]. Because
latitudinal shifts are faster on the leading edge than the
trailing edge, monitoring may be especially important on
the leading edge.

Management planning for climate may require more
nuanced examination of evidence. For example, most
amphibians, plants, and reptiles are not shifting as
expected, and overall rates of shift were not different than
zero. For plants, competitive release, or changes in habi-
tat or precipitation/water balance could drive unexpected
shifts, at least for elevation [1, 21]. However, non-shifting
species may warrant additional management attention. In
particular, amphibians are declining globally [80, 81], and
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so lack of shifts to follow changing climate drivers may be
especially concerning.

As species move outside of their current ranges, cur-
rent management practices may no longer be effective.
For example, existing fisheries management is based on
assumptions of stationarity—that population ranges
are generally stable over time [82, 83]. As species move
across sub-national and national borders, transboundary
conflicts are possible [82]. Flexible, pro-active, and trans-
boundary management policies may help address this
challenge [76].
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