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BioShifts v2 and BioShiftR: tools for navigating and analysing species range 102 
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 104 

Abstract  105 

1. Species are redistributing their ranges globally in response to climate change, but the 106 

fragmented and complex nature of the documented responses make them challenging to 107 

track and analyze. Synthesis of species’ range shifts requires careful integration and 108 

consideration of varying methods and scales of study.  109 

2. Here, we present an updated database that combines two previous data repositories 110 

(BioShifts v1 and CoRE), complete with methodological information from original studies, 111 

spatial datasets of species and study locations, and associated climate exposure metrics 112 

calculated at multiple scales, together comprising a clean and interoperable relational 113 

database for future studies of range shifts.  114 

3. We make these data accessible through a companion open-source software tool, 115 

BioShiftR, that simplifies the navigation and analysis of estimated range shift rates in 116 

light of varying methods and hypothesized climate drivers.  117 

4. Together, these tools will facilitate tractable and robust downstream studies of range 118 

shifts, ultimately improving our understanding of species’ biogeographical responses to 119 

climate change. 120 
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Introduction   126 

 127 

Species are redistributing their ranges across terrestrial, freshwater, and marine realms in 128 

response to climate change, yet observed responses are highly heterogeneous in magnitude 129 

and direction (Lenoir et al., 2020; Rubenstein et al., 2023). As the scientific community grapples 130 

to understand the mechanisms underlying highly variable and idiosyncratic biotic responses 131 

(Lawlor et al., 2024), a comprehensive set of synthesized data and analytical tools are needed 132 

to test hypotheses. Several quantitative and qualitative syntheses compiling scientific studies 133 

and empirical reports of species range shifts have been published (Chen et al., 2011; Lenoir & 134 

Svenning, 2015; Parmesan et al., 1999; Poloczanska et al., 2013; Taheri et al., 2021; Vitasse et 135 

al., 2021), leading to the development of data repositories on biodiversity redistributions (Comte 136 

et al., 2020; Rubenstein et al., 2024). However, a centralized database of range shift estimates 137 

that integrates information about the estimation methods, potential drivers, and contextual 138 

metadata, organized through best practices in database management along with tools to 139 

facilitate their comparative analysis do not yet exist.  140 

Integrating and appropriately analyzing range shift estimates across hundreds of studies is 141 

challenging due to the complexity of the processes that are being documented, as well as the 142 

different procedures through which estimates are made and synthesized. Range shift estimates 143 

stem from multiple studies that rely on a wide variety of data types, geographical contexts, and 144 

analytical methods, which can greatly impact the magnitude and directions of range shift rates 145 

that are detected (Brown et al., 2016; Fredston, 2024). Consequently, systematically accounting 146 

for – or at least compiling – metadata variables describing how range shifts were estimated is 147 

essential for appropriately synthesizing results across studies. 148 

The BioShifts dataset (Comte et al., 2020) and the Contractions and Range Expansions (CoRE) 149 

repository (Rubenstein et al., 2024) represent two of the most comprehensive syntheses of 150 

global range shift estimates to date, but both repositories are difficult to use and integrate due to 151 

the complexity of their structures. Although these repositories contain similar information, they 152 

each include slightly different sets of range shift estimates from published literature, and are not 153 

interoperable due to inconsistencies in metadata collected. For example, although both 154 

repositories included information on how studies accounted for unbalanced sampling designs, 155 

the number of columns was not the same and the categories differed. In addition, the absence 156 

of dedicated analytical tools for organizing and analysing these datasets further limits their 157 

usability. Together, these challenges highlight the need for a standardized and well-structured 158 

database of range shift estimates including harmonized metadata and user-friendly analytical 159 

tools that enable testing hypotheses across heterogeneous data sources.  160 

Although changes in environmental conditions are commonly hypothesized as drivers of range 161 

shifts, relevant exposure metrics are not always included in synthesis databases. If range shifts 162 

are driven by climate change, then information describing the direction and magnitude of climate 163 

shifts during the time period and across the spatial extent of a given study (e.g., climate change 164 

velocity sensu Loarie et al. 2009), are relevant for predicting and explaining biotic responses. 165 

However, quantifying climate exposure at scales relevant to individual species can be 166 

challenging, and the ecological relevance of exposure metrics often depends on the spatial 167 
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resolution at which they are calculated (Da Silva & Diamond, 2024; Heikkinen et al., 2020). 168 

Studies conducted across large spatial extents are likely to experience spatially heterogeneous 169 

climate exposure, and average values within large study areas might misrepresent the climate 170 

pressure experienced by a species whose range extent encompasses only a portion of the 171 

study area. Therefore, calculations of climate change exposure across multiple spatial 172 

resolutions that are relevant to individual species within a given study area can provide a more 173 

meaningful basis for comparing climate-driven expectations to empirical range shift rates 174 

(Oliveira et al., 2026).  175 

 176 

Here, we present the updated and expanded version of the BioShifts database (BioShifts v2), 177 

enhanced through best practices in data management, along with its companion R package, 178 

BioShiftR, a software tool to simplify access, navigation, and analysis of the database. 179 

Bioshifts v2 includes over 31,000 range shift rate estimates for over 12,000 species, collated 180 

from 244 published scientific articles. Each estimate includes extensive metadata describing 181 

study design and estimation procedure (e.g., location, time of observations, method of survey), 182 

as well as standardized taxonomy that enables integration with external data sources. The 183 

database also includes spatial dataframes that link range shift rate estimates to study polygons 184 

and – when available – the intersection between study polygons and focal species’ ranges 185 

(hereafter, species-specific study polygons). Supplementing the data collected from individual 186 

articles, the database also contains several derived variables capturing climate change 187 

exposure within each study polygon and species-specific study polygon over the relevant time 188 

periods (e.g., warming trends, rates of isotherm shifts) calculated from input data at multiple 189 

spatial resolutions. BioShiftR facilitates easy access to the database, with custom functions 190 

to download, filter, and select relevant range shift estimates and associated variables. Together, 191 

Bioshifts v2 and BioShiftR provide direct access to the largest standardized repository of 192 

species’ biogeographic responses to climate change currently available, offering a valuable 193 

resource for investigating the causes and consequences of biodiversity redistribution under 194 

climate change.  195 

 196 

Creation of the BioShifts v2 database 197 

Here, we provide a brief overview of the steps involved in creating BioShifts v2 (Fig. 1), but the 198 

full methodology is detailed in Appendix 1.  199 

 200 

Data from source articles 201 

In order to update the database, we first collated range shift estimates included in BioShifts v1 202 

and in CoRE. To be included in BioShifts v2, studies needed to clearly describe their 203 

methodology and report quantitative, species-level, latitudinal or elevational range shift rates 204 

(see supplement for additional information). Thus, some studies from the original repositories 205 

were excluded if they did not meet these new criteria for inclusion. We then checked for 206 

inconsistencies between the two existing repositories. When differences arose, we manually 207 

rechecked values from original articles to harmonize data extraction between the two 208 

repositories. In order to make values interoperable, we standardized range shift units from 209 

original studies to km/year in the latitudinal direction or m/year in the elevational direction 210 

(codified as “calc_rate”), and we classified estimated shifts into a “direction” value in relation to 211 

https://www.zotero.org/google-docs/?VnQZrZ
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global hypotheses (expansion or contraction for range edges, latitudinal or elevational shift 212 

direction for range centres, no change). In order to aid future meta-analyses and make studies 213 

recognizable to original authors, we also retained original values reported by authors, as well as 214 

statistical significance from the original studies, when assessed (in “author_reported_*” 215 

columns). Some studies reported species’ range shifts as non-significant without providing an 216 

exact value for the shift estimate; in order to minimize positive publication bias, we retained 217 

unquantified non-significant shifts, assigning their standardized rates as zero (in “calc_rate”), 218 

and author reported rates as “null”. Because range shifts were collected from published studies 219 

that used a wide range of data types and methods to quantify shift rates, we collected metadata 220 

for 16 methodological variables for every estimated shift (Table S1). 221 

 222 

 223 
Figure 1. Workflow for the creation of the BioShifts v2 database and the BioShiftR R package. Bioshifts v2 224 
was created by merging range shift articles from BioShifts v1 and CoRE that met new criteria (215 and 180, 225 
respectively, with 64 and 29 articles unique to each individual repository and 151 present in both), harmonizing 226 



 

 

values, and supplementing the range shift dataset with several collected and derived associated metrics (+ symbols). 227 

Then, database management and custom joining functions converted BioShifts v2 into BioShiftR.  228 

 229 

Next, we updated all species names as published in original articles to current accepted and 230 

standardized taxonomy. We retrieved accepted species names (genus and species) and higher 231 

taxonomic ranks (family, class, phylum, and kingdom) using backbone taxonomy from the 232 

Global Biodiversity Information Facility (GBIF). We retained the species name as originally 233 

published (“sp_name_publication”), as well as the checked and updated species name 234 

(“sp_name_checked”) together with any additional distinctions (e.g., subspecies or variant) 235 

specified in the “subspecies” or “sublocality_or_population” columns, and provided standardized 236 

numerical identifiers (AphiaIDs) to facilitate connection with external taxonomic databases. 237 

Taxonomic harmonization reduced the total number of species with shift estimates from 12,857 238 

unique species (as published in original articles) to 12,511 species (after harmonization). 239 

 240 

These steps produced an initial dataset of 31,761 estimated species range shifts measured at 241 

three focal range parameters (leading edge, range centre, and trailing edge) for 12,511 species. 242 

Estimated range shift rates ranged from -63 to +146 km/year across latitudes, and from -119 to 243 

+105 m/year across elevations (where negative values indicate equatorward or downslope 244 

shifts, and positive values indicate poleward or upslope shifts; Fig. 2). Shift estimates spanned 245 

multiple taxonomic and functional groups, but were heavily dominated by vascular plants, birds, 246 

and invertebrates, which together constituted 91% of range shift estimates (Fig. 2).  247 

 248 



 

 

 249 
Figure 2. Overview of range shift estimates collated in BioShifts v2. Estimates of species’ range shift rates 250 
across latitudinal gradients in the terrestrial (which includes freshwater; top row) and marine (middle row) realms, and 251 
across elevation gradients (bottom row). Left column shows the proportion of estimated shifts across shift types and 252 
range parameters; center column shows the distribution of raw estimated shift rates in each group (where positive 253 
values are poleward or upslope and negative values are equatorward or downslope shifts); right column shows the 254 
taxonomic and functional composition of range shift estimates within each group. Note that axes in columns 2 and 3 255 
are square root-scaled to maximize data visibility.  256 

 257 

Derived Data 258 

For every source study, we delineated study polygons based on textual (spatial coordinates, 259 

regional descriptors) or graphical (e.g., maps, figures) descriptions from source articles matched 260 

to national geographic boundaries or delineated manually. When possible, we further delineated 261 

species-specific study polygons by collecting estimates of species’ full distribution ranges for 262 

each (harmonized) species name from multiple sources, and intersecting species’ distribution 263 

ranges with study polygons in which the species’ range shift was assessed. This process 264 

resulted in 18,731 species-specific study polygons that were the same size or smaller than the 265 

corresponding full study polygons. We included spatial features representing all full- and 266 



 

 

species-specific study polygons, and additionally summarized polygons into tabular summary 267 

data including center coordinates, latitudinal and elevational extent, and total area.   268 

 269 

Within all study- and species-specific polygons, we calculated three metrics of climate exposure 270 

covering the temporal duration of each focal study: baseline temperature (the average 271 

temperature over the study period), warming trend (the slope coefficient of the linear model 272 

linking temperature and time), and isotherm velocity standardized in the direction of the gradient 273 

over which the range shift was estimated (latitude or elevation; Fig. 3). Each exposure metric 274 

was calculated for every raster cell covering the area of a focal polygon, then cell values were 275 

averaged – weighted by area and coverage fraction within the given polygon – to achieve a 276 

mean value for the given polygon, as well as metrics of variability between cells (standard 277 

deviation and, in some cases, quantiles). 278 

 279 

 280 
Figure 3: Methods for calculating the velocity of climate change across latitudes and elevations. Isotherm 281 
velocities were calculated for each raster cell across latitudinal (top row) and elevational (bottom row) gradients, then 282 
cell values were summarized within study polygons or species-specific study polygons for each estimated range shift 283 
(Appendix 1).  284 

 285 

Because each of these metrics – particularly, isotherm velocity – is sensitive to the spatial 286 

resolution of the chosen input data (Fig. 4), we calculated each exposure variable using input 287 

temperature data at four spatial resolutions: 1km (terrestrial only), 25km, 50km, and 110km. 288 

Elevation shift exposure variables were calculated only with 1km input data because coarser-289 

resolution elevation layers smooth local topographic variation, substantially reducing the 290 

accuracy and ecological relevance of derived metrics. We provide exposure variables estimated 291 



 

 

across both study and species-specific study areas. In the BioShifts v2 database, 83% of 292 

species-specific study areas were smaller than the full study areas of source articles (on 293 

average, 74% of the size of the full study area); thus, study-level exposure calculations 294 

encompass values from areas that are irrelevant to focal species, and might misrepresent 295 

exposure compared to only the portions of study areas in which focal species are likely to live 296 

(Fig. 5). Species-level exposure calculations therefore offer a more precise estimate of 297 

hypothesized climate drivers for individual species’ shifts, but could not be calculated for about 298 

15% of range shift estimates when species’ range polygons were unavailable.  299 

 300 

 301 
Figure 4. Effect of the spatial resolution of the input temperature raster layer on poleward isotherm 302 
velocities. The calculation of poleward isotherm velocity within the same study area (The British Isles) from 1997 to 303 
2007 shown at two spatial resolutions: 25km cells (top row), and 110km cells (middle row). Comparison of cell output 304 
values from each step of the calculations (bottom row) shows how raw temperature values (column a) and warming 305 
trend values (column b) are largely consistent between coarse and fine spatial resolutions, but spatial gradient values 306 
differ greatly (bottom row, column c) with coarser spatial resolutions producing smaller values. These spatial gradient 307 
values become the denominator in the climate velocity computations (warming trend / spatial gradient), resulting in 308 
absolute velocity values closer to zero when calculated from finer spatial resolution data (bottom row, column d).  309 

 310 
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 312 

 313 
Figure 5. Comparison of poleward isotherm velocities across the full study area (the contiguous USA) and 314 
species-specific polygons for five example bird species. (a) Map of poleward isotherm velocities in km/year at a 315 
25-km resolution across the USA (i.e., the study-level polygon outlined by a solid line) along with species-specific 316 
polygons (intersection of full study area and species range maps) for five example bird species whose range shifts 317 
were documented in BioShifts v2 (polygons 2-6, dotted lines). (b) Distribution of climate velocity values across cells 318 
falling within the full study-level polygon (row 1) and species-specific polygons (2-6). 319 

 320 

The BioShiftR package 321 

We developed the BioShiftR package, implemented in the R software environment, to allow 322 

users to conveniently access and organize range shift data to facilitate comparative analysis 323 

and hypothesis-testing. The BioShiftR package contains 11 functions (Fig. 6, Table S2), 324 

which allow users to load a minimal dataset of range shift estimates from BioShifts v2, filter to 325 

target groups or locations, then add and merge information from associated relational tables 326 

including methodological variables, taxonomic information, spatial attributes, and climate 327 

exposure metrics for every study polygon or species-specific study polygon for each estimated 328 

shift (Appendix 2). In total, the database includes a maximum of 144 associated identifier-, 329 

metadata-, or derived data variables that link to each estimated range shift; the R package is 330 

therefore designed to streamline the management and navigation of the complex database. The 331 

BioShiftR package website (https://bioshifts.github.io/BioShiftR/) includes vignettes and 332 

documentation for every function.  333 

 334 
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 335 
Figure 6. Function guide for BioShiftR R package. Workflows begin with the get_shifts() function, with 336 
helper arguments to filter shift estimates by type, realm, functional group, or location, then pipe to nine additional 337 

functions which add metadata, geospatial data, or derived exposure variables. add_polygons(), the function to 338 

merge in spatial data to the shifts dataset, requires an initial run of download_polygons() to store spatial files 339 
locally (denoted with an asterisk*).  340 

 341 

BioShiftR functions are designed to use a “piped” syntax in R to sequentially add associated 342 

methodological and derived variables to the full range shifts dataframe, or to a potentially 343 

curated subset of it. Workflows begin with the get_shifts() function, which uploads a 344 

minimum dataframe of estimated shift rates within BioShifts v2. Then, additional functions 345 

iteratively add information to the minimal dataframe as needed by users (Table S2), linking the 346 

additional methodological or derived variables by standardized identifiers (species name, article 347 

ID, polygon ID, method ID, or combinations thereof). Because detection methods, taxonomy, 348 

climate change exposure, and geographical location might each affect range shift estimates 349 

either through influencing the detection process or affecting species’ responses to climate 350 

change, we provide the ability for the users to account for these different factors in their 351 

analytical pipelines. Through piping, different supplemental datasets can be queried and linked 352 

in succession, providing information on the range shift assessment method, the species, the 353 

study area, or derived climate predictors, which can each be used to filter, visualize, assess 354 

biases, or explain detected range shift rates (Fig. 7).  355 

 356 



 

 

 357 
Figure 7. Example workflow to query range shift data for hypothesis testing with the BioShiftR R package. 358 
Here, we demonstrate how package functions can be used to (a) access raw range shift estimates for select shift 359 
types and species groups and (b-d) iteratively add contextual meta- and derived data in order to check biases, 360 
contextualize records, and test hypotheses. Package functions to access and add data are displayed in grey boxes, 361 

and plots in each panel are produced from the respective shift datasets (shifts-shifts4). Here, we only show 362 
distributions across space or methods (b, c), but filtering, grouping, or statistically accounting for such differences can 363 
be appropriate in some analyses. See the R Package website vignette for code for reproducing the displayed plots.  364 

 365 

In addition to internal identifying keys to link across 15 relational tables, BioShifts v2 includes 366 

standardized taxonomy identifiers and geospatial metadata of observations, and thus, range 367 

shift estimates can be easily linked to external data sources such as species trait databases and 368 

additional geospatial data layers that might influence observed range shift rates. These possible 369 

linkages are designed to facilitate expansion of possible hypotheses that BioShifts v2 data could 370 

be used to test by allowing incorporation of data over and above what is provided in the 371 

database and package alone.  372 

 373 

Conclusions 374 

The BioShifts v2 database provides the largest collection of documented quantitative species’ 375 

range shift estimates to date, and its companion R package, BioShiftR, offers ease of access 376 

for navigating, organizing, and analysing compiled and derived data. Together, these tools will 377 

be useful for stimulating novel research on drivers of species redistributions. While our aim was 378 

to be comprehensive in collecting the maximum amount of data possible from range shifts and 379 

associated modifying variables, we acknowledge that additional variables that we did not collect 380 

– such as precipitation shifts – might explain some of the variation in recorded range shift rates. 381 

https://bioshifts.github.io/BioShiftR/articles/curating_for_hypothesis_testing.html


 

 

As such, our tools provide information on species, geographies, and original sources for each 382 

documented range shift that will allow users to identify individual shift estimates and supplement 383 

the provided data with other hypothesized drivers.  384 

 385 

As reports of species range shifts accumulate, dynamic tools will accelerate access to the most 386 

up-to-date information. Releasing BioShifts v2 via BioShiftR leaves the door open for future 387 

updates to the database and package as new range shift reports are published. Integrating new 388 

datasets remains a time-consuming task, but the standards and workflows we have produced to 389 

date will provide direction for future data integration. While future updates would benefit most 390 

from repeated systematic literature searches of articles published after the timeframe of the 391 

searches that created the current version (June 2021), we have provided architecture for 392 

authors to submit their own data and articles that we have not yet integrated or that our 393 

searches may have missed (Appendix 3). In the future, we hope to update BioShifts v2 and 394 

BioShiftR regularly by adding the most recent reports of range shift data, expanding to 395 

include non-English language reports, and exploring ways to accelerate and automate this 396 

process. Ultimately, we hope that these tools will facilitate further study of species’ range shifts 397 

to build mechanistic understanding of biogeographical responses to climate change.  398 
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Appendix 1. Methods for creating BioShifts v2. 474 

 475 

Data sources for species range shift rates 476 

BioShifts v2 was created by integrating and enhancing two existing range shift repositories – the 477 

BioShifts v1 archive (Comte et al., 2020) and the Contractions and Range Expansion (CoRE) 478 

repository (Rubenstein et al., 2024) – to create a compilation of quantitative estimates of range 479 

shifts reported in the scientific literature (i.e., none of the raw range shift values were 480 

recalculated and qualitative estimates were excluded) for individual species along latitudinal and 481 

elevation gradients, together with their associated significance (if estimated in original sources). 482 

We focused on these two repositories because although they were initiated independently and 483 

contained unique information, they were both created through systematic literature reviews and 484 

compiled >30,000 range shift observations for thousands of species. The BioShifts v1 initiative 485 

compiled quantitative estimates of latitudinal and elevational range shifts (in km/year or m/year) 486 

across all taxonomic groups (including terrestrial, freshwater and marine species), while the 487 

CoRE initiative included both quantitative and qualitative (e.g., direction) estimates of latitudinal, 488 

elevational, longitudinal, and depth range shifts of animals and plants, as well as abundance 489 

changes across species’ ranges. Both also report methodological attributes related to the 490 

original study design that are structured in similar, albeit not identical, ways, thereby facilitating 491 

data integration. Despite having been initiated through systematic reviews, the set of studies 492 

(i.e., articles) included in the two repositories differed, owing to differences in search processes, 493 

data availability (e.g., data shared directly by authors) and data curation (e.g., CoRE includes 494 

more recent records from articles published after BioShifts v1 publication).  495 

 496 

Harmonization of species range shift estimates 497 

Data harmonization between BioShifts v1 and CoRE was completed by systematically 498 

comparing range shift estimates that were common to the two repositories and by standardizing 499 

estimates that were unique to either repository. For any range shift estimates that did not match 500 

between the two repositories, we manually reviewed the study dates, range shift rates, units of 501 

measurement, and statistical significance to correct any errors in the original repositories. In 502 

some cases, we excluded papers in either of the original repositories from BioShifts v2 because: 503 

(1) the methods in the original study were not described clearly enough to confidently extract the 504 

range shift data; (2) the range shift values were extracted from a figure that was deemed not 505 

extractable; or (3) the range shift estimates were too coarse or approximative (e.g., range shift 506 

angle reported with a precision of 45 degrees). For the range shift estimates unique to either 507 

repository, we reviewed the articles to make sure that they met the same criteria as the articles 508 

shared between the two repositories, and completed the remaining missing fields using a 509 

common database schema. Any range shifts reported at a higher taxonomic level than the 510 

species or that reported imprecise start or end years of the period over which the range shift 511 

was estimated were excluded. For a given species, when range shifts were reported for more 512 

than one geographically distinct survey area or using different temporal resolutions or estimation 513 

methods, we considered them as separate range shift estimates. When range shifts were 514 

reported for different subspecies, varieties, or subpopulations of the same species within the 515 

same survey area, we recorded range shifts separately for each subgroup. Observations were 516 
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labeled with the same species name and article identifier, but distinguished by methodological 517 

identifiers including “subspecies” and "sublocality or population”.  518 

 519 

Out of the 251 original articles in BioShifts v1, 36 were excluded, and out of the 315 articles in 520 

CoRE, 135 were excluded (most of them because they reported qualitative range shift 521 

estimates, abundance shifts, or depth shifts). Of the remaining articles, 151 were common to 522 

both BioShifts v1 and CoRE (representing 22,552 range shift estimates), 64 were unique to 523 

BioShifts v1 (representing 7,262 range shift estimates) and 29 were unique to CoRE 524 

(representing 1,947 range shift estimates). Overall, BioShifts v2 is composed of a total of 244 525 

articles and 31,761 individual species-level range shift estimates across latitudes or elevations 526 

estimated at species’ range edges or range centres (Fig. 1, Fig. 2). 527 

 528 

Standardizing range shift estimates to a common unit 529 

Original studies reported range shift rates in many different ways, including total shift distances 530 

over a period of time (in m, km, or degrees latitude) or directly as rates of change (in m/year, 531 

km/year, degrees/year, sometimes measured at a compass angle). In order to standardize 532 

values across studies, we converted all range shift estimates to a rate using common units, in 533 

km/year poleward for latitudinal studies (with positive values indicating poleward shifts) and in 534 

m/year upward for elevational studies (with positive values indicating upslope shifts). For shifts 535 

that were originally reported as rates of change in the latitudinal or elevational direction, we kept 536 

original shift values, converting units where necessary. For shifts that were reported as total 537 

shift distances, we calculated the shift rate by dividing the shift distance in the latitudinal or 538 

elevational direction, in standardized units of km or m, by the study duration, in years. To 539 

calculate shift distance in the latitudinal direction when shift distances were reported as the 540 

distance shifted at a given compass angle across latitude, we multiplied the distance moved at 541 

the given compass angle, converted to km, by the cosine of the angle in radians. We calculated 542 

the study duration as the difference between the “end year” of the study and the “start year” of 543 

the study plus one to get the total number of years elapsed over the entire study period. If the 544 

range shift was documented using grouped survey census periods rather than single-sample 545 

surveys across years, we calculated the study duration as the difference between the midpoint 546 

year of the last study period and the midpoint year of the first study period plus one. For the 547 

sake of reproducibility and transparency with the original range shift reports, both standardized 548 

range shift rates and the authors’ reported values are available in the final database (with 549 

“calc_” and “author_reported_” prefixes, respectively), together with information to identify the 550 

source articles for each shift estimate (“reference”) and the exact location within source articles 551 

from which author-reported values originated (“author_source”). 552 

 553 

Codifying significance status 554 

When available, we retained information on the authors’ assessment of significance within the 555 

original study that might be useful for future meta-analyses. We systematically codified study-556 

assessment of range shift significance as yes if the magnitude of range shift reported was 557 

assessed as significant within the original study, as no if it was a non-significant shift, or as 558 

uncertain if significance was not assessed. In some cases, shifts were reported as non-559 

significant, but precise estimates of range shift rates were not reported in original articles; for 560 



 

these records, we recorded the standardized range shift rate as 0 but the author-reported range 561 

shift rate with the string, ‘NULL’ instead of a magnitude. We retained all standardized range shift 562 

rates in the database whether or not the authors assessed the reported range shifts as 563 

‘significantly’ different from zero to avoid positive publication bias.  564 

 565 

Direction of range shift rates 566 

To facilitate interpretation, we classified the overall “direction” of each standardized range shift 567 

rate, relative to the expected direction under global climate change for shifts at the range center 568 

(i.e., upwards in elevation or polewards in latitude) or expected range dynamics for shifts at the 569 

range limits (i.e., range contraction or expansion). For shifts measured at the range centre, we 570 

classified negative shifts as towards lower elevation or towards equator and positive shifts as 571 

those towards higher elevation or towards poles, depending on the gradient considered. For 572 

shifts measured at latitudinal or elevational range limits, we classified both negative shifts at the 573 

leading edge and positive shifts at the trailing edge as cases of range contraction. Likewise, we 574 

classified both positive shifts at the leading edge and negative shifts at the trailing edge as 575 

cases of range expansion. Non-significant shifts or range shift rates reported as 0 were 576 

classified as no change.  577 

 578 

Taxonomic harmonization 579 

We harmonized taxonomy in BioShifts v2 to standardize the nomenclature reported by original 580 

studies. For each species listed in original publications, we retrieved accepted species names 581 

(genus and species) and higher taxonomic ranks (family, class, phylum, and kingdom) using the 582 

Global Biodiversity Information Facility (GBIF) backbone taxonomy, accessed via the R 583 

packages rgbif (Chamberlain et al., 2025), bdc (Ribeiro et al., 2022), and taxadb (Norman et al., 584 

2020). When an accepted name could not be resolved through GBIF, we queried alternative 585 

taxonomic authorities, the Integrated Taxonomic Information System (ITIS) and the National 586 

Center for Biotechnology Information taxonomy (NCBI) to identify valid synonyms and 587 

taxonomic classifications. In cases where no accepted name could be confidently retrieved from 588 

any of these sources, we retained the species name and taxonomy as originally reported in the 589 

study. This hierarchical procedure allowed us to maximize taxonomic standardization while 590 

preserving traceability to the original records and minimizing data loss. Species names as 591 

published in original studies (“sp_name_publication”), including any reported subspecies or 592 

variety (“subsp”), and harmonized species names (“sp_name_checked”) are available in the 593 

final database, as well as standardized numerical identifiers (AphiaIDs) to connect BioShifts v2 594 

to external taxonomic databases.  595 

 596 

Methodological variables documenting the estimation process 597 

Species range shifts are estimated using a wide variety of data types (e.g., occurrences from 598 

gridded atlases covering distinct time periods, networks of monitoring sites, multi-year 599 

abundance surveys), sampling procedures (e.g., true resurveys, bootstrapping to equilibrate 600 

surveys across time periods), and statistical definitions of the focal parameter (range edge, 601 

range center). All these decisions during the methodological workflow of a given study can 602 

result in a high variability across estimates (Brown et al., 2016; Fredston‐Hermann et al., 2020; 603 

Lai et al., 2024; Lenoir et al., 2020). To account for methodological differences between studies, 604 
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we included several methodological metadata variables documenting the estimation process for 605 

each range shift estimate in the database (Table S1). Methodological variables are usually 606 

similar across all range shift estimates of a given range parameter along a given spatial gradient 607 

(i.e., latitude or elevation) within a given study, but sometimes can vary between species in one 608 

study, or one study can use multiple methods to estimate shifts for each species. Most 609 

methodological variables are expected to affect – if anything – the precision of range shift 610 

estimates around a hypothetical mean; others do not have a clear influence on range shift 611 

detections, but could introduce some uncertainty to account for in statistical models comparing 612 

standardized range shift rates collated in the database.  613 

 614 

Geospatial information 615 

BioShifts v2 includes two geopackages: one containing spatial polygons delineating the full 616 

spatial extent of each study area and another containing polygons delineating the spatial extent 617 

that each species occupies within the full study area (i.e., species-specific study areas).  618 

 619 

Within each article, we defined a polygon as a geographically distinct survey area across which 620 

the range shift(s) were estimated. We provide textual information describing the location of the 621 

polygon (e.g., California or French Alps) as reported in the original articles, as well as spatial 622 

features delineating these areas. Spatial polygons were delineated based on national 623 

geographic boundaries using the maptools package in the R environment (Bivand, 2023)or 624 

delineated manually based on any meaningful spatial information from the text (e.g., maps, 625 

figures, spatial coordinates) in ArcGIS Pro and Google Earth (Esri, 2024; Gorelick et al., 2017). 626 

 627 

While a set of study area polygons were readily available from BioShifts v1 and were updated to 628 

include study areas for new range shift estimates from CoRE, the polygons that delineate the 629 

spatial extent that each species occupies within the full study area (species-specific study 630 

polygons) were not available and thus represent a novel addition to BioShifts v2. The idea to 631 

add species-specific study area polygons was born from the realization that for studies covering 632 

large geographic areas, the full study area polygon often extends beyond the occupied range of 633 

species within the study (Fig. 4), thereby misrepresenting species-specific climate exposure and 634 

other landscape-level drivers of species range shifts. 635 

 636 

To create species-specific study polygons, we sourced range map polygons from a variety of 637 

published databases (including IUCN [IUCN (International Union for Conservation of Nature) 638 

2024], BirdLife [Bird species distribution maps of the world 2019], GARD [Roll et al. 2017], BIEN 639 

[Maitner 2025], and ButterflyMaps [Daru 2025]) and supplemented them with occurrence-based 640 

polygons. Since we wanted to retain a liberal estimate of the area of the full study in which the 641 

species could have been observed, we combined polygons representing each species’ extant, 642 

extinct, breeding, and non-breeding range together into a single polygon that would be used to 643 

clip the full study area polygon. For species for which no expert range map was available, we 644 

used coarse-resolution regional occurrence data (e.g., species checklists from the GIFT 645 

database [Denelle et al. 2023]), outputs of species distribution models (e.g., Aquamaps, with a 646 

liberal threshold of p > 0.05), or custom convex hulls around filtered GBIF occurrences (using 647 

default parameters of the make_range() function from the gbif.range package; mean number 648 
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of occurrences = 28,158 ± 83,051 SD, range = 30 - 1,575,525) to estimate species’ geographic 649 

ranges. To retain only one range map polygon per species, we selected range map polygons in 650 

the following order of priority when polygons were available from multiple sources: IUCN (n = 651 

1,147), BirdLife (n = 819), GARD (n = 6), BIEN (n = 3,017), Butterfly Maps (n = 202), GIFT (n = 652 

1,107), Aquamaps (n = 111), GBIF convex hull (n = 3,948) (DOIs listed in Table S3).  653 

 654 

We then individually clipped the study area polygon by the range map polygon for each species 655 

observed within that study, resulting in a total of 18,731 species-specific polygons which were 656 

either the same size (in which case no clipping was applied) or smaller than study-level 657 

polygons. Of the 18,731 species-specific study area polygons that could be delineated, roughly 658 

17% were identical in shape to the original study area polygons, indicating study areas were 659 

fully encompassed inside of the range of a species. However, the 83% of species-specific 660 

polygons that do differ from the full study area polygon were, on average, 74% of the size of the 661 

full study area, indicating the importance of this step in improving the precision of climate 662 

change exposure estimates tailored to each species-by-study-area combination. Since 2,572 663 

species had no range map polygon available from any source, there were 4,692 combinations 664 

of species and study areas for which a species-specific polygon is not available.   665 

 666 

We further collected spatial metadata for each species-specific and study-level polygon, 667 

describing the size, placement, and breadth of polygons along the latitudinal and elevational 668 

gradients. Areas and spatial extents were estimated after projecting the polygons to the equal-669 

area Mollweide projection and gridded elevation data were sourced from WorldClim 2.1 at a 1-670 

km resolution (Fick & Hijmans, 2017). 671 

 672 

Climate velocities and climate change exposure 673 

We derived three summarized metrics of climate exposure within study-area and (when 674 

available) species-specific polygons: (1) the baseline (mean) temperature over the study 675 

duration, (2) the warming trend over time, and (3) the velocity of isotherm shifts along latitudinal 676 

or elevational gradients. We calculated each of these variables from input raster data of mean 677 

annual temperature (air temperature or sea surface temperature) at multiple spatial resolutions 678 

(1km for terrestrial study areas only, and 25km, 50km, and 110km for both terrestrial and 679 

marine; 1km only for elevation shifts), recognizing that climate change velocity values and mean 680 

temperature values are sensitive to spatial resolution (Dobrowski et al. 2013; Fig. 3). Mean air 681 

temperature values used for climate exposure metrics in terrestrial study areas originated from 682 

the CHELSAcruts v1 1km x 1km monthly maximum and minimum global temperature dataset 683 

(Karger & Zimmermann, 2018), which we averaged to produce annual mean temperatures for 684 

1901-2016 (Bernhardt et al., 2018), then coarsened to 25, 50, and 110km resolutions by 685 

resampling 1km x 1km rasters to averaged values within coarser grids using the `terra` package 686 

in R. Mean sea surface temperatures were derived from the ORAS5 global ocean reanalysis 687 

monthly dataset (https://data.marine.copernicus.eu), summarized within years for 1958-2019 at 688 

25km x 25km, then coarsened to 50 and 110km resolutions. To represent climatic conditions 689 

that may have contributed to observed species range shifts, annual temperature values were 690 

lagged by one year. For example, the mean annual temperature value assigned to 1960 691 

corresponds to the average of monthly temperatures observed between January and December 692 
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1959. We calculated each exposure metric within each raster cell of a given study area (or 693 

species-specific study area) for the time period covering the study’s duration, then calculated 694 

summary values across cells for each metric (mean and standard deviation for baseline 695 

temperature and warming trend; mean, standard deviation, median, 25th and 75th quantile for 696 

climate velocity). When studies covered temporal durations that extended beyond the limits of 697 

temperature data (1902-2016 for terrestrial, 1959-2019 for marine), we calculated exposure 698 

metrics from the maximum amount of climate data possible. 699 

 700 

We calculated baseline temperature as the average mean annual temperature in the study area 701 

or species-specific study area over the years of the study’s duration, and calculated the average 702 

value and standard deviation across all raster cells. We calculated the warming trend as the 703 

coefficient of the linear model linking mean annual temperature values to years in °C/year for all 704 

raster cells, and again summarized cell values to the mean and standard deviation within the 705 

focal polygon. We also derived new estimates of the velocity of climate change along latitudinal 706 

and elevation gradients using the warming trend and estimates of the spatial gradient of mean 707 

temperature – or changes in mean temperature across space. For each gradient (latitudinal and 708 

elevational), we standardized isotherm velocities to the component only towards that direction in 709 

order to allow direct comparisons to range shift estimates. 710 

 711 

Latitudinal velocities were estimated using an adaptation of the gradient-based method from 712 

Burrows et al. (2011; Fig. 2), building on the VoCC package (García Molinos et al., 2019) and 713 

the gVelocity function from the climetrics R package (Taheri et al., 2024). In order to 714 

estimate climate velocities along the latitudinal gradient, we used the warming trend of cells 715 

within the study area (described above), and the spatial gradient of temperature change across 716 

space. Spatial gradient was calculated as the vector sum of the weighted averages of north-to-717 

south and east-to-west slopes of mean temperature change within 9-cell neighborhoods, from 718 

which we identified the rate (in °C/km) and direction (compass bearing θ) of temperature cooling 719 

across space. In order to reduce the influence of NA values in 9-cell neighborhoods 720 

encompassing focal cells (cells within study areas), we maintained all available raster cells 721 

within a one-cell-width buffer from the focal study area during this calculation, then retained 722 

spatial gradient values for only focal cells. We divided the warming trend of each cell by its 723 

spatial gradient to obtain the absolute rate and direction of isotherm shifts (in km/year, towards 724 

compass bearing θ under warming and in the opposite direction under cooling). Because 725 

division by anomalously flat spatial gradients in the denominator can produce anomalously high 726 

velocity values, we truncated cell velocity values to the 5th and 95th percentile cell values within 727 

study areas when they contained more than 100 raster cells (similar to climetrics). We 728 

extracted the poleward component of the directional isotherm velocity vectors by multiplying the 729 

vector magnitudes by cos(θ * π/180) (standardizing vectors towards 0°N) then multiplying by -1 730 

for southern hemisphere cells to represent the rate of isotherm shifts towards the poles. The 731 

resulting metric is the latitudinal component of poleward isotherm velocity, with positive values 732 

representing poleward isotherm shifts and negative values indicating equatorward shifts. Finally, 733 

we calculated the mean, median, 25th and 75th percentile, and standard deviation of poleward 734 

isotherm velocities, weighted by cell size and coverage fraction within a polygon for every focal 735 

study area polygons, and, when available, species-specific polygons (Fig. 4).  736 
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 737 

We calculated poleward isotherm velocities from input rasters at four spatial resolutions: 1km 738 

(terrestrial only), 25km, 50km, and 110km raster cells. Cell size affects both the variability of 739 

temperatures between raster cells (wherein larger cell sizes have fewer extreme values; Fig. 3), 740 

and the spatial gradient of temperature between cells (wherein larger cell sizes result in flatter 741 

gradients owing to smaller differences between cells and larger distances between them, Fig. 742 

3). Thus, climate velocities calculated from data at coarser spatial resolutions generally have 743 

smaller spatial gradient denominators compared to those calculated from data at finer spatial 744 

resolutions, resulting in higher climate velocity values (Fig. 3). Given the wide range of body 745 

size, mobility, and home range size of species in the dataset, it is also possible that species 746 

interact with climate variability and velocity at multiple scales, and thus, we provide all four 747 

options for climate velocity and related exposure variables.  748 

 749 

We calculated elevational climate velocities as the warming trend of mean annual temperature 750 

(°C/year, as above) within a study area divided by the moist adiabatic lapse rate of temperature 751 

along elevational gradients (Chan et al. 2024; °C/m), resulting in the velocity of isotherm shift up 752 

the “Z” axis of elevation and expressed in m/year. Again, values were calculated per raster cell, 753 

then summarized to the mean, median, 25th and 75th percentile, and standard deviation within 754 

each study area, weighted by cell area and coverage fraction of the cell within the polygon or 755 

species-specific polygon. Elevation velocities were calculated only at 1km spatial resolution only 756 

(Fig. 2).  757 

  758 
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Appendix 2. BioShiftR Column Metadata 759 

BioShiftR Column Metadata 760 

Reference guide to all columns in the BioShifts v2 database that can be downloaded 761 

with the BioShiftR helper functions. Column descriptions are organized by the BioShiftR 762 

functions that are used to access them. 763 

1. Core range shifts dataset  —  get_shifts() 764 

All BioShiftR workflows begin with get_shifts(), which returns a minimal dataset containing the 765 
calculated range shift rates across latitude or elevation, in km/year or m/year respectively, and the 766 
identifier columns needed to connect to other tables of the BioShifts v2 database. 767 

1.1 Identifier Columns 768 

id  769 

Field id 

Description Summary identifier value arranged as article_poly_type_param_method. 
Because the minimal shifts dataframe connects to several other dataframes, 
each containing data at different levels (e.g., some additional information is at 
the "source article" level, while some is at the species or shift level), the 
minimal shifts dataframe contains five separate ID columns (article_id, 
poly_id, type, param, and method_id), which collectively make up the id 
column. These identifiers are nested such that each consecutive identifier 
can—but does not always—contain multiple of the next value. Different 
combinations of these identifiers merge the minimal shifts dataframe to all 
other BioShifts sub-datasets, and they are designed such that within a single 
identifier, a species/subspecies will never be represented more than once. 

Format Character 

Pattern / Examples AXXX_PX_type_param_MXX / A001_P1_LAT_O_M01 

article_id 770 

Field article_id 

Description Identifier for the source publication from which the range shift estimates were 
extracted. Multiple shifts can share the same article_id when a single 
publication documents shifts for multiple species, polygons, range 
parameters, or methods. 

Format Character 

Pattern / Examples AXXX / A001, A002, ... A244 

poly_id 771 

Field poly_id 



 

Description Identifier for the polygon (study area) within the source publication in which 
range shifts were documented. Most publications have one polygon (P1), but 
can have multiple when a publication reported range shifts within multiple 
study areas (e.g., two separate mountains, three ocean basins). 

Format Character 

Pattern / Examples PX / P1, P2, ... P9 

type 772 

Field type 

Description Whether the range shift estimate was documented along the latitudinal or 
elevational gradient. 

Format Character 

Values / Notes LAT (latitudinal), ELE (elevational) 

param 773 

Field param 

Description Whether the range shift estimate was documented at the leading edge (LE), 
defined as the poleward (high-latitude) or upslope (high-elevation) range 
margin within the study area; range center (O), defined as the centroid or 
mid-point of the species distribution within the study area; or trailing edge 
(TE), defined as the equatorward (low-latitude) or downslope (low-elevation) 
range margin within the study area. We note that we used the definition 
provided in the original articles; we did not attempt to verify whether the range 
margins aligned with the cold and warm species range limits, nor did we 
verify whether the range limits within the study areas aligned with the ‘true’ 
range limits of species distributions 

Format Character 

Values / Notes LE (leading edge), TE (trailing edge), O (range center) 

method_id 774 

Field method_id 

Description Identifier for the detection method used within the preceding group levels. 
Usually, studies use only one method for all range shift estimates that they 
reported (M01), but in some cases, studies reported range shift estimates 
across multiple timeframes (e.g., 1950–1975, 1975–2000, 1950–2000) or 
using two different statistical methods, resulting in detections with identical 
values of all preceding columns. These cases are separated into M01, M02, 
and so on. 

Format Character 

Pattern / Examples MXX / M01, M02, ... M24 

 775 



 

1.2 Core Shift Metric Columns 776 

calc_rate 777 

Field calc_rate 

Description The standardized range shift rate in km/year for latitudinal shifts and m/year 
for elevational shifts. This is the primary shift metric in the database, 
recalculated from the original author-reported values to ensure consistency 
across studies. 

Format Numeric 

Values / Notes Positive values indicate poleward or upslope shifts; negative values indicate 
equatorward or downslope shifts 

calc_unit 778 

Field calc_unit 

Description The unit of measurement for the calculated range shift rate (calc_rate). 
Latitudinal shifts are reported in km/year and elevational shifts are reported in 
m/year. 

Format Character 

Values / Notes km/year (for LAT shifts), m/year (for ELE shifts) 

direction 779 

Field direction 

Description The overall “direction” of each standardized range shift rate, relative to the 
expected direction under global climate change for shifts at the range center 
(i.e., upwards in elevation or polewards in latitude) or expected range 
dynamics for shifts at the range limits (i.e., range contraction or expansion). 
For shifts measured at the range center, we classified negative shifts as 
towards lower elevation or towards equator and positive shifts as those 
towards higher elevation or towards poles, depending on the gradient 
considered. For shifts measured at latitudinal or elevational range limits, we 
classified both negative shifts at the leading edge and positive shifts at the 
trailing edge as cases of range contraction. Likewise, we classified both 
positive shifts at the leading edge and negative shifts at the trailing edge as 
cases of range expansion. Non-significant shifts or range shift rates reported 
as 0 were classified as no change. 

Format Character 

Values Lower Elevation (shift towards lower elevation at the range center), Higher 
Elevation (shift towards lower elevation at the range center), Towards Poles 
(shift towards higher latitudes at the range center), Towards Equator (shift 
towards lower latitudes at the range center), Expansion (positive shift at the 
leading edge or negative shift at the trailing edge), Contraction (negative shift 
at the leading edge or positive shift at the trailing edge), No Change 

 780 



 

1.3 Core Shift Taxonomic Columns 781 

sp_name_publication 782 

Field sp_name_publication 

Description Species name as reported in the original source publication. May differ from 
the harmonized name in sp_name_checked due to spelling variations or 
taxonomic updates. 

Format Character 

sp_name_checked 783 

Field sp_name_checked 

Description Species name after validation and harmonization against a standard 
taxonomic backbone. Preferred for analyses requiring consistent species-
level identification. 

Format Character 

subsp 784 

Field subsp 

Description Subspecies or variety as described in the original publication. NA if no 
subspecies or variety was included. 

Format Character 

eco 785 

Field eco 

Description Whether the study was performed in the terrestrial or marine realm. We note 
that the definition of the two realms was based on whether the study occurred 
within the land masses or the oceans and as such, no distinction was made 
for freshwater species (considered as terrestrial here). 

Format Character 

Values / Notes Ter (terrestrial or freshwater), Mar (marine) 

 786 

2. Source Article Information — add_articles() 787 

Adds columns identifying the source publication for each shift. 788 

article 789 

Field article 

Description Internal label identifying the publication or other source in which the range 
shift was originally documented. Labels usually combine author information, 
year and an abbreviated journal or source type, but are not full bibliographic 
citations. Use `reference` for the formatted citation where available.  



 

Format Character 

reference 790 

Field reference 

Description Formatted reference for the source in which the range shift was originally 
documented, following the pattern: author(s), title, abbreviated source or 
journal name, volume, pages or article number, and year. 

Format Character 

doi_url 791 

Field doi_url 

Description Digital Object Identifier (DOI) for the source publication, or the url to the web 
source when a DOI was not available. 

Format Character 

id_bioshifts_v1 792 

Field id_bioshifts_v1 

Description Cross-reference identifier linking the current BioShifts v2 article to the 
equivalent article in the first version of the BioShifts database (v1). Useful for 
tracking records across database versions. Can contain NAs if the article did 
not exist in v1. 

Format Numeric 

Values 1-257 

id_core 793 

Field id_core 

Description Cross-reference identifier linking the current BioShifts v2 article to the 
equivalent article in the CoRE database. Can contain NAs if the paper was 
not included in CoRE. 

Format Numeric 

Values 1-781 

 794 

3. Author-Reported Shift Information —  add_author_reported() 795 

BioShifts v2 recalculates range shifts as standardized rates across latitude or elevation, which are 796 
returned by get_shifts() as `calc_rate` and `calc_unit`.  This function provides the original shift values 797 
as reported from the source publication, with their original units, significance information, magnitude and 798 
angle where relevant, and the location (within the reference publication) from which the reported value 799 
was extracted 800 

author_reported 801 



 

Field author_reported 

Description The raw range shift value as reported by the original study authors, prior to 
any recalculation or standardization. Complements `calc_rate` by preserving 
the original reported shift for reference. 

Format Numeric 

author_reported_unit 802 

Field author_reported_unit 

Description The unit of measurement for the author-reported shift value. May differ from 
calc_unit if the original study used non-standard units (e.g., degrees latitude, 
m/decade). 

Format Character 

Values deg, km, km/year, km/decade, deg/year, m, m/year, m/decade 

author_reported_sig 803 

Field author_reported_sig 

Description Statistical significance of the author-reported range shift, as stated in the 
original publication.  

Format Character 

Values Y (yes, shift was found to be significant), N (no, shift was not found to be 
significant), U (unknown, significance of the shift was not reported) 

author_reported_magnitude 804 

Field author_reported_magnitude 

Description The magnitude of the author-reported shift if the article provided a shift value 
with a compass direction (i.e., if the latitudinal component of the range shift 
was not directly provided). Values are NA if the original shift estimates were 
provided in a different format.  

Format Numeric 

author_reported_angle 805 

Field author_reported_angle 

Description The angle of the author-reported shift if the article provided a shift value with 
a compass direction (i.e., if the latitudinal component of the range shift was 
not directly provided). Values are NA if the original shift estimates were 
provided in a different format. 

Format Numeric 

author_source 806 

Field author_source 



 

Description Indicates the location or table within the original publication from which the 
author-reported shift value was extracted (e.g., main text, supplementary 
table). 

Format Character 

 807 

4. Methodological Parameters — add_methods() 808 

Adds methodological parameters describing how each individual shift was detected, including temporal 809 
coverage and detection methods. 810 

sublocality_or_pop  811 

Field sublocality_or_pop 

Description When relevant, the distinguishing group, subpopulation, or other identifying 
difference for multiple shifts recorded for the same species within the same 
study polygon and focal range parameter and using the same methods (e.g., 
saplings vs. adults, queen vs. worker bees, fall vs. spring trawl sampling).  

Format Character 

Values Free text descriptions of focal groups within a species and study polygon 

start_firstperiod 812 

Field start_firstperiod 

Description The start year of the first study time period over which the range shift was 
detected. If detections are made via distinct annual surveys-resurveys (e.g., 
1965 versus 2007), start, midpoint, and end years will be the same for each 
period. For “census” surveys (e.g., occurrence records from 1965-1969 
versus 2007-2009), start, midpoint, and end will describe the census period.  

Format Integer 

midpoint_firstperiod 813 

Field midpoint_firstperiod 

Description The midpoint year of the first study time period. Calculated as the mean of 
start_firstperiod and end_firstperiod. If detections are made via distinct 
annual surveys-resurveys (e.g., 1965 versus 2007), start, midpoint, and end 
years will be the same for each period. For “census” surveys (e.g., 
occurrence records from 1965-1969 versus 2007-2009), start, midpoint, and 
end will describe the census period. 

Format Integer 

end_firstperiod 814 

Field end_firstperiod 

Description The end year of the first study time period over which the range shift was 
detected. If detections are made via distinct annual surveys-resurveys (e.g., 



 

1965 versus 2007), start, midpoint, and end years will be the same for each 
period. For “census” surveys (e.g., occurrence records from 1965-1969 
versus 2007-2009), start, midpoint, and end will describe the census period. 

Format Integer 

start_lastperiod 815 

Field start_lastperiod 

Description The start year of the last study time period over which the range shift was 
detected. If detections are made via distinct single-year surveys-resurveys 
(e.g., 1965 versus 2007), start, midpoint, and end years will be the same for 
each period. For “census” surveys (e.g., occurrence records from 1965-1969 
versus 2007-2009), start, midpoint, and end will describe the census period. 

Format Integer 

midpoint_lastperiod 816 

Field midpoint_lastperiod 

Description The midpoint year of the last study time period. Calculated as the mean of 
start_lastperiod and end_lastperiod. If detections are made via distinct annual 
surveys-resurveys (e.g., 1965 versus 2007), start, midpoint, and end years 
will be the same for each period. For “census” surveys (e.g., occurrence 
records from 1965-1969 versus 2007-2009), start, midpoint, and end will 
describe the census period. 

Format Numeric 

end_lastperiod 817 

Field end_lastperiod 

Description The end year of the last study time period over which the range shift was 
detected. If detections are made via distinct annual surveys-resurveys (e.g., 
1965 versus 2007), start, midpoint, and end years will be the same for each 
period. For “census” surveys (e.g., occurrence records from 1965-1969 
versus 2007-2009), start, midpoint, and end will describe the census period. 

Format Integer 

n_periods 818 

Field n_periods 

Description Total number of distinct temporal units that were used to estimate the range 
shifts. For example, for range shifts estimated between two census periods 
(e.g., 1965-1969 and 2007-2009), the number of temporal units is two; for 
range shifts estimated using annual time series, the number of temporal units 
would be the number of years in the study period. 

Format Integer 

duration 819 



 

Field duration 

Description Total study duration in years, estimated as the difference between the 
midpoint year of the second study period and the midpoint year of the first 
study period + 1.  

Format Numeric 

grain_size 820 

Field grain_size 

Description The spatial resolution of the species data used to estimate the shifts: less 
than 1 km2, such as a well-delineated site or transect (small): 1–10 km2, such 
as a gridded atlas (moderate); 10–100km2, such as sub-regions or 
ecoregions (large): or >100km2, such as states or provinces (very large). 

Format Character 

Values Small (<1km2); moderate (1-10 km2); large (10–100 km2); very_large (>100 
km2) 

sampling 821 

Field sampling 

Description The temporal distribution of sampling used to estimate range shifts. 

Format Character 

Values TWO - two time periods used to estimate range shifts; IRR/AGG - three time 
periods composed of one or more years or aggregated such as in decadal 
intervals; MULTIPLE (continuous) - multiple time units that were treated as 
continuous in the estimation process even if they may be irregular; 
CONTINUOUS - multiple and regular sampling periods 

category 822 

Field category 

Description Broad methodological category describing how range shifts were detected 
(e.g., resurvey, time series analysis). 

Format Character 

Values Whether the range shifts were estimated between two distinct years (Survey-
Resurvey), between two periods composed of more than one year of species 
data (CensusPeriods), using (usually annual) time series data (TimeSeries), 
or using species distribution limit estimates gathered from previous literature, 
generally spanning multiple years (Synthesis). Cases in which the first and 
last time period had different compositions are indicated as Survey-Census or 
Census-Resurvey  

obs_type 823 

Field obs_type 



 

Description The type of species data used to estimate the range shifts, i.e., occurrences 
versus abundances. Even if the underlying dataset includes abundances, if 
the data were transformed to presence-absence to estimate the range shift 
(e.g., using the northernmost documented presence), the data type is 
classified as occurrence. 

Format Character 

Values occurrence, abundance 

uncertainty_distribution 824 

Field uncertainty_distribution 

Description Whether the data used to estimate the range shifts were pre-processed to 
account for spatial imbalances across time periods arising from unbalanced 
sampling designs or varying species detectability. 

Format Character 

Values The same spatial units were resurveyed (Resurveyed), the data were used 
without any pre-processing (Raw), the data were resampled using statistical 
techniques such as bootstrapping (Resampling), statistical models such as 
generalized linear models were used to estimate the range shifts (Model), 
statistical models accounting for species imperfect detection were used to 
estimate the range shifts (Detectability), or any combinations of these 
categories. 

position_definition 825 

Field position_definition 

Description The statistical definition of the focal range parameter used to estimate range 
shifts in the original article, including definitions such as “95th percentile of 
latitudinal occurrences”, and “Latitude of the provincial boundary of the 
northernmost province occupied”. 

Format Character 

Values Free text descriptions of methods from original articles 

position_definition_category 826 

Field position_definition_category 

Description Broader categorical grouping of the position_definition, allowing comparison 
across studies that use conceptually similar but operationally distinct 
definitions. For example, “5% occurrence”, “2.5% occurrence”, “10% 
occurrence” are grouped as “Quantile”. 

Format Character 

Values Central tendency: range center defined using methods such as mean, 
median, midpoints, or weighted means.        
Furthest occurrence: range edge defined by the furthest observed individual.     
Mean/median of extremes: range edge defined by the average or median 
position of a defined subset of the furthest range observations, e.g., the mean 
latitude of the 10 furthest occurrences. 



 

Model: range positions defined using model output                   
Political boundary: range edges defined using political boundaries such as 
country borders.      
Quantile: percentiles or weighted percentiles used to define range edges or 
centroids                
Unclear: range edge definition not provided or does not fit into prior 
categories  

 827 

5. Taxonomic Information — add_taxo() 828 

Adds full taxonomic classification for each species. 829 

kingdom 830 

Field kingdom 

Description Taxonomic kingdom to which the species belongs. 

Format Character 

phylum 831 

Field phylum 

Description Taxonomic phylum to which the species belongs. 

Format Character 

class 832 

Field class 

Description Taxonomic class to which the species belongs . 

Format Character 

family 833 

Field family 

Description Taxonomic family to which the species belongs. 

Format Character 

taxon_id 834 

Field taxon_id 

Description Standard taxonomic identifier for the species, drawn from a recognized 
taxonomic reference (e.g., GBIF, ITIS, or NCBI taxonomy). Enables 
consistent cross-referencing with external databases. 

Format Character 

 835 



 

6. Climate Baseline Variables — add_baselines() 836 

Adds the average temperature within the study area (or species-specific study area) over the study 837 
duration. Column names vary by the statistic requested via the type, stat, and res arguments. 838 

baseline_temp_{stat} 839 

Field baseline_temp_{stat} 

Description Average temperature within the study area (or species-specific study area 
clipped to the species range, when available) over the duration of the study 
period. The statistic applied (either mean or standard deviation) is indicated 
by the {stat} placeholder in the column name, so it will either be 
baseline_temp_mean or baseline_temp_sd. 

Format Numeric 

Values / Notes Units: degrees C 

baseline_res 840 

Field baseline_res 

Description Spatial resolution (in km) of the raster data used to calculate baseline 
temperature values.  

Format Character 

Values 1km, 25km, 50km, 110km 

 841 

7. Climate Trend Variables — add_trends() 842 

Adds the average change per year in temperature within the study area over the study duration. Positive 843 
values indicate warming trends; negative values indicate cooling. Column names vary by statistic and 844 
resolution. 845 

trend_temp_{stat} 846 

Field trend_temp_{stat} 

Description Average change per year in temperature (temperature trend) within the study 
area (or species-specific study area) over the study duration. The statistic 
applied (either mean or standard deviation) is indicated by the {stat} 
placeholder, so it will either be trend_temp_mean or trend_temp_sd. Positive 
values indicate warming; negative values indicate cooling. 

Format Numeric 

Values / Notes Units: degrees C/year 

trend_res 847 

Field trend_res 

Description Spatial resolution (in km) of the raster data used to calculate temperature 
trend values. Terrestrial latitudinal study areas are calculated at 1, 25, 50, 



 

110km, marine latitudinal studies are calculated at 25, 50, 110km, and 
elevation studies are calculated only at 1km. 

Format Character 

Values 1km, 25km, 50km, 110km 

 848 

8. Climate Velocity Variables — add_cv() 849 

Adds the velocity of isotherm shifts (climate velocity) in the latitudinal or elevational direction within the 850 
study area.  851 

along_gradient 852 

Field along_gradient 

Description Gradient along which climate change velocity in cv_temp_var is calculated. 

Format Character 

Values  latitude, elevation 

cv_temp_{stat} 853 

Field cv_temp_{stat} 

Description Velocity of isotherm (climate velocity) shifts along the latitudinal or elevational 
direction within the study area or species-specific study area over the study 
duration. Positive values indicate shifts towards higher latitudes or elevations, 
while negative velocities indicate shifts towards the equator or lower 
elevations. Units are km/year for latitudinal shifts and m/year for elevational 
shifts. 
 
Climate velocities for the study area or species-specific study area were 
calculated using the mean, median, 25th (q25), and 75th (q75) percentiles, and 
standard deviation (sd). By default, {stat} is mean, i.e., “cv_temp_mean”, and  
specific metrics can be selected using the stat argument in the add_cv() 
function.  

Format Numeric 

cv_temp_var 854 

Field cv_temp_var 

Description The variable used for climate velocity calculations (cv_temp_{stat} columns), 
either "Mean Air Temperature" or “Sea Surface Temperature" 

Format Character 

cv_res 855 

Field cv_res 



 

Description Spatial resolution of the raster data used to calculate climate velocity values. 
Note that coarser resolutions will generally produce faster velocities, since 
climate velocity is calculated as climate trend / spatial gradient. 

Format Character 

Values 1km, 25km, 50km, 110km 

9. Study Area Polygon Information — add_poly_info() 856 

Adds summary information for the study area or species-specific study area polygon in which the shift 857 
was detected. 858 

lat_min 859 

Field lat_min 

Description Minimum projected y-coordinate of the study area or species-specific study 
area polygon, in meters, in the Mollweide projection.  

Format Numeric 

lat_max 860 

Field lat_max 

Description Maximum projected y-coordinate of the study area or species-specific study 
area polygon, in meters, in the Mollweide projection.  

Format Numeric 

lat_cent_deg 861 

Field lat_cent_deg 

Description Latitudinal centroid of the study area polygon, in decimal degrees. 

Format Numeric 

lon_cent_deg 862 

Field lon_cent_deg 

Description Longitudinal centroid of the study area polygon, in decimal degrees. 

Format Numeric 

lat_extent_km 863 

Field lat_extent_km 

Description Latitudinal extent of the study area polygon, in kilometers, calculated as the 
distance from the maximum to the minimum latitude. 

Format Numeric 

ele_mean_m 864 



 

Field ele_mean_m 

Description Mean elevation within the study area polygon, in meters above sea level. 

Format Numeric 

ele_min_m 865 

Field ele_min_m 

Description Minimum elevation within the study area polygon, in meters above sea level. 

Format Numeric 

ele_max_m 866 

Field ele_max_m 

Description Maximum elevation within the study area polygon, in meters above sea level. 

Format Numeric 

ele_extent_m 867 

Field ele_extent_m 

Description Elevational range (extent) within the study area polygon, in meters, calculated 
as ele_max_m minus ele_min_m. 

Format Numeric 

area_km2 868 

Field area_km2 

Description Total area of the study area polygon, in square kilometers. 

Format Numeric 

study_area 869 

Field study_area 

Description Description of the study area location. 

Format Character 

Values / Notes Free text description of the study area location  

 870 

10. Study Area Polygons — add_polygons() 871 

Adds spatial polygons of study areas or species-specific study areas over which shifts were calculated to 872 
the shifts dataframe. Note that this requires polygons to be downloaded locally with 873 
the download_polygons() function first. The function converts the input tibble/data frame to an `sf` simple-874 
features tibble/dataframe, allowing it to be used with spatial methods from the `sf` package. 875 



 

geom 876 

Field geom 

Description Spatial geometry (polygon) of the study area.  

Format sf geometry column, MULTIPOLYGON geometry in WGS 84 geographic 
coordinates  

  877 



 

Appendix 3. BioShifts Data Submission Protocol 878 

 879 

In order to streamline the integration of new range shift reports or old reports that did not appear 880 

in our initial searches into future versions of BioShifts, we have created a suite of resources for 881 

authors to enter their own range shift estimation data. We created a submission form {link}, in 882 

which authors can use our data template to enter their own species-specific range shift data to 883 

the best of their ability. Participation in self-submission will ensure that applicable papers reach 884 

the BioShifts team for screening, and will speed up data extraction, which is not always 885 

externally available to readers of scientific articles. We also created an email address, 886 

bioshifts.data@gmail.com, to which other unformatted submissions or inquiries can be sent.  887 

 888 

 889 

  890 

https://docs.google.com/forms/d/e/1FAIpQLSc1aPJaFdnRQxJMHGj7zpzuStShL_tsbYC81jNxv4gEcaf7xw/viewform?usp=header
mailto:bioshifts.data@gmail.com


 

Table S1: Methodological metadata variables included in the BioShifts v2 database.  891 

Methodological 
Variable(s) 

Column Name Values Definition 

Ecological 
Realm 

eco Ter; Mar Whether the study was performed in the terrestrial or marine realm. 
We note that the definition of the two realms was based on whether 
the study occurred within the land masses or the oceans and as 
such, no distinction was made for freshwater species (considered as 
terrestrial here). 

Range Shift 
Type 

type ELE; LAT Whether the range shifts was estimated along the latitudinal or 
elevational gradient. 

Range 
Parameter 

param LE; O; TE Whether the range shift estimate was documented at the leading 
edge (LE), defined as the poleward (high-latitude) or upslope (high-
elevation) range margin within the study area; range center (O), 
defined as the centroid or mid-point of the species distribution within 
the study area; or trailing edge (TE), defined as the equatorward 
(low-latitude) or downslope (low-elevation) range margin within the 
study area. We note that we used the definition provided in the 
original articles; we did not attempt to verify whether the range 
margins aligned with the cold and warm species range limits, nor did 
we verify whether the range limits within the study areas aligned with 
the ‘true’ range limits of species distributions (see (Parker et al., 
2024) for a discussion). 

First Period, 
Last Period 

start_firstperiod;          

midpoint_firstperiod;         

end_firstperiod; 

start_lastperiod; 

midpoint_lastperiod; 

end_lastperiod 

Integer The characteristic of the first and last sampling periods used to 
estimate the range shift. If detections are made via distinct annual 
surveys-resurveys (e.g., 1965 versus 2007), start, midpoint, and end 
years will be the same for each period. For “census” surveys (e.g., 
occurrence records from 1965-1969 versus 2007-2009), start, 
midpoint, and end will describe the census period.  

Study Duration duration Integer Total study duration in years, estimated as the difference between 
the midpoint year of the last study period and the midpoint year of the 
first study period + 1.  

Number of 
Sampling 
Periods 

n_periods Integer Total number of distinct temporal units that were used to estimate the 
range shifts. For example, for range shifts estimated between two 
census periods (e.g., 1965-1969 and 2007-2009), the number of 
temporal units is two; for range shifts estimated using annual time 
series, the number of temporal units would be the number of years in 
the study. 

Grain Size grain_size small; moderate; 
large; very_large 

The spatial resolution of the species data used to estimate the shifts: 
less than 1 km2, such as a well-delineated site or transect (small): 1–
10 km2, such as a gridded atlas (moderate); 10–100km2, such as 
sub-regions or ecoregions (large): or >100km2, such as states or 
provinces (very large). 

Temporal 
Sampling Type 

sampling TWO; IRR/AGG; 
MULTIPLE 
(continuous); 
CONTINUOUS 

The temporal distribution of sampling used to estimate range shifts: 
estimated between two time units (TWO); three time periods 
composed of one or more years or aggregated such as in decadal 
intervals (IRR/AGG); multiple time units that were treated as 
continuous in the estimation process even if they may be irregular 
(MULTIPLE (continuous)); or multiple and regular sampling periods 
(CONTINUOUS). 

Observation 
Data Type 

obs_type occurrence; 
abundance 

The type of species data used to estimate the range shifts, i.e., 
occurrences versus abundances. We note that even if the underlying 
dataset includes abundances, if the data were transformed to 
presence-absence to estimate the range shift (e.g., using the 
northernmost documented presence), the data type is classified as 
occurrence. 

https://www.zotero.org/google-docs/?rvcnAQ
https://www.zotero.org/google-docs/?rvcnAQ


 

Data Processing uncertainty_distributi
on 

Detectability;            
Model; 
Raw;                        
Resampling;              
Resurveyed; and 
combinations 
thereof              

Whether the data used to estimate the range shifts were pre-
processed to account for spatial imbalances across time periods 
arising from unbalanced sampling designs or varying species 
detectability: the same spatial units were resurveyed (Resurveyed), 
the data were used without any pre-processing (Raw), the data were 
resampled using statistical techniques such as bootstrapping 
(Resampling), statistical models such as generalized linear models 
were used to estimate the range shifts (Model), statistical models 
accounting for species imperfect detection were used to estimate the 
range shifts (Detectability), or any combinations of these categories. 

Sampling 
Strategy 

category Survey-Resurvey; 
CensusPeriods; 
TimeSeries; 
Synthesis; and 
combinations 
thereof 

Whether the range shifts were estimated between two distinct years 
(Survey-Resurvey), between two periods composed of more than 
one year of species data (CensusPeriods), using (usually annual) 
time series data (TimeSeries), or using species distribution limit 
estimates gathered from previous literature, generally spanning 
multiple years (Synthesis). Cases in which the first and last time 
period had different compositions are indicated as Survey-Census or 
Census-Resurvey).   

Definition of 
Parameter 
Position 

position_definition Free text 
descriptions of 
methods from 
original articles 
 

The statistical definition of the focal range parameter used to 
estimate range shifts in the original article, including definitions such 
as “95th percentile of latitudinal occurrences”, and “Latitude of the 
provincial boundary of the northernmost province occupied”. 

Definition of 
Parameter 
Position: 
Categorized 

position_definition_c
ategory 

Categories of 
position_definition 
values 

Summarized groups of position_definition free text values. For 
example, “5% occurrence”, “2.5% occurrence”, “10% occurrence” are 
grouped as “Percentile”. 

Focal 
subpopulation 
or sublocality 
within a 
species/study 

sublocality_or_pop Free text 
descriptions of 
focal groups 
within a species 
and study 
polygon 

When relevant, the distinguishing group, subpopulation, or other 
identifying difference for multiple shifts recorded for the same species 
within the same study polygon and focal range parameter and using 
the same methods (e.g., saplings vs. adults, queen vs. worker bees, 
fall vs. spring trawl sampling).  

 892 
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Table S2. Functions of the BioShiftR R package 894 

Function Arguments Description 

Starter Function 

get_shifts() group, 
realm, 
continent, 
type 

Acquire minimal range shift data from the BioShift v2 
database; easily filter by generalized taxa, realm, 
geography, or shift type. This is the starter function 
that provides data to which any other functions can be 
added.  

Add Specificities of Range Shift Estimates 

add_articles() NA Merge source article identifiers to the range shifts 
database. 

add_author_reported
() 

NA Merge unstandardized, author-reported range shift 
estimates to the range shifts database. 

add_taxo()  NA Merge taxonomy data to the range shifts database. 

add_methods() NA Merge methodological attributes of range shift 
estimates to the range shifts database.  

Add Spatial Data 

add_polygons() type, 
directory 

Merge spatial polygons to the range shifts database. 
Choose to merge polygons of study polygons, or 
species-specific study polygons, when available. 
Polygon databases are stored externally in Open 
Science Framework; the function will prompt a 
download if not already done.  

add_poly_info() type Merge polygon info to the range shifts database, 
including latitudinal and elevational bounds of focal 
polygons, total area, and description of the study area. 

download_polygons() type, 
directory, 
timeout 

Download polygons from external source; precursor 

function to add_polygons(). Choose to download 

study-level (n = 287) or species-specific polygons (n = 
18,731), and the directory in which they should be 
saved.  

Add Derived Climate Exposure Variables 

add_baselines() type, stat, 
res 

Merge baseline temperature values to the range shifts 
database. Choose baseline temperature values 
summarized within study-level or species-specific 



 

polygons, the summary statistic of mean temperature 
calculated across raster cells (mean, sd), and the 
spatial resolution of input temperature data used to 
calculate temperature baselines.  

add_trends() type, stat, 
res 

Merge average temperature trend values to the range 
shifts database. Choose trends summarized within 
study-level or species-specific polygons, the summary 
statistic of cell-wise temperature trends within the focal 
polygon (mean, sd), and the spatial resolution of input 
temperature data used to calculate trends.    

add_cv()  type, stat, 
res 

Merge poleward or elevational isotherm velocity values 
to range shifts database. Choose climate velocities 
summarized over study-level or species-specific 
polygons, the statistic summarized across raster cells, 
and the resolution of input temperature data used to 
calculate velocities.  

 895 
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Table S3. GBIF DOIs for convex hulls 898 

 899 

See attached file: gbif_dois.csv 900 
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