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Abstract 128 

The Arctic is warming four times faster than the global average, and plant communities 129 

are responding through shifts in species abundance, composition and distribution. 130 

However, the direction and magnitude of local plant diversity changes have not been 131 

explored thus far at a pan-Arctic scale. Using a compilation of 42,234 records of 490 132 

vascular plant species from 2,174 plots at 45 study areas across the Arctic, we 133 

quantified how species richness and composition have changed over time during a 134 

period of up to four decades (1981 – 2022), and identified the geographic, climatic and 135 

biotic drivers behind these changes. Despite plant species richness being greater at 136 

lower latitudes and warmer plots, pan-Arctic species richness did not change 137 

directionally over time at the plot level. However, 99% of the plots experienced 138 

changes in species abundance, with 66% of plots either gaining or losing species. 139 

Species richness increased most where temperatures had warmed most over time, 140 

and shrub expansion led to greater species losses and decreasing richness. Yet, 141 

Arctic plant communities did not become more similar to each other over time, 142 

suggesting that no biotic homogenisation has occurred thus far. Overall, we found that 143 

Arctic plots changed in richness and composition in all possible directions, yet climate 144 

and biotic interactions still emerged as the main drivers of directional change. Our 145 

results show a variety of diversity trends, which could be precursors of future changes 146 

for Arctic plant biodiversity, ecosystem function, wildlife habitats and livelihoods for 147 

Arctic Communities.   148 
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Introduction 149 

Climate change is altering biodiversity patterns on Earth1,2. At global scales, 150 

biodiversity loss from species extinctions is the prevalent trend3,4. At regional scales, 151 

biotic homogenisation has been observed5,6, while at local scales studies have shown 152 

increased turnover, but often no net richness change7,8. Directional species responses 153 

have been observed across temperate and tropical biomes2,9. However, surprisingly 154 

little is known about species responses at northern latitudes, despite Arctic 155 

ecosystems experiencing four times faster warming than the global average10. Plants 156 

are the foundation of Arctic ecosystems, but we have yet to quantify the effects of 157 

climate change on their abundance, richness and composition.  158 

 159 

The direction and magnitude of Arctic plant diversity change could be shaped by 160 

multiple processes. If species migrate northward as the climate warms, we would 161 

expect a net increase in overall Arctic plant species richness11–13. Reduced Arctic floral 162 

diversity could also result from losses of cold-adapted species14 that cannot cope with 163 

warming temperatures. These declines can be exacerbated by increased competition 164 

from colonising species originating from Low Arctic and boreal latitudes15,16. 165 

Alternatively, richness increases and decreases could balance each other out, 166 

resulting in no net richness change. Yet, the effects of these different pathways on 167 

current and future Arctic plant diversity trends remain poorly understood. Here, we 168 

quantify the direction and magnitude of Arctic vascular plant species diversity changes 169 

over time at the local level (α-diversity) and investigate which geographic, climatic and 170 

biotic drivers affect these trends.  171 

 172 

Species richness patterns are broadly driven by climatic gradients. Macroecological 173 

theory has long established that species richness is greater at lower latitudes, which 174 

are generally warmer17–19. Thus, overall Arctic plant richness is expected to increase 175 

as rapid warming10,20 leads to new warmer thermal niches becoming available to 176 

warm-adapted species. This expectation is further supported by observed climate-177 

induced increases in vascular plant species richness across European 178 

mountaintops21,22, whose elevational gradients mirror latitudinal Arctic gradients. 179 

Spatially, we would expect plant richness to increase at warmer, lower Arctic latitudes 180 

because of the potential influx from the species-rich boreal forest (‘borealisation’)23–25 181 
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and the fact that the Low Arctic flora are more dissimilar to boreal flora than to the High 182 

Arctic flora26. Further processes contributing to plant richness change are the spread 183 

of alien species27,28 and advancing tundra shrublines composed of tall shrub 184 

species29–31. While rapid warming is expected to further shift Arctic biotic communities, 185 

the direction of local plant diversity change remains uncertain11,32, particularly since 186 

large-scale biodiversity trends do not necessarily translate into local changes in 187 

species richness33.  188 

 189 

Biotic interactions are another key driver of species distributions. The presence and 190 

abundance of different functional groups (e.g., graminoids, forbs, shrubs) are 191 

important attributes of plant communities, and changes in dominance of one functional 192 

group can impact others34,35. Climate change can also lead to shifts in the relative 193 

abundance of different functional groups30. For example, the phenomenon of Arctic 194 

shrub expansion has been associated with decreases in lichen, bryophyte and bare 195 

ground cover11,32. Favourable traits such as higher and denser canopies allow tall 196 

shrubs to outcompete shorter species for light, and deciduousness contributes to rapid 197 

resource acquisition36,37. Thus, the presence and abundance of non-shrub vegetation 198 

might decrease due to the shading or nitrogen depletion effect of taller shrubs15,38. 199 

Since the dominance of generalist and competitive species entails increased local 200 

extinction risk for rare species39, we might expect species richness to decrease where 201 

shrub cover has increased over time.  202 

 203 

Temporal changes in spatial dissimilarity of species composition (i.e., spatial β-204 

diversity changes over time) are expected across the Arctic. As observed across other 205 

biomes40, Arctic vegetation might become spatially more homogeneous (i.e., lower β-206 

diversity) with climate change. Tundra landscapes are forecasted to become more 207 

similar to each other due to winter warming and/or the expansion of the same dominant 208 

species across sites, for instance dwarf shrubs in the High Arctic41,42. In fact, biotic 209 

homogenisation at the tundra-forest ecotone can be attributed to shrub expansion43. 210 

Yet, Arctic landscapes could also become more spatially heterogeneous due to 211 

permafrost thaw and hydrology changes, including the development of wetland plant 212 

communities44,45. The borealisation of Arctic ecosystems close to the treeline could 213 

also promote greater variation among Low Arctic plant communities compared to 214 
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circumboreal plant communities46. Overall, uncertainty remains on whether Arctic 215 

plant communities will become more or less similar to each other with climate change.  216 

 217 

Here, we quantify the direction of Arctic vascular plant diversity change through the 218 

calculation of multiple local-scale diversity metrics: richness, richness change, 219 

evenness (Pielou), evenness change, temporal turnover based on presence-absence 220 

and abundance change (Jaccard and Bray-Curtis), and species trajectories (species 221 

gains, losses and persistence). Furthermore, we identify the specific geographic 222 

(latitude, biogeographic region), climatic (moisture, warmest quarter temperature, 223 

precipitation, and their change over time), biotic (functional group composition and its 224 

change over time), and sampling variables (plot size, plot-level species richness and 225 

monitoring duration) driving diversity patterns and trends. Finally, we investigate 226 

whether vascular plant communities across the Arctic are becoming more similar (e.g., 227 

low β-diversity) over time. We use 42,234 records from 2,174 plots in 45 study areas 228 

encompassing 490 vascular plant species, monitored at different intervals over four 229 

decades (1981 – 2022, Figure S1) from a tundra plant community composition 230 

database (Figure 1a, International Tundra Experiment Plus, ITEX+). ITEX+ sites have 231 

a hierarchical structure: species composition data are recorded at the plot level, and 232 

there are multiple plots within a subsite, and multiple subsites within a study area. The 233 

45 long-term monitoring study areas capture most of the variation in temperature and 234 

precipitation across the Arctic tundra (Figure 1b) and represent diverse assemblages 235 

of tundra functional groups (Figure 1c).  236 

 237 

We address three main research questions:  238 

1) How has Arctic vascular plant diversity changed over the past four decades?  239 

We expect an overall increase in plot-level richness (α-diversity) over time across the 240 

Arctic due to colonisations from species with warmer thermal niches, reflecting spatial 241 

patterns such as the latitudinal biodiversity gradient47 and leading to a decrease in 242 

plot-level evenness.  243 

2) Which are the main geographical, climatic, and biotic factors underlying these 244 

diversity changes?  245 
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We expect greater plot-level richness increases in warmer plots and at lower latitudes, 246 

where Low Arctic flora are more differentiated from boreal flora than from High Arctic 247 

flora. We hypothesise that increases in shrub abundance are associated with 248 

decreases in non-shrub vascular plant richness.  249 

3) Are vascular plant communities across the Arctic becoming more 250 

compositionally similar over time?  251 

As sites warm up, they will become available to thermophilous species with lower cold-252 

tolerance and better dispersal capacities48. This could lead to an increased pool of 253 

boreal and Low Arctic species with advanced dispersal and adaptation capacities 254 

above the current treeline24,41,42. We hypothesise that the infilling of warmer thermal 255 

niches by the same southern species will lead to biotic homogenisation of plant 256 

communities (measured as spatial β-diversity through time), as per projections42.  257 

 258 

 259 

Figure 1. Representation of our database within the geographical, climatic, and biotic space. a) 260 

Distribution of study areas, coloured according to mean plot-level richness per study area (n = 45). This 261 

mean calculation is done for visualisation purposes only, with all the analyses and estimates presented 262 

elsewhere using individual plot-level richness, unless stated otherwise. A few of the 45 study areas are 263 

labelled for reference across our latitudinal gradient of 20.78 degrees. Polar projection with a southern 264 

limit of 57 degrees latitude. b) Subsites (n = 115) included in this study as a function of their climatic 265 

space. Background grey points represent a random sample selection of 1,189 locations across the 266 

Arctic for which climatic data were extracted. The subsites included in our study cover an extensive 267 

gradient of the climatic conditions found across the Arctic. c) Relationship between mean cover 268 

(calculated as average cover per functional group over the entire period per plot) of the different 269 

functional groups per plot (n = 2,174). Species-rich plots had greater forb cover, while greater graminoid 270 

cover was associated with species-poor plots. All functional groups were negatively correlated with 271 

each other, and particularly when shrub cover was higher, the cover of graminoids and forbs was lower. 272 

Points represent plots and are coloured according to mean plot species richness over time. Bigger black 273 
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points indicate mean plot cover for each functional group marked on each axis, and the black point 274 

inside the ternary plot indicates the mean cover per plot of all functional groups.  275 

 276 

Results 277 

No directional trend in changes in species richness across the Arctic. Spatial 278 

plot-level richness (calculated as average richness across all years per plot) was 279 

greatest at lower latitudes, with nearly one species fewer per every 5° increase in 280 

latitude (slope = -0.03 species/degree, 97.5% CI = -0.05 to -0.01; Figure 1a, S2a, b). 281 

Richness was also greater at warmer plots, with one species gained every 2°C 282 

increase in warmest quarter temperature (slope = 0.06 species/°C, 97.5% CI = 0.03 283 

to 0.1) and in plots with greater forb cover and lower graminoid cover (Figure 1c, 284 

Table S1). However, plot-level richness change over time was not statistically different 285 

from zero (slope = 0.0019 species/year, 95% CI = -0.0005 to 0.0042; Figure 2b, Table 286 

S1).  287 

 288 

Species richness change was not related to latitude (Figure 2a, Table S1), but 289 

richness increased where temperature had increased the most (Figure 2c, Table S2). 290 

However, after accounting for other covariates (moisture, change in functional group 291 

and precipitation, and sampling variables, see Table S1), this relationship was no 292 

longer statistically significant (Table S2), suggesting combined effects of different 293 

drivers. There was no relationship between mean plot species richness and species 294 

richness change over time (slope = -0.002 species change/species, 95% CI = -0.005 295 

to 0.002). Mean evenness (Pielou) across the Arctic was 0.7 [data bounded by 0 – 1]. 296 

Evenness was greater at higher latitudes and in more diverse plots with high forb cover 297 

and low shrub cover, and in Western North America relative to other regions (Table 298 

S1). Overall, evenness did not change over time (Table S3), but increases occurred 299 

mostly in plots where forb and graminoid cover increased and shrub cover decreased 300 

over time (Table S1). Plots that were more diverse and more even experienced fewer 301 

plot-level species gains and losses (Figure S3).  302 
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 303 

Figure 2. There was no directional change in species richness across the Arctic. a) Richness 304 

change values calculated as the mean slope of richness change across all plots in each of the 45 study 305 

areas. This average is done for visualisation purposes only, with analyses and estimates of richness 306 

change elsewhere calculated at the plot level. Points are coloured according to their richness change 307 

value (including positive and negative values) and sized according to their magnitude of richness 308 

change (in absolute terms). Polar projection with a southern limit of 57° degrees latitude. b) Mean 309 

richness changes across all plots that were surveyed at least twice (n = 1,387 plots), calculated as the 310 

slope of richness over time per plot. The blue line represents mean richness change and its 95% 311 

credible intervals, which is virtually indistinguishable from the zero line (in black). Histogram bin width 312 

is 0.1. c) Richness increased at subsites where warmest quarter temperature increased the most over 313 

time. Points represent richness change slopes at the subsite level (n = 106), the black solid line indicates 314 

the predicted model fit and bands show the 95% credible intervals. All analyses are Bayesian 315 

hierarchical models.  316 
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Changes in species composition. Arctic plots experienced a mean temporal 317 

turnover of 0.21 (Jaccard) and 0.34 (Bray-Curtis) [data bounded by 0 – 1] between 318 

1981 and 2022, reflecting presence-absence and abundance-related turnover at the 319 

plot level, respectively (Figure 3a, b). Greater presence-absence temporal turnover 320 

(Jaccard) was associated with colder plots, regions with stronger warming trends, and 321 

species-poor plots (Figure 3a, b). Conversely, greater abundance-related temporal 322 

turnover (Bray-Curtis) was related to species-rich plots and regions with weaker 323 

warming trends (Figure 3b, Table 1). There were substantially more species 324 

persisting in plots over time (mean = 5.49 species per plot; 64%) than species gained 325 

(1.84; 19%) or lost (1.67; 17%) across plots (Figure S4). Proportions of species 326 

gained, persisting and lost were similar across functional groups, and to overall 327 

database composition (Figure S5; p > 0.05 for all groups in two-proportion z-test, see 328 

Table S4 for top species per trajectory).  329 
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 330 

 331 

Figure 3. Both local climate and climate change over time influenced species’ temporal turnover 332 

and trajectories. a) Relationships between climate (mean warmest quarter temperature, MTWQ) and 333 

two temporal turnover metrics: Jaccard (presence-absence turnover) and Bray-Curtis (presence-334 

absence and abundance turnover). b) Relationships between temperature change over time (slopes 335 

from linear models) and the two turnover metrics. Density plots reflect the distribution of the Jaccard 336 

and Bray-Curtis values across all Arctic plots that were surveyed more than once (n = 1,387). Dotted 337 

lines indicate mean values overall. 612 (44.1%) plots did not change at all in terms of presence-absence 338 

turnover (Jaccard) and only 9 (0.6%) plots did not change at all when considering both presence-339 

absence and abundance turnover (Bray-Curtis). c) Relationships between MTWQ and species 340 

proportion for each trajectory (species gained and lost, persisting species are not displayed). d) 341 

Relationships between temperature change over time (MTWQ) and species proportion for each 342 

trajectory. Lines represent predicted model fits and bands show the 95% credible intervals. Density 343 

plots reflect the distribution of the proportion of gains and losses across all Arctic plots (n = 1,387). 344 

Dotted lines indicate mean values per trajectory. All analyses are Bayesian hierarchical models. 345 



14 
 

 346 

Climate and climate warming influenced species trajectories. There were more 347 

persisting species at warmer and drier plots, and more plot-level species losses and 348 

gains in colder plots (Figure 3c). Stronger warming trends were associated with 349 

reduced plot-level species persistence and higher plot-level losses and gains over time 350 

(Figure 3d). Regional climates across the Arctic varied widely in their annual coldest 351 

quarter temperatures, but less so in their warmest quarter temperatures (MTWQ, 352 

Figure S6a). All subsites experienced MTWQ increases (Figure S6b), and 87.6% of 353 

subsites experienced mean annual precipitation increases over time (Figure S6c). 354 

The magnitude of warming over time was greater at northern latitudes (slope = 355 

0.00033°C/year, 95% CI = 0.00018 to 0.00047).  356 

 357 

Plot-level shrubification corresponded with decreasing species richness. 358 

Decreases in richness were more common in plots where shrub cover increased over 359 

time (Figure 4a), but this relationship was not dependent on the baseline (i.e., initial) 360 

shrub cover (Figure 4d, Table S7). Richness increased over time with increasing forb 361 

and graminoid cover (Figure 4b, c). Similarly, species persistence was related to 362 

decreasing forb and increasing graminoid cover over time. There were more species 363 

losses where shrubs had increased and graminoids had decreased, and more species 364 

gained where forbs had increased (Figure 4e, f).  365 

 366 

Most plots were dominated (i.e., cover was > 50%) by shrubs (n = 1,170, 53.8%), 367 

followed by graminoid-dominated plots (689, 31.7%), plots where none of the 368 

functional groups were clearly dominant (202, 9.3%) and forb-dominated plots (113, 369 

5.2%). Similarly, mean cover across plots was greater for shrubs (50%), followed by 370 

graminoids (37.4%) and forbs (12.6%, Figure S7). Forb cover did not directionally 371 

change over time on average across the Arctic, but shrub cover marginally increased 372 

and graminoid cover decreased over time (Table S5, S6). Species-rich plots had 373 

higher forb cover and lower graminoid cover (Table S1). See Supplementary Results 374 

for the effects of geographic and sampling design variables.  375 
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 376 

Figure 4. Shrub cover influenced species richness change and trajectories. a) Richness 377 

decreased as shrub cover increased over time, but increased when b) forb and c) graminoid cover 378 

increased. Scatterplots represent richness change over time as a function of changes in cover of 379 

shrubs, forbs and graminoids. Points represent slopes of linear models of change in richness and in 380 

functional group change per plot over time. Lines represent predicted model fits and bands show the 381 

95% credible intervals (see Table S1 for full model structure and summary statistics). d) Plot richness 382 

change was related to shrub cover increases over time, particularly at higher values of shrub cover. 383 
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Each arrow connects the first and last monitoring point for each plot, with the arrow head pointing at the 384 

end time point. Arrow colours indicate the relationship between shrub cover increase and plot richness. 385 

‘Positive’ indicates that plot richness increased as shrub cover increased. ‘Negative’ indicates that plot 386 

richness decreased as shrub cover increased. Arrow thickness indicates the magnitude of shrub change 387 

over time. Only plots where shrub cover increased over time are displayed (n = 432). e) Increases in 388 

shrub cover over time were associated with increased species losses and f) decreased species gains 389 

(though this effect was non-significant, see Table S1, S2). Points represent slopes of linear models of 390 

change in shrub cover and the proportion of species per trajectory and plot. Lines represent predicted 391 

model fits and bands show the 95% credible intervals. All analyses are Bayesian hierarchical models. 392 

  393 

We found no indication of biome-wide biotic homogenisation across the Arctic. 394 

Our ordination analyses did not indicate any signs of biome-wide biotic 395 

homogenisation or heterogenisation. Subsites did not become more or less similar to 396 

each other over time as they shifted in their composition in all possible directions, and 397 

their location in the ordination space was broadly driven by latitude (Figure 5a, b). 398 

There were similar distances to centroid between start (i.e., baseline) and end (i.e., 399 

final) timepoints per subsite both for Jaccard (mean ± SD start: 0.66 ± 0.02, end: 0.66 400 

± 0.02) and Bray-Curtis (start: 0.65 ± 0.04, end: 0.65 ± 0.04) (Figure 5c, d, Figure S8; 401 

p > 0.05 in ANOVA for all β-diversity metrics). Mean shifts in distance between 402 

timepoints per subsite was 0.039 ± 0.036 (Jaccard) and 0.04 ± 0.03 (Bray-Curtis, 403 

Figure 5e).  404 
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 405 

Figure 5. Subsites showed no homogenisation or heterogenisation over time across the Arctic. 406 

We calculated temporal change in spatial turnover (β-diversity) between the start (i.e., baseline) and 407 

end (i.e., final) time period for all subsites. Principal Coordinate Analyses (PCoAs) are shown with the 408 

a) Jaccard and b) Bray-Curtis β-diversity metrics. Triangles represent the start time point and circles 409 

represent the end time points for all subsites, joined by a line per subsite indicating the start and end 410 

time point. Points are coloured according to latitude (represented as high, mid and low latitudes based 411 

on the 33.3% quantiles of latitude values). Enclosing ellipses are drawn around subsites following the 412 

same colour scheme, and are estimated using the Khachiyan algorithm. Boxplots show the mean 413 

distance to centroid for all start subsites versus end subsites for c) Jaccard and d) Bray-Curtis scores 414 

derived from PCoAs. e) Mean distances in ordination space between timepoints (start versus end) for 415 

all subsites, calculated as Cartesian coordinates. These values show how much plant communities 416 

have changed in composition and abundance.  417 
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Discussion 418 

Vascular plant species richness was greatest at lower latitudes and in warmer plots of 419 

the Arctic (Figure S2, Table S1). Despite temperatures rapidly increasing over the 420 

past few decades (Figure S6b), we did not find evidence of directional richness 421 

change over time across plots (Figure 2b). Yet, richness increased where subsites 422 

had warmed the most (Figure 2c, Table S2). Plots across the Arctic experienced 423 

changes in community abundance and composition (Figure 3a, b). Species 424 

trajectories were associated with climate, with more species losses in colder plots that 425 

had warmed the most (Figure 3c, d). Increases in shrub cover over time were related 426 

to decreases in richness and evenness, and greater species losses (Figure 4, Table 427 

S1). We found some community resistance to rapid Arctic warming, with fewer species 428 

losses in plots that were more diverse and even (Figure S3). We observed no signs 429 

of Arctic-wide subsite homogenisation as shown by temporal changes in spatial 430 

dissimilarity of species composition (Figure 5, S8). Our results suggest no directional 431 

vascular plant species richness change so far despite substantial shifts in community 432 

composition across the Arctic.  433 

 434 

Contrasting trends of richness change across the Arctic. The latitudinal diversity 435 

gradient extends across the Arctic, with greater plant species richness in low latitudes 436 

and at warm sites (Figure S2, Table S1), in agreement with global latitudinal17,19 and 437 

elevational gradients49,50. Yet, despite rapid Arctic warming, overall plot richness (α-438 

diversity) had not changed directionally across the Arctic over time (0.019 439 

species/decade, Figure 2b), showing the potential for plant communities to change in 440 

a variety of directions. Our results are consistent with the polar terrestrial parts of 441 

global richness change studies7,51,52, reflecting similar numbers of species losses and 442 

gains across plots (Figure S4). While richness change was not related to latitude, 443 

richness increased where temperatures had warmed the most (Figure 2c). However, 444 

after accounting for other variables this relationship was no longer statistically clear 445 

(Table S1, S2), suggesting covariance between temperature change, functional group 446 

composition change and sampling variables. Still, plant communities experienced 447 

substantial turnover over time (Figure 3), which could hint at future richness change53. 448 

Arctic richness increases could result from a combination of different sources of new 449 

biodiversity including: boreal species migrating into the Low Arctic24,54,55, Low Arctic 450 
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species moving towards the High Arctic, and plot colonisations by tundra plants 451 

already present in local species pools (often referred to as ‘hidden’ or ‘dark’ 452 

diversity)56,57. A combination of these pathways is likely to contribute to future Arctic 453 

plant composition change.  454 

 455 

Climate and functional composition influenced diversity change. Climate played 456 

a mediating role in species trajectories over time. A greater proportion of species 457 

persisted locally in warm and dry environments, while there were proportionally more 458 

species losses in cold plots (Figure 3c). Interestingly, species losses were more 459 

frequent at plots that warmed most (Figure 3d). This could be due to cold plots 460 

experiencing greatest warming, cold-adapted species not coping with warming, or 461 

thermophilisation, if warm-adapted species displace those adapted to colder 462 

niches48,58. Indeed, climate is a key driver of plant diversity, community composition 463 

and species distributions59–61, and both cold and warm tolerance might be equally 464 

important for the survival of Arctic plants62.  465 

 466 

Plant diversity declines have been observed in experimental settings at the local 467 

scale63 and projected by modelling studies at the regional scale, which predicted a 468 

decline in Arctic-alpine plant species richness of 15-47%, with endemic plants being 469 

particularly threatened with extinction14. However, we found that the majority of 470 

species thus far (mean = 64%) persisted across plots (Figure S4). Plots with high 471 

species richness and more even communities showed the greatest resistance to 472 

change, with fewer species losses and gains (Figure S3). This result could also be 473 

influenced by species gains and losses being limited by species pool sizes, with gains 474 

and losses being proportionally greater at species-poor plots. Species pool sizes may 475 

also explain greater abundance turnover in lower, warmer latitudes and greater 476 

presence-absence turnover in colder plots (Figure 3a). Overall, greater community 477 

resistance could be linked to the reduced extinction risk derived from greater diversity 478 

and lack of species dominance39,64.  479 

 480 

Shrubification was a main component of richness and compositional change (Figure 481 

5, Table S1). Shrub expansion has been widely reported11,61,65, and we found a 482 

marginally significant increase (i.e., the credible intervals overlapped zero) in Arctic 483 

shrub cover at the plot scale within the ITEX+ dataset (Table S6). Where shrub cover 484 
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increased over time, plots experienced greater species losses, leading to decreases 485 

in species richness and evenness (Figure 4, Table S1). Lower species richness has 486 

been observed with greater shrub cover spatially15,16, and our Arctic-wide results 487 

corroborate site-level reports that increasing shrub cover over time may lead to less 488 

diverse plant communities and the displacement of less competitive species38,66,67. 489 

Conversely, both increasing graminoid and forb cover are associated with increased 490 

richness over time, and increasing graminoid cover was related to fewer species 491 

losses (Figure 5b, c, Table S1). Graminoids were more likely to persist than forbs 492 

(Table S1), perhaps because graminoids are good competitors that can displace 493 

shallow-rooted forbs where they both co-occur due to their deeper root networks, 494 

faster nutrient uptake and greater height68–70. Overall, our findings suggest that 495 

shrubs, and to a lesser extent graminoids, out-compete other groups, especially forbs, 496 

likely due to their often relatively more competitive traits70,71.  497 

 498 

It was not possible to include non-vascular plants (bryophytes and lichens) in our 499 

analyses due to their inconsistent recording across plots72, but their influence on 500 

vascular plant dynamics cannot be discounted. Bryophytes can suppress vascular 501 

plant regeneration73, while lichens have a strong buffering effect on microclimate 502 

extremes, and can thus mitigate further shrubification74. Therefore, plots that were 503 

initially more dominated by non-vascular plants might be more resistant to vascular 504 

plant colonisations, which could explain temporal lags in richness change dynamics. 505 

It remains a priority to expand non-vascular plant surveys to obtain a comprehensive 506 

view of plant diversity change and biotic interactions among functional groups.  507 

 508 

Resistance to change reflects multiple ecological processes. Neither biotic 509 

homogenisation nor heterogenisation (calculated as temporal changes in spatial 510 

dissimilarity) have occurred for Arctic plant communities thus far (Figure 5). 511 

Homogenisation has been forecasted for High Arctic vegetation41,42, and there was an 512 

indication that northern subsites had experienced more consistent species 513 

replacement (Table S1), but overall subsite change happened in all possible directions 514 

across the Arctic (Figure 5a, b). These findings support the observed global 515 

decoupling of compositional and richness change7,8, with more evident temporal 516 

turnover than directional Arctic richness change. One clear consequence of this 517 

temporal turnover is the increase in tundra plant community height over time due to 518 
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the immigration of taller species71. Continued compositional change is likely to lead to 519 

additional shifts in plant traits and the functioning of Arctic ecosystems.  520 

 521 

Our results demonstrate certain resistance of Arctic plant communities to diversity 522 

change (Figure 2b, S3) despite continued warming. However, future research is 523 

required to determine whether tundra ecosystems are indeed exhibiting resilience to 524 

warming75. Other processes that could contribute to a lack of detected diversity change 525 

include: 1) some of the same species being both lost and gained across plots over 526 

time due to stochastic dynamics (Table S4), 2) slow colonisation rates and extinction 527 

lags76 in these communities of long-lived perennial species, 3) the underlying influence 528 

of high intraspecific trait variability on species adaptation77, 4) priority effects causing 529 

heterogeneity in species responses78, 5) herbivore browsing counter-acting vegetation 530 

change79, 6) the buffering effect of microclimate heterogeneity on macroclimatic 531 

change13,80, and 7) the effects of longer growing seasons due to earlier snowmelt81. A 532 

better understanding of the underlying mechanisms that drive biodiversity change will 533 

be key to identifying future rates and hotspots of change under accelerating 534 

warming55,56. Although macroclimate regulates species richness and community 535 

composition, baseline climate context dependencies can affect species responses82, 536 

while varied topography, microclimate and nutrient limitation could mediate ecological 537 

responses and buffer against climate change impacts83–86. Thus, the integration of 538 

micro- and macroclimate, together with other small-scale environmental variables, is 539 

an essential next step to better identify the mechanisms behind Arctic plant dynamics.  540 

 541 

Our findings suggest no consistent vascular plant richness change to date despite the 542 

Arctic experiencing the greatest rates of climate change on Earth. In contrast, species 543 

in the tropics are experiencing slower rates of climate change, but greater magnitudes 544 

of biotic change9. This is possibly due to tropical species having narrower thermal 545 

niches than Arctic species2,9, and having a broad thermal niche might slow Arctic 546 

species’ responses to climate change. Thus far, composition and richness have 547 

changed in different ways and directions across the Arctic, thus showing a strong 548 

influence of site idiosyncrasy on compositional trends. However, climate and biotic 549 

interactions have influenced species trajectories, with species richness increasing 550 

where temperatures increased most and decreasing where shrub cover increased the 551 

most over time. Our results show a variety of diversity trends, which could be 552 
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precursors of future changes for Arctic plant biodiversity, ecosystem function, wildlife 553 

habitats, and livelihoods for Arctic Communities.  554 

 555 

Methods 556 

Plant composition data. We extracted composition and abundance data from the 557 

International Tundra Experiment (ITEX+) database87,88. Our dataset was composed of 558 

42,234 unique records from 2,174 plots within 155 subsites distributed across 45 study 559 

areas encompassing 490 vascular plant species, recorded during different intervals 560 

over the past four decades (1981 – 2022) across the Arctic. All ITEX sites have a 561 

hierarchical structure: species abundance and composition data are recorded at the 562 

plot level, and there are multiple plots within a subsite, and generally multiple subsites 563 

within a study area. ‘Study areas’ indicate general regions ranging in size from several 564 

hundred square metres up to tens of kilometres. ‘Subsites’ are smaller regions, or 565 

clusters of plots, within larger study areas, either located in different habitat types or 566 

created as blocks of plots within study areas, and ‘plots’ are the smallest spatial units, 567 

nested within subsites and study areas.  568 

 569 

Plots range in size (i.e., surface area) based on the plant species community of interest 570 

and landscape characteristics87,89 (mean plot size = 0.57 m2, range = 0.048 to 1 m2). 571 

There is an average of 48 plots per study area (range = 5 to 276), 14 plots per subsite 572 

(range = 1 to 87) and 3 subsites per study area (range = 1 to 11). We use the terms 573 

‘plant communities’ or ‘sites’ when referring more generally to groups of Arctic species 574 

at any scale or resolution. Plots were monitored over different periods during four 575 

decades (Figure S1), with a mean study duration of 8 years (range = 1 to 28), a mean 576 

of 3 monitoring time points per plot (range = 1 to 11) and a mean time between surveys 577 

of 5 years (range = 1 to 26).  578 

 579 

For data cleaning (taxonomic verification, input errors), we followed the same protocol 580 

as Bjorkman et al. (2018)71. Additionally, we retained only Arctic and subarctic plots in 581 

the Northern Hemisphere (> 60° latitude). We kept plots that had consistent sampling 582 

methods and plot sizes over time. We retained data for vascular plants only (shrubs, 583 

graminoids and forbs) since non-vascular plants were not recorded consistently across 584 

study areas. We defined biogeographic regions as Eurasia, Greenland-Iceland, 585 
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Eastern North America and Western North America according to glaciation history90,91. 586 

We kept only plots whose surveyed area was ≤ 1m2 in order to ensure comparable 587 

richness values across plots, given that plant species richness tends to increase with 588 

plot size according to the species-area relationship92. Our database contained 2,174 589 

plots, out of which 787 plots (36.2%) had only been surveyed once (and thus were 590 

only included in spatial analyses) and 1,387 (63.8%) plots were surveyed more than 591 

once (and thus were used for both spatial and temporal analyses). Of all the plots that 592 

were surveyed more than once, 35.3% were surveyed twice, 21.5% were surveyed 593 

thrice, 19.7% were surveyed four times, 23.3% were surveyed five or more times, and 594 

0.5% were surveyed ten or more times.  595 

 596 

Since plant records were surveyed by different methods, we kept those that were 597 

convertible to percentage cover: point-framing with and without X-Y grid coordinates 598 

and cover-equivalent records (e.g., Braun-Blanquet). We kept all types of point-599 

framing data (top hit, top-bottom hits, all hits) since values of overall richness were 600 

similar across methods (Figure S9). We compared data with hit order information and 601 

found that top and top-bottom and all values were very similar, and so were point-602 

framing data with and without coordinates (Figure S9). We converted all values to 603 

relative cover (0 – 100%) to ensure consistency across survey methods (Figure S10). 604 

See Supplementary Methods for a detailed account of data cleaning and cover 605 

conversion.  606 

 607 

We calculated functional group proportion in each plot-by-year by adding up the total 608 

cover of species within a functional group (shrubs, graminoids, forbs), so that the total 609 

vascular plant cover was 100% in each plot-by-year. We also calculated the proportion 610 

of functional group per plot by averaging the proportion of functional group cover 611 

across all years in a plot. We use this metric as an indication of the extent to which a 612 

functional group covers a plot, and refer to it as ‘greater’ or ‘smaller’ cover. Finally, we 613 

calculated functional group change over time by adding up cover values of all species 614 

per functional group and year and fitting linear models of cover over time per plot and 615 

per functional group separately. These slopes (mean annual values of functional group 616 

change) were used as fixed effects in subsequent analyses models (Table S1). We 617 

did not consider in the models those functional groups which were not present neither 618 

at the start nor at the end of the monitoring period for a given plot. We use this metric 619 
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to indicate the degree to which functional group cover had changed over time in each 620 

plot, and refer to it as ‘increasing’ or ‘decreasing’ cover over time.  621 

 622 

Climate data. We extracted, at the subsite level, data from long-term climatologies at 623 

CHELSA (version 1.2.1)93 on mean annual temperature, mean temperature of the 624 

warmest quarter (MTWQ) per year, mean temperature of the coldest quarter (MCQT) 625 

per year and mean annual precipitation (MAT, hereafter ‘precipitation’). Upon 626 

examining correlations between the three temperature variables, we found that most 627 

were correlated with each other. Thus, we used only MTWQ (hereafter ‘temperature’) 628 

as it best represents the growing season conditions and might be more directly related 629 

to the biodiversity patterns of interest explored here9. Additionally, we extracted time 630 

series of the mean daily mean air MTWQ per year and annual precipitation amount 631 

during the period 1979 – 2013.  632 

 633 

Biodiversity metrics. Richness was defined as the total number of species co-634 

occurring in a plot. We refer to ‘richness change’ as changes in richness over time, 635 

including increases, decreases and no change trends. Temporal turnover was defined 636 

as the replacement rate, in terms of species composition, within a focal plot and 637 

between the starting (baseline survey) and the ending (last resurvey) year of the time 638 

period covered by the focal plot. We computed the Jaccard (based on presence-639 

absence only) and Bray-Curtis (which considers both presence-absence and 640 

abundance change) indices. Both metrics were calculated with the ‘betapart’ package 641 

in R94. Evenness defines the relative abundance of different species, with high 642 

evenness indicating similar abundances of species, and low evenness indicating 643 

varying abundances. It is based on Pielou’s J, calculated as H/log(S), where H is 644 

Shannon’s diversity index and S the total number of species95.  645 

 646 

We considered species locally ‘lost’ if they were originally surveyed in a plot, but were 647 

not present in the last resurvey. Similarly, local ‘persisting species’ are those that were 648 

present at both the starting and ending year of the monitoring period. Species ‘gained’ 649 

are those absent during the baseline survey but occurring in the last resurvey. These 650 

species trajectories were only calculated for plots with at least two sampling timepoints 651 

and that had been monitored for longer than four years.  652 

 653 
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Statistical analyses. We employed a Bayesian framework for all analyses. We used 654 

the software and programming language R version 4.1.096. Models were fitted using 655 

the ‘brms’ package94 and ran for as many iterations as necessary to achieve 656 

convergence, which was assessed through examination of the Rhat term and trace 657 

plots. We fitted three main types of models: spatial, two time-point and temporal (Table 658 

S1). Spatial models refer to current biodiversity metrics across space, with one unique 659 

value of the response variable (richness, evenness) measured at the last monitoring 660 

timepoint. Two-time point models use a response variable that has been derived from 661 

two points in time, with a single value providing the measure of change (temporal 662 

turnover via Jaccard and Bray-Curtis, species losses, gains, and persisting species). 663 

Temporal models reflect metrics whose response variable had multiple values over 664 

time, and at least start and end values (richness change, evenness change, models 665 

derived from the spatial homogenisation over time analyses). For each response 666 

variable, we fitted several models (geographical, climatic, functional group 667 

composition, change over time model, plot change over time, subsite) depending on 668 

the level at which the covariates affected the response variable, in order to avoid 669 

collinearity and obscuring patterns between fixed effects (Table S1). We used a 670 

hierarchical modelling approach by including a subsite random effect (as random 671 

intercepts) to account for non-independence of plots within subsites.  672 

 673 

For temporal models (i.e., richness change and evenness change), we followed a two-674 

step modelling approach to examine biodiversity metrics over time. First, we calculated 675 

change over time by fitting linear models of richness and evenness per plot with 676 

sampling year as the fixed effect (one linear model per plot). Then, we extracted the 677 

slopes of change over time per plot and used them as a response variable in a second 678 

set of models to test the relationships between putative drivers of temporal diversity 679 

change which were measured at the plot- or subsite-level (Table S1). We calculated 680 

functional group change over time by fitting linear models of functional group cover 681 

over time per plot. These slopes (mean annual values of functional group change) 682 

were used as fixed effects in several models (as shrub % change, graminoid % change 683 

and forb % change, Table S1). We calculated change over time in temperature and 684 

precipitation by fitting linear models of yearly climatic values over time, and used the 685 

slopes per plot as the climate mean annual as fixed variables in the models (as MTWQ 686 

and precipitation change, Table S1). Thus, multiple plots in the same subsite had the 687 
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same climatic change values, which was accounted for with the inclusion of a subsite 688 

random effect in the models.  689 

 690 

For all temporal metrics, we retained those plots with a minimum of two sampling 691 

points. To obtain the mean richness and evenness change estimate across the tundra, 692 

we fitted high-level models of richness and evenness per year over time and included 693 

nested random slopes per plot within the subsite (Table S3). In these two models, the 694 

year covariate was centred as needed to achieve model convergence. To understand 695 

the effects of increasing shrub cover on richness, we modelled richness change as a 696 

function of shrub cover change and its interaction with starting shrub cover (Table S7). 697 

To understand whether our temporal turnover versus richness models reflected a priori 698 

relationships, we compared them with null models. 699 

 700 

All models included a set of relevant sampling design variables to account for different 701 

surveying methods, survey timing and local context. We included the natural log-702 

transformation of plot size in all models to most closely resemble species-area 703 

relationship theory92,95. The covariates of functional group proportions and richness 704 

were calculated as the mean values across all years to reflect different values over 705 

time in a given plot (Table S1). See Supplementary Results for an overview of the 706 

effects of the sampling design variables on biodiversity metrics. For key results, we 707 

additionally fitted univariate models to understand if relationships were consistent 708 

without the influence of other covariates (Table S2).  709 

 710 

We fitted hierarchical models with different data families depending on the structure of 711 

the response variable (Table S1). These included Gaussian (for numerical values with 712 

a normal distribution), negative binomial (for count data where the variance is greater 713 

than the mean), beta (for values between 0 – 1, excluding 0 and 1), zero-inflated beta 714 

(for values between 0 and 0.99), and zero-one-inflated beta (for values between 0 – 715 

1, including 0 and 1). We specified a prior with a normal distribution for slope and 716 

intercept of the negative binomial distribution, and weakly informative priors for the 717 

other data families. 718 

 719 

When models featured functional group cover or functional group change as 720 

covariates, we fitted three models, each including change in one functional group, in 721 
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order to achieve convergence given that functional group proportions were inherently 722 

negatively correlated. These three models included all the same covariates except for 723 

the functional group in question and are all represented in the same row under FG and 724 

PCHG models in Table S1.  725 

 726 

We performed ordination analyses to understand whether community homogenisation 727 

or heterogenisation had taken place. In order to assess temporal changes in spatial 728 

turnover, we calculated spatial dissimilarity in species composition at the first time 729 

point for all subsites, and at the last time point separately. Principal Coordinate 730 

Analyses (PCoAs) were carried out with the ‘vegan’96 and ‘ape’97 R packages. We 731 

calculated multiple β-diversity dissimilarity metrics (Jaccard, Sørensen, Bray-Curtis, 732 

Modified Gower, Manhattan and Euclidian) for both the start and end time point of all 733 

73 subsites. These dissimilarity metrics had varying degrees of emphasis on 734 

presence-absence versus abundance turnover98.  735 

 736 

Subsequently, we calculated homogeneity of variance between the mean distance to 737 

centroid for start and end subsites, following the methodology outlined in Anderson et 738 

al. (2006)99, and assessed the difference in mean distance to centroid between start 739 

and end time subsites through ANOVAs. Here, centroids indicate the average 740 

community composition across subsites. Then, we calculated the distance between 741 

start and end time points per subsite within the PCoA space for two β-diversity metrics 742 

(Jaccard and Bray-Curtis) through Cartesian coordinates(1), where x2 and y2 refer to 743 

the final timepoint per subsite and x1 and y1 refer to the start timepoint per subsite. 744 

These values reflected the change in community composition and abundance relative 745 

to the start time point of each subsite. Next, we modelled the distances between PCoA 746 

coordinates as response variables against the set of fixed effects in Table S1.  747 

 748 

Finally, we calculated the difference in the distance to centroid between start and end 749 

time for each subsite, and modelled those values as response variables against the 750 

set of fixed effects (Table S1). These values reflected the difference in each subsite 751 

relative to the overall mean composition of subsites across the tundra. An overall 752 

decrease in this distance across all subsites would indicate compositional 753 

homogenisation. As these analyses were carried at the subsite level, all variables were 754 
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imputed as means per subsite considering the values of species abundances in all 755 

plots within each subsite.  756 

 757 

(1) 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑃𝐶𝑜𝐴 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 =  √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2  758 
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