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Abstract 29 

Climate change is expected to drive widespread biodiversity loss, and species persistence may 30 

depend on migration, phenotypic plasticity, or genetic adaptation. In long-lived species with 31 

constrained life histories, however, limited dispersal and slow demographic turnover restrict 32 

these alternatives, increasing reliance on adaptive genetic responses. Under this framework, 33 

adaptive capacity is often inferred from levels of standing genetic variation within populations. 34 

Genetic diversity is therefore widely assumed to buffer populations against environmental 35 

change, yet this assumption remains largely untested. 36 

Here, we integrate population genomics, genome-environment associations, and genomic 37 

vulnerability modelling to assess adaptive capacity across the range of a desert foundation 38 

species, the saguaro cactus (Carnegiea gigantea). We identify two genetically structured 39 

lineages occupying distinct climatic niches with contrasting evolutionary trajectories under 40 

future climates. Despite higher genetic diversity and stronger genome–environment associations, 41 

southern populations exhibit elevated genomic offset and are projected to undergo near-complete 42 

loss of suitable habitat. In contrast, northern populations show lower genomic offset but remain 43 

constrained by physiological limits and restricted recruitment. 44 

Across populations, environmental conditions explain substantially more variation in 45 

performance than genetic factors, indicating a limited contribution of standing genetic variation 46 

to persistence. Our results demonstrate that genetic diversity does not reliably predict adaptive 47 

capacity under rapid climate change. By showing that populations with greater genetic diversity 48 

can nonetheless experience higher genomic mismatch and increased collapse risk, we reveal that 49 

diversity-based metrics can misrepresent vulnerability. These findings call for conservation 50 

frameworks that explicitly integrate adaptive genomic variation with projected environmental 51 

change. 52 

  53 
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Introduction 54 

Climate change is reshaping species distributions and persistence worldwide, placing increasing 55 

emphasis on the capacity of populations to respond to rapidly changing environments (1). To 56 

persist under changing climates, plant populations may rely on multiple, non-exclusive 57 

pathways, including phenotypic plasticity, the use of microrefugia, range shifts tracking suitable 58 

environments, or adaptive genetic change enhancing fitness under novel conditions (2,3). In 59 

long-lived species with constrained life histories, however, limited dispersal and slow 60 

demographic turnover restrict these alternatives, increasing reliance on adaptive genetic 61 

responses. In this context, adaptive capacity has traditionally been inferred from levels of 62 

standing genetic variation within populations. Genetic diversity is widely assumed to buffer 63 

populations against environmental change, therefore commonly used as a proxy for population 64 

resilience and long-term persistence in conservation biology (4,5). However, although the 65 

assumption that genetic diversity predicts adaptive potential has been challenged on theoretical 66 

and conceptual grounds (6), empirical tests remain scarce, particularly in extreme environments 67 

where strong selection may decouple genome-wide diversity from adaptive variation. 68 

 69 

Cacti have long been considered emblematic of plant adaptation to extreme arid environments, 70 

often viewed as inherently resilient to heat and drought. However, increasing reports of mortality 71 

associated with extreme climatic events (7-9) suggest that this perceived resilience may reflect 72 

adaptation to historical conditions rather than capacity to withstand rapid climatic shifts. At the 73 

same time, cacti are among the world’s most threatened plant groups, with roughly one-third of 74 

the ca. 1,400-1,800 species assessed by the IUCN (International Union for the Conservation of 75 

Nature) classified as threatened with extinction, placing the family among the ten most imperiled 76 

groups globally (10). Most cacti are slow-growing, long-lived, and often require decades to reach 77 

reproductive maturity (11-13), characteristics that severely constrain migration and the rate of 78 

adaptive genetic change. In addition, seedling recruitment, the most vulnerable demographic 79 

stage, is typically rare and episodic, occurring only under narrow climatic windows (14), and is 80 

highly sensitive to small increases in temperature and decreases in moisture (15-17). As a result, 81 

effective population sizes are often substantially smaller than census sizes, and although 82 

persistence in microrefugia may buffer short-term declines, it may also reduce genetic diversity 83 

and increase long-term extinction risk. Together, these life-history and ecological constraints 84 

limit the potential for migration and plastic responses, placing greater reliance on adaptive 85 

evolutionary change 86 

 87 

Conservation strategies have traditionally prioritized in situ protection, while ex situ approaches 88 

such as seed banks, living collections, cryopreservation, and tissue culture have served primarily 89 

as complementary safeguards for restoration and potential reintroduction (18-21). However, 90 

rapid climate change introduces substantial uncertainty to in situ conservation outcomes, as 91 

suitable habitats for many species are projected to shift dramatically or disappear within decades 92 

(22-25), increasing the importance of ex situ collections as reservoirs of biodiversity and 93 

evolutionary potential. In response, conservation frameworks have emphasized capturing  94 

high levels of genetic diversity within conservation collections, under the assumption that 95 

standing genetic variation enhances adaptive capacity and long term persistence (18, 26-28). Yet 96 

recent advances in landscape genomics and genomic offset modelling challenge this assumption. 97 

Emerging evidence indicates that populations with substantial genetic variation may still 98 

experience high genomic offset, elevated maladaptation risk, and limited evolutionary rescue 99 
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potential when future climates diverge strongly from historical selective environments (29-31). 100 

These findings suggest that genetic diversity and adaptive resilience represent distinct 101 

dimensions of climate vulnerability, and that conservation strategies based solely on maximizing 102 

genetic diversity may fail to identify populations most likely to persist. Integrative approaches 103 

that explicitly link genomic variation to environmental change are therefore needed to guide 104 

conservation under rapid climate shifts. 105 

 106 

Among cacti, the saguaro (Carnegiea gigantea) stands as both a biological keystone and a 107 

cultural symbol of the Sonoran Desert (32,33; Figure 1). Its ecology has been studied for over a 108 

century (32-39), yet recent mass mortality events associated with extreme heat and prolonged 109 

drought have revealed previously unrecognized physiological limits (7, 40), catalyzed 110 

widespread public concern (Table S1), and raised concerns about its long-term persistence. Once 111 

regarded as a model of desert resilience, the saguaro now provides a powerful system to examine 112 

how climate change can challenge even highly adapted species. Here, we integrate population 113 

genomics, genome-environment associations, and genomic vulnerability modelling to assess 114 

adaptive capacity across the species’ range. We test a central assumption in conservation 115 

biology, that genetic diversity predicts adaptive potential, by linking genomic variation with 116 

climatic gradients and population performance. Our results reveal a decoupling between genetic 117 

diversity and adaptive potential, showing that resilience depends not on the amount of genetic 118 

variation alone, but on its alignment with future environmental conditions, with important 119 

implications for conservation planning and the management of ex situ collections. 120 

 121 

 122 

Results  123 

 124 

Population Structure and Genetic Differentiation 125 

We followed both latitudinal and longitudinal gradients to achieve a comprehensive sampling of 126 

saguaros across its range in the Sonoran Desert (Fig. 1), aiming to capture the region’s 127 

geographical and climatic diversity. The distribution of the saguaro cactus spans a five-fold 128 

gradient in mean annual precipitation, from less than 100mm in the northwestern to about 500 129 

mm in the extreme southern edge of its range (41). Although we did not find evidence of discrete 130 

and geographically separated populations in the field, the distribution of saguaros is not 131 

continuous; large patches devoid of individuals are interspersed with areas of high abundance. 132 

We collected 201 wild tissue samples from 30 localities spread across the US and Mexico (Fig. 133 

1, Supplementary Data). For each locality, we estimated a Health-Score, an integrative estimate 134 

that describes the phenotypic, reproductive, and demographic evaluation of the wild populations. 135 

We genotyped all individuals using a ddRAD-seq approach, generating a total of 9.53 x 108 136 

reads, with an average mapping rate of 97.83 ± 0.94% per individual mapped to the publicly 137 

available saguaro genome (42), and each site supported on average by 26.64 ±5.46 reads. After 138 

SNP calling and filtering (Figure S1), we identified 46,647 genome-wide SNPs distributed in 139 

41.48% of the genome scaffolds and with a per-sample coverage of 94.14%. We characterized 140 

the genetic relationships and population structure among all the saguaros sampled using 141 

maximum likelihood (ML) phylogeny, principal component analyses (PCA) as well as 142 

ADMIXTURE (Figure 2). All these analyses support two well separated genetic groups, that are 143 

coincident with the country of origin of samples, and that we called the North (US) and the South 144 

(Mexico) group.  145 
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 146 

An examination of PCA analyses results shows noticeable differences among the North and 147 

South groups (Figure 2a). Both groups have significantly different variances (Levene's test P < 148 

2.2 x 10-16), being that the North group occupies a more restricted area of the multivariate 149 

genotypic space suggesting lower genetic diversity (Figure 2a-b). Along the four main principal 150 

components, which cumulatively explain 50.99% of the total variance in the data, a multivariate 151 

analysis of variance supported significant differences between localities (MANOVA, Wilk’s λ = 152 

1.8 x 10-8, P < 2.2 x 10-16). Notably, PC1 varied significantly with latitude (linear regression, P < 153 

2.2 x 10-16, R = 0.90; Figure S2) supporting a strong North-South pattern of differentiation. ML 154 

Phylogenetic reconstruction (Figure 2c) also supported a North-South segregation. All samples 155 

from the South lineage formed a monophyletic clade with 100% bootstrap support, whereas 156 

relationships within the northern lineage showed little support, consistent with a rapid expansion 157 

into the northern Sonoran Desert (43). The midpoint of the tree also separated North and South 158 

groups. An analysis of molecular variance (AMOVA) further supports significant differentiation 159 

between these North and South saguaro lineages (P = 9 x 10-4), where 8.9% of the total genetic 160 

variation is explained by this group difference. Consistent with recent divergence and ongoing 161 

gene flow across the range, genome-wide analysis of genetic divergence with FST showed low 162 

divergence between the groups (FST = 0.0106), and only 0.1125% of all SNPs show high 163 

differentiation (FST > 0.25); with a scattered distribution along the genome (Figure S3). 164 

 165 

Individual assignments to ancestral population clusters also suggest bipartite population 166 

stratification within the saguaro (Figure 2d). At K = 2, samples from all localities in the USA 167 

(North populations) were overwhelmingly assigned to a single cluster (average = 0.99, range = 168 

0.91-1.00), while although those from Mexico (South populations) had generally intermediate 169 

assignments, they tend to represent the second cluster (average = 0.70, range = 0.28-1.00). At K 170 

= 5, which showed the lowest average cross-validation error and thus the highest model support 171 

(Figure S4), the North-South differentiation was more evident, since samples from North 172 

populations were mostly assigned to two clusters, while South populations samples had (with 173 

few exceptions) variable assignments to the other three clusters that also include samples in 174 

Mexico. In congruence, analyses with other values of K largely reflect substructure within these 175 

two groups while maintaining a clear North-South division.  176 

 177 

Estimated population parameters reveal contrasting demographic and genetic patterns between 178 

the two groups (Table S2), with overall reduced genetic diversity in the North populations. The 179 

North group exhibits a lower proportion of heterozygous sites (H North HO = 0.1583, South HO= 180 

0.1635) and reduced nucleotide diversity (π = 0.1862 vs. 0.1964 in the South). Southern 181 

populations harbor 2.15% private alleles that are absent from the North. In contrast, northern 182 

populations show a slightly lower inbreeding coefficient (FIS = 0.1503 vs. 0.1685). Both regions 183 

display positive Tajima’s D values, with a higher value in the North (0.5549 vs. 0.4596). 184 

Interestingly, the North group shows a lower mean frequency of deleterious alleles (DL = 0.857 185 

± 0.593) compared with the South (1.00 ± 0.681), and in addition, we observed stronger linkage 186 

disequilibrium in the North group (Figure S5). Together, these patterns may reflect differences in 187 

demographic history or the efficacy of purifying selection between regions and suggest that 188 

deleterious load and genomic vulnerability do not necessarily track overall genetic diversity. 189 

 190 
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Demographic reconstructions coincide with the genetic structure and diversity patterns found. 191 

Results based on the site frequency spectrum (SFS) reveal that both North and South saguaro 192 

lineages experienced population contractions following the Last Glacial Maximum (19-33 kya), 193 

with the decline more pronounced in the North (Figure 3). The SFS of both groups is skewed 194 

toward low-frequency alleles, consistent with historical bottlenecks and recent expansion signals, 195 

particularly in northern populations that show an excess of rare variants and have reached 196 

stability similar to a Wright-Fisher population (Fig. 3a). Stairway Plot analyses indicate a 197 

continuous decline in effective population size (Ne) after the LGM, and a severe bottleneck after 198 

the Penultimate Glacial Period (PGP; 135-109 kya) (Fig. 3b). Present-day Ne estimates are 199 

similar (North ≈ 1,225; South ≈ 1,116), suggesting that despite parallel population size 200 

reductions, the South experiences stronger genetic drift. 201 

 202 

Genetic diversity represented in ex situ collections 203 

In addition to wild populations, we sampled tissue from 23 saguaros randomly selected from the 204 

National Cactaceae Collection (DBG; Phoenix, AZ, USA) and from 24 urban individuals 205 

obtained through collaborations with residents of the Phoenix Metropolitan Valley, who 206 

permitted sampling of saguaros growing on their properties. In total, our dataset comprised 248 207 

unique individuals. Although some saguaros in the Phoenix Valley occur naturally, particularly 208 

near undeveloped slopes and protected desert areas, a substantial fraction of urban individuals, 209 

especially those in landscaped neighborhoods distant from natural habitats, are purchased from 210 

nurseries. 211 

 212 

Both DBG and Urban saguaro samples clustered within the North lineage (Figure 2a-c), with no 213 

representatives of the South group detected either in DBG’s Collection or among plants 214 

safeguarded by residents of the cities in the Phoenix Valley. The multivariate PCA space shows 215 

that while both DBG and Urban samples overlap with the genetic variation of wild North 216 

populations (ANOVA P > 0.05), Urban saguaros span a broader portion of this space (Figure 217 

2b), a pattern also supported by the ML tree (wider distribution of Urban samples across the 218 

Northern lineage, in contrast with a more clustered pattern seen in DBG samples, Figure 2c). 219 

Population genetic parameters corroborate these contrasts: Urban saguaros retained higher 220 

observed heterozygosity (Ho = 0.1694 vs. 0.1604), more segregating SNPs (83.1% vs. 79.3%), 221 

and a greater proportion of private alleles (0.84% vs. 0.27%) than DBG plants, while also 222 

exhibiting lower inbreeding (FIS = 0.1402 vs. 0.181) and lower mean frequency of deleterious 223 

alleles (DL = 0.875 ±0.579 vs 0.983 ±0.726) (Table S2).  Interestingly, several saguaros from the 224 

DBG collection and some Urban saguaros represent a unique ancestry in the North group that 225 

may represent the ancient wild populations of Papago Park (DBG location) and surrounding area. 226 

Notably, the unplanned urban assemblage of ex situ saguaros encompasses greater genetic 227 

diversity than the curated DBG collection, highlighting the central role of community 228 

stewardship in maintaining regional saguaro genetic diversity. 229 

 230 

Signatures of adaptive evolution 231 

We examined allele-frequency patterns across the gene space. From the 46,195 SNPs (filtered 232 

dataset VCF-2, see Table S3), 21,839 (47.27%) mapped to 5,624 independent annotated genes, 233 

primarily within exons (19.5 %) and untranslated regions (2.5 %). We compared Tajima’s D per 234 

gene between North and South populations (Fig. 3c). While values were broadly correlated (R2 = 235 

0.42, p < 2×10⁻16), a subset of genes displayed opposite-sign D values, indicating contrasting 236 
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selective pressures between groups. Outlier genes were identified as those with Δπ > 0.2, FST > 237 

0.25, and opposite Tajima’s D signs, yielding 41 candidates (five with higher diversity in the 238 

North, 36 in the South; Figure 3c and Table S4). Codon-based analyses revealed that 19 (46 %) 239 

harbored at least one site under pervasive positive selection, and 26 (63 %) deviated from 240 

neutrality (dN/dS < 0.96 or > 1.00; Fig. 3d). These findings indicate that a fraction of the saguaro 241 

genome bears signatures of selection, consistent with adaptive divergence among regional 242 

lineages likely shaped by environmental heterogeneity and climatic stress. 243 

 244 

The 41 genes identified as outliers between northern and southern saguaro lineages encompass a 245 

diverse set of biological functions, many of which are plausibly related to stress tolerance and 246 

cellular maintenance (Table S4). Several candidates are associated with proteostasis and thermal 247 

regulation (e.g., heat-shock protein 90, ATP-dependent chaperones), redox and metabolic 248 

homeostasis (NAD(P)H-ubiquinone oxidoreductase), and transcriptional or translational control 249 

(TFIID, ribosomal and initiation factor proteins). Others are linked to cytoskeletal remodeling, 250 

vesicle transport, and organelle gene expressions (myosin-kinesin ATPase, PPR and helicase 251 

proteins), which may contribute to maintaining cellular integrity under environmental stress. 252 

Although functional annotation alone cannot establish causality, the recurrence of genes related 253 

to protein folding, redox regulation, and membrane or structural maintenance suggests that 254 

adaptive divergence in saguaro may involve pathways that enhance physiological stability during 255 

episodes of heat and drought. These findings are consistent with polygenic selection acting on 256 

multiple cellular systems rather than on a single pathway. 257 

 258 

Environmental differentiation and suitability predictions under climate change 259 

Our original georeferenced database comprised 975 saguaros that were visited, photographed, 260 

and sampled for tissue or fruit between 2021 and 2024. After removing redundant records (points 261 

falling within the same spatial grid), 205 unique field records remained. To expand spatial 262 

coverage, we incorporated additional occurrence data from SEINet (Arizona–New Mexico 263 

Chapter; https://swbiodiversity.org/seinet/) and iNaturalist (https://www.inaturalist.org), 264 

resulting in a final dataset of 30,268 georeferenced saguaro records. Both datasets were manually 265 

curated to remove points outside the known species distribution and potential misidentifications. 266 

Genetic group identity was assigned using latitude as a geographic proxy. Based on clustering, 267 

ADMIXTURE, and ML phylogenetic analyses, we defined the Imuris-Nogales region in 268 

northern Sonora, Mexico, as the northernmost limit of the South Group (Figs. 1-2). Records 269 

north of Imuris were classified as 'North', and those to the south as 'South'. Although this 270 

boundary may introduce minor uncertainty near the contact zone, it provides a robust framework 271 

for large-scale geographic analyses. 272 

 273 

Principal component analysis (PCA) of all environmental predictors revealed clear 274 

environmental niche segregation between the North and South genetic lineages, consistent with 275 

their genomic structure (Figure 4a). In the current scenario, the first two principal components, 276 

explaining 56% of total variance, were primarily driven by Annual Precipitation (BIO12), 277 

Maximum Temperature of the Warmest Month (BIO5), and Temperature and Precipitation 278 

Seasonality (BIO15 and BIO4), separating the drier, more temperature-variable North from the 279 

comparatively precipitation-variable South. Species distribution models (SDMs) showed high 280 

predictive performance (AUC values for the South/North lineages: training = 0.94/0.93, average 281 

validation = 0.93/0.91, SD validation = 0.017/0.039), confirming strong climatic signal. For the 282 
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South group, the retained predictors included BIO2 (Mean Diurnal Range), BIO3 283 

(Isothermality), BIO8 (Mean Temperature of Wettest Quarter), BIO9 (Mean Temperature of 284 

Driest Quarter), HAS_q0.75 (75th percentile of hydrologic year accumulated drought severity), 285 

HMD_median (50th percentile of hydrologic year median drought duration), and HMS_mean 286 

(Average of hydrologic year mean drought severity), with several interaction terms (i.e. 287 

BIO3:BIO8, BIO3:BIO9, BIO3:HAS_q0.75, BIO3:HMD_median). For the North group, the 288 

model retained the same core variables plus HAD_q0.75 (75th percentile of hydrologic year 289 

accumulated drought duration), and the same interaction terms. The overlap in retained 290 

predictors suggests that both groups respond to similar temperature and precipitation dimensions. 291 

 292 

Current suitability maps closely match the observed distribution range but reveal contrasting 293 

future trajectories (Fig. 3b-c). The North group show relative increases in suitable area with a 294 

centroid shift northwestward under future Shared Socioecononic Pathway (SSP) scenarios 295 

SSP1(Sustainability) and SSP3 (Regional Rivalry) and further northward under SSP5 (Fossil-296 

Fueled Development; Figure 3b). The South group, in contrast, experiences sharp contraction of 297 

suitable habitat under all SSPs (Fig. 3c). According to our predictions, both under SSP3 and 298 

SSP5 the South group will show a complete disappearance of suitable climatic conditions by 299 

2100. To minimize extrapolation bias, all projections were clamped to the calibration range, 300 

ensuring conservative estimates under severe drought scenarios. Overall, these results indicate 301 

that the two saguaro lineages occupy distinct climatic niches and will likely face markedly 302 

different trajectories under future climate change, persistence only through potential spatial shift 303 

in the North versus near-total range collapse in the South. 304 

 305 

Genetic environment associations and genomic vulnerability 306 

To disentangle the relative influence of genetic and environmental factors on population 307 

performance, we quantified the genetic contribution to variation in the Health-Score, an 308 

integrative measure of phenotypic, reproductive, and demographic condition that reflects how 309 

well populations perform under their local environmental conditions (see full explanation in the 310 

Supplementary Methods). Broad-sense heritability (H² = 0.3163 ± 0.1758; P > 0.05) indicated 311 

that genetic factors explain only a limited fraction of variance in Health-Score, with no 312 

significant difference between the North and South lineages (P = 0.1596). In contrast, Health-313 

Score showed strong associations with multiple environmental predictors (Table S5; FDR-314 

adjusted P = 3.10×10⁻¹²–2.07×10⁻⁷), identifying the environment as the dominant predictor of 315 

saguaro population health.  316 

 317 

To test whether genetic lineages occupy distinct environmental conditions, we extracted 25 318 

uncorrelated environmental variables (r < 0.90, Table S6) for each individual in our genotyped 319 

georeferenced database, and compared North versus South lineage distributions. Environmental 320 

differentiation between North and South populations was highly significant across temperature, 321 

precipitation, drought, and soil texture variables (Table S6), with the strongest effects observed 322 

for temperature annual range (BIO7; FDR-adjusted P = 2.7×10⁻⁴¹, effect size = 2.48) and 323 

precipitation seasonality (BIO15; P = 5.1×10⁻⁴³, effect size = 2.57). Environmental ordination 324 

confirmed pronounced niche divergence between groups along PC1 (PC1; P = 8.6×10⁻⁴⁵, effect 325 

size = 2.66). 326 

 327 



 9 

Since North and South lineages occupy distinct environmental niches, we next evaluated how 328 

environmental gradients shape genomic variation (Figure 5a-c). Redundancy analysis (RDA) 329 

showed that 13.98 % of total genomic variance is significantly explained by environmental 330 

predictors (P < 2.2 × 10⁻¹⁶; Figure 5a). Marginal permutation RDA tests confirmed that most 331 

variables were significantly associated with genetic variation (P ≤ 1 × 10⁻³), each contributing 332 

0.67–1.79 % of total variance (Table S6). When analyzed separately, environmental predictors 333 

accounted for 7.25 % of genetic variance in the North group and 13.35 % in the South group (P 334 

< 2.2 × 10⁻¹⁶ in both), indicating stronger environmental constraint in southern populations. 335 

 336 

Genetic differentiation associated with environmental gradients can result either from neutral 337 

demographic processes or from natural selection acting on functional loci. To test for adaptive 338 

responses, we performed environmental genome-wide association analyses (GWAS). Observed 339 

association patterns deviated from the null expectation based on random simulated phenotypes, 340 

supporting biologically meaningful relationships (Figure S6). Seventeen SNPs were significantly 341 

associated with environmental variables (P < 1 × 10⁻⁹), including drought (1 SNP), temperature 342 

(3 SNPs), soil characteristics (3 SNPs), and environmental PCA axes (10 SNPs); none were 343 

linked to precipitation. To evaluate the robustness of these associations, we conducted a 344 

sensitivity analysis in which 1000 random sets of 17 SNPs were sampled from the full dataset 345 

and used to calculate genomic offset under each climate scenario. The observed genomic offset 346 

based on the candidate adaptive SNPs consistently exceeded that expected from random SNP 347 

sets, indicating that the detected associations capture non-random, environmentally relevant 348 

signals (Figure S9). 349 

 350 

These 17 SNPs associated with environmental variables were located within or near ten genes 351 

spanning diverse functional categories, including metabolic regulation, cytoskeleton 352 

organization, membrane transport, protein turnover, transcriptional regulation, RNA 353 

modification, and stress response pathways (Table S8a-b). Loci were associated with genes 354 

involved in cellular stress and homeostasis, such as enzymes in metabolic pathways, heat-shock–355 

related proteins, vesicle transport components, and ubiquitin-mediated protein turnover. 356 

Transcriptional and post-transcriptional regulation was also represented, including squamosa 357 

promoter-binding–like transcription factors, pentatricopeptide repeat proteins, and RNA-358 

modifying enzymes (Table S8b). Although some candidate loci mapped to genes of unknown 359 

function, the overall functional profile suggests that environmentally associated variation targets 360 

multiple biological processes relevant to stress tolerance, cellular maintenance, and adaptive 361 

responses; confirming that adaptation to climate and soil conditions is likely polygenic, 362 

involving many loci with cumulative effects. 363 

 364 

Because the environmental niches of the North and South groups differ under current conditions 365 

and show contrasting responses to future scenarios, the observed association between putatively 366 

functional polygenic variation and environmental gradients suggests that these groups vary in 367 

adaptive potential and are therefore likely to be differentially affected by projected climatic 368 

shifts. To quantify this potential disparity, we estimated the genomic offset based on the 17 369 

putatively adaptive SNPs under three alternative future climate scenarios. Genomic offset 370 

differed significantly between lineages and among scenarios (Figure 5d; Table S9). The North 371 

group exhibited consistently lower offset values, indicating a closer match between current 372 

genotypes and future predicted environments. In contrast, the South group displayed markedly 373 
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higher and more heterogeneous offset values, suggesting that its populations harbor genotypes 374 

less suited to future conditions and are therefore at greater genomic vulnerability to climatic 375 

change. 376 

 377 

 378 

Discussion  379 

 380 

The capacity of long-lived plants to persist under rapid climate change depends primarily 381 

on their ability to tolerate or adapt to shifting environmental conditions rather than to track 382 

suitable habitats through migration (44-47). Here, we show that this adaptive capacity is 383 

fundamentally constrained in a desert foundation species. Despite clear genomic structure and 384 

signatures of local adaptation, environmental conditions overwhelmingly determine population 385 

performance, and adaptive genetic variation is insufficient to buffer populations against projected 386 

climatic change. These findings demonstrate that, in long-lived species with limited dispersal and 387 

slow demographic turnover, exposure to changing environments rather than escape will dominate 388 

responses to climate change. As a result, adaptive capacity, not geographic range shifts, emerges 389 

as the central determinant of persistence, challenging the long-standing perception of cacti and 390 

other desert plants as inherently resilient to heat and drought. 391 

 392 

 Genomic structure and environmental divergence in a shallowly differentiated species 393 

Our genome-wide analyses indicate that across saguaro's range, there are two well-394 

differentiated lineages (North vs. South) with shallow divergence (FST ≈ 0.011) but strong 395 

structure in multivariate genotype space (PCA/ADMIXTURE) and significant among-locality 396 

effects (AMOVA; Fig. 2–5, Table S2). The South lineage harbors more genetic diversity than the 397 

North, evidenced by higher observed heterozygosity (Hₒ = 0.1635 vs 0.1583), higher nucleotide 398 

diversity (π = 0.1964 vs 0.1862), and a greater share of private alleles (2.15% absent from the 399 

North) (Table S2). Moreover, multiple lines of evidence reveal that saguaros in the South show a 400 

stronger genome-environment association, that is also associated with a stronger adaptive signal: 401 

selection scans recovered 36 vs 5 candidate genes meeting the gene divergence criteria (Fig. 3c–402 

d; Table S4), RDA attributes nearly twice the genome-wide variance to environmental variables 403 

(R²adj ≈ 0.13 vs 0.07; Fig. 5a; Table S7), and climatic PCAs as well as SDMs show contrasting 404 

patterns for North and South, with no overlap (Fig. 4). Collectively, these patterns and our 405 

demographic reconstructions align with previous evidence (43, 48-49), suggesting demographic 406 

stability and long-term environmentally driven selection in southern Sonora, Mexico, where 407 

saguaro populations appear to have persisted since the Last Glacial Maximum under stable yet 408 

heterogeneous climatic regimes. 409 

Shallow genomic divergence is expected in long-lived organisms with extended 410 

generation times and ongoing gene flow, as in saguaro, where the persistence of ancestral 411 

polymorphisms through incomplete lineage sorting can obscure population differentiation. 412 

Despite this, we detect pronounced ecological and genomic structuring between lineages, 413 

indicating that adaptive divergence can emerge even under strong constraints imposed by lineage 414 

sorting. This pattern suggests that the concurrent action of ancestral allele retention and selection 415 

can generate substantial differentiation in both genetic and climatic space and may help explain 416 

why columnar cacti have been reported among the fastest-diversifying plant lineages (50), with 417 

evolutionary dynamics that combine slow lineage sorting and rapid ecological differentiation. 418 

Our results highlight the need for more population-level genomic studies in this group to better 419 
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resolve how these processes interact to shape diversification and adaptation in long-lived desert 420 

species under strong environmental pressures. 421 

 422 

 Polygenic adaptation to extreme environments 423 

Current adaptive genomic patterns in saguaro reveal a complex, likely polygenic 424 

architecture of adaptation tightly associated with environmental variation. In addition to the 425 

potentially adaptive-responding genes found with our gene divergence tests (Table S4), mixed-426 

model GWAS identified 17 SNPs mapping to ten genes associated with temperature, drought and 427 

soil variables (Table S8; Fig. 5, Fig. S6). Most of our candidate genes together implicate 428 

pathways plausibly mediating heat-drought tolerance, amino acid and organic acid metabolism 429 

(e.g. methylmalonate-semialdehyde dehydrogenase), cytoskeletal dynamics (e.g. actin filament-430 

severing protein), proteostasis and stress signaling (e.g. E3 ubiquitin ligase), developmental and 431 

acclimatory regulation (e.g. SPL transcription factor), RNA modification/stability (e.g. 432 

pseudouridine synthase), redox-related transport processes (e.g. nucleobase–ascorbate 433 

transporter), protein translocation for photosynthetic/energetic complexes (e.g. TatB), and 434 

organelle gene expression (e.g. PPR protein). In aggregate, although still speculative, these 435 

functions suggest that selection in saguaro acts to enhance the acclimatory and stress-response 436 

capacity of cellular and organelle systems rather than targeting a single pathway, supporting a 437 

polygenic model in which multiple loci of small-to-moderate effect contribute to environmental 438 

adaptation, consistent with the observed climate-associated genomic differentiation.  439 

Whole-genome analyses will be essential to fully resolve the functional basis of these 440 

adaptations to the extreme environments of the Sonoran Desert. Together, these results 441 

demonstrate that even reduced-representation genomic approaches can detect biologically 442 

meaningful adaptive signals, consistent with a polygenic architecture underlying climate 443 

adaptation. 444 

 445 

 Genetic diversity does not equal resilience under climate change 446 

A key result of our study is that genetic diversity does not necessarily translate into 447 

resilience under future climate change. In spite of the adaptive signal, population performance 448 

might be dominated by environment rather than genotype: the composite Health-Score shows 449 

limited, non-significant broad-sense heritability (H² ≈ 0.32) but strong associations with 450 

temperature, humidity, and drought predictors (Table S5). Forward projections reinforce this 451 

asymmetry in adaptive prospects. Lineage-specific SDMs (with clamping to limit extrapolation) 452 

predict relative retention and a northwest-northward shift of suitable conditions for the North 453 

group, whereas the South group is projected to lose nearly all accessible suitable area under all 454 

SSPs by 2071-2100 (Fig. 4b-c). Concordantly, genomic offset estimated from putatively adaptive 455 

loci is consistently higher and more heterogeneous in the South (Fig. 5d; Table S9), indicating a 456 

larger genotype-environment mismatch under future climates. 457 

We believe that a potential northward range expansion for the North lineage is unlikely to 458 

proceed at the pace required to match future climatic shifts, given the species’ long generation 459 

time and episodic recruitment, the persistence of freezing temperatures in northern areas that 460 

exceed saguaro tolerance limits, and the increasing aridity and scarcity of suitable nurse plants 461 

along the Mojave Desert area, which are essential for saguaro germination and establishment. 462 

Together, our results suggest that while climate-linked selection is detectable, adaptive capacity 463 

will be outpaced, most acutely in the South lineage, highlighting a critical decoupling between 464 

genetic diversity and future persistence. This finding prioritizes conservation actions that secure 465 
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first South-lineage diversity ex situ (seed banks, living collections), expand representation in 466 

safeguard plantings, identify and protect microrefugia, and evaluate alternatives such as assisted 467 

movement or managed gene flow to sustain persistence under accelerating aridification. 468 

Our study shows that even keystone desert plants such as the saguaro have limited 469 

adaptive capacity to the accelerating pace of climate change. Despite harboring two genetically 470 

distinct lineages with evidence of local adaptation, environmental factors overwhelmingly dictate 471 

population performance, and the South lineage, though genetically more diverse, is projected to 472 

lose nearly all suitable habitat within decades. These findings refute the perception of cacti as 473 

inherently resilient and reveal that long generation times and restricted dispersal constrain 474 

evolutionary responses to rapid warming and drought. 475 

 476 

 Representation gaps in ex situ conservation 477 

Although protected areas and restoration remain the cornerstone of in situ conservation 478 

(51,52), climate change introduces substantial unpredictability to their effectiveness. Rapid shifts 479 

in temperature and precipitation may outpace species’ capacity to adapt or migrate, rendering 480 

many current protected areas climatically unsuitable within decades (53-57). Emerging strategies 481 

like microclimate manipulation and habitat buffering (58), management of microrefugia (59), 482 

and dynamic re-planning of protected-area networks (53, 60-61) offer localized mitigation, but 483 

are unlikely to secure long-term persistence under accelerating change and realistic constraints 484 

on resources for conservation (62, 63). This uncertainty elevates the importance of generating 485 

robust ex situ strategies (64). Effective ex situ conservation must not only safeguard species but 486 

also capture the genetic diversity of wild populations, guided by biological and botanical 487 

information, genetic data, and institutional collaboration to preserve a species’ evolutionary 488 

potential (65-70). Beyond genetic representation, our study incorporates a genomic vulnerability 489 

assessment to design an ex situ sampling framework and prioritize effort for saguaro cactus, 490 

ensuring collections preserve the capacity to confront future change. 491 

Our analyses of ex situ preserved saguaros revealed notable differences in the genetic 492 

diversity represented outside natural populations. Both the DBG National Cactaceae Collection 493 

and urban saguaros from the Phoenix Metropolitan Valley clustered within the North lineage, 494 

with no representation of the South lineage in either set (Fig. 2a-c). Within the North group, 495 

interestingly, urban saguaros captured higher genetic diversity than the curated DBG collection, 496 

showing greater observed heterozygosity (Hₒ = 0.1694 vs. 0.1604), a higher proportion of 497 

segregating and private alleles (83.1% vs. 79.3%; 0.84% vs. 0.27%), and lower inbreeding (FIS 498 

= 0.1402 vs. 0.181) (Table S2). Although unplanned, urban plantings have inadvertently 499 

safeguarded a broader share of northern genetic diversity. This reveals a striking asymmetry: 500 

while urban populations unintentionally capture substantial genetic diversity within the North 501 

lineage, both formal and informal ex situ collections fail to represent the full evolutionary 502 

breadth of the species, particularly the South lineage. This unexpected result, together with 503 

recent findings from the DBG Urban Saguaro Census showing that most saguaros in the Phoenix 504 

Metropolitan Valley grow in private yards (71), highlight that the future of this species depends 505 

not only on institutional conservation efforts but also on the community's stewardship. 506 

 507 

 From genomic vulnerability to conservation action 508 

Our results demonstrate that genetic diversity does not reliably predict adaptive capacity 509 

under rapid climate change. Populations with greater genetic diversity can nonetheless 510 

experience higher genomic mismatch and greater projected collapse when their adaptive 511 
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variation is poorly aligned with future environmental conditions. This decoupling between 512 

genetic diversity and resilience reveals a critical limitation of conservation strategies that 513 

prioritize diversity-based metrics as proxies for persistence. Instead, our findings show that the 514 

evolutionary relevance of genetic variation, its relationship to current and future environments, 515 

determines its contribution to survival. By integrating genomic variation with environmental 516 

projections, our study provides a framework for identifying populations at greatest risk and for 517 

designing conservation strategies that more effectively capture adaptive potential. Our findings 518 

directly motivated the establishment of the DBG’s Saguaro Initiatives (71), a coordinated suite of 519 

programs that translate genomic insights into conservation action. More broadly, these results 520 

suggest that for long-lived species facing rapid climate change, evolutionary constraints may 521 

limit the capacity of natural populations to respond, even when genetic diversity is high. 522 

 523 

Materials and Methods 524 

Study area and sample collection 525 

Because the species’ range is roughly split between the United States and Mexico, we collected 526 

samples from 15 localities in each country (Fig. 1 and Supplementary Data). Throughout the 527 

manuscript, we use the terms locality and population interchangeably to refer to these collection 528 

sites. At each locality, we collected stem tissue from 10 individuals, although in some cases, 529 

DNA extraction was not successful. From each plant, we collected approximately 5 square 530 

inches of stem tissue, which was immediately frozen in liquid nitrogen. Biodiversity collection 531 

remains challenging in several parts of Mexico. Some areas, particularly in the northwestern 532 

portion of Sonora, including Puerto Peñasco and its surroundings, were not visited due to safety 533 

concerns. We believe the exclusion of these localities does not significantly impact our study, as 534 

we achieved strong representation from both the northern (Organ Pipe) and southern (Puerto 535 

Libertad) ends of the distribution. Moreover, our results are consistent with previous findings 536 

(43). 537 

 538 

Health-Score determination 539 

Following DBG guidelines for assessing the health of saguaros in our ex situ collection, we 540 

developed a protocol to evaluate the general health status of saguaro populations at each 541 

collection site (see Supplementary Text). This evaluation was based on five criteria: abundance, 542 

plant condition, reproduction, cohort replacement and yield. At each locality, up to four DBG-543 

trained individuals independently scored these criteria using a standardized questionnaire (Supp. 544 

Text). To ensure calibration, the group first discussed which populations appeared to be the 545 

healthiest and the least healthy based on initial impressions and any discrepancies were resolved 546 

through group discussion. Final scores for each locality were averaged to generate an overall 547 

health score (Supplementary Data and Fig. 1). To improve the reproduction criterion, we 548 

revisited the same populations during the fruiting seasons between 2022 and 2024. At each site, 549 

we collected up to ten ripe fruits (if available, since several plants would not produce ten ripe 550 

fruits at a time) from randomly selected individuals. The fruits were processed to extract seeds, 551 

which were then weighed to estimate the number of seeds per individual. From this, we 552 

calculated the average estimated seed count per locality, which served as an indicator of 553 

reproductive yield (Supplementary Data).  554 

 555 

DNA extraction and genomic sequencing 556 
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Genomic DNA was extracted from stem tissue using a modified CTAB protocol. Briefly, frozen 557 

tissue was thawed on ice before grinding it with 2X CTAB pH 8 (Tris HCl 1.0M, NaCl 5M, 558 

EDTA 0.25M, and 0.4 ml of beta-mercaptoethanol) and 4 μl of RNAse. Samples were kept 559 

overnight in a water bath at 65 °C (see Supplementary Text for details). DNA quality and 560 

concentration were assessed using Qubit fluorometry and NanoDrop spectrophotometry. 561 

Reduced-representation genomic libraries were prepared following a double-digest Restriction-562 

site Associated DNA sequencing (ddRAD-seq) protocol (FLORAGENEX, LLC). Briefly, 563 

genomic DNA was digested with combinations of restriction enzymes PstI/MspI, yielding an 564 

estimated 50,000–150,000 fragments per sample. Adapter ligation, size selection, PCR 565 

amplification, and purification steps were performed following standard protocols. Library 566 

quality was evaluated using agarose gel electrophoresis, Agilent Fragment 567 

Analyzer/Bioanalyzer, and quantitative PCR to ensure integrity and appropriate concentration. 568 

Sequencing was performed on an Illumina NovaSeq 6000 platform (1 × 100 bp, single-end), 569 

allocating one full lane per 95-sample batch. Across runs, we obtained ~325–400 million reads 570 

passing filters, corresponding to ~280–375 million indexed reads, with >80% of bases achieving 571 

Q30 or higher. Ten samples were sequenced in duplicate as positive control for genetic 572 

relatedness.  573 

 574 

QC and SNP filter calling 575 

We assessed the quality of raw sequencing reads based on per-base sequence quality, GC 576 

content, sequence duplication levels, and adapter contamination, using FastQC v0.11.9 (72). For 577 

sample demultiplexing, we used STACKS v2.53 (73-74) with options: --inline-null (inline 578 

barcode), -c (clean), -q (quality), -r (rescue). Restriction enzyme options were set as: -mseI, -pstI. 579 

285 sampled individual processed reads were then mapped to the saguaro SGP5 v1.3 assembly 580 

(75) (GenBank accession GCA_002740515.1) using the mem algorithm of bwa v0.7.18 (76) in 581 

single-end mode (default parameters were used). Alignment statistics were calculated with 582 

Samtools v1.21 (77). 583 

 584 

For single-nucleotide polymorphism (SNP) calling, we used STACKS (73-74) with default 585 

parameters. After this initial SNP calling that resulted in 443,263 SNPs, we filtered SNPs with a 586 

read depth between 4 and 250 using Bcftools v1.14 (77). We then calculated per-sample and per-587 

site missingness rate (Fig. S1), and imposed a sample missingness rate threshold of 0.6 (samples 588 

with more than 60% of missing data were removed) and a site missingness rate coverage 589 

threshold of 0.3 (sites with more than 30% of missing data were discarded), to filter low-590 

coverage samples and sites. Of the initial 285 sequenced individuals, 24 were removed due to 591 

excessive missing data, leaving a dataset of 261 saguaros and 46,647 variant sites. We generated 592 

three different VCF files (VCF-1, VCF-2 and VCF-3) with ad hoc filtering and sampling 593 

designed to meet the data requirements for further different analysis (Table S3). All VCF 594 

filtering was done using PLINK v1.90b7 (78). 595 

 596 

Population structure and ancestry 597 

We followed three independent approaches to determine population structure: model-free 598 

principal component analyses (PCA), model-based ancestry inference with ADMIXTURE 599 

analyses and Maximum Likelihood (ML) inference estimation of phylogenetic trees. All the 600 

listed analyses were done using the VCF-1 dataset (19,280 SNPs) that included a filter for 601 

linkage disequilibrium (Table S3). The PCA was done using the --pca tool from PLINK with 20 602 
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components (78). Differences in the PC loadings were estimated using the R v4.2.2 stats 603 

functions (79). Ancestry coefficients were estimated using ADMIXTURE v1.3.0 (80). We 604 

performed 100 replicates with a random starting seed each and 200 bootstraps (-s and -B 605 

arguments), and with K ranging from 2 to 12. Cross validation error values were collected for 606 

each K value and repetition. As each random replicate is expected to produce slightly different 607 

ancestry hypotheses, we employed the CLUMPAK online server (https://clumpak.evolseq.net) 608 

with default parameters to generate consensus ancestry coefficients for each K (81). For 609 

phylogenetic analyses, we used the vcf2phylip v2.0 script (82) to convert the VCF file into 610 

PHYLIP format, using IUPAC ambiguous nucleotide codes for heterozygous calls (82). 5316 611 

invariant sites were removed using the Felsenstein and Stamatakis ascertainment bias correction 612 

(83) with a script that allowed processing IUPAC ambiguous nucleotides (84). Maximum 613 

likelihood phylogenetic inference was done using IQTREE v2.3.6 (85). First, the most fit 614 

substitution model was determined using the Model Finder Plus (MFP) tool in IQTREE (85-86). 615 

The best overall model was TVM+F+ASC+R6, which was used to infer the ML tree with 1000 616 

bootstraps (-B 1000) and 1000 SH-aLRT test iterations for support values (-alrt 1000) under a 617 

safe kernel (-safe). 618 

 619 

Demographic inference 620 

We used Site Frequency Spectrum (SFS) to infer the demographic history of the genetic groups. 621 

First, we estimated the folded SFS for 50 diploid individuals (100 gene copies) using snpR 622 

v.2.9.2 package (87) and dataset VCF-4; which includes 19,000 SNPs (Table S3). The folded 623 

SFS was used to create the input “blueprint” files for Stairwayplot v2.1.1 (88). We ran the 624 

Stairwayplot algorithm using java v1.8.0_44 (89) and the following parameters: 67% of the sites 625 

for training step, break points at {6, 12, 24, 48}, 1,000 bootstraps, a mutation rate (!) of 8.75 x 626 

10-8 substitutions per site per generation, and a generation time of 35 years (following 76). As a 627 

control, we simulated 1,000 standard coalescent SFSs using msprime v1.3.4 (90) using the 628 

previous parameters and !" = 5,000, and ran Stairwayplot as mentioned. Given the number of 629 

segregating SNPs in VCF-4, we approximated L to 2.1 x 106 by using the formula ' = 4!")* 630 

(91). To remove biases in recent demographic history, we set the present time at 10 generations 631 

ago (~350 years ago). To further corroborate the demographic model, we applied our same 632 

demographic modeling method to a whole-genome saguaro dataset that includes 20 genomes 633 

sequenced at low-coverage (data from 45). After downloading these genomes, we assessed read 634 

quality, trimmed low-quality bases and removed adapters using trimgalore! v0.6.10 (92). Paired-635 

end reads were aligned to the same reference using bwa v0.7.17 (93). Bad-quality alignments 636 

were filtered and de-duplicated using Samtools v1.16 (77) (samtools view -Sh -f 0x2 -q 30; 637 

samtools fixmate). Then, we performed a custom SNP-calling pipeline using Bcftools v1.10.2 638 

(77). We isolated biallelic SNPs and applied identical MAF and missingness filters as previously 639 

mentioned with vcftools v0.1.14 (94). The folded SFS was estimated for the remaining 17 640 

samples and 1,138,328 SNPs with snpR using 34 gene copies. The demographic inference was 641 

performed using Stairwayplot as mentioned before. 642 

 643 

Genetic diversity and differentiation 644 

To estimate levels of genetic polymorphism, we employed the VCF-2 dataset, which includes 645 

46,195 SNPs (Table S3). This dataset was not filtered by linkage disequilibrium, thereby 646 

leveraging all possible genetic variation patterns under the same frequencies and missingness 647 

rates. We used the snpR (87) to estimate weighted genome-wide summary statistics for: observed 648 
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and expected homozygosity (HO and HE), nucleotide diversity (π), inbreeding coefficient (FIS), 649 

Tajima’s D, and the percentage of segregating and private sites. We estimated the summary 650 

statistics for all samples combined, for each genetic group (South and North), and within the 651 

North group, for ex situ collections (DBG) and Urban plants separately. Linkage disequilibrium 652 

decay was estimated for North and South complete groups only. Linkage blocks with more than 653 

four SNPs in a 10kbp span were isolated with the --blocks utility from PLINK linkage blocks 654 

were used to estimate the linear relationship between genomic distance (bp) and linkage 655 

disequilibrium (R2), the last was estimated with the --r2 function from PLINK. 656 

 657 

To examine patterns of polymorphism potentially underlying differences in phenotypic diversity, 658 

we focused on annotated gene regions. We quantified the presence of deleterious alleles using a 659 

deleterious load statistic (DL), calculated as the ratio of deleterious nonsynonymous homozygous 660 

sites to all segregating sites (95-96; see Eq. 1, Supplementary Text). Deleterious SNPs were 661 

annotated with SnpEff v5.2-1 (97) using the available Carnegiea gigantea genome (42). Variants 662 

annotated as “start_lost,” “stop_gained,” or “stop_lost,” expected to disrupt protein function, 663 

were classified as deleterious. DL was estimated for the same population groupings described 664 

above (All samples, North, South, Urban and DBG). Nucleotide diversity (π) and divergence 665 

statistics were estimated using the missingness-aware pixy v1.2.10.beta2 (98) method following 666 

the gene coordinates in the reference genome (44) and dataset VCF-2 (Table S3). For each gene, 667 

we calculated π and FST between the North and South groups, excluding genes with only a single 668 

SNP, which resulted in 5,624 genes. Differences in nucleotide diversity were expressed as Δπ = 669 

πSouth− πNorth. Watterson’s estimator (θW) and Tajima’s D were calculated manually following 670 

Eqs. 2 and 3 in Supplementary Methods. 671 

 672 

Identifying candidate genes under selection 673 

To assess whether divergence was driven by neutral processes or by natural selection, we 674 

conducted a phylogeny-based test of selection on loci exhibiting strong departures from 675 

neutrality. Candidate genes were identified using three criteria (summarized in Fig. S8): (i) a 676 

one-tailed t-test to detect outliers in the distribution of Dp, retaining genes with FDR (False 677 

Discovery Rate)-corrected P < 1 × 10⁻³; (ii) contrasting signs of Tajima’s D between South and 678 

North lineages (e.g., negative in the South and positive in the North, or vice versa); and (iii) high 679 

population differentiation (FST > 0.25; 99). A total of 41 genes met these thresholds (Table S7). 680 

For each candidate gene, phased haplotypes were reconstructed using SHAPEIT v2.r904 681 

(window size 0.1 Mb) (100), and consensus DNA sequences were extracted with Bcftools 682 

v1.10.2 (77). Coding sequences were extracted with gffread v0.12.7 (101), concatenated, and 683 

aligned at the codon level with PhyKit v2.0.2 (102) while masking stop codons. We then 684 

estimated model-based dN/dS ratios and identified codon sites under pervasive selection using the 685 

FEL method (103) implemented in HyPhy v2.5.64 (104). Phylogenetic trees were prepared by 686 

branching haplotypes from the same individual as terminal sister tips without additional branch 687 

lengths. 688 

 689 

Occurrence data and environmental variables 690 

We compiled georeferenced locality records for saguaros from three sources: (1) our own 691 

database derived from recent field collections, (2) the SEINet portal (Arizona–New Mexico 692 

Chapter; https://swbiodiversity.org/seinet/), and (3) iNaturalist (https://www.inaturalist.org). 693 

Records from SEINet and iNaturalist were manually reviewed, and outliers falling outside the 694 
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known distribution were excluded. Because saguaros are morphologically distinctive and easily 695 

recognized in the field (with no sympatric species of similar appearance except Pachycereus 696 

pringlei (‘cardón’) in a restricted portion of the southern range in Mexico) the risk of 697 

misidentification is minimal. Southern records, where both species may co-occur, were carefully 698 

verified. Although occasional misidentifications cannot be ruled out, their frequency is likely 699 

negligible, and we consider our dataset robust and reliable.  700 

 701 

Environmental predictors were extracted for all occurrence records, encompassing 38 variables 702 

(before removal of correlated variables) standardized to a ~1 km resolution. These included 703 

seven soil, nineteen bioclimatic, and twelve drought variables derived from SoilGrids v2.0 704 

(isric.org/explore/soilgrids), CHELSA v2.1 (https://chelsa-climate.org), and the Global Future 705 

Drought Layers v1 (105), respectively. Soil variables (pH, cation exchange capacity (CEC), clay, 706 

sand, and silt fractions, coarse fragments volumetric fraction (CFVO), and soil organic carbon 707 

(SOC)) were derived from SoilGrids at 1 km resolution using the equal-area Goode homolosine 708 

projection, which was also applied to all other datasets. Assuming a maximum rooting depth of 709 

60 cm, weighted averages were calculated across depth intervals up to this depth. Soil variables 710 

were assumed to remain static for future projections. Climatic data were obtained from the 711 

CHELSA repository at 30 arc-second resolution (≈1 km). The dataset included 19 bioclimatic 712 

variables for temperature and precipitation for two time periods: 1981–2010 (present) and 2071–713 

2100 (future). Empirical evidence shows that acute heat and drought events have already caused 714 

widespread physiological damage and mortality in saguaros and other Sonoran Desert plants (15, 715 

42), while macroecological modeling across nearly a thousand cactus species demonstrates that 716 

explicitly incorporating severe drought metrics greatly increases projected extinction risks (5). 717 

Together, these findings highlight that forecasts of saguaro persistence must account not only for 718 

gradual climate trends but also for the growing impact of severe drought events. In addition to 719 

soil and climate data, to include drought events we used four SPEI-based indices of severity and 720 

duration, summarized across the same time periods (106). Future projections were based on the 721 

MPI-ESM1-2-HR global circulation model (CMIP6) under three Shared Socioeconomic 722 

Pathways (SSPs): SSP1-2.6 (sustainability, “Green Road”), SSP3-7.0 (regional rivalry, “Rocky 723 

Road”), and SSP5-8.5 (fossil-fueled development, “Highway”). SSP1-2.6 represents a 724 

sustainable trajectory, whereas SSP3-7.0 and SSP5-8.5 reflect increasingly emission-intensive 725 

scenarios.  726 

 727 

Severe drought variables were obtained from the Global Future Drought Layers (105) at 0.25 arc 728 

degrees resolution (~25 km), and resampled to 1 km resolution. Monthly time series of the 729 

Standardized Precipitation Evapotranspiration Index (SPEI; 106) were used to derive drought 730 

characteristics for the hydrologic year (1 October-30 September). SPEI quantifies the balance 731 

between precipitation and potential evapotranspiration (PET), thereby integrating temperature 732 

effects on drought intensity. A drought event was defined as a sequence of negative SPEI values 733 

reaching ≤ -1 at least once, starting on the first negative value and ending when SPEI returned to 734 

zero. Drought duration corresponded to the number of months in the event, and severity to the 735 

absolute sum of all SPEI values. Annual layers were generated for hydrologic-year accumulated 736 

drought severity (HAS), mean drought severity (HMS), accumulated drought duration (HAD), 737 

and mean drought duration (HMD). Each set of layers was summarized by its mean, median, and 738 

75th percentile for 1981-2010 and 2071-2100, matching the temporal scale of the climatic data. 739 

 740 
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Species distribution modeling and climatic suitability projections 741 

To evaluate whether North and South genetic groups are expected to respond differently to 742 

climate change, we built separate distribution models for each group (Fig. 4). To minimize 743 

sampling bias, occurrence records were spatially thinned using a 10 km radius. The modeling 744 

domain for background point selection (10,000 points) and prediction were defined as the 745 

minimum convex hull around all occurrences expanded by a 500 km buffer. Within this domain, 746 

highly correlated environmental variables (r > 0.7) were iteratively removed to reduce 747 

overfitting, resulting in a total of 21 variables. For spatial cross-validation, occurrences were first 748 

stratified using k-means clustering into 25 clusters, which were then aggregated into five folds. 749 

Fold size balance was optimized by maximizing Shannon entropy. 750 

 751 

Model fitting was performed with the ENMeval  v2.0.4 (106) using a cross-validated 752 

implementation of the MaxEnt algorithm (108-109) based on the package glmnet v4.1.8 (110-753 

111). Models were fitted using penalized maximum likelihood. We applied lasso regularization 754 

to shrink model coefficients and prevent overfitting, selecting the optimal value of the 755 

regularization parameter (λ) through cross-validation. Specifically, we first identified the λ with 756 

the lowest cross-validation error, then chose the largest λ within one standard error of this 757 

minimum to favor model simplicity. Linear, quadratic, and product feature classes were 758 

included, and final models were trained with all data folds using the selected λ value. Model 759 

performance was evaluated using cross-validated AUC, a threshold-independent measure of 760 

binary classification accuracy. 761 

 762 

We created predicted suitability maps for the present and future. Given the extreme changes in 763 

the magnitude of the drought variables and consequent risk of extrapolation, we “clamped” 764 

predictions. Clamping reduces extrapolation by constraining environmental values for projection 765 

to the limit of values observed during model fitting. As before, a 500-km buffer around the 766 

occurrences was used. All analyses were performed with R v4.3.1 (79). All spatial analyses were 767 

performed using the terra v1.7-78 (112). 768 

 769 

Genetic-environment association 770 

To test whether genetic groups occupy distinct environmental conditions, we analyzed group 771 

differences in environmental variables. Variables deviating from normality (Shapiro test, < 0.01) 772 

were transformed using the Ordered Quantile normalization in bestNormalize v1.9.1 (113). 773 

Linear models were fitted with genetic structure (North or South) as a predictor, and significance 774 

was assessed by ANOVA using car v3.1-3 (114). Effect sizes were estimated with emmeans 775 

v1.10.3 (115). The Health-Score provides a diagnostic measure of the current condition of 776 

saguaro populations at each locality, and was used to evaluate the relative contributions of 777 

genetics and environment to population health. Broad-sense heritability (H²) of the Health Score 778 

was estimated from a kinship matrix derived from the VCF-3 dataset (Table S2) using the make-779 

rel function in PLINK (78). Random-effects linear models were fitted with genetic relatedness as 780 

a random factor in lme4qtl v0.2.2 (116), and H² was calculated as the proportion of variance 781 

explained by kinship using the VarProp function. The significance of genetic effects was 782 

assessed through likelihood ratio tests comparing models with and without the kinship term 783 

(lmrtest v0.9-40; 119). Since Health-Score values were averaged per locality, the H² distribution 784 

was estimated by resampling two individuals per locality 1,000 times to reduce inflation from 785 

relatedness. Environmental associations with Health-Score were evaluated using mixed-effects 786 
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linear models (MELMs; Eq. 4, Supplementary Methods) and tested by ANOVA. Finally, 787 

redundancy analysis (RDA) was used to quantify the contribution of environmental variation to 788 

genome-wide genetic structure. Fourteen non-correlated variables (r < 0.70, Table S7) from the 789 

MPI-ESM1-2-HR climate model were retained using recipes v1.1.0 (115). RDA was conducted 790 

with vegan v2.4-10 (116). The proportion of genetic variance explained by the environment was 791 

estimated from adjusted R², with significance assessed by permutation. Marginal effects of 792 

individual variables were tested by ANOVA permutations, and analyses were repeated separately 793 

for North and South groups. 794 

 795 

Genome-wide association analyses (GWAS) and genomic vulnerability 796 

We linked fine-scale genomic variation with environmental and phenotypic variables through 797 

genome-wide association analyses (GWAS) using mixed-effects linear models following (117) 798 

and (118) (see details and Eq. 5 in Supplementary Methods). Because ddRADseq datasets often 799 

contain missing genotypes and limited linkage information, we analyzed associations directly 800 

from observed genotypes (allowing up to 30% missing data per marker) rather than performing 801 

imputation. Mixed-effects linear models (MELMs) were fitted with lme4qtl (113) for each of the 802 

44,589 variable SNPs in dataset VCF-3 (Table S2), testing both phenotypic variables (Health-803 

Score) and environmental predictors. The latter included the 14 uncorrelated environmental 804 

variables previously described, the first two components of environmental PCA (with and 805 

without drought variables), and 20 randomly generated variables used as negative controls. In 806 

total, 1,738,971 MELMs were evaluated across 39 variables. GWAS results were assessed for 807 

biological relevance using Q–Q plots and comparisons of significance distributions against the 808 

random controls, with multiple testing corrected by FDR adjustment. 809 

 810 

SNPs associated with environmental adaptation were mapped to nearby genes (±2,000 bp) using 811 

Bedtools v2.30 (119), and functional annotations were obtained with EggNOG mapper v2 (120). 812 

We modeled the  genomic vulnerability of saguaro populations to future climate change using a 813 

machine-learning approach with gradientForest v0.1-37 (121). Multivariate, non-parametric 814 

genotype–environment models were fitted for each Shared Socioeconomic Pathway (SSP) 815 

scenario, incorporating the non-redundant climate variables and genotypes from candidate 816 

GWAS SNPs (parameters: ntree = 1000, maxLevel = 1.6452, corr.threshold = 0.70). Allele 817 

turnover under projected climates was predicted, and genomic offset was calculated as the 818 

Euclidean distance between present and future scenarios. To test whether genetic groups differed 819 

in vulnerability across SSPs, we fitted regression models with genomic offset as the response 820 

variable. Error distributions were selected using fitdistrplus v1.2-1 (122), comparing model 821 

performance with AIC values and validating residuals with DHARMa v0.4.7 (123) and 822 

performance v0.10.4 (124). The final model, implemented in lme4qtl (113) following Eq. 6 823 

(Supplementary Methods), included genetic group and SSP as fixed effects, the kinship matrix as 824 

a random effect, and residual error. Fixed effects were evaluated using Type II Wald chi-square 825 

tests (car; 114), and estimated marginal means, standard errors, and pairwise contrasts between 826 

groups within each GCM × SSP  combination were extracted using emmeans v1.10.3 (112). 827 

 828 
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Figures and Tables 1106 

Figure 1. Study area and organism. Saguaro samples were collected along its distribution in 1107 

the Sonoran Desert region (top left) by visiting 30 localities both in Mexico and the US. 1108 

Two ex-situ collections were also included (the National Cactaceae collection in DBG 1109 

and Urban saguaros from different neighborhoods in the Phoenix Valley). For each wild 1110 

locality (for locality names see Supplementary Data), a mean Health-Score (HS) was 1111 

estimated by integrating phenotypic, reproductive and demographic observations, and it 1112 

is shown as a scale from dark-red (high HS) to white (low HS). 1113 
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 1117 

Figure 2. Genetic diversity and population structure of saguaro cactus. (a) Individual 1118 

loadings dotplot (left) and distributions (right) along the first and second principal 1119 

components from a PCA for all sequenced individuals and (b) for the North cluster. Wild 1120 

collected samples are shown in blue, while ex situ preserved samples collected in the 1121 

National Cactus Collection at DBG are shown in yellow and Urban samples collected in 1122 

local neighborhoods in the Phoenix Metropolitan Valley, AZ are shown in red. (c) 1123 

Midpoint-divided maximum-likelihood (ML) phylogenetic tree of all saguaro samples. 1124 

The tree shown is the consensus of 1,000 bootstrap replicates. Nodes with bootstrap 1125 

support equal to or above 95% are shown with black asterisks. (d) Individual sample 1126 

assignments to two (K = 2), three (K = 3), and five (K = 5) ancestral populations. 1127 

Sampling localities are given on the x-axis and are ordered in approximate order      1128 

according to latitude. 1129 
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Figure 3. Demographic insights and contrasting selection patterns in North and South 1132 

saguaro groups. (a) Folded site frequency spectra (SFS) for the North and South saguaro 1133 

groups. The SFS for a Wright-Fisher population is shown in black bars. Kolmogorov–1134 

Smirnov test (KS) P values for the comparison against the Wright-Fisher SFS are shown. 1135 

(b) Historical changes in effective population size (Nₑ) inferred for each group. The 1136 

median estimate is shown in black; shaded areas represent uncertainty intervals, with 1137 

bright colors indicating the 12.5–87.5 percentile range and opaque colors the 2.5–97.5 1138 

percentile range. Median and 12.5–87.5 percentile values for the present time (~10 1139 

generations ago) are shown. The demographic reconstruction for a simulated Wright-1140 

Fisher population is shown in red. (c) Comparison of genetic divergence and diversity in 1141 

genic regions between the North and South groups; the 41 candidate genes are outlined in 1142 

black. (d) Codon-based tests of selection across genes with and without constrained 1143 

synonymous diversity. Each point represents a gene plotted by its gene-wide dN/dS 1144 

estimate (x-axis). Vertical dashed lines denote thresholds used to assess deviation from 1145 

neutrality; illustrating the relationship between overall selective regime, site-specific 1146 

positive selection, and background levels of synonymous constraint. 1147 
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Figure 4. Environmental PCA and environmental niche modeling for North and South 1150 

saguaro groups. (a) PCA of Environmental data. (b) Species distribution models for the 1151 

Saguaro cactus North lineage, and (c) South lineage. Models for the MPI-ESM1-2-HR 1152 

GCM are shown. 1153 
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Figure 5. Environmental drivers of adaptive differentiation and projected genomic offset 1156 

between North and South saguaro populations under future climate scenarios. (a) 1157 

Redundancy analysis (RDA) showing the relationship between genomic variation and 1158 

environmental predictors. Arrows indicate the direction and strength of the top 1159 

explanatory environmental variables. (b) Distributions of North and South genetic groups 1160 

for representative environmental predictors from each category. (c) Manhattan plot of 1161 

genome–environment association results; the dotted line denotes the significance 1162 

threshold (1×10⁻⁹). (d) Predicted genomic offset under three future climate scenarios 1163 

(SSP1-2.6, SSP7-7.0, SSP8-8.5). (e) Distribution of genomic offset estimates for each 1164 

genetic group across scenarios. Points represent estimated marginal means and bars 1165 

denote standard errors. P values for pairwise group comparisons are shown. 1166 
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