
1 
 

Running head: Ontogenetic filtering in a Mediterranean palm 1 

 2 

Decoupling environmental suitability from realized recruitment through ontogenetic 3 

environmental filtering in a long-lived Mediterranean palm species 4 

Sebastián Cordero1,2*, Florencia R. Pérez1, Renata Acuña-Molina1, Yerco Contreras-Vera1, 5 

Trinidad Jorquera-Fonck1, Felipe Góngora-Vásquez1, Benjamín González-Ramos1, Juan 6 

Pablo Núñez1, Ignacia Roselló1, Ágata Sepúlveda-Vásquez1, Matías A. Vergara1, Francisco 7 

E. Fontúrbel1,2,3 8 

 9 

1Instituto de Biología, Facultad de Ciencias, Pontificia Universidad Católica de Valparaíso, 10 

Chile 11 
2Millenium Nucleus of Patagonian Limit of Life (LiLi), Valdivia, Chile 12 
3Parasitic Plants Research Group, Universidade Estadual do Sudoeste da Bahia, Vitória da 13 

Conquista, Bahia 45031-900, Brazil 14 

 15 

Corresponding author: sebastian.cordero@pucv.cl 16 

 17 

 18 

Abstract 19 

Long-lived plants facing anthropogenic disturbance often exhibit recruitment failure despite 20 

persistent reproductive adults, generating extinction debt masked by longevity. However, whether 21 

adult presence reliably reflects environmental suitability for recruitment remains unclear. Here, we 22 

examine ontogenetic niche differentiation and its consequences for recruitment in Jubaea chilensis, 23 

an endangered long-lived Mediterranean palm with an aging population. We assigned individuals 24 

within the largest known population to four ontogenetic stages and characterized their 25 

environmental niches using climatic, edaphic, topographic, and vegetation variables. We then 26 

applied spatial and multivariate analyses, including Random Forest models to evaluate 27 

environmental segregation and identify predictors of seedling establishment. Age classes occupied 28 
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significantly different environmental niches, with the greatest differentiation between seedlings and 29 

reproductive adults. Saplings and adult differentiation reflected mainly topographic variables at 30 

landscape scale, whereas seedling establishment was primarily predicted by microhabitat conditions 31 

(vegetation cover heterogeneity, east-facing slope orientation, and soil texture). This pattern is 32 

consistent with niche reconfiguring throughout the life cycle, suggesting that adult occurrence and 33 

recruitment suitability respond to distinct environmental conditions. Over one-fifth of sampled 34 

individuals occupied high-suitability sites without recruitment, suggesting that ontogenetic niche 35 

shifts are associated with a spatial decoupling between adult persistence and recruitment, consistent 36 

with demographic collapse independent of habitat degradation. This failure is likely mediated by 37 

insufficient effective seed dispersal, as the sole disperser (Octodon degus) preys on most seeds 38 

before dispersal. Conservation strategies based solely on adult distribution may therefore 39 

overestimate effective habitat and underestimate extinction risk in long-lived species. 40 

 41 
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Introduction 52 

Long-lived species inhabiting ecosystems undergoing anthropogenically driven transformation 53 

often experience recruitment limitations that constrain population regeneration (Schweiger et al. 54 

2020). In plant species, this represents a fundamental demographic challenge, as adults can persist 55 

for decades or even centuries, but if no younger individuals replace them, populations eventually 56 

become extinct (Bialic-Murphy et al. 2022). This phenomenon, known as extinction debt, occurs 57 

when adult individuals remain but current conditions no longer support successful recruitment 58 

(Kuussaari et al. 2009). Inverted population pyramids, where older adult individuals dominate and 59 

saplings and seedlings are scarce, constitute a clear indicator of demographic collapse (Vellend et al. 60 

2006). This pattern is increasingly common in long-lived species worldwide, especially in areas of 61 

accelerated climate change or strong anthropogenic disturbance (Allen et al. 2010, Seidl et al. 62 

2017). Despite this problem being widely acknowledged, the underlying mechanisms driving 63 

recruitment failure remain largely unknown for most species, particularly whether the presence of 64 

adults reliably reflects environmental suitability for recruitment. 65 

Successful plant recruitment implies overcoming several filters operating sequentially and 66 

at different spatial scales (Neuschulz et al. 2016). First, plants must overcome biotic filters, where 67 

habitat structure modulates animal interactions, leading to positive or negative outcomes (García et 68 

al. 2011, Beckman and Rogers 2013). For example, seed fate can be strongly influenced by habitat 69 

features, with interacting animal species acting either as seed dispersers or predators (Cordero et al. 70 

2026). However, besides biotic filters, abiotic filters related to climatic, vegetation, edaphic, and 71 

topographic conditions of the habitat determine suitable areas for plant establishment (Frei et al. 72 

2018). These filters interact in complex ways, as seeds must first escape animal predation and then 73 

reach sites with suitable environmental conditions for establishment and growth (Cordero et al. 74 

2021). Although many studies examine one of these filters, those integrating both biotic and abiotic 75 

filters within the same population remain scarce (Švamberková and Lepš 2020). This not only limits 76 

our understanding of the causes leading to recruitment failure (Funk 2021), but also of how these 77 
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interacting filters shape the spatial distribution of successful recruitment relative to adult 78 

occurrence. 79 

In addition to biotic and abiotic filters operating simultaneously, plants must also overcome 80 

the problem that their ecological niche can differ across life stages. The conditions necessary for 81 

seeds to germinate and for seedlings to establish differ from those necessary for adults to survive 82 

and reproduce, as each life stage occupies a distinct ecological niche (Bertrand et al. 2011). This 83 

implies that the presence of adults is not necessarily indicative of suitable conditions for 84 

recruitment, as environmental requirements change throughout ontogeny (Máliš et al. 2016). In 85 

long-lived species, this issue becomes critical, as current adult individuals were possibly established 86 

in past decades or centuries under quite different environmental conditions (Schweiger et al. 2020). 87 

Therefore, adults may persist in sites where recruitment is currently unfeasible under contemporary 88 

environmental conditions (Sandel et al. 2025), leading to spatial segregation among age classes 89 

(Weng et al. 2017). Understanding this ontogenetic segregation and its underlying environmental 90 

drivers is key to predicting where recruitment can take place. 91 

Climate change and anthropogenic disturbance are progressively altering environmental 92 

conditions (Pecl et al. 2017), driving the contraction of the regenerative niche of species over time 93 

(Donohue et al. 2010, Walck et al. 2011). Mediterranean ecosystems are particularly vulnerable to 94 

this phenomenon, as they have experienced aridification processes over the last decades, with a 95 

reduction in precipitation and an increase in temperatures (Giorgi and Lionello 2008, Hoerling et al. 96 

2012). Long-lived species with episodic recruitment are especially susceptible to niche contraction, 97 

as their recruitment is restricted to specific time frames that can become progressively scarce 98 

(Holmgren et al. 2006). Recruitment can therefore fail even at sites occupied by reproductive 99 

individuals if the environmental niche required for seedling establishment differs from the niche 100 

currently occupied by reproductive adults (Dalgleish et al. 2011). This mismatch generates an 101 

extinction debt, whereby populations appear demographically stable despite ongoing and imminent 102 

local extinction (Kuussaari et al. 2009). 103 
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Jubaea chilensis (Arecaceae) represents an ideal study system to examine this phenomenon. 104 

Jubaea chilensis is a long-lived palm species, reaching ages of over 200 years (Guzmán et al. 105 

2017), which implies that current adults likely established under climatic conditions different from 106 

contemporary ones. Previous studies have described sequential biotic filtering during recruitment, 107 

accounting for recruitment rates lower than 2% and inverted age structures (Cordero et al. 2021). 108 

However, despite biotic filters being well characterized, environmental filters determining where 109 

individuals escaping predation can successfully establish remain unknown. Here, we examine 110 

whether recruitment failure in J. chilensis is explained by environmental filtering across ontogenetic 111 

stages and by regenerative niche contraction under recent environmental change. We hypothesize 112 

that recruitment is constrained primarily by fine-scale microhabitat conditions, whereas segregation 113 

among later ontogenetic stages is driven mainly by landscape-scale variables. Furthermore, we 114 

expect current regenerative niche contraction, whereby the conditions occupied by recently 115 

established seedlings represent a more restricted subset of those occupied by reproductive 116 

individuals established decades ago (~at least 60 years). 117 

 118 

Methods 119 

Study area and data collection 120 

During the austral spring of 2025, we conducted field sampling in the Palmar de Ocoa, located 121 

within La Campana National Park, which harbors the largest known population of J. chilensis 122 

(~70,000 individuals; González et al. 2017). Although legally protected, this site is threatened by 123 

multiple anthropogenic pressures, such as fruit harvesting, herbivory by exotic species, wildfires, 124 

and seed predation by invasive rodents (Cordero et al. 2021). Nonetheless, it represents the least 125 

disturbed of the remaining large J. chilensis populations, most of which occur outside protected 126 

areas in a heavily fragmented and degraded matrix (Cordero et al. 2021, Cordero et al. 2026). The 127 

sites lies in central Chile within the Winter Rainfall-Valdivian Forests Biodiversity Hotspot and is 128 

characterized by a Mediterranean climate-type, with precipitations concentrated during the winter 129 
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and prolonged dry summers (120 mm annual rainfall; Quintanilla and Lozano 2012). Vegetation is 130 

dominated by sclerophyllous forest and scrubland formations, where J. chilensis is mainly 131 

associated with species such as Quillaja saponaria, Cryptocarya alba, Lithrea caustica, Peumus 132 

boldus, Vachellia caven, Retanilla trinervia, and Leucostele chiloensis. The study area exhibits 133 

strong vegetation heterogeneity over short distances, including sclerophyllous forests and 134 

scrublands and hygrophilous formations that generates contrasting microhabitats, providing 135 

sufficient environmental variation to compare habitat associations among age classes (Cordero et al. 136 

2026). We conducted continuous sampling across 56 ha (~2% of the total population area), 137 

georeferencing all individuals and assigning them to age classes representing ontogenetic stages. 138 

Four classes were defined based on morphological aspects (González et al. 2017): seedling (entire 139 

or weakly pinnate leaves, basal rosette, no stem), saplings (pinnate leaves, rosette borne on a 140 

swollen pseudo-stem formed by persistent, compacted petiole bases), non-reproductive adult 141 

(visible stem with an elevated crown, no reproductive structures), and reproductive adult (narrowed 142 

stem, presence of inflorescences or infructescences). 143 

 144 

Spatial analyses 145 

To assess whether individuals deviate from a random spatial distribution and whether ontogenetic 146 

stages exhibit distinct aggregation patterns, we conducted point pattern analyses using the 147 

geographic coordinates of sampled individuals. First, we defined an observation window as the 148 

minimum convex hull containing all individuals. To characterize the global spatial pattern of the 149 

population, we applied Ripley’s K function with edge correction. This analysis evaluates spatial 150 

distribution patterns across multiple distance scales (r). K(r) values higher than those expected 151 

under randomness indicate spatial aggregation at that scale, whereas lower values suggest regularity 152 

or repulsion. Statistical significance was assessed using Monte Carlo simulations, generating 999 153 

random patterns under a Complete Spatial Randomness (CSR) model and constructing 95% 154 

confidence envelopes. Then, to evaluate whether aggregation patterns vary ontogenetically, we 155 
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conducted the Ripley’s K analysis independently for each age class. Additionally, we estimated the 156 

Clark-Evans index for each class, which quantifies the ratio between the mean observed nearest-157 

neighbor distance and that expected under spatial randomness. R values < 1 indicate aggregation, R 158 

> 1 suggest regularity, and R ≈ 1 indicate randomness. Statistical significance was evaluated using 159 

the Clark-Evans Z-test.  160 

Furthermore, to determine whether different age classes tend to occupy spatially segregated 161 

zones, we conducted a spatial segregation test on a pattern of marked points, where each individual 162 

was tagged according to its age class. This test evaluates whether the spatial distribution of tags (age 163 

classes) significantly differs from that expected under a null model generated by random 164 

reassignment of tags to the observed positions, using 999 Monte Carlo simulations. 165 

 166 

Environmental niche characterization and differentiation 167 

Given that age classes exhibit spatial segregation, we evaluated whether this pattern reflects 168 

differentiation in environmental space. To characterize the environmental niche of J. chilensis, we 169 

used climatic, vegetational, edaphic, and topographic variables, obtained using the geographic 170 

coordinates of each individual. Climatic variables were retrieved from CHELSA v2.1 (~1 km 171 

resolutions; Karger et al. 2017) and comprised Aridity Index (AI), Potential Evapotranspiration 172 

(PET), mean annual temperature (bio1), precipitation seasonality (bio15), mean precipitation of the 173 

driest quarter (bio17), and mean precipitation of the warmest quarter (bio18). Vegetational variables 174 

were derived from NDVI (Normalized Difference Vegetation Index; 30 m resolution) from Landsat 175 

for the period 1984-2023. We included mean NDVI (productivity/mean vegetation cover), NDVI 176 

CV (coefficient of variation), NDVI seasonal amplitude (mean annual maximum - mean annual 177 

minimum), temporal trend NDVI (slope of linear regression between 1984-2023), and ENSO (El 178 

Niño-Southern Oscillation) sensitivity, calculated as the correlation between monthly NDVI 179 

anomalies (deviations from the 1984-2023 monthly mean) and the Oceanic Niño Index (ONI). On 180 

the other hand, edaphic variables were retrieved from SoilGrids v2.0 (250 m resolution; Poggio et 181 
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al. 2021), including cation exchange capacity, coarse fragments, total nitrogen, organic carbon, pH, 182 

water content at field capacity, and content of clay, sand, and silt. Due to the compositional nature 183 

of these last three variables, we created a texture index, calculated as log((sand + 1)/(clay + silt + 184 

1)), where positive values indicate coarse textures and negative values fine textures. Lastly, 185 

topographic variables were derived from a Digital Elevation Model (DEM) SRTM (30 m 186 

resolution), calculating elevation, slope, aspect (transformed into northness = cos(aspect) and 187 

eastness = sin(aspect) to avoid the circularity of aspect in degrees), and Topographic Wetness Index 188 

(TWI = ln(accumulation area/tan(slope)), which represents the potential for water accumulation 189 

across the landscape. 190 

 To avoid multicollinearity within each set of environmental variables, we implemented an 191 

iterative procedure for variable selection based on Variance Inflation Factor (VIF). We conducted 192 

multiple linear regressions for each variable against all remaining variables, estimating VIF and 193 

removing those with values >5, then repeating until obtaining a set of variables with values under 194 

the defined threshold. All variables were standardized prior to multivariate analyses to prevent 195 

variables with larger variances from dominating ordinations. These variables were selected since 196 

climate constrains seasonal water availability, soils regulate moisture retention and establishment, 197 

vegetation dynamics modulate biotic interactions, and topography shapes microclimatic and 198 

hydrological heterogeneity (Mod et al. 2016). Together, these environmental variables influence 199 

recruitment and spatial niche dynamics of J. chilensis in Mediterranean systems. 200 

To evaluate whether age classes occupy different environmental niches and to identify the 201 

variables underlying this differentiation, we applied a Permutational Multivariate Analysis of 202 

Variance (PERMANOVA) across all age classes on a matrix of individuals by standardized 203 

environmental variables, using Euclidean distances (appropriate for continuous z-scored data), with 204 

9,999 permutations, followed by pairwise comparisons with Bonferroni correction. To visualize the 205 

multivariate structure of this differentiation, we performed a non-metric Multidimensional Scaling 206 

(nMDS) ordination in two dimensions on the same distance matrix, with 100 random starts, 207 
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assessing ordination quality using stress values. Environmental variables driving the observed 208 

segregation were identified using vector fitting with 999 permutations, retaining variables with R² > 209 

0.3 and p < 0.05. 210 

 211 

Environmental restrictions on recruitment and ontogenetic transitions 212 

To evaluate which environmental variables better predict the presence of J. chilensis seedlings (the 213 

most critical age class for population viability) and compare these predictors against those 214 

differentiating other demographic transitions, we employed a Random Forest approach. We trained 215 

a Random Forest model to simultaneously predict the four classes using 1,000 decision trees and 216 

mtry = ⌊√18⌋ = 4 (the default √p, rounded down) variables evaluated in each split. Classes 217 

imbalance was handled by applying class weights inversely proportional to their frequency. Out-of-218 

Bag (OOB) error and confusion matrix were also calculated to assess their predictive performance. 219 

Variable importance was evaluated through Mean Decrease Gini and Mean Decrease Accuracy, with 220 

the latter providing more robust results for variables with different scales. Furthermore, we trained a 221 

second model to examine how current recruitment is constrained, classifying individuals as seedling 222 

and non-seedling. To handle the extreme class imbalance (1:21), we combined class weighting, 223 

balanced sampling (n = 15 per class per tree), and 1,000 trees to stabilize model predictions. The 224 

model was evaluated using OOB error rate, sensitivity (seedling detection rate), and specificity 225 

(non-seedling detection rate). Variable importance was calculated through Mean Decrease Accuracy 226 

to identify the most important predictors of seedling presence. Lastly, we trained a third binary 227 

model for saplings and reproductive adults to compare environmental filters in different ontogenetic 228 

stages. We determined the most important variables by Mean Decrease Accuracy for each model to 229 

identify those emerging consistently, which were considered as robust environmental drivers, while 230 

specific variables for each model indicate differentiated ontogenetic filters. 231 

 232 

Spatial suitability mapping and niche contraction assessment 233 
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First, we predicted spatial suitability for recruitment, identified areas with apparently suitable 234 

conditions but lacking regeneration (recruitment failure), and assessed the magnitude of 235 

regeneration niche contraction. To this end, we used the binary Random Forest model (seedling vs. 236 

non-seedling individuals) described above to predict the probability of being seedling for all 332 237 

sampled individuals. This approach generates an environmental suitability index that quantifies how 238 

similar the conditions of each individual are to those under which seedlings currently establish. 239 

Predicted probabilities were compared among classes using a Wilcoxon test to verify that observed 240 

seedlings exhibit higher predicted suitability than other classes (model validation). A continuous 241 

suitability map for the study area was generated using Inverse Distance Weighting (IDW) 242 

interpolation with a power parameter of p = 2.0. A regular grid of 100 × 100 points covering the 243 

spatial extent of the study area was created, and predicted probabilities from the 332 individuals 244 

were interpolated across this grid. To classify individuals and assess recruitment failure, each 245 

individual was assigned to one of four categories based on its current condition and predicted 246 

suitability: i) observed seedlings (field-recorded seedlings), ii) high suitability without seedlings 247 

(non-seedling individuals with predicted probability ≥ 75th percentile), iii) medium suitability 248 

(predicted probability between the 25th and 75th percentiles), and iv) low suitability (predicted 249 

probability < 25th percentile). 250 

Furthermore, to evaluate whether the regeneration niche has changed between generations, 251 

we compared the environmental conditions currently occupied by reproductive adults (“adult 252 

niche”) with those occupied by seedlings (“seedling niche”). For the most important variables 253 

identified by the binary Random Forest model, we calculated class-specific medians and applied 254 

Wilcoxon tests to assess significant differences. The percentage change in the median ((Seedlings - 255 

Reproductive adults)/Reproductive adults) ×100 quantified the magnitude and direction of niche 256 

change. Finally, we quantified the reduction in regeneration area by calculating the convex hull 257 

enclosing individuals of each age class using geographic coordinates. Polygon areas were computed 258 

using the Shoelace formula for irregular polygons. The spatial contraction index was defined as IC 259 
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= 1 - (Area seedlings / Area reproductive adults), where values close to 0 indicate no contraction 260 

(seedlings occupy a spatial extent similar to that of adults) and values close to 1 indicate strong 261 

contraction (seedlings occupy a much smaller spatial extent). 262 

 263 

Results 264 

Spatial aggregation and age-class segregation 265 

We observed that the J. chilensis population exhibits a statistically significant pattern of spatial 266 

aggregation (Fig. 1). Aggregation was evident even at short distances (< 20 m) and remained 267 

significant up to distances of approximately 150 m, suggesting that individuals tend to form 268 

spatially defined clusters or patches rather than being independently distributed. This pattern varied 269 

consistently among age classes. Seedlings showed the most intense spatial aggregation (Clark-270 

Evans R index = 0.23, p < 0.001), indicating that younger individuals are concentrated in highly 271 

compact groups. Saplings also showed significant aggregation, although of lower magnitude (R = 272 

0.61, p < 0.001). Non-reproductive adults exhibited a moderate aggregation pattern (R = 0.71, p < 273 

0.001), whereas reproductive adults were also spatially aggregated (R = 0.59, p < 0.001), although 274 

less pronounced than in younger classes. The spatial segregation test revealed that age classes are 275 

not randomly distributed across space, but instead occupy distinct zones within the study area (p = 276 

0.001). 277 

 278 

Age-class segregation in environmental space 279 

Consistent with the observed spatial segregation, age classes occupy significantly different 280 

environmental niches (PERMANOVA: F�,��� = 4.51, p < 0.0001), suggesting progressive 281 

displacement of environmental conditions between generations. Pairwise comparisons between all 282 

class combinations showed that five of six comparisons were statistically significant. Reproductive 283 

adults and saplings exhibited the highest differentiation (F = 7.92, R² = 0.03, padj = 0.001), followed 284 

by seedlings and saplings (F = 3.70, R² = 0.06, padj = 0.01), and reproductive adults and seedlings (F 285 
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= 3.61, R² = 0.01, padj = 0.02). The only exception was non-reproductive adults and saplings (padj = 286 

1.00). Consistent with this statistical differentiation, centroids occupied distinct positions in the 287 

nMDS environmental space (Fig. 2). Reproductive adults exhibited the most negative centroid shift 288 

along both axes (nMDS1 = -0.08, nMDS2 = -0.15), while seedlings showed the greatest positive 289 

shift along nMDS1 (0.55) and saplings along nMDS2 (0.51) axes. Non-reproductive adults 290 

occupied an intermediate position but showed the highest dispersion (nMDS1 SD = 1.64). The 291 

largest Euclidean distance between centroids was observed between seedlings and reproductive 292 

adults (0.72 units), followed by the separation between saplings and reproductive adults (0.69 293 

units). The distance between seedlings and saplings was moderate (0.54 units), while non-294 

reproductive adults showed lower separation from reproductive adults (0.53 units). 295 

Eight environmental variables showed strong association and statistical significance with 296 

the nMDS ordination (R² > 0.30, p ≤ 0.001). Elevation was identified as the most strongly 297 

correlated variable with the ordination, explaining 69.7% of the variation in the NMDS space (R² = 298 

0.70, p = 0.001), followed by variables related to water balance: coarse fragments (R² = 0.60), PET 299 

(R² = 0.58), TWI (R² = 0.57), and precipitation of the warmest quarter (R² = 0.54). Furthermore, 300 

topographic and vegetation variables also showed significant, although moderate, relationships: 301 

slope (R² = 0.32), mean NDVI (R² = 0.32), and NDVI CV (R² = 0.31). 302 

 303 

Environmental filters on recruitment 304 

The multiclass Random Forest model showed good overall performance (OOB error = 24.1%), with 305 

marked differences in predictive accuracy among age classes, consistent with environmental 306 

differentiation across ontogenetic stage. Variable importance based on Mean Decrease Gini was 307 

dominated by vegetation-related predictors, led by mean NDVI (28.10), followed by NDVI 308 

temporal trend (20.50), NDVI seasonal amplitude (19.10), NDVI sensitivity to ENSO (18.50), and 309 

TWI (18.50) (Fig. 3a). On the other hand, binary Random Forest showed an OOB error of 15.7%, 310 

with sensitivity (ability to detect true seedlings) of 80% and specificity (ability to identify non-311 
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seedlings) of 84.5%. Mean Decrease Accuracy importance ranking showed a different set of 312 

predictors compared with the multiclass model. NDVI CV was identified as the dominant predictor 313 

with MDA = 4.93, followed by orientation along the east-west axis (eastness) with MDA = 3.64, 314 

and texture index with MDA = 3.01. Cation exchange capacity and NDVI seasonal amplitude were 315 

also ranked among the dominant predictors, although with less importance than the first three 316 

(MDA = 0.17 and 0.04, respectively) (Fig. 3b). Additionally, the binary Random Forest model 317 

trained to discriminate between saplings and reproductive adults showed an accuracy slightly 318 

superior to the seedling model (OOB error = 13.7%). Importance ranking revealed a different set of 319 

predictors, with elevation being the most important one (MDA = 32.50), followed by slope (MDA = 320 

19.90), mean NDVI (MDA = 19.60), TWI (MDA = 19.50), and NDVI temporal trend (MDA = 321 

18.20). Overall, seedling recruitment is constrained by microhabitat conditions, whereas saplings 322 

and reproductive adults are differentiated primarily by topography. 323 

 324 

Spatial distribution of suitability and niche contraction 325 

Predicted probabilities derived from the binary Random Forest model clearly differentiated age 326 

classes. Seedlings showed high predicted probabilities (median = 0.96), whereas all remaining 327 

classes exhibited lower and broadly overlapping values (medians ranging from 0.11 to 0.19). The 328 

comparison between seedlings and non-seedlings showed significant differences (Wilcoxon test: p < 329 

0.001), indicating that the model consistently discriminates the environmental conditions associated 330 

with successful seedling establishment. Notably, despite most reproductive adults showing low 331 

predicted suitability (50% with probability < 0.11), some individuals exhibited high probabilities 332 

(maximum = 0.95), making them indistinguishable from seedlings based on predicted suitability 333 

alone, and indicating environmental overlap between historical and current occupancy conditions.  334 

On the other hand, the continuous map revealed marked spatial heterogeneity in predicted 335 

recruitment suitability (Fig. 4). Spatial structure was non-random, with patches of high probability 336 

(probability > 0.60) alternating with zones of low suitability (probability < 0.20). The classification 337 
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of all individuals based on their predicted suitability and actual class showed an important 338 

decoupling between environmental suitability and realized recruitment. Seedlings represented only 339 

4.5% of the total, corresponding to sites where recruitment was successful. Importantly, 21.1% of 340 

individuals were classified as high suitability without seedlings, representing sites where 341 

environmental variables predict suitable conditions, but recruitment has not occurred. Furthermore, 342 

24.4% of individuals occupied sites of medium suitability, and 50% occupied sites of low 343 

suitability. Class composition of sites with failed recruitment revealed that most individuals 344 

belonged to reproductive adults (68.6%), followed by saplings (22.9%) and non-reproductive adults 345 

(8.6%). 346 

Lastly, a comparison between the adult niche and the seedling niche for the five most 347 

important predictors identified by the seedling Random Forest model showed consistent directional 348 

shifts, although none were statistically significant (all Wilcoxon p > 0.10). The largest relative 349 

change was observed for NDVI CV (-44%), followed by a shift in east-west orientation, suggesting 350 

a tendency toward contraction of the regeneration niche, although this pattern is not statistically 351 

supported. 352 

 353 

Discussion 354 

Our results are consistent with environmental filtering throughout ontogeny, combined with the 355 

decoupling between predicted suitability and realized recruitment, as drivers of the regeneration 356 

collapse of J. chilensis. Nevertheless, experimental approaches such as seed and seedling 357 

transplants across the suitability gradient would be needed to confirm this further. The spatial 358 

segregation among age classes indicates a shift in the spatial scale of environmental filtering across 359 

ontogeny. Seedling establishment is primarily associated with microhabitat conditions, whereas the 360 

persistence of reproductive adults is primarily associated with landscape-scale topography. This 361 

scale-dependent mismatch decouples the presence of adult individuals from environmental 362 

suitability for recruitment. The significant spatial aggregation observed, with decreasing intensities 363 
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from seedlings to reproductive adults, is consistent with the patterns reported in Amazonian long-364 

lived palm species (Choo et al. 2017). This pattern also aligns, to some degree, with the Janzen-365 

Connell hypothesis: most seeds fall within the immediate vicinity of parental plants, increasing 366 

density-dependent mortality due to seed predation and intraspecific competition, favoring 367 

individuals dispersing to longer distances (Connell 1971, Janzen 1971). Since O. degus disperses 368 

seeds over short distances (mean 6.2 ± 0.4 m; Cordero et al. 2021), spatial clustering of seedlings 369 

likely reflects both this limited dispersal range and subsequent environmental filtering of caches, 370 

rather than dispersal behavior alone. However, the observed segregation is not limited to a gradient 371 

of parental distance but reflects a differential occupation of environmental space (Barton 2024). 372 

Five of six pairwise comparisons between age classes were significant, with the greatest distance in 373 

environmental space observed between seedlings and reproductive adults, suggesting that spatial 374 

segregation is a consequence of the contrasting environmental conditions required by each 375 

ontogenetic stage. 376 

Although environmental differentiation among age classes in palm species has been 377 

previously documented (Choo et al. 2017, Oda et al. 2019), the environmental drivers underlying 378 

this differentiation across the complete ontogenetic sequence remain scarcely understood. Our 379 

results show that the differentiation between reproductive adults and saplings is dominated by 380 

topography at a landscape scale, while the establishment of seedlings depends mainly on 381 

microhabitat. This change in environmental predictors among ontogenetic stages is consistent with 382 

the idea that the fundamental niche of a species is not static over the life cycle but reconfigures 383 

based on changes in size, physiology and capacity to tolerate environmental stress (Bertrand et al. 384 

2011, Barton 2024). In large palm species like J. chilensis, this transition is especially marked since 385 

adults with deep root systems and large water reserves in the trunk can thrive under xeric conditions 386 

and topographically exposed sites (González et al. 2017). Conversely, seedlings are completely 387 

dependent on superficial soil moisture and understory shade, being unable to establish without 388 

favorable conditions (Guzmán et al. 2017). 389 
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We observed that NDVI CV is the most dominant predictor of seedling recruitment, which 390 

suggests high temporal variability in vegetation cover reflecting sites where the cover is neither 391 

homogeneous nor constant, such as scrub edges, small clearings, or transition zones and open 392 

scrublands. These microsites with vegetation heterogeneity offer a combination of moderate solar 393 

radiation, partial cover from summer drought, and less competition for resources from the closed 394 

canopy (Gómez-Aparicio et al. 2005, Lloret et al. 2005). Noteworthy, these microsites are also 395 

preferred by Octodon degus, the only seed disperser of J. chilensis seeds (Cordero et al. 2021, 396 

Cordero et al. 2026), which adds another layer of complexity to palm recruitment, determined by 397 

biotic interactions as discussed earlier. Moreover, eastness also plays an important role, suggesting 398 

that seedling tend to establish on hillsides oriented to the east, which receive morning radiation in 399 

the southern hemisphere but are protected from direct radiation during the afternoon. Since the 400 

latter is the most intense during the prolonged Mediterranean summer, it allows reducing 401 

evapotranspiration in seedlings with limited root systems (Badano et al. 2005). Soil texture also 402 

plays a critical role, with intermediate or slightly fine texture soils retaining more moisture available 403 

for germination (Muñoz-Rojas et al. 2016), in contrast with coarse texture which is predominant in 404 

zones of higher elevation and slope (Tesfa et al. 2009), where reproductive adults are more frequent.  405 

On the other hand, environmental predictors differentiating saplings from reproductive 406 

adults mainly belong to topographic gradients at a landscape scale and mean vegetation 407 

productivity. This suggests that individuals persisting past the critical establishment stage are 408 

progressively more to be found in microsites less constrained by microenvironmental conditions, 409 

resulting in an environmental space more similar to that of adults. It is important to note, however, 410 

that age classes here correspond to different individuals compared at a single point in time, not the 411 

same plants followed through their lifespan. Therefore, this topographic segregation should not be 412 

understood as an ontogenetic shift within an individual (a sessile plant cannot move to a different 413 

slope or elevation). A more feasible explanation is differential survival among individuals that 414 

established decades or centuries apart. The topographic positions where reproductive adults now 415 
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stand may have been suitable microsites at the time those individuals germinated, under vegetation 416 

cover, climate, or disturbance conditions quite different from those shaping recruitment today. 417 

Notably, 21.1% of the sampled individuals occupy sites with high predicted environmental 418 

suitability for seedling recruitment, without this recruitment taking place. Inversely, only 4.5% of 419 

individuals were observed as seedlings in the field. Although recruitment in long-lived species can 420 

occur in irregular pulses, recruitment failure in this system has been documented through the full 421 

seed dispersal process, with an estimated 1.81% seed-to-seedling success rate (Cordero et al. 2021). 422 

This decoupling suggests that suitable microsites for establishment exist across the landscape, yet 423 

recruitment fails to occur in most of them. The sites of high suitability without seedlings are mainly 424 

dominated by reproductive adults (68.6%) and saplings (22.9%), consistent with older individuals 425 

persisting in microsites without new recruitment. This phenomenon may be explained by the low 426 

efficiency of the seed disperser, the native rodent O. degus, which preys on a significantly higher 427 

number of seeds than the ones it disperses, allowing only a small fraction of seeds to be available 428 

for germination (Cordero et al. 2021). Therefore, even though the environmental suitability of 429 

microsites is high and the disperser is present, this decoupling is consistent with insufficient 430 

effective dispersal, limiting the translation of environmental suitability into realized establishment 431 

(Turnbull et al. 2000, Muller-Landau et al. 2002). 432 

The comparison between the environmental conditions occupied by reproductive 433 

individuals (adult niche, established at least ~60 years ago) and those occupied by seedlings 434 

(seedling niche) did not reveal statistically significant differences in any of the five most important 435 

variables identified by the binary model, the multivariate analysis, or the permutation tests by 436 

variable. However, this result should be interpreted with caution, as the sample size of seedlings (n 437 

= 15) lacks statistical power to detect real differences, particularly given the highly asymmetric 438 

sample sizes between seedlings and reproductive adults (n = 242). Therefore, only effects of large 439 

magnitude would be detectable, and the absence of significance is not equivalent to absence of 440 

effect. Nevertheless, the observed tendency in some variables is coherent with predictions derived 441 
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from the regional environmental context. The highest relative change in medians was observed in 442 

NDVI CV, suggesting that current seedlings tend to establish at microsites with lower temporal 443 

variability in vegetation cover than those occupied by reproductive adults when they established. 444 

The east-west orientation showed a similar direction of change, although also lacking statistical 445 

support. These trends, however, are only suggestive of regenerative niche contraction under 446 

Mediterranean aridification, as this hypothesis was not confirmed with the present data. During 447 

more than a decade, the megadrought in central Chile reduced seasonal water availability (Boisier et 448 

al. 2016, Garreaud et al. 2020), potentially restricting successful recruitment to an increasingly 449 

narrow set of microsites.  450 

However, this interpretation cannot be completely separated from purely ontogenetic 451 

differentiation in environmental tolerances between seedlings and adults, which would arise 452 

regardless of any climatic shift. It is also difficult to rule out possible rapid evolutionary change in 453 

the genotypic composition of recruiting seedlings relative to established adults. Disentangling these 454 

alternatives, and testing whether recruitment is tied to ephemeral, interannual pulses in water 455 

availability rather than long-term mean conditions, would require long-term demographic 456 

monitoring or common-garden approaches beyond the scope of this study. As noted above, this 457 

cross-sectional comparison of different individuals is a proxy for, and not a direct measure of, the 458 

demographic vital rates underlying recruitment. This contrasts with the recruitment failure itself, 459 

which has independent temporal support from historical census comparisons and seed-to-seedling 460 

tracking(Bravo et al. 2018, Cordero et al. 2021). Furthermore, this study characterizes a single 461 

population, and replicate sites spanning a gradient of disturbance would provide a more robust 462 

evaluation of how representative these patterns are of the species' broader, more fragmented range. 463 

However, the comparably sized population (El Salto palm grove) currently shows no recruitment 464 

(Cordero et al. 2021), precluding a direct replicate comparison at present. 465 

The spatial contraction of the geographic area occupied by seedlings relative to that 466 

occupied by reproductive adults indirectly supports this argument. Regardless of whether the 467 
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environmental conditions of microsites have changed, the reduction in the effective recruitment area 468 

implies that fewer individuals have access to suitable sites for establishment. Considering the 469 

already low recruitment rate (~1.81%; Cordero et al. 2021), this represents a clear extinction debt, 470 

masked only by the longevity of J. chilensis. Similar patterns have been observed in the palm 471 

Euterpe edulis in the Brazilian Atlantic Forest, where fragmentation and aridification severely 472 

compromised recruitment with long-term consequences for population viability (Pizo et al. 2006). 473 

However, the Mediterranean distribution of J. chilensis intensifies the problem, as recruitment is 474 

restricted to narrow temporal windows associated with winter rainfall events (Holmgren et al. 475 

2006). 476 

Jubaea chilensis is a narrowly distributed, monotypic relict, but its restricted range does not 477 

appear to reflect a narrow physiological niche. The species tolerates temperatures as low as -22°C in 478 

cultivation and thrives well beyond its natural range under milder Mediterranean and even 479 

temperate climates (Guzmán et al. 2017). Its current distribution reflects a drastic population 480 

contraction, from an estimated 5,000,000 individuals five centuries ago to around 123,000 today, 481 

compounded by historical isolation from tropical relatives across the Atacama's Arid Diagonal 482 

(Guzmán et al. 2017). This limits the generalizability of our findings, as the ontogenetic recruitment 483 

failure we document may be relevant to other long-lived species undergoing range contraction, but 484 

J. chilensis also depends on a sole seed disperser (O. degus), whose role is increasingly 485 

compromised by an invasive species (Cordero et al. 2021). This dependence on a sole seed disperser 486 

is a structural vulnerability more characteristic of narrowly distributed relict species than of widely 487 

distributed congeners with more redundant disperser assemblages. 488 

 489 

Conclusion 490 

Our results have direct implications for J. chilensis management. Microsites with high suitability 491 

for recruitment should be considered priority candidates for active interventions through direct 492 

seeding or assisted transplanting under suitable environmental conditions. Conservation strategies 493 
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limited to protecting reproductive adults are insufficient, since our results suggest that adult 494 

presence is an unreliable indicator of suitable conditions for recruitment. In this sense, models based 495 

on adult distribution overestimate the amount of habitat available for effective recruitment and 496 

underestimate the urgency of the demographic situation. The protection of microsites with 497 

environmental suitability for seedlings, including the reduction of predation pressure, represents the 498 

most direct strategy to increase the recruitment rate above the current critical threshold. Future 499 

management programs must simultaneously address the environmental and biotic filters of 500 

recruitment; failing to do so risks making local extinction inevitable within the next century. 501 

 502 
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Figures 604 

 605 

 606 

 607 

Figure 1. Ripley's L-function analysis of the spatial distribution of Jubaea chilensis individuals (n = 608 

332). The x-axis represents spatial scale (distance r, in meters), and the y-axis shows the L(r) − r 609 

statistic (values of zero correspond to complete spatial randomness). The green line represents the 610 

observed L(r) − r values, and the shaded area indicates the simulation envelope under complete 611 

spatial randomness (CSR), generated from 999 Monte Carlo simulations. Values above the envelope 612 

indicate spatial aggregation, while values within the envelope indicate no significant departure from 613 

randomness. 614 
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 615 

Figure 2. Non-metric multidimensional scaling (nMDS) ordination of standardized environmental 616 

conditions occupied by age classes of Jubaea chilensis (Stress = 0.15; PERMANOVA: F3,328 = 4.51, 617 

p < 0.0001). Distances between points approximate environmental dissimilarity, with closer points 618 

indicating more similar niches. Points represent individual plants; triangles indicate class centroids; 619 

ellipses delimit 95% confidence regions. Arrows show environmental variables significantly 620 

associated with the ordination (vector fitting, R² > 0.3, p < 0.05), with arrow direction indicating the 621 

gradient and arrow length proportional to the strength of the association (R²). 622 
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 623 

Figure 3. Variable importance from Random Forest models predicting ontogenetic stage in Jubaea 624 

chilensis. a) Mean Decrease Gini for the multiclass model (seedlings, saplings, non-reproductive 625 

adults, reproductive adults; OOB error = 24.1%); top 10 of 18 predictors shown. b) Mean Decrease 626 

Accuracy (MDA) for the binary seedling vs. non-seedling model (OOB error = 15.7%; sensitivity = 627 

80%; specificity = 84.5%); top 10 of 18 predictors shown. Near-zero or negative MDA values 628 

indicate negligible contribution to seedling classification. 629 
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630 
Figure 4. Spatial distribution of Jubaea chilensis individuals overlaid on predicted recruitment 631 

probability, estimated by inverse distance weighting interpolation of Random Forest predictions of 632 

seedling establishment. Areas of high predicted probability (yellow) occupied predominantly by 633 

non-seedling individuals indicate sites of apparent recruitment failure, where environmental 634 

conditions are suitable but recruitment has not occurred. 635 
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