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Two Sides of the Same Desert: Floristic Connectivity and Isolation Along the Hyperarid Coast and Precordillera in Peru and Chile
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In this study we aim at refining our understanding of the floristic connectivity of the loma- and precordillera floras of southern Peru and northern Chile and the parameters determining vegetation cover in this region. We used multivariate analyses to test for floristic- and environmental similarity across 53 precordillera and loma locations in Peru and Chile. We propose the use of predictive modeling in estimating the extent of desert vegetation as a complementary method to remote sensing. We created habitat suitability models for the vegetation on the coast and in the precordillera based on a combination of latent bioclimatic variables and additional environmental predictors using Maxent. We found Peruvian and Chilean lomas to be strongly floristically differentiated, as are the Chilean precordillera and lomas. Conversely, there is clear connectivity between both the Peruvian loma- and precordillera floras on the one hand and the Peruvian and Chilean precordillera floras on the other. Divergent environmental conditions were retrieved as separating the precordillera and lomas, while environmental conditions are not differentiated between Peruvian and Chilean lomas. Peruvian and Chilean precordilleras show a gradual change in environmental conditions. Habitat suitability models of vegetation cover retrieve a gap for the loma vegetation along the coast between Peru and Chile, while a continuous belt of suitable habitats is retrieved along the Andean precordillera. Unsuitable habitat for loma vegetation north and south of the Chilean and Peruvian border likely represents an ecogeographic barrier responsible for the floristic divergence of Chilean and Peruvian lomas. Conversely, environmental parameters change continuously along the precordilleras, explaining the moderate differentiation of the corresponding floras. Our results underscore the idea of the desert core acting as an ecogeographic barrier separating the coast from the precordillera in Chile, while it has a more limited isolating function in Peru. We also find extensive potentially suitable habitats for both loma- and precordillera vegetation so far undetected by methods of remote sensing.
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INTRODUCTION

The Pacific coast of Peru and Chile is generally considered as a desert comprising a belt of ∼3,500 km of hyperarid climate (Rundel et al., 1991). This hyperaridity is predominantly governed by the strong and stable Pacific Anticyclone and the upwelling cold waters of the Humboldt Current along the western coast of South America (Rodwell and Hoskins, 2001; Garreaud et al., 2010). At the same time, the Andean Cordillera shields the western coast against moist air from entering the northern Chilean Atacama from the east. Precipitation here averages < 1 mm/year (Houston, 2006), which goes back to years of zero precipitation (McKay et al., 2003) interrupted by rare events of torrential rains controlled by the El Niño Southern Oscillation (ENSO; Houston, 2006; Cai et al., 2020).

A closer look at this region, however, reveals a unique altitudinal zonation: Along the coast at elevations of ca. 200–1,000 m heavy sea fog forms during austral winter, caused by the condensation of moist Pacific air masses pushed against the steep slopes of the Coastal Cordillera (Rundel et al., 1991). In these areas of highly seasonal fog, oases develop, the so-called “loma vegetation” (loma—Spanish: “hill”; Ferreyra, 1961; Rundel et al., 1991). This loma vegetation and its typical flora have been extensively studied and documented in the past (e.g., Ferreyra, 1961; Dillon, 2005; Schulz et al., 2011; Muenchow et al., 2013), but taxonomic novelties keep being discovered even in this relatively well studied ecosystem (e.g., Hepp, 2018; Quipuscoa Silvestre and Dillon, 2018; Cáceres de Baldárrago et al., 2019). A recent study employing remote sensing mapped these fog oases with unprecedented precision, arguing that the spatial extent of fog oases is roughly four times as large as previously reported (Moat et al., 2021). This surprisingly indicates that floristic exploration of this peculiar vegetation type is still highly fragmentary. Moat et al. (2021) also concluded that highly ephemeral vegetation and “dormant” fog oasis may not be captured by their analyses. Locations which only develop vegetation at long intervals are thus generally overlooked, but may play a crucial role in providing stepping stones for the loma flora at secular and millennial time levels.

Above the upper limit of fog condensation at ca. 1,000 m there is a full desert, with plant life essentially restricted to phreatophytes (deep rooted plants). This region is called “piso desértico” in Peru (“desert level”; Weberbauer, 1945), respectively, “absolute desert” in Chile (Luebert and Pliscoff, 2017). This “desert level” grades into precordillera vegetation, starting with primarily ephemeral vegetation fed by the occasional spillover of subtropical summer rain at roughly 1,600 m (Schwarzer et al., 2010) to 2,200 m (Ruhm et al., 2020). Precordillera vegetation has been variously referred to as “prepuna” (e.g., Montesinos, 2012; Díaz et al., 2019), “matorral desértico” (Luebert and Pliscoff, 2017), or “sierra vegetation” (Schwarzer et al., 2010). Unlike the loma vegetation of the coast, this precordillera vegetation has been rarely studied and we are not aware of any comprehensive treatment. As our knowledge of this vegetation zone gradually increases, new records are being made and species new to science keep being discovered and described (e.g., Montesinos-Tubée et al., 2016; Quipuscoa Silvestre and Dillon, 2018; Montesinos-Tubée and Chicalla-Rios, 2021). At present, the floristics of the precordillera remains dramatically understudied and no comprehensive overview on the phytodiversity has been provided, neither for the entire Pacific coastal desert nor for either of the two countries. Precordillera vegetation is dominated by short-lived herbs, cacti and shrubs, shows high interannual variability (Díaz et al., 2019) and is characterized by generally low vegetation cover, making it unlikely to be recognized by remote sensing methods (Huete and Tucker, 1991; Escadafal, 2017). A recent study of Chávez et al. (2019) was able to detect flowering desert events based on GIMMS NDVI for the Chilean precordillera between 1981 and 2015 at 8 km pixel resolution. However, outside these events linked to strong precipitation, NDVI values were unable to detect vegetation. We are not aware of any study assessing desert vegetation along the precordillera on a finer scale. Above ca. 3,000 m, precordillera vegetation grades into puna vegetation dominated by shrubs and grasses (Luebert and Gajardo, 2005; Montesinos-Tubée et al., 2015; Luebert and Pliscoff, 2017).

The coastal loma- and Andean precordillera vegetation runs more or less parallel along the Peruvian and Chilean coast over thousands of kilometers, separated by a strip of desert ranging from a few kilometers in width in parts of Peru to over 100 km in northern Chile (Emck et al., 2006). Despite the short geographical distances separating the two formations in some places, they represent contrasting climatic regimes: The precordillera receives scant (austral) summer-rain along the Andean foothills, while the coast is exposed to an (austral) winter-rainfall/fog condensation regime (Weberbauer, 1945; Houston, 2006).

These contrasting climatic conditions are clearly reflected in floristic composition: A first qualitative comparison of the loma- and precordillera floras was recently published for northern Chile and the extreme south of Peru (Ruhm et al., 2020), demonstrating that in this region the precordillera flora is sharply segregated from the loma flora. Qualitative floristic differences between the costal loma- and precordillera floras in northern Chile have been previously reported and ascribed to geographic isolation on both sides of the hyperarid core of the desert (Villagrán et al., 1983; Rundel et al., 1991; Dillon, 2005), but other abiotic factors such as divergent precipitation patterns (Houston, 2006), temperature regimes (Luebert and Pliscoff, 2017) and solar radiation (Molina et al., 2017) likely also play an important role. However, for Peru closer floristic connection between the coastal lomas and Andean precordillera was already proposed by Koepcke (1961) and Sarmiento (1975). More recently, a study of Schwarzer et al. (2010) indicated that elements of typical loma vegetation and even presumed loma endemics may be found in certain habitats along the southern Peruvian precordillera reaching elevations of up to 2,600 m asl. Ruhm et al. (2020) demonstrated a relative floristic coherence along the precordillera from Chile to southern Peru, confirming the presence of a “floristic corridor” along the Andean precordillera of Peru and Chile as previously suggested (Moreno et al., 1994) and shown by phylogenetic studies (e.g., Luebert et al., 2009; Luebert and Weigend, 2014; Böhnert et al., 2022). This is in stark contrast to the “floristic break” between the loma floras of Peru and Chile, respectively, as previously hypothesized in floristic (Rundel et al., 1991; Galán de Mera et al., 1997; Pinto and Luebert, 2009; Manrique et al., 2014) and phylogenetic studies (Gengler-Nowak, 2002; Merklinger et al., 2021). Rundel et al. (1991) suggested that the interruption of the coastal cordillera in the “Pampa de Hospicio” north of Arica at the border between Chile and Peru might be the reason for this floristic discontinuity. In the absence of a steep coastal cordillera humid air pushing inland from the Pacific fails to condense into fog and instead dissipates on the coastal plain.

We here present the most comprehensive dataset to date for the vegetation in southern Peru and northern Chile (below 2,500 m), incorporating floristic data from 53 locations, aiming toward a refined understanding of the spatial extent, connectivity and floristic relationships of the loma- and precordillera in southern Peru and northern Chile. To achieve this, we investigate (a) floristic similarity of loma-and precordillera locations in Chile and Peru, (b) explore the parameters determining vegetation cover in this region and (c) model the current extent and distribution of loma- and precordillera vegetation to understand floristic connectivity and disparity based on the geographical ranges of the distinct vegetation types.

Also, for the analyses of environmental data and habitat suitability modeling, we present an approach combining so-called “latent” PCA derived (Dormann et al., 2013) bioclimatic variables (LBV’s) with additional “original” environmental variables (elevation, inclination and cloud cover) characterizing the habitat of desert vegetation in Peru and Chile. In habitat suitability modeling latent variable approaches have already been applied by several authors (Dupin et al., 2011; Marchi and Ducci, 2018; Senay and Worner, 2019). However, combining latent and original variables has—to the best of our knowledge—rarely been attempted. One of the few examples is Toro-Núñez et al. (2015).

We hypothesize that (1) the loma and precordillera floras in Peru exhibit a higher connectivity compared to the loma and precordillera floras in Chile. In support of this hypothesis, we expect a higher floristic similarity between the loma and precordillera floras in Peru contrasting with higher dissimilarity in Chile, as proposed by Ruhm et al. (2020). Secondly, (2) we expect the floristic composition of the lomas in Peru and Chile to be highly divergent, due to the ecogeographical barrier represented by the interruption of the coastal cordillera at the border between the two countries. We would find this hypothesis supported, if habitat suitability models indicated a pronounced gap for loma vegetation (Rundel et al., 1991; Pinto and Luebert, 2009). Conversely, we propose that (3) the precordillera floras of Peru and Chile show a closer connectivity (Luebert et al., 2009; Böhnert et al., 2022). We here expect a gradual latitudinal floristic change-over in a continuous belt of suitable habitat.



MATERIALS AND METHODS


Analyses of Floristic Data

In total we analyzed floristic information of 53 coastal and Andean desert locations from southern Peru and northern Chile (Figure 1 and Table 1), including 870 species in 410 genera. All floristic- and subsequent environmental analyses were performed in R-4.0.5 (R Core Team, 2021). Floristic data from 21 mainly southern Peruvian locations, collected between 2009 and 2020, were combined with a previously presented list of floristic data from desert locations in Peru and Chile (Ruhm et al., 2020). From the data analyzed by Ruhm et al. (2020), one location, Rio Ilo-Moquegua, was excluded from the analyses (sampling covers an altitudinal range of more than 4,000 m, which is unsuitable for our objectives). Additional floristic data of coastal lomas and Andean precordillera locations were collated from the literature (León et al., 1997; Roque and Cano, 1999; Jiménez et al., 2008; Galán de Mera et al., 2009; Montesinos-Tubée and Mondragón, 2013; Silvestre et al., 2016) as well as from the online botanical collection of the Field Museum (Chicago, United States accessed: 18/08/2020).1 Floristic data from each location were transformed into a binary data matrix indicating for species occurrences. Coordinates (Figure 1) correspond to centers of the sampling areas or the approximate locations to which species were assigned to by the respective authors. Detailed information on each location, incl. data source, sampling method, altitudinal range and sampling period is provided in Supplementary Appendix 1. Explicit remarks on sampling methods can, if existing, be reviewed in the respective data source. Scientific names of species were assigned and revised according to Brako and Zarucchi (1993) for Peru and Zuloaga et al. (2008) for Chile. We followed Zuloaga et al. (2008) as the more recent source for species listed in both sources under different names. A complete list of the species reported across all locations is given in Supplementary Appendix 2.


[image: image]

FIGURE 1. Coastal and Andean desert locations in southern Peru and northern Chile. Map was created in QGIS 3.14.16. Country layers were taken from Natural Earth (www.naturalearthdata.com). City layers were taken from MapCruzin (www.mapcruzin.com). Hillshade layer was taken from ESRI (Environmental System Research Institute [ESRI], 2020). Information on mean elevation of each raster cell (resolution: 30 s) was taken from GMTED2010 (Danielson and Gesch, 2011). For the interactive map see: https://rpubs.com/JRuhm/twosidessamedesert2022.



TABLE 1. List of locations indicated in Figure 1.
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Pairwise floristic dissimilarities between the locations, based on presence/absence data of species were calculated using Sørensen dissimilarity employing the R-package “vegan” 2.5–7 (Oksanen et al., 2020). Based on the pairwise dissimilarities of locations we performed hierarchical clustering and inferred clusters from the resulting dendrogram. We peformed cluster analysis for four clustering methods (single linkage, complete linkage, Ward’s minimum variance and UPGMA) and evaluated the resulting dendrograms using cophenetic correlation and Gower’s distance. Based on both metrics, UPGMA produces the best results for our data and was therefore chosen. To display the results of the cluster analysis a final dendrogram was created using the R package “factoextra” 1.0.7 (Kassambara and Mundt, 2020). Complementary ordination analysis of the locations based on the pairwise floristic dissimilarities was conducted using a Principal Coordinates Analysis (PCoA). Results of the cluster analysis and PCoA were subsequently combined and groups were visualized along the first two PCoA axes. For each cluster, we calculated the total number of species and mean species number per location, and species overlap between clusters using Sørensen Similarity. Distances between cluster centroids were calculated making use of the function dist_between_centroids() in the R-package “usedist” 0.4.0 (Bittinger, 2020). Additionally, based on the phi-fielity we also identified sets of diagnostic species for each cluster with significance p < = 0.05 using the R package “indicspecies” (Cáceres and Legendre, 2009).



Analyses of Environmental Data

Raster layers of 19 bioclimatic variables with a resolution of 30 arc sec (ca. 1 × 1 km grid cells) were obtained from the CHELSA online database (Karger et al., 2017, 2018).2 Among those 19 bioclimatic variables,3 variable 15 (precipitation seasonality), had gaps around the southernmost coastal location in Chile and had to be excluded. Main climatic trends were summarized into principal components, conducting Principal Component Analysis (PCA) of the remaining 18 standardized raster layers of bioclimatic variables, which overcomes two issues, multicollinearity and overparameterization, both known to effect multivariable analysis (Warren and Seifert, 2011; Yoo et al., 2014). For that purpose, we utilized the function rasterPCA in the R package “RStoolbox” 0.2.6 (Leutner et al., 2019). Principal components where then used as so-called “latent” (unobserved) variables (Dormann et al., 2013) and are in the following referred to as latent bioclimatic variables (LBVs). Selection of a meaningful number of PCA derived axes is a key issue in ordination and different approaches have been proposed. We used the broken stick model following to Jackson (1993). Here, the first two LBVs were selected, cumulatively explaining more than 78% of the total variance from the original data. A table containing eigenvalues, proportion of total variance and cumulative proportion of total variance for each LBV is provided in Supplementary Appendix 3. An additional table with the coefficients (loadings) of the original variables for each LBV can be found in Supplementary Appendix 4. Figure 2 shows relationships between the 18 original bioclimatic variables and LBV1 (x-axis) and LBV2 (y-axis) derived from PCA. Variables most strongly associated with LBV 1 are primarily related to temperature (red): Min Temperature of Coldest Month (Bio 6), Mean Temperature of Coldest Quarter (Bio 11), Annual Mean Temperature (Bio 1), Mean Temperature of Wettest Quarter (Bio 8), Mean Temperature of Driest Quarter (Bio 9), Mean Temperature of Warmest Quarter (Bio 10). Original variables most strongly associated with the second LBV are primarily related to precipitation (blue): Precipitation of Coldest Quarter (Bio 19), Precipitation of Driest Month (Bio 14), Precipitation of Driest Quarter (Bio 17).
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FIGURE 2. Correlation plot of 18 bioclimatic variables. X- and y-axis correspond to the first two components obtained from principal component analyses of the original bioclimatic variables. Principal components are used as so-called “latent” (unobserved) variables (Dormann et al., 2013) and are referred to as latent bioclimatic variables (LBVs). Direction of variables show associations with LBV1 and LBV2. Distances to the correlation circle indicate how well a variable is represented by LBV1 and LBV2. Bioclimatic variables were taken from the CHELSA online database (chelsa-climate.org; Karger et al., 2017, 2018) and were extracted for Peru, Chile and Bolivia.


The first two LBVs derived from PCA were then combined with additional environmental parameters characterizing the habitats of desert vegetation in Peru and Chile: elevation, inclination and mean August cloud cover, this combination was then used for further analysis. Information on mean elevation per grid cell at a resolution of 30 arc-seconds was derived from the Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010; Danielson and Gesch, 2011). Inclination per grid cell was calculated from raster elevation data using the function in the R package “raster” 3.4–13 (Hijmans, 2021) applying the Horn algorithm with eight neighbors. We found mean August cloud cover best reflecting the differences between the two cloud regimes of the coastal lomas and Andean precordillera; cloud data were acquired from Global 1-km Cloud Cover (Wilson and Jetz, 2016)4 and extracted for Peru and Chile using the R package “raster” 3.4–13.

Parallel to the cluster- and ordination analyses of locations based on the pairwise floristic data we performed cluster- and ordination analysis of the locations based on the combined set of latent bioclimatic variables and the additional environmental parameters (LBV1 LBV2, elevation, inclination, and mean August cloud cover). For a comparison of results we cut the dendrogram into the number of clusters which we had previously inferred from the dendrogram based on the analysis of floristic data. For each location, values for each parameter were extracted from raster files making use of the R-package “raster” 3.4–13. We calculated pairwise similarities for locations using Euclidean distance based on standardized values. Pairwise distances between locations were used for cluster analysis and PCoA using the same methods as described in Analyses of Floristic Data.



Habitat Suitability Models

Maxent (Phillips et al., 2017) has become the most popular algorithm for predictive modeling of species distribution over the last decades. In the present study we make use of the ability of Maxent to predict an object’s range based on predictor variables and presence-only data, applying it to the desert vegetation in northern Chile and southern Peru. Valavi et al. (2022) underscored the high predictive performance of Maxent, particularly outperforming other methods when the number of occurrences is low. We used Maxent’s output “cloglog” because it provides good visual distinction of values within the same scale (0–1; Phillips et al., 2017), facilitating interpretation and comparison of models. Model predictions were based on the combined set of latent bioclimatic variables and the additional environmental parameters (LBV1 LBV2, elevation, inclination, and mean August cloud cover). Model predictions were made inside the calibration range, related to a minimum bounding box including all 53 locations. Habitat suitability models were created for (1) loma vegetation, (2) precordillera vegetation and (3) total extent of the vegetation in the study area combining both datasets. For that purpose, we regarded the locations (Figure 1 and Table 1) as true presences of vegetation and analyzed them in three sets: (1) only coastal locations; n = 25, (2) only precordillera locations; n = 29 and (3) all 53 locations; n = 53. For each of the three sets we created models with different combinations of parameters and selected the best performing model based on AUC and mean absolute error (MAE) as it has been recently suggested by Konowalik and Nosol (2021). We used the average validation AUC calculated across all iterations of cross validation for each model. MAE was applied to measure the goodness of fit for each model prediction compared to the known limits of loma- and precordillera vegetation in Peru and Chile. For that purpose, we mapped the desert core in Peru and Chile as non-habitable zone based on ombrothermicity, thermicity (Rivas-Martínez et al., 2011) and evapotranspiration following the definition of Luebert and Pliscoff (2017). Mean annual evapotranspiration, thermicity and ombrothermicity were calculated based on Chelsa climatic data (see text footnote 2; Karger et al., 2017, 2018). Subsequently, AUC and MAE were plotted against each other on a graph, comparing values for each model. For each set of locations (vegetation type) the model with highest AUC and lowest MAE was selected.

Models were created and evaluated using the R-package “ENMeval” (Kass et al., 2021). For model creation we followed the example of Muscarella et al. (2014) and used eight different values for the regularization multiplier (rm) ranging from 0.5 to 4.0 in steps of 0.5 together with six different combinations of feature classes (fcs), L, LQ, H, LQH, LQHP, LQHPT (L = linear, Q = quadratic; P = product; H = hinge, T = threshold; see also Merow et al., 2013), resulting in 48 models for each vegetation type. We sampled 10,000 background points randomly within a buffer a 100 km around each location, excluding the locations, which represented presence points. Locations were partitioned using the “checkerboard2” method to avoid spatial auto-correlation between locations as advocated by Radosavljevic and Anderson (2014) for training and validation of models for precordillera and total desert vegetation. For training and validation of the models for loma vegetation, n = 25, locations were partitioned using the “jackknife” method. The “jackknife” method is believed to make maximum use of the limited information for small sample sizes (< ca. 25; Shcheglovitova and Anderson, 2013). For modeling we chose the original “maxent.jar” algorithm. A first inspection of model predictions outside the calibration range revealed suitable habitats especially for loma vegetation along the eastern flanks of the Andes and inter-Andean valleys in Peru and Bolivia, which can be attributed to artifacts resulting from the narrow calibration range (100 km around each location) of models. We checked this by increasing the calibration range from which background points were sampled. However, for the sake of specificity (Barbet-Massin et al., 2012), we kept the narrow calibration range and masked model predictions beyond the extent of the Peruvian and Chilean Atacama Desert. For that purpose, we only considered model predictions for ultrahyperarid, hyperarid and arid climates following the classification of Rivas-Martínez et al. (2011). For a quantitative analysis of potentially suitable habitat of the entire loma- and precordillera vegetation in Peru and Chile we used our models to map suitable habitat between 5.8 and 28.5°S following the study extent of Moat et al. (2021). Maxent results were transformed to binary predictions (suitable/unsuitable) using the 10th percentile training presence as thresholding method. Liu et al. (2016) were able to demonstrate that 10th percentile training presence retrieves best results compared to other methods when estimating distribution ranges of mammals. The potential area of each model prediction was calculated based on all raster cells (1 km2) above the threshold using the r package “raster” 3.4–13.




RESULTS

Results can be viewed as interactive map.5 Information and the respective species list are provided for each location and can be obtained by clicking.


Analyses of Floristic Data

The dendrogram based on the cluster analysis of floristic data (Figure 3A) shows an early branching into a cluster uniting precordillera locations and a second cluster uniting loma locations. Both clusters are divided into groups of Chilean and Peruvian locations resulting in a total of four distinct clusters, that can be related to the geographical regions: (1) precordillera Peru, (2) precordillera Chile, (3) lomas Peru and (4) lomas Chile. Within the lomas Peru cluster, the analysis retrieves a northern (1, 2, 4, 5) and a southern subgroup (7, 8, 10, 13, 18, 24, 26, 32, 34, 35, 36). Conversely, there is no clear latitudinal subdivision for the lomas Chile cluster. Within the precordillera Peru cluster a subgroup of locations from higher elevations (11, 12, 15, 17, 20, 21, 22, 23, 25, 27, 31) and a subgroup of locations from lower elevations (14, 19, 28, 29, 30, 33) can be identified. For the Chilean precordillera cluster, the analysis retrieves a core group of locations (38, 41, 44, 46, 47) and a group combining locations north and south of this core group (37, 51, 53). In Figure 3B the combined results of the cluster analysis and the ordination along the first two axes obtained from the PCoA based on floristic pairwise distances between locations are shown (variance explained: A1 = 9.3%, A2 = 7.1%). Low variance of the axes (A1 and A2) in the PCoA (Figure 3B) can be attributed to the binary data structure and high number of species present only in small subsets of locations, without affecting the explanatory power. The ordination shows close relationships between the precordillera Chile and precordillera Peru clusters, mainly separated along A2. The two southernmost Peruvian precordillera locations Nr. 30 (Copper Mine (1) and Nr. 33 (Mirave) are placed closer to the precordillera Chile cluster than to the precordillera Peru cluster, underscoring the close similarity and gradual transition. The lomas Peru cluster is separated mainly along A2 from the precordillera Peru and precordillera Chile clusters, indicating closer floristic proximity than between the lomas Peru and lomas Chile cluster.


[image: image]

FIGURE 3. (A) Dendrogram based on cluster analysis of pairwise floristic dissimilarity (Sørensen index) between Peruvian and Chilean desert locations. Clustering is based on UPGMA. Cluster colors code the geographical regions displayed at the bottom. Numbers in square brackets refer to the numbers in the Overview map (Figure 1). (B) Ordination of Peruvian (circle) and Chilean (triangle) desert locations based on pairwise floristic dissimilarities (Sørensen index). X- and y-axis correspond to the first two axes (A1 and A2) of PCoA of floristic data. Values of A1 and A2 indicate proportion of total variance explained by each axis. Colors of locations indicate cluster identities retrieved from cluster analysis related to the geographical region. Separation of the Lomas Peru cluster from the Lomas Chile cluster contrasts with the higher affinities between the Precordillera Chile and the Precordillera Peru cluster.


Overall, we find a decrease in species number from west to east and from north to south (Figure 4) across the entire study area. The Peruvian lomas show the highest number of species, while the Chilean precordillera harbors the fewest species. Within the lomas Peru cluster we report 530 species overall and an average of 84 species per location. This contrasts with the precordillera Chile cluster with 122 species in total and an average of 30 species per location. Different from the cluster analysis (Figure 3A), the similarity analysis of clusters (Figure 4) shows a higher percentage of shared species between the precordillera Peru cluster and the lomas Peru cluster (27.5%, 113 species) than between the precordillera Peru cluster and the precordillera Chile cluster (25.6%, 53 species; Figure 5). Conversely, the dissimilarity between lomas Peru and lomas Chile holds up in the similarity analysis (15.5% shared species, 54 species; Figure 4), as does the dissimilarity between precordillera Chile and lomas Chile (11%, 16 species, Figure 4). A comparison of the distances between cluster centroids also shows the shortest distance between the precordillera Peru and lomas Peru clusters. In total phi-fidelity index identified 250 out of 870 species as characteristic for one of the four clusters. Lists of the characteristic species together with their respective fidelity and significance values are provided in Supplementary Appendix 5.
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FIGURE 4. Constellation diagram of clusters indicating total species number per cluster, average species number per location per cluster and overlap of species between clusters (Sørensen Index shown as percent). Pairwise similarity between clusters is highest for the lomas Peru and precordillera Peru cluster while the lomas Peru cluster and precordillera Chile cluster show the lowest similarity. Low similarity between the lomas Peru and lomas Chile cluster is in contrast to higher affinities between the both precordillera clusters.
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FIGURE 5. (A) Dendrogram based on cluster analysis of environmental data. between Peruvian and Chilean desert locations. Pairwise distances between locations were calculated using Euclidean distance. Clustering is based on UPGMA. Numbers refer to the numbers in the Overview map (Figure 1). (B) Principal component analysis (PCA) of Peruvian (circle) and Chilean (triangle) desert locations based on environmental data. X- and y-axis correspond to the first two axes (A1 and A2) from PCA of environmental data. Values of A1 and A2 indicate proportion of total variance explained by each axis. Colors of locations indicate cluster identities retrieved from cluster analysis (Figure 6A). Ordination retrieves lomas clusters separated from the precordillera cluster with the mixed cluster in between.
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FIGURE 6. Overview of Locations color coded according to the results from cluster analyses (UPGMA) of (A) floristic data and (B) environmental data. Maps were created in QGIS 3.14.16. Country layers were taken from Natural Earth (www.naturalearthdata.com). City layers were taken from MapCruzin (www.mapcruzin.com). Hillshade layer was taken from ESRI (Environmental System Research Institute [ESRI], 2020). Information on mean elevation of each raster cell (resolution: 30 s) was taken from GMTED2010 (Danielson and Gesch, 2011). For the interactive map see: https://rpubs.com/JRuhm/twosidessamedesert2022.




Analyses of Environmental Data

The dendrogram resulted from cluster analysis of locations based on environmental variables is shown in Figure 5A. Cutting the dendrogram into four groups retrieves the clusters: (1) precordillera, (2) lomas 1, (3) lomas 2, and (4) mixed. The precordillera cluster units Chilean precordillera locations and most of the Peruvian precordillera locations, additionally retrieving a subgroup of Chilean precordillera locations (41, 44, 46, 47). The dendrogram also shows two lomas cluster (lomas 1 and lomas 2) uniting loma locations from both Peru and Chile. The mixed cluster mainly unites Peruvian precordillera locations from lower elevations (compare Supplementary Appendix 4) and Peruvian and Chilean loma locations. Combined results of cluster analysis and ordination along the first two axes (A1 and A2) obtained from PCoA are shown in Figure 5B. The ordination retrieves the precordillera and lomas clusters separated from each other. The mixed cluster is found in between the lomas and precordillera clusters. However, it can be seen that actual coastal locations retrieved in the mixed cluster (e.g., 5, 35, 39, 49) are grouped close or even within the lomas 1 cluster. Additionally, actual precordillera locations (e.g., 27, 28, 31) found in the mixed cluster show closer affinities to the precordillera cluster. Figure 6 shows locations color coded according to their cluster identities based on floristic data (Figure 6A) and environmental data (Figure 6B).



Habitat Suitability Models

Graphs used for model evaluation are shown in Supplementary Appendix 6. Values of AUC and MAE for each model are listed in Supplementary Appendix 7. In general, all models for the three vegetation types had high AUC values between 0.95 and 0.97 and differed mainly in values for MAE. In so far as different models had similar AUC values we selected the one with lower MAE.

For loma vegetation the selected model (fc = LQHP, rm = 1) predicts highly suitable habitat along most of the coast of Peru and Chile with a clear interruption on both sides of the Peruvian/Chilean border (Figure 7A). For this region, the model further shows a fragmentation of suitable loma habitats and a displacement inland toward the Andean Cordillera. Based on the extrapolation of the model predictions for the entire coast of Peru and Northern Chile and applying the 10th percentile training presence the estimated area of potentially suitable habitat of loma vegetation covers more than 31,000 km2 in Peru and Chile.
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FIGURE 7. Habitat suitability models of (A) loma- (B) precordillera- and for (C) the entire vegetation in the southern Peruvian- and northern Atacama Desert. For each vegetation type the model with highest AUC and lowest MAE is presented. Final maps were created in QGIS 3.14.16. Country layers were taken from Natural Earth (www.naturalearthdata.com). City layers were taken from MapCruzin (www.mapcruzin.com). Hillshade layer was taken from ESRI (Environmental System Research Institute [ESRI], 2020). Information on mean elevation of each raster cell (resolution: 30 s) was taken from GMTED2010 (Danielson and Gesch, 2011). For the interactive map see: https://rpubs.com/JRuhm/twosidessamedesert2022. Permission to reuse and Copyright.


The model selected for precordillera vegetation (fc = LQH, rm = 1; Figure 7B) retrieves a continuous belt of highly suitable habitat along the Andean precordillera in Peru and Chile. Toward the south habitat suitability decreases and the habitat belt narrows until it reaches the city of Calama, Chile. A broader patch of moderately to highly suitable habitat is retrieved around Calama. Based on model extrapolation we calculated a total area of 51,000 km2 of precordillera vegetation in Peru and Chile.

The model for the entire vegetation cover (fc = LQH, rm = 1; Figure 7C) clearly predicts highly suitable habitat along the coast (and to a lesser degree along the Andean precordillera) separated by low suitability values within the desert core. Additionally, the model retrieves potentially suitable habitat for desert vegetation further inland along the coast and along the slopes of the larger canyons crossing the desert core in northern Chile. Similar to the model for loma vegetation, the model retrieves a clear interruption of suitable habitat on both sides of the Peruvian and Chilean border as well as highly suitable habitat around the slopes of Tacna, Peru. Based on our model we estimated the area occupied by desert vegetation in entire Peru and northern Chile to more than 157,000 km2.

A comparison of variable contribution and permutation importance of variables (Supplementary Appendix 8) shows significant differences between the selected models of different vegetation types. The model of loma vegetation mainly relies on the non-climatic variables: elevation, cloud cover and inclination. In contrast, the model of the precordillera vegetation is largely based on LBV2 (24% proportion of variance explained; Supplementary Appendix 3), essentially associated with precipitation variables. The model for the entire desert vegetation mostly relies on elevation, but also—to some degree—on LBV2, followed by inclination, cloud cover and LBV1 (54% of variance explained; Supplementary Appendix 3) which is mainly associated with variables related to temperature. Comparably high values of permutation importance additionally highlights the significance of LBV2 for the predictive power of the models for precordillera and the entire desert vegetation. In general, it can be seen that cloud cover, elevation and LBV2 have the most significant impact on models, while inclination and LBV1 are of less importance.




DISCUSSION


Floristic Relationships of Loma- and Precordillera Vegetation

We clearly confirm the presence of a close floristic connection between the loma- and precordillera vegetation in Peru as previously proposed (Koepcke, 1961; Sarmiento, 1975; Ruhm et al., 2020). This contrasts with the strong floristic differentiation between the precordillera and lomas of Chile as indicated by Ruhm et al. (2020). We also find clear support for a floristic turnover in the coastal loma vegetation near the border between Peru and Chile, contrasting with the floristic connectivity in the precordillera vegetation between the north of Chile and south of Peru. A continuous transition of environmental conditions along the Peruvian and Chilean precordillera explains floristic differentiation, but also floristic similarity between both regions. Clear connectivity is retrieved despite the relatively low sampling density directly north of the Chilean/Peruvian border, which should overemphasize floristic discontinuity, because clinal changes are inadequately reflected in our sampling. We thus confirm both the floristic isolation of the coastal flora of Chile from that of Peru as previously proposed (Rundel et al., 1991; Pinto and Luebert, 2009; Ruhm et al., 2020) and the existence of an “Andean corridor” connecting precordillera locations (Moreno et al., 1994; Luebert and Weigend, 2014; Ruhm et al., 2020). The similarity of the environmental conditions in the Peruvian and Chilean loma locations clearly contradicts an ecological differentiation between the floras of the respective loma areas, leaving a geographic barrier as the most plausible cause of floristic divergence (Rundel et al., 1991).

We argue that ecogeographic and hence also floristic isolation of the coastal loma- and precordillera vegetation in Peru is less effective due to a much narrower desert core than in northern Chile. The physical extension of the full desert reaches its maximum in northern Chile (Emck et al., 2006; Luebert and Pliscoff, 2017), thus explaining the lack of floristic connectivity between Chilean lomas and precordillera compared to Peruvian lomas and precordillera. However, floristic exchange between coastal lomas and Andean precordillera locations in Peru as well as Chile is probably also restricted by diverging environmental conditions and exchange might be therefore reserved to more generalist taxa (Schwarzer et al., 2010).

The floristic data here used were compiled from a large number of different sources and across decades, which might be the cause of errors based, e.g., on different levels of expertise of the compiling researchers and shifting taxonomic concepts (Jansen and Dengler, 2010). The data sets here included are based on different approaches, varying e.g., in sizes and altitudinal ranges of the study areas and had to be extensively standardized for analysis. The streamlined and critically revised data set here used now represents the most comprehensive floristic inventory of the region to date. There is some degree of bias in the dataset based on data availability: Peruvian and Chilean loma vegetation has been studied extensively in the past decades, not least because of its relative accessibility, whereas especially the precordillera remains generally more poorly explored (compare Montenegro-Hoyos et al., 2022). Mutke and Weigend (2017) demonstrated how much such inconsistent sampling density might influence our knowledge of biodiversity patterns for the tropical Andes. Despite these limitations, our analyses yield robust results, demonstrating a clear division into floristic (sub-) regions.



Spatial Extent of Vegetation Cover

Based on point data of the 53 locations we modeled the spatial distribution of potential vegetation cover along both sides of the desert across the study area. This is the first attempt at modeling the precordillera vegetation, retrieving an extensive—and poorly sampled—vegetation belt at the upper limit of the desert level. Similarly, we reconstruct an extensive loma belt along the coast. A very detailed map of loma vegetation based on MODIS observation data was recently published by Moat et al. (2021) dramatically expanding the spatial extent of known loma vegetation compared to what was previously known from the literature. Moat et al. (2021), however, highlight the phenomenon that their analysis can only reflect the relatively few major vegetation events covered by their 20-year data set: Large-scale emergence of the mostly ephemeral flora is considered a rare phenomenon happening only once in decades and generally linked to ENSO-events (Schulz et al., 2011; Luebert and Pliscoff, 2017; Tovar et al., 2018; Chávez et al., 2019). Our study is based on climatic modeling using point data of desert vegetation and the Chelsa climatic data based on monthly records from 1979 to 2013. We believe that this provides a very good climatic baseline beyond the past three decades.

The results of our habitat suitability models are strikingly complementary with the results of floristic analysis (Figures 3A,B), underscoring the floristic break along the coast while clearly retrieving the relative connectivity along the Andean precordillera and also the relatively low degree of separation between the lomas and precordillera in Peru. Based on the model for loma vegetation, the floristic separation (floristic break) along the Peruvian and Chilean coast can be attributed to unsuitable habitat north and south of the border (Figure 7A) as previously suggested by Rundel et al. (1991) and Pinto and Luebert (2009). Further, we can demonstrate an inland shift of loma vegetation toward the Andean precordillera between the cities of Tacna, Peru and Arica, Chile (Figure 7A). The relatively low habitat suitability retrieved for this region potentially indicates highly ephemeral loma vegetation only emerging under rare, favorable climatic conditions and impossible to detect by remote sensing methods (e.g., Moat et al., 2021). We are not aware of any detailed floristic data from this region other than reports of Tillandsiales (e.g., Pauca-Tanco et al., 2020), which typically occur outside the actual loma vegetation. Along the entire coast of Peru and northern Chile the range of medium to highly suitable habitat (ca. 0.4–1) for loma vegetation here retrieved closely follows the extent and categories of loma vegetation presented by Moat et al. (2021). However, applying the 10th percentile training presence recovers also areas with relatively low habitat suitability as potentially habitable for loma vegetation, significantly increasing the potential extent of loma vegetation. Overall, we can confirm that, based on our analyses, the spatial extent of the coastal loma vegetation is much larger than previous studies suggested and possibly even larger than estimated by Moat et al. (2021) when highly ephemeral vegetation is considered. Floristic connections between the precordilleras of Peru and Chile (Figure 3) are correlated to a continuous belt of highly suitable habitats retrieved along the entire part of the precordillera here studied. In general, Andean precordillera vegetation is extremely sparse (Villagrán et al., 1981) and vegetation cover, even in more humid years, is low (Ruhm et al., 2020). Detection of such widely spaced desert vegetation via remote sensing remains challenging due to the high reflectance value of desert soils (Huete and Tucker, 1991; Salama, 2011), which can be overcome only by time consuming and expensive methods (e.g., Al-Ali et al., 2020). Therefore, we would like to propose habitat suitability models based on environmental parameters as a tool complementary to remote sensing methods for obtaining a detailed picture of the spatial distribution of ephemeral vegetation cover. Our data help retrieving a spatially highly resolved pattern of vegetation on both sides of the Pacific coastal desert. We propose that this improved understanding of vegetation cover has dramatic ramifications for plant conservation in this floristically poorly documented and taxonomically understudied region. Moat et al. (2021) highlighted the high level of endemism for the loma formations and we propose that this is also true for the precordillera, underscoring the recent findings of Montenegro-Hoyos et al. (2022). Highly resolved habitat suitability models provide an important backdrop for evolutionary studies, including phylogeography and historical biogeography. At the same time, a comparison of our floristic analyses and the habitat suitability models clearly retrieve dramatical knowledge gaps along the coast, especially in southern Peru and the extreme north of Chile, but even more so along much of the precordillera. Habitat suitability models predict extensive vegetation cover, but we have few if any scientific collections, biodiversity or floristic plot data from most of these areas. These areas should therefore be prioritized in future floristic and biodiversity studies.




CONCLUSION

The data here presented clearly indicate a floristic subdivision of the coastal loma and Andean precordillera vegetation in Peru and Chile. The respective regions are defined by both divergent environmental conditions and ecogeographic barriers imposed by full desert. We found support for our hypothesis that loma and precordillera floras in southern Peru exhibit a closer connectivity than loma and precordillera floras in Chile. Environmental parameters could not explain this difference between both countries. We propose that this is the result of a narrowing of the desert core toward the north, rendering it a less effective dispersal barrier in Peru than in Chile. In addition, we provide evidence for highly divergent floras of the lomas in Peru and Chile. We can demonstrate that a floristic break along the coast is not linked to diverging environmental conditions, but is rather the result of a ecogeographic barrier imposed by an interruption of the Coastal Cordillera and a concomitant lack of condensation. Habitat suitability models of loma vegetation identify this region as unhabitable likely effecting the floristic gap observed. This is in stark contrast to the situation in the precordillera where we find a more gradual floristic change-over readily explained by a gradual shift of environmental conditions in the absence of any ecogeographical barriers. Our data can show that vegetation cover – at least ephemeral vegetation cover in the Pacific desert of South America – has a much larger spatial extent than previously documented. Despite considerable progress in the past decades, the floristic composition, diversity patterns and vegetation of the Pacific coastal desert are still only fragmentarily known and future research efforts should be dedicated to fill the extensive knowledge gaps in this region.
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