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The effects of climate change may be more evident in mountainous areas. In these areas, an increase in temperature and a decrease in precipitation can reduce the amount of snow, which represents a source of water for human consumption and vegetation. To analyze the effects of climate change on vegetation, it is possible to examine the climate–vegetation relationship in the past and observe the influence of variation in temperature and precipitation on the dynamics of plant communities. The aim of the present work was to describe the climate–vegetation dynamics of the last 4,500 years in the high subtropical Andes of Chile (30°S). The paleoclimatic reconstruction was carried out through the analysis of fossil pollen and macroscopic carbon obtained from sediment cores from two high Andean lakes. The dynamics of the vegetation was analyzed taking into account the alpha and beta diversity. The pollen and carbon records showed three contrasting periods during the last 4,500 years. From the beginning of the sequences until ∼1900 cal. yr BP, relatively dry climatic conditions are suggested, with a slight trend toward more humid conditions after 2,700 cal. yr BP. Pollen records from ∼1900 to ∼600 cal. yr BP suggest wetter conditions than today. Finally, relatively arid conditions have reappeared in the last ∼600 years. The diversity analysis showed that the climate mainly influences the composition of taxa in the communities (beta diversity) and not the richness (alpha diversity). In periods of dry/wet transition and vice versa, beta diversity changes. On the other hand, richness remains relatively constant throughout the record.
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1 INTRODUCTION
Although climate change is a global phenomenon, arid and semiarid areas may be more vulnerable (World Water Council, 2009); one of these areas is located from 27 to 32°S in Chile (Sarricolea et al., 2016). This area is a transition between arid regions such as the Atacama Desert (∼18–27°S) and semiarid Mediterranean areas (∼31–37°S) (Kaiser et al., 2008). At this latitude, precipitation occurs in winter and is generated by the interaction of two systems: the southern westerlies and the South Pacific anticyclone (Montecinos and Aceituno, 2003). In summer, the anticyclone blocks the storms associated with the westerly winds; in winter, the anticyclone is less intense, moves north, and allows the generation of rainfall associated with the system of westerly winds (Quintana, 2012). The area includes high-mountain ecosystems, which are important for the water balance of the watersheds, since they store it in the form of snow and glaciers. Their melting is important for human consumption and the functioning of these ecosystems (Pellicciotti et al., 2014). The effects of climate change may be more evident in mountainous areas, due to temperature increases and increases in drought which diminish the amount of snow, impacting the plant communities and ecosystem functioning (Schickhoff et al., 2016). To understand better the relationship between climate change and ecosystem impact, studies may be performed to analyze the effects of variation in precipitation and temperature patterns on past plant communities (Birks et al., 2010).
Plant community dynamics may be affected by changes in precipitation and temperature, influencing the composition and abundance of species (Woodward and Williams, 1987); additionally, glacier retreats leave ice-free areas that may be colonized (Losapio et al., 2021). The region located between ∼30 and ∼36° is a transition zone and presents different types of vegetation. The region is dominated by deciduous shrubs and succulents, but there are evergreen sclerophyllous trees (Armesto et al., 2007). Pollen studies have been performed in the Andean region of northern Chile, estimating the composition of plant communities and climate by pollen analysis (Martel-Cea et al., 2016; de Porras and Maldonado, 2018). As well as by providing information on climate conditions, pollen records may also be used to study aspects related to plant ecology at a scale of thousands of years; pollen analysis may be used to relate changes in diversity to the environment (Blarquez et al., 2014). Many concepts and theories generated in areas such as community ecology, such as alpha, beta, and gamma diversity, may be applied in paleoecological studies (Jackson and Blois, 2015). However, it must be taken into account that the taxonomic resolution obtained through pollen is low, and this could influence the results of diversity analysis (Mander and Punyasena, 2014). Some studies in the mountain zone of north–central Chile show that there is lower alpha and beta diversity at higher altitudes, related to climate conditions less favorable for plant development (López-Angulo et al., 2018).
Paleoclimate studies in north–central Chile indicate that during the Late Holocene there were variations in the climate conditions (Martel-Cea et al., 2016; Tiner et al., 2018). For example, in the last ∼700 years, a relatively dry period began, which continues until now (Martel-Cea et al., 2016). However, how this variation may influence the diversity of plant communities has not been analyzed. This study presents the results of pollen records obtained in lakes formed by glacial retreat in the high mountains of subtropical Chile (30°S) for the last 4,500 years, complemented with macroscopic carbon analysis and the changes in alpha and beta diversity in the plant communities during this period.
2 Study Area
The study area is located on the western side of the subtropical Andes, in the north–central region of Chile, specifically in lakes Corralito (30° 22′ S; 70° 28′ W; 3,800 m above sea level (a.s.l.)) and Quebrada Parada (30° 24′ S; 70° 25′ W; 3,889 m a.s.l.). Both are contained in the Área Protegida Privada y Santuario de la Naturaleza Estero Derecho (APPSNED). The altitude of the area ranges from 2,000 m to above 4,000 m a.s.l.; the local climate varies with the altitude. There is a cold desert climate between 2,000 and 3,000 m a.s.l., with an annual mean temperature of 11°C and mean precipitation of 30 mm, which occurs mainly in winter (CAEED, 2017). From 3,000 to 4,000 m a.s.l., there is a cold mountain steppe climate with high solar radiation, mean annual temperature of 8°C, and mean annual precipitation of 300 mm, which falls mainly as snow in winter. Above 4,000 m a.s.l., there are areas covered with ice all year round; the temperature fluctuates around 0°C and usually does not exceed 10°C (Cepeda and Novoa, 2006). Rock glaciers are present in this zone (Valois et al., 2020). Precipitation is controlled by the interaction between the system of westerly winds and the Southeast Pacific subtropical anticyclone (Montecinos and Aceituno, 2003). The anticyclone is less intense during winter; it moves northward and allows storms associated with westerly winds to arrive, generating precipitation (Quintana, 2012). The study area is sensitive to interannual variations associated with the El Niño Southern Oscillation (ENSO). The negative phase of ENSO (El Niño) produces abnormally warm and rainy winters, while the opposite occurs in the positive phase (La Niña) (Aceituno, 1988). There are small lakes of glacial origin above 3,800 m a.s.l. in the area, including Laguna Corralito with an area of 0.02 Km2 and Laguna Quebrada Parada, which covers 0.01 km2 (Figure 1; Supplementary Material S1). The sediment cores were obtained from these small lakes.
[image: Figure 1]FIGURE 1 | Map of the study area showing the location of lakes analyzed, the main geomorphological characteristics of the area, and sites discussed in the text.
The vegetation in this area is Andean steppe, which covers xerophytic herbs, shrubs, and subshrubs. There are four vegetation belts in the area: below 2,700 m a.s.l. is the pre-Andean belt, with desert shrubs (e.g., Atriplex desertícola) and trees (e.g., Prosopis chilensis); the sub-Andean belt from 2,700 to 3,500 m a.s.l., with shrubby vegetation and grasslands dominated by Stipa chrysophylla, Viviana marifolia, and Cristaria andicola; the lower Andean zone from 3,500 to 4,250 m a.s.l., with cushion plants of Adesmia subterranea, Calceolaria pinifolia, and Azorella cryptantha; and the upper Andean belt from 4,250 to 4,450 m a.s.l., with species such as Menonvillea cuneata (Squeo et al., 2009). The study area has patchy vegetation, and there are many places prone to landslides that make the vegetation scarce in some places (Squeo et al., 2009). The lakes from which sediment cores were obtained are in the lower Andean belt.
3 METHODS
3.1 Sampling, Lithology, and Dating
During the summer of 2018, two sediment cores were extracted from Laguna Corralito (LCO) and two from Quebrada Parada (LQP) using a UWITEC gravity corer. The LCO core was 83 cm and that of LQ Parada was 183 cm. The sediment description of the cores includes texture, color, photographs, X-ray images, and loss on ignition. The chronology of the cores was obtained using eight dates obtained by AMS 14C analysis for each lake. The dates were corrected for the reservoir effect considering the age obtained at the surface sediments of lake LCO (244 calendar years before present “cal. yr BP” (BP = ad 1950)); this correction was applied to both lakes given that the deposition environment and the geology of the lakes are equivalent (Velásquez et al., 2021). Temporal variations of the reservoir effect during the last 4,000 years do not seem to have importance according to studies close to the study area (Tiner et al., 2018).
The ages were calibrated with the SHCal20 curve (Hogg et al., 2020); the age–depth model was generated using the Bacon package version 2.5.7 (Blaauw and Christen, 2011). Two cores from LCO were used, namely LCO-shc1 (73 cm) and LCO-shc2 (66 cm); the former covers a time scale of ∼3,000 years and the latter of ∼4,500 years. We analyzed the lithological characteristics, loss on ignition, and dates of both cores to obtain a composite sequence that covered the last ∼4,500 years. Centimeter 73 of core LCO-shc1 was assembled with centimeter 48–58 of core LCO-shc2. The cores have different sediment accumulation, and thus the union of these cores generated an artificial inflection in the age–depth curve of the sediments. The possibility of a hiatus in the bottom part of core LCO-shc2 (with a lower sedimentation rate) is unlikely, considering the sedimentary structures seen in the X-ray images and the sedimentation rate of the complete core.
3.2 Analysis of Pollen and Macroscopic Carbon Particles
The sediment samples were taken every 2 cm of the cores for the pollen study. Pollen extraction was performed using routine protocols (Faegri and Iversen, 1989), including deflocculation and elimination of humic acids (KOH 10%), removal of carbonates (HCL 10%), removal of silicates (HF 40%), and acetolysis to eliminate the organic material. Lycopodium tablets were included in the extraction to calculate the concentration (Stockmarr, 1971) and later pollen accumulation rate. At least 300 pollen grains of terrestrial taxa were counted in each level, using an optical microscope under 400x and 1,000x. Pollen grains were identified using bibliography (Heusser, 1971; Markgraf and D’Antoni, 1978) and reference samples from the Laboratorio de Paleoecología y Paleoclimatología of the Centro de Estudios Avanzados en Zonas Áridas (CEAZA). Pollen diagrams, cluster analysis using restricted incremental sums of squares, (CONISS) and calculation of the rate of pollen accumulation were performed in the TILIA 1.7.16 program (Grimm, 2011). Pollen diagrams and cluster analysis were performed using the pollen types with more than two percent. The number of zones was determined using the “broken stick” test implemented in the Rioja package of R version 3.4.4 (O’Reilly et al., 2014). Only the main terrestrial taxa described for the study area (Squeo et al., 2009; Villagrán et al., 1983) were graphed in the pollen diagrams.
Carbon macroparticles from both lakes were analyzed, using sediment samples of 2 cm3 from each centimeter of the cores. KOH 10% was added to each sample for 6 h, after which they were sifted using 250- and 125-µm sieves. Carbon particles were counted on a stereoscopic microscope and were quantified as the number of particles per cm3 of sediment (Whitlock and Larsen, 2002). Carbon data were analyzed with the program CharAnalysis, which uses the accumulation of macroscopic carbon particles in sediment cores to estimate a number of parameters such as local fire episodes, magnitude and frequency of the events, recurrence time, and others (Higuera et al., 2009).
3.3 Analysis of Alpha and Beta Diversity
Alpha diversity was calculated as the number of pollen types found in each sample in the sediment core (Gosling et al., 2018). Detrended correspondence analysis (DCA) was performed on the square root-transformed pollen abundance, obtaining values of changes in the vegetation composition (beta diversity) over time from the fossil pollen (Correa-Metrio et al., 2014). Euclidean distances between ordination scores in the first axis (DCA 1) were measured for each sample to estimate the dissimilarity in the composition of the communities among the samples and to be used as a value of “ecological change,” which is also a proxy of beta diversity (Correa-Metrio et al., 2014). The comparison of alpha and beta diversity values over time was performed for the two lakes, thus allowing us to estimate whether or not the behavior of the two nearby lakes changed synchronically with the climate changes in the last 4,500 years. DCA was calculated in the vegan package of R (Oksanen et al., 2015).
4 RESULTS
4.1 Laguna Corralito
4.1.1 Lithological Description, Loss due to Ignition, and Chronology
The composite sequence of LCO had 83 cm; the first 73 cm was from the first core and 10 cm from the second. The first 6 cm of LCO-shc2 from the base was composed of gray clay with 95% inorganic material; from 58 to 51 cm, the core had a yellowish color with a silty texture, with 33.19% organic matter and 0.09 g/cc organic density, while 50–48 cm had a brown color with a clayey texture, with 31.48% organic matter and 0.06 g/cc organic density (Figure 2B). The LCO-shc1 between 73 and 68 centimeters has a dark brown color and a silty texture, with 30.33% of organic matter and 0.07 g/cc of organic density. The sequence from 68 to 23 cm was dark brown with a silty texture, with 29.97% organic matter and 0.06 g/cc organic density. The sequence from 23 to 18 cm had a yellowish brown color with a silty/clayey texture, with 27.71% organic matter and 0.04 g/cc density. The sequence from 18 to 3 cm had a brown color with a clayey texture, with 28.98% organic matter and 0.05 g/cc density. The sequence from 3 to 2 cm had light brown color and silty texture, with 30.33% organic matter and 0.05 g/cc density. The upper 2 cm was dark brown with a silty/clayey texture, with 47.17% organic matter and 0.06 g/cc density (Figure 2A). The percentage of inorganic matter was relatively constant in both cores.
[image: Figure 2]FIGURE 2 | Photographs, X-ray images, percentage and density of organic and inorganic matter, and radiocarbon ages of the cores from (A) Laguna Corralito LCO-shc1, and (B) Laguna Corralito LCO-shc2 (The LCO-shc2 is attached to the LCO-shc1 base from 48 cm). (C) Laguna Quebrada Parada LQP-shc2. The red star denotes the tie point between LCO-shc1 and LCO-shc2.
A total of eight 14C dates were obtained, from the later sediments to the gray inorganic clays, which were corrected for the reservoir effect, considering the surface age as reservoir (Table 1). Thus, the sequence includes a range from ∼4,300 cal. yr BP to the present. The change of slope in the age–depth curve is due to the change of core because of the difference in sedimentation rates of the cores. From 83 to 73 cm, the mean sedimentation rate was 0.003 cm/year, after which it increased to a mean of 0.03 cm/year (Figure 3A).
TABLE 1 | Radiocarbon-dated from cores of Laguna Corralito (LCO) and Laguna Quebrada Parada (LQP). All dates were obtained from bulk sediments, and all dates were adjusted by 244 ± 2614C years.
[image: Table 1][image: Figure 3]FIGURE 3 | Age–depth model of the core of (A) Laguna Corralito (LCO) and (B) Laguna Quebrada Parada (LQP). The top panels show, from left to right, Markov chain Monte Carlo iteration, prior (green curves)/posterior (gray histograms) distributions of the accumulation rate and memory of LCO and LQP. In the main panel, calibrated radiocarbon ages are shown in blue, and the age–depth model is represented by the gray dots, with a darker gray indicating more probable calendar ages. The gray dotted lines show 95% confidence intervals, and the red curve indicates the best model that was used for the study of both lakes.
4.1.2 Analysis of Pollen and Macroscopic Carbon Particles
The pollen diagram was divided into four pollen zones (LCO-1, LCO-2, LCO-3, and LCO-4). The most abundant pollen type was Ephedra, which reached up to ∼30%. Other types of pollen were generally less than 10% (Figure 4).
[image: Figure 4]FIGURE 4 | Pollen diagram of the percentage of the main taxa of Laguna Corralito. The carbon accumulation rate “CHAR” (# particles cm-2 years-1), the magnitude of the fire (# particles cm-2 peak-1), and the pollen accumulation rate “PAR” (# pollen grains cm-2 years-1) are shown. The values of the ecological change and the pollen richness recorded throughout the record are also shown.
LCO-1: From ∼4,300 to ∼2,760 cal. yr BP, Ephedra dominates (around 50%). Companion taxa are Asteraceae Mutisia-type (around 4%), Apiaceae Mulinum-type (around 2%), Chenopodiaceae (around 5%), and Poaceae (around 2%). The greatest abundance of pollen in this area is from taxa of the sub-Andean belt, reaching up to 70%. The rate of pollen accumulation was the lowest of all records in almost all the periods. No carbon particles were recorded in this zone.
LCO-2: From ∼2,760 to ∼1,980 cal. yr BP, Ephedra continued to be the most abundant pollen type (57%). Other pollen types, present in less than 10%, were Asteraceae Mutisia-type (4%), Poaceae (3%), Asteraceae Leucheria/Nassauvia-type (1.8%), and Apiaceae Azorella-type (1.7%). There was a small increase of Solanaceae Solanum-type (2%) pollen. Sub-Andean pollen continued to dominate in this period (up to 71%), but with fluctuations. The percentage of lower Andean taxa decreased (to 9%) but not considerably. Pre-Andean taxa maintained low percentages (7%). The content of macroscopic carbon particles increased considerably; a fire event about ∼2,400 cal. yr BP is inferred.
LCO-3: From ∼1,980 to ∼790 cal. yr BP, there was a decrease in the percentage of Ephedra (33%) and an increase in Poaceae (14%), Asteraceae Leucheria/Nassauvia-type, and Apiaceae Azorella-type (3%). Apiaceae Laretia-type was recorded for the last time about 800 cal. yr BP. This period had a reduced sub-Andean pollen percentage (42%), reaching the lowest percentage in the entire record. There was an increase in pollen of the lower Andean belt (22%). The record of carbon particles suggests two fire events at ∼1,500 and ∼1,300 cal. yr BP; the second event was larger.
LCO-4: This period from ∼790 cal. yr BP to the present was dominated by Ephedra (40%), with the presence of pollen types of sub-Andean vegetation: Asteraceae Mutisia-type (6%) and Apiaceae Mulinum-type (5%). The pollen of the higher zones (lower Andean zone) such as Poaceae decreased to 3%. The record of carbon particles from ∼500 to ∼200 cal. yr BP was not enough to infer fire events.
4.2 Laguna Quebrada Parada
4.2.1 Lithological Description, Loss due to Ignition, and Chronology
Core LQP-shc2 had a total of 134 cm. From 134 to 124 cm, the core was brown with a clayey texture, with 23.96% organic material and 0.07 g/cc organic density. From 124 to 107 cm, the core was brown with a silty texture, with 11.76% organic matter and 0.05 g/cc density. From 107 to 105 cm, the core was dark brown with a silty/clayey texture, with 22.96% organic matter and 0.04 g/cc density. From 105 to 4 cm, the core was olive brown with a silty texture, with 23.68% organic matter and 0.04 g/cc. From 4 to 2 cm, the core was yellowish brown with a silty texture, with 31.98% organic matter and density of 0.04 g/cc. The first 2 cm of the core was brown with a silty texture, with 37.81% organic matter and 0.04 g/cc density. The X-ray images show greater presence of inorganic material from 134 to 129 cm and clasts in 100–95 cm. The percentage of inorganic matter was relatively constant from 134 to 5 cm, with a mean of 76%. The percentage of inorganic matter decreased to 65% in the last 5 cm (Figure 2C).
A total of eight 14C dates were obtained, which were corrected for the reservoir effect and calibrated in cal. yr BP the same way as in LCO (Table 1). Thus, the period that the core includes is from ∼4,500 cal. yr BP. Between 134 and 102 cm, the sedimentation rate was 0.02 cm/year; from 102 to 26 cm, the rate was 0.03 cm/year, and from cm 26 to 0 the sedimentation rate increased to 0.07 cm/year (Figure 3B).
4.2.2 Analysis of Pollen and Macroscopic Carbon Particles
A total of four pollen zones (LQP-1, LQP-2, LQP-3, and LQP-4) were identified from the analysis of the conglomerate. The most abundant type of pollen was Ephedra, which reached 53%, followed by Asteraceae Mutisia-type with 16%, Poaceae and Asteraceae Leucheria/Nassauvia-type with 12%, and Apiaceae Azorella-type with 6% (Figure 5).
[image: Figure 5]FIGURE 5 | Pollen diagram of the percentage of the main taxa of Laguna Quebrada Parada. The carbon accumulation rate “CHAR” (# particles cm-2 years-1), the magnitude of the fire (# particles cm-2 peak-1), and the pollen accumulation rate “PAR” (# pollen grains cm-2 years-1) are shown. The values of the ecological change and the pollen richness recorded throughout the record are also shown.
LQP-1: The period from ∼4,500 to ∼2,660 cal. yr BP was dominated by Ephedra, which reached 53%. Lesser amounts of Apiaceae Mulinum-type (3%), Asteraceae Mutisia-type (7%), Poaceae (1%), Asteraceae Leucheria/Nassauvia-type (5%), and Apiaceae -Azorella-type (1%) were found. The pollen types of the pre-Andean belt were 2% or less. Species of the sub-Andean belt were dominant in this period (up to 72%); the carbon accumulation rate was low (mean 0.03 particles cm−2 year−1), and no fire events were inferred.
LQP-2: This period from ∼2,660 to ∼1,820 cal. yr BP showed dominance of Ephedra (around 42%). The other pollen types were Asteraceae Mutisia-type (8%), Apiaceae Mulinum-type (4%), Poaceae (2%), Apiaceae Azorella-type (2%), and Asteraceae Leucheria/Nassauvia-type (5%). This period is dominated by pollen of sub-Andean species (up to 70%). The carbon accumulation rate was low, and no fire events were inferred.
LQP-3: Between ∼1,820 and ∼490 cal. yr BP, Ephedra (26%), Asteraceae Mutisia-type (4%), and Apiaceae Mulinum-type (3%) all reduced their percentages. Poaceae pollen increased (8%), as did Asteraceae Leucheria/Nassauvia-type (10%) and Apiaceae Azorella-type (3%). Although Ephedra continued to be the dominant taxon, the percentage of pollen of the sub-Andean belt decreased (34%), which was the lowest value of the entire record. Pollen of species of the lower Andean belt increased up to 31%, which is the highest value of the record. The carbon accumulation rate reached its highest value (0.14 particles cm−2 year−1) but was not constant; it oscillated during the period. Three fire events were inferred in this zone, and the largest around ∼1,000 cal. yr BP.
LQP-4: Between ∼490 cal. yr BP and the present, there was an increase in the percentages of Ephedra (34%), Asteraceae Mutisia-type (8%), and Apiaceae Mulinum-type (5%). Poaceae decreased (5%), as did Asteraceae Leucheria/Nassauvia-type (3%), which disappeared after 190 cal. yr BP. The lowest rate of carbon accumulation of the last ∼4,500 years was recorded, and no fire events were detected.
4.2.3 Alpha and Beta Diversity
The results of the DCA analysis in LCO showed 17.74% of the variation explained by the first component (Table 2). LCO-4, LCO-2, and LCO-1 showed mostly negative values, while values were positive in the LCO-3 zone (Figure 6). The first component explained 39.59% of the variation in LQP. Again, LQP-4, LQP-2, and LQP-1 showed mostly negative values. LQP-4 showed positive values beginning with ∼1970 years AD. The values were positive in the LQP-3 zone on this axis.
TABLE 2 | DCA results of the abundance of fossil pollen from Laguna Corralito (LCO) and Laguna Quebrada Parada (LQP).
[image: Table 2][image: Figure 6]FIGURE 6 | DCA results from the pollen abundance of Laguna Corralito. (A) Ordering of the levels (colored points) grouped in the zones, obtained by the cluster analysis; on the left, are the levels with environmental conditions of lower humidity and on the right, the levels with higher humidity. (B) Ordering of pollen types with a similar arrangement in the multivariate space as the levels. Pollen types related to warmer and less humid conditions are highlighted in red. Pollen types related to cool and humid conditions are highlighted in blue. The arrows below indicate how the humidity and temperature conditions vary along the DCA 1 axis.
The pollen types related to species of the sub-Andean belt, associated with drier and/or less cold conditions, are at the left of the graphs (e.g., j. Asteraceae Chuquiraga-type, Solanaceae Fabiana-type, and Ephedra). The values for beta diversity (ecological change) had standard deviations less than one for both lakes; the most important changes coincide with the periods of transition between the different periods (Figures 6, 7). The values remained relatively constant in LCO-1 up to the transition to LCO-2 around ∼2,600 cal. yr BP, when the ecological change increased. LCO-2 showed oscillations during the entire period, one of which coincided with the transition to LCO-3. LCO-3 had the highest values of change, with the most important maximum around ∼850 cal. yr BP (Figure 4).
[image: Figure 7]FIGURE 7 | DCA results from the pollen abundance of Laguna Quebrada Parada. (A) Ordering of the levels (colored points) grouped in the zones, obtained by the cluster analysis; on the left, are the levels with environmental conditions of lower humidity and on the right, the levels with higher humidity. (B) Ordering of pollen types, with a similar arrangement in the multivariate space as the levels. Pollen types related to warmer and less humid conditions are highlighted in red. Pollen types related to cool and humid conditions are highlighted in blue. The arrows below indicate how the humidity and temperature conditions vary along the DCA 1 axis.
The Laguna Quebrada Parada, as in the LCO, showed relatively constant values of ecological change in the LQP-1 period, which deceased during the transition to LQP-2 with minimum values around ∼2,600 cal. yr BP. The LQP-3 period had the highest values of ecological change; however, there were oscillations. The LQP-4 period showed relatively low values of beta diversity, which increased starting about ∼200 cal. yr BP (Figure 5).
The alpha diversity did not show large oscillations of pollen richness. LCO had a mean of 26 pollen types during the whole record (Figure 4), varying from 25 to 28 in the four zones, while LQP had a mean of 29 pollen types, varying from 28 to 30 in the four zones (Figure 5).
5 DISCUSSION
5.1 Interpretation of the Paleoclimate
The pollen ensembles of LCO and LQP were interpreted according to the altitudinal gradient of vegetation and climate conditions. Thus, for example, the sub-Andean belt is associated with lower precipitation and higher temperature than the lower Andean belt, which has more precipitation and temperatures below 0°C (Cepeda and Novoa, 2006). The main pollen types associated with the sub-Andean zone are Ephedra, Asteraceae Mutisia-type, and Apiaceae Mulinum-type. The genus Ephedra is anemophilous; thus, it produces and disperses a large amount of pollen, which explains its high presence in both records; it is also a genus vulnerable to freezing temperatures (Cavieres et al., 2000). Thus, the presence and abundance of Ephedra in the record is an indicator of less humid and cold conditions. The pollen types Poaceae, Apiaceae Azorella-type, and Asteraceae Leucheria/Nassauvia-type are associated with the lower Andean belt. The presence of grasses in the arid and semiarid Andes is related to soil humidity; more humid soils have a greater diversity of Poaceae. The species of this family tolerate freezing temperatures (Cavieres et al., 2000). Thus, the presence and abundance of Poaceae pollen in the sediments are a good indicator of humid and cold conditions, which are characteristics of the lower Andean zone.
The first axis of the DCA may be related to the gradient of precipitation and temperature (Figures 6, 7). In this axis, the pollen types and dry and less cold periods have negative values and are on the left of the axis, while the pollen types and more humid and cold periods have positive values and are on the right of the axis. Thus, pollen of shrubs such as Fabiana, Ephedra, and Chuquiraga are associated with relatively dry periods, while Poaceae and Leucheria/Nassauvia are related to relatively humid periods.
The carbon analysis showed the greatest activity between ∼1,900 and ∼600 cal. yr BP. The presence of macroscopic carbon particles in the sediment cores is associated with fire events (Whitlock et al., 2010). In the north–central region of Chile, there is a relation between fires, climate, and ENSO (Altamirano et al., 2013). Rainy years favor vegetation growth; in dry periods, this is converted into biomass that may burn (Gonzáles et al., 2011), and thus humid periods with marked seasonality may favor the propagation of fires (Gonzáles et al., 2011). The record of macroscopic carbon particles may thus serve to help identify periods with humid conditions but marked seasonality (rainy winters and very dry and/or hot summers) or strong interannual variation in precipitation and temperature which are mainly associated with the dynamics of the ENSO (Montecinos and Aceituno, 2003).
At the beginning of the records, there was a higher proportion of inorganic sediments in both lakes, especially LCO. The sediment record began with gray clay, barren of pollen, of glacial origin, which suggests that the beginning of organic deposits at ∼4,000 cal. yr BP is associated with a small glacial retreat at 3,800–3,900 m a.s.l., which may have liberated the area for the formation of the current lakes. Later, both lakes showed alternation of dry and humid periods in the last ∼4,500 years. From ∼4,500 to ∼2,700 cal. yr BP, the domination of Ephedra, Asteraceae Mutisia-type, and Apiaceae Mulinum-type in LQP suggests a relatively dry period. The low fire activity period and negative values in the DCA 1 axis reinforce the idea of dry conditions that did not favor plant growth and thus little accumulation of biomass that could generate fires. From ∼2,700 to ∼1,900 cal. yr BP, the same taxa continued to dominate; however, the decrease of elements of the sub-Andean belt and the gradual increase of elements of the lower Andean belt and the first record of fire in the LCO suggest a period of transition toward more humid conditions.
Between ∼1,900 and ∼600 cal. yr BP, there was an increase in pollen associated with the lower Andean belt, represented by Poaceae, Asteraceae Leucheria/Nassauvia-type, and Apiaceae Azorella-type and a concomitant decrease in pollen of species of the sub-Andean belt. This suggests a wetter and colder period than the anterior. This period also had the greatest carbon accumulation and the most fire events. This suggests a period with greater seasonality and/or greater interannual variability, which concurs with reports that this period had the greatest frequency of ENSO events in the entire Holocene (Moy et al., 2002; Rein et al., 2005).
The last ∼600 years again showed an increase in pollen associated with the sub-Andean belt and the accumulation of carbon decreased, suggesting a new dry period. The tendency of an increase in temperature and a reduction in precipitation in recent years in the study area is registered not only in paleoclimatic studies. For example, Souvignet et al. (2012) observed that in the last 30 years in the study area there is an increase in temperature and an annual reduction in precipitation; this could be related to climate change caused by human activities.
5.2 Regional Correlations
The beginning of the records in LCO and LQP lakes has been associated with a glacial retreat in the high mountains, which may be related with the global event at 4,200 cal. yr BP that in some records of the Northern Hemisphere has been indicated as a cold event (Orme et al., 2018) and that marks the beginning of the late Holocene (Wanner et al., 2015). There is not much evidence of new glacial advances in the sub-tropical Andes; however, there is a report of an advance at 35°S in the Andes of Argentina at 4,700–4,300 cal. yr BP (Espizua, 2005), which could be related to the beginning of more organic deposition in our study area. The cores of both LCO and LQP showed the alternation of relatively dry and humid periods from the beginning of the records. The first period, from ∼4,500 to ∼1,900 cal. yr BP, had relatively dry conditions, with a transition phase from ∼2,700 to ∼1,900 cal. yr BP. This result is coherent with the geochemical and physical indicators of the Laguna El Cepo and Cerritos Blancos near the study area (30°S), which suggest relatively dry conditions in this period (Tiner et al., 2018).
These results are somewhat different than those obtained by Martel-Cea et al. (2016), who analyzed the record of the Laguna Chepical in the high Andean zone of central Chile (32°S); they found that the period 3,100–2,000 cal. yr BP was relatively humid and cold, followed by the maximum values of humidity indicators from 2,000 to 1,200 cal. yr BP, possibly associated with higher summer temperatures. The record of the Laguna Aculeo (34°S) in the lowlands showed an important increase in the humidity indicators beginning 3,000 cal. yr BP and an important increase in torrential rains associated with El Niño starting 1,800 cal. yr BP (Jenny et al., 2002; Villa-Martínez et al., 2003). Considering the beginning of the decrease of indicators of the low vegetation belt (sub-Andean) in LCO and LQP, there is some correspondence in the chronology of this humid phase, although at different times and intensity or maximum values from those found in the Laguna Chepical and Laguna Aculeo. Relatively humid conditions at ∼4,000 cal. yr BP were observed in the coast of central Chile (32°S), which became more arid from 3,000 to 2,200 cal. yr BP (Maldonado and Villagrán, 2006; Méndez et al., 2015). In spite of the differences in the dates of change, most of the records suggest relatively dry conditions at least until ∼2,700 or ∼2,000 cal. yr BP (Figure 8). On the other hand, it is possible that the differences found are related to the different latitudes of the studies mentioned.
[image: Figure 8]FIGURE 8 | Comparison of the pollen record summary from Laguna Corralito and Laguna Quebrada Parada, with Laguna Cerritos Blancos (Tiner et al., 2018), Poaceae pollen % (Martel-Cea et al., 2016), diatom record axis 1 PCA scores (Martel-Cea et al., 2016), NDJF temperature anomalies (de Jong et al., 2013) from Laguna Chepical and lithic content in the marine record, site SO 147-106KL, and offshore Peru (Rein et al., 2005). Wetter periods are highlighted in gray.
From ∼1,900 to ∼600 cal. yr BP, the records of LCO and LQP suggest relatively humid conditions, with an increase in the indicators of the lower Andean belt. This result concurs with the records of Laguna Chepical, Cerritos Blancos and El Cepo (Martel-Cea et al., 2016; Tiner et al., 2018), and the coastal area of the same region (Maldonado and Villagrán, 2006). The greatest influx of carbon was found in this period, and thus it is the period in which the largest number of fire events is inferred. The greatest activity of ENSO was found from 2,000 to 600 cal. yr BP (Jenny et al., 2002; Moy et al., 2002; Rein et al., 2005) and thus high interannual variability in the study area, which would favor the generation of fires. The differences in the times of the most humid period of the last 3,000 years between the records at 30°S and those further south may be related to a greater impact of the precipitations associated with ENSO in the north. Although the ENSO is also important further south, the dynamics of the westerly winds independent of the ENSO years may also explain the humid period beginning at 3,000 cal. yr BP.
Our records of the last ∼600 years again show an increase in the indicators of the sub-Andean belt, associated with a relatively dry condition. This result coincides with studies performed in high Andean lakes in north–central Chile (Martel-Cea et al., 2016; Tiner et al., 2018) and in the coastal area of central Chile (Maldonado and Villagrán, 2006). The record of fossil pollen, in addition to detecting changes in the climate, is capable of giving clues about the origin of these changes (Li et al., 2008). Several studies show that changes in vegetation can be due to natural factors or related to human activities (Zhao et al., 2010; Paus, 2013). Thus, current climate change can be addressed through pollen analysis, and this information can be used to better analyze the consequences of climate change for biodiversity.
5.3 Alpha and Beta Diversity
The changes in the composition of the communities (ecological changes), used as a proxy of beta diversity (Correa-Metrio et al., 2014), were not constant during the last ∼4,500 years. Ecological changes were related to environmental conditions in both lakes. The dry/humid/dry transition which occurred at ∼1,900 and ∼600 cal. yr BP is related to the decrease or increase in ecological change values. This variation in the composition of taxa may be because the new conditions generated by environmental changes generate ecological filters, which only allow some taxa to establish (Püttker et al., 2014). The coincidences between transition periods (niche changes) and increases or decreases in ecological change may indicate that when there are environmental changes, communities assemble due to deterministic processes related to the niche more than due to random processes (Püttker et al., 2014). The humid period showed greater values of ecological changes than the dry periods in both lakes.
Our study is the first to analyze changes in plant communities in terms of alpha and beta diversity in northern Chile, which makes it hard to compare with patterns found in other studies. However, studies of community ecology may be considered to analyze paleoecological patterns, since both disciplines study community dynamics with respect to spatial or environmental changes (Jackson and Blois, 2015). For example, studies in grasslands in semiarid areas of Africa (Anderson, 2008), California (Eskelinen and Harrison, 2015), and Asia (Zhang et al., 2014) show that sites with higher humidity have greater change in the community composition. One of the patterns observed in beta diversity is that it increases with productivity (Chase and Leibold, 2002; Chase, 2010). Productivity in our study area is mainly related to water availability; more precipitation yields more productivity (Jaksic, 2001; Rudloff et al., 2021). The relation between productivity and beta diversity may be one of the reasons that the humid period from ∼1,900 to ∼600 cal. yr BP had the highest values of ecological changes in the two lakes studied, since higher humidity would have produced greater productivity.
Species richness (alpha diversity) in both lakes oscillated slightly during the last 4,000 years but did not undergo abrupt changes. This stability of richness over time was described in pollen records (Haskell, 2001; Giesecke et al., 2012) and in rodents (Brown et al., 2001; Sax, 2002), amphibians, birds, and invertebrates (Sax, 2002). The stability of alpha diversity in many organisms was found at scales from tens to thousands of years. This may be related to the carrying capacity of ecosystems, which is related to resource availability; as long as the latter does not undergo large changes, richness is expected to be stable (Brown et al., 2001). Although the records of both lakes showed changes in environmental conditions, they were not sufficiently great to change stability in richness. The period of our study (∼4,500 years) did not have extreme changes in environmental conditions compared to other periods such as the end of the Pleistocene (Kull and Grosjean, 2000) or the middle Holocene (Maldonado et al., 2010). The stability of richness may also be influenced by problems of taxonomic resolution of pollen grains. In our study, this would have reduced the number of taxa, especially of the Poaceae, in which there were probably various species, which would not allow us to distinguish the true richness of plant species in the study area, and thus its variation in time. The problem of taxonomic resolution may be overcome using molecular techniques, for example, the use of sedimentary DNA, which improves the detection of species in paleoecological studies (Liu et al., 2020).
6 CONCLUSION
The sedimentary composition of the cores showed glacial activity before ∼4,000 cal. yr BP, suggesting glacial retreat around this time above 3,800 m a.s.l.. Although we cannot use these records to decide when the last period of glacial advance began, we can indicate that it ended around 4,000 years ago, which may be related to the global event around ∼4,200 cal. yr BP.
The records of pollen and carbon analyzed differentiated three contrasting periods during the last ∼4,500 years. From the beginning of the sequences until ∼1,900 cal. yr BP, the pollen ensembles suggest relatively dry climate conditions, with a slight tendency to more humid conditions after 2,700 cal. yr BP. From ∼1,900 to ∼600 cal. yr BP, the pollen records suggest more humid conditions than the present day, with more winter rains, which would be associated with greater influence of westerly winds and/or a decrease in the south Pacific subtropical anticyclone, which also coincides with greater ENSO activity and greater fire events in the study area, associated with high climatic interannual and/or intra-annual variability. Finally, in the last ∼600 years, relatively arid conditions have appeared again. This chronology and direction of changes concurs with other records available for the region, showing that climate oscillations had a regional influence in the last ∼4,500 years. Differences with the records from south of 32°S may be explained by a more important influence of ENSO activity in the study area than further south.
The analysis of diversity shows that the climate influences mainly the composition of taxa in the communities (beta diversity) but not in richness (alpha diversity). Beta diversity increases in dry–humid transition periods and decreases in humid–dry transition periods. Richness in transition periods remained relatively constant, suggesting equilibrium between extinction and local migration, which marks changes in species composition but not large oscillations in richness.
The results obtained in this study show how the Andean flora has behaved from a glacial retreat, passing to relatively dry and/or warm, humid and/or cold conditions, and again to relatively dry and/or warm conditions, associated with fluctuations in the intensity of the westerly wind belt in the area, suggesting increases in the vegetation belts in the warm and/or dry periods and decreases in the cold and/or humid periods, maintaining the alpha diversity but changing the beta diversity. These changes, mainly those associated with increased dry and/or warm conditions, may show how the vegetation is expected to behave in the future considering the current climate change scenarios for the area, which suggest an increase in the zero isotherm, temperatures in general, and decreases in precipitation.
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