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Rapid climate changes and the increasing presence of humans define the Holocene Epoch (11.6 calibrated kiloyears before present – hereafter kyr BP), when biological systems have faced the most recent and abrupt environmental changes. Understanding how biodiversity responds to extrinsic factors requires determining the effects of varying climatic conditions, changes in disturbance regimes, and increasing anthropogenic impacts. Despite being one center for biodiversity, the potential synergies of long-term anthropogenic and climate changes in shaping areas of high Andean biodiversity have yet to be explored fully. Here we present new pollen and charcoal records from the Pantano de Monquentiva (hereafter Monquentiva) on the highlands of the eastern flank of the Colombian Cordillera Oriental (CCO) to document relationships between climate, vegetation, and fire through the Holocene. We found compositional transitions at 8.7, 6.1, and 4.1 kyr BP at Monquentiva resulting from the interaction of climate, fire, and human occupation. Reduced moisture and temperature caused a compositional shift in Páramo vegetation from ca. 8.7 kyr BP. Fire activity was recorded throughout the Holocene and increased slightly during the Mid-Holocene when regional and local fire decoupling suggested human activities as the source of ignition. Mid-Holocene fires had a large effect on the vegetation composition at Monquentiva which recorded a rapid shift at ca. 6.8 kyr BP. Fire activity increased sharply from 4.1 kyr BP, promoting the reorganization of plant communities at 3.8 kyr BP. This shift in fire activity was likely related to more severe ENSO events and subsequently intensified by human activities after 3.8 kyr BP. Although high climatic sensitivity explains most Holocene vegetation changes in the eastern flank of the CCO, our study highlights the relevance of fire activity, uneven distribution of climatic variables, and human intervention to the composition of the vegetation we see today.
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INTRODUCTION

The Colombian Andes are one of the most biologically and culturally diverse regions in the world. Colombian Andean ecosystems host ca. 28,000 plant species, highlighting their importance as a biodiversity hotspot (Bernal et al., 2015; Rangel-Ch, 2015). Since pre-Hispanic times, human groups have drawn on Andean natural resources, promoting the development of diverse societies (Aceituno et al., 2013; Archila et al., 2021; Cano et al., 2021). Despite the relevance of Colombian Andean ecosystems, expansion of human activities jeopardizes their continuity in the coming decades. Current land-use changes (Etter et al., 2008; Rodríguez Eraso et al., 2013), and uncontrolled fires (Armenteras et al., 2019) currently threaten Colombian Andean biodiversity. Novel climates are expected to completely restructure ecosystems by 2,100 (Williams et al., 2007), and in the tropical Andes, biodiversity is especially vulnerable because many species occupy narrow climatic and geographic ranges (Bush, 2002). Recent species range shifts in the tropical Andes have been documented (Feeley et al., 2011; Duque et al., 2015) and emphasize the urgency of understanding the coupled effects of climatic shifts and human intervention on Andean biodiversity.

The sensitivity of Andean biodiversity to long-term environmental variation has important effects on species migration and local extinctions because of unstable climatic conditions, responsible for rapid forest compositional shifts during the Holocene (Urrego et al., 2010, 2016). In the Colombian Andes, Hooghiemstra and van der Hammen (1993) recorded altitudinal species migrations of up to 1,400 m as a response to post-glacial warming in forests of the western flank of the Colombian Cordillera Oriental (CCO). Marchant et al. (2001) reported the spread of xerophytic vegetation over the Northern Andes, indicative of persistent dry conditions during the Middle Holocene. Despite recent efforts to understand how environmental drivers have shaped Andean biodiversity (Etter and van Wyngaarden, 2000; Boom et al., 2002; Gómez et al., 2007; Groot et al., 2011; van Boxel et al., 2014; Bird et al., 2017), the degree to which past environmental change, human presence and fire activity have produced ecologically novel communities in the tropical Andes remains understudied (but see Valencia et al., 2010; Sarmiento, 2012).

Despite being a driving force of forest composition and structural change, a key question remains open to debate: the source of ignition of fires in the Andes and whether these are solely the result of anthropogenic activities. In the long term, arid phases over the past ∼4.8 kyr BP (Bird et al., 2017) and multi-decadal regional climate forcing (Román-Cuesta et al., 2014) are thought to largely control fire occurrence in the Tropical Andes. However, the human influence on fire regimes in tropical contexts has also been acknowledged (Keating, 2007; Aguilera et al., 2009), with the fingerprint of anthropogenic fires on northern Andean ecosystems (Vélez et al., 2020) and the development of agricultural activities (Gómez et al., 2007) starting in the Late Holocene. Archeological research has found fires to be rare in grass páramo settings without human activity as igniting factor (White, 2013) and over the last century the prevalence of fire in the Colombian Andean region is thought to result from complex interactions between climate, vegetation types and human activities (e.g., Armenteras-pascual et al., 2011). Overall, the lack of long-term records of fire has hindered so far, the identification of fire activity baselines for the tropical Andes and the main sources of ignition.

Here we present a new sedimentary record from Monquentiva, located in the eastern flank of the CCO to explore the main paleoenvironmental drivers that have shaped the tropical high Andean ecosystems. We present pollen and charcoal records from Monquentiva spanning the Holocene to investigate the ecological baseline of vegetation and fire activity in this part of the Andes. We use novel statistical methods to identify regime shifts in vegetation and long-term ecological changes and explore to what degree the vegetation we find in Monquentiva today is novel to the site and results from enhanced Late-Holocene anthropogenic activity.



STUDY SITE, MATERIALS AND METHODS

Monquentiva (4°54′ N; 73°44′ W) is a peatbog inside a paramo that bears the same name (Páramo de Monquentiva). Monquentiva lies at ∼3,000 masl on the eastern flank of the CCO (Figure 1) and forms part of the Vista Hermosa Regional Natural Park, in the Guatavita municipality, ca. 50 km north of Bogotá. The bog has a single outlet, the Lagunero River, which drains into the Monquentiva River. Both the Lagunero and Monquentiva rivers flow eastward as they form part of the Gachetá River drainage basin. Despite hosting fluvial activity, our field observations show that the Monquentiva peatbog is a flat, ovoidal area of nearly 370 ha, which contains lacustrine and fluvioglacial deposits infilled during the Quaternary. The shape and position of these deposits are controlled structurally by the Río Blanco-Machetá Anticline and the Machetá Fault, which folded and faulted the sedimentary Cretaceous rocks of the Arenisca Dura Formation (Corredor and Terraza, 2015).
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FIGURE 1. Map showing the location of Monquentiva on the eastern flank of the Colombian Cordillera Oriental (CCO) and within the Vista Hermosa Regional Natural Park (RNP). The red dot indicates the location of coring sites MAR19-II and MAR19-G1 collected next to each other from the center of the peatbog. Green patches show the current distribution of the High Andean Forest (IDEAM, 2016).


The mean annual precipitation in Monquentiva is 1,425 mm, with a unimodal rainfall distribution and the rainiest period between April–November (CAR, 2007). This unimodal distribution of precipitation in Monquentiva is controlled primarily by the annual migration of the inter-tropical convergence zone (ITCZ) and modified by the topography and the influence of southeast trade winds bringing moisture from the Amazon and the Atlantic Ocean (Poveda et al., 2006; Saylor et al., 2009). The annual temperature in the high CCO varies little over the year, with mean annual temperatures around 11°C in Monquentiva (CAR, 2007). El Niño-Southern Oscillation (ENSO) also influences the interannual precipitation variability in the Colombian Andes, with El Niño phase characterized by prolonged dry seasons and La Niña phase associated with increased precipitation (Poveda et al., 2006).

Vegetation in Monquentiva includes a mosaic of high Andean ecosystems coexisting within a narrow altitudinal gradient. High Andean Forest, Subpáramo, and Páramo are the most abundant vegetation groups. The High Andean Forests are typically dominated by Weinmannia, Hesperomeles, Clethra, Escallonia, Miconia with presence of Drimys, Diplostephium, Symplocos, and Vallea stipularis (Rangel-Ch, 2000). The Subpáramo follows in order of representation, composed by Pentacalia, Hypericum, Vaccinium, Pernettya, Buchetia, and Gaultheria (Avella-M et al., 2014). The Páramo, composed mostly of Poaceae and hosts Calamagrostis and Chusquea (Rangel-Ch, 2000). Near the coring site, stand wetland and peat-forming vegetation with cushions and ground layers, dominated by Geranium, Plantago, Hydrocotyle, Sphagnum, Blechnum, Azorella, and Distichia (Avella-M et al., 2014).


Core Collection, Description, and Chronology

We collected two sedimentary cores in the center of Monquentiva peatbog, using a modified Livingstone (Colinvaux et al., 1999) to extract the deepest sediments (MAR19-II; 4°54.49′ N, 73° 44.51′ W; length: 365 cm) and a UWITEC gravity corer (Melles et al., 1994) for the surface sediment (MAR19-GI, 4° 54.56′ N, 73° 44.06′ W; length: 30 cm). The total length of the core MAR19-II was collected in four segments (Drives 1–4), whereas MAR19-GI was a continuous short core. Both cores were transported to the laboratory at the University of Exeter, United Kingdom, split lengthwise, visually described, and stored at 4°C before analyses. The sediment description followed the modified Troels-Smith system (Kershaw, 1997), accounting for the physical characteristics, composition, and level of humification of the sediments. This study focused on the upper 77 cm (Drive 1) of the sediment core MAR19-II and complemented with MAR19-GI as the coupling effects of human disturbance and climate fluctuations on vegetation was of our highest interest. We collected volumetric samples of 0.5 and 1 cm3 every 2 cm for pollen and charcoal analysis, respectively. Seven bulk sediment samples for MAR19-II (from Drives 1 and 2) and three samples for MAR19-GI were collected for accelerator mass spectrometry radiocarbon analysis (AMS 14C) at the CHRONO laboratory of the Queen’s University Belfast. We constructed an age-depth model for each core, using the rbacon package (Blaauw and Christeny, 2011) and the IntCal20 radiocarbon calibration curve (Reimer et al., 2020). Ages are reported as the mean probability of calibrated ages.



Palynology

Samples were processed using a modified version from Faegri and Iversen (1964). One tablet with 20,848 of Lycopodium clavatum spores was added to each sample to estimate pollen concentrations (number of pollen grains/cm3). Identification and counting of pollen and spores were carried out under a microscope Leica DM500 at 400 and 1,000× magnifications. A minimum of 300 pollen grains were quantified, where possible. Aquatic taxa (Myriophyllum and Isoëtes) were quantified but excluded from the pollen sum. The pollen identification followed available taxonomic keys (e.g., Hooghiemstra, 1984; Velásquez, 1999), online databases (e.g., Bush and Weng, 2007) and reference materials at the Laboratory of Paleoecology and Palynology of the Instituto de Ciencias Naturales, Universidad Nacional de Colombia, Bogotá. The ecological grouping (Supplementary Table 1) followed published literature from vegetation surveys conducted in the CCO (Cuatrecasas, 1958; Hooghiemstra and van der Hammen, 1993; Rangel-Ch et al., 1997; Rangel-Ch, 2000; Gómez et al., 2007; Avella-M et al., 2014). We produced stratigraphic diagrams using the calibrated ages, pollen, and charcoal counts in the C2 program version 1.7.7 (Juggins, 2007). We used a CONISS analysis (Grimm, 1987) to define local pollen zones and delimit the most relevant ecological periods based on vegetation compositional changes from taxa belonging to the pollen sum.



Charcoal

Sedimentary charcoal particles were identified and quantified in petri dishes using a Zeiss Stemi stereo microscope at 200× magnification. Intervals for charcoal particle sizes were defined following the methods proposed by Clark et al. (1998) and Whitlock and Larsen (2001). Charcoal fragments smaller than 64 μm were not quantified to reduce the effect of particles that may have broken during chemical processing. Charcoal particle fractions between 64 and 102 μm, and >180 μm were quantified to reconstruct the regional and local fire signals, respectively (Whitlock and Larsen, 2001). We did not quantify the 64–102 μm fraction to restrict overlapping between local and regional signals. As charcoal morphology has proven useful to track fuel sources (Prince et al., 2018; Dussol et al., 2021), particles larger than 180 μm were classified according to seven fuel-source categories and 27 well-defined morphological subclasses drawing upon particle geometry, texture, and luster (Mustaphi and Pisaric, 2014).

We performed charcoal time-series analysis using CharAnalysis (Higuera et al., 2009). We produced equally spaced intervals and calculated charcoal accumulation rates (CHAR, particles cm–2 yr–1) by interpolating charcoal counts to the median sample resolution (ca. 200 years). We identified charcoal peaks as the positive residuals exceeding the 95th percentile threshold of a locally fitted Gaussian mixture CHAR background model (smoothed to 1,000 years). Peaks that resulted from statistically insignificant variations in CHAR were also identifiable in CharAnalysis. If the maximum count in a CHAR peak had a >5% chance of coming from the same Poisson-distributed population as the minimum charcoal count of the preceding 75 years, then the peak was rejected (Higuera et al., 2010).



Detrended Correspondence Analysis

A detrended correspondence analysis (DCA) was used to summarize ecological changes in the pollen record. The DCA is relatively easy to interpret as its scores are given in units of standard deviations (SD). The resulting scores can be interpreted directly in terms of ecological turnover, either between contiguous samples (to identify periods of ecological instability from the Euclidean distance between them) or by assigning a reference point (to compare moments with similar ecological conditions) (Correa-Metrio et al., 2014). The DCA was used to infer temporal relationships between vegetation and environmental changes. For instance, one taxon can assemble itself with any other taxon with the closest environmental response at a specific time, even if such a relationship does not exist today (Urrego et al., 2016). Because the resulting DCA ecological affinities rely only on the variability within the dataset (Urrego et al., 2016), DCA analysis is also a convenient method for understanding ecological novelty over time. We performed DCA analysis and distance calculations using the most representative pollen taxa of MAR 19-II (i.e., those present at >10% of the pollen sum), employing the package vegan (Oksanen et al., 2018) developed for the statistical software R (R Core Team, 2020).



Regime Shift Detection

We performed a Sequential t-test Analysis of Regime Shifts (STARS) (Rodionov, 2004) using the Euclidean distances between contiguous samples that resulted from the DCA analysis, to determine the timing of changes that produced a new and persistent ecological phase. In the STARS method, a Regime Shift Index (RSI) is calculated to confirm or reject the existence of a regime change in each of the observations within a time series. STARS tests whether each observation is statistically different from the current regime, and then checks the result by performing the test on subsequent observations (Rodionov, 2004; Rodionov and Overland, 2005). Two parameters, the cut-off length, and the significant level p, would impact the results and the minimum duration of a regime. Considering the relatively long-term series of SD and referring to the discussion of Rodionov (2004), we chose the cut-off length of 9 and a p-value of 0.05. We conducted the regime shift analysis in R, using the package rshift (Room et al., 2022).




RESULTS


Chronology

We established age control from seven bulk sediment samples for the upper 116 cm of the core MAR19-II (Drives 1 and 2). The basal age for Drive 1 of core MAR-19II was ca. 10.6 kyrBP (Supplementary Table 1), spanning most of the Holocene Epoch. Radiocarbon dating at the top of the core revealed that the most recent 1,500 years were missing. This likely resulted from the coring operation which started in the least perturbed parts of the sediments. Alternatively, this sedimentary inconsistency in the uppermost centimeters could be the result of stumping cattle grazing activities developed in Monquentiva until the 20th century (CAR, 2007). This gap was covered and complemented by the core MAR19-GI with a basal age of ca. 2.8 kyr BP. The pollen record from the most recent sample in MAR19-GI reflects the vegetation we observed in Monquentiva during fieldwork in 2019. The resulting age-depth model (Figure 2; Blaauw and Christeny, 2011) was created assuming a probability with a gamma distribution for calibrated ages within a 95% confidence interval. The core MAR19-II has an average temporal resolution between samples of ca. 240 yr (min: 80 yr, max: 450 yr), whereas MAR19-GI has an average resolution of ca. 200 yr (min: 75 yr, max: 290).
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FIGURE 2. Age-depth model for cores MAR19-II and MAR19-G1 from Monquentiva calculated using rbacon (Blaauw and Christeny, 2011) and showing: calibrated radiocarbon ages (blue bows), all likely age-depth models (gray gradient); 95% confidence intervals (gray dotted lines), and the accepted model (red dotted lines).




Palynology

The pollen record was composed of 83 pollen types, nine pteridophyte spore types, five algae and four fungi spore types. The average count was 609 (minimum 376; maximum 2393) and the average pollen sum was 384 (min. 258; max. 612). Poaceae, Asteraceae, Weinmannia, Hedyosmum, Alnus, Apiaceae, Miconia and Morella were the most abundant pollen taxa. Among pteridophytes, Cyathea and Polypodium had remarkable high values. Other taxa like Plantago, Valeriana, and Isoëtes were also abundant. Less common, but relevant elements in Andean forests were Quercus humboldtii, Clusia, and Galium. Pollen and spore taxa present at above 10% of the pollen sum are shown in Figure 3. The pollen record was divided into four local pollen zones (ML1–ML4) following the grouping from CONISS (Grimm, 1987).
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FIGURE 3. Summary pollen diagram of MAR19-II core from Monquentiva showing main regional taxa (>10%) organized by vegetation groups. Dashed gray lines indicate the limits for Monquentiva local pollen zones ML1 to ML4 from the CONISS zonation. The lattice denotes a gap in the MAR19-II sedimentary record. The red * indicates one sample where the pollen count was below 300 grains and reached 258 grains.



Zone ML1 (77–60 cm; 10.6–8.7 kyr BP)

Within this zone, pollen concentration fluctuated between 90,000 and 410,000 grains/cm3, reaching the lowest point at ca. 8.7 kyr BP (Supplementary Figure 1). This zone had the highest abundance values in the entire record for Poaceae (59%), Acaena/Polylepis (6%), Puya (2%), Gaultheria (3%), Alnus (20%), and Podocarpus (4%). Aquatic plants peaked at the interval 64–65 cm (ca. 9 kyr BP), while pteridophytes were almost absent.



Zone ML2 (60–36 cm; 8.7–6.1 kyr BP)

Zone ML2 was characterized by the fluctuation of the pollen concentration between nearly 118,000 and ∼321,000 grains/cm3. Poaceae steadily decreased (from 47 to 8%), while Valeriana (10 to 26%) and Clethra increased (0 to 3.3%) (Figure 3). Starting at 7.6 kyr BP, Alnus concentration values dropped to 3%, a value which was maintained through the rest of the sequence. Taxa such as Weinmannia and Hedyosmum fluctuated between 2 and 11%, and <1 and 4%, respectively (Figure 3). Also, Isoëtes abruptly decreased to 4% while Plantago surged from 3% at 8.7 kyr BP to 13% ca. 6.5 kyr BP (Figure 4).
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FIGURE 4. Summary pollen diagram of MAR19-II core from Monquentiva showing local taxa organized by vegetation groups and presented as counts. Dashed gray lines indicate the limits for local pollen zones ML1 to ML4 from the CONISS zonation. The lattice denotes a gap in the MAR19-II sedimentary record. The red * indicates one sample where the pollen count was below 300 grains and reached 258 grains. Bry., Bryophites; DS Ind., Disturbance Indicator; Aquat., Aquatic plants.




Zone ML3 (36–26 cm; 6.1–4.1 kyr BP)

Pollen concentration fluctuated between ∼144,000 at and 362,000 grains/cm3. Within the zone ML3, Valeriana declined from 18 to 1%, Hypericum fell from 8 to 2% and Poaceae hit a low point of 5.5%. Conversely, Weinmannia peaked at 17% and Asteraceae rose to 37% at ca. 4.1 kyr BP and a surge of Sphagnum from 1 to 19%, and Polypodium up to 8.5%, took place (Figure 4).



Zone ML4 (26–0 cm; 4.1–1.5 kyr BP)

Pollen concentration reached its maximum of 552,000 grains/cm3 at ca. 3.1 kyr BP. At the intersection between ML3 and ML4, Rumex was recorded for the first time. Hedyosmum and Weinmannia oscillated between 1 and 12%, Poaceae recovered from 5% to almost 40% and Asteraceae remained relatively stable with values around 29%. In this zone, fungi reached their highest values, along with a peak of Polypodium (22%) and other ferns (Figure 4).



Core MAR19-GI (27–0 cm; 2.6–0 kyr BP)

Pollen taxa such as Weinmannia and Hedyomum remained low (<10%) throughout the zone, but decreased considerably after 0.5 kyr BP. Contrarily, Poaceae reached values of ca. 30% and Rumex was recorded through the entire zone with values exceeding 5% from 0.5 kyr BP onwards (Supplementary Figure 2).




Charcoal Record

Charcoal concentrations of both particle fractions showed two main stages: one of low and stable concentrations from 10.6 to ca. 4.1 kyr BP followed by another of high and variable concentrations from 4.1 kyr BP to 1.5 kyr BP. Through the first stage, CharAnalysis identified significant microcharcoal (64–102 μm) peaks every ∼600 years (Figure 5), whereas significant macrocharcoal (>180 μm) peaks occurred at 8.6 and 6.4 kyr BP. The second stage was characterized by seven charcoal peaks detected through CharAnalysis for the macrocharcoal, with three significant peaks at 3.8, 3.1, and 2.9 kyr BP, coinciding with a period when macrocharcoal concentrations grew gradually (Figure 5).
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FIGURE 5. Charcoal concentration and morphotypes found in MAR19-II core from Monquentiva. The top two panels show total charcoal concentration for micro (64–102 μm) and macrocharcoal (>180 μm). Red crosses and gray dots represent significant and non-significant fire peaks from CharAnalysis (Higuera et al., 2009), respectively. The bottom three panels show most abundant charcoal morphotypes from MAR19-II core presented as concentration. Dashed gray lines indicate the limits for Monquentiva local pollen zones ML1 to ML4 from the CONISS zonation. The lattice denotes a gap in the MAR19-II sedimentary record.


Twenty-three charcoal morphotypes were observed, being polygonal, rectangular, and elongate geometries (classes A, B, and D) the most abundant (Figure 5). All the samples studied had some amount of charcoal, but morphotypes from class F (Mustaphi and Pisaric, 2014) were not observed (Supplementary Figure 3). Before 8.7 kyr BP, charcoal counts were the lowest of the record and did not exhibit major changes. Apart from microcharcoal peaks at ca. 10 and 9.4 kyr BP, charcoal amounts did not show a distinct signal (Figure 5). Throughout the Mid-Holocene micro and macrocharcoal concentrations increased considerably three times: ca. 7.0, 6.4, and 5.4 kyr BP being A3, B2, and D2 (Figure 5) the most relevant types during those periods. From ca. 4.1 kyr BP onwards, microcharcoal concentration increased, reaching its maximum value at 1.8 kyr BP, and the most prominent macrocharcoal types were A3, B1, B2, B3, D1, and D2 (Figure 5). Finally, after 1.8 kyr BP, macro and microcharcoal concentration experienced a 10-fold decrease, but types D2, B1, B2, B3, and A3 remained abundant. Charcoal concentrations recorded in MAR19-GI fluctuated but increased considerably after 0.5 kyr BP (Supplementary Figure 2).



Multivariate Analysis

The DCA analysis of the fossil pollen record grouped taxa along Axis 1 (eigenvalue 0.22, axis length 1.74) and Axis 2 (eigenvalue 0.15, axis length 1.42). The pollen taxa with the highest scores in Axis 1 were Acaena/Polylepis, Puya, Poaceae and Styloceras at the positive end, and Weinmannia, Miconia and Symplocos at the negative end (Figure 6). Along Axis 2, Plantago rigida and Valeriana attained the highest positive scores, whereas Rumex, Polygonum, Bocconia, and Cyperaceae were distributed over the negative extreme of the Axis (Figure 6). Valeriana, Geranium, and Asteraceae gravitated around the center of the DCA plot. The DCA ordination displayed a clear separation along Axis 1, between samples from the Early Holocene (i.e., positive end) and the Late Holocene (i.e., negative end) (Figure 6).
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FIGURE 6. Detrended Correspondence Analysis (DCA) of the pollen record from MAR19-II core from Monquentiva. The left panel shows the DCA species scores for pollen taxa with shaded areas representing main vegetation groups: Páramo (orange); Subpáramo (coral pink); High Andean Forest (cyan); Peatland (purple). The right panel shows DCA sample scores with ages in years before present (BP). Arrows indicate the direction of interpreted environmental variables.


The DCA sample scores plotted against age showed positive values in Axis 1 until ca. 8.4 kyr BP. After this time, scores maintained negative values hitting a low point at ca. 4.4 kyr BP (Figure 7). In contrast, Axis 2 exhibited a fluctuating pattern which started having positive DCA score values after ca. 6.5 kyr BP (Figure 7). The Euclidean distance between contiguous samples showed highly variable scores between ca. 6.8 and 3.8 kyr BP with values up to 0.9 standard deviations (SD). Such timing coincided with the two regime shifts identified by the STARS algorithm (Figure 7). Apart from this period, SD values remained below 0.6. The distance between the oldest (10.6 kyr BP) and the most recent sample (1.5 kyr BP) was 1.2 SD. A turning point was recorded ca. 6.5 kyr BP along with a sustained difference lower than 1.0 SD from 4.6 kyr BP. Finally, after 3.8 kyr BP SD values decreased progressively up to the present (Figure 7).
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FIGURE 7. DCA scores and ecological change metrics presented as number of Standard Deviations (SD) and plotted against time for MAR19-II record from Monquentiva. The two top panels show DCA ordination axis scores for Axis 1 and Axis 2. The arrows indicate interpreted environmental variables. The third panel shows Euclidean distance calculated between consecutive samples and used as a metric for ecological change. The black lines indicate significant shifts identified with the Regime Shift Index (RSI) derived from the STARS method (Rodionov, 2004). The bottom panel shows Euclidean distance calculated between the top sample in MAR19-II and all other samples, used as a metric for ecological similarity. The dashed line represents SD = 1 and indicates an ecological turnover of 50%. The color intensity represents the relative magnitude of ecological turnover, with purple indicating the most novel plant communities. The vertical bars highlight fire peaks from CharAnalysis (Higuera et al., 2009), with fire flames indicating local fires and black dots indicating regional fire peaks. The lattice denotes a gap in the MAR19-II sedimentary record. The red * indicates one sample where the pollen count was below 300 grains and reached 258 grains.





DISCUSSION


Regional and Local Vegetation Changes in Monquentiva Through the Holocene

Monquentiva was dominated by Páramo vegetation between ca. 10.6 and 8.7 kyr BP, with a high abundance of Poaceae, Puya, Geranium and other open vegetation (Figure 3). The high presence of Alnus before ca. 8.7 kyr BP might indicate poorly drained soils (van’t Veer et al., 2000) or be the result of over-representation as Alnus is known to be a generous pollen producer (Weng et al., 2004). We did not observe Alnus in the Monquentiva peatbog, suggesting Alnus does not represent a successional hydrarch stage at this elevation. However, Alnus occurrence along with a low abundance of other Andean Forest elements (i.e., Acalypha and Urticaceae/Moraceae) probably suggests open areas where pollen from forests at lower altitudes could be transported through rising air masses (Weng et al., 2004; Hagemans et al., 2019). Although Páramo vegetation around Monquentiva is important today (Avella-M et al., 2014), it occupies a smaller area than it did at the start of the Holocene. The dominance of Páramo pollen taxa during the Early Holocene is likely related to decreased temperatures at the latter stages of the El Abra Stadial (11 to 10 kyr BP); equivalent to the Younger Dryas Stadial (van der Hammen and Hooghiemstra, 1995). Such an event is known for being a cooling phase of up to 4°C compared to the temperature of the preceding Guantiva Interstadial in northern South America (Kuhry et al., 1993). Reduced temperatures are supported by the predominance of Poaceae and Asteraceae in the Monquentiva record (Figure 3). Although the high abundance of these taxa might also reflect increased aridity (Markgraf, 1993), the presence of Acaena/Polylepis supports the occurrence of a cold phase (van’t Veer et al., 2000).

Monquentiva and the eastern flank of the CCO appear to have been wet before 8.7 kyr BP, unlike the CCO western flank. The persistence of aquatic vegetation such as Isoëtes and Myriophyllum, and the presence of Botryococcus suggested the presence of water bodies in Monquentiva. High water levels at Monquentiva contrast with low water levels recorded in Lake Fúquene, located ca. 1,000 m downslope from Monquentiva on the western flank of the CCO (Vélez et al., 2006). Reduced lake levels at Fúquene have been linked to a dry phase in the central part of the CCO (van’t Veer et al., 2000; Vélez et al., 2006) and were not recorded in Monquentiva. These differences in climatic histories highlight the variability in moisture distribution in the Northern Andes. Uneven Andean moisture distribution in the CCO can be explained by the orographic control of the cordillera on regional atmospheric circulation and precipitation distribution (Saylor et al., 2009). Today, the position of the cordillera leads to the discharge of moisture-laden winds on its eastern flank and a moisture deficit on its highest and central parts (Mora et al., 2008). The persistence of this hydroclimatic pattern in the past has been suggested to explain the antiphase behavior between the central part of the CCO and its eastern flank during the Early and Late Holocene (Martin et al., 1997; van’t Veer et al., 2000; Bird et al., 2017). The orographic effect in the CCO is also suggested to impose its influence on today’s local precipitation over the migration patterns of the ITCZ (van’t Veer et al., 2000).

Between 8.7 and 6.1 kyr BP the history of Monquentiva was marked by a compositional shift in the Páramo and the expansion of High Andean Forest vegetation. Arboreal taxa such as Weinmannia, Hedyosmum, Vallea, and Galium were the most prominent elements in the forests surrounding Monquentiva. Since Weinmannia has a poor dispersion outside forested areas (Olivera-Moscol et al., 2009) its pollen abundance indicates a local presence and marks the development and ascent of the High Andean Forest on the surrounding slopes. The climatic conditions resulted in a smaller water body. Plantago pads were established around seasonally flooded patches and shallow waters with Cyperaceae, Ranunculus and Hydrocotyle. The flat areas, seasonally flooded, restricted the distribution of Poaceae but favored the expansion of Valeriana and the development of wetland vegetation for about 4,500 years (Figure 4). The onset of Mid-Holocene warmer temperatures and reduced precipitation (Marchant et al., 2001), enhanced the accumulation of organic matter evidenced by the consolidated peat layer found in the sedimentary record of Monquentiva starting at ca. 8.6 kyr BP (depth 56 cm).

Between 6.1 and ca. 4.1 kyr BP the sustained drop of Valeriana along with the rise of Cyperaceae suggests a contraction of the water body and the subsequent allocation of water in small local patches (van’t Veer et al., 2000). The surge of Sphagnum further supports this inference as it indicates the colonization of waterlogged soils around small water puddles, similar to those found in the study site today (Avella-M et al., 2014). By 5.9 kyr BP, the expansion of Weinmannia indicated warmer temperatures. Weinmannia-dominated forests surrounded Subpáramo grasses and shrubs, as indicated by the spread of Hypericum and Asteraceae (Rangel-Ch et al., 1997). The prevalence of warmer and drier conditions during the latter stages of the Mid-Holocene has also been recorded regionally in the Colombian highlands and lowlands (Marchant et al., 2001). Temperature fluctuations during this time are thought to be little in comparison to full glacial conditions (Marchant et al., 2001). Consequently, moisture fluctuations and regional atmospheric circulation probably exerted a critical role in the contrasting responses of the vegetation in the Northern Andes through the Mid-Holocene.

The Late Holocene was marked by the prevalence of High Andean forests, which were dominated by Hedyosmum, Podocarpus, and Weinmannia. The presence of these three taxa indicated forest advancing upslope (Bogotá-A, 2011) and developing in the surrounding slopes of Monquentiva. The gradual recovery of Páramo vegetation coincided with the drop of Supáramo vegetation and the attenuation of warm and dry conditions. This was supported by the increasing trend of Botryococcus and Isoëtes. The prevalence of wetter conditions ca. 3.2 kyr BP coincided with recorded variations in moisture contents at the eastern slopes of the CCO from ca. 3.5 kyr BP [i.e., Ubaque lake; (Bird et al., 2017)] but differs to those at the western parts of the Andes [see González-Carranza et al. (2012)].

The pollen record also suggested the influence of human activities in the vegetation of Monquentiva during the Late Holocene. The presence of Rumex from ca. 4.1 kyr BP in the study site could indicate the presence of degraded soils due to anthropic intervention (Bakker et al., 2008). The development of crops and the increase in plant consumption between 4.0 and 3.5 kyr BP by early Andean occupants (van der Hammen et al., 1990) could partially explain the rise of Apiaceae in the pollen record of Moquentiva during the Late Holocene. Regionally, the increase in charcoal concentration and the presence of Zea mays in the Pantano de Vargas (Gómez et al., 2007) suggested pre-Hispanic societies established crops and used fire regularly in the CCO after 3.8 kyr BP. No maize pollen grains were found in Monquentiva, and extended counts were not performed because a high-elevation large peatbog like Monquentiva is unlikely to have been a suitable site for corn cultivation. However, the absence of corn cannot be used to indicate the lack of human activity in this part of the CCO. Instead, the absence of maize pollen might be the result of the poor stratigraphical representation derived from short pollen dispersal distances of corn (Taylor et al., 2013). No maize grains could also exemplify the mobile nature of early human groups (Rothhammer and Dillehay, 2009), who likely had to reach lower elevations with better climatic conditions for maize farming (Langebaek, 2019). Holocene agricultural practices by early people in the Colombian Andes is beyond the scope of this research, but future paleoecological work on cultigens adapted to cold conditions could improve our knowledge of early human occupation in the high Andes.

The occurrence of Rumex over the last 1,500 years, pointed to the development of human activities as a feature of the Monquentiva landscape (Supplementary Figure 2). However, the invariable and low percentages of Poaceae, besides the steady presence of Weinmannia and Hedyosmum, indicated reduced forest intervention between 1.5 and 0.5 kyr BP, when compared to the onset of the Late Holocene. Such limited anthropogenic imprint around this time might reflect the fact that Monquentiva was visited occasionally rather than being a place of permanent residency. This interpretation is consistent with Muisca groups reunited around large, urbanized centers as those described from nearby sites in the CCO by this time (Langebaek, 2019). Contrastingly, after 0.5 kyr BP, Poaceae expansion was concomitant with forest clearing, as depicted by a Weinmannia, Clusia, and Hedyosmum decline, suggesting more intense human disruption.



Fire History in Monquentiva Through the Holocene

The sedimentary charcoal record from Monquentiva showed sustained fire activity throughout the Holocene. We observed coupled micro and macrocharcoal signals indicating that local and regional fire activity covaried and signal a non-human source of ignition during the Early Holocene. Charcoal concentration during the Early and Middle Holocene suggested a moderate fire history with sizable activity ca. 8.6, 6.6, and 6.4 kyr BP (Figure 5). Around 8.6 kyr BP, fire activity coincided with the minimum values of Isoëtes and an increase of Plantago suggesting that such fire increment was related to warm and drier conditions post the El Abra Stadial (Hooghiemstra and van der Hammen, 1993). These fires acted locally on grasslands and shrublands, as suggested by the low frequency of woody materials and the dominance of morphotypes D2 and B2, derived from monocotyledonous leaves (Figure 5) (Mustaphi and Pisaric, 2014). Through the Mid-Holocene, significant fires occurred with a frequency of up to ∼600 years (Figure 5) and a high concentration of types A3 (punky wood and leaves). This increase of monocotyledonous leaves-derived particles during the Middle Holocene suggested the source of the burning biomass remained outside forest areas.


Did Humans Ignite Fires in Monquentiva?

The use of fire by humans in the CCO appears to have been limited before ca. 4.1 kyr BP (Figure 5), despite their arrival at ca. 12 kyr BP in the northern Andes (Correal, 1989; Gnecco and Mora, 1997; Gnecco, 2003). Archeological evidence during the Early and Middle Holocene suggests food foraging was the primary subsistence strategy (Delgado, 2018), which potentially limited burning practices. Mid-Holocene human presence was likely restricted as adverse climatic conditions caused demographic contractions and population displacements of hunter-gatherer groups (Delgado, 2012). However, as permanent residents have been recorded in the CCO from ca. 7.5 kyr BP (Archila et al., 2021), it is probable that if humans were using fire, this was at a limited scale in the surrounding areas of Monquentiva during the Mid-Holocene. This is consistent with the decoupling of local and regional charcoal signals ca. 6.5 kyr BP suggesting Mid-Holocene low-scale anthropogenic fires around Monquentiva.

Both regional and local fire activity rose during the Late Holocene at Monquentiva, indicated by increased micro and macrocharcoal concentrations. By ca. 4.1 kyr BP, the rise in morphotypes A2, B1, B3, and C4 indicated a shift in the fuel source to woody materials, which along with a drop in Weinmannia, suggest selective wood extraction and burning by the early Late Holocene. Similarly, Poaceae gradually replacing Weinmannia, a known timber species, might be a sign of downslope Páramo expansion as a response to human disturbance. Charcoal peaks, a statistically robust proxy for local fire episodes (Higuera et al., 2010), were recorded at ca. 3.8 and 2.6 kyr BP followed by a subtle decline toward the present until ca. 1.8 kyr BP when fires escalated. Although the two charcoal fractions followed similar increasing trends, a clearer decoupling of their signals between 3.8 and 3.2 kyr BP suggested that human activities were indeed an effective ignition source. The rise of wood-derived morphotypes pointed to these fires burning the arboreal taxa from surrounding High Andean Forests and the shrubby Subpáramo in Monquentiva, aside from acting over the open Páramo vegetation. Although the extent to which humans inhabited Monquentiva through the Holocene needs further research, the demand for wood in the area and the associated forest transformation became evident during the Late Holocene. Such a timber demand and forest clearing by fire seemed especially important during the last 0.5 kyr BP, after the arrival of European explorations (Martin, 2005) and the resulting demographic and land-use changes (Etter and van Wyngaarden, 2000).



Did Climate Induce Fires in Monquentiva?

The increased fire activity in the Middle and Late Holocene in Monquentiva might reflect a marked influence of ENSO. The effect of Holocene ENSO on hydroclimatic patterns at the Northern Andes have already been detected in other parts of the eastern flank of the CCO, and it is believed to be a substantial control on fire activity over long time scales (Bird et al., 2017). The general trend of ENSO during the Holocene are severe events at ca. 1,500-year intervals starting at 7.0 kyr BP, followed by an increase in ENSO activity between ca. 4.2 kyr BP and ∼1.2 kyr BP, and a subsequent reduction toward the present (Moy et al., 2002; Toth et al., 2012; Hagemans et al., 2021). This coincides with fire events at higher frequencies from 7.0 kyr BP, their surge at 4.1 kyr BP, and two notable peaks at 3.8 and 2.6 kyr BP in the Monquentiva record and suggest a climate control on fire activity through the Holocene.

The increase in Mid-Holocene fire activity probably resulted from human activities as a source of ignition and was facilitated by climatic conditions. Mid-Holocene dry conditions reduced water levels at Monquentiva, allowing the expansion of Subpáramo vegetation after ca. 6.1 kyr BP (Figure 3). Reduced moisture drove plant compositional changes, favoring the development of the open vegetation that today lies in Monquentiva. This open vegetation is better adapted to dry conditions and is known today to be fire-prone (Horn and Kappelle, 2009; Ramsay, 2014). Thus, fuel availability likely increased around Monquentiva due to changes in the vegetation composition. As such, the current vegetation of Monquentiva could be seen as a shifted baseline (Sylvester et al., 2017). Climatic conditioning continued long after ca. 4.1 kyr BP when increased ENSO activity (Haug et al., 2001; Moy et al., 2002; Gomez et al., 2004) enhanced drought and ultimately fire activity. Furthermore, the human influence on fires likely started over the Mid-Holocene and escalated through the Late Holocene, reaching high points at ca. 1.8 and 0.5 kyr BP, when its effects were imposed over climate conditions. Thus, increased drought due to intensification of ENSO and human intervention seem to have acted as coupled factors driving fires in Monquentiva, which combined served as local fire amplifiers after 4.1 kyr BP.




Ecological Novelty in Monquentiva

The ecological change index calculated between contiguous samples indicated that the largest change in the Holocene vegetation of Monquentiva came after ca. 6.8 kyr BP (Figure 7). The ecological distances of up to ∼0.9 standard deviations (SD) from ca. 5.4 kyr BP indicates the temporary establishment of plant communities with a species turnover close to 50%. These highly variable communities are likely the result of individualistic responses of pollen taxa to the Mid-Holocene changing environmental conditions. As climate shifted and fire occurred more frequently, rearrangement of species promoted their co-occurrence at different proportions as novel communities (Williams and Jackson, 2007). The Mid-Holocene novel communities of Monquentiva were characterized by a high abundance of Asteraceae and Weinmannia, and the lowest values of Poaceae and Valeriana (Figure 3). This episode represented well regional Mid-Holocene rapid rates of change in the forest composition in the southern tropical Andes (Urrego et al., 2010) and extreme dry phases in the Peruvian-Bolivian Altiplano (Baker et al., 2001).

The most pronounced ecological changes in Monquentiva were identified as two prominent regime shifts recorded at 6.8 and 3.8 kyr BP and coincided with fire peaks (Figure 7). Biomass burning is therefore likely to have been a major driver of ecological change in Monquentiva at a time when humans become a likely source of ignition. The timing of increased sedentism of early human groups in the CCO at 7.5 kyr BP (Archila et al., 2021) also supports our interpretation. Climatically, increased ENSO frequency from 7.0 kyr BP (Moy et al., 2002) also facilitated the ignition of the fires that had such a large impact on the Monquentiva vegetation. The second ecological regime shift identified at 3.8 kyr coincides with human-induced forest clearance and the agricultural land-use changes reported in the CCO (Gomez et al., 2004; Vélez et al., 2020). Such regime shifts in Monquentiva seem to replicate a continental trend of environmental disruption. Our results follow the continental tendency of accelerated rates of change (Urrego et al., 2009; Mottl et al., 2021) and suggest an escalation in the Holocene anthropic imprint on montane Andean ecosystems (Delgado, 2012).

The ecological distance between the most recent sample and the rest of the record suggests that plant communities that existed at 1.5 kyr BP in Monquentiva were compositionally novel when compared to Middle and Early Holocene vegetation (Figure 7). These novel plant communities formed in Monquentiva ca. 4.6 kyr BP after a 2,000-year period of ecological instability when the ecological distance to present showed large fluctuations. Such ecological instability likely represented the occurrence of the shifting conditions needed for the emergence of current ecological communities and a prelude to what could be called an “alternative stable state” (Scheffer et al., 2001). The Late Holocene is marked by the return of relatively stable ecological conditions, as indicated by low variation in ecological distances between consecutive pollen assemblages (Figure 7). This reduced variability in ecological change suggests that the novel plant communities would have been adapted to more frequent fires and human presence.




CONCLUSION

The Holocene vegetation history of Monquentiva highlights its sensitivity to fluctuating climates, human intervention, and fire activity. Fires occurred in the area throughout the Holocene Epoch and were initially induced by climate during the Early Holocene and later induced by human activities and facilitated by ENSO. Whether ignited by people or climate, fires have played a fundamental role in shaping Monquentiva plant communities. Fire activity resulted in two ecological regime shifts at 6.8 and 3.8 kyr BP at Monquentiva. Our results underline the importance of fire activity on high Andean landscapes and highlight its role in shaping the vegetation we find in the CCO today.

Vegetation responses to fire, climate, and human activities in Monquentiva resulted in compositionally novel plant communities that were established ca. 4,000 years ago. Under current climate destabilization, long-term ecological responses to external changes such as those described for the Monquentiva area demand urgent actions. The increased likelihood of a more frequent and intense ecological turnover in the coming decades is imminent as uncontrolled land-use changes are widespread in regions of high biological diversity and complexity like the CCO. Forest fragmentation, uncontrolled fires and other alarming dynamics will surely prompt instability as has been registered for the Middle Holocene if no concrete management actions are taken. Management efforts must therefore include explicit strategies (e.g., fire control and prevention, ecosystem services, etc.) that consider the complexities of Andean ecosystems, thus promoting the survival of their biological and cultural heritage.
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