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A 50,000-year-old sediment core record from Laguna Chaplin is reanalyzed to explore potential paleoecological methods to detect the extent of pre-Columbian disturbance in the Bolivian Amazon. High-resolution (sub-centennial) macrocharcoal data are analyzed using statistical algorithm software including Regime Shift Detection and CHAR Analysis to detect changes in past fire regimes. These data are compared with existing charcoal records from throughout the Bolivian lowlands to provide a regional scale context of past biomass burning. During the mid-Holocene, changes in precipitation are the dominant driver of fire activity and biomass burning at Laguna Chaplin and across the Bolivian lowlands.  During the late Holocene, increased fire activity across ecosystems ranging from fire-adapted to fire-intolerant forests is attributed to the apex of pre-Columbian activity. These data suggest human-caused ignitions during the late Holocene are the driving factor of regional scale fire activity in the Bolivian lowlands.  After ca. 650 cal yr BP, there is an increase in biomass burning and fire frequency synchronous with the expansion of Moraceae/Urticaceae pollen (>50%) at Laguna Chaplin. This occurs during the time-transgressive southward expansion of the rainforest boundary, during the apex of pre-Columbian activity in the region. The increase in biomass burning at Laguna Chaplin is reflected at other sites in the region with known human occupation histories. The presence of Zea mays ca. 970 to 170 cal yr BP indicates maize cultivation is practiced in the immediate vicinity surrounding Laguna Chaplin. The simultaneous increase in fire activity with the expansion of the less flammable humid rainforest vegetation suggests human fire management practices. These data are interpreted as the use of frequent, low severity, human-caused fires to clear the croplands from encroaching rainforest vegetation. Despite evidence of pre-Columbian fire management during the late Holocene, vegetation and fire data indicate the extent of human-landscape modification and fire management at Laguna Chaplin, is not enough to inhibit the climate-driven regional forest expansion of the savanna-rainforest ecotonal boundary to its most southern extent in the last 50,000 years. This study demonstrates the utility of applying a multi-proxy, high-resolution paleoecological method to disentangle climate and pre-Columbian disturbance in the Bolivian Amazon. 
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1. Introduction

Recent evidence of pre-Columbian (before AD 1492) landscape modifications in Amazonia including earthen mounds, canals, causeways and geometric earthworks (Erickson, 2010, 2001; Erickson and Balée, 2006; Heckenberger and Neves, 2009; Heckenberger, 2008; Lombardo et al., 2011; Mann, 2008; Pärssinen and Schaan, 2009), 
has heightened scientific interest in the extent of past deforestation and burning in a region once viewed as ‘pristine’(Heckenberger et al., 2003; Willis et al., 2005). Disentangling the extent of anthropogenic impact on fire and vegetation in the paleoecological record is complicated by the synchroneity of human occupation and climate-driven ecosystem change (i.e., Carson et al., 2014). For example, the late Holocene increase in precipitation (ca. 3,000 cal yr BP)  resulted in a time-transgressive southward expansion of the rainforest-savanna ecotone in the Bolivian Amazon (Burbridge et al., 2004; Mayle et al., 2000). The period of highest pre-Columbian occupation in the Bolivian Amazon (Heckenberger and Neves, 2009; Lombardo et al., 2011; Pärssinen and Schaan, 2009) is thus set against a backdrop of transitional climate and vegetation change (Mayle et al., 2000). Additionally, a growing number of studies suggest there is a high degree of spatial and temporal heterogeneity in pre-Columbian land-use throughout different regions of Amazonia (Bush et al., 2007; Carson et al., 2014; Iriarte, 2003; Mayle and Iriarte, 2012; McMichael et al., 2011; Piperno et al., 2015; Whitney et al., 2014). The synchroneity of potential natural and anthropogenic drivers of ecological change, coupled with the high degree of spatial and temporal heterogeneity in pre-Columbian land-use has resulted in considerable debate over the extent of  pre-Columbian ecosystem disturbance (Bush et al., 2007; Carson et al., 2014; Clement et al., 2010; Iriarte et al., 2012; Mayle and Iriarte, 2012; McMichael et al., 2012b; Piperno et al., 2015; Thomas et al., 2015; Whitney et al., 2014) and the potential long-term legacy of past land-use practices on the composition, structure and spatial patterning of modern Amazonian ecosystems (Carson et al., 2016; Whitney et al., 2014).
 The difficulties in disentangling climate- and human-driven fire and vegetation change in the paleorecord is compounded by conventional sampling methods used in Amazonian paleo- studies which have been largely focused on detecting orbital-scale climate and vegetation change (Burbridge et al., 2004; Mayle et al., 2000; Urrego et al., 2010; Valencia et al., 2010). However, it is difficult to detect short-term (sub-centennial), highly localized (ca. <106 m2) human impacts with the coarse temporal and spatial resolution of these studies. It has become evident that to decipher the effects of late Holocene climate-driven and human-driven impacts on fire and vegetation change requires a different methodological approach to those typically applied to study longer-term orbital-scale transitions. To address these issues, this study explores the comparison of conventional sampling techniques with high-temporal sampling resolution on modified pollen and charcoal methods and statistical algorithms. These data are compared with existing charcoal records to provide a regional context for paleofire activity across a range of ecosystems in an attempt to disentangle climate- and human-drivers of fire and vegetation change in the Bolivian Amazonian during the Holocene. 

1.2 Emerging Methods to Disentangle Climate and pre-Columbian Paleofire Activity 

To date, there is no direct way to distinguish human-caused wildﬁres from climate-driven wildﬁres in the paleo-record (Marlon et al., 2013). To establish an empirical link between changes in past fire regimes and human land-use practices depends on the ability to demonstrate synchroneity of fire activity and human impact in the paleorecord. This link is dependent on having archaeological evidence (e.g. AMS-dated archaeological sites) or vegetation data (e.g. crop pollen) to establish a human presence. Additionally, fire records need sufﬁcient sampling resolution and appropriate chronological control that correspond to the period of human occupation in a region (Berglund, 2003). Conventionally, paleoecological studies have focused on long-term climate-driven forest dynamics. Sampling sediment charcoal records with low resolution (LR) pollen sampling (ca. 5-10 cm or multi-centennial to millennial scale) has been sufficient to address the temporal range of these questions (Burbridge et al., 2004; Bush et al., 2000; Mayle et al., 2000; Urrego et al., 2013; Urrego et al., 2005). Subsequently, LR sampling combined with chronological uncertainties has led to ambiguity and debate in the nature of the fire-human-climate linkages in South America (Heusser, 1994; Whitlock et al., 2007). 
Alternatively, high-resolution (HR) (0.5-1 cm or sub-centennial to centennial scale) sampling enables a more detailed exploration of natural and human impacts within the period of human occupation (sub-centennial to millennial). Recently, the combination of interdisciplinary archaeological and (HR) paleoecological methods at large and small lake basins in the Bolivian Amazon have differentiated local human-driven versus regional climate-driven controls on vegetation dynamics and fire activity (Carson et al., 2014).  However, in the present study, only a large lake basin is available, and archaeological survey data has not been conducted around the lake. Hence, an alternative method to explore  potential pre-Columbian impacts implements use of modified pollen sieving techniques to detect human occupation (Whitney et al., 2012) and statistical algorithm software including regime shift index (RSI) (Rodionov, 2004) and CHAR Analysis (Higuera et al., 2010) on HR macrocharcoal data (>125 µm, henceforth “charcoal”) to explore natural and human impacts on fire activity.  HR charcoal and statistical algorithms are used to explore changes in past fire regimes including changes in fire severity (total biomass burned indicated by influx) and fire frequency (how often fires occur) before, during and after the period of human occupation. These data are compared with dated archaeological sites across the Bolivian lowlands (Figure 1) to provide a regional context for pre-Columbian activity and past paleofire activity. 
With the application of this modified pollen and HR charcoal method in conjunction with existing charcoal, vegetation, climate, and compiled regional archaeological data, it is possible to begin to disentangle potential drivers of past fire activity. For example, in Amazonian ecosystems precipitation is the most important effect of climate on wildfire as it governs the abundance of fuel moisture (Brown and Power, 2013; Marlon et al., 2013; Mistry, 1998). Fire responds differently to increases in precipitation depending on whether fuel moisture is initially abundant or limited in the ecosystem (Marlon et al., 2013; Mistry, 1998). In dry and semi-dry environments such as cerrado savanna grasslands, increases in precipitation tend to increase fire through a buildup of available fuel (Maezumi et al., 2015; Marlon et al., 2013), whereas increased precipitation in humid environments, such as humid tropical rainforests, can reduce fire through increases in available fuel moisture (Bush et al., 2008; Cochrane, 2003; Marlon et al., 2013). In the paleoecological record, independent climate records indicating wet conditions coupled with vegetation data dominated by moist, fire-intolerant, fire-adverse vegetation with high-fuel moisture, natural fire activity is expected to be rare unless under extreme conditions (e.g. severe drought stress) (Bush et al., 2004; Cochrane, 2009). If fire activity is high during this period, an alternative scenario including human-caused ignitions may be applicable. Archaeological and ethnographic evidence from the Amazon indicates a wide range of human uses of fire including burning for land-clearing, food, and resource procurement, and as a means to promote soil nutrient availability for crop cultivation (Glaser et al., 2002; Kato, 1998; Oguntunde et al., 2004; Steiner et al., 2007). If human occupation or the use of crop cultivation are established through independent lines of evidence and the paleoecological record indicates biomass burning and fire frequency is high in vegetation not prone to natural ignitions, it follows that humans were likely utilizing fire as a tool to manage the landscape (Bush et al., 2016). 
An additional line of evidence to support the interpretation of fire activity and human-caused ignitions can be established by examining the synchroneity of fire activity at widely-separated sites (i.e., hundreds or thousands of kilometers apart) across a range of ecosystems (Ali et al., 2009; Gavin et al., 2006). Existing charcoal records are used to create regional charcoal curves (henceforth “RCC”) or averages in past biomass burning across ca. >1010 m2 area and Gridded Time Maps (henceforth “GTMs”) of transformed charcoal values to examine spatial and temporal patterns of paleofire activity (Blarquez et al., 2014; Marlon et al., 2013; Power et al., 2010). Composite charcoal curves extracted from a range of spatial scales and across an array of biomes have been used to explore regional mechanistic drivers of past fire activity including climatic and anthropogenic effects on fire at local (1 m2 to 106 m2) and regional (>1010 m2) scales (Brown and Power, 2013; Marlon et al., 2013; Power et al., 2010a; Power et al., 2010b). Sites that have different ecological and human histories are unlikely to have synchronous changes in fire regimes unless they are driven by similar regional-scale factors (e.g. climate change; regional depopulation following the Columbian encounter) (Ali et al., 2009; Gavin et al., 2006; Turner, 1995). If an individual charcoal record exhibits an asynchronous change to the regional patterns of biomass burning, and human occupation is established based on independent lines of evidence, these data support the interpretation of a localized human impact on biomass burning at that site (Bush et al., 2016; Marlon et al., 2013). 
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Figure 1:  Regional Map of Study Site: Estimated extent of documented archaeological sites and vegetation boundaries. Laguna Chaplin indicated by a yellow star. Modified from (Mann, 2008). Existing charcoal records included in this study indicated by numbered black dots: 1) Werth; 2) Parker; 3) Vargas; 4) Gentry; 5) Laguna Chalalán; 6) Laguna Santa Rosa; 7) Laguna Oricore; 8) Laguna Granja; 9) Laguna Bella Vista; 10) Cuatro Vientos, 11) Huanchaca Mesetta, 12) Laguna Yaguarú. Red dots indicate dated archaeological sites included in SCP curve (see Table 3 for site details).


1.3 Aims and Approach

The primary aim of this research is to explore suitable paleoecological methods to disentangle climate and pre-Columbian disturbance on past vegetation and fire activity in the Bolivian Amazon. This study is based on the reanalysis of pollen and charcoal from the existing sediment record from Laguna Chaplin (LCH). The scope of the previous analysis of LCH focused on orbital-scale climate forcing of ecosystem change over the past 50,000 years (Burbridge et al., 2004; Mayle et al., 2000), for which conventional pollen and macrocharcoal techniques with low temporal resolution (ca. 4-10 cm or ca. 650-1650 years respectively) were sufficient for the research questions. Archaeological investigations are lacking in the area around LCH and the surrounding vegetation, within the Noel Kempff Mercado National Park, is assumed by most ecologists to be old-growth and largely pristine (Killeen, 1998). Therefore, the authors of the original publication assumed that pre-Columbian peoples had no significant impact on the vegetation near LCH (Burbridge et al., 2004). LCH is selected for reanalysis because it has long been recognized, together with the neighboring site of Laguna Bella Vista (ca. 70 km north), as providing strong evidence for the late Holocene climate-driven expansion of the Amazon rainforest ecotone to its southernmost extent in the past 50,000 years (Mayle et al., 2000). This regional rainforest expansion is broadly in phase with lake level rise at Lake Titicaca (Baker et al., 2001), hence is consistent with a precipitation driven explanation of vegetation change at these sites. The increased evidence of human impact in the Bolivian lowlands since the original publication of this site (Carson et al., 2014; Dickau et al., 2013; Whitney et al., 2013, 2012) raises the possibility that humans may have played a more significant role in the vegetation and fire dynamics at LCH than hitherto assumed.


2.0 Methods

2.1 Study Site

Laguna Chaplin (LCH) (14º28'S, 61º04'W),  is a shallow (2.0–2.5 m during the dry season), flat-bottomed lake, formed by subsidence of the underlying rocks along fault lines of the Pre-Cambrian Shield  (Burbridge et al., 2004) (Figure 1). The lake is currently surrounded by humid tropical rainforest  (Burbridge et al., 2004; Killeen and Schulenberg, 1998; Mayle et al., 2000). The climate of this region is characterized by a seasonal tropical climate (DaSilva Meneses and Bates, 2002). The mean annual precipitation is ca. 1400–1500 mm per year, with mean annual temperatures between 25 and 26º C (Hanagarth, 1993; Montes de Oca, 1982; Roche and Rocha, 1985). There is a 3- to 5-month dry season during the Southern Hemisphere winter (May to September–October) when the mean monthly precipitation is less than 30 mm (Killeen, 1990). Precipitation falls mainly during the austral summer (December to March), originating from a combination of deep-cell convective activity in the Amazon Basin from the South American summer monsoon (SASM) (Vuille et al., 2012)
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Figure 2: New age-model created for LCH using the IntCal13 calibration curve. The mean age value of the largest probability at 2 sigmas is used to create the linearly interpolated age model using classical age-depth modeling, in the package CLAM (Blaauw, 2010) within the open-source statistical software R.


2.2 Sediment Core

LCH was cored in August 1998, using a Geocore ‘‘drop-hammer'' piston corer (Colinvaux et al., 1999) ca. 80 m from the southern shore of the lake. The uppermost surface sediments were recovered with a clear Perspex plastic tube and piston (Burbridge et al., 2004). Detailed methods of the original analysis of charcoal and pollen can be found in Burbridge et al. (2004).

2.3 Chronology

The chronological framework for LCH is established with 14 AMS radiocarbon dates from non-calcareous bulk sediment (Table 1, Figure 2). The uncalibrated radiometric ages are given in radiocarbon years before 1950 AD (years ‘before present’, yr BP). Errors are quoted at one standard deviation and reflect both statistical and experimental errors.  Radiocarbon ages were originally calibrated by a simple intercept with a linear interpolation of the calibration data points (Burbridge et al., 2004; Stuiver et al., 1998). The 2σ cal age ranges are shown, with the calibrated age intercepts in parentheses. All ages were rounded to the nearest 10 years (Burbridge et al., 2004).  In this reanalysis, ages are calibrated using CALIB 7.0 and the IntCal13 calibration dataset (McCormac et al., 2004). Date ranges are reported with 95% confidence intervals. The reanalyzed age model for this study is created through linear interpolation between calibrated 14C dates and an assumed modern age for the core top (sediment-water interface) using classical age-depth modeling in the package CLAM (Blaauw, 2010) within the open-source statistical software R. Age estimates are rounded to the nearest 10 years. 
2.4 Cultigen pollen 

Pollen reanalysis to concentrate large crop pollen is performed at 4 cm resolution. Samples measuring 1 cm3 are prepared following the standard chemical digestion protocol (Bennett and Willis, 2002; Faegri and Iversen, 1989), including an additional sieving stage to concentrate large cultigen pollen types, such as Z. mays (Whitney et al., 2012). Large pollen grains (> 53 μm), concentrated through the fine-sieving methodology are scanned for Z. mays and other crop taxa producing large pollen, such as Manihot esculenta and Ipomoea batatas. Z. mays pollen grains (>70 µm) are identified using the criteria outlined in Holst et al. (2007),  which is based on both maize grain size (> 53 µm) and a uniform distribution of intertectile columellae as viewed under phase contrast at 1000x magnification to distinguish them from the large pollen grains of the wild grass Tripsacum sp.  All grains displayed the diagnostic patterning (Holst et al., 2007), measuring 62-80 µm (most grains measured 75 µm and above). Three slides are counted per sample. 

2.5 Charcoal analysis

Sediment samples are analyzed for charcoal pieces greater than 125 µm using a modified macroscopic sieving method (Brown and Power, 2013; Whitlock and Larsen, 2001). Charcoal is analyzed in contiguous 1 cm intervals for the entire length of the sediment core at 1 cm3 volume.  Samples are treated with 5% potassium hydroxide in a hot water bath for 15 minutes.  The residue is sieved through a 125 µm sieve. Macroscopic charcoal (particles >125 μm in minimum diameter) is counted in a gridded petri dish at 40× magnification under a dissecting microscope. Charcoal counts are converted to charcoal influx (number of charcoal particles cm -2 yr -1) and charcoal accumulation rates by dividing by the deposition time (yr cm -1). Charcoal influx data (particles per cm -2 yr -1) is used as an indicator of fire severity (the amount of biomass consumed during a fire episode or period of increased burning). 

2.6 Statistical methods 

To aid in the interpretation of charcoal influx data, a regime shift detection algorithm (RSI) based on a sequential t-test is applied to determine where statistically significant shifts in the charcoal influx data occur  (Rodionov and Overland, 2005; Rodionov, 2005, 2004). Shifts are detected in both the mean fluctuations and the variance of raw charcoal counts. The algorithm for the variance is similar to that for the mean but based on a sequential F-test (Rodionov, 2005). RSI values are plotted against charcoal influx data to identify statistically significant changes in past fire regimes and interpreted as an indicator of changes in fire severity. 
CHAR statistical software (Higuera et al., 2009) is used to decompose charcoal data to identify distinct charcoal peaks based on a standard set of threshold criteria. The background component reflected the low-frequency portion of the CHAR series that varied in response to changes in the rate of total charcoal production and secondary charcoal transport (Higuera et al., 2007).  Background charcoal is modeled using a curve-fitting algorithm (Higuera et al., 2010). If charcoal influxes exceed the background threshold, they are considered a peak. Charcoal peaks are interpreted as a fire episode (a period of increased burning) because they cannot unambiguously be related to a single event (Brown and Power, 2013). The time difference between peaks is reflected in the fire return interval (fire frequency) for every 800 years. Estimates of fire frequency are obtained by summing and smoothing the peak series over a specified window width (Higuera et al., 2010). 
Additionally, charcoal records are compiled from the Global Charcoal Database ( GCD version 2.0) and analyzed using the paleofire R package software (version 1.1.8) (Blarquez et al., 2014). Twelve charcoal records between 16ºS and 11ºS and 61ºW to 70ºW that have greater than 20 charcoal samples are included in this analysis to create an RCC (Table 2, Figure 1). The sites selected include a range of forest types including savanna swamps, cerrado savannas, seasonally dry tropical forests, and humid tropical rainforests in the Bolivian and Peruvian lowlands to provide an average of regional biomass burning during the Holocene.  To facilitate inter-site comparison, the twelve records are pretreated using standard protocol (Marlon et al., 2008; Power et al., 2008) for transforming and standardizing of individual records that includes: (1) transforming non-influx data (e.g. concentration particles cm-3)  to influx values (particle cm-2 yr -1), (2) homogenizing the variance using the Box-Cox transformation, (3) rescaling the values using a minimax transformation to allow comparisons among sites, and (4) rescaling the values to z-scores using a base period of 200 years. Sites are smoothed with a 300-year half width smoothing window and a bootstrap of 100 years (Blarquez et al., 2014). The GTMs are calculated using weighted spatiotemporal interpolation of transformed charcoal values at a defined distance from the grid cell center. Spatial grids are used to interpolate transformed charcoal values for key time periods with a 200-year time buffer with time grids at 10,000, 8,000, 6,000, 3,000, 2,000, 1,200, 700 and 200 cal yr BP with a cell size of 15,000 m and distance buffer of 50,000 m. 

2.7 Compiled Regional Archaeology Data from the Bolivian Lowlands 

The sum of the calibrated probability distributions (SPDs) can be a reliable method to assess relative population dynamics in the past (Shennan et al., 2013). SPDs are a standard method for representing chronological trends in radiocarbon datasets. They are produced by calibrating each independent date in the sample and adding the results to produce a single density distribution. This has the advantage of including the full range of probabilities associated with calibrated dates, instead of using single point estimates (Downey et al., 2016; Goldberg et al., 2016; Shennan et al., 2013; Timpson et al., 2014; Zahid et al., 2016). Here, a total of 271 AMS dates are compiled from 38 archaeological sites (Table 3, SI) from the Bolivian lowlands (ca. 69º to 58º W, 9º S to 16º S).  SPDs are built in OxCal and the IntCal13 calibration curve (Bronk Ramsey and Lee, 2013; Hogg et al., 2013). A binning procedure is applied to account for sites that have multiple dates within a phase (Goldberg et al., 2016; Shennan et al., 2013; Timpson et al., 2014). Dates within sites are ordered and those occurring within 100 years of each other are grouped into bins and merged.  Each bin has a maximum width of 200 years. Timpson et al. (2014) found that different values for the bin-width did not affect the final shape of the SPD. The binning procedure is necessary to account for sampling bias across sites that have multiple dates obtained for a phase (bin window), as a sum of the calibrated dates assumes that observations are independent. Following the binning procedure, the final filtered dataset contains 150 dates. Despite the decrease in sample size, the filtered SPD is highly correlated with an SPD built with all radiocarbon dates (rs = .991, p < .001). In addition to the SPD, a histogram of the number of occupied sites (site frequencies) is used as an additional proxy for human activity, based on the medians of the calibrated dates per 200-year intervals.

3.0 Results and Interpretation 

3.1 Crop Cultivation at Laguna Chaplin

Pollen types from the original analysis are grouped into vegetation types and replotted using the new age model (Figure 3).  There is a time-transgressive ecotonal expansion of rainforest vegetation that replaces seasonally dry forest and savanna swamps after ca. 2,000 cal yr BP ay LCH. Modern rainforest vegetation establishes at LCH ca. 650 cal yr BP (Burbridge et al., 2004) in response to increased precipitation during the late Holocene (Baker et al., 2001; Mayle et al., 2000).  Z. mays pollen is present between ca. 970 cal yr BP and ca. 170 cal yr BP but is absent in the uppermost two samples. Concentrations are very low throughout, thus are reported as the number of grains found in each sample. The presence of Z. mays indicates pre-Columbian maize cultivation is being practiced on the lake shore for at least the last ca. 1,000 years.

3.2 Distinguishing local and regional fire signals

High resolution (HR) and low resolution (LR) charcoal influx data (number of charcoal particles cm -2 yr -1) are compared with the same core to evaluate the effects of sample resolution in reconstructing past biomass burning (Figure 4).  In this comparison, HR sampling more than doubled the number of particles at any given depth. This is likely the result of the inherent variability between the measurement methods and between the measurement biases made between different analysts, or a combination of both. During the middle-late Holocene (ca. 7,000-5,000 cal yr BP), the LR charcoal sampling conducted in 
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Figure 3: Laguna Chaplin summary pollen percentage diagram showing herbs, palms and pollen indicative of rainforest (Moraceae/Urticaceae): a) % Moraceae/Urticaceae, b) % Mauritia/Mauritiella, c) % Cyperaceae, d) % Poaceae, e) % Asteraceae, f) % herb brown & % Moraceae/Urticaceae green, g) yellow circles indicate individual counts of Zea mays.


the original analysis (Burbridge et al., 2004) identifies a slight increase in fire activity ca. 7,000 cal yr BP. LR RSI values indicate higher fire activity than present. HR charcoal values indicate an increase ca. 5,500 cal yr BP along with RSI values indicative of higher severity fire regimes. The lack of data points in the original LR sampling ca. 5,000-1,000 cal yr BP results in a shift in the RSI values towards less severe fire regimes ca. 5,000 cal yr BP, whereas HR sampling indicates maximum charcoal influx (ca. 5,000-2,000 cal yr BP) with increasingly severe fire regime shifts at ca. 5,000 and 3,000 cal yr BP. This increase is captured in the LR record (ca. 2,500 cal yr BP) but since there is only one data point in the LR sampling that reflected an increase during this period, the RSI values did not register a change in the fire regime. After ca. 2,000 cal yr BP, HR influx values and RSI values decreased to lower severity fire regimes. The step changes that occur during the past two millennia are in phase with the expansion in rainforest pollen taxa associated with the non-fire adapted, less flammable humid rainforest vegetation. At ca. 700 cal yr BP both LR and HR charcoal records indicate decreased biomass burning and lower severity fire regimes, although charcoal is still present in both records. 
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Figure 4: Laguna Chaplin Low and High-Resolution Charcoal Influx: a) original low-resolution charcoal influx, b) low-resolution regime shift index, c) high-resolution charcoal influx, d) high-resolution regime shift index.



HR Charcoal influx values reach highest values between ca. 5,000 and 4,000 cal yr BP and ca. 3,000 to 2,000 cal yr BP (Figure 5). HR CHAR Analysis indicates the largest peak magnitude episodes occur ca. 5,000 (ca. 5,000 cm-2 peak-1) and 3,000 cal yr BP (ca. ca. 9,000 cm-2  peak-1; figures cropped from plotting). These episodes are synchronous with the onset of major increases charcoal influx data and are interpreted as increased fire severity.  Fire frequency began increasing ca. 6,000 cal yr BP and reached its highest point (2-3 episodes/1000 yrs) ca. 4,000 cal yr BP.  Combined with low charcoal influx values (ca. 4-8) and low peak magnitude, these data are interpreted as frequent, low-severity fire activity. 
From ca. 2,000-1,000 cal yr BP charcoal influx decreases coupled with a decrease fire frequency (0-1 episodes/1000 yrs), synchronous with the decrease in seasonally dry forest vegetation and expansion of fire adverse, fire-intolerant humid rainforest vegetation. SPD values and archaeological site inventory data indicate an increase in human activity starting ca. 2000 cal yr BP reaching its apex ca. 600 cal yr BP. The data corroborate with Z. mays pollen that is first identified ca. 970 cal yr BP and continues to ca. 170 cal yr BP.  After ca. 600 cal yr BP there is an increase in charcoal influx values and fire frequency (0-2 episodes/1000 yrs) that is synchronous with a compositional shift toward higher abundance of less flammable rainforest taxa shown by the increase Moraceae/Urticaceae pollen (> 40%) indicating the complete establishment of humid rainforest vegetation around LCH. 
The RCC (Figure 5) indicates decreased regional biomass burning from ca. 10,000 to 6,500 cal yr BP (ca. 1.5 to -1).  There is an increase in RCC values ca. 6,500 cal yr BP (ca. -1 to 0.5), synchronous with the decrease in regional precipitation (Figure 5). These data correspond with the GTMs after ca. 6000 cal yr BP that indicate all sites across all forest types experience increased biomass burning at this time with the exception of Laguna Yaguarú and Huanchaca Mesetta  (Figure 6). The RCC indicates burning increased (ca. -0.5 to 0.5) until ca. 1,500 cal yr BP, followed by a decrease in values (to ca. -0.5) to 1000 cal yr BP. There is an increase to ca. 0.4 at ca. 700 cal yr BP followed by a decrease in regional biomass burning to present. After ca. 700 cal yr BP the RCC correlates with the GTMs indicating decreased biomass burning across the region to present.

3.3 Regional Pre-Columbian Activity in the Bolivian Lowlands

The 150 AMS-dates compiled from archaeological sites from the Bolivian lowlands indicate low human activity during the early Holocene (SPD values <0.009 and site frequency < 2). There is a slight increase ca. 6,500 cal yr BP in SPDs (ca. 0.01) and site 
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Figure 5: Laguna Chaplin Holocene Summary: a) regional SPD curve, b) number of archaeological sites, c) individual Zea mays counts, d) % herbs in brown, e) % Moraceae/Urticaceae in green, f) CHAR peaks, g) peak magnitude (values at ca. 5,000 and 3,000 cal yr BP cropped for plotting (ca. 9,000 and 5,000 cm-2 peak-1 respectively), h) fire frequency, i) high-resolution charcoal influx, background black line is background, j) high-resolution regime shift index, k) regional charcoal curve (RCC) comprised from 12 records in the Global Charcoal Database, l) Titicaca δ13C lake level (Baker et al., 2001).


frequencies (ca. 3) that corresponds to a regional increase in burning indicated by the RCC values and a slight increase in charcoal influx values at LCH. Human activity and site frequencies begin to increase ca. 2,000 to 1,000 year ago (SPD values ca. 0.2, site frequency ca. 8), synchronous with the earliest documented evidence of Z. mays pollen at LCH. SPD  values (ca. 0.3), indicate pre-Columbian activity reached its apex ca. 700 to 500 cal yr BP, coupled with the highest level of sites frequencies in the record (ca. 14). Maximum human activity corresponds to the expansion of Moraceae/Urticaceae pollen, the presence of Z. mays pollen, and increased fire activity at LCH coupled with the increase in RCC values indicating increased regional burning.

4.0 Discussion

4.1 Climate Drivers of Regional Biomass Burning

During the middle Holocene, the RCC and GTMs indicate increased fire across the Bolivian lowland across a range of vegetation types including from savanna swamps, seasonally dry tropical forests and humid tropical rainforests. This synchronous increase in biomass burning after ca. 7,500 cal yr BP suggests a common mechanism causing regionally consistent responses. The mid-Holocene dry event (MHDE, ca. 7,000-4,000 cal yr BP) has been well documented in the Peruvian and Bolivian lowlands (Abbott et al., 2003; Baker et al., 2001; Cruz et al., 2005b; Hanselman et al., 2005; Hillyer et al., 2009; Urrego et al., 2010; Valencia et al., 2010; Whitney et al., 2011). Previous studies correlate the decrease mid-Holocene precipitation with decreased Austral Summer Mean insolation which impacts the position of the South American low-pressure and convective systems (Abbott et al., 2003; Mayle et al., 2000; Seltzer et al., 2002). This results in an increase in the length and severity of the dry season. Existing sedimentary charcoal records from the Neotropics suggest that increased regional scale fire activity is associated with periods of high climate variability, including changes in moisture budgets and the intensification of seasonal droughts (Power et al., 2010). Additionally, decreased dry-season precipitation (July-September) has recently been identified as a key factor in increased forest flammability during the 2005 and 2010 droughts in Amazonia (Brando et al., 2014). Similar decreases in precipitation are likely present during the MHDE driven by the increased length of the dry season (Urrego et al., 2013).  Longer, more severe dry seasons likely promoted the accumulation of dry fuels and increased fuel flammability in vegetation types including savanna swamps, seasonally dry tropical forest and humid tropical rainforests. The availability of abundant dry fuels likely contributed to increased lightning-caused fires during early wet-season convective thunderstorms (Ramos-Neto and Pivello, 2000). This period also corresponds with early evidence of Z. mays cultivation (ca. 6,500 cal yr BP) in the Llanos de Moxos,  ca.550 km NW of LCH (Brugger et al., 2016). SPD values and site frequencies indicate low levels of human activity in the region, thus it is not possible to rule out that these ignitions are human-caused. However, the synchronous regional response of fire coupled with the low levels of human activity, suggests the increase in the length and severity of the dry season is likely the first order driving mechanism for the increase in regional scale biomass burning in the Peruvian and Bolivian lowlands during the MHDE.

4.2 Human Drivers of Regional Scale Paleofire Activity

After ca. 2,000 cal yr BP, there is a regional increased biomass burning indicated by the RCC values and GTMs at all sites with the exception of Laguna Bella Vista and Huanchaca Mesetta (Figure 6, 7). Given its more northerly location, Laguna Bella Vista experienced an earlier vegetation transition (ca. 1,500 cal yr BP ) from seasonally dry tropical forest to humid tropical rainforest (Baker et al., 2001; Burbridge et al., 2004; Mayle et al., 2000). The turnover from fire-tolerant, fire-adapted dry forest vegetation to fire-intolerant, fire-adverse rainforest vegetation likely results in decreased biomass burning first at Laguna Bella Vista and later at LCH (Figure 6). It is difficult, however, to detect sub-millennial changes in fire and human activity at Laguna Bella Vista because of the low charcoal sample resolution (Table 2), and the lack human indicators. Huanchaca Mesetta (Maezumi et al., 2015) is located in the cerrado savanna on the remote Huanchaca Mesetta Plateau (ca. 40 km east of LCH, 1,000 m a.s.l.). Throughout the past 15,000 years, the plateau has no evidence for human activity or indicators of crop cultivation, thus provides an example of a natural, climate-driven fire regime to compare with existing charcoal records with known human land-use histories. Previous interpretations from the Bolivian lowlands attribute the increase in late Holocene fire activity to human-caused ignitions at sites ranging from fire-tolerant, 
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Figure 6: Gridded Time Maps (GTMs) of Regional Biomass Burning. Charcoal records indicated by gray dots. Red indicates positive anomalies, blue indicates negative anomalies. The cell size is 15,000 m with a distance buffer of 50,000 m and time buffer is 200 years for selected time intervals.  Existing charcoal records included in this study indicated by grey dots: Werth, Parker, Vargas, Gentry, Laguna Chalalán, Laguna Santa Rosa, Laguna Oricore, Laguna Granja, Laguna Bella Vista, Laguna Chaplin, Cuatro Vientos, Huanchaca Mesetta, and Laguna Yaguarú.  


fire-adapted seasonally dry tropical forest (Laguna Chalalán, Laguna Santa Rosa; Urrego et al., 2013) and mixed seasonally dry tropical forest-savanna swamps (Oricore and Granja; Carson et al., 2014), to fire-intolerant, fire-adverse humid tropical rainforests (Gentry, Parker, Vargas and Werth; Bush et al., 2007). Fire activity at Huanchaca Mesetta is asynchronous with the lowland sites, exhibiting low fire activity in tune with the wet, stable climate conditions during this period (Figure 6). After ca. 2,000 cal yr BP, 10 of the 12 sites included in this study attribute the increased fire activity to human-caused ignitions (Bush et al., 2007; Carson et al., 2014; Urrego et al., 2013).  

After ca. 700 cal yr BP, increased spatial variability in regional biomass burning (Figure 6) corresponds to increased climate variability and the apex of pre-Columbian activity in the region (Figure 7). Superimposed upon the progressively wet late Holocene climate trend are two brief climate events that occurred in NW Europe: the Medieval Climate Anomaly (MCA, ca. 900-1,100 cal yr BP) and the Little Ice Age (LIA, ca. 200-400 cal yr BP). The MCA and LIA have been well documented in northern latitudes, but uncertainty remains as to the expression and spatial patterning of these climate events around the globe (Mann et al., 2009). New evidence of potential climate teleconnections between these high latitude events and the lowland southern hemisphere Neotropics has emerged from a new speleothem record from Mato Grosso (ca. 470 km east of LCH) (Novello et al., 2016). These data are interpreted by Novello et al. (2016) as anomalously dry MCA conditions and anomalously wet LIA conditions in the region. The onset of the MCA precedes the increase in regional biomass burning indicated by RCC values by ca. 400 years (Figure 7). The increase in regional burning indicated by RCC values occurs during the transition between the MCA and LIA climate anomalies. This period also corresponds with a steady rise in SPD values and site frequencies indicating increased pre-Columbian activity that reaches its apex ca. 600 cal yr BP (Figure 7). Fire activity remains high at sites with established histories of human land-use and fire management (e.g. Oricore, Granja, Gentry, Parker, Vargas and Werth, Figure 7). Fire activity decreases at Laguna Chalalán, Laguna Santa Rosa, and Laguna Yaguarú, likely in tune with the progressive late Holocene expansion in fire adverse, fire-intolerant vegetation as a result of the southward migration of the rainforest ecotone (Mayle et al., 2000; Taylor et al., 2010) and decrease in human activity around these sites. During the LIA, there is a synchronous decreased biomass burning at all lowland sites that is likely the result of the combined factors of wetter than average climate conditions associated with the LIA (Novello et al., 2016) that would have increased fuel moisture and decreased fuel flammability, coupled with the pre-Columbian population decline following European contact due to disease (Denevan, 2012) that would have resulted in fewer human-caused ignitions (Figure 7). Together these data provide a regional perspective of paleofire activity that suggests human-caused ignitions are the first order driving mechanism of increased regional scale fire activity in the Bolivian lowlands during the late Holocene.  

4.3 Drivers of Paleofire Severity

Fire severity (i.e. the amount of biomass burned) is interpreted from the charcoal influx data as an approximation of the amount of biomass burned during a fire episode. Two severe fire episodes occur at LCH ca. 5,000 and 3,000 cal yr BP indicated by the highest influx and peak magnitude values in the record (Figure 5). LCH is dominated by fire-adapted, fire-tolerant seasonally dry tropical forest vegetation when the first major episode occurs during the prolonged MHDE drought conditions. This extended dry period likely created conditions conducive for a major, stand-replacing fire episode on the landscape. Although low levels of human activity are documented in the region during this time, climate is more likely the driver of increased fire severity at LCH during the MHDE. The second major episode occurs ca. 3,000 cal yr BP, (ca. 1,000 years after the end of the MHDE) during relatively wet, stable climate conditions (Figure 5). LCH continues to be dominated by fire-adapted, fire-tolerant seasonally dry tropical forest vegetation. The peak magnitude value (>ca. 9,000 cm-2 peak-1; cropped for plotting) associated with this episode represents an anomalously large input of charcoal relative to the rest of the record. The relatively wet and stable climate conditions during this time, suggests a different mechanism driving such a significant increase in fire severity. The onset of human activity in the Amazon is often marked by a large spike in lake sediment charcoal (Bush et al., 2016). This pattern has been demonstrated at Lakes Ayauch (Bush and Colinvaux, 1988; McMichael et al., 2011), Gentry and Geral (Bush et al., 2007), Granja, (Carson et al., 2014), and La Yeguada (Bush et al., 1992). The initial increase in charcoal at LCH corresponds with the onset of increased human activity in the region indicated by the SPD values and site frequency data. Thus, it cannot be ruled out that this event is a large, deliberate, human-induced fire.  Furthermore, the presence of both fire and crop pollen have been interpreted as firm evidence of human activity in the landscape (Bush et al., 2016, 2007; Carson et al., 2015; Iriarte et al., 2012). Although evidence for Z. mays cultivation is documented at numerous sites in the region during this period  (Brugger et al., 2016; Bush et al., 2007; Bush and Colinvaux, 1988; McMichael et al., 2011), there is an absence of Z. mays pollen that dates to this second major fire episode at LCH.  More data are needed to confirm the presence of human activity at LCH during this period to definitively attribute this major fire event to human ignitions. Given, however the relatively wet, stable climatic conditions, an explanation based on human-induced fire is more parsimonious.
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Figure 7: Laguna Chaplin Late Holocene Summary: a) regional SPD curve, b) number of archaeological sites, c) individual Zea mays counts, d) % herbs in brown, e) % Moraceae/Urticaceae in green, f) CHAR peaks, g) fire frequency, h) peak magnitude,  i) high-resolution charcoal influx, background black line is background, j) regional charcoal curve (RCC) comprised from records in the Global Charcoal Database, k) Pau d’Alho Cave δ18O and Curupira Cave δ18O (Novello et al., 2016). Orange vertical shading represents the MCA and blue represents the LIA. Red dashed line indicates European contact (ca. 1492).


4.4 Local Scale Paleofire Management 

It is important to note that there are uncertainties with regard to the temporal resolution of the age model from LCH ca. 2,000 cal yr BP to present (only 2 AMS dates available, Table 2), resulting in some uncertainty over the temporal resolution that is possible to achieve. However, an AMS date at ca. 700 cal yr BP enables this period to be addressed with greater temporal resolution. At ca. 700 cal yr BP, there is an increase in charcoal influx and fire frequency (fire episodes per 1000 yrs), and the highest peak magnitude event in the past 2,000 years, simultaneous with a sharp increase in less flammable vegetation signaled by the increased in Moraceae/Urticaceae pollen (>50%) (Figure 7). The increase in charcoal influx and peak magnitude values at LCH are not as substantial as the increases that occur during the middle Holocene; indicating a fire regime characterized by higher frequency (more fires per 1000 years), lower severity (less biomass burned) fire activity. The conversion from seasonally dry tropical forest to humid tropical rainforest vegetation at LCH is the result of the time-transgressive southward expansion of the rainforest ecotone driven by increased late Holocene precipitation (Baker et al., 2001; Burbridge et al., 2004; Mayle et al., 2000). Today, natural fires are rare in humid rainforests unless under extended, extreme drought conditions due to high fuel moisture present in the rainforest vegetation (Bush et al., 2016; Cochrane, 2009). Fires in these forests are most often the result of human intervention for burning (Bush et al., 2007). Thus, the transition towards less fire-adapted rainforest vegetation should result in decreased biomass burning and decreased fire frequency at LCH. However, the presence of Z. mays pollen ca. 970 cal yr BP to ca. 170 cal yr BP indicates pre-Columbians are present on the landscape, cultivating maize in the immediate vicinity of LCH. The use of low severity burning in slash and burn agriculture has been well documented in the ethnographic and archaeological record as a tool to clear land for agriculture and crop cultivation (Kleinman et al., 1995; Uhl, 1987). As vegetation begins to transition from more open seasonally dry forest to less open closed canopy humid rainforests ca. 500 cal yr BP, human-caused, low-severity fires are likely implemented to keep crop fields clear from encroaching rainforest vegetation. During this period, the pre-Columbian application of fire to manage the southward expansion of rainforest vegetation to clear land for crop cultivation is previously documented at Laguna Granja (ca. 370 km west of LCH) (Carson et al., 2014). 
The continued presence of Z. mays at LCH until ca. 170 cal yr BP (Figure 7), suggests that pre-Columbian populations did not immediately abandon maize cultivation at LCH following European contact (ca. 1492). The continued presence of Z. mays indicates this area does not experience immediate depopulation following the arrival of European settlers. Maize cultivation persists around LCH for a few centuries following European contact despite regional pre-Columbian population declines indicated from the SPD values and site frequency data. The interpretation of the continued pre-Columbian presence at LCH is supported by corroborating evidence of occupation following contact from Laguna San Jose (Whitney et al., 2013) and Laguna El Cerrito (Whitney et al., 2014) along with extensive archaeological evidence in the Bolivian lowlands (Carson et al., 2015; Dickau et al., 2012; Walker, 2011).

4.5 Extent of pre-Columbian Disturbance in the Bolivian Amazon 

During the last millennium, the data presented in this study indicate pre-Columbian fire management practices and Z. mays agriculture occur locally around LCH. It is important to note, however, that the use of fire management for Z. mays agriculture is only one type of pre-Columbian land-use practice that is readily detectable by the methods presented in this study. Alternative scenarios of pre-Columbian land-use modification involving the selection and enrichment of economically important native tree species over others have been suggested (Clement et al., 2015; Levis et al., 2017; Roosevelt, 2013). However, these types of land-use modifications are more difficult to detect using conventional paleoecological methods and the floristic changes associated with this type of selective forest management are not detectable using the available pollen data. Additionally, this type of forest enrichment does not necessitate the use of fire; therefore charcoal data are not necessarily indicative of human disturbance. More research is needed to interpret the broader scale regional impacts of the pre-Columbian populations including improved methodologies to detect enrichment economically important species coupled with archaeological surveys in the area. Irrespective of the type or duration of anthropogenic forest disturbance, it is not sufficient to prevent the climate-driven regional expansion of the humid evergreen rainforest ecotonal boundary to its most southern extent in the last 50,000 years (Burbridge et al., 2004; Mayle et al., 2000). This interpretation is supported by the neighboring sites of Laguna Granja and Laguna Oricore which demonstrate strong evidence of local-scale human disturbance against the backdrop of regional-scale climate-driven rainforest expansion (Carson et al., 2014).  

5.0 Conclusions 

Increased anthropogenic impacts in Amazonia have stimulated interest in the legacy of long-term (multi-millennial) pre-Columbian land-use practices in the Amazon. It has become evident that the investigation of pre-Columbian land-use practices necessitates different methodological approaches than conventional paleoecological studies. The reanalysis of LCH validates the use of a modified, high-resolution sampling methodology to disentangle climate versus human drivers of paleoecological change in the Bolivian Amazon. During the MHDE, increased fire activity at sites across a range of forest types suggests a common mechanism driving regionally consistent responses. Decreased precipitation associated with the MHDE is likely the first order driving mechanism of increased burning across the Bolivian lowlands. During the late Holocene, there is a regional increase biomass burning in tune with relatively wet, stable climate conditions across fire-tolerant to fire-intolerant sites with established histories of human land-use. These data suggest human-caused ignitions are the driving mechanism of regional scale fire activity across the Bolivian lowlands during the late Holocene. After ca. 650 cal yr BP,  there is an increase in charcoal influx and fire frequency at LCH that is synchronous with the expansion of Moraceae/Urticaceae pollen (>50%) indicating the vegetation transition from flammable seasonally dry tropical forest to less flammable humid rainforest vegetation. The presence to Z. mays pollen indicates maize cultivation is being practiced around the lake ca. 970 cal yr BP to ca. 170 cal yr BP.  It is likely that as vegetation begins to transition from more open, seasonally dry forest to closed canopy humid rainforests ca. 500 cal yr BP, human-caused, low-severity fires are used to keep crop fields clear from encroaching rainforest vegetation. Additionally, the presence of Z. mays at LCH until ca. 170 cal yr BP, suggests that pre-Columbian populations did not immediately abandon maize cultivation at LCH following European contact (ca. 1492). The continued presence of Z. mays potentially indicates this area did not experience immediate depopulation following contact or despite population declines, Z. mays cultivation persists around the lake. It is important to note that the pre-Columbian use of fire for agriculture is only one type of land-use. It is possible alternative methods such as agroforestry and forest enrichment were being practiced prior to the adoption of Z. mays agriculture; however, this type of forest modification is not detectable with the available pollen data. Regardless, the late Holocene establishment of humid rainforest vegetation coupled with the local and regional decease in biomass burning indicate the extent of pre-Columbian landscape modification and land-clearing for agriculture did not hinder the climate-driven regional decrease in biomass burning and expansion of the humid rainforest to its most southern extent in the last 50,000 years. 
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