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The Cochabamba Basin (Bolivia) is on the ancient road network connecting Andean and lowland areas. Little is
known about the longevity of this trade route or how people responded to past environmental changes. The
eastern end of the Cochabamba valley system constricts at the Vacas Lake District, constraining the road
network and providing an ideal location in which to examine past human–environmental interactions. Multi-
proxy analysis of sediment from Lake Challacaba has allowed a c. 4000 year environmental history to be
reconstructed. Fluctuations in drought tolerant pollen taxa and calcium carbonate indicate two periods of
reduced moisture availability (c. 4000–3370 and c. 2190–1020 cal yr BP) compared to adjacent wetter
episodes (c. 3370–2190 and c. 1020 cal yr BP–present). Themoisture fluctuations broadly correlate to El Niño/
Southern Oscillation variations reported elsewhere. High charcoal abundance from c. 4000 to 2000 yr ago
indicates continuous use of the ancient road network. A decline in charcoal and an increase in dung fungus
(Sporormiella) c. 1340–1210 cal yr BP, suggests that cultural changes were a major factor in shaping the
modern landscape. Despite undisputable impacts of human populations on the Polylepiswoodlands today, we
see no evidence of woodland clearance in the Challacaba record.

© 2011 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The highly diverse ecosystems of the elevated tropical Andes are
vulnerable to change from increasing human occupation of the area
and predicted future climate change (Cincotta et al., 2000; Myers
et al., 2000; Malcolm et al., 2006). To develop an effective policy to
conserve and manage this ecosystem, a robust understanding of the
region's natural history is required (Godwin, 1956; Willis and Birks,
2006). Today, uncultivated sections of the high Central Andes are
principally grasslands within which are pockets of woodlands
dominated by the tree genus Polylepis (Rosaceae). Kessler (2002)
has implied that the relationship between grassland and woodland
ecosystems is strongly influenced by human practices and an
intensive land use at high elevations has severely limited Polylepis
woodland distribution today (Ellenberg, 1958; Fjeldså and Kessler,
1996). However, the nature and degree to which human factors
ultimately govern the ecology of this region remains unclear and
recent research has highlighted the vulnerability of these Andean
woodlands solely to climatic lead changes (Gosling et al., 2009).

The main Cochabamba Basin (eastern Andes, Bolivia; Fig. 1) is,
today, a major region for food production. The topography favors
s).
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agriculture because it is: i) on an easily accessible trade route between
upland and lowland areas and, ii) provides a flat area of land upon
fertile Quaternary deposits, that largely experience a temperate
seasonal climate.

Limited archeological evidence from the region suggests a long
human history around Cochabamba with agricultural practices from
at least 3000 yr before the present (cal yr BP) (Hensen, 2002). By the
time of the Tiwanaku state (c. 1500–900 cal yr BP), the warm fertile
main Cochabamba Valley had become a center for farming, and
frontier for trade into the subtropical Mizque Valley (Higueras, 1996;
Janusek, 2008).

The collapse of the Tiwanaku state, around 1000–900 cal yr BP, has
been linked to a prolonged drought on the Altiplano as indicated by
the lowwater levels of Lake Titicaca (Abbott et al., 1997; Binford et al.,
1997) and an elevated dust signal from the nearby Quelccaya (Peru)
ice core record (Thompson et al., 1985). Elsewhere in the eastern
Central Andes (i.e. Marcacocha), the impacts of human occupation on
the landscape, identified from lake sediment records, are correlated to
changes in agricultural practices, herbivore domestication and
cultural adjustments over the last 4000 yr (Chepstow-Lusty et al.,
1998, 2007).

Regardless of whether climatic events were coupled with a social
transformation (Janusek, 2008), the transition from Tiwanaku
fragmentation and collapse (1000–900 cal yr BP), towards rule by
the Inca Empire (c. 650–550 cal yr BP, 1400–1533 AD), is certain to
c. All rights reserved.
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Figure 1. Maps showing study site location within Bolivia. A) Cochabamba Basin with altitudes, current city extent, other settlements and historic routes marked. Modified from
Sánchez (2008). Inset map locates Cochabamba Basin within Bolivia. B) Vacas Lake District. The distribution of Polylepis woodlands as mapped by Fjeldså and Kessler (1996) is
shown. Contour lines at 200 m intervals. C) Lake Challacaba (also known as Pilawitu). Bathymetry shown in meters. Contour lines at 20 m intervals. Coring location marked by star.
D) Composite photograph of Lake Challacaba looking south-west. Photographs taken June 2007. W.D.Gosling.
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have had major impacts on both societies and the landscapes of the
Cochabamba valleys.

In this study, we present a continuous 4000 yr paleolimnological
record from the Vacas Lake District in the Cochabamba Basin, using a
multi-proxy approach to provide thefirst submillennial-scale reconstruc-
tion of vegetation, fire and cultural change from the Eastern Cordillera of
the Bolivian Andes. These data provide new insights into the interaction
between climate change, pre-Columbian societies and the environment.
rg/10.1016/j.yqres.2011.03.004 Published online by Cambridge University Press
Regional setting

The Vacas Lake District is a system of six lakes locatedwithin a cold
(7.2–11.3°C), seasonally dry (2.6 mm/month June–August, 114 mm/
month January–March), high elevation valley (Ritter, 2000; Hijmans
et al., 2005). The district is situated east of the main Cochabamba
Basin and north of theMizque valley (Fig. 1). Located within the inter-
Andean/Eastern Cordillera forethrust zone (McQuarrie, 2002), the

https://doi.org/10.1016/j.yqres.2011.03.004
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local geology is not known in detail, but the surrounding high ground
consists of Ordovician quartzite and sandstone, with the Vacas valley,
as with the main Cochabamba Basin, sitting on Quaternary sedimen-
tary deposits (Cassard, 1999). Ritter (2000), has speculated that all six
lakes within the Vacas municipality were once a single connected
system.

Regional climate, predominantly precipitation, is controlled by a
variety of systems including the movement of the Intertropical
Convergence Zone (ITCZ) (Leduc et al., 2009), and the variability of
the South American summer monsoon (SASM; Zhou and Lau, 1998).
However, it is the El Niño–Southern Oscillation (ENSO) that is con-
sidered to be the largest source of inter-annual variation (Philander,
1990; Chiang, 2009;).

The Vacas Lake District is positioned within the Central Andean
Puna ecoregion (Olson et al., 2001), and specifically, within the
“northern Puna-semi-humid” and “sub-humid Puna and Punean
woodlands of the Tunari” biogeographic regions (Navarro and
Maldonado, 2002; Ibisch et al., 2003). Vegetation types range from
grassland, shrubland and woodland (Navarro and Ferreira, 2007).
Important genera of these biogeographic regions, include: Poa, Festuca,
Deyeuxia, Muhlenbergia, Stipa (Poaceae), Gomphrena (Amaranthaceae),
Baccharis (Asteraceae), Polylepis (Rosaceae), Peperomia (Piperaceae),
Astragalus (Fabaceae) and Puya (Bromeliaceae) (Navarro andMaldonado,
2002).

Today, the flatter land surrounding the Vacas lakes is dominated
by the cultivation of potatoes and other tubers, and has also been
heavily impacted by grazing (Gotkowitz, 2007). Further away from
most harshly affected lands, and more typical of the Cordillera of
Tiraque-Vacas, the landscape consists of Polylepis woodland patches
within the Andean grassland. Studies of Polylepis besseriwoodlands at
Sacha Loma (17°44′ S, 65°34′ W; 3800 m elevation) have provided a
detailed inventory of associated species (Fernández, 1997; Fernández
et al., 2001). The most local Polylepis woodland patches are located
c. 5 km away in the mountains to the northeast, and c. 10 km to the
southwest (Fig. 1B). Our own observations of a Polylepis nana stand by
the side of the Arani-Vacas road (17°33.540′ S, 65°42.329′W; 3379 m
asl), revealed tree heights of 1–1.5 m growing in patches along the
edge of a rocky field boundary.

Surveys of the aquatic vegetation at Acerokocha, Juntutuyo,
Kollpakocha and Parkokocha lakes (Fig. 1B), highlighted the presence
of Lemna (Lemnaceae), Schoenoplectus (Cyperaceae), Myriophyllum
(Haloragaceae) and, Zannichellia and Potamogeton (Potamogetonaceae)
(De la Barra, 2003; Molina et al., 2007). The Vacas lakes are regarded
as an important source of water and feed (Myriophyllum quitense)
for cattle which are driven into the lake during the dry season (Ritter,
2000).

Vacas is only c. 15 km away from the well-documented Inca site of
Inkallajta. Sánchez (2008) has suggested that the Vacas municipality
was significant in regional transport routes (Fig. 1A). Based upon the
historical “high road”, the current road passing through the Vacas
lakes was once a principle route linking the main Cochabamba Valley
and the fuertes (strongholds) of Inca Rakay in the west, to those in the
southeast such as Inkallajta and the Tiwanaku archeological site of
Mizque (Higueras, 1996) (Fig. 1A). Given the importance of camelid
pastoralism and caravans for pre-Columbian peoples (Lynch, 1983)
and the movement of Tiwanaku traders between the main valley and
the Mizque enclave (Janusek, 2008), it seems likely that many groups
of people would have had direct contact with the Vacas lakes.

Following preliminary investigation, Lake Challacaba was selected
as the most suitable of the Vacas lakes for coring based upon its
apparent permanence, relative freshwater content, suitable depth and
accessibility. Our investigation into Parkokocha concluded that only
2 m of sediment would be recoverable from beneath 1.6 to 2 m of
water, while Acerokocha proved too deep to core with the equipment
available. The only previously published investigation recorded that
Juntutuyo dried out for prolonged periods prior to 2300 cal yr BP
oi.org/10.1016/j.yqres.2011.03.004 Published online by Cambridge University Press
(Abbott et al., 2003), despite at present having a maximum depth in
excess of 3.5 m (Ritter, 2000).

Study site

Today, Lake Challacaba is a small, c. 1.5 km2, freshwater system,
2.5 km from the settlement of Vacas (17°33.257′ S, 65°34.024′ W;
3400 m elevation; Fig. 1C). Land is worked up to thewater's edge with
associated small buildings nearer the road (Fig. 1D). Many of the areas
of worked land, especially those on the flatter northern shore, are
inundated by water during the wetter months.Myriophyllum spp. was
the dominant component of the aquatic vegetation.

At the time of coring (June 2007) Challacaba had a maximum
water depth of 3 m. It is fed at its northernmost point by a stream from
the surrounding mountains and drained via an outflow at the
southeast end. Water turbidity was defined by measurement of a
secci depth of 0.58 m. A conductivity reading of 332 μS/cm (microSie-
mens per cm) and a pH reading of 9.45 were recorded using a Hanna
991300 handheld probe. These readings are the average of three taken
on 24th June 2007; no longer term data sets are available.

Methods

A sediment core of 2.97 m was extracted from the deepest point in
Challacaba during the 2007 dry season using a cam-modified
Livingstone piston corer (Fig. 1C). The deepest point was chosen to
maximize sediment recovery and reduce the chances of encountering
a sediment gap caused by any periods of reduced areal extent of the
lake.

Two sediment cores (Challacaba-B and Challacaba-C) were
recovered with staggered, overlapping, starting depths below the
sediment–water interface (46 cm and 27 cm). The overlap ensured
that a continuous record was recovered despite potential loss from
some tube ends. Sediment cores were recovered in aluminum tubes
(50 mm diameter, 1 m long) and sealed on site. The sediment–water
interface and top 60 cm of sediment were recovered using a Perspex
surface sample. The surface sampler was extruded in the field and
continuous subsamples of 1 cm thickness bagged. All sediment
recovered was transferred to The Open University cold store (4°C).
The sediment cores were split and then sediment divided using a fine
strand of wire held at tension. Once split, sediments were immedi-
ately digitally photographed and described following the Troels–
Smith system (Birks and Birks, 1980) and Munsell Soil Color Charts
(2000).

A radiocarbon chronological framework was established for
Challacaba-B. Three bulk gyttia, two macrofossil plant remains, and
one set of picked charcoal/seed case fragments were submitted to the
NERC Radiocarbon Facility (Environment) where they were processed
to graphite. Samples were digested using an acid–alkali–acid pre-
treatment (2 M HCl, 80°C, 2 h; 1 M KOH 80°C, 2 h; 1 M HCl 80°C, 2 h)
then rinsed free of acid, dried and homogenized. The total carbon in a
known weight of the pre-treated sample was recovered as CO2 by
heating with CuO in a sealed quartz tube. The gas was converted to
graphite by Fe/Zn reduction. Sample graphites were analyzed using
Accelerator Mass Spectrometry (AMS) at the SUERC AMS Facility, East
Kilbride. All samples were pre-treated and prepared to CO2 in the
same way but SUERC-32100 contained b500 μgC and required AMS
analysis at low current.

All radiocarbon dates were calibrated using CALIB 6.0.1 and the
SHCal04 Southern Hemisphere data set (Stuiver and Reimer, 1993;
McCormac et al., 2004; Stuiver and Reimer, 2010). Top sediments
were assumed to be of modern age (0 yr before present). Radiocarbon
samples SUERC-22351, 21929 and 21930 were used to create the age
model using the mean value of the largest probability at 2 sigma.
Linear interpolations were used between dates and to extrapolate

https://doi.org/10.1016/j.yqres.2011.03.004


Table 1
Radiocarbon dates and calibrated ages for Challacaba-B core.

Lab. code Depth
(cm)

Description 14C yr
BP±1σ)

Cal. range
(cal yr BP)

SUERC-22351 91 Bulk sediment 982±37 770–925
SUERC-21929 197 Leaf macrofossil 2333±37 2155–2352
SUERC-22352 197 Bulk sediment 2612±35 2490–2757a

SUERC-32100 265 Micro-charcoal and seed cases 3640±92 3639–4148a

SUERC-21930 284 Stem macrofossil 3611±36 3716–3971
SUERC-22355 284 Bulk sediment 4471±36 4864–5276a

Calibration determined using CALIB 6.01 and SHCal04 data set (McCormac et al., 2004;
Stuiver and Reimer, 1993, 2010).

a Rejected ages.

Figure 2. Age–depth curve of sediment cores raised from Challacaba. Rejected 14C dates
shown by open circles. Details of 14C dates given in Table 1.

61J.J. Williams et al. / Quaternary Research 76 (2011) 58–68

https://doi.o
for the basal sediments. The chronology for Challacaba-C core was
established by matching sediment units to Challacaba-B.

For physical and chemical analysis, samples were taken every
5 cm, dried for 7 days at 30°C and ground with an agate mortar and
pestle. The magnetic susceptibility of each sample was measured
using a Bartington Dual Frequency Sensor (MS2B), corrected for mass
differences. Color properties were analyzed using a Canon LIDe flatbed
scanner and the software ImageJ (Rasband, 1997–2009). Separate
readings for red (R), green (G) and blue (B) color intensities were
recorded but after analysis, all three showed similar variance so a
mean red, green and blue (RGB) value is used in this work. The
abundance of total organic carbon (TOC) and calcium carbonate
(CaCO3) was determined using a LECO CNS-2000 elemental analyzer.

Cores were subsampled (1 cm3) for pollen and fungal spore
analysis and, after spiking with microspheres to allow for concentra-
tion calculation, chemical preparation followed standard palynolog-
ical protocol (Faegri and Iversen, 1989). Samples were mounted in
glycerol and pollen was identified using a Nikon Eclipse 50i
microscope at ×400 and ×1000 magnification. A minimum of 300
fossil terrestrial pollen grains were analyzed in each sample or, where
concentration was extremely low, counting was continued until 3000
microspheres had been recorded, i.e. sample concentrations were
confirmed to be below 5500 pollen grains/cm3 (barren). Percentage
values for aquatic taxa (Lemnaceae cf. Lemna, Cyperaceae, Isoëtes,
Myriophyllum, Typha), the spore group and the green algal genus
Pediastrum were calculated relative to the pollen sum and their own
abundance. Pollen grains and spores were identified using The Open
University pollen reference collection, the Neotropical Pollen Data-
base (Bush and Weng, 2006) and other pollen keys (Hooghiemstra,
1984; Roubik and Moreno, 1991). All pollen and spore types recorded
were described and digitally photographed for reference purposes.

Charcoal analysis was conducted at the same sampling resolution as
pollen. Subsamples of 1 cm3 were deflocculated with 10% KOH for 24 h
before being sieved and separated into two size fractions (N180 μm and
100–179 μm). Samples were then suspended in water on a gridded petri
dish and counted using a binocular microscope (Olympus SZX12) at
×12.5 to 25 magnifications. A distinction was made between wood and
herbaceous fragments based upon appearance.

All data sets were entered as EXCEL spreadsheet files with
necessary conversions accomplished using WinTran V1.4 and dia-
grams plotted using the program C2 (Juggins, 2002, 2003). Pollen
zones were determined by optimal sum of squares partitioning (Birks
and Gordon, 1985) performed using the software ZONE v. 1.2 (Lotter
and Juggins, 1991). Assessment of zonal significance was subsequent-
ly completed using the broken-stick model (Bennett, 1996; Birks,
1998) in the software BSTICK v. 1.0 (Line and Birks, 1996). Non-metric
multidimensional scaling (NMDS) was performed in PC-ORD v5.0
(McCune and Mefford, 2006).

Results

Chronology

The age–depth model is based on three radiocarbon dates of plant
macrofossils or bulk sediment samples (Table 1, Fig. 2). Two bulk
sediment and one charcoal/seed case date were not incorporated into
the age–depth model based upon the preference for macrofossil dates
(leaf/stem) located at the same, or similar, depths. It is likely that a
hard-water error and/or mineral carbon error is the cause of the
consistently older bulk sediment dates. Mineral carbon error may be
further increased due to in-wash of soils from either anthropogen-
ically induced soil erosion or increased precipitation (Oldfield, 1978;
Grimm et al., 2009). In addition, the alkalinity of water samples from
Challacaba suggests it is rich in bicarbonate ions (Björck and
Wohlfarth, 2001). Despite neither macrofossil being formally identi-
fied, the leaf remains were almost certainly of a non-submerged
rg/10.1016/j.yqres.2011.03.004 Published online by Cambridge University Press
origin. Stem remains are likely to be from an emergent or submerged
aquatic plant. The most modern bulk gyttia date (770–925 cal yr BP),
whilst also possibly older than indicated by the bulk data, is accepted
here as no other material for dating was available. It is also likely that
any difference between a bulk and macrofossil date at this age would
be insignificant and probably within the age uncertainty already
established. The large age range of the charcoal/seed cases date, due to
the small sample size, allows the date to potentially fit a spectrum of
age–depth curves. The age range for the calibrated date does not
overlap with our age/depth model. We hypothesize that this offset
could be caused by the age of the original wood material prior to
burning, at Sacha Loma Polylepis individuals live in excess of 60 yr
(Gareca et al., 2010), and/or the retention of the charcoal in the
catchment prior to incorporation into the lake sediments.

Sediments

The 2.97 m core was divided into five sedimentary units (Fig. 3).
The lowest, unit 1, comprises greenish-gray sandy clay (297–290 cm,
c. 4070–3940 cal yr BP). This is overlain by, unit 2, (290–230 cm, c.3940–
2800 cal yr BP), which comprises darker-colored gyttias, with a lower
sand content than unit 1 and irregular brownish bands, 1–3 cm thick,
with gradational boundaries. The 3rd unit (230–210 cm, c. 2800–
2420 cal yr BP) comprises alternating dark and pale colored bands
and it has a sharp base and top. Unit 4 comprises mottled sediments
progressing from black to gray in color and ending in amoderately sharp
boundary at 197 cm(c.2190 cal yr BP). From197 cm, up to and including
the bagged surface–water interface, the 5th unit comprises sediments
which gradually become paler to a medium-gray and contain progres-
sively higher quantities of clays. At 83 to 81 cm (c. 750–770 cal yr BP)
there is a horizon comprising mainly microscopic organic fragments.

image of Figure�2
https://doi.org/10.1016/j.yqres.2011.03.004


Figure 3. Physical, chemical properties and lithology of Challacaba sediment cores. White lines represent sample points. 14C ages shown ( ). (wt%=weight percent. RGB=mean
value of red, green and blue color intensities).
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Inspection of the sediments indicates no significant breaks in
deposition since the inception of the lake, c. 4000 cal yr BP. Assuming
there are no hiatuses, sediment accumulation rates gradually increase
(Fig. 2) from c. 0.05 cm/yr (c. 4070–2210 cal yr BP), to c. 0.07 cm/yr
(c. 2210–850 cal yr BP) to c. 0.11 cm/yr (c. 850 cal yr BP–present).
Physical and chemical analyses is sub 100 yr and pollen and charcoal
sub 200 yr resolution.
Physical and chemical properties

Magnetic susceptibility (MS) and RGB color values (Fig. 3) show
similar overall trends. The RGB values shows an overall decrease from
the base of the core to 225 cm (c. 2700 cal yr BP). Superimposed on this
are small-scale variations, with one that is particularly well-marked in
both the MS and RGB values between 248 and 230 cm (c. 3140–
2800 cal yr BP). From 225 to 190 cm (c. 2700–2100 cal yr BP), both data
sets show a higher frequency fluctuation and a generally increasing,
trend. There is a sharp increase in MS values between 193 and 190 cm
(c. 2140–2100 cal yr BP). After reaching their highest values in this
interval, both MS and RGB show generally decreasing trends up to
135 cm (c. 1400 cal yr BP) where values are similar to those recorded at
225 cm. From 125 cm (c. 1280 cal yr BP) there is an overall increase to
the highest MS values (41 SI units) seen in the entire core and the
highest RGB values (148) since the base of the core. Both MS and RGB
values show high-frequency and high-amplitude variations in parts of
this interval. There is a slight decline occurring from 22 cm (c. 200 cal yr
BP) into the modern-day sediment readings.

Two intervals of high CaCO3 values are evident (Fig. 3). These span
290–248 cm (c. 3940–3140 cal yr BP) and 185–125 cm (c. 2040–
1280 cal yr BP), and have maximum values of 17.2 and 11.6 wt%
respectively. The remaining sediments have fairly constant low values
(0.1–0.5 wt%) with the exception of a single reading of 1.4 wt% at
213 cm(c. 2480 cal yr BP). TOC values increase from the base of the core
to 278 cm (c. 3710 cal yr BP) where relatively high values (N5 wt%)
persist until 103 cm (c. 1000 cal yr BP). This interval of high TOC
values ismarkedwith threemaxima at 248, 230 and 135 cm(22, 27 and
21 wt% respectively). From 103 cm to the core top, lower values of
b5 wt%, are recorded (Fig. 3).
oi.org/10.1016/j.yqres.2011.03.004 Published online by Cambridge University Press
Pollen, spore and charcoal zone description

Pollen assemblage zonation was completed using the pollen taxa
included in the pollen sum, i.e. all terrestrial pollen and excluding
aquatics, spores and charcoal values. The genus Ludwigia (Onagraceae)
was included in the pollen sum and other statistical analysis because it:
i) comprises both terrestrial as well as aquatic species (Wagner, 2007),
ii) is associated with lake margin habitats (Marchant et al., 2002), and
iii) can be a weed in cultivated fields (Wagner, 2007). Broken stick
modeling assessment concluded that four Vacas Challacaba pollen
(VCC-P) zones were significant; VCC-P1, VCC-P2, VCC-P3 and VCC-P4
(Fig. 4). Percentages are calculated from the pollen sum, except for
aquatics and spores which are of the pollen sum plus their respective
group. Charcoal is shown as particulates per cm3 (counts/cm3) (Fig. 4B).
In total, 88 different pollen types where identified from 38 families. 37
unknown spore/pollen types were also recorded.

VCC-P1. 297–260 cm (c. 4070–3370 cal yr BP). 4 samples

Except for the basal sample (295 cm), which contained only a few
spores and damaged grains, fossil pollen concentration is high
(c. 370,000–480,000 pollen grains/cm3) (Fig. 4A). The major constit-
uents of the pollen assemblage throughout this zone are Poaceae (20–
30%), Caryophyllaceae (5–10%) and, except one sample, Cheno/Ams
(Chenopodiaceae/Amaranthaceae) (20–30%). Asteraceae, Moraceae/
Urticaceae, Bromeliaceae and Acalypha increase towards the upper
part of this zone. Polylepis/Acaena pollen is recorded in this zone and
throughout the sedimentary sequence at low levels (b7%). Myrio-
phyllum (30–60%) and Cyperaceae (b2%) are the only recorded
aquatics. There is also one occurrence of the green algal genus
Pediastrum (Fig. 4B). Large (N180 μm) herbaceous charcoal is absent
while the other fractions all show increasing trends (Fig. 4B).

VCC-P2. 260–197.5 cm (c. 3370–2190 cal yr BP). 8 samples

This interval is characterized by substantially reduced fossil pollen
concentrations (c. 8000–180,000) and higher percentage values of
Poaceae (40–50%), Moraceae/Urticaceae and Acalypha (both 5–15%),
although their concentration values remain constant or decrease.

Unlabelled image
https://doi.org/10.1016/j.yqres.2011.03.004


Figure 4. Pollen, spore, algal and charcoal diagrams for Challacaba. White lines represent sample points. 14C ages shown ( ). A) Percentage diagram of pollen sum taxa and total
pollen concentration. B) Percentage diagram of aquatic taxa, spores and algae. Carbon particulates shown in counts per cm3.
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There are first occurrences of Piperaceae and Papaveraceae, and values
of Cheno/Ams and Caryophyllaceae decrease to b9%. The aquatics
Isoëtes, Lemnaceae and Typha are recorded for the first time, and
both the percentage composition and concentration of Myriophyllum
decrease. Large (N180 μm)herbaceous charcoal is recorded, andwhilst
rapid fluctuations are shown in the smaller wood fraction (100–
180 μm), counts per cm3 remain relatively high (N40) (Fig. 4B).
VCC-P3. 197.5–105 cm (c. 2190–1020 cal yr BP). 9 samples

This zone has high total fossil pollen concentrations (c. 62,000–
530,000 pollen grains/cm3) and the percentages of the majority of
taxa are similar to zone VCC-P1. The most striking exception to this is
the continued presence of Piperaceae, Papaveraceae and cf. Pfaffia. In
addition Polylepis/Acaena is present and Juglandaceae pollen is first
recorded. From c. 1470 cal yr BP a slight decline in Caryophyllaceae
and an increase in Acalypha are shown.Myriophyllum and Cyperaceae
again dominate the aquatic assemblage and from c. 1210 cal yr BP a
maxima (80%) in Pediastrum occurs. This is accompanied by the first
significant amount of spores of the dung fungus Sporormiella (Fig. 4B).
Charcoal particle levels are similar to the two previous zones but all
rg/10.1016/j.yqres.2011.03.004 Published online by Cambridge University Press
size fractions show awell defined and largemagnitude decrease trend
by c. 1340 cal yr BP.

VCC-P4. 105–0 cm (c. 1020–0 cal yr BP). 12 samples

Characterized by the appearance and significant percentage of the
wetland associated genus Ludwigia, this zone represents the period of
lowest fossil pollen concentration (c. 4000–90,000 pollen grains/cm3).
Caryophyllaceae percentages are substantially reduced (b3%), and
Alnus, Hedyosmum, cf. Pfaffia, Brassicaceae and Asteraceae reach
previously unattained high levels. Whilst Cheno/Ams percentages are
reduced a slight increase (3–6%) is recorded between 77 and 50 cm.
Polylepis/Acaena reaches its highest percentage in this zone, up to 3–
6%, but show large fluctuation. As in zone VCC-P3, Myriophyllum
percentage is generally low until 20 cm (c. 190 cal yr BP). Lemnaceae
(0–2%) and Typha (0–40%) abundances fluctuate throughout VCC-P4,
while Cyperaceae maintains the high levels from the previous zone
(VCC-P3) before showing a decreasing trend from c. 560 cal yr BP till
the modern day. Sporormiella is present throughout this zone but does
show a decreasing trend from c. 190 cal yr BP. Pediastrum is present at
mid to low values in 5 sample depths. A large-scale reduction of all
charcoal fractions is evidenced throughout this zone (Fig. 4B).
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Ordination

NMDS ordination was run to explore trends within the variability
of the pollen sum data. NMDS was preferred as it makes no
assumption as to the distribution of the variables (McCune and
Mefford, 2006). The ordination was run using the pollen sum taxa
with rare types (b3% abundance) removed. A three-dimensional
solution was then chosen with distance relationships established
using Sorensen's index (Bray–Curtis). Final stress levels stabilized at
9.06% after 109 iterations. After examination of the output data, axis 1
and 2 scores are plotted against time (Fig. 5B). The biggest changes
occur during the transitions from VCC-P2 to P1 and VCC-P4 to P3. The
ordination plot (Fig. 5A) demonstrates how samples from different
zones plot in distinctly different spaces. The most unique sample
relates to the very base of the core (295 cm) which has high values in
both axis one and two. The rate of change (Fig. 5B) is calculated as the
Euclidean distance between two adjacent samples, divided by the
time between them (see Urrego et al., 2009). While this ordination
can provide uswith a rudimentary rate of change (RoC), amore robust
chronology would be required to refine this sufficiently and make it
comparable to other studies.

Environmental reconstruction and discussion

Late Holocene climatic changes: moisture balance fluctuations

The Challacaba Lake formed at c. 4070 cal yr BP as shown by the
deposition of lake sediments on top of what is interpreted to have
been windblown deposits. The very basal sample (295 cm) attests to
this period of lake formation as pollen grain concentration is low and
preservation poor. Spores, which are more robust to the affects of
oxidation, dominate (Fig. 4B). The basal sample at 295 cm, plots in a
unique space on the NMDS ordination (Fig. 5A), indicating its general
dissimilarity to all other samples.

The relatively higher quantity of sand present in the sediment
from 297 to 290 cm (c. 4070–3940 cal yr BP) (Fig. 3), supports the
pollen and spore data and suggests a shallow, ephemeral lake. The
transition from sandy silt to gyttia deposits, sometime before
3820 cal yr BP, indicates the point at which the basin center became
more-or-less continually inundated. The presence of a permanent
water body resulted in improved microfossil preservation and
deposition of a local- to regional-scale pollen assemblage. The
multi-proxy analysis of the sediment cores, indicates two periods of
Figure 5. Results of NMDS of pollen sum taxa for Lake Challacaba. A) Ordination plot of samp
line) and Axis 2 (dashed line) scores (left graph), and rate of change (right graph) both plo
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reduced moisture availability (pollen zones VCC-P1 and VCC-P3) and
two adjacent wetter episodes (VCC-P2 and VCC-P4).

After the (c. 250 yr) period of lake stabilization, high abundances
of drought tolerant pollen taxa (Caryophyllaceae, Cheno/Ams and
Bromeliaceae) (VCC-P1; Fig. 4A), are evident. CaCO3 has been shown
in other Andean records to be an indicator of dry events and lowered
lake levels (Baker et al., 2001; Hillyer et al., 2009). High CaCO3 values
(up to 17.2 wt%) (Fig. 3) at Challacaba during VCC-P1 are therefore
interpreted here to indicate that the lake was not overflowing and
that water level was lower than today. Although zone VCC-P1 is
considered a period of reduced moisture availability compared to
other periods of the Challacaba record, the zone does represents a
reduction in drought events which dominated the mid-Holocene dry
phase between c. 8000 and 5000 yr ago.

The VCC-P1 period reconstructed from Challacaba supports the
water-level history reported from Lake Titicaca (c. 370 km north-
east). Abbott et al. (1997), indicate a regional climate influence and
suggest lake levels were at their lowest prior to 3500 cal yr BP, and
that the mid-Holocene dry phase ended abruptly between 3500 and
3350 cal yr BP. Challacaba seems to have undergone a more gradual
transition out of the mid-Holocene dry phase, but it is considered
likely that Challacaba Lake formation is linked to this wide, regionally
recognized, moisture signal. In the Eastern Andes, other sediment
records also attest to the presence of the mid-Holocene dry phase,
either by lowered lake levels (e.g. Lake Consuelo; Urrego et al., 2010)
or post event lake formation (e.g. Marcacocha; Chepstow-Lusty et al.,
1998).

The increase in regional moisture, which led to the inundation of
the Challacaba Lake basin could have been caused by a resumption of
more “normal” (less declined) ENSO activity following the “weak” El
Niño regime that it has been suggested dominated during the mid-
Holocene period, 8–5.6 ka (Rein et al., 2005). The timing of formation
of Challacaba does not concur with that of nearby Juntutuyo (Abbott
et al., 2003), which shows lake development some c. 1500 yr later.
This may be a result of Challacaba being fed, in part, from the
surrounding hills to the east and/or that the Juntutuyo core record of
CaCO3 was not taken from the deepest part of the lake (Abbott, M.,
personal communication, 2010). There is no evidence to suggest that a
local tectonic change created a depression in which Challacaba
formed.

The initial phase at Challacaba (VCC-P1) persisted until a change
sometime between 3460 and 3270 cal yr BP where arid and salt
tolerant taxa, particularly Cheno/Ams, begin to decline, CaCO3 wt%
le scores for Axis 1 and 2. Point symbols refer to relevant attributed zone. B) Axis 1(solid
tted against time.
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decreases and TOC begins to increase. The ordination of samples from
the first wetter phase, VCC-P2, shows a distinct clustering with
negative scores in both axis 1 and 2 (Fig. 5). A marked decrease in
fossil pollen concentration throughout VCC-P2 is here interpreted to
show an increased areal extent and deepening of the lake and thus a
dilution of the pollen input. This conclusion is supported by the
decreased percentage of Myriophyllum, a genus which has been
observed to predominate in shallow waters, 0.4–4 m (Ybert, 1992), as
it becomes further removed from the core location at the lake depth
maxima. The shift towards awetter interval again correlates well to an
increase in ENSO variability recorded at Laguna Pallcacocha in
southern Ecuador sometime from 3500 to 3400 cal yr BP (Moy et al.,
2002).

From c. 2190 to 1020 cal yr BP (VCC-P3) a shift in the NMDS
ordination (Fig. 5A) highlights a change in the pollen data which, in
our interpretation, suggests a return to conditions of reduced
moisture; this is particularly well-demonstrated by an increase in
Caryophyllaceae (10–19%), which favors dry conditions. In addition
Cheno/Ams and Bromeliaceae percentages increase as does the total
pollen concentration (Fig. 4A). While the vegetation does share many
similarities with that immediately after lake formation (VCC-P1),
important differences exist, the most noticeable being the continued
presence of Piperaceae and the gradual continued increase of
Cyperaceae. This second interval of drier conditions, is supported
further by significantly higher CaCO3 concentrations between c. 1970
and 1340 cal yr BP, suggesting a lowered lake level.

From c. 1020 cal yr BP (VCC-P4) a reduction in the abundance of
arid and salt tolerant taxa, together with the much lower concentra-
tions of CaCO3, we interpret to indicate a return to conditions that, on
average, were locally wetter than the previous period (VCC-P3). As in
the previously recordedwet period, VCC-P2,Myriophyllum percentage
is generally reduced. The very low total pollen concentration values
are, at least in part, a result of the dilution effect of a larger lake, but it
is also possible that this reflects a less productive landscape. We
recognize however that short phases of increased aridity, particularly
regional scale ones, may have occurred within this period that are not
represented in the limnological record either due to their duration or
a buffering effect of the locality. Nonetheless, the apparent shift to on
average wetter conditions at Challacaba could be related to a more
widespread Andean trend of ENSO events as evidenced in the Laguna
Pallcacocha record. At Pallcacocha a frequency maximum has been
identified at c. 1200 cal yr BP and a general increased number of ENSO
events between c. 900 and 300 cal yr BP, albeit punctuated with
shorter term reductions and a steadily declining frequency trend
(Moy et al., 2002).

Intriguingly, the pollen spectra recovered fromVCC-P4 is markedly
different to that of the previous wet interval (VCC-P2). The NMDS
ordination (Fig. 5A), whilst supporting the general conclusion that
samples aging from c. 1020 to 0 cal yr BP display a wetter
environment signal (more negative values on axis 2), also highlights
that from 1030 cal yr BP, the pollen assemblage is distinctive from
that of VCC-P2 (less negative values on axis 1). In addition, the
maxima in the RoC score that centered around the VCC-P2 to VCC-P1
boundary (c. 1020 cal yr BP) (Fig. 5B) indicates a major vegetation
change in the Challacaba record that we associate here with an
adjustment in human activity.

While the Challacaba record supports the conclusion of a period of
increased moisture availability during the zone VCC-P4, adjusting
human impact on the local landscape undoubtedly complicates the
signal of moisture fluctuation. With this mind, we interpret the period
after c. 1020 cal yr BP, to primarily represent a time of changing,
possibly increasing, human impact levels. The site of Marcacocha also
points to increasing human activity around this time as indicated by
both archeological and sedimentary records (Chepstow-Lusty et al.,
2009). However, the Marcacocha record has been interpreted to
indicate a temperature increase from around c. 900 cal yr BP which
rg/10.1016/j.yqres.2011.03.004 Published online by Cambridge University Press
led to warm and relatively stable conditions, but crucially, without
any associated increase in precipitation (Chepstow-Lusty et al., 2009).
While we are unable to speculate if warmer conditions might also
have began at Challacaba around this time, due to the lack of an
independent temperature proxy, we interpret the combined data sets
here to indicate a general increase in the moisture availability, which
could be linked to either changes in temperature, precipitation or
both.

Changing human activity

The high level of charcoal from the start of the Challacaba record
(N50 particulates/cm3) probably indicates that people have utilized
this area continually from at least c. 4000 cal yr BP (Fig. 4B). The high
abundance of large woody charcoal fragments and low levels of
woodland pollen taxa between c. 4030 and 1090 cal yr BP suggest that
people were possibly transporting fuel wood collected elsewhere to
burn close to the lake. The earliest indicator of trading and pastoralism
is recorded by a marked rise in fungal dung spores, and tentatively
algal remains c. 1280 cal yr BP (Fig. 4B). As neither of these biological
groups were included within the pollen sum, they have no influence
upon the statistical zonation or the NDMS ordination.

The first significant occurrence (N2%) of Sporormiella fungal spores
in the core occurs at c. 1340–1210 cal yr BP (Fig. 4B). Sporormiella is a
coprophilous ascomycete fungi common on the dung of herbivores
(Ahmed and Cain, 1972). Recent work on modern lakes acknowl-
edged Sporormiella as a useful proxy to indicate herbivore presence,
but highlighted a strong positive relationship between proximity to
shoreline and Sporormiella abundance (Raper and Bush, 2009).
However, in the case of Challacaba, the Sporormiella increase coincides
with a transition from drier to wetter conditions as attested to by both
the terrestrial palynological and the geochemical data indicating that
the lake shoreline became further away from the coring site. We can
therefore be confident in the assessment that herbivore presence
around Challacaba substantially increased between c. 1340 and
1210 cal yr BP. The increase in Sporormiella is concurrent with the
oribatid mite record from Marcacocha, which shows a progressive
increase in livestock number, from c. 1200 cal yr BP (Chepstow-Lusty
et al., 2007).

Challacaba is the freshest lake in the Vacas Lake District and is
located close to a narrowing of the valleywhich constrains the historic
road running east to Inkallajta (Fig. 1a). It therefore seems likely that
any pre-Columbian increase in dung deposition surrounding the lake
would have been due to an increase in domesticated camelids (alpaca
and llama herds) being watered at the lake whilst being driven along
the road. The tendency of camelids to defecate in restricted communal
piles, often close to a water source (Sillar, 2000) adds weight to this
interpretation. While the primary rise in camelid numbers, inferred
from the increased abundance of Sporormiella, coincides with
archeological evidence indicating Tiwanaku cultivation expansion
between 1200 and 1000 yr ago, it is possible that a second increase in
Sporormiella seen in the Challacaba record (c. 920 cal yr BP) is related
to Tiwanaku fragmentation. The abandonment of urban centers
around Lake Titicaca is evidenced by a silence in monument
construction between c. 800 and 500 yr ago, which may represent a
dispersal of people into new, more rural, lands (Albarracin-Jordan,
1992; Kolata, 1993; Binford et al., 1997).

Two multi-centennial dry events (c. 1410–1190 and 850–550 yr
ago) that have been associated with the collapse of Tiwanaku (Binford
et al., 1997) do not appear to have had as much a dramatic impact on
the terrestrial vegetation or the human impact levels around
Challacaba (Fig. 4A). Given the current chronology available it is
difficult to tie the Challacaba record to these rapid fluctuations;
however the Challacaba record does hint at responses that are roughly
concurrent with this dry–wet–dry oscillation noted around Lake
Titicaca: i) the decrease in CaCO3 in Challacaba at c. 1270 cal yr BP
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coincides with the end of the first of these dry episodes (Fig. 3), ii) the
peak in Pediastrum (c. 1210–920 cal yr BP) straddles the intervening
wet period (Fig. 4B), iii) the peak in Typha (c. 850 cal yr BP) coincides
with the onset of the second dry period (Fig. 4B), and iv) drought
tolerant Cheno/Ams values are slightly elevated (c. 720–470 cal yr BP)
through the second dry episode (Fig. 4A). The absence of elevated
CaCO3 during the second dry phase may be due to camelid dung
acidifying the lake. The persistence of high Sporormiella values
through these postulated short-term lake level fluctuations supports
the interpretation that the rise in Sporormiella is due to higher
numbers of camelids visiting the lake.

Simultaneous with the initial herding increase (c. 1270 cal yr BP) a
maxima in the algal genus Pediastrum is also detected. This algal peak
is interpreted to reflect an adjustment in lake nutrient status. Whilst
other studies have interpreted lake eutrophication to be a result of
increased nutrient in-wash after deforestation (Paduano et al., 2003;
Woodward and Shulmeister, 2005), we here suggest that a direct
input of nutrients from a local increase of animal activity is
responsible. The Pediastrum maxima of 88% are simultaneous with
the arrival of substantial quantities of camelids for the first time, as
indicated by the abundance of Sporormiella spores. Two later increases
in Sporormiella (c. 920 and 560 cal yr BP) also correlate to Pediastrum
blooms, albeit ones of lower magnitude.

The large increase in Ludwigiamarks the transition from zone VCC-
P3 to VCC-P4. Ludwigia, as discussed previously, is a genus generally
associated with wetland habitats (Marchant et al., 2002). The
increased abundance of Ludwigia is contemporaneous with the
reduction in arid and salt tolerant taxa and we interpret the pollen
record from c. 1020 cal yr BP to represent vegetation composition
typical of an increased marshy habitat, created as the lake level rises
and water inundates the flat expanse of the north and east shores.

The sudden increase of Ludwigia at this time and lack of a similar
abundance during the early wetter phase (VCC-P2) may be linked to
human influence. The arrival of increased camelid numbers and thus
nutrient input, together with increased grazing on existing moist
vegetation (aquatics), may have lead to the creation of a niche space
suitable for Ludwigia to exploit. Ludwigia is an invasive species and it is
plausible that its arrival in the Challacaba region is related to the
transport of Ludwigia seeds by camelids from wetlands they have
previously visited. The sporadic increase in Typha, that is seen through
zone VCC-P4, also indicates a response to changing nutrient status
through this time (Marchant et al., 2002).

Fire history

There appears to be no connection between the fire history and the
wider vegetation signal at Challacaba and we attribute the majority of
carbon particulates throughout the last 4000 cal yr BP to be from local
anthropogenic sources (fuel wood for cooking, heating and possibly
some clearance burning). The main shift occurs from c. 1340 cal yr BP
when all size fractions show a dramatic decreasing trend and by
c. 1020 cal yr BP, the start of VCC-P4, particulate counts are consis-
tently under 20 per cm3 (Fig. 4B). A similar scale decrease was found
in the Titicaca record (Lago Grande), as particulates declined and
ultimately disappear after 2 ka (Paduano et al., 2003). Paduano et al.
associated the decline in charcoal at Titicaca with a reduced
availability of fuelwood, as supported by a concomitant woodland
pollen decrease. At Challacaba there is no palynological evidence for
decreased woodland cover instead the decline in charcoal abundance
is coincident with the rise in camelid dung fungus.

In many rural Andean regions today dried cattle dung acts as a
main energy source and in Bolivia it accounts for 19% of total biofuel
(Winterhalder et al., 1974; World Bank, 1994; Yevich and Logan,
2003). Since wood has been a scarce resource in these environments
for a considerable time, including Tiwanaku times, camelid dung has
long provided an alternative fuel for fires (Janusek, 2008). While
oi.org/10.1016/j.yqres.2011.03.004 Published online by Cambridge University Press
traditionally the importance of dung burning may have its origins in
pottery firing, its long term historical use suggests that during times of
increase camelid numbers, dung supply would have been greatly
increased and so would its utilization in a much wider context (Sillar,
2000). It therefore seems plausible that between c. 1340 and
1020 cal yr BP the people traveling through the Vacas region switched
from collecting fuelwood, or possibly traveling with or trading, to the
utilization of dried dung.

The Polylepis woodland/grassland matrix

Through the duration of Challacaba record, except for two samples
(basal and 2190 cal yr BP), Polylepis/Acaena pollen has low abun-
dances (0.2–6.6%). It is assumed that the pollen recorded here is
predominantly from the tree genus Polylepis rather than Acaena; the
latter is a herb genus associated closely to moist valleys, typically
within cloud forests (Chepstow-Lusty et al., 2005; Weng et al., 2006).

Modern ecological data suggest that today the high Andean
Polylepis woodland only covers around 10% of its potential distribu-
tion (Fjeldså and Kessler, 1996). However, the fossil pollen record
from Challacaba shows no evidence for a reduction in Polylepis
woodland cover around Vacas during the last 4000 yr. The continually
low abundance at Challacaba is contrary to the decline in Polylepis
pollen at c. 3100 cal yr BP evident from Lake Titicaca (Paduano et al.,
2003) but parallels the c. 4000 yr record from Marcacocha (Peru)
(Chepstow-Lusty et al., 1998).

The regionally variable pattern of the past Polylepis woodland
extent emphasizes uncertainty in the assumption that the natural
state of the Andes is a continuous belt of a permanent Polylepis
woodland (sensu Ellenberg, 1958), and supports the case for
persistent regional variability defined by microclimate conditions
(Gosling et al., 2009). Given the long history of human occupation of
the Andes it is possible that woodland clearance was completed prior
to the formation of the Challacaba record (pre c. 4000 cal yr BP), or
that the Polylepis forests never recovered after the mid-Holocene dry
period, as around this time major human impact (agriculture) in the
Andes began. However, the vegetation reconstruction presented here
shows only minor fluctuation in the grass to Polylepis woodland
matrix through the period of major regional pre-Columbian cultural
expansion and contraction.

The conclusion of late Holocene Polylepis woodland stability is
supported by Lake Pacucha pollen record in the central Peruvian Andes,
which represents a site for continuous human occupation for at least
the last 4000 yr (Valencia et al., 2010). At Pacucha there is no evidence
for Polylepis woodland reduction in response to human activity. The
Polylepiswoodland was most abundant during deglaciation (c. 16,000–
14,000 cal yr BP), which parallels new findings from the pollen record
of Laguna Khomer KochaUpper (17°16′ S, 65°43′W;4153 melevation),
situated 40 km north-west of Challacaba (Williams, unpublished data).

Conclusions

The complete paleolimnological history of Lake Challacaba reveals
that vegetation change in the Cochabamba Basin, Bolivia, has been
driven by both human and climatic factors during the last 4000 yr.
Two distinct drier than modern stages; before c. 3370 and 2190–
1020 cal yr BP are recorded. The older dry event can be linked to the
latter stages of lower regional moisture availability caused by the
“weak” El Niño system that dominated during the mid-Holocene
(Rein et al., 2005). The second drier interval, whilst likely to be again
related to a regional ENSO signal, is less clearly correlated with other
records. Between the Challacaba dry phases there was an interval of
increased moisture availability (c. 3370–2190 cal yr BP).

Although the pollen data from Challacaba may suggest a shift to
generally wetter conditions from c. 1020 cal yr BP, it is likely that
shorter term reductions in the moisture balance occurred throughout.
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Ultimately however, there is strong evidence to show that a change in
human activity at some point between c. 1340 and 1210 cal yr BPwas a
major factor in shaping the modern regional landscape. The pollen
assemblage from the last 1000 yr is very different to that from any other
time during the preceding 3000 yr. The charcoal record indicates that
the local ecosystem has been under anthropogenic influence for the
durationof the time spannedby theChallacaba core (c.4 ka).As suchwe
are unable obtain a baseline record for what is the natural state of the
ecosystem without human influence, but, it is evident that overall the
Polylepis woodland maintained a relatively stable presence and
abundance even during the height of human pressure.

This research supports the interpretation that the Vacas Lake
District was an important point on the ancient roadway network
during pre-Columbian times. Further work is required to clarify the
extent to which the observed changes in human activity are a product
of unconnected wider social changes or smaller scale local impacts. In
particular, refining the chronology of the sequence will help to better
constrain the timings of significant environmental changes observed
within the record and this will be critical if they are to be linked to any
known cultural events.
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