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Abstract
Mid-elevation Andean ecosystems have immense species richness and endemism. Taxonomic composition is known to 
change through time on the eastern slopes of the Andes as a result of climatic change and disturbance events, both natural 
and by human actions. Fossil phytoliths can capture local scale vegetation changes, especially among monocotyledonous 
plants. Phytolith production is high in grasses and palms, plant groups that are particularly sensitive to climatic changes and 
disturbance events in Andean ecosystems. Here, we reconstruct four centuries of local-scale vegetation change and the cor-
responding fire history from lake sediment records retrieved from Lagunas Cormorán and Chimerella, located at ca. 1,700 m 
a.s.l. in the mid-elevation Andean forests of eastern Ecuador. The charcoal analysis of the lake sediments showed no sign 
of past fires, and no evidence of cultivation was found at either lake. The phytolith assemblages indicated changes in the 
relative abundances of palms, grasses and trees over the last few centuries, suggesting that mid-elevation Andean phytolith 
assemblages are sensitive to local scale vegetation dynamics. The largest change in vegetation occurred at the end of the Lit-
tle Ice Age, at which point the diversity of palm phytoliths decreases. These phytolith assemblages are probably responding 
to changes in the cloud base position through time, which strongly influences the distributions of many plants and animals.

Keywords  Arecaceae · Climate change · Cloud forests · Ecuador · Little Ice Age · Phytoliths

Introduction

The eastern slopes of the Andes mountains are one of the 
most diverse and yet most threatened regions on Earth 
(Myers et al. 2000). The steep elevational gradient provides 
habitats that range from lowland Amazonian rainforest to 
high elevation tropical grasslands. Per unit area, the mid-
elevation forests at 1,500–1,750 m have a higher taxonomic 

diversity in many plant and animal clades than the upper 
montane forests above and the lowland rainforests below 
them (Terborgh 1977; Rahbek 1995; Killeen et al. 2007; 
Hughes 2016). It was long thought that these highly diverse 
tropical ecosystems had remained stable over geological 
timescales and that ecosystem stability led to the diversity 
that is now observed (Dobzhansky 1950; Baker 1970). Pal-
aeoecological analyses, however, have indicated that these 
ecosystems were not stable through time, and are typically 
highly dynamic systems that are sensitive to long term cli-
matic changes (Flenley 1979a, b, 1998; Rull 2015).

Mid-elevation Andean forests are often immersed in 
clouds, which rise and fall with daily, seasonal and long-
term changes in temperature (Tosi and Voertman 1964; 
Stadtmüller 1987). Many taxa have narrow altitudinal dis-
tributions and are dependent on regular cloud immersion 
(Svenning et al. 2009), so their response to climatic change 
is particularly strong (Bush 2002; Bush et al. 2011; Schiferl 
et al. 2017). These ecosystems are also dynamic on shorter 
timescales, and recent warming trends over the last few dec-
ades have resulted in Andean tree taxa migrating upwards 
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at a rate of 2.5–3.5 m vertically per year (Feeley et al. 2011; 
Stocker 2014).

In addition to climatic change and the variation of the 
cloud base height, Andean plant communities are affected 
by natural events such as landslides and human disturbances 
such as deforestation and agriculture (Brush 1976; Stern 
1995; Feeley and Silman 2009, 2010; Bush et al. 2015). 
These factors, combined with biotic interactions, can limit 
the potential of Andean plants to migrate upwards or down-
wards in response to climatic change and movement of the 
cloud base (Clark 1998; Colwell et al. 2008; Hillyer and 
Silman 2010; Rehm and Feeley 2015; Oliveras et al. 2018). 
These migratory limitations threaten many mid-elevation 
Andean taxa with narrow ranges and probably increase 
extinction risks under further climate change (Feeley et al. 
2011, 2012).

The responses of Andean vegetation to past climatic 
change and disturbance events are typically reconstructed 
using pollen analysis. The pollen of many Andean plants, 
however, is wind dispersed and can travel many kilometres 
away from the source plant (Jackson and Lyford 1999; Bush 
2002; Bush et al. 2011). Because of this long-distance dis-
persal, pollen reconstructions tend to reflect regional rather 
than local vegetation change. Phytoliths, by way of con-
trast, reflect a predominantly local deposition, and have the 
potential to reconstruct local instead of regional vegetation 
dynamics in Andean montane forests.

Phytoliths are silica microfossils produced by many neo-
tropical plants that can be preserved for millions of years 
in soils and lake sediments (Piperno 2006). Unlike pollen, 
they are deposited into soils close to the parent plant and, in 
non-fluvial settings, experience limited secondary dispersal. 
Most phytoliths are diagnostic to the sub-family level, with 
many being identifiable to genus. Many studies have demon-
strated the usefulness of phytoliths in extracting information 
about grasses and understory plants, for example Heliconia, 

Arecaceae (palms), Cucurbitaceae (squashes) and Maranta-
ceae (Piperno 2006; Morcote-Ríos et al. 2015, 2016; Pearsall 
2015). Many of these are also cultivated plants, thus recon-
structions of past human activities can also be made using 
phytolith data.

Understanding vegetation and ecosystem response to past 
climatic change and human influence in the hyper-diverse 
Andean forests is crucial to predicting how they would 
respond to future change. Local scale reconstructions of how 
these ecosystems have responded to past climatic changes, 
however, have rarely been attempted (Bush et al. 1990). Here 
we assess the diversity of phytoliths from mid-elevation 
Andean forests, and interpret the local vegetation dynamics 
and fire history of these cloud forests over the last 380 years 
by phytolith and charcoal analyses from lake sediments.

Materials and methods

Site description and field methods

Parque Nacional Sangay (Sangay National Park), in the 
Morona-Santiago province of Ecuador, covers 517,000 ha 
of the eastern Andes and spans an elevation range of 
900–5,230 m (Fig. 1). The park consists of lower montane 
rainforest, mid-elevation cloud forest and páramo alpine tun-
dra ecosystems. Sangay National Park receives ca. 3,875 mm 
of rainfall throughout the year, with a difference of only 
132 mm between the driest and wettest months, recorded at 
973 m. The average annual temperature varies between 20.4 
and 21.8 °C at this elevation.

A group of five lakes, Complejo Lacustre Sardinayacu, 
lies within the mid-elevation eastern montane forests of the 
national park, including Lagunas Cormorán and Chimerella 
(Fig. 1). Laguna Cormorán (2°04′00.60″S, 78°12′55.70″W; 
1,750 m) spans 0.29 km2 in area, and has a maximum depth 

Fig. 1   a Locations of Lagunas 
Cormorán and Chimerella 
(black star) in the eastern Andes 
are shown relative to elevation. 
The inset shows the location of 
Ecuador (black) within South 
America; b The locations of 
Lagunas Cormorán (Co) and 
Chimerella (Ch), within the 
Sangay National Park, are 
shown in relation to the nearest 
town of Macas. The highlighted 
area shows the approximate 
distribution of pre-Columbian 
earthworks in the region (Ros-
tain 2012)
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of 16 m. Its slopes are fairly steep, except for small marshy 
areas where a trail meets the lake, and the two water inlets on 
the south-east and north side of the lake. Laguna Chimerella 
(2°04′38.28″S, 78°12′13.79″W; 1,672 m) is approximately 
0.30 km2 in area, and has a maximum water depth of 25 m. 
Steep, rugged slopes surround the lake (Fig. 2a) and evi-
dence of small recent landslides was noted in two locations. 
These lakes were chosen because their elevation makes them 
particularly sensitive to upslope and downslope migration 
of taxa in relation to past climatic change. The lakes are also 
within a region of known archaeological sites (Rostain 2012; 
Fig. 1b), giving them the potential to record past human 
activities.

The vegetation is dominated by the palm Dictyocaryum 
lamarckianum, visually estimated to comprise ca. 40% of 
the vegetation surrounding the lakes (Fig. 2b). Dictyocar-
yum species typically grow between 1,000 and 2,000 m, 
and are often found in patches of high abundance that are 
separated by long geographic ranges (Moraes et al. 1995). 
Bactris (0–1,700  m), Euterpe (0–2,000  m), Ceroxylon 
(1,000–3,000 m), Wettinia (500–2,000 m) and Geonoma 
(500–3,000 m) are additional Andean palm genera (Moraes 
et al. 1995; Henderson et al. 1997) that may occur at Cor-
morán and Chimerella. Because of the differential environ-
mental tolerances of these palm genera, they are particularly 
useful for reconstructing responses to past climatic change.

Lake sediment cores (6.7 cm diameter) were obtained 
from the deepest points of Cormorán (16  m deep) and 
Chimerella (25 m) using a Universal corer deployed from 
an anchored inflatable boat. The 18.5 cm long core from 

Cormorán consisted of loose top sediment and a more con-
solidated sediment structure in the bottom half of the core. 
At Chimerella, 36 cm of sediment was retrieved, consisting 
of loose top sediment (0–6 cm), a more solid texture from 
ca. 6 to 18 cm, and more clumped sediment with air bub-
bles towards the bottom of the core. Because there are so 
few data on mid-elevation Andean phytoliths, we collected 
these two short cores to determine whether phytoliths were 
preserved in these circumstances, and whether the diver-
sity of phytoliths found would be useful in detecting past 
climatic changes. Bedrock or changes in lithology were not 
reached in either core. We have also collected longer cores 
from these lakes and are conducting pollen, phytolith and 
charcoal analyses that will be published at a future date.

Both of the short cores consisted of organic-rich sedi-
ments, and no sedimentary laminations could be visually 
detected. Both cores were directly subsampled in the field at 
0.5 cm intervals and all subsamples were sent to the Univer-
sity of Amsterdam Palaeoecology Laboratory for charcoal 
and phytolith processing.

Age‑depth modelling

A chronology was constructed for the 36 cm core from Chi-
merella based on 14C radiocarbon dating of three bulk sedi-
ment samples at depths of 12, 27 and 35.5 cm. Samples were 
submitted to the National Ocean Sciences AMS facility at 
the Woods Hole Oceanographic Institution, Massachusetts, 
USA, and the DirectAMS Laboratory in Seattle, Washing-
ton, USA. The age model for Chimerella was constructed 

Fig. 2   a A photograph showing the steep slopes surrounding Laguna Chimerella, in the eastern Andes; b The surrounding vegetation of Lagunas 
Chimerella and Cormorán is dominated by Dictyocaryum lamarckianum 
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with the Clam 2.2 source code (Blaauw 2010) for RStudio 
(R Development Core Team 2013). All ages were calibrated 
using the calibration curve SHCal13 (Hogg et al. 2013) and 
post-bomb curve SH5 (Hua et al. 2013). For Cormorán, one 
bulk sediment sample from the bottom of the lake core was 
14C dated. An age model was not constructed due to the 
modern date.

Laboratory analyses

For charcoal and phytolith analyses, volumes of 1 cm3 and 
1.5 cm3 respectively were subsampled at 1 cm intervals from 
the Chimerella and Cormorán lake sediment cores. The char-
coal samples were soaked in 3% hydrogen peroxide and 
boiled at 150 °C for ca. 15 min to enhance deflocculation. 
The material was wet sieved using a 160 µm mesh, and all 
remaining material was collected in petri dishes. Charcoal 
identification was performed using an Olympus SZH10 ste-
reo microscope with magnifications of 7–70×.

A total of 56,000 microspheres (Microparticles GmbH, 
Lot: SiO2-R-L3519-3, ∅ 15.29  µm, SD 0.49  µm) was 
added to each sample to calculate phytolith concentra-
tions. The samples were then prepared by soaking in 33% 
hydrogen peroxide (H2O2), followed by 10% hydrochloric 
acid (HCl) and then potassium permanganate (KMnO4) to 
break down the organic material. Subsequently, bromoform 
(CHBr3, 2.3 SG) was added, followed by centrifuging for 
75 s at 4,600 rpm to float the phytoliths so they could be 
extracted. Finally, the samples were mounted in Naphrax 
on microscope slides and heated on a hot plate to stabilize 
the material.

All phytolith samples were analysed using a Leica Axi-
ophot microscope with differential interference contrast 
(DIC) at 630 × magnification using immersion oil. A total 
of 250 phytoliths and the encountered number of micro-
spheres were counted per slide. Phytolith identification and 
nomenclature is based on previously published literature 
(Piperno 2006; Morcote-Ríos et al. 2015, 2016). Phytoliths 
were photographed using a Fujifilm X-M1 camera.

Statistical analyses

To analyse vegetation change through time, detrended 
correspondence analysis (DCA) was performed on the 

phytolith percentage data using the ‘vegan’ package 
2.0–10 (Oksanen et al. 2013) in RStudio (R Development 
Core Team 2013). DCA was performed on the Chimerella 
record and a pooled DCA (DCAp) was performed on the 
phytolith assemblages of both lakes combined to assess 
phytolith richness and compare composition between the 
sites (Hill and Gauch 1980). A DCA was not performed 
on the Cormorán sediment record because of the purely 
modern sediments. C2 software was used to construct 
stratigraphic diagrams (Juggins 2003).

Results

Age‑depth modelling

The Chimerella lake sediments were stratigraphically 
consistent over the last ca. 380 years (Table 1; Fig. 3). 
Sediment deposition rates were highest during the mod-
ern period, ad 1950–2017 (Fig. 3). Sedimentation was 
higher from 150 to 0 cal year bp (ad 1800–1950) than 
from 380 to 150 cal year bp (ad 1570–1800) (Fig. 3). The 
basal date of Cormorán was modern (Table 1).

Table 1   Radiocarbon dates, 
percentages of modern carbon 
and calibrated ages for Lagunas 
Cormorán and Chimerella

Depth (cm) Lake Lab. code 14C age (year bp) Percentage mod-
ern carbon (pMC)

Calibrated age 
range (cal year bp)

17.5 Cormorán OS-136152 Modern 111.30 ± 0.24 − 50.23 to − 43.44
12 Chimerella D-AMS 026510 Modern 117.41 ± 0.41 − 42.56 to − 37.33
27 Chimerella D-AMS 026511 192 ± 30 97.64 ± 0.36 139–222
35.5 Chimerella OS-136153 330 ± 20 95.96 ± 0.24 347–462

Fig. 3   Age-depth model for the 36  cm sediment core from Laguna 
Chimerella, based on three bulk sediment AMS radiocarbon dates 
and generated using Clam 2.2 in RStudio
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Charcoal analysis of Chimerella and Cormorán

No charcoal was found in any of the samples from either 
lake sediment core.

Phytolith assemblages from Chimerella 
and Cormorán

In total, we identified six arboreal phytolith morphotypes, 12 
palm morphotypes and 26 grass morphotypes, giving a total 
diversity of 44 morphotypes, and all of them were found 
at both lakes (ESM Figs. S1–S2). At Cormorán, phytolith 

concentrations ranged from 222,222 to 7,000,000 phyto-
liths per cm3, with an average of 968,666 phytoliths per cm3 
(ESM Fig. S3). At Chimerella, concentrations ranged from 
299,064 to 7,224,000 phytoliths per cm3, with an average 
of 1,062,923 per cm3 (ESM Fig. S3). Both lakes contained 
a concentration peak of ca. 7,000,000 phytoliths per cm3 at 
14 cm depth (Figs. 4, 5).

Though Chimerella and Cormorán both contained all 44 
phytolith morphotypes, the relative abundances of those 
types differed within and between the lakes (Figs. 4, 5, ESM 
Figs. S1–S2). Small rugose spheres (< 15 µm in diameter) 
were the most common arboreal phytolith morphotype in 

Fig. 4   Stratigraphic diagram 
representing percentages of 
phytolith types identified at 
Laguna Cormorán. Groups 
of grass taxa are summarized 
based on overlapping taxonomy 
(Fig. S1). The y axis represents 
depth in cm (no ages were 
plotted due the solely modern 
context). Abbreviations of palm 
types, GE globular echinate, 
GEE globular echinate elon-
gated, GESP globular echinate 
with short projections. Total 
phytolith concentrations are also 
shown

Fig. 5   Stratigraphic diagram 
representing the percentages 
of phytolith types over the past 
380 years from Laguna Chi-
merella. The y axes represent 
depth in cm and ages in cal 
year bp and ad. Groups of grass 
taxa are summarized based on 
overlapping taxonomy (ESM 
Fig. S2). Abbreviations of palm 
types, GE globular echinate, 
GEE globular echinate elon-
gated, GESP globular echinate 
with short projections. Overall 
phytolith concentrations are also 
shown
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both records, ranging from 10 to 40% (Figs. 4, 5). Large 
rugose spheres (> 15 µm in diameter), also indicative of 
arboreal taxa, ranged from 0 to 10% in both lake records. 
Decorated arboreal spheres ranged from 0 to 20% in the 
sediment records, and increased in abundance at Chimerella 
around 100 years ago (ad 1900). Conglomerate phytoliths, 
which also probably represent arboreal taxa, although they 
could potentially also represent palm taxa, ranged from 0 
to 5% in both records, and were more common from 380 to 
150 cal year bp (ad 1570–1800) at Chimerella (Figs. 4, 5).

Conical palm phytoliths were the most common palm 
morphotype in both sediment records, and ranged from 10 
to 40% of the phytolith assemblages (Figs. 4, 5). Their per-
centages had an opposite pattern of abundance and scarcity 
compared with forest phytoliths in the 380 year Chimerella 
record, but not at Cormorán. Globular echinate palm phy-
toliths, both the regular and elongated forms (sensu Mor-
cote-Ríos et al. 2016), were present throughout both cores 
and relatively stable in their abundance (ca. 7%) (Figs. 4, 
5). Both lakes also contained low percentages of globular 
echinate phytoliths with short projections and reniform 
phytoliths (sensu Morcote-Ríos et al. 2016), both of which 
represent palm taxa (Figs. 4, 5). The globular echinate with 
short projections morphotype had higher percentages from 
ad 1700 to present compared with earlier sections of the core 
from Chimerella (Fig. 5). Several previously undescribed 
morphotypes of palm phytoliths were grouped into a cat-
egory of ‘other palms’ (ESM Figs. S1–S2). These phyto-
liths were highest in abundance from 380 to 150 cal year bp 
(ad 1570–1800) and decreased in abundance over the last 
200 years (Fig. 5).

Heliconia, a genus of flowering plants that is indica-
tive of forest openings and has highly diagnostic phytoliths 
(Piperno 2006), was present in low abundances (0–0.8%) 
at both lakes (Figs. 4, 5). At Chimerella, this indicator of 
disturbance appeared six times throughout the core, while at 
Cormorán it appeared only in the uppermost sample (Figs. 4, 
5). There was no overall trend in the presence of Heliconia 
in the Chimerella record (Fig. 5).

At Cormorán, grass phytolith percentages ranged from 
10 to 44% of the overall phytolith assemblage (Fig. 4), 
while at Chimerella, they ranged from 12 to 28%, with a 
relatively stable abundance between 380 and 140 cal year 
bp (ad 1570–1810) and more changes from 140 cal year 
bp (ad 1810) until the present (Fig. 5). These fluctuations 
were independent of changes in other phytolith morpho-
types within the core. Grass phytoliths representing the 
Panicoideae sub-family ranged from 0 to 20% at Cormorán 
(Fig. 4) and from 3 to 15% at Chimerella (Fig. 5). There 
was no overall trend in these phytolith types at Chimerella 
(Fig. 5). Grass phytoliths representing the Bambusoideae 
sub-family were 4–18% at Cormorán (Fig. 4) and 1–9% 
at Chimerella (Fig. 5). The Bambusoideae phytoliths also 

showed no overall trend at Chimerella, although their abun-
dance slightly increased over the last 60 years. Other grass 
phytoliths ranged from 5 to 19% in the Chimerella sedi-
ment record, and no evidence of Zea (maize) cultivation was 
found in either core.

The pooled detrended correspondence analysis (DCAp) 
of the phytolith percentages from both lakes indicated a 
clear separation of assemblages between Chimerella and 
Cormorán on both Axis 1 and Axis 2 (Fig. 6a). The varia-
tion along DCAp Axis 1 was primarily driven by the higher 
abundances of almost all grass types in the Cormorán record 
compared with Chimerella (Fig. 6b). The variation along 
DCAp Axis 2 was driven by the higher abundances of coni-
cal palm phytoliths at Chimerella compared with Cormorán 
(Fig. 6b). Within each lake record, however, the opposite 
abundances and scarcities of ‘other palm’ phytoliths com-
pared with decorated sphere phytoliths separated the sam-
ples along DCAp Axis 1 (Fig. 6b).

In the Chimerella results, the ‘other palm’ phytoliths, 
which were highest in abundance from 380 to 200 cal year 
bp (ad 1570–1750) (Fig. 5), were the primary driver of DCA 
Axis 1 (Fig. 6c). The samples containing the highest abun-
dances of ‘other palms’ corresponded with the most nega-
tive DCA Axis 1 scores, and samples with high abundances 
of conical, globular echinate elongate, and Bambusoideae 
phytoliths were primarily on the positive side of DCA Axis 
1 (Fig. 6d). Samples with high abundances of ‘other palms’, 
reniform palms and Heliconia phytoliths were located on 
the negative side of DCA Axis 2, and samples with higher 
percentages of arboreal phytoliths, globular echinate with 
short projections palm phytoliths and Chloridoid grasses 
were located on the positive side of DCA Axis 2 (Fig. 6d).

Discussion

Interpreting Andean palm phytoliths

Dictyocaryum is an Andean palm genus containing three 
species with similar ecological requirements, all of which 
grow between 1,000 and 2,000 m under modern climatic 
regimes (Moraes et al. 1995; Henderson et al. 1997). Though 
its elevational range is quite restricted, Dictyocaryum is usu-
ally locally abundant where it occurs. Lagunas Chimerella 
and Cormorán are located at 1,672 and 1,750 m, and both 
had a remarkably high abundance of D. lamarckianum (ca. 
40% of the total vegetation) growing in the watershed of 
the lake (Fig. 2). Dictyocaryum produces conical phytoliths 
(Morcote-Ríos et al. 2016), which were the most abun-
dant phytolith morphotype found in the Chimerella record 
(Figs. 5, 7). The conical phytoliths probably representing 
Dictyocaryum were also abundant in the Cormorán record, 
though in similar percentages to grass and arboreal taxa. 
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This is likely because of the marshy, grassy edges surround-
ing the lake margins of Cormorán, which were not present 
around Chimerella (Fig. 2a).

The palm Euterpe precatoria is the most common tree 
in the Amazonian lowlands (ter Steege et al. 2013), and is 
the only species of Euterpe that can reach up to 2,000 m 
on the eastern slopes of the Andes (Moraes et al. 1995). 
The globular echinate phytoliths, particularly those with 

short projections, are associated with the genus Euterpe 
(Morcote-Ríos et al. 2016). Other palm genera also produce 
these types of phytoliths (Morcote-Ríos et al. 2016), but they 
are typically found in the lowland forests and do not reach 
1,700 m. Thus we interpret this type of phytolith as repre-
senting E. precatoria (Fig. 7). It must be noted, however, 
that the phytoliths of many palm taxa are not yet described 
or catalogued, and so the globular echinate phytoliths may 

Fig. 6   a The pooled detrended 
correspondence analysis 
(DCAp) results of Laguna Cor-
morán (filled circles) and Chi-
merella (unfilled circles). Labels 
represent the age in cal year bp; 
b The phytolith morphotype 
scores for the DCAp of both 
lakes. Morphotypes are colour-
coded by plant type. Abbre-
viations of palm types, GE 
globular echinate, GEE globular 
echinate elongated, GESP 
globular echinate with short 
projections; c The DCA results 
of phytolith assemblages from 
Chimerella. Labels represent the 
age in cal year bp. Samples con-
taining > 10% of ‘other palm’ 
types are highlighted in bold; 
d Phytolith morphotype scores 
for the DCA of Chimerella 
samples. Abbreviations are the 
same as in panel b 

Fig. 7   Stratigraphic diagram 
representing percentages of 
phytolith sub-families and 
genera over the past 380 years 
from Laguna Chimerella. ‘Other 
palms’ (unreferenced) and 
DCA axes 1 and 2, representing 
overall community change, are 
also shown. The light grey shad-
ing represents the approximate 
timing of the wetter period of 
the Little Ice Age (LIA), and 
the dark grey represents the 
approximate timing of the drier 
period of the LIA (Thompson 
et al. 1986; Liu et al. 2005; 
Ledru et al. 2013)
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represent E. precatoria combined with other undescribed 
palms.

Geonoma, Wettinia, Bactris, Hyospathe and Ceroxylon 
are also palm genera with species having ranges exceeding 
1,500 m in the eastern Andes (Moraes et al. 1995). Geonoma 
typically produces conical phytoliths with acute basal pro-
jections (Morcote-Ríos et al. 2016), and this morphotype 
was rare to absent in the samples from Chimerella and Cor-
morán. Wettinia castanea and W. cladospadix are known to 
occur between 1,200–2,000 m in the eastern Andes (Moraes 
et al. 1995). Bactris setulosa is also known to occur at ele-
vations up to 1,700 m in the Ecuadorian Andes (Moraes 
et al. 1995). Wettinia and Bactris produce conical phyto-
liths, similar to Dictyocaryum (Morcote-Ríos et al. 2016). 
We interpret our conical phytoliths, however, as primar-
ily representing Dictyocaryum because of its high abun-
dance growing around the lakes (Fig. 2b). Another palm,  
Hyospathe macrorhachis is a narrow endemic occurring 
from 1,000 to 1,850 m on the eastern Andean slopes of 
Ecuador in the provinces Morono-Santiago and Pastaza, 
and H. elegans can also reach elevations of up to 2,000 m 
(Moraes et al. 1995; Henderson et al. 1997). Hyospathe 
was the only genus in our study site producing reniform  
echinate phytoliths and was directly interpretable in the 
records, though its abundances were low (0–4%) (Figs. 4, 5, 7).  
Ceroxylon is a palm genus that is not found in the lowlands 
and typically ranges from 1,000 to 3,000 m (Moraes et al. 
1995). Phytoliths from Ceroxylon have not yet been studied. 
Ammandra decasperma and Phytelephas macrocarpa, two 
members of the Ceroxyloideae subfamily found in lowland 
settings, produce globular echinate phytoliths (Morcote-Ríos 
et al. 2016). Because various members within a subfamily 
or genus can produce different types of phytoliths, however, 
it cannot be directly assumed that Ceroxylon also produces 
globular echinate phytoliths.

Human‑free ecological dynamics

No charcoal was found in any of our samples, and we inter-
pret these results as representing a true absence of fire over 
the four centuries, for several reasons. The area surrounding 
the lakes is uninhabited, and the park rangers informed us 
that there has not been a fire in the region since the estab-
lishment of the national park in 1975. These observational 
data correspond with the lack of charcoal fragments found in 
the Cormorán samples. The relatively steep slopes and lack 
of marshy vegetation surrounding both lakes would have 
increased the probability that charcoal resulting from fires, 
if any, within the watershed would have been deposited into 
the lakes. Because sediment cores from the wet regions of 
the Andes and Amazonia often contain charcoal (Loughlin 
et al. 2018; Montoya et al. 2018), we do not think tapho-
nomic processes affected our results.

The lack of fire combined with the absence of phytoliths 
from crops suggests that humans have not disturbed the area 
around Chimerella over the last four centuries. The modern 
town of Macas, which is located ca. 30 km to the southwest 
of Cormorán and Chimerella (Fig. 1b), was first established 
in ad 1538. Our data suggests that its sphere of influence 
did not extend to the areas of Cormorán and Chimerella 
during the time of early European colonization. The region 
around Macas was also occupied by pre-Columbian soci-
eties that constructed earthworks (Rostain 2012; Fig. 1b). 
It is unknown, however, whether those societies occupied 
the local areas around Lagunas Cormorán and Chimerella, 
though we will examine any evidence for potential occupa-
tion in the longer sediment cores that we have collected from 
the lakes.

The largest assemblage change observed at Chimerella, as 
noted in the sharp increase in DCA Axis 1 scores, occurred 
ca. 310 cal year bp (ad 1640) when ‘other palms’ decreased 
in abundance and Dictyocaryum became more abundant in 
the landscape (Figs. 6, 7). Since that point in time, fluctua-
tions in Dictyocaryum have signified the largest vegetation 
changes at Chimerella. DCA Axis 2 scores primarily reflect 
changes in the total arboreal (tree) coverage in the land-
scape, and reveal that these changes occur independently 
of changes in the palm assemblages (Fig. 7). Higher DCA 
Axis 2 scores correspond with higher amounts of arboreal 
phytoliths, and these periods sometimes, though not always, 
coincide with increases in disturbance indicators such as 
Heliconia and Bambusoid or Panicoid grasses (Figs. 6, 7).

Drivers of ecological change

The sediment sequence from Chimerella reveals that Dic-
tyocaryum has remained dominant and its abundance has 
remained relatively stable over the last 380 years (Fig. 7). 
This long-term dominance of Dictyocaryum was also 
observed at Laguna Palotoa, Peru, on timescales ranging 
from 3,700 cal year bp until the present (Schiferl et al. 2017). 
The direct comparison of Dictyocaryum between the two 
sites over the last 380 years, however, reveals contrasting 
patterns. The results from Palotoa show an increase in Dic-
tyocaryum over the last 400 years (Schiferl et al. 2017) in 
contrast to the stability observed at Chimerella. Palotoa sits 
at a lower elevation (1,370 m) than Chimerella (1,672 m). 
These contrasting signatures suggest that the cloud base has 
remained relatively stable at elevations around 1,700 m, 
but that its lower boundary has fluctuated during the last 
380 years.

The patterns recorded at Palotoa and Chimerella prob-
ably result from natural ecological processes. Both sites 
lack any evidence of fire or agriculture, suggesting that 
the difference in the ecological dynamics was not driven 
by human activity. Disturbance events at Chimerella that 
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have occurred over the last 380 years are identified by the 
presence of Heliconia phytoliths and increases of the grass 
sub-families Panicoideae and Bambusiodeae (Figs. 5, 7), 
all of which indicate tree canopy openings of various types 
(Piperno 2006). Mortality events from droughts, tree-falls 
or landslides probably caused these canopy opening events, 
which are common in areas with steep topography (Fig. 2a). 
In Andean vegetation, increased densities of Bambusoideae 
grasses, particularly of the Chusquea genus, are associated 
with landslides (Stern 1995). We observed evidence of past 
landslides on the slopes of Laguna Chimerella, strengthen-
ing the likelihood that dead trees or landslides created the 
ecological conditions resulting in the fluctuations in grass 
and Heliconia phytoliths observed in the sediment record. 
The landslides were probably small and similar to those 
noted in the modern landscape, because no changes in stra-
tigraphy were observed in the Chimerella lake record.

The overall trends in palms and arboreal taxa at Chi-
merella are independent of the changes in percentages of 
the disturbance indictors (Figs. 5, 7). This pattern suggests 
that the overall trends reflect either: 1, climatic change, 2, 
long-term successional changes resulting from disturbance 
events that happened prior to 380 cal year bp, or 3, a combi-
nation of the first two. The strongest climatic changes over 
the last 380 years included the transition out of the Little Ice 
Age (LIA). The LIA was a period of global cooling between 
750 and 100 cal year bp (ad 1200–1850), with its most pro-
nounced effects in northern Europe from ca. 400 to 200 cal 
year bp (ad 1550–1750) (Esper et al. 2002). The exact char-
acteristics and timing of this event remain ambiguous among 
the studies in low latitude Andean forests to date (Polissar 
et al. 2006; Vimeux et al. 2009; Ledru et al. 2013; Schiferl 
et al. 2017). The start of the LIA falls outside the time cap-
tured in the Chimerella sediment record, which does, how-
ever, record the last half of the LIA until its ending at ca. 
100 cal year bp (Fig. 7, grey shading).

Climatic changes that occurred during the last half of the 
LIA are evident in the Chimerella sediment record. Previous 
work has suggested that a drier phase of the LIA occurred 
between ca. 250–100 cal year bp (ad 1700–1850) (Fig. 7, 
dark grey shading; Thompson et al. 1986; Liu et al. 2005; 
Ledru et al. 2013). The approximate timing of the start of 
the dryer phase corresponds with the largest changes in 
phytolith composition over the last 380 years at Chimerella 
(Fig. 7). The vegetation response to drier conditions may 
have included upslope migrations and a decline in abun-
dances of taxa at the lower limit of their elevational dis-
tribution. Ceroxylon is most common at 2,000–3,000 m 
(Moraes et al. 1995; Henderson et al. 1997), and it is likely 
that the decline in ‘other palms’ is a potential indication of 
the upslope movement of Ceroxylon.

The end of the LIA corresponds with a sharp increase 
in arboreal phytoliths at ca. 100 cal year bp (ad 1850), a 

further decrease in ‘other palms’ (probably Ceroxylon) and 
a sudden decline in grasses (Fig. 7). Towards the end of 
the LIA, the tree and grass communities at Chimerella were 
more dynamic, indicated by the radical shifts in DCA Axis 
2 (Fig. 7). After the LIA, DCA Axes 1 and 2 stabilize and 
arboreal phytoliths remain at higher percentages than were 
observed for most of the LIA (Fig. 7). These data suggest 
that climatic transition periods resulted in the highest lev-
els of flux, or dynamism, in Andean plant communities. 
Because areas around lakes can maintain local populations 
in microrefugia even when regional conditions are sub-
optimal, the dynamism of Andean plant communities was 
probably stronger in non-lake settings than those observed in 
the Chimerella sediment record during climatic transitions.

It is possible, however, that the changes seen in the palm 
communities over the last 380 years at Chimerella result 
from site abandonment following the 90% population decline 
of indigenous peoples that resulted from European arrival 
to the American continent (Dobyns 1966; Denevan 1992). 
Chimerella is located in an area that has pre-Columbian 
earthworks located ca. 10 km away (Rostain 2012). Previ-
ous palaeoecological reconstructions from lake sediments 
at similar elevations have suggested that the pre-European 
human impacts on the vegetation were stronger than modern 
human influence (Loughlin et al. 2018). Also, because trees 
in tropical ecosystems can live for several hundred years 
(Hartshorn 1978; Chambers et al. 1998), it is possible that 
these forests were actually in recovery from pre-European 
disturbances. A longer sediment record is needed to reveal 
whether this is the case, or whether the ecological dynamics 
observed over the last 380 years result purely from climatic 
changes.

Conclusions

Mid-elevation Andean forests are some of Earth’s most 
diverse ecosystems, yet their ecological history remains 
understudied. We used phytoliths, which represent local 
scale vegetation, to reconstruct 380 years of vegetation 
dynamics in mid-elevation forests. Our study revealed a 
stable presence of Dictyocaryum, indicating that the veg-
etation system has been immersed in clouds over the last 
four centuries. No signs of fire or human activity were 
detected in either of the records, suggesting that the vegeta-
tion responded to climatic change or natural disturbances, 
including those from landslides or gap dynamics. The larg-
est change in vegetation was associated with the last phase 
of the Little Ice Age. Our study demonstrated the potential 
of phytoliths to create more comprehensive palaeoecologi-
cal reconstructions of local scale vegetation dynamics than 
previously possible.



688	 Vegetation History and Archaeobotany (2019) 28:679–689

1 3

Acknowledgements  Treub-Maatschappij, the Society for the Advance-
ment of Research in the Tropics, and Stichting Amsterdams Univer-
siteitsfonds (the Amsterdam University Fund) provided fieldwork 
grants to S.H. Belmont Forum Grant ICER 1624207 provided funding 
for M.B. Fieldwork was conducted through the Minesterio del Ambi-
ente in Macas, Ecuador (permit number 08-2017-IC-FLO-DNB/MA). 
We thank Bryan Valencia, Majoi Nascimento, Rachel Sales, Jorge Celi, 
Jairo Cabrera, John Lima and Carlos for their assistance in the field and 
Annemarie Philip for phytolith sample preparation.

OpenAccess  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Baker HG (1970) Evolution in the tropics. Biotropica 2:101–111. 
https​://doi.org/10.2307/29897​67

Blaauw M (2010) Methods and code for ‘classical’ age-modelling 
of radiocarbon sequences. Quat Geochronol 5:512–518. https​
://doi.org/10.1016/j.quage​o.2010.01.002

Brush SB (1976) Man’s use of an Andean ecosystem. Hum Ecol 
4:147–166

Bush MB (2002) Distributional change and conservation on the 
Andean flank: a palaeoecological perspective. Glob Ecol Bio-
geogr 11:463–467

Bush MB, Colinvaux PA, Wiemann MC, Piperno DR, Liu K-B 
(1990) Late Pleistocene temperature depression and vegetation 
change in Ecuadorian Amazonia. Quat Res 34:330–345

Bush MB, Hanselman JA, Hooghiemstra H (2011) Andean montane 
forests and climate change. In: Bush MB, Flenley JR (eds) Trop-
ical rainforest responses to climate change, 2nd edn. Springer, 
Berlin, pp 35–60

Bush MB, Alfonso Reynolds AM, Urrego DH, Valencia BG, Cor-
rea Metrio YA, Zimmermann M, Silman MR (2015) Fire and 
climate: contrasting pressures on tropical Andean timberline 
species. J Biogeogr 42:938–950

Chambers JQ, Higuchi N, Schimel JP (1998) Ancient trees in Ama-
zonia. Nature 391:135–136

Clark JS (1998) Why trees migrate so fast: confronting theory with 
dispersal biology and the palaeorecord. Am Nat 152:204–224

Colwell RK, Brehm G, Cardelus CL, Gilman AC, Longino JT (2008) 
Global warming, elevational range shifts, and lowland biotic 
attrition in the wet tropics. Science 322:258–261. https​://doi.
org/10.1126/scien​ce.11625​47

Denevan WM (1992) The pristine myth—the landscape of the Amer-
ica in 1492. Ann Assoc Am Geogr 82:369–385

Dobyns HF (1966) Estimating aboriginal American population I: an 
appraisal of techniques with a new hemispheric estimate. Curr 
Anthropol 7:395–416

Dobzhansky T (1950) Evolution in the tropics. Am Sci 38:209–221
Esper J, Cook ER, Schweingruber FH (2002) Low-frequency sig-

nals in long tree-ring chronologies for reconstructing past 
temperature variability. Science 295:2,250–2,253. https​://doi.
org/10.1126/scien​ce.10662​08

Feeley KJ, Silman MR (2009) Extinction risks of Amazonian plant 
species. Proc Natl Acad Sci USA 106:12,382–12,387. https​://
doi.org/10.1073/pnas.09006​98106​

Feeley KJ, Silman MR (2010) Land-use and climate change effects on 
population size and extinction risk of Andean plants. Glob Change 
Biol 16:3,215–3,222

Feeley KJ, Silman MR, Bush MB et al (2011) Upslope migration of 
Andean trees. J Biogeogr 38:783–791

Feeley KJ, Rehm EM, Machovina B (2012) The responses of tropical 
forest species to global climate change: acclimate, adapt, migrate, 
or go extinct? Front Biogeogr 4:69–84

Flenley J (1979a) The late quaternary vegetational history of the equa-
torial mountains. Prog Phys Geogr 3:488–509

Flenley JR (1979b) A geological history of tropical rainforest. But-
terworths, London

Flenley JR (1998) Tropical forests under the climates of the last 30,000 
years. Clim Change 39:177–197

Hartshorn GS (1978) Tree falls and tropical forest dynamics. In: Tom-
linson PB, Zimmerman MH (eds) Tropical trees as living systems. 
Cambridge University Press, Cambridge, pp 617–638

Henderson A, Galeano-Garces G, Bernal R (1997) Field guide to the 
palms of the Americas. Princeton University Press, Princeton

Hill MO, Gauch HG (1980) Detrended correspondence analysis: an 
improved ordination technique. In: van der Maarel E (ed) Clas-
sification and ordination. Kluwer, Dordrecht, pp 47–58

Hillyer R, Silman MR (2010) Changes in species interactions across a 
2.5 km elevation gradient: effects on plant migration in response 
to climate change. Glob Change Biol 16:3,205–3,214

Hogg AG, Hua Q, Blackwell PG et al (2013) SHCal13 Southern 
Hemisphere calibration, 0–50,000 years cal bp. Radiocarbon 
55:1,889–1,903

Hua Q, Barbetti M, Rakowski AZ (2013) Atmospheric radiocarbon for 
the period 1950–2010. Radiocarbon 55:2,059–2,072

Hughes CE (2016) The tropical Andean plant diversity powerhouse. N 
Phytol 210:1,152–1,154

Jackson ST, Lyford ME (1999) Pollen dispersal models in Quaternary 
plant ecology: assumptions, parameters, and prescriptions. Bot 
Rev 65:39–75

Juggins S (2003) C2 Program version 1.4. Department of Geography, 
University of Newcastle, Newcastle upon Tyne. http://www.campu​
s.ncl.ac.uk/staff​/Steph​en.Juggi​ns/softw​are/c2hom​e.htm

Killeen TJ, Douglas M, Consiglio T, Jørgensen PM, Mejia J (2007) 
Dry spots and wet spots in the Andean hotspot. J Biogeogr 
34:1,357–1,373

Ledru M-P, Jomelli V, Samaniego P, Vuille M, Hidalgo S, Herrera M, 
Ceron C (2013) The Medieval climate anomaly and the Little Ice 
Age in the eastern Ecuadorian Andes. Clim Past 9:307–321

Liu K-B, Reese CA, Thompson LG (2005) Ice-core pollen record of 
climatic changes in the central Andes during the last 400 year. 
Quat Res 64:272–278

Loughlin NJD, Gosling WD, Mothes P, Montoya E (2018) Ecological 
consequences of post-Columbian indigenous depopulation in the 
Andean–Amazonian corridor. Nat Ecol Evol 2:1,233–1,236. https​
://doi.org/10.1038/s4155​9-018-0602-7

Montoya E, Keen HF, Luzuriaga CX, Gosling WD (2018) Long-term 
vegetation dynamics in a megadiverse hotspot: the ice-age record 
of a pre-montane forest of central Ecuador. Front Plant Sci 9:196

Moraes M, Galeano G, Bernal R, Balslev H, Henderson A (1995) 
Tropical Andean palms (Arecaceae). In: Churchill SP, Balslev 
H, Forero E, Luteyn JL (eds) Biodiversity and conservation of 
neotropical montane forest. New York Botanical Garden Press, 
New York, pp 473–487

Morcote-Ríos G, Giraldo-Cañas D, Raz L (2015) Catálogo ilustrado 
de fitolitos contemporáneos con énfasis arqueológico y paleo-
ecológico I. Gramíneas amazónicas de Colombia. Universidad 
Nacional de Colombia, Bogotá, Colombia

Morcote-Ríos G, Bernal R, Raz L (2016) Phytoliths as a tool for 
archaeobotanical, palaeobotanical and palaeoecological studies 
in Amazonian palms. Bot J Linn Soc 182:348–360

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2307/2989767
https://doi.org/10.1016/j.quageo.2010.01.002
https://doi.org/10.1016/j.quageo.2010.01.002
https://doi.org/10.1126/science.1162547
https://doi.org/10.1126/science.1162547
https://doi.org/10.1126/science.1066208
https://doi.org/10.1126/science.1066208
https://doi.org/10.1073/pnas.0900698106
https://doi.org/10.1073/pnas.0900698106
http://www.campus.ncl.ac.uk/staff/Stephen.Juggins/software/c2home.htm
http://www.campus.ncl.ac.uk/staff/Stephen.Juggins/software/c2home.htm
https://doi.org/10.1038/s41559-018-0602-7
https://doi.org/10.1038/s41559-018-0602-7


689Vegetation History and Archaeobotany (2019) 28:679–689	

1 3

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J 
(2000) Biodiversity hotspots for conservation priorities. Nature 
403:853–858

Oksanen J, Blanchet FG, Kindt R et al (2013) Package ‘vegan’, Ver-
sion 2.5-4

Oliveras I, Román-Cuesta RM, Urquiaga-Flores E et al (2018) Fire 
effects and ecological recovery pathways of tropical montane 
cloud forests along a time chronosequence. Glob Change Biol 
24:758–772

Pearsall DM (2015) Paleoethnobotany: a handbook of procedures, 
3rd edn. Left Coast Press, Walnut Creek

Piperno DR (2006) Phytoliths: a comprehensive guide for archaeolo-
gists and paleoecologists. Alta Mira Press, Lanham

Polissar P, Abbott M, Wolfe A, Bezada M, Rull V, Bradley R (2006) 
Solar modulation of Little Ice Age climate in the tropical Andes. 
Proc Natl Acad Sci USA 103:8,937–8,942

R Development Core Team (2013) R: a language and environment 
for statistical computing. R Foundation for Statistical Comput-
ing, Vienna

Rahbek C (1995) The elevational gradient of species richness: 
a uniform pattern? Ecography 18:200–205. https​://doi.
org/10.1111/j.1600-0587.1995.tb003​41.x

Rehm EM, Feeley KJ (2015) The inability of tropical cloud for-
est species to invade grasslands above treeline during climate 
change: potential explanations and consequences. Ecography 
38:1,167–1,175

Rostain S (2012) Between Sierra and Selva: landscape transformations 
in upper Ecuadorian Amazonia. Quat Int 249:31–42

Rull V (2015) Long-term vegetation stability and the concept of poten-
tial natural vegetation in the Neotropics. J Veg Sci 26:603–607

Schiferl JD, Bush MB, Silman MR, Urrego DH (2017) Vegetation 
responses to late Holocene climate changes in an Andean forest. 
Quat Res 89:60–74

Stadtmüller T (1987) Cloud forests in the humid tropics: a biblio-
graphic review. Biblioteca Conmemorativa Orton (IICA/CATIE), 
Catie

Stern MJ (1995) An inter-andean forest relict: vegetation change on 
Pasochoa Volcano, Ecuador. Mt Res Dev 15:339–348

Stocker T (2014) Climate change 2013: the physical science basis. 
Working Group I contribution to the Fifth assessment report of 
the Intergovernmental Panel on Climate Change. Cambridge Uni-
versity Press, Cambridge

Svenning J-C, Harlev D, Sørensen MM, Balslev H (2009) Topographic 
and spatial controls of palm species distributions in a montane 
rain forest, southern Ecuador. Biodivers Conserv 18:219–228. 
https​://doi.org/10.1007/s1053​1-008-9468-3

Ter Steege H, Pitman NCA, Sabatier D et al (2013) Hyperdominance 
in the Amazonian tree flora. Science 342:1243092. https​://doi.
org/10.1126/scien​ce.12430​92

Terborgh J (1977) Bird species diversity on an Andean elevational 
gradient. Ecology 58:1,007–1,019

Thompson L, Mosley-Thompson E, Dansgaard W, Grootes PM (1986) 
The Little Ice Age as recorded in the stratigraphy of the tropical 
Quelccaya ice cap. Science 234:361–364

Tosi JA, Voertman RF (1964) Some environmental factors in the eco-
nomic development of the tropics. Econ Geogr 40:189–205

Vimeux F, Ginot P, Schwikowski M, Vuille M, Hoffmann G, Thomp-
son LG, Schotterer U (2009) Climate variability during the last 
1000 years inferred from Andean ice cores: a review of method-
ology and recent results. Palaeogeogr Palaeoclimatol Palaeoecol 
281:229–241

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/j.1600-0587.1995.tb00341.x
https://doi.org/10.1111/j.1600-0587.1995.tb00341.x
https://doi.org/10.1007/s10531-008-9468-3
https://doi.org/10.1126/science.1243092
https://doi.org/10.1126/science.1243092

	Four centuries of vegetation change in the mid-elevation Andean forests of Ecuador
	Abstract
	Introduction
	Materials and methods
	Site description and field methods
	Age-depth modelling
	Laboratory analyses
	Statistical analyses

	Results
	Age-depth modelling
	Charcoal analysis of Chimerella and Cormorán
	Phytolith assemblages from Chimerella and Cormorán

	Discussion
	Interpreting Andean palm phytoliths
	Human-free ecological dynamics
	Drivers of ecological change

	Conclusions
	Acknowledgements 
	References




