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Introduction
Environmental changes have always affected populations and 
their activities in all types of societies (Haug et al., 2003). During 
the early Holocene, hunter–gatherers in the central Andes were 
mobile; they designed new artifacts and hunted wild camelids, 
rodents, and cervidae. During the mid-Holocene, between 7 and 4 
kyr BP, independent data from dated human skeletons, rock shel-
ter stratigraphy, and chronology of open-air sites have been inter-
preted to show that the region became depopulated or altogether 
abandoned (Nuñez et al., 2002). Sedentarism and the develop-
ment of agriculture are attested throughout the central Andes after 
4 kyr BP (Silverman and Isbell, 2008). The mid-Holocene envi-
ronmental crisis that occurred in the Andean highlands is attrib-
uted to a period of extensive aridity (Baker et al., 2001; Thompson 
et al., 1995), which put a strain on resources in the region. How-
ever, little is known about how hunter–gatherer populations man-
aged to survive: did they migrate to another region or invent 
strategies to adapt to their new environment? The hypothesized 
exodus from the Puna region during the peak of aridity has been 
questioned by both archeologists (Yacobaccio, 2006) and plant 
geneticists (Harlan, 1971; Hawkes, 1999). First, because the 
descendants of these hunter–gatherer populations emerged as the 
most powerful of the archaic states in high-elevation basins, 
including the Wari, Tiwanaku, and Inca cultures with their respec-
tive sociopolitical complexity based on the intensive cultivation 
of maize (Pearsall, 1989; Silverman and Isbell, 2008). And sec-
ond, because phytogeographical analyses of the cultivated plants 
provide evidence for the high central Andes as one of the main 
centers of the origin of agriculture in the Americas (Harlan, 1971), 
thus refuting the regional extinction of these plants. During the 

Holocene, the altitudinal band formed by the Puna, that is, the 
Andean grassland located between 3500 and c. 5200 m a.s.l., was 
essential for the supply of resources and enhanced interzonal rela-
tionships between cultural groups (Pearsall, 1989; Perry et al., 
2006). Between the early and mid-Holocene, significant changes 
in the behavior of the hunter–gatherers of the Puna are evidenced 
by a sudden increase in the consumption of camelids that coin-
cided with the drastic decrease in wetlands (Silverman and Isbell, 
2008; Yacobaccio, 2006). During this period, the Andean wet-
lands were crucial for the elaboration of new strategies of alimen-
tation for the groups of hunter–gatherers that were living in these 
environments. In relation to this topic, we conducted a multiproxy 
palaeoecology study by the mean of sediment archive. A sediment 
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Abstract
To examine the climate of the mid-Holocene and early human settings in the Andes when the Altiplano was recording the most arid phase of the 
Holocene, we analyzed plant-related proxies (pollen, phytoliths, diatoms, stable isotopes) from a sediment core sampled at high elevation in the Eastern 
Cordillera of Bolivia. Our study was carried out in the wetland of Tiquimani (16°12′06.8″S; 68°3′51.5″W; 3760 m), on a well-known pathway between 
Amazonia and Altiplano. The 7000-year old record shows a two-step mid-Holocene with a dry climate between 6800 and 5800, followed by a wetter 
period that lasted until 3200 cal. yr BP. In the Central Andes of Bolivia, a widespread aridity was observed on the Altiplano during the mid-Holocene. 
However, here, we show that moisture was maintained locally by convective activity from the Amazon lowlands. During the arid interval between 5000 
and 4000 yr BP, these niches of moisture produced specific grasslands that may have enabled the survival of an archaic culture of hunter–gatherers on the 
Puna. This development occurred 2000 years before expansion of quinoa cultivation on the Puna.
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core covering the last 7 kyr was collected in a wetland of the Puna 
of the Eastern Cordillera Real in Bolivia. Our interpretations of 
palaeoenvironmental conditions are based on proxy crossed 
analysis.

Study site
The Tiquimani wetland (16°12′06,8″ S, 68°3′51,5″ W) is located 
at an elevation of 3760 m a.s.l. in the Eastern Cordillera Real in 
Bolivia. This wetland is located in the Puna above a hamlet of 
five houses whose inhabitants raise pigs and grow quinoa, at the 
head of an inter-Andean valley today considered to be one of the 
most accessible trails between Amazonia and Lake Titicaca 
(Figure 1).

The Puna is composed of shrub steppe Poaceae and halophytic 
vegetation, along with wetlands that are favorable for the growth 
of high-quality fodder, and salt marshes. Among the main taxa are 
Bromeliaceae, Puya, Cactaceae, Caryophyllaceae (Cerastium, 
Pycnophyllum), Asteraceae tubuliflorae, Brassicaceae, Cypera-
ceae, Geranium, Poaceae, Isoetes, Juncaceae, Lamiaceae, Faba-
ceae, Buddleja, Nototriche, Plantago, Ranunculus, Apiaceae 
Azorella, Valerianaceae, and Violaceae. The upper Andean forest 
line is located at 3600 m and is characterized by the following 
taxa Asteraceae tubuliflorae, Gynoxis, Polylepis, Podocarpus, 
Ilex, Weinmannia, Ribes, and Solanaceae (Ortuño et al., 2011).

Today 50% of the annual precipitation of the area of Tiqui-
mani occurs during the austral summer. The climate at Tiquimani 
is tropical with a wet and a dry season. The wet season, from 
December to March, is associated with the onset of the South 
American monsoon and the position of the South Atlantic Con-
vergence Zone (SACZ). During the dry season, from May to 
August, the occurrence of sparse winter rainfall is associated 
with the frequency and intensity of cold fronts (Seluchi and 
Marengo, 2000). The wetland of Tiquimani (3760 m) is located 
in a pathway corridor that connects Amazon basin to the Alti-
plano and Lake Titicaca (4200 m a.s.l.), which is close to the 
Zongo Valley. Studies on climate variability of the Zongo Valley 
were performed along a transect from the Amazonian lowlands 
to the Bolivian Altiplano using, in particular, the data of eight 
rainfall gauges located along the Zongo valley between 1195 and 
4750 m a.s.l. (Ronchail and Gallaire, 2006). Results show sev-
eral altitudinal boundaries in precipitation rates. The maximum 
of mean annual precipitation (MAP) is observed at 1000 m a.s.l. 
with 2800 mm. A first decrease, to 2000 mm/yr, is found between 
1000 and 1500 m a.s.l and another one up to 1000 mm/yr is mea-
sured more than 3000 m a.s.l. On the Altiplano, more than 3900 
m a.s.l., MAP drops to 600 mm in the eastern Altiplano and 300 
mm in the western Altiplano. El Niño years (cooler sea surface 
temperature on the Pacific Ocean) result in a 10–20% reduction 
of MAP in the Zongo valley due to a strong westerly flow above 

Figure 1.  (a) Map showing the altitudinal gradient along a corridor that connects the Amazon basin (Caranavi, 602 m a.s.l.), the city of 
Coroico (1520 m a.s.l.) to the Altiplano and Lake Titicaca (4200 m a.s.l.) and the location of Tiquimani (3760 m a.s.l.) and (b) location of the 
wetland of Tiquimani in a narrow pathway, below a glacier (Illampu or Tiquimani).
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the Altiplano associated with a weakening and northward dis-
placement of the Bolivian High and prevent the advection aloft 
of moist air from the Amazon (Garreaud and Aceituno, 2001; 
Vuille et al., 2000). La Niña events affect the lowland moisture 
rates and consequently also induce dryness on the eastern cordil-
lera. The modern climatic trend was measured near La Paz and 
attested an increase of temperatures of 0.03°C/yr and a decrease 
in relative humidity of 0.6%/yr with the main consequence of 
retreat of the Zongo glacier of 12 m/yr (Ronchail and Gallaire, 
2006).

Methods
The sediment core TK 1-2 was collected in a small wetland in 
July 2005 with a piston corer. The 36-cm-deep core was sampled 
at 1-cm intervals (36 samples) at the laboratory of Ecology of the 
Universidad Mayor de San Andrés (UMSA), La Paz, and every 
sample divided between the different analyses: pollen, diatoms, 
phytoliths, and isotopes. Pollen and isotope contents were ana-
lyzed first, and samples for phytolith (16 samples) and diatom (10 
samples) analyses were selected according to the results obtained 
with the two first proxies. The same sample was used for each 
proxy analyzed in core TK 1-2; therefore, the time interval repre-
sented by one sample is the same for all the proxies identified 
within the considered sample.

Chronology
The sediment chronology was based on five radiocarbon acceler-
ator mass spectrometry (AMS) dates. All samples have been ana-
lyzed at the Laboratoire de Mesure du Carbone 14 (LMC14) 
– UMS 2572 (CEA/DSM – CNRS – IRD – IRSN – Ministère de 
la culture et de la communication) (Table 1). All the radiocarbon 
ages were calibrated to calendar years Before Present (cal. yr BP) 
using the calibration curve for the Southern Hemisphere SHCal04 
(McCormac et al., 2004) and with the Southern Hemisphere post-
bomb curves from Hua and Barbetti (2004). Construction of the 
age–depth model was performed by running the ‘CLAM’ pro-
gram (Blaauw, 2010) under the mathematical software ‘R’ ver-
sion 2.12.2, and age–depth relationship was estimated using a 
smooth spline approximation (Figure 2).

Pollen analysis
A total of 36 pollen samples of 0.5 g dry weight each were pre-
pared using a standard treatment (Faegri and Iversen, 1989) and 
mounted in silicone oil on microscope slides. Pollen analyses 
were performed under 1000× magnification. Pollen grains and 
spores were identified using our reference pollen collection and 
pollen keys (Heusser, 1971; Hooghiemstra, 1984; Markgraf and 

D’Antoni, 1978). A minimum of 300 terrestrial pollen grains were 
analyzed in each sample. Fern spores and aquatic or water-level-
related taxa were excluded from the pollen sum for percentage 
calculation (Appendix). The pollen record was plotted using 
psimpoll (Bennett, 1994) and divided into five pollen zones on 
the basis of constrained cluster analysis by sum of squares 
(CONISS) with pollen taxa ≥1% (Grimm, 1987). Pollen concen-
tration was calculated using the method of Cour (1974).

Isotope analysis
We sampled modern plants and sediments for measurement of 
carbon stable-isotope and C/N ratios. Four Poaceae species, Bro-
mus brayacantha, Bromus catharticus sampled in the Herbarium 
of La Paz, Calamagrostis, and Festuca sampled in the field near 
Tiquimani coring site, and 36 bulk sediment samples were dried 
at 50°C for 48 h. Leaves and sediment subsamples (1 cm3) were 
ground using a mortar and pestle and sieved through a 60-µm 
mesh. For the plants, we used 0.1 mg for C and 1 mg for N analy-
sis. For the carbon and nitrogen analysis, 2 mg and 8 mg bulk 
sediment powder is weighed, respectively. Plant and sediment 
powders are introduced in tin capsules prior to elemental and 
isotope analysis. Elemental C and N contents (%) and carbon 
isotope values of the plant and sediment were measured by dry 
combustion using a Euro Vector 3000 Elemental Analyzer cou-
pled with a Micromass Optima Isotope Ratio Mass Spectrometer 
(ISEM laboratory, Montpellier, France). Results are expressed as 
a percentage of dry weight (total C and N) and as δ13C with 
respect to the Vienna Pee Dee Belemnite (V-PDB) standard using 
the conventional delta (δ) notation: δ (‰) = [(Rsample/Rstandard) – 1] 
× 1000, where Rsample and Rstandard are the 13C/12C ratios of the 
sample and standard, respectively. Analytical precision was bet-
ter than 0.2‰.

Phytolith analysis
Phytoliths were extracted from 16 samples of the Tikimani core. 
Phytoliths were abundant and well preserved in all the samples. 
Sediment samples were prepared for phytolith analyses by treat-
ment of 1–2 cm3 (±3 g) of sediments with HCl (33%) to remove 
carbonates, and then with H2O2 (30%) at 70°C to remove organic 
matter. Clays were deflocculated in a solution of sodium poly-
phosphate (NaPO3, 0.1%) at pH 7 and removed by centrifugation 
until the supernatant was clear. Organic silica was separated from 
the mineral fraction using ZnBr2 heavy liquid at density d=2.30. 
The residue was removed and rinsed from the filter and dried in 
glass vials. Slides were prepared using a small amount of dry resi-
due mixed with immersion oil as a mounting medium to allow 
three-dimensional (3D) observation of the phytoliths during 
counting. Counting was done at magnification 630×. During 

Table 1.  Radiocarbon ages of total organic matter from core TK 1-2. 14C dates are calibrated using CLAM (Blaauw, 2010) with the calibration 
curve for the Southern Hemisphere SHCal04 (McCormac et al., 2004) and with the Southern Hemisphere postbomb curves from Hua and 
Barbetti (2004).

Depth (cm) Lab number 14C age yr BP Cal. yr BP δ13C

  Min Max Proba %  

  2 SacA 3928 −1700 −35.63 −32.07 82.9 −27,800
  −13.25 −12.22 12.1  
10 SacA 3929 2280 ± 50 2122 2343 95 −25,600
18 SacA 3930 3620 ± 50 3697 3984 95 −21,100
24 SacA 3931 5300 ± 35 5919 6032 60 −22,350
  6038 6120 25  
  6148 6178 10  
32 SacA 3932 6070 ± 60 6787 7031 80 −23,600
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counting, circular to oval phytoliths or ‘rondels’ (Mulholland, 
1989) were differentiated into five types (rondel, stipa-type, 
horned rondel, truncated rondel, and keeled rondel), but all were 
summed under generic ‘rondel type’. Other shapes not preferen-
tially produced by Bambusoideae/Ehrhartoideae/Pooideae (BEP) 
grasses (PACCAD clade; Panicoideae, Chloridoideae, Aristidoi-
deae such as bilobates or saddles) were also counted but were 
present in very low numbers. Phytoliths not produced by short 
cells and by non-grasses were counted but not used in the calcula-
tion of the percentage or in the interpretation.

Diatom analyses
Diatoms were observed in 10 samples and analyzed in 9 samples 
because in sample of 26–27 cm, the number of diatoms was not 
high enough to produce a meaningful spectrum. In the 9 samples, 
diatoms were well preserved except in samples of 14–15 cm and 
22–23 cm in which few diatom frustules were found. Diatom 
taxonomic and counting analyses were conducted on 0.3-g sam-
ples and treated using standard procedures (1:1 mixture of H2O2 
and water, 1:1 mixture of HCl and water), and repeatedly rinsed 
in distilled water; slides were made using Naphrax high-resolu-
tion mountant (Battarbee et al., 2001). For each sample, at least 
400 diatom valves were identified and counted using a Nachet 
NS400 light microscope (differential interference contrast (Nor-
manski) optics, 1000× magnification, numerical aperture (NA) = 
1.25). Specimens were identified to their lowest taxonomic level 
(variety) following Round et al. (1990).

Results and interpretations
Sediment description and chronology
The peat stratigraphy is divided into the following six units with 
gray silt between 37 and 30 cm, black organic clay between 30 
and 28 cm, brown gray clay between 23 and 28 cm, black organic 
clay between 23 and 18 cm, brown gray clay between 18 and 9 
cm, and brown black organic clay between 9 and 0 cm. The age 
model suggests continuous sedimentation with no evidence of 
gaps in deposition (Figure 2).

The base of the core dated back to ˜7 cal. kyr BP when the 
wetland began to form after the glacial retreat in the early 

Holocene (Jomelli et al., 2011). The gray silt at the base of the 
core was considered to be a mixture of silt transported and depos-
ited by the glacier after its retreat 7 kyr ago.

Pollen analyses
Differentiation on Poaceae pollen grains is susceptible to bring 
about relevant ecological issues (Bush, 2002). At Tiquimani, a 
pollen grain of the Poaceae family was separated because of 
visible specific morphological features (Figure 3). Exine orna-
mentation, grain diameter, pore thickness, pore width, and 
exine thickness were considered to separate the two main types 
of Poaceae (Table 2). Measurements were performed on the 
pollen grains to propose a classification in function of the 
description of the Poaceae in Beug (1961). Our results showed 
that our pollen is characteristic of a Bromus type, which 
includes the Bromus and Hordeum genera mentioned in Beug 
(1961). The undulated surface characteristic of the exine orna-
mentation is similar to B. cathartica described in Salgado-
Labouriau and Rinaldi (1990) (Table 2), although the size of the 
grain is smaller in our fossil record. However, Schüler and Beh-
ling (2011) showed that for a same species within the same 
pollen record sizes of the Poaceae pollen grains differ between 
different time intervals, for instance, deglaciation versus inter-
glacial, which makes the authors not consider the size as a 
determinant parameter for fossil material. The second Poaceae 
pollen type dominates all the pollen spectra (Figure 4) and 
shows grains with a bigger size and a thinner exine than the 
Bromus type well illustrated on Figure 3. Unfortunately, it was 
not possible to measure the grains as they were all folded. Our 
study is based on the fact that a specific pollen type could be 
distinguished because of both specific morphological patterns 
and high frequencies at a precise depth of the core.

In addition, the important frequencies of the pollen grains 
attributed to the group Chenopodiaceae/Amaranthaceae also 
caught our attention, as this morphological group of taxa is 
considered as a low pollen producer and disperser. Indeed, a 
review of published material referring to Andean pollen 
grains of Chenopodiaceae/Amaranthaceae showed that in 
general, frequencies never reached more than 2% (Chepstow-
Lusty and Winfield, 2000; Correa-Metrio et al., 2010; Han-
sen et al., 1994; Ortuño et al., 2011), and frequencies increase 
up to 10% when the pollen record comes from a saline lake 
(Chepstow-Lusty et al., 2005), which is not the case of our 
study, or when agricultural conditions are illustrated (Chep-
stow-Lusty and Winfield, 2000; Kuentz et al., 2012; Sublette 
Mosblech et al., 2012; Williams et al., 2011). Consequently, 
we inferred that the increase in Chenopodiaceae/Amarantha-
ceae pollen frequencies to more than 10% observed at Tiqui-
mani was anthropogenic. In addition, modern descriptions of 
the pollen grain of quinoa pollen (Chenopodium quinoa 
Willd. (Chenopodiaceae)) by Graf (1992) and Kuentz et al. 
(2007) in IRD pollen reference collection (Figure 3) allowed 
the identification of quinoa type in our pollen record. The 
description of the following pollen zones is based on the 
results shown on Figure 4.

Zone T-1 (5 samples, 36–28 cm depth, 7–6.8 cal. kyr BP) is 
characterized by high frequencies of arboreal pollen (AP) 
(between 20% and 50%) primarily Podocarpus with two peaks at 
23%, Alnus (1–2%), and Hedyosmum (7–22%); fern spores 
Cyathea and Lycopodium are well represented at more than 150%, 
and one sample with Bromus type 13% was observed at 31 cm. 
This level represents the base of the core and is characterized by 
a gray silt poor in organic matter and in pollen content with pollen 
concentration less than 100 grains/g.

Zone T-2 (5 samples, 28–24 cm depth, 6.8–5.8 cal. kyr BP) is 
characterized by a decrease in AP frequencies (until 4–10%) and 

Figure 2.  Calibrated age–depth model constructed using CLAM 
(Blaauw, 2010).

 at IRD on August 22, 2013hol.sagepub.comDownloaded from 

http://hol.sagepub.com/


Ledru et al.	 5

Figure 3.  Pictures of the fossil pollen and phytolith identified in sample 18 of Core TK 1-2. (A) Bromus type, (B) dominant Poaceae, (C) 
Chenopodiaceae quinoa type, and (D) long, wavy trapezoid phytoliths produced by Pooideae grasses with (a) Trapeziform trilobate, (b) 
Trapeziform polylobate, and (c) wavy trapezoid phytolith (also called Trapezoid sinuate) mainly produced by Bromus grasses.

Table 2.  Measurements of the different Poaceae pollen types. Numbers in bracket refer to the mean value obtained from the 
measurements.

Plant/pollen taxa Pore (µm) Grain diameter (µm) Exine thickness (µm)

Bromus catharticus M. Vahl Thickness = 3.5-4 35-41-41-37-41 (39) 1.5-2
  Width = 10  
Fossil sample 17 cm (8 grains) Thickness = 5-5-6.5-4.5-5-6.5-5-4.5 

(5.25)
45-45-45-51-60-60-45-35 (48.25) 1.5-1.5-1.5-2-1.5-1-2-2 (1.6)

  Width = 15-15-18-15-15-18-15-15 
(15.75)

 

Fossil sample 18 cm (10 grains) Thickness = 4-3,5-3 (3.5) 35-40-31-35-32-30-40 (34.7) 1-1-2-1.5 (1.4)
  Width = 10-10-10-8-10-9-10-10 (9.6)  
Fossil sample 19 cm (4 grains) Thickness = 5-5-6.5-5 (5.3) 45-45-60-45 (48.75) 1-1.5-2-1.5 (1.5)
  Width = 15-15-18-15 (15.75)  
Bromus brachyanthera Döll Width = 2 50-52-53 (52) Not measured
  Thickness = 2  
Hordeum–Bromus type (Beug, 1961) Width = 2.7-4.0 27.9-47.8-41.1 2.0-2.7
   
Bromus mango E. Desv. (Heusser, 
1971)

Width = 10, distinct annulus 46-53 Tectate-psilate
Thickness = 1  

Bromus setifolius Presl. (Wingenroth 
and Heusser, 1983)

Width = 3.7 35.5 Not measured
 

Hordeum halophilum Gris. (Wingen-
roth and Heusser, 1983)

Width = 3.6 38.9 Not measured

   

the presence of an assemblage of Ericaceae (1–6%) and Piper 
(17–30%), and a decrease in fern spores with less 100%. The 
assemblage of Ericaceae–Piper does not exist today, and no Piper 
grows at such a high elevation today (Ricardo Callejas, 2011, 

personal communication). Pollen concentration increased to more 
than 1500 grains/g.

Zone T-3 (7 samples, 24–14 cm depth, 5.8–3.2 cal. kyr BP) is 
characterized by an increase in AP frequencies (10–30%) primarily 
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Alnus (1–2%), Hedyosmum (6–12%), and Podocarpus (2–11%); the 
increase of Bromus-type pollen (2–12%), Chenopodiaceae-quinoa 
(3–5%), Cyperaceae, fern spores, and the algae Zygnemataceae is 
well represented. The vegetation was more diverse attesting to 
increased moisture rates both at the edaphic and atmospheric levels. 
The agriculture of Bromus type and quinoa started in the basin dur-
ing this interval with some irrigation as attested by the presence of 
Zygnemataceae. In this zone, pollen concentration fluctuated 
between 200 and 2500 grains/g.

Zone T-4 (5 samples, 14–9 cm depth, 3.2–1.8 cal. kyr BP) is 
characterized by a progressive decrease in AP frequencies (16–2%) 

and high frequencies of quinoa (5–10%). Pollen concentrations 
remained low, between 500 and 1500 grains/g.

Zone T-5 (11 samples, 9–0 cm depth, 1.8–0 cal. yr BP) is char-
acterized by low frequencies of AP (3–11%), primarily Hedyos-
mum (1–5%). Frequencies of quinoa fluctuated between 18% and 
5%. Azorella and Hydrocotyle both progressively increased in the 
second half with more than 10% attesting to an open and cold 
vegetation as the one that grows today at high elevation, also sug-
gested by the decrease in fern spores and Cyperaceae. In this 
zone, pollen concentration increased more than 3000 grains/g 
reaching 12,000 grains/g.

Figure 4.  Synthetic pollen diagram of the Tiquimani core TK 1-2. Arboreal pollen frequencies and 14 selected taxa are expressed as 
percentages of the total pollen sum (excluding ferns) along a depth scale. 

Figure 5. Total organic carbon (%; green solid line) and δ13C of Tiquimani sediment organic matter core without (dark blue) and with 
corrections (light blue) (see text). The orange area reflects the δ13C of modern vegetation at Tiquimani.

 at IRD on August 22, 2013hol.sagepub.comDownloaded from 

http://hol.sagepub.com/


Ledru et al.	 7

Plant and sedimentary organic carbon isotopic 
composition

Plant.  As plants are the primary C sources of soil organic matter 
(SOM), bulk δ13CSOM is used as an indicator of the δ13C of the 
vegetation and of the abundance of C3 and C4 plants (Guillet et al., 
2001). δ13C is a well-established tool used to determine carbon 
fixation pathways of plant species and plant water-use efficiency 
(WUE). Indeed, the differences between carboxylation reactions 
induce disparate photosynthetic 13C fractionation with median 
values of about −27‰ and −12‰, respectively, for C3 and C4 
plants. C3 plants growing under water-stressed conditions are 
expected to be enriched in 13C compared with plants growing 
under optimal water conditions (Farquhar and Sharkey, 1982), 
while the C4 pathway enables a higher plant-use efficiency 
(WUE) and a more effective CO2 uptake, because they use a CO2 
concentrating mechanism (Leegood, 1999) allowing them to 
grow in climates with low precipitation or slightly saline 
environments.

δ13C values of the Poaceae, B. brayacantha and B. catharticus, 
sampled in the Herbarium of La Paz and the two most abundant 
Poaceae, Calamagrostis and Festuca, sampled in the field near 
Tiquimani coring site, vary in the same range between −27.8‰ 
and −25.4‰, all of which follow a C3 photosynthetic pathway 
(Table 3). Our isotopic results and field observations suggest that 
the modern Andean ecosystem is C3 dominated (>80% of C3 spec-
imen), also supported by Barberena et al. (2009) who reported 
values of δ13C of −28.5‰ and −27.5‰, respectively, for Bromus 
and Festuca species sampled on hilltops at 2010 m a.s.l. near 
Bogota. The difference between our values and those of Bar-
berena et al. (2009) may be partly explained by the altitudinal 
difference. Indeed, fractionation in C3 plants is lower at higher 
altitude (Bird and Pousai, 1997; Körner et al., 1988). The four 
specimens have also similar amount of carbon content (˜42%). 
However, the nitrogen content is twice higher in Bromus type 
(˜3%) compared with the two other species explaining their sig-
nificantly lower C/N ratios (Table 3). Finally, though the number 
of modern plant isotopic analyses is limited, we assume that 
Tiquimani site is likely a C3-dominated ecosystem with typical 
values around −26.5‰.

Sediment core.  The four sedimentary biogeochemical proxies, 
δ13CSOM, carbon content, nitrogen content, and C/N ratios, varied, 
respectively, between −24.9‰ and −23.3‰, 6.5% and 1.2%, 
0.6% and 0.1%, and 10% and 16% (Table 3 and Figure 5). At first 
glance, δ13CSOM and C/N ratios at Tiquimani suggest a C3-domi-
nated ecosystem characterized by relatively enriched 13C com-
pared with modern C3 plant during the past 7 kyr as the mean 
sediment core δ13CSOM is about 2‰ heavier than the modern plant 
(Figure 5). This difference can be explained either by environ-
mental changes or fungi degradation. Indeed, 13C-enrichment 
occurs during decomposition, and as a result, deep soil organic 
matter may tend to have higher 13C values than the surface (e.g. 
Natelhoffer and Fry, 1988; Stout et al., 1981; Stout and Rafter, 
1978). Wetland sedimentary organic matter (SdOM) may result 

from a complex combination of sources: autochthonous organ-
isms (freshwater food chain) and/or allochthonous material (ter-
restrial riverine and atmospheric inputs). Hence, the isotopic 
composition of the SdOM may also reflect a mixture of these 
diverse sources. At Tiquimani, several hypothesis could be 
inferred to understand the origin of the SdOM and the causes of 
the δ13CSOM variability:

1.	 The observed covariation between the carbon and 
nitrogen contents (R2 = 0.9) suggests that C and N of 
organic matter underwent the same decomposition pro-
cesses. δ13CSOM values do not significantly covary with 
both C (R2 = 0.3, n = 33 or R2 = 0.2, n = 32) and N 
(R2 = 0.1) elements, suggesting that the changes of the 
δ13CSOM are not heavily affected by the degradation of 
the sedimentary organic matter stock.

2.	 Generally, freshwater algae organic matter is character-
ized by relatively low C/N ratios, while higher values 
suggest a substantial contribution of terrestrial sources 
(Sifeddine et al., 2004). Therefore, we assume that 
organic matter at Tiquimani sediment core is dominated 
by terrestrial carbon input throughout the past 7 kyr.

3.	 Stable δ13CSOM ratios from the surface to ˜8 cm (˜1300 
yr BP) and significant decrease in carbon and nitro-
gen contents suggest that the decomposition effect on 
the carbon isotopic fractionation between fresh and 
decomposed organic matter is low at this site.

4.	 An alternative interpretation for 13C-enrichment is a 
change in the balance of the C3 and C4 plant and in 
climate. Indeed δ13C of C3 plants decrease signifi-
cantly with increase in precipitation with, for instance, 
−0.49‰/100 mm (Wang et al., 2003).

5.	 Modern plants grow under different conditions com-
pared with their preindustrial counterparts that formed 
the sedimentary organic matter. This may explain 
the average difference between δ13CPlant − δ13CSOM 
(2.3‰). First, the δ13C value of atmospheric CO2 was 
1.3‰ higher than it is today (Leuenberger et al., 1992; 
Marino et al., 1992). Thus, accounting for the first cor-
rection, the difference between δ13CPlant and δ13CSOM 
is 1‰. Second, amounts of atmospheric CO2 between 
7 kyr BP and ˜0.2 kyr (preindustrial) have increased 
from ˜260 to 280 ppmv and exploded to ˜380 ppmv 
in the late 20th century. These CO2 concentration lev-
els may also have affected the δ13C values of C3 plants 
(Feng and Epstein, 1995). Assuming this 13C depletion 
rate, the remaining 1‰ δ13CPlant − δ13CSOM difference 
is explained by a change of ˜100 ppmv, which is about 
the pCO2 difference between the preindustrial and the 
early 21st century. The corrected δ13C curve is given in 
Figure 5.

Consequently, despite the small amplitude range of the 
δ13CSOM values along the core (2.4‰ for the whole corrected 
curve or 1.7‰, if we do not account for the last 150 years 

Table 3.  Plant isotopic composition and nitrogen and carbon contents (n is the number of replicates of the same sample and δ13C is 
expressed in ‰).

Locality Taxa %C SD %N SD δ13C SD C/N

Herbarium of La Paz Bromus brayacantha 42.7 (n = 2) 0.3 3.1 (n = 2) 0.1 −27.8 (n = 2) 0.0 13.9
  Bromus catharticus 41.3 (n = 2) 0.2 3.4 (n = 2) 0.1 −25.6 (n = 1) – 12.3
Field near Tiquimani Calamogrostis sp 42.0 (n = 1) – 1.4 (n = 2) 0.0 −27.3 (n = 1) – 29.5
  Festuca sp 42.6 (n = 1) – 1.2 (n = 2) 0.1 −25.4 (n = 1) – 35.8

SD: standard deviation.
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influenced by the anthropogenic activities), we suggest that the 
δ13CSOM variations reflect responses of the C3-dominated ecosys-
tem to precipitation changes. After 5 kyr BP, the δ13CSOM shift of 
0.6‰ is equivalent to about 150 mm (using the Wang et al. (2003) 
calibration since the relationship is not available for our study 
area). Between 4 and 1.5 kyr, the higher δ13CSOM is attributed to a 
response of the Puna grassland to drier climatic conditions over 
long intervals. Mean annual precipitation was likely about 200 
mm less than today. Plants that thrive under these conditions, like 
quinoa (see pollen and phytolith discussion), considered to have 
good drought tolerance (Jensen et al., 2000), are characterized by 
a relatively high WUE that would explain the high δ13CSOM.

Phytolith analyses
At this altitude, in this region, C3 grasses are dominant (Bremond 
et al., 2012; Renvoize, 1998) and BEP grass taxa are most often 
observed. Particular care was taken to differentiate grass silica 
short cells (GSSCs) produced by BEP grasses. Moreover, 
because ‘long, wavy trapezoids’ appear to be unique to the Pooi-
deae (Barboni and Bremond, 2009; Piperno and Pearsall, 1998), 
they were differentiated during counting and split into three 
classes (Figure 3a and b): Trapeziform trilobate, Trapeziform 
polylobate (multilobed short cell; Piperno and Pearsall, 1998) 
characterized by large lobes, and wavy trapeziform with small 
lobes (Piperno and Pearsall, 1998), also called Trapeziform sinu-
ate (Figure 3c). This last one is particularly interesting because 
Bromus grasses mainly produce this shape (Blinnikov, 2005; Lu 
et al., 2006; Morris et al., 2009). The GSSC assemblages are 
typical of high elevations; BEP phytoliths were dominant 

throughout the core, although significant variations were 
observed. Wavy trapeziform phytoliths always represented more 
than 15% of the GSSCs but reached higher frequencies at the 
base of the core, around 4.2 cal. kyr BP, and increased during the 
last 1500 years (Figure 6). Variations in wavy trapeziform types 
were interpreted as a change in dominant grass species around 
the site. Similar pattern in variations in wavy trapeziform and the 
Bromus-type pollen grain frequencies along the core suggested 
an increase of this Poaceae genus favored by either human activ-
ity or climate around 4.2 cal. kyr BP. The background production 
of wavy trapeziform phytoliths, represented by the minimum of 
the curve around 15%, can be explained by the production of 
other grasses due to the phenomena of multiplicity and redun-
dancy (Rovner, 1971). Nevertheless, it cannot be excluded that 
grasses other than Bromus produced this type of phytolith, even 
during phases with higher frequencies. This is clear for the last 
1500 years when no Bromus-type pollen grains were identified, 
and for the modern period when wavy trapeziform phytolith 
reached 25% of the GSSCs, while Bromus grasses were not 
observed among dominant grasses.

Diatom analyses
From the base up to 19–20 cm, the diatom flora was dominated by 
benthic, aerophilous, and acidophilous taxa, mainly represented 
by Eunotia spp, Pinnularia spp, and Luticola mutica (Figure 7). 
These taxa are characteristic of high-elevation peat bog soils, and 
indicate low but constant humidity. At 22–23 cm, an association 
of two tychoplanktonic taxa, Aulacoseira perglabra and Frag-
ilaria capucina, were observed. Fragilaria capucina shows low 

Figure 6.  Synthetic phytolith diagram of the Tiquimani TK 1-2 core showing the results for the 16 samples analyzed. The heights of the most 
common GSSC types are expressed as percentages of the total GSSC sum along a calibrated age scale. Pollen zones from Figure 2 are reported 
in the diagram.
GSSC: grass silica short cell; WUE: water-use efficiency.
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frequencies (2%) when Aulacoseira perglabra dominates (38%) 
together with aerophilous and acidophilous benthics (10%) illus-
trating environmental variability with periodical water supply. 
Aulacoseira perglabra was mainly represented by its internal 
structure (e.g. sulcus), indicating that these taxa were poorly pre-
served, but, nevertheless, represented more than 38% of the 
assemblage. These taxa were present in the middle of the sequence 
until the 9–10 cm sample in which Fragilaria capucina reached 
its highest percentage (36%). In the same sample, the tychoplank-
tonics Staurosira construens v. pumila appeared and dominated 
the assemblage until the top of the sequence, reaching more than 
60%. These tychoplanktonic taxa indicate moister conditions 
with increased variability of the level of water feeding the peat 
bog. Permanent moisture conditions start with sample of 9–10 cm 
when benthics decrease and tychoplanktonics increase.

Reconstruction of the environmental history of 
Tiquimani
The analyses revealed two types of plant assemblages, one linked 
to regional vegetation, the trees or AP, and the other to local plant 
distribution, the grasses and the algae. A synthetic diagram pres-
ents all the bioindicators and the isotopes along a timescale (Fig-
ure 8). Between 6.5 and 5.8 cal. kyr BP, the surface released from 
ice was colonized by bushes of Ericaceae with low AP and fern 
frequencies (Figure 4). The observation of the following regional 
increase in moisture rates was based on the high AP observed 
between 5.8 and 3 cal. kyr BP. The AP pollen content consisted 
mainly of three representative cloud forest taxa, Podocarpus, 
Alnus, and Hedyosmum (Figure 4). As the upper treeline of the 
Andean forest is located 200 m below the site and as it represents 
the highest elevation since the beginning of the Holocene (Di 
Pasquale et al., 2008; Moscol Oliveira and Hooghiemstra, 2010), 
we may assume that these taxa did not grow locally and that the 
observed increase in AP frequencies was rather due to an increase 
in pollen transport by the clouds and deposition in the wetland by 
the raindrops of the convective activity as observed in our modern 
calibration (Ortuño et al., 2011). This observation is reinforced by 
the fact that Poaceae pollen grains are uniformly represented 
throughout the record, confirming to the continuous presence of 
grassland on the Puna. In addition, the presence of Bromus-type 
pollen grains and of wavy trapezoid phytoliths preferentially pro-
duced by Bromus grasses (Piperno and Sues, 2005) was observed 

between 5.5 and ˜3.2 cal. kyr BP, reaching their highest frequen-
cies at 4.2 cal. kyr BP (Figures 4 and 8). The Bromus type includes 
a nutrient-rich perennial native grass of Bolivia (Renvoize, 1998), 
still used as fodder at lower elevations today but not previously 
identified in any of the 20 wetland botanical surveys carried out in 
the Bolivian Puna (Ortuño, in preparation). This grass was accom-
panied by Zygnemataceae, an algal spore whose presence indi-
cates phases of shallow and mesotrophic fresh water (Van Geel 
and Van der Hammen, 1978), abundant tychoplanktonic diatoms, 
indicating moist and highly variable hydrological conditions (par-
ticularly the genus Aulacoseira, which requires turbulence to sur-
vive in the water column (Figure 7) and lower δ13C ratios of 
terrestrial organic matter (C/N > 8), which also suggest moist 
conditions (Figure 8). This combination of several proxies is 
characteristic of permanent water levels between 5 and 4 kyr BP. 
Pollen grains of quinoa, a nutritive grain belonging to the Cheno-
podiaceae family, also called ‘pseudo cereal’, were first observed 
at ˜5 cal. kyr BP but continued to be observed at low frequencies 
until 2.7 cal. kyr BP when it became the dominant crop at Tiqui-
mani (Figure 4). After 4 cal. kyr BP, low AP frequencies show a 
change in the convective activity at Tiquimani while the regional 
climate became moister (Figure 8) (Baker et al., 2001).

Discussion
Mid-Holocene in the Central Andes: Alternance of dry 
and wet phases
The content of the gray silt at the base of the core and dated at ˜7 
cal. kyr BP is interpreted as the first deposit of the sediment that 
was mixed with the ice in the glacier. Therefore, the pollen con-
tent of this sediment could represent the layer of mixed material 
released after ice melting and not the original vegetation at 7 cal. 
kyr BP. The mid-Holocene time period, between 6.8 and 5 kyr BP, 
is characterized by major changes in the hydrological cycles in 
tropical South America. The drastic decrease of the lake levels on 
the Altiplano (Argollo and Mourguiart, 2000), the depletion of the 
glaciers (Jomelli et al., 2011), the deposition of dust in the ice 
cores (Thompson et al., 1995), archeological gaps in central Bra-
zil (Araujo et al., 2005) and northern Chile (Nuñez et al., 2002), 
and regression of the tropical forest in central Brazil (Salgado-
Labouriau et al., 1998) were associated with a warmer and a drier 
climate. Changes in the mean position of the Intertropical Con-
vergence Zone (ITCZ) related to the orbital forcing on a 

Figure 7.  Summary of diatom assemblages from core TK 1-2 showing the results obtained for the 10 samples analyzed. Major diatom species 
are grouped according to their ecological preferences. Diatoms are expressed in relative abundance (%) along a depth scale. Pollen zones from 
Figure 2 are reported in the diagram.
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millennial timescale and lower summer insolation (Berger and 
Loutre, 1991) prevented the installation of the rainy season on the 
continent (Haug et al., 2001). However, differences are observed 
among the different regions of tropical South America. For 
instance, the extreme aridity seems rather restricted to the central 
area in Brazil, the eastern part of the Amazon basin, and the Alti-
plano. In the Andes, six climate simulations of the mid-Holocene 
(Jomelli et al., 2011) showed a 0.5°C increase in temperature but 
also a 0.5 mm/day increase in winter precipitation. These changes 
were mainly driven by the northward shift of the ITCZ (Bracon-
not et al., 2007; Vuille and Keimig, 2004), which, in turn, led to a 
northward shift of the Westerlies and more frequent cold surges in 
summer and fall at latitude 20°S (Vuille and Keimig, 2004). This 
feature led to a significant decrease in atmospheric precipitation 
in the southern tropics documented by the 85-m drop in the level 
of Lake Titicaca (Baker et al., 2001) (Figure 8) between 7 and 5 
kyr BP which, in turn, led to two major dust deposition events in 
the Cordillera between 5 and 4 cal. kyr BP (Thompson et al., 
1995). However, differences in timing and expression of the mid-
Holocene aridity are noted according to latitudes. The progressive 

re-installation of the ITCZ summer shifts were inferred to explain 
the observed north–south gradient of the return to wet conditions 
on the Altiplano and the filling of the lakes between 13°S and 
19°S (Abbott et al., 2003). Recently published pollen records 
showed different expressions of the wet/dry phases during the 
early to mid-Holocene. At Chochos (7°38′S, 3285 m a.s.l.), a 
warm interval is observed between 9.5 and 7.3 kyr BP (Bush et 
al., 2005) and the return to moist conditions is attested after 6 kyr 
with no fluctuations until today, at Pacucha (13°S, 3095 m a.s.l.) 
a wet episode is attested from 8.5 until 5 kyr BP followed by drier 
conditions interrupted by wetter events until today (Hillyer et al., 
2009), at Consuelo (13°57′S, 1360 m a.s.l.) dry conditions punc-
tuated by wet phases occurred between 7.4 and 5 kyr BP (Urrego 
et al., 2010), while Khomer Kocha (17°16′S, 4153 m a.s.l.) char-
acterized the Holocene dry event between 10.1 and 6.4 kyr BP 
with the maximum of aridity between 7.3 and 7 kyr BP and the 
return of moisture after 6.4 kyr BP until today (Williams et al., 
2011). The increase of humidity observed at Tiquimani (16°S, 
3900 m a.s.l.) between 5.8 and 3.2 kyr BP is in agreement with the 
return to moist conditions observed in the above-cited studies 
generally after 6 kyr although differences in the expression of the 
moisture are observed. More to the south in northern Chile and 
Argentina, alternance of dry and wet periods were observed 
between 8 and 5.3 kyr BP (Nuñez et al., 2002; Yacobaccio and 
Morales, 2005).

Origin of moisture
Between 5.8 and 3.2 cal. kyr BP, the observed high arboreal pol-
len frequencies were transported from trees of the below cloud 
forest belt and deposited in the wetland by the raindrops of the 
convective activity. Therefore, based on modern pollen rain stud-
ies, the tree pollen frequency could be considered as an indicator 
of the cloud condensation at this elevation. To explain the mid-
Holocene increase in convective precipitation on the Tiquimani 
wetland, we infer that moisture from the Amazon basin was 
advected through the valleys to higher elevations where the warm 
saturated air condenses, producing rainfall on the eastern slope of 
the Andes (Killeen et al., 2007; Wielicki et al., 2002). The contrast 
between the warmer and drier climatic conditions observed in 
Amazonian forests (Mayle and Power, 2008) and the cold and still 
expanded glacier of the highlands, for instance, Telata (Jomelli et 
al., 2011), pushed the cloud base up from the lowlands. However, 
convective activity was not strong enough to allow upward expan-
sion of the cloud forest (Mourguiart and Ledru, 2003). The 
increase of convective moisture between 5.8 and 3.2 cal. kyr BP 
did not reach the Altiplano at 4100 m a.s.l. where the climate 
remained arid until 3800 cal. yr BP. In addition to this convective 
moisture, intriguing at Tiquimani was the development of a par-
tially inundated grassland between 5 and 4 cal. kyr BP attested by 
the diatoms, the isotopes, and the presence of fresh algae. At 
Tiquimani, we suggest that in this particular valley, between the 
abundance and frequency of clouds (Vuille and Keimig, 2004), 
the albeit scarce winter precipitation (Haug et al., 2001) and the 
melting of the glacier above Tiquimani (Jomelli et al., 2011) 
(5519 m) provided sufficient water to maintain the wetlands dur-
ing a regional period of aridity. This period between 5.5 and 4 kyr 
BP, which encompasses the last arid phase and the beginning of 
the return to moister conditions on the Altiplano (Argollo and 
Mourguiart, 2000), was crucial for the evolution of Andean soci-
eties that had been affected by the scarcity of wetlands (Yacobac-
cio, 2006). The subsequent expanded cultivation of quinoa in the 
Puna (Figure 8) provides evidence for another significant step and 
progressive behavioral modifications of Andean societies when 
regional moisture returned and a seasonal climate was established 
in the Eastern Cordillera, driven by the increase in El Niño South-
ern Oscillation cycles (Moy et al., 2002). These processes were 

Figure 8.  Mid-Holocene climate changes at Lake Titicaca and 
in the wetland of Tiquimani. The time interval discussed here, 
between 5000 and 4000 yr BP, is indicated by the gray bar. The 
low level of Lake Titicaca (Tapia et al., 2003) is compared with 
high arboreal pollen frequencies deposited by convective activity, 
changes in stable isotopes pointing to a high plant water-use 
efficiency, high frequencies of selected pollen of Bromus type 
and of quinoa, high frequencies of wavy trapezoid phytoliths 
associated with a grass of the Bromus group, and high frequencies 
of tychoplanktonic diatoms characterizing turbulent water at 
Tiquimani. The timescale was calculated from five radiocarbon 
dates (Table 1).
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crucial for the development of the social environment of hunter–
gatherers that continued up to the time their descendants became 
sedentary and established some of the most complex urban cen-
ters in human history.

The late Holocene
At 3.2 cal. kyr BP, the ITCZ and the SACZ progressively shifted 
south to near-modern summer positions with the maximum of 
insolation centered on the rainy season (Baker et al., 2001).

On the wetland of Tiquimani, the grass was replaced by the 
quinoa with two maxima of development between 2.3 and 1.8 cal. 
kyr BP and between 1.3 and 0.8 cal. kyr BP. The development of 
chenopods after ˜2.2 cal. kyr BP is also illustrated in southern 
Peru and Bolivia (Bruno and Whitehead, 2003; Kuentz et al., 
2012; Williams et al., 2011) and characterized a shift in agricul-
tural productions. The quinoa tolerates dry climatic conditions 
with temperature range between 15° and 4°C (7°C), between 548 
and 845 days of rainfall per year, 170 days of frost per year, and a 
high ultraviolet light exposure due to the high elevation (Del Cas-
tillo et al., 2008). Today, two regions are important for the culture 
of the quinoa, the surroundings of Lake Titicaca and the Uyuni 
and Lipez Salars, respectively, located in the north and south of 
Bolivia. The development of the quinoa is coincident with two 
dry phases at Lake Titicaca when low lake levels were observed 
between 2.5 and 2.2 cal. kyr BP and at 1.3 cal. kyr BP and were 
related to changes in the Andean societies (Abbott et al., 1997; 
Binford et al., 1997). At Tiquimani, the quinoa was progressively 
abandoned during the last thousand years probably in favor of 
livestock raising as we can see today.

Conclusion
The record of Tiquimani confirmed the existence of humid 
spots within the tropical Andes during the so-called arid phase 
of the mid-Holocene. Our results reveal that the high Andes 
present a great heterogeneity in climate (Marchant et al., 2001) 
and landscapes that needs to be observed at finer scales by cli-
matologists, archeologists, and palaeoecologists before being 
able to understand the origin of many cultivated species that 
later colonized the Old World and the evolution of the Andean 
populations, from hunter–gatherer to complex urban societies, 
which were fully adapted to their environment during the suc-
cessive wet and dry phases of the Holocene climatic changes. 
The hypothesis of land abandonment is challenged in favor of 
changes in practices during the arid period. Our results also 
highlight the importance of cloud activity as an additional 
source of moisture transported from the Amazon basin when 
precipitation becomes scarce during, for instance, a decrease of 
the seasonal shifts of the ITCZ (González-Carranza et al., 2012; 
Ledru et al., 2013). The need to improve cloud modeling in the 
tropics was recently underlined (Wielicki et al., 2002). How-
ever, models failed so far to reproduce links between tropical 
radiative budget and seasonal cloud cover variability because 
of their coarse resolution (Chen et al., 2002), a key issue to 
evaluate the multiple origins of Andean water resources for the 
coming century (Bradley et al., 2006).
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Appendix
List of the pollen taxa identified in core TK 1-2

Arboreal pollen Ambrosia Solanum Onagraceae
Adesmia Annonaceae Geraniaceae Ferns
Alchornea Apocynaceae Gesneriaceae Acrostichum
Alnus Apodanthera cucurbitac Gomphrena Adiantum
Andira type Asteraceae tubuliflorae Gunnera Anemia type
Araliaceae Asteraceae liguliflorae Hydrocotyle Asplenium
Arecaceae Asteraceae Loricaria type Hyptis Athyrium

Astronium Asteraceae Diplostephium Juncaceae Bryophytes
Casearia Asteraceae Chuquiragua Loranthaceae Cyathea
Cecropia Asteraceae Lasiocephalus Lupinus Cyathea horrida
Celtis type Asteraceae Ophryoglossus Malvaceae Cystopteris type
Cupressaceae Scrophulariaceae Montia Grammitis
Hedyosmum Azorella Oxalis Huperzia
Hypericum Begonia Peperomia Hymenephyllaceae
Ilex Bocconia Papaveraceae Poaceae Hypolepis type
Juglans Bomarea Polygonum Isoetes
Melastomataceae Borreria Piper Jamesonia
Meliaceae/Sapotaceae Brassicaceae Plantago Lycopodiaceae
Mimosaceae Bromeliaceae Polygala Melpomene

Moraceae/Urticaceae Bromus type Ranunculus Mesea
Myrica Calceolaria Rubiaceae Monolete
Myrsine Campanulaceae Rumex Ophioglossum
Myrtaceae Caryophyllaceae Saurauia Polypodiaceae
Podocarpus Chenop-quinoa Saxifraga Pteris
Pouteria Convolvulaceae Solanum cf. Schizaea
Protium Croton Thalictrum Selaginella
Rosaceae Cuphea Urticales Sphagnum
Ribes Dalea type Valeriana Thelypteris
Styrax Daphnopsis Vicia Trilete
Trema Ericaceae Viola Algae
Vallea Escallonia Aquatics or water level–related taxa Zygnema
Verbenaceae Evolvulus Alismataceae
Weinmannia Galium Cyperaceae
Non-arboreal pollen Gentianaceae Iridaceae
Acalypha Gentianella Liliaceae
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