
16. D. W. Lea, J. Clim. 17, 2170–2179 (2004).
17. T. Sagawa, Y. Yokoyama, M. Ikehara, M. Kuwae, Geophys. Res.

Lett. 38, L00F02 (2011).
18. P. N. DiNezio et al., Paleoceanography 26, PA3217 (2011).
19. D. H. Andreasen, A. C. Ravelo, Paleoceanography 12, 395–413 (1997).
20. J. Xu, W. Kuhnt, A. Holbourn, M. Regenberg, N. Andersen,

Paleoceanography 25, PA4230 (2010).
21. P. Fiedler, L. Talley, Prog. Oceanogr. 69, 143–180 (2006).
22. K. Thirumalai, J. W. Partin, C. S. Jackson, T. M. Quinn,

Paleoceanography 28, 401–412 (2013).
23. E. C. Brady, B. L. Otto-Bliesner, J. E. Kay, N. Rosenbloom,

J. Clim. 26, 1901–1925 (2013).
24. A. Patrick, R. Thunell, Paleoceanography 12, 649–657 (1997).
25. H. Spero, K. Mielke, E. Kalve, D. Lea, D. Pak, Paleoceanography

18, 1022 (2003).
26. D. Rincón-Martínez, S. Steph, F. Lamy, A. Mix, R. Tiedemann,

Mar. Micropaleontol. 79, 24–40 (2011).

27. H. M. Benway, A. C. Mix, B. A. Haley, G. P. Klinkhammer,
Paleoceanography 21, PA3008 (2006).

28. A. Koutavas, J. Lynch-Stieglitz, T. M. Marchitto Jr., J. P. Sachs,
Science 297, 226–230 (2002).

29. G. E. Manucharyan, A. V. Fedorov, J. Clim. 27, 5836–5850 (2014).
30. Z.-Z. Hu et al., J. Clim. 26, 2601–2613 (2013).
31. M. Collins et al., Nat. Geosci. 3, 391–397 (2010).
32. N. A. Rayner et al., J. Geophys. Res. 108, 4407 (2003).

ACKNOWLEDGMENTS

We thank P. DiNezio, A. Fedorov, B. Hönisch, G. Manucharyan,
A. Moore, A. Paytan, J. Zachos, and two anonymous reviewers
for comments on the manuscript. R. Franks, E. Chen,
J. Hourigan, and N. Movshovitz provided analytical support.
For this research, we used samples provided by the Integrated
Ocean Drilling Program (IODP). Funding for this research
was provided by NSF grant OCE-1204254 (A.C.R.), the

Achievement Rewards for College Scientists Foundation (H.L.F.),
and the Schlanger Fellowship (H.L.F), which is part of the
NSF-sponsored U.S. Science Support Program for IODP that is
administered by the Consortium for Ocean Leadership. Our data
are deposited at the National Oceanic and Atmospheric
Administration National Climatic Data Center and Pangaea.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/347/6219/255/suppl/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S17
Tables S1 to S3
References (33–70)

7 July 2014; accepted 11 December 2014
10.1126/science.1258437

PALEOECOLOGY

Linked canopy, climate, and faunal
change in the Cenozoic of Patagonia
Regan E. Dunn,1* Caroline A. E. Strömberg,1 Richard H. Madden,2

Matthew J. Kohn,3 Alfredo A. Carlini4

Vegetation structure is a key determinant of ecosystems and ecosystem function, but
paleoecological techniques to quantify it are lacking.We present a method for reconstructing leaf
area index (LAI) based on light-dependent morphology of leaf epidermal cells and phytoliths
derived from them. Using this proxy, we reconstruct LAI for the Cenozoic (49 million to 11 million
years ago) of middle-latitude Patagonia. Our record shows that dense forests opened up by the
late Eocene; open forests and shrubland habitats then fluctuated, with a brief middle-Miocene
regreening period. Furthermore, endemic herbivorous mammals show accelerated tooth crown
height evolution during open, yet relatively grass-free, shrubland habitat intervals. Our Patagonian
LAI record provides a high-resolution, sensitive tool with which to dissect terrestrial ecosystem
response to changing Southern Ocean conditions during the Cenozoic.

V
egetation structure—the degree of canopy
openness—is a fundamental aspect of eco-
systems, influencing productivity, hydro-
logical and carbon cycling, erosion, and
composition of faunal communities (1, 2).

However, methods to quantify ancient vegeta-
tion structure have eluded paleoecologists. Here,
we present a method with which to reconstruct
vegetation openness, specifically leaf area index
[LAI = foliage area (m2)/ground area (m2)], using

the morphology of leaf epidermal cells preserved
as phytoliths (plant biosilica) (Fig. 1). LAI quan-
tifies vegetation structure in ecological and
climate modeling studies (1, 3). In modern eco-
systems, LAI relates primarily to soil moisture
(4), by which vegetation becomes more closed with
increasing soil water availability; ultimately, soil
moisture is determined by temperature, precipi-
tation, and atmospheric partial pressure of CO2

(PCO2) (4, 5). Disturbance in the form of fire and
herbivory can offset this relationship, resulting
in open habitats in areas with relatively high
rainfall (6).
Using this paleobotanical archive, we re-

constructed a LAI record for the middle Ceno-
zoic [49 million to 11 million years ago (Ma)] of
Patagonia to test predictions about vegetation
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Fig. 1. Leaf epidermis and examples of epidermal phytoliths. (A) Nothofagus leaf and epidermis. (B to E) Fossil phytoliths from Patagonia. (F to I)
Modern soil phytoliths from Costa Rica.
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response to Cenozoic climate fluctuations and
how changes in vegetation structure relate to
the evolution of high-crowned (hypsodont) and
ever-growing (hypselodont) tooth morphologies
in South American herbivores (7).
Climatic cooling beginning in the middle

Eocene (49 Ma) and major warming events in
the late Oligocene (~26 Ma) and middle Miocene
(17 to 14 Ma) (8) have been linked to tectonics,
ocean circulation (9), atmospheric PCO2 (10), and
ice volume after the onset of extensive Antarctic

glaciation at the Eocene–Oligocene Transition
(EOT; 33.9 Ma) (8). A narrow landmass, Pata-
gonia is sensitive to Southern Ocean climate and
provides an ideal test case for the influence of
global climate on vegetation structure.
It has long been assumed that hypsodonty in

endemic South American herbivores beginning
in the middle Eocene (~40 Ma) evolved in re-
sponse to the spread of Earth’s first grasslands
(11), but recent work found that grasses were rare
(12). When grasses are rare, “traditional” phyto-

lith analysis cannot resolve habitat openness
(13, 14), so it has remained unclear whether hypso-
donty evolved in forests or in open but grass-free
habitats, possibly in conjunction with tooth abra-
sion during ingestion of exogenous grit (12).
Our proxy for reconstructing ancient LAI

[reconstructed LAI (rLAI)] is based on the well-
known influence of sunlight on the size and
shape of pavement cells in leaf epidermis (Fig.
1A). In shade, these cells are larger and have
more undulated outlines than those of cells ex-
posed to full sun (15, 16). Silica mineralization
produces a precision cast of pavement cells in
living plants that can be preserved as fossils
(Fig. 1B). Because sunlight filtering through a
canopy is a function of LAI, we hypothesized
that leaf epidermal cells and their phytoliths are
on average larger and more undulated in closed
forests than in open habitats and that the rela-
tionship is linear across a canopy density gradient.
Because these phytolith types are taxonomically
nondiagnostic we cannot control for phyloge-
netic variation in cell morphology. Instead, we
tested our hypotheses using modern assemb-
lages of phytoliths extracted from soils collected
across an LAI gradient from 0 (completely open)
to 5 (dense forest) in Costa Rica (Fig. 1C).
Cenozoic-aged floras from Patagonia con-

tain a nonanalog mix of mesic and xeric taxa
of tropical and sub-Antarctic lineages (such
as Arecaceae, Anacardiaceae, Fabaceae, Zingi-
beraceae, Proteaceae, Nothofagus, Podocarpa-
ceae, and Araucariaceae). We chose to sample
phytoliths from modern tropical soils in Costa
Rica because it has wet and dry forests, sa-
vanna, and shrubby areas containing many of
the reported fossil genera (41%) and families
(85%) (table S1). We assume that relative change
in epidermal cell morphology is based on can-
opy density and is independent of taxonomy
and latitudinal variation in light regime. Using
light microscopy, nongrass epidermal phytoliths
in extracted samples were photographed and
measured for the calibration data set. Phyto-
lith undulation was standardized by using an
undulation index (UI = circumference of cell/
circumference of a circle with cell area) (16), and
mean site values for phytolith UI (PUI) and
phytolith area (PA) were compared with field
measurements of LAI from hemispherical pho-
tographs (Fig. 2A). Measurements of fossil phy-
toliths followed the same protocol.
In the modern training data set of 45 sites

(table S2), LAI correlates with PUI [coefficient
of determination (R2) = 0.59, P < 0.0001] (Fig.
2B) and PA (R2 = 0.44, P < 0.0001) (Fig. 2C). A
linear multiple regression analysis including both
variables improves the correlation (Fig. 2D and
table S3):

rLAI = 0.0012 × PA(mm2) + 10.4118 ×
PUI – 13.1621 (1)

(R2 = 0.63, P < 0.0001, SE = 0.695, F2,42 = 39).
Using Eq. 1, we reconstructed rLAI for 46 fos-
sil phytolith assemblages from Patagonian paleo-
sols spanning 49 to 11 Ma (Fig. 3A, fig. S3, and

SCIENCE sciencemag.org 16 JANUARY 2015 • VOL 347 ISSUE 6219 259

Fig. 2. Modern soil phytolith morphology and LAI. (A) Hemispherical photographs from Costa
Rica illustrating LAI values. (B) Linear regressions for mean PUI and LAI (rLAI = 13.92 × PUI – 17.31);
and (C) mean Phytolith Area (PA) and LAI (rLAI = 0.0028 × PA + 0.531). (D) Plot of simulated versus
measured values of LAI. Simulated values are derived from Eq. 1.
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table S4). Data from different times should be
comparable because all samples are from the
same region with the same moisture resources

(for example, similar vegetation occupy all sites
today). From the middle Eocene to early Oligo-
cene (49.0 to 32.3 Ma), rLAI values decline from

~4 to 0.6, indicating an opening of the land-
scape, from dense vegetation (such as broad-
leaf forest; LAI = 4 to 3) to progressively more
open vegetation (such as dry forest, woodland,
and scrub; LAI = 2 to 1); and last, to very open
habitats (such as shrubland or desert; LAI < 1)
(Table 1 and Fig. 3). High rLAI values during the
middle Eocene correspond in age with the highly
diverse megathermal floras 380 km farther north
(17), and middle Eocene–early Oligocene decreases
in rLAI correspond with increased abundances
of sub-Antarctic taxa such as Nothofagus (18, 19).
Between 38.5 and 38.0 Ma and 35.0 and

32.2 Ma, habitats were maximally open (rLAI
<1). Diagnostic phytoliths from these assem-
blages indicate abundant palms, woody eudico-
tyledons, and sparse grasses (<1 to 15%) (12). We
interpret these habitats as a nonanalog palm
shrubland with a discontinuous canopy. Dur-
ing the late Oligocene, rLAI increases, indi-
cating dry forest, woodland, or scrub until the
earliest Miocene (~21.1 and 18.8 Ma), when
rLAI drops again. Early Miocene rLAI fluctua-
tions (<1 to 2.4) suggest shifts between palm
shrubland and open forest without a contin-
uous grassy understory (12). The middle Mio-
cene (~15.7 to 14.6 Ma) saw a brief spike in rLAI
values (>3.5) at 14.6 Ma, after which (~14.2 Ma)
rLAI values trend downward again. Pollen records
from late Oligocene–middle Miocene marine
strata of Patagonia indicate humid forest condi-
tions dominated by Nothofagus and podocarps,
with low abundances of arid-adapted (inferred
as open habitat) taxa before 10 Ma (20). These
pollen data do not contradict our findings be-
cause they reflect regional vegetation and are
biased toward prolific pollen producers, whereas
our phytolith samples represent in situ vegeta-
tion of the central Patagonian lowlands.
Broad changes in rLAI track the Southern

Ocean d18O temperature record (8, 21); rLAI
decreases during mid–late Eocene cooling and
increases during late Oligocene warming. The
middle Miocene (~15.7 to 14.6 Ma) regreening of
Patagonia coincides with increased atmospheric
PCO2 (22) and reduced Antarctic ice sheet vol-
ume (23). After ~14.2 Ma, declining rLAI values
are consistent with middle Miocene cooling, ice-
growth, and modeled changes in meridional heat
and vapor transport (24).
Vegetation-climate decoupling occurred dur-

ing pulses of maximum openness at 38.5 to
38.0 Ma and at ~35 Ma, as marine temperatures
gradually declined. This second pulse predates
the EOT by >1 million years; in contrast, during
abrupt EOT cooling, rLAI remained relatively
unchanged. Quasi-constant rLAI during the EOT
is consistent with phytolith abundance data, sug-
gesting compositionally stable vegetation (12)
and isotopically inferred invariant temperatures
(25). However, aeolian sedimentation rates dra-
matically increased at 33.6 Ma (26), which is
consistent with Oi-1 glaciation.
Intervals of open vegetation likely reflect re-

duced precipitation, although disturbance such
as fire, volcanism, or herbivory may have con-
tributed. Megafloral records from elsewhere in
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Patagonia document stable mean annual tem-
peratures (MATs) of ~18°C, but decreasing mean
annual precipitation (MAP) from the middle
Eocene onward (Fig. 3C) (27). By at least the
late Oligocene, decreased MAP values reflect re-
duced dry-season rainfall (27). Locally, episodes
of low rLAI correspond to the lowest MAP es-
timates from paleosols and shifts to aeolian
sedimentation (28). Additionally, phytoliths of
water-demanding gingers become very rare (0.4%)
by 38.1 Ma and disappear after ~38 Ma (12).
Our climate interpretation is seemingly at odds
with phytolith evidence for abundant palms,
which in modern South America is linked to
warm, humid climates (29). However, Patago-
nian fossils indicate that a largely dry-adapted
palm clade (Attaleinae) had diversified in South
America by the Paleocene (fig. S5). We hypoth-
esize that water-use efficiency in these palms
was further enhanced under elevated Eocene at-
mospheric PCO2 (30).
Increasing openness (rLAI < 1) ~40 Ma co-

incided with initiation of tooth crown height
increases in several clades of notoungulates (Fig.
3D). Proportions of hypsodont+hypselodont taxa
continued to rise from 38 to 20 Ma, as rLAI
remained low (between 0 and 2; average ≤ 1.5).
The hypsodonty trend may have reversed dur-
ing more forested middle Miocene conditions,
but errors are large, and constant hypsodonty
proportions cannot be ruled out. In modern
South American environments, the proportion
of hypsodont+hypselodont species dramatically
increases under a LAI value of ~1.2 (fig. S6 and
table S7). These areas experience low precipi-
tation, frequent dust storms, and erosion of
tephric materials (31).
Evidently, feeding in drier, more open Eocene–

early Miocene ecosystems provided evolutionary
pressure to drive hypsodonty and hypselodonty
in Patagonia. The temporal coincidence of wind-
blown ash, low rLAI, and increased rates of
hypsodonty+hypselodonty further suggests that
ash played a key role in this process (12). In low

LAI habitats today (such as shrublands), sparse
vegetation includes both bare ground (dust
source areas) and shrubs (traps for dust) (32).
Thus, ingestion of dust adhering to plants growing
on highly erodible surfaces (tephra-rich soils)
plausibly drove this pattern of tooth evolution
in South America.
Taken together, these patterns indicate that

long-term climate changes that predated the
EOT drove ecosystem changes in Patagonia.
Specifically, we propose that Southern Ocean
instability during the protracted opening of
Drake Passage beginning in the middle Eocene
(9) and associated cooling sea surface temper-
atures resulted in reduced rainfall on land and
triggered successive opening-up of landscapes
during the middle-late Eocene. Our method
for estimating rLAI allows for quantification
of vegetation structure through time, and be-
cause it relies on microfossils, extremely high-
resolution records of habitat change are possible.
Additionally, because leaf epidermis is a high-
ly conserved tissue, the method should be
applicable across a broad range of temporal
scales to test many outstanding hypotheses in
paleoecology.
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Table 1. Modern habitat LAI ranges from literature. Dashes indicate no reported data.

Biome type Mean LAI Minimum Maximum Reference

Wetlands 6.30 2.5 8.4 (1)
Tropical evergreen broad 4.80 1.5 8 (1)
Temperate evergreen broadleaf 4.33 0.8 11.6 (1, 35)
Tropical deciduous broadleaf 3.90 0.6 8.9 (1)
Temperate deciduous broadleaf 3.56 0.6 5.08 (1, 35)
Nothofagus evergreen 3.50 2.5 4.5 (36)
Nothofagus deciduous 2.55 2.3 2.8 (36)
Sclerophyllous forest Australia 2.40 — — (37)
Grasslands 1.75 0.08 5 (1, 35)
Monte 1.70 0.5 2.9 (38)
Mediterranean scrub 1.50 1 4 (39)
Chaco (dry forest) 1.5 1 3 (40)
Savanna 1.49 0.78 1.72 (35)
Sclerophyllous forest Australia 0.95 — — (37)
Shrublands 0.77 0.1 4.5 (1, 35, 38)
Desert 0.55 0.9 0.2 (1)
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Materials and Methods 
Over 200 samples of soil were collected from several locations in protected areas 

in Costa Rica where land use histories are known including OTS (Organization for 
Tropical Studies) sites La Selva and Parque Nacional Palo Verde, and sites within the 
Área de Conservación de Guanacaste including Parque Nacional Santa Rosa, Guanacaste, 
(Sector Cerro la Hacha), Rincón de La Vieja (Sector Las Pailas), and Puesto San 
Cristobal. We report on 45 of these samples. Wet tropical forest soils were collected from 
La Selva, dry tropical forest soils from Santa Rosa, Guanacaste and Palo Verde, flooded 
forest soils from Palo Verde, and submontane forest samples from Rincon de La Vieja 
and Puesto San Cristobal (Fig. S1, Table S2).   

We chose to conduct our modern calibration experiment in Costa Rica as 
Patagonian fossil assemblages are non-analogous containing a mixture of Neotropical, 
subtropical and sub-Antarctic taxa.  Of the plant taxa described from two well-known 
Patagonian floral assemblages (megafloras from the early Eocene Laguna del Hunco sites 
(17) and pollen assemblages from late Oligocene-late Miocene shallow marine deposits 
(41)), around 41% of the genera and 85% of the families grow in Costa Rica today (Table 
S1). Our study also assumes that cell morphology does not differ with latitudinal 
differences in photoperiod.  To the best of our knowledge, there are no published studies 
addressing variation in pavement cell morphology with photoperiod. As a result, we 
make no effort to correct our data for possible latitudinal based variation in cell shape and 
size. Instead, we assume that relative changes in epidermal phytolith morphology result 
from canopy-mediated irradiance effects on leaf tissues.  

 
Field Sampling 
 Sample sites were selected from undisturbed areas. Leaf litter was cleared from 
the sample sites and the top 1 cm of soil from a 10 x 10 cm area was collected. The 
resulting collection measured 250 ml in volume. For each collection site, hemispherical 
photographs were taken using a Nikon CoolPix 4500 camera with attached Nikon 
Fisheye Converter GC-E8 0.21x lens from a tripod 1 m from the ground. Sampling took 
place during cloudy days, or in mornings and evenings when the sun was not directly 
overhead and photographs were taken using the optimum exposure for each site (42).  
Effective Leaf Area Index (Le) and % canopy openness were measured from the 
photographs using Gap Light Analyzer (GLA), Version 2.0 imaging software (43) Le is 
the product of L (the measured LAI) and Ω which is a clumping index resulting from the 
non-random distribution of element spatial positions such as needles on coniferous trees 
(44). For broad-leaved forests like those sampled in this study, clumping is less of 
concern and Le is considered similar to L.  The LAI Ring 5 output from GLA was used in 
this study. It is the effective leaf area index integrated over the zenith angle of 0-75°.   

 
Soil Phytolith Extraction and Analysis 
 Soil samples were manually homogenized and 1 gram was measured for 
processing.  Extraction of phytoliths was done using modified standard methods of which 
involve carbonate removal using concentrated HCl, humic acid removal using a 10% 
KOH solution, organic removal using Schulze’s Reagent (KClO3+HNO3) and removal of 
oxides with strong acid (equal parts of HCl and HNO3) (45). Sieving removed particles 
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over 250 µm in diameter, and a finer sieve (56 µm diameter) was used to mechanically 
break up clays though all size fractions under 250 µm were maintained as one sample.  
Heavy liquid extraction was performed using a solution of zinc bromide in HCl and 
water. 

For slide preparation, a subset of the sample was mounted on a slide and fixed in 
Cargille MeltMount™.  Slides were scanned in their entirety at 400x magnification and 
the targeted epidermal phytoliths were located and photographed along slide transects.  
Selected phytoliths were complete epidermal cells showing the entire outline of the cell. 
These are easily distinguished from broken phytoliths, which have sharp, angular 
breakage patterns where lobes are missing.  Measurements of cell area and perimeter 
were made using Adobe Photoshop Extended Version CS5. The Quick Selection Tool 
was used to outline the cell perimeters, and the relevant measurements of area and 
perimeter were recorded. In samples where epidermal phytoliths were rare, multiple 
slides were made to get at least 25 phytoliths per sample.   
 
Distinguishing grass epidermal phytoliths for exclusion 
  There exists some overlap between wide grass long cells and those considered 
anticlinal epidermis of non-grass plants. Grass cells were not measured as a part of this 
study as we have determined in another study that grass cell undulation does not vary 
with light regime, though cell area and length do. Grass long cells were distinguished 
from other anticlinals by having Width:Length ratios ≤ 0.67, and by having blunt ends on 
the short axis (Fig. S2). 

 
 

 
Undulation was quantified for each anticlinal phytolith using a unitless measure, 

the Undulation Index (UI) (16).  UI is calculated as the circumference of the cell (Ce) 
divided by the circumference of a circle with the same area (Ae) as the cell (Co). 
    

 

 
 
 
Quantitative Analyses of Phytoliths 
 All analyses were done using R version 2.8.1 (46). For each site, mean phytolith 
undulation index (PUI) and phytolith area were calculated.  The minimum sample size 
was determined to be 25 phytoliths/sample through bootstrapping. Mean PUI and 
phytolith area for each sample were compared to LAI for each site using linear 
regressions. To develop a statistical model for predicting LAI, a multiple regression 
including both mean PUI and mean area was performed (mean PUI + Mean Phytolith 
Area) and 95% confidence intervals were calculated. The formula derived from this 

€ 

UI =
Ce
Co

=
Ce

2Π Ae
Π
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analysis is Eq. 1 in the main text. Statistical output of the model required to calculate 
confidence intervals are in Table S3. 
 For the fossil samples, we used Eq. 1 (main text) to calculate rLAI values from 
mean PUI and mean phytolith area derived from measuring 25-100 individual epidermal 
phytoliths from each of the fossil extractions.  To infer habitat type, we compared the 
calculated rLAI values to LAI ranges of modern habitats and vegetation types gathered 
from the literature (Table 1, main text).  It should be noted however, that the combination 
of phytolith composition and rLAI values for many of the fossil samples point to non-
analog vegetation types. 
 Both the raw values for rLAI and bins were plotted against age of the 
assemblages. Ages for the phytolith samples were determined by the age model used in 
(12) which is based on the geochronology of (26)(see Table S4).  rLAI bins were grouped 
according to formation, member or age.  These bins were chosen as the formations (Las 
Flores, Kolhue Kaike fms.) and members of the Sarmiento Fm. (Gran Barranca, Rosado, 
Lower Puesto Almendra, Vera, Upper Puesto Almendra, and Colhue Huapi) demonstrate 
distinctive lithologies (Table S4). All of the middle and late Miocene samples (Collon 
Cura, Rio Negro and Rio Mayo fms.) were binned as they come from several different 
formations that are close in age. 
 
  
Study Sites 
 
La Selva Biological Station, Heredia, Costa Rica (10°26’N, 83°59’W), elevation 35-137 
m. Holdridge zone: Premontane wet forest (47). Annual rainfall exceeds 2000 mm/year 
with an average of ~4000 mm/year.  No month receives less than 100 mm precipitation 
(48). The rainy season is June-July, and Nov-Dec (>400 mm per month). Mean Annual 
Temperature (MAT) is ~26 °C, and the mean annual daily temperature ranges between 18 
and 24°C. The daily range in temperature is 6-12°C. August has the highest temperatures 
(~27.1°C), and January has the coolest temperatures (24.7°C).  Forest canopies at La 
Selva are a mosaic of different disturbance histories and canopy heights. Trees are the 
most important functional group (LAI = 3.29) followed by palms (LAI = 1.33) and lianas 
(LAI = 0.73). Epiphytes, ferns and herbs account for only 11% of the total LAI. LAI 
values for tall forest sites do not differ from the dry season to the wet season, so LAI is 
constant throughout the year. Overall landscape LAI that has been measured through 
destructive sampling is 6.00 +/- 0.32. Of that, trees, palms and lianas account for 89% of 
the total, and trees and lianas make up 95% of the upper canopy (49).  
 
Área Conservacion de Guanacaste-NW Costa Rica 
Parque Nacional Santa Rosa - Holdridge Life Zone: semi-deciduous dry tropical forest. 
Elevation ~300 m. Rainfall is seasonal, between April and November, averaging 1614 
mm/year but ranging from 915– 2558 mm/year with a pronounced dry season of 6-
months with little to no precipitation (50).  Mean annual temperature is 27°C with a range 
of 10°C. The warmest month mean temperature is ~33°C, and the coldest month mean is 
21°C. Average temperatures vary between 32–36 °C (51).  Dominant taxa in the area 
include Quercus oleoides, Hymenaea courbaril, and Manilkara zapota. These species are 
not synchronously deciduous (50). Soil samples were collected from early, intermediate 
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and late stage successional plots (52). The early successional plots consisted of one 
canopy layer with an average height of 6 m, containing many deciduous 
eudicotyledonous taxa, shrubs and grasses.  Intermediate successional plots consisted of 
two canopy layers averaging 10 m in height.  Fast growing deciduous species, lianas and 
a higher proportion of shade tolerant species dominate these plots.  Late successional 
plots (Bosque Humedo) have two layers of canopy averaging 30 m in height. They are 
dominated by evergreen species with an overlapping canopy.  Maximum leaf fall occurs 
in April at the end of the dry season and maximal LAI values occur in November, though 
not all species shed their leaves entirely or at the same time. The change in leaf area 
index between the dry season and wet season is ~40% of the total. Our study was carried 
out in July when the forest had a continuous cover of leaves (53). 
 
Parque Nacional Rincón de La Vieja is an active volcano and several of the Holdridge 
life zones can be found along its altitudinal gradient including tropical moist forest, 
premontane wet forest, premontane rain forest, and lower montane rain forest.  
 
Corredor Biológico Puesto San Cristobol  - Lower montane and premontane wet forest 
corredor connecting Pacific and Atlantic forest. 
 
Parque Nacional Guanacaste - Sector Cerro El Hacha – This area is characterized as 
open savanna with grasses and low shrubs growing on relict volcanic topography. The 
dominant grass is Axonopus.  
 
Curation of Voucher Specimens 
All soils, phytolith extracts, and microscope slides are housed at the UW Burke Museum, 
Seattle, WA in the Paleobotany Collections. 
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Figure S1. A) Map of sampling areas in Costa Rica along with Holdridge Life Zones. 
Modified from (47, 54); B) map of vegetation in NW Costa Rica within the Área de 
Conservacion de Guanacaste.  Map made by Waldy Medina, ACG 1999.  
http://www.investigadoresacg.org/IMAGES/MAPFILES/maps/physical_biological/v
egetacion_acg.jpg 
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Figure S2. Criteria used to differentiate grass long cells from anticlinal epidermal cells of 
other taxa. A) Phytolith of grass long cell showing regular, compact undulations, W:L = 
0.21, and has blunt ends on the short axis. B) Phytolith of a grass long cell, W:L = 0.64, 
regular, compact undulations, and has blunt ends on short axis. C) Phytolith of a non-
grass anticlinal cell, W:L = 0.67, and has less regular undulations on all sides of cell.

A B C

10 µm

Figure S2. Criteria used to differentiate grass long cells from anticlinal epidermal cells of other 
taxa.  (A) Phytolith of a grass long cell; shows regular, compact undulations, W:L = 0.21, and 
has blunt ends on the short axis. (B) Phytolith of a grass long cell, W:L = 0.64, regular, compact 
undulations, and has blunt ends on short axis. (C) Phytolith of a non-grass anticlinal cell, W:L = 
0.67, and has less regular undulations on all sides of cell.
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Figure S3. Map showing locations of fossil phytolith samples and generalized stratigraphic 
sections. Samples of the Sarmiento and Koluel-Kaike formations were collected at Gran 
Barranca. Las Flores Formation samples were collected at Bajo de la Palangana. Middle 
Miocene samples were collected at Cerro Guenguel, Bajada Sañeco and in the Rio Chico 
valley. See Table S4. 
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Figure S4.  Benthic foraminiferal δ18O values (8) from the Southern Ocean compared to 
rLAI values (R2=0.19, p=0.002).  δ18O values represent 10-point averages surrounding 
estimated age of phytolith sample. 
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Figure S5. Mapping of habitat preferences of members of the Attaleinae subtribe on the 
relevant part of the palm (Arecaceae) phylogeny (55, 56) suggests that a tolerance to 
open habitats or more arid climates occurred early on in this clade. Paleocene fossil palm 
fruits from Patagonia have links to a clade within this subtribe, and it has been suggested 
that it was most closely related to Lytocaryum (a strict consensus fails to show this 
relationship; (57)). Although Lytocaryum itself forms part of tropical rainforest (TRF) 
vegetation, the phylogenetic placement of the fossils suggests that many of the members 
of Attaleinae that now occupy non-TRF habitats had diverged by the Paleocene, and that 
the clade existed in southern South America. We hypothesize that these palms may have 
thrived in the open, drier vegetation types reconstructed herein. We focus on Attaleinae 
as the only palm clade that both (a) contains many members that display tolerance to 
more extreme climates (some drought and cold tolerance) and/or disturbance, and (b) has 
a distribution in central and southern South America indicating it had its origin there (as 
opposed to the Caribbean, Central America, and northernmost South America, pointing to 
a North American origin)(55, 56).  Habitat data and MAP from various sources (58). 
Biogeography information from GBIF (http://data.gbif.org/).   
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Figure S6. LAI and the prevalence of  hypsodonty in living South American mammals. 
We derived remotely sensed LAI values (MODIS LAI means from 2001-2009) for 80 
localities where mammal species inventories have been obtained (Table S7). The 
percentage of hypsodont mammal species was plotted against LAI values for all species 
included in the 80 inventories. Several models were fit to the data including linear, log 
transformed and a segmented regression using the R package “segmented”.  Hypsodonty 
is significantly inversely related to LAI in all models (p<0.0001).  The segmented 
regression determined a break point at an LAI value of 1.18 ± 0.32.  For South American 
localities, faunal hypsodonty and hypselodonty is the proportion of primary consumers 
that are high-crowned, and this includes rodents, xenarthrans, and ungulates.   In South 
America, of 474 mammal species that are primary consumers, 191 have either high-
crowned or ever-growing cheek teeth. Crown height can be classified for 474 out of 560 
(or 85%) of the total number of species.  Of these, 191 species (or 40%) were classified 
as hypsodont (including all xenarthrans).  Of the 121 species of Sigmodontinae (Muridae) 
rodents classified by crown shape, 24 (or 20%) are here considered high-crowned (or 
here, hypsodont).  Sigmodontines were scored as “hypsodont” if they are reported to 
display greater cheek tooth crown height than found in oryzomyins, the living group most 
closely related to the presumptive ancestral group (31). 
 
 
 



12 
 

 

 
Table S1. Tally of shared taxa between fossil sites in Patagonia and 
extant taxa in Costa Rica.* 
 

 
Late Oligocene-late 

Miocene Pollen1  
Eocene Laguna del 
Hunco Megaflora2 

Genus Level   
Total genera fossil record 46 44 
Shared genera extant Costa 
Rica 18 19 
% Shared Genera (Extant 
Costa Rica & Fossil Record 
Patagonia) 39.1 43.2 
Family Level   
Total families fossil record 56 35 
Shared families extant Costa 
Rica 49 29 
% Shared Families (Extant 
Costa Rica & Fossil Record 
Patagonia) 87.5 82.9 
1Late Oligocene-Late Miocene sites from (41)  
2Early Eocene Laguna del Hunco sites with some additions. List of taxa and 
references found here: http://bhort.bh.cornell.edu/histology/taxaLH.html 
*A list of taxa will be provided by the corresponding author upon request.  
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Table S2. Summary data for Costa Rica soil samples.  
 Site  UWBM1     Veg.       Sample   LAI 52 Mean   Area  Area Mean UI          UI 
 No.    No.   type site        size          Area (µm2) SD3 95% CI4      UI5       SD  95% CI 

  
RD001 PR08581 wetLS 54 2.95 367.84 342.41 91.33 1.44 0.14 0.04 
RD007 PR08582 wetLS 74 3.88 258.14 281.77 64.20 1.40 0.14 0.03 
RD008 PR08583 wetLS 65 2.79 781.74 494.18 120.14 1.44 0.18 0.04 
RD010 PR08584 wetLS 71 2.37 790.12 419.55 97.59 1.39 0.14 0.03 
RD011 PR08585 wetLS 40 2.73 874.80 586.95 181.89 1.43 0.13 0.04 
RD013 PR08586 wetLS 42 2.75 924.08 758.48 229.39 1.44 0.15 0.05 
RD014 PR08587 wetLS 31 2.53 628.09 311.33 109.60 1.51 0.22 0.08 
RD016 PR08588 wetLS 36 3.09 1143.69 781.93 248.61 1.43 0.15 0.05 
RD017 PR08589 wetLS 57 3.15 614.40 265.87 69.02 1.48 0.19 0.05 
RD021 PR08590 wetLS 33 2.39 702.57 523.90 176.10 1.44 0.16 0.05 
RD024 PR08591 wetLS 36 1.66 940.55 413.80 135.17 1.39 0.13 0.04 
RD028 PR08592 wetLS 34 3.77 925.32 463.25 155.71 1.42 0.13 0.04 
RD029 PR08593 wetLS 76 3.29 354.99 502.65 113.01 1.43 0.14 0.03 
RD031 PR08594 wetLS 66 2.79 846.74 856.00 206.52 1.46 0.15 0.04 
RD036 PR08595 wetLS 32 4.78 1330.47 1632.34 565.57 1.52 0.26 0.09 
RD058 PR08596 wetLS 45 3.67 55.98 305.86 89.36 1.47 0.14 0.04 
RD066 PR08597 wetLS 33 2.44 945.50 421.88 143.94 1.48 0.15 0.05 
RD085 PR08598 wetLS 49 2.74 575.90 310.09 86.82 1.47 0.12 0.03 
RD087 PR08599 wetLS 30 3.38 819.50 365.11 130.65 1.50 0.13 0.05 
RD089 PR08600 drySR 48 3.96 978.30 391.85 110.85 1.47 0.17 0.05 
RD090 PR08601 drySR 42 3.16 931.32 552.21 167.00 1.47 0.17 0.05 
RD091 PR08602 drySR 60 4.25 859.84 434.79 129.96 1.48 0.16 0.05 
RD093 PR08603 drySR 32 3.65 1026.69 395.75 139.31 1.46 0.16 0.05 
RD096 PR08604 drySR 40 2.98 733.63 364.73 113.03 1.50 0.17 0.05 
RD099 PR08605 drySR 30 3.35 785.28 292.74 104.76 1.47 0.17 0.06 
RD100 PR08606 drySR 47 2.84 1020.60 451.62 129.11 1.50 0.20 0.06 
RD102 PR08607 drySR 54 0.16 293.78 155.81 41.56 1.34 0.13 0.04 
RD106 PR08608 drySR 52 0.65 288.54 165.47 44.97 1.35 0.15 0.04 
RD107 PR08609 drySR 25 1.06 436.71 233.35 95.36 1.34 0.09 0.04 
RD127 PR08610 drySR 50 1.29 497.97 717.47 198.87 1.36 0.14 0.04 
RD129 PR08611 drySR 57 1.74 549.24 411.05 106.71 1.34 0.11 0.03 
RD130 PR08612 drySR 40 1.71 718.50 552.97 171.36 1.37 0.10 0.03 
RD131 PR08613 drySR 38 0.73 282.56 240.76 76.55 1.38 0.14 0.05 
RD132 PR08614 drySR 25 1.53 642.34 273.77 111.89 1.40 0.15 0.06 
RD136 PR08615 drySR 30 1.54 91.92 352.23 126.04 1.36 0.15 0.05 
RD138 PR08616 dryEH 40 1.04 304.95 231.55 71.76 1.33 0.12 0.04 
RD145 PR08617 dryEH 25 2.16 767.20 301.24 120.52 1.29 0.08 0.03 
RD146 PR08618 dryEH 68 0.34 64.88 185.44 44.08 1.33 0.12 0.03 
RD149 PR08619 wetSC 37 1.98 744.34 405.49 132.46 1.41 0.17 0.05 
RD160 PR08620 wetRV 31 2.56 14.98 304.38 107.15 1.33 0.10 0.04 
RD162 PR08621 wetRV 25 2.47 433.84 288.86 113.23 1.41 0.16 0.06 
RD174 PR08622 wetRV 63 0.33 229.63 222.40 54.92 1.34 0.15 0.04 
RD177 PR08623 wetRV 64 0.58 274.84 230.45 56.46 1.35 0.14 0.03 
RD178 PR08624 wetRV 68 1.27 178.11 140.75 33.45 1.28 0.14 0.03 
RD180 PR08625 wetRV 34 1.19 268.66 170.29 57.24 1.35 0.12 0.04 

 
Notes: 1UWBM= University of Washington Burke Musuem catalog number, 2LAI 5 = LAI calculated using 
0-75° zenith angle, 3SD=Standard Deviation, 495% Confidence Interval, 5UI = Undulation Index (see 
Methods section below). Abbreviations for sites: LS = La Selva; SR = Parque Nacional de Santa Rosa; EH 
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= El Hacha (Área de Conservación de Guanacaste- ACG); RV = Rincon de la Vieja (ACG); SC = San 
Cristobal (ACG).   
 
Table S3. Statistical output of rLAI model (Eq. 1).   
  
               Coeff.   Std. Error  t value  Pr(>|t|)     
(Intercept) -1.316e+01   2.857e+00   -4.607  3.77e-05 *** 
Area          1.224e-03   4.911e-04    2.493    0.0167 *   
UI            1.041e+01   2.162e+00    4.816  1.93e-05 *** 
 
Residual standard error: 0.6952 on 42 degrees of freedom 
Multiple R-squared:  0.65, Adjusted R-squared: 0.6333  
F-statistic:    39 on 2 and 42 DF,  p-value: 2.666e-10 
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Table S4. Fossil sample data summary.   
 
1UWBM  2Formation/ Age rLAI 95% CI n PUI PA Binned LAI Bin Error Age Reference 
 no. Member (Ma) (m2/m2)   (µm2) (m2/m2)    

 
PB29347 Rio Mayo 11.78 2.16 0.24 47 1.39 679 2.33 0.51 Madden unpublished 
PB39834 Rio Negro 13.40 2.27 1.01 25 1.32 1348   Kohn unpublished 
PB29819 Collon Cura 13.70 1.76 0.42 37 1.35 754   Kohn unpublished 
PB29817 Collon Cura 13.90 2.67 0.84 42 1.37 1325   Kohn unpublished 
PB29812 Collon Cura 14.00 1.43 0.43 66 1.33 646   Kohn unpublished 
PB29808 Collon Cura 14.60 3.53 0.44 48 1.47 1155   Kohn unpublished 
PB29368 Collon Cura 15.70 2.46 0.61 47 1.37 1099   Madden unpublished 
PB29094 Sarmiento CH 18.79 0.57 0.64 25 1.26 523 1.21 0.61 (27) 
PB18474 Sarmiento CH 18.814 0.97 0.54 25 1.29 578   (27) 
PB18469 Sarmiento CH 20.355 1.91 0.35 85 1.36 735   (27) 
PB18467 Sarmiento CH 20.89 1.74 0.36 49 1.35 690   (27) 
PB29055 Sarmiento CH 20.907 2.40 0.21 31 1.42 645   (27) 
PB29054 Sarmiento CH 21.003 0.38 0.60 33 1.25 399   (27) 
PB29052 Sarmiento CH 21.11 0.48 0.56 101 1.26 398   (27) 
PB29144 Sarmiento UPA 22.842 1.10 0.44 25 1.31 527 1.57 0.36 (27) 
PB18460 Sarmiento UPA 23.130 2.07 0.61 51 1.35 996   (27) 
PB29350 Sarmiento 24.1 1.85 0.24 34 1.38 553   Dunn unpublished 
PB29133 Sarmiento UPA 27.5 1.59 0.33 62 1.35 605   (27) 
PB18458 Sarmiento UPA 30.77 1.26 0.80 42 1.28 911   (27) 
PB28354 Sarmiento Vera 33.266 0.71 0.50 59 1.28 429 0.58 0.17 (27) 
PB28470 Sarmiento Vera 34.144 0.42 0.61 31 1.25 432   (27) 
PB18444 Sarmiento Vera 35.062 0.61 0.55 34 1.27 438   (27) 
PB29136 Sarmiento LPA 36.80 1.66 0.66 33 1.32 916 1.42 0.53 (27) 
PB18441 Sarmiento LPA 37.408 1.71 0.71 68 1.31 973   (27) 
PB18437 Sarmiento LPA 37.798 0.90 0.59 75 1.28 606   (27) 
PB18434 Sarmiento Ros. 38.00 0.17 0.83 47 1.21 553 0.43 0.25 (27) 
PB28405 Sarmiento Ros. 38.028 0.73 0.57 55 1.27 520   (27) 
PB18435 Sarmiento Ros. 38.10 0.52 1.53 41 1.26 483   (27) 
PB18433 Sarmiento GB 38.50 0.31 0.53 57 1.27 227   (27) 
PB28334 Sarmiento GB 39.057 1.66 0.35 82 1.35 653 1.65 0.36 (27) 
PB18430 Sarmiento GB 39.057 1.17 0.53 87 1.30 650   (27) 
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PB18419 Sarmiento GB 39.80 1.99 0.25 55 1.38 642   (27) 
PB18427 Sarmiento GB 39.717 1.05 0.56 50 1.29 635   (27) 
PB18428 Sarmiento GB 39.861 0.86 0.66 67 1.27 656   (27) 
PB18429 Sarmiento GB 39.449 1.64 0.32 52 1.35 606   (27) 
PB18425 Sarmiento GB 39.332 2.83 0.56 28 1.40 1146   (27) 
PB18426 Sarmiento GB 39.717 1.97 0.38 64 1.36 776   (27) 
PB18421 Sarmiento GB 41.800 1.39 0.38 59 1.33 580   (27) 
PB29160 Sarmiento CV 43.000 1.95 0.39 70 1.36 786   Madden unpublished 
PB29066 Koluel-Kaike 44.000 2.67 0.22 66 1.44 714 2.19 0.55 (59) 
PB29149 Koluel-Kaike 44.000 2.16 0.24 60 1.39 679   (59) 
PB18420 Koluel-Kaike 44.100 1.72 0.99 73 1.43 1186   (59) 
PB29219 Las Flores 48.900 2.65 0.50 66 1.39 1006 3.23 0.62 (60) 
PB29217 Las Flores 49.000 3.96 0.92 57 1.45 1655   (60) 
PB29212 Las Flores 49.100 3.51 0.88 78 1.42 1537   (60) 
PB29214 Las Flores 49.100 2.79 0.78 65 1.38 1306   (60) 

           
Notes: 1UWBM = University of Washington Burke Museum specimen numbers. 2Strata of the Sarmiento Formation include the following members in order 
from oldest to youngest: CV=Canadon Vaca, GB=Gran Barranca, Ros.=Rosado, LPA = Lower Puesto Almendra, Vera, UPA = Upper Puesto Almendra, and 
CH=Colhue-Haupi.  
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Table S5. Corrected ages for megafloras in Figure 3C.  
 
Abbrev. Flora Age (Ma) Latitude Type  Reference  

 
BP Boca Pupuya 19-10 33°57' ? (27) 
LL Los Litres    21 33°18' Ar/Ar (27) 
G Goterones    23 33°57'    Sr (27) 
NM Ñirihuau medio 23-19 41°19' ? (61) 
LA Las Aguilas 26-23 33°19' Ar/Ar (27) 
NI Ñirihuau inferior 28.5-23 41°19' ? (61) 
RT Río Turbio 45-37 51°33' biostrat. (62) 
RP Río Pichileufú 47.46± 0.05 41°07' Ar/Ar (17) 
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Table S6.  Summary of faunal data for Patagonian fossil notoungulates 
used in Figure 3D. 
 
 Age      %Hyps  Upper Lower  
Faunal Level (Ma)  # Taxa  %Hyps    %Elo +Elo  95% CI* 95% CI *    

  
Las Flores 49 4 0 0 0 0 0 
Vacan CV 43 13 8 0 8 15.4 7.7 
Barrancan GB 40 13 8 0 8 15.4 7.7 
El Nuevo GB 38.5 11 18 0 18 27.3 18.2 
Mustersan GB 38 12 25 0 25 25 25 
La Cancha GB 33.6 12 50 0 50 25 25 
La Cantera GB 30.8 13 62 15 77 23.1 23.1 
Deseadan CB+LF 24.1 16 63 25 88 12.5 18.6 
Colhuehuapian GB 20.9 4 75 25 100 0 0 
Pinturan (GB) 19.2 3 0 100 100 0 0 
Pinturan SALMA 17 3 0 100 100 0 0 
Santa Cruz 16 6 33 50 83 16.7 33.3 
Cerro Boleadoras 16 4 25 50 75 25 50 
Collon-Cura 15.7 4 0 100 100 0 0 
Rio Chico 14.6 4 0 100 100 0 0 
Mayoan 11.8 3 0 100 100 0 0 

 
Notes: Abbreviations- CV = Cañadon Vaca; CB= Cabeza Blanca; GB = Gran Barranca; LF = La Flecha. 
*95% confidence intervals based on bootstrapping analysis using the package “bootstrap” in R statistical 
software R version 2.8.1 (49). 
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Table S7. Data from modern South American sites relating mean LAI 
values derived from MODIS (2000-2009) and percent of mammalian 
species in faunal inventories with hypsodont tooth morphologies. 
 
Site Latitude   Longitude  Country LAI % Hypso.  

TIERRA DEL FUEGO 54.660 68.500 Argentina 1 28.6 
GLACIARES (LOS) 50.000 73.170 Argentina 0.75 50 
PERITO MORENO 47.950 72.250 Argentina 1.25 50 
BOSQUE PETRIFICADO 47.680 68.170 Argentina 0.25 52.6 
ALERCES (LOS) 42.850 71.850 Argentina 3.5 33.3 
PUELO (LAGO) 42.160 71.670 Argentina 3 33.3 
NAHUEL HUAPI 41.220 71.500 Argentina 3.5 54.8 
ARRAYANES (LOS) 40.830 71.630 Argentina 3.5 42.9 
LANIN 39.630 71.500 Argentina 3.5 51.7 
LAGUNA BLANCA (P.N.) 39.030 70.350 Argentina 0.75 42.9 
LIHUE CALEL 37.960 65.620 Argentina 0.75 40 
OTAMENDI 34.230 58.850 Argentina 1.75 28 
MENDOZA (Monte) 33.000 68.520 Argentina 0.25 44.4 
QUIJADAS (SIERRA DE LAS) 32.480 67.030 Argentina 0.5 56.5 
PALMAR (EL) 31.900 58.250 Argentina 1.5 37 
LEONCITO (EL) 31.760 69.330 Argentina 0.25 57.1 
DIAMANTE 31.750 60.720 Argentina 1 50 
MBURUCUYA 28.020 58.020 Argentina 1.75 29.2 
COLONIA BENITEZ 27.420 58.930 Argentina 2 50 
MISIONES 27.000 54.300 Argentina 4 18.8 
CHACO 26.500 59.500 Argentina 2 30 
SAN ANTONIO 26.080 53.760 Argentina 3.25 29 
SALTAMonte 26.000 66.000 Argentina 0.75 35.7 
IGUAZU 25.630 54.330 Argentina 3.25 23.5 
RIO PILCOMAYO 25.070 58.160 Argentina 1.75 28.9 
REY (EL) 24.670 64.670 Argentina 2.5 20.7 
FORMOSA 24.320 61.750 Argentina 1.25 48.4 
CALILEGUA 23.700 64.780 Argentina 3.5 28 
CALILEGUA 550m Caimancito 23.700 64.670 Argentina 3.5 11.1 
CALILEGUA 600m Aguas Negras 23.900 64.930 Argentina 3.5 18.2 
CALILEGUA 1150m Mesada de las Colmenas 23.800 65.030 Argentina 3.5 8.3 
CALILEGUA 1700m Abra de Cañas 23.780 65.100 Argentina 3.5 19.2 
CALILEGUA 2500m Duraznillar 23.570 64.920 Argentina 3.5 28.6 
CALILEGUA 2800m Cerro Hermoso Praderas 23.580 64.870 Argentina 0.75 44.4 
SALTA- Puna 24.580 67.420 Argentina 0.5 70.6 
SALTA- Upper Montane 25.600 65.630 Argentina 1.5 11.1 
SALTA- Low Montane 24.680 64.250 Argentina 3.25 20.8 
SALTA- Transitional 22.270 63.730 Argentina 3.25 30.2 
SALTA-Chaco 24.180 62.880 Argentina 2.5 45.7 
BARITU 22.580 64.700 Argentina 3.25 18.9 
EDUARDO ABAROA 22.470 67.480 Bolivia 0.25 57.1 
Perforacion 19.920 62.570 Bolivia 1.75 44.4 
Curuyuqui 18.750 62.220 Bolivia 1.75 41.2 
HUAJARA 17.930 67.100 Bolivia 0.5 64 
Acurizal 17.750 57.620 Brazil 3 27.5 
BOLIVIA Puna 17.000 68.000 Bolivia 1.25 56.7 
ISIBORO-SECURE 16.150 66.070 Bolivia 4.5 24.6 
PERU Puna 16.000 70.000 Peru 0.5 70 
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BOLIVIA Ceja 16.000 68.000 Bolivia 2.81 19.4 
Federal District 15.950 47.900 Brazil 1.5 33.3 
BOLIVIA Yungas 15.000 67.500 Bolivia 5 16.7 
PILON LAJAS 14.910 67.280 Bolivia 5 18.4 
Alto Madidi 13.670 68.750 Bolivia 5 21.1 
Tambopata 13.330 69.630 Peru 4.75 27.1 
Explorers Inn 12.830 69.280 Peru 5.5 30.2 
Rio Heath 12.830 68.820 Bolivia 5.5 31.1 
Cuzco Amazonico 12.550 69.050 Peru 5.5 25.7 
BOLIVIA-Tropical 12.000 67.500 Bolivia 5.5 20 
PERU-Cocha Cashu 11.920 71.300 Peru 5.13 25 
Manuripi-Heath 11.660 67.500 Bolivia 5.5 21.7 
Balta 10.130 71.220 Peru 5.5 26.8 
Caatingas 7.520 39.720 Brazil 1.25 36.4 
Rio Cenepa 4.780 78.280 Peru 4.75 28.8 
Xingu 3.650 52.370 Brazil 4.5 30 
ECUADOR-Temperate 3.000 79.000 Ecuador 3 14.3 
Manaus 2.500 60.000 Brazil 5.5 30 
ECUADOR-Subtropical 1.500 78.000 Ecuador 5.5 16 
ECUADOR-Tropical 1.500 76.500 Ecuador 5.5 27.5 
ECUADOR-Mera 1.450 78.120 Ecuador 5.5 22.9 
Belem 1.450 48.480 Brazil 4.75 26.2 
ECUADOR-Andean 1.000 78.600 Ecuador 2 22.7 
Esmeralda 3.080 65.580 Venezuela 5.5 23.8 
Nouragues 4.080 52.670 Guyane 4.75 28.1 
Raleigh-Voltzberg 4.750 56.000 Suriname 5.25 26.9 
Puerto Ayacucho 5.250 67.670 Venezuela 4.5 27.9 
Puerto Páez 6.380 67.480 Venezuela 1.75 33.3 
Kartabo 6.380 58.680 Guyana 4 27.8 
Nulita 7.320 71.950 Venezuela 4 30.8 
Masaguaral 8.570 67.580 Venezuela 1.75 32.1 
Guatopo 10.000 66.000 Venezuela 2.75 29.7 
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