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Abstract

Mixed paleofloras first appeared during the Early Eocene of southern South America. These floras were a blend of cold and warm
taxa with Austral-Antarctic and Neotropical affinities. Despite the onset of mixed floras, Neotropical floras persisted in central Chile
during the Early Eocene. In this study, we analyze the reasons for this persistence and also show that a relationship exists between this
persistence and regional paleoclimate. We established the taxonomical composition, associated paleoclimate and phytogeographic
affinities of an Early Eocene flora at Caleta Cocholgiie, coastal central Chile. Our results indicate that tropical and subtropical taxa
prevailed at Caleta Cocholgiie. These were chiefly Lauraceae, today associated with a humid-warm climate. Physiognomic analyses
indicate Mean Annual Temperature and Mean Annual Precipitation above 19 °C and 260 cm, respectively. Moreover, a phytogeo-
graphic analysis demonstrates that the Caleta Cocholgiie is closely related to other tropical floras, and poorly linked to contemporary
mixed floras. These results strongly suggest that tropical floras persisted in central Chile during the Early Eocene and formed a belt
across current subtropical latitudes from southern South America, between 25°S and 37°S. This persistence might be related to the
Early Eocene Climatic Optimum and to a shrinking tropical belt, compared to its former Paleocene/Eocene extension.
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1. Introduction

Several models of past vegetation distribution span-
ning the Paleogene and Neogene of southern South
America indicate a spatial and temporal succession of
four Paleofloras: Neotropical, Antarctic, Mixed and
Subtropical (Romero, 1978, 1986; Hinojosa and Villa-
gran, 1997; Troncoso and Romero, 1998).
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Neotropical Paleofloras are found throughout in
South America during the Paleocene, reaching at to
least 46°S during the Paleocene/Eocene transition
(Ligorio Marquez taphoflora—46° 36’S, Suarez et al.,
2000; Troncoso et al., 2002). The ample dominance of
Neotropical Paleofloras during this period has been
explained by an expanded tropical belt reaching even
40°S, and by the existence of warm longitudinal marine
currents (Hinojosa and Villagran, 1997; Villagran and
Hinojosa, 1997), associated with a very warm global
climate (Zachos et al., 1993, 2001; Malumian and
Caramés, 1997; Bains et al., 2000; Pearson and Palmer,
2000; Wilf, 2000; Francis and Poole, 2002; Hinojosa,
2003, 2005a; Svensen et al., 2004).
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During the Early Eocene, however, these tropical
floras were replaced throughout southern South Amer-
ica by the Mixed Paleofloras. Defined by Romero
(1978, 1986) as a forest formation composed by taxa
with different ecological requirements and biogeo-
graphic origins, they contain both Neotropical (e.g.
Myrceugenia and Escallonia) and Austral-Antarctic
(Laurelia and Eucryphia) floristic regions (Hinojosa
and Villagran, 2005). Mixed paleofloras have been
found during the Paleogene at Quinamavida, central
Chile (35° 47'S; Troncoso, 1992), and at Laguna del
Hunco (42° 27" S, Berry, 1925; Wilf et al., 2002) and at
Rio Pichileuft (41° 01'S, Berry, 1938) from the Argen-
tinean Patagonia. This biogeographic turnover in veg-
etation formations is probably linked to the Early
Eocene Climatic Optimum (Wolfe, 1971; Romero,
1986; Christophel and Greenwood, 1989; Wing and
Greenwood, 1993; Zachos et al., 1993; Greenwood
and Wing, 1995; Dingle et al., 1998; Rull, 1999; Pear-
son and Palmer, 2000; Wilf, 2000; Zachos et al., 2001;
Hinojosa, 2003; Svensen et al., 2004).

Neotropical floras persisted, however, at several lo-
calities during the Early Eocene, including the tropical
floras known from Arauco, Caleta Cocholgiie and Lota-
Coronel. These floras are floristically divergent when
compared to other Early Eocene floras, such as Quina-
mavida, Rio Pichileufu and Laguna del Hunco. With

the above in mind, we ask: why do Early Eocene floras
from the Paleogene of Arauco exhibit a Neotropical
character, whereas throughout most of South America
mixed floras occurred? One possible answer may lie in
a contraction of the tropical belt during the Early Eo-
cene Climatic Optimum from its Paleocene/Eocene
extension. In fact, the presence of a tropical fauna at
Arauco during the Early Eocene led Tavera (1942) to
suggest that the tropical belt of South America may
have been extended to these latitudes.

In this present paper we assess the persistence of
Neotropical floras using taxonomic, palacoclimatic and
phytogeographic analyses. We test the hypothesis that
during the Early Eocene Climatic Optimum the tropi-
cal belt shifted northward allowing tropical floras to
persist in central Chile, a phytogeographic remnant of
the Paleocene/Eocene transition floras, whereas the rest
of southern South America was overrun by Mixed
Paleofloras.

The study is based on a fossil flora from Caleta
Cocholgiie, located in Mediterranean climatic zone
along coastal central Chile (Fig. 1, 36° 35" S). Previous
works carried out at Caleta Cocholgiie (Moreno-Cha-
con et al., 2000, 2001; Moreno-Chacon, 2000; Gayo,
2001) revealed preponderance of tropical lineages, sug-
gesting a Neotropical character. According to Gayo
(2001), Caleta Cocholgilie exhibits a strong floristic
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Fig. 1. Locality map indicating the Paleogene of Arauco outcrops: Lota-Coronel and Caleta Cocholgiie.
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link with the Lota-Coronel flora (37°S, Lota Member of
the Curanilahue Formation) from the Paleogene of
Arauco complex, one of the most important Neotropical
taphofloras from southern South America. Indeed, geo-
logical studies carried out at Caleta Cocholgiie and
Lota-Coronel (Fig. 1, Bir6-Bagoczky, 1982; Frutos et
al.,, 1982; Tanai, 1986), indicate that the Paleogene
sandstones of Caleta Cocholgiie are coeval with the
Lota Member of the Curanilahue Formation (Early
Eocene, Briiggen, 1915; Tavera, 1942; Mufioz Cristi,
1956; Pineda, 1983).

2. Methods
2.1. Taxonomic composition

Fossil leaf imprints from Caleta Cocholgiie belong
to two different collections, identified by the following
letters: Ch and Co: collected by the authors, and Q and
Ter-C: collection from the Museo de Paleontologia
Departamento Ciencias de la Tierra, Universidad de
Concepcion. Using morphological affinities we sepa-
rated into 40 different morphotypes. Their taxonomic
identification was determined by an exhaustive leaf
architecture analysis, following the nomenclature pro-
posed by Hickey (1974). To assign a morphotype to a
particular taxon, we compared our descriptions with
fossil taxa recorded in Tropical and Mixed floras
from southern South America. In some cases we also
compared the imprints with taxa from the present day
southern South American forests (Barrera, 1992).

2.2. Paleoclimate estimates

Associated climate was established by using leaf
physiognomic models. These are based on the existence

Table 1

of a relationship between climate and different leaf
morphology characters. We employed both Univariate
and Multivariate predictive models. Within the Multi-
variate analysis we used Multiple Linear Regressions
(MLR) and Climate-Leaf Analysis Multivariate Pro-
gram (CLAMP, Wolfe, 1993, 1995). MLR models are
an extension of Simple Linear Regression Models
(SLR), in which a climatic variable can be predicted
by more than one leaf physiognomic character (Wing
and Greenwood, 1993; Gregory, 1994; Gregory and
Mclntosh, 1996; Wiemann et al., 1998; Jacobs, 1999).
CLAMP, on the other hand uses Canonical Correspon-
dence Analysis (CCA) to estimate climatic parameters
based on 31 woody Angiosperms leaf physiognomy
characters (Wolfe, 1993, 1995; Herman et al., 1996;
Wiemann et al., 1998; Gregory-Wodzicki, 2000). Here,
we used the CLAMP 3B SA data set (Hinojosa, 2003,
2005a; Hinojosa and Villagran, 2005), derived from
modern vegetation in Asia, the Northern Hemisphere
(Wolfe, 1995), Bolivia (Gregory-Wodzicki, 2000) and
central Chile (Hinojosa, 2003, 2005a,b; Hinojosa and
Villagran, 2005).

The physiognomic array of Caleta Cocholgiie
taphoflora exhibits high proportions of leaves with
entire margin leaf (77%), large leaves (59%) and
ovate (57%) and elliptic (43%) leaves. Poor preser-
vation of some characters such as apex and base is a
problem, however. For that reason we computed
Pearson’s correlation coefficients among climatic
variables considered in CLAMP 3B SA, and other
well represented characters (see background data
set).

The characters strongly correlated with climatic
parameters were further selected to develop SLR and
MLR models. We employed the “Forward selection”
function for model establishment.

Linear (SLR) and Multiple (MLR) Regression models used for temperature (°C) and precipitation (cm) estimations. MAT: Mean Annual
Temperature; CMMT: Cold Month Mean Temperatures; WMMT: Warm Month Mean Temperatures; GSL: Growing Season Length (months);
LnMAP: natural logarithm of Mean Annual Precipitation (SLR’s equation established by Hinojosa, 2003, 2005a and Hinojosa and Villagran, 2005);
GSP: Growing Season Precipitation; 3DRY: precipitation during the three driest months; SE=standard error; 7= coefficient of determination

Parameter Equation SE r2

TMA =1.8116+(0.2400* % no teeth)+(.06795*L: W 2-3:1) 2.1 0.88
CMMT =—12.1013+(0.3182*% no teeth)+(0.1433*L:W 2-3:1) 3.8 0.81
WMMT =16.9076+(0.1218 * % no teeth)+(0.1406 * nanophylla) 32 0.54
GSL =2.5238+(0.09765* % no teeth)+(0.08584*L: W 3—4:1)+(0.02334*L:W 2-3:1) 1.2 0.83
LnMAP =1.6355+0.492*MInA Ln 0.5 0.60
GSP =—180.5805+(4.2098*% L: W 2-3:1)+(2.8854* % elliptic) 58.2 0.56
3DRY =—47.5145+(1.0320* % elliptic)+(.9776 * % Microphylla3) 15.6 0.59

Abbreviations of leaf characters: No teeth: margin type category (entire margin), L: W (2-3:1 and L: W 3-4:1): Length/width ratio categories;
Nanophylla and Microphylla3: leaf size categories; Elliptic: elliptic leaf shape; MInA: natural logarithm of leaf area.
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Table 2

Equations used for temperature (°C) and precipitation (cm) estimations under Canonical Correspondence Analysis (Hinojosa, 2003, 2005a;

Hinojosa and Villagran, 2005)

Parameter Equation SE r?

MAT =—8.1231+EXP[3.0962+(0.2407 * vMAT)] 2.1 0.88
WMMT =23.634+(3.4172*v WMMT)+(—0.4028 * yWMMT)* 33 0.52
CMMT =—35.1955+EXP[3.7147+(0.181 * vCMMT)] 3.8 0.81
GSL =—14.2108+EXP[3.1147+(0.1098 * vGSL)] 1.1 0.84
GSP =75.4875* EXP(0.528 * vGSP) 42.6 0.77
3DRY =17.4628 *EXP(0.6729 * v3DRY) 15.3 0.61

SE=standard error, 7*> =coefficient of determination. YMAT: MAT’s vector, YWMMT: WMMT’s vector, VCMMT: CMMT’s vector, vGSL: GSL’s

vector, VGSP: GSP’s vector, v3DRY: 3DRY’s vector.

The SLR model for prediction of Mean Annual
Temperature (MAT) has had ample use (Bailey and
Sinnott, 1915; Wolfe, 1979; Greenwood, 1992; Wing
and Greenwood, 1993; Wilf, 1997, 2000; Greenwood
and Wing, 1995; Wilf et al., 1998; Greenwood et al.,
2004). Nevertheless, the “Forward selection” proce-
dure suggests that all climatic parameters are
explained by numerous characters, thus we established
MLR models for MAT and other temperature and
precipitation parameters (Table 1), except for Mean
Annual Precipitation (MAP). Thus, we employed an
SLR model for MAP prediction proposed by Hinojosa
(2003, 2005a) and Hinojosa and Villagran (2005,
Table 1) based on the relationship between the natural
logarithm of leaf area (MInA) and MAP identified by
Wilf et al. (1998).

We ran the CCA model using the complete
CLAMP3B SA data set in the software CANOCO
for Windows version 4 (Ter Braak and Smilauer,
1998). Estimates of each climatic parameter were
obtained replacing the value of the pertinent climat-
ic vector into equations proposed by Hinojosa
(2003, 2005a) and Hinojosa and Villagran (2005,
Table 2).

Table 3
Paleocene and Early Eocene floras from southern South America
considered in phytogeographic affinity analysis

Flora Latitude Longitude Paleoflora Age
S) W)
Ligorio 46° 45 71°50 N Paleocene—Eocene

transition

Early Eocene
Early Eocene
Early Eocene
Early Eocene
Early Eocene

Marquez
Lota-Coronel 37° 01" 73° 0%
C. Cocholgiie 36° 35 72° 5%
Quinamavida 35° 47 71° 24
Pichileuft 41° 70" 70° 00
L. del Hunco 42°27"  70° 00/

EEggZzZz

Paleoflora characters are according to paleophytogeographic models
of Romero (1978, 1986) and Hinojosa and Villagran (1997). N:
Neotropical Paleoflora, M: Mixed Paleoflora.

2.3. Phytogeographic affinities

Phytogeographic relations among Caleta Cocholgtie
and Paleogene tropical and mixed floras from southern
South America (Table 3), we assessed using cluster
analysis. We aimed at establishing phytogeographic
comparisons between Caleta Cocholgiie and the select-
ed floras by estimating the percentage of phytogeo-
graphic elements (defined by the modern distributions
of the genera, Villagran and Hinojosa, 1997) present in
each. The classification of the species into phytogeo-
graphic elements was done according to Villagran and
Hinojosa (1997) and Gay¢6 (2004). We ran the cluster
analysis employing UPGMA clustering method and the
Gower general similarity coefficient (Gower, 1971).
Statistical significance was established by bootstrap
(95% confidence, 100 random).

3. Results
3.1. Taxonomic composition

We recognized 40 different morphotypes. Among
these, only 20 have been cataloged as known taxa.
Taxonomical analysis (Table 4) suggests that Caleta
Cocholgiie is dominated by members of the Lauraceae
family, with 11 taxa. Notable among these are Nectan-
dra (N. prolifica and N. patagonica) and Cinnamomum
(sp. 1 and sp. 2) and Persea (P. microphylla, P. macro-
phylloides and Persea sp.).

Also present are two important taxa of Myrtaceae
family, represented by two species, Myrcia reticulo-
venosa and Myrceugenia sp. Seven other families,
each one represented by a single species are also pres-
ent in this flora. Examples include Cupania patagonica
(Sapindaceae), and Schinus sp. (Anacardiaceae).

One noteworthy aspect is the current relation of the
Caleta Cocholgiie flora to current species of modern
day Chilean forests, chiefly distributed in the Mediter-
ranean climatic region of central Chile. A few examples
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Table 4
A list of identified taxa from Caleta Cocholgiie including the number
of species per genus

Family Genus Number of species
Lauraceae Goeppertia 1
Lauraceae Notaphoebe 1
Lauraceae Ocotea 1
Lauraceae Phoebe 1
Lauraceae Cinnamomum 2
Lauraceae Nectandra 2
Lauraceae Persea 3
Myrtaceae Myrceugenia 1
Myrtaceae Myrcia 1
Anacardiaceae Schinus 1
Anonnaceae Annona 1
Bignoniaceae Adenocalymma 1
Cochlospermaceae Choclospermum 1
Flacourtiaceae Casearia 1
Sapindaceae Cupania 1
Sterculiaceae Sterculia 1

include: Persea sp. which is related to P. lingue, an
endemic Chilean species; Myrceugenia sp. related to M.
obtusa, and Schinus sp. with S. polygamus and
S. molle.

3.2. Paleoclimate

Our paleoclimate estimates indicate that humid-
warm conditions with MAT above 19 °C and a MAP
of ~260 cm distributed evenly throughout the year
prevailed at Caleta Cocholgiie. Hence, the SLR gave
MAP of 265 cm (SE +104.3, SE —171.9, Table 5).
Likewise, MLR and CLAMP analysis gave a Growing
Season Precipitation (GSP) of 190 cm (SE £ 58.2) and
268 cm (SE £ 42.6), respectively. These GSP’s values
agree with the estimates of Growing Season Length
(GSL), because it was extended throughout the year
(over 11 months, Table 5). Thus, precipitation during
the three driest months (3DRY) was equivalent to a
quarter of the annual precipitation values (Table 5).

Table 5

Caleta Cocholgiie’s temperature (°C) and precipitation (cm) estimates
based on Simple Linear Regression (SLR), Multiple Linear Regres-
sion (MLR) and Canonical Correspondence Analysis (CCA)

Parameter SLR 263 MLR CCA

MAP (+104.3, —171.9)

GSP 190 (+58.2) 268 (£42.6)
3DRY 30 (£59) 58 (£15.3)
MAT 255 (£2.1) 19.3 (£2.1)
WMMT 27.0 (£3.2) 22.6 (£3.3)
CMMT 224 (£3.8) 13.2 (£3.8)
GSL 13 (£1.2) 11 (£1.1)

Values in parentheses represent model standard error.

The MLR gave a MAT estimation of 26 °C (SE
+2.1), whereas the corresponding value using
CLAMP was 19 °C (SE *£2.1), and indicate a warm
climate for Caleta Cocholgiie. The MLR estimates of
extreme annual temperature, Warm Month and Cold
Month Mean Temperatures (WMMT and CMMT),
were 27 °C (SE £3.2) and 22 °C (SE *3.8), respec-
tively. CLAMP estimates are 23 °C (SE £3.3) and 13
°C (SE £3.8). These results suggest overall thermal
homogeneity throughout the year (annual thermal os-
cillation between 5-10 °C), which agrees with a pro-
longed growing season.

3.3. Phytogeographic affinities

Our results show the dominance of Neotropical,
Pantropical and Australasian affinity (Table 6) in all
taphofloras considered. The tropical floras of Ligorio
Marquez, Lota-Coronel, Caleta Cocholgiie and Quina-
mavida also exhibit relatively equal proportions of
warm elements. Australasian elements decline at Lota-
Coronel and Quinamavida, however, and Neotropical
elements increase. Austral-Antarctic and Endemic ele-
ments become prominent in mixed floras of Rio Pichi-
leuft and Laguna del Hunco.

The cluster analysis revealed two main groups (Fig.
2), separated by a similarity coefficient of 0.40. The
first node integrates all tropical floras and the mixed
flora of Quinamavida from central Chile, and the sec-
ond node includes the Early Eocene mixed floras from
Argentine Patagonia. Within the tropical group, Caleta
Cocholgiie is closely related to Ligorio Marquez (Pa-
leocene/Eocene transition), with a similarity coefficient
of 0.84. Both floras are related to Lota-Coronel (Early
Eocene, similarity coefficient of 0.69), and less related
to the mixed flora of Quinamavida (similarity coeffi-
cient of 0.61). The cluster integrated by Early Eocene
mixed floras shows strong relationship among Rio

Table 6
Percentages of phytogeographic elements for each flora considered in
the phytogeographic affinities analysis

FLORA

Proportion of phytogeographic elements
P AU N AA E

Rio Pichileufa 28.3 20.4 45.1 2.7 35
Laguna del Hunco 26.6 23.3 43.3 33 33

Quinamavida 27.3 13.6 59.0 0 0
Lota-Coronel 355 18.4 46.0 0 0
Caleta Cocholgiie 30.0 30.0 40.0 0 0
Ligorio Marquez ~ 31.8 36.4 31.8 0 0

P: Pantropical, AU: Australasian, N: Neotropical, AA: Austral-Ant-
arctic, and E: Endemic.
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Fig. 2. A phytogeographic affinity analysis between Caleta Cocholgiie and five tropical and mixed floras from southern South America. Tropical
floras: Ligorio Marquez and Lota-Coronel; Mixed floras: Rio Pichileufi, Quinamavida and Laguna del Hunco. Bootstrap significance >0.29.

Pichileufi and Laguna del Hunco, with the highest
similarity coefficient of the analysis (0.88).

4. Discussion

4.1. Taxonomical composition and phytogeographic

affinities

The taxonomical composition reveals that tropical
and subtropical taxa prevailed at Caleta Cocholgiie.
This includes ~60% of the flora, such as Persea, Oco-
tea, Notaphoebe, Phoebe, Myrcia, Adenocalymma,
Nectandra, Sterculia and Anonna. The abundance of
taxa with humid warm climatic requirements, such as
the Lauraceae family, together with the dominance of
warm phytogeographic elements (Pantropical, Austra-
lasian, and mainly Neotropical), suggest that the Early
Eocene flora of Caleta Cocholgiie should be considered
as a Neotropical Paleoflora.

As previously noted, the Caleta Cocholgue includes
species related to modern tree species of central Chile.
This suggests an early Paleogene origin for the central
Chilean flora, in agreement with previous hypotheses
(Schmithiisen, 1956; Raven, 1971; Solbrig et al., 1977,
Landrum, 1981; Arroyo et al., 1995; Villagran and
Hinojosa, 1997; Hinojosa, 2003). According to these
authors, the modern day flora of central Chile is the
outcome of the blending of lineages that arrived at the
southern cone during the Paleogene and Neogene,
when the geographical configuration of South America
was different. Nevertheless, as noted by Hinojosa and
Villagran (1997) Hinojosa (2003, 2005a,b), the rela-
tionship between ancient tropical floras and the modern

flora of central Chile is relatively poor, mostly due to in
situ evolution of these Paleofloras under a very unique
climatic and geological setting.

The cluster analysis also indicates the that Caleta
Cocholgiie is closely related to tropical floras, partic-
ularly to Ligorio Marquez, and less related to mixed
floras of Laguna del Hunco and Rio Pichileufi. The
close relationship between Ligorio Marquez and
Caleta Cocholgiie might be related to the equal distri-
bution of warm elements in both these floras (Neo-
tropical, Pantropical, Australasian). In contrast, the
reduction of Australasian elements at Lota-Coronel
might explain the lower degree of affinity observed
between this flora and the Ligorio Marquez—Caleta
Cocholgiie group. The association of these tropical
floras agrees with correlations previously established
between the Paleocene/Eocene transition flora and the
Paleogene of Arauco (Suarez et al., 2000; Troncoso et
al., 2002), and between Lota-Coronel and Caleta
Cocholgiie (Bir6-Bagoczky, 1982; Frutos et al.,
1982; Tanai, 1986; Gayd, 2001). The incorporation
of the Quinamavida taphoflora within the tropical
cluster is an unexpected result. Based on phytogeo-
graphic affinities, Troncoso (1992) assigned the Qui-
namavida flora to a mixed flora. We thus expected a
closer affinity with the mixed floras of Rio Pichileufa
and Laguna del Hunco. Yet warm elements, principal-
ly Neotropical, abound in the Quinamavida flora and
furthermore, Austral-Antarctic elements are absent
(Table 6). This phytogeographic array differs from
the mixed flora concept (sensu Romero, 1978, 1986)
because it lacks a mixture of warm and cold-temperate
elements (Romero, 1978, 1986; Hinojosa and Villa-
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gran, 1997; Troncoso and Romero, 1998; Hinojosa,
2003).

Despite its overall tropical character, however, the
Quinamavida flora was considered a mixed flora based
on the high proportion (22.3%) of Anacardiaceae and
Sapindaceae families, which are considered proper of
mixed floras (Romero, 1986; Troncoso and Romero,
1998). This proportion is comparable to those found at
Rio Pichileufu (16.8%) and Laguna del Hunco (26.7%).

Overall, the phytogeographic affinity analysis of
Caleta Cocholgiie suggests a tropical character. Thus,
these Early Eocene floras from central Chile are in
disagreement with the distribution of mixed floras pro-
posed in current Paleogene and Neogene phytogeo-
graphic models.

The poor phytogeographic relationship between
Early Eocene mixed floras and the Paleogene of Arauco
floras seen in this study agrees with previous relation-
ships evaluated by Romero (1978) and Fuenzalida
(1980). These authors suggested that the Lota-Coronel
and Argentinean Patagonia mixed floras exhibit a low
floristic similarity coefficient chiefly because cold-tem-
perate and Endemic elements are lacking in Paleogene
of Arauco floras.

4.2. Associated paleoclimate

Paleoclimate reconstructions derived from leaf phys-
iognomic analyses indicate a humid-warm for Caleta
Cocholgiie, with MAT >19 °C (19-26 °C) and MAP
~260 cm (190-268 cm) distributed evenly throughout
the year.

Temperature estimates based on MLR models sug-
gest a MAT of 26 °C (SE £2.1) and an annual thermal
oscillation of 5 °C. This result, taken together with the
percentage of entire margin leaves (77%) suggests a
tropical rainforest according to Wolfe’s (1971) classifi-
cation. Estimates using the CLAMP model give a MAT
of 19 °C (SE £2.1) and an annual thermal oscillation
of 9 °C, and suggest a Montane rainforest (Wolfe,
1971). When the proportion of entire margin leaves
and physiognomic index (large leaves/small leaves)
proposed by Dilcher (1973) are considered, however,
Caleta Cocholgiie was associated with an overall warm
climate and low annual thermal amplitude.

Our results agree with the humid-warm conditions
obtained by Hinojosa (2003, 2005a) for the tropical
floras present at Ligorio Marquez and Lota-Coronel.
MAP at Ligorio Marquez was estimated at 297 cm,
MAT at 25 °C and the annual thermal oscillation of 6
°C. For Lota-Coronel, the corresponding values are 365
cm, 22 °C, and 9 °C. This contrasts with the bi-seasonal

subtropical climate inferred for Early Eocene mixed
floras (Hinojosa, 2003, 2005a; Hinojosa and Villagran,
2005). Estimates for Rio Pichileufui gave a MAP of 167
cm, MAT of 18 °C and an annual thermal oscillation of
11 °C. Whereas, for Quinamavida and Laguna del
Hunco, MAP was estimated at 89 and 223 cm, respec-
tively, MAT ~18 °C, and a thermal oscillation ~11 °C.

By adding the Caleta Cocholgiie values to recon-
structions of the South American Paleogene and Neo-
gene (Hinojosa, 2003, 2005a), we note that the Arauco
floras display intermediate climate conditions between
the tropical flora of Ligorio Marquez (Paleocene/Eo-
cene transition) and the mixed floras (Laguna del
Hunco, Rio Pichileufi and Quinamaivida). On one
hand, the Arauco floras exhibit a higher thermal oscil-
lation and were relatively colder than Paleocene/Eocene
counterparts. On the other hand, the mixed floras from
Argentine Patagonia and Quinamavida were associated
with a bi-seasonal precipitation regime, lower tempera-
tures and higher thermal amplitude when compared to
the Arauco floras. Furthermore, it is probably the very
same subtropical conditions associated with the Argen-
tine Patagonia floras that could be responsible for the
mixture of elements with different ecological require-
ments (Hinojosa, 2003, 2005a; Hinojosa and Villagran,
2005). The tropical nature of the Early Eocene Quina-
mavida flora together with its phytogeographic relation-
ship with the Arauco floras, suggests that it was adapted
to increased continentality. Hence, its greater thermal
amplitude and values similar to those of Laguna del
Hunco, might explain the phytogeographic array dom-
inated by warm elements together with the prevalence
of the Sapindaceae—Anacardiaceae component.

4.3. Early Eocene biogeographic patterns

Why did the Early Eocene floras from the Paleogene
of Arauco exhibit a Neotropical character while the
region was dominated by mixed floras? We hypothe-
sised that this might be related to the northward dis-
placement of the tropical belt of South America from its
Paleocene/Eocene position further south, This event,
together with the Eocene Climatic Optimum, might
have permitted the persistence of tropical floras in
central Chile, at least in Quinamavida (35° to 37° S).
This event, together with the occurrence of the Early
Climatic Optimum, might have permitted the persis-
tence of tropical floras in central Chile, at least along
what is today the Arauco coast and at Quinamavida
(35° to 37°S). Our climatic estimates support this idea.
The Arauco floras grew under a relatively colder and
drier climate than did those from Ligorio Marquez
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Fig. 3. The Early Eocene distribution of tropical and mixed floras in
southern South America. Dark grey and squares symbols: distribution
of tropical floras (1—Lumbrera Formation, 2—Quinamavida, 3—
Caleta Cocholgiie and 4—Lota-Coronel). Bright grey and round
symbols: mixed floras distribution (5—Rio Pichileufti and 6—Laguna
del Hunco).

(46°S, Paleocene/Eocene transition), which suggests
that these floras were associated with the Early Eocene
Climatic Optimum (Hinojosa, 2003, 2005a; Hinojosa
and Villagran, 2005). Likewise, the subtropical condi-
tions of Early Eocene mixed floras such as those from
Rio Pichileufu (41°S) and Laguna del Hunco (42°S),
imply that the tropical belt was situated north of 40°S
during the Early Eocene (Tavera, 1942; Hinojosa and
Villagran, 1997; Villagran and Hinojosa, 1997). The
presence of coeval of tropical and mixed floras in
southern South America during the Early Eocene, es-
pecially the existence of tropical floras in central Chile,
has mostly been omitted from current phytogeographic
models and knowledge of their spatial distribution is an
important issue. Unfortunately, additional paleobotani-
cal records from the Early Eocene of central Chile,
except for the floras of Arauco and Quinamavida, are
unknown. In this respect, key data could be obtained
from an Early Eocene flora of the Lumbrera Formation
in NW Argentina (25°S 64°W, Fig. 3) which indicates a

tropical affinity (Quatrocchio, 1978; Quatrocchio and
Volkheimer, 1990).

These preliminary data, when taken together with
the evidence presented here, suggests that tropical
floras and associated climate possibly formed a belt
across current subtropical latitudes of southern South
America, between 25°S and 37°S (Fig. 3). The presence
of mixed floras, south of these localities (such as those
found at Laguna del Hunco and Rio Pichileuft) would
imply that subtropical conditions occurred south of this
tropical belt.
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