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MARIANA BREA, ANALÍA ARTABE AND LUIS A. SPALLETTI

BREA, M., ARTABE, A. & SPALLETTI, L.A., December, 2008. Ecological reconstruction of a mixed Middle Triassic
forest from Argentina. Alcheringa 32, 365–393. ISSN 0311-5518.

The palaeoecology of an in situMiddle Triassic forest known as the Darwin Forest, from the Paramillo Formation of
Argentina, is described based on palaeobotanical, sedimentological and spatial analyses. The palaeoforest grew on an
andisol soil that developed on volcaniclastic floodplain deposits. The volcanic detritus and the rhythmic
amalgamation of upper flow-regime tractional deposits overlying the andisol indicate that the forest was buried
rapidly by a subaerial, cool and wet pyroclastic base surge flow. The plant community was reconstructed by
quantitative mapping of the fossilized stumps integrated with taxonomic and sedimentological information. The
Darwin Forest had a tree density of 427–759 per ha, with an upper stratum (20–26 m) of corystosperms and a second
stratum (16–20 m) of conifers. Estimated biomass is equivalent to modern dry monsoonal forest. The understorey
was composed of ferns (Cladophlebis spp.). Quantitative growth-ring analysis of Araucarioxylon protoaraucana
suggests that these trees were evergreen and, together with vegetation structure and sedimentary data, indicate that
the forest developed under dry, subtropical, strongly seasonal conditions.
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A SERIES of narrow rifts developed in
west-central Argentina as a result of Triassic
continental extension (Spalletti 2001;
Fig. 1). Each of these rift basins was filled
with a complex mix of predominantly
alluvial, fluvial, deltaic and lacustrine sedi-
ments. The volcaniclastic and sedimentary
sequences of most of these basins contain
well-preserved fossil plants at multiple
stratigraphic levels. These assemblages pro-
vide a rich reservoir of information for
reconstructing the palaeoecology and pa-
laeophytogeography of South American
Triassic vegetation and for developing a

comprehensive biostratigraphic zonation of
the system.

Most investigations of Argentinean
Triassic floras over the past two decades
have focused on the taxonomy and strati-
graphic distribution of fossil plants
(Stipanicic 2001, Zamuner et al. 2001,
Stipanicic & Marsicano 2002). However,
some recent studies (Spalletti et al. 1999,
2003, Artabe et al. 2001, 2003, Morel et al.
2003) have provided an improved under-
standing of floristic evolution in response to
changes in Triassic depositional systems,
tectonism and climate. A biostratigraphic
zonation based on plant megafossils
(Spalletti et al. 1999) has facilitated regional
correlations among different Triassic basins
in Argentina. Three main events punctuated

ISSN 0311-5518 (print)/ISSN 1752-0754 (online)
� 2008 Association of Australasian Palaeontologists
DOI: 10.1080/03115510802417760

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
S
p
a
l
l
e
t
t
i
,
 
L
u
i
s
]
 
A
t
:
 
1
3
:
0
0
 
1
0
 
N
o
v
e
m
b
e
r
 
2
0
0
8



the evolution of Triassic floras in south-
western Gondwana (Morel et al. 2003,
Spalletti et al. 2003). Artabe et al. (2003)
defined several biogeographic units (realm,
areas and province) within the region based
on these Triassic floristic changes.

The Cuyo Basin is a 30 000 km2 elongate
basin located in western Argentina between
328 and 368 S (Fig. 1). The basin’s Triassic
latitude was approximately the same as its
present position (sensu Prezzi et al. 2001). It
is the most important hydrocarbon-produ-
cing Triassic basin of western Gondwana
(Moratello 1993, Chebli et al. 2001). Trias-
sic sediments exceed 3500 m in thickness,

and were deposited by multiple episodes of
continental sedimentation now represented
by several formations (Fig. 2). This study
focuses on an in situ mixed forest preserved
in the Paramillo Formation, Agua de la
Zorra area, northwestern sector of the Cuyo
Basin (Figs 3, 4). This unit is composed of a
140 m thick sequence of clast-supported
conglomerates, pebbly sandstones, tuffac-
eous sandstones and mudstones that have
been described by Harrington (1971),
Strelkov & Álvarez (1984), Massabie
(1985), Massabie et al. (1985), Kokogian &
Mancilla (1989), Linares & González
(1990), Ramos & Kay (1991), Kokogián

Fig. 1. Map of central Argentina and Chile showing the main Triassic basins (after Morel et al. 2003).
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et al. (1993) and Ramos (1993). These
authors all interpreted the Paramillo For-
mation to have been deposited in high
sinuosity fluvial systems. Darwin (1846),
Conwentz (1885), Stappenbeck (1910),
Kurtz (1921), Du Toit (1927), Groeber
(1939), Windhausen (1941), Harrington
(1971) and Stipanicic et al. (1996) all
carried out palaeobotanical studies on the
unit. More recently, one of the authors
(M.B.) described the palaeobotanical con-
tent of this unit in her doctoral thesis (1995)
and illustrated two palaeocommunities in
the Paramillo Formation at Agua de la
Zorra area. The first one, found at locality
A (Brea & Artabe 1999) is dominated by

Apocalamitaceae. This autochthonous ta-
phocoenosis incorporates stems and nodal
diaphragms assigned to Neocalamites car-
rerei (Zeiller) Halle, 1908 and aff. Nododen-
dron suberosum Artabe & Zamuner, 1991,
found in close association with reproductive
structures of Neocalamostachys arrondoi
Brea & Artabe, 1999 (FL II: see Fig. 5).
The species probably represent dispersed
organs of a single biological taxon. These
monotypic horsetail palaeocommunities
probably formed water-dependent, bam-
boo-like thickets in fluvial flood plains.

The second palaeocommunity is of
more significance: the Darwin Forest,
first described by Darwin (1839a,b; see

Fig. 2. Stratigraphic chart showing the position of the Paramillo Formation (ages and biozones from Morel et al.
2003).
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Ottone 2005) during his historic journey
around theworld. Initially, this fossil forest
was dated as Cenozoic. However, new
data reassign it to the oldest biozone of
the Cortaderitian Stage (Yabeiella mareye-
siaca–Scytophyllum bonettiae–Protocirco-
poroxylon cortaderitaensis Assemblage
Biozone), following the phytozonation of
Spalletti et al. (1999), which corresponds
to the late Middle Triassic. Other in situ
petrified forests found in central western
Argentina have been assigned to the late
Middle Triassic (Barreal-Calingasta Basin,
Cortaderita Formation), early Late Trias-
sic (Ischigualasto-Villa Unión Basin, Ischi-
gualasto Formation) and Late Triassic
(Cuyo Basin, Rı́o Blanco Formation): see
Spalletti et al. (1999, 2003), Artabe et al.
(2001, 2007) and Morel et al. (2003).
Another Middle Triassic in situ forest has
been recorded at very high latitudes, in the
central Transantarctic Mountains (Cúneo
et al. 2003).

This study focuses on the in situ, mixed-
fossil Darwin Forest in the Agua de la
Zorra area. The Darwin Forest is recon-

structed based on quantitative information
(mean separation of trees, density, basal
area per stump, class diameter, dominance,
estimated heights and estimated biomass).
Spatial data are also integrated with taxo-
nomic-phenological information to infer the
environmental conditions under which the
community developed. The structural data
were used to compare the vegetation with
other Triassic fossil forests. Growth-ring
analyses were used to determine both tree
habit and palaeoclimatic conditions. Mean
ring width, thinnest ring and widest ring
were measured as records of annual growth
conditions (Francis 1986). Annual Sensitiv-
ity (AS) and Mean Sensitivity (MS) were
calculated to determine the degree of
variability between years (Fritts 1976). In
addition, the proportion of latewood to
earlywood, the presence or absence of false
rings and the cumulative sum of deviations
from mean radial diameter (CSDM curve)
were calculated for each growth-ring incre-
ment (Falcon-Lang 2000a) to assess intra-
seasonal conditions and leaf longevity
patterns.

Fig. 3. Location map showing the Agua de la Zorra fossiliferous region, Mendoza province, Argentina.
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Material and methods
Three field studies were carried out in 1993–
1994 during which four exposures of the
Paramillo Formation Darwin Forest were
found: localities A, B, C and D. Localities
A–C (see Fig. 3) are situated to the north-
east of Agua de la Zorra site, whereas the
locality D is located to the southeast of this
site. The Paramillo Formation was thor-
oughly examined at the localities A and C,
where the lithology was logged in three
vertical sections (Figs 3, 5–7). The plant
fossils of each bed were recorded with

respect to their quantity, taxonomic repre-
sentation, distribution, orientation and state
of preservation (Kidwell et al. 1986). These
parameters allowed an estimation of the
degree of transportation prior to burial
(defining the assemblages as autochthonous,
hypautochthonous, or allochthonous ta-
phocoenoses). The fossil floras of beds FL
I and FL III (at locality A) are represented
by leaf impressions–compressions of a fern
taxon (Brea 2000) and are considered to
constitute forest understory assemblages
(Fig. 5). The flora of FL II is a monotypic
palaeocommunity dominated by Apocalmi-
taceae as mentioned above.

The stumps found in FL IV (at locality
A), FL V (at localities B and C) and FL VI
(at locality D) belong to the same in situ
fossil forest that emerges at the four
localities (Figs 5–7). An imperfect carbo-
nized process preserved the stumps (Poma
et al. 2004). One hundred and twenty
stumps occur in growth position over an
area of 2 km2 (Fig. 4). The fossil forest was
mapped at 1:100 scale using plane table and
alidade (at locality D) and Brunton compass
and tape measure (at localities A, B and C).
Trunks with a diameter less than 8 cm were
not considered because they may constitute
parts of shrubs or branches of trees.
According to Mosbrugger (1990), a tree is
a woody plant with a diameter of more than
7.5 cm at breast height. Wood samples were
also collected for identification (Brea 1997,
Artabe & Brea 2003).

The forest structure is reinterpreted here
based on palaeobotanical, sedimentological
and spatial analyses. To analyse the two-
dimensional distribution of the vegetation
components, a spatial statistical package
created to analyse crime incident location
data was used. The CrimeStat II program
(Levine 2002) provides a variety of tools to
describe the overall spatial distribution, the
dominant pattern of distribution and sub-
regional patterns or ‘neighbourhood’ pat-
terns within the overall distribution of

Fig. 4. Map of the study area showing the location of
stumps at locality A (A), locality B (B), locality C
(C) and locality D (D). Conifer and corystosperm
stumps are indicated by point and asterisk symbols
respectively.
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Fig. 5. Lithostratigraphic section of Paramillo and Agua de la Zorra formations at locality A, showing the main
lithofacies and the position of the fossil forest level. PF¼Paramillo Formation; AZF¼Agua de la Zorra Formation;
FL I–IV¼ fossiliferous levels.
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Fig. 6. Lithostratigraphic section of the Paramillo and Agua de la Zorra formations at locality C, showing the main
lithofacies and the position of the fossil forest level. PF¼Paramillo Formation; AZF¼Agua de la Zorra Formation;
FL V¼ fossiliferous level.
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studied objects. The density of the in situ
permineralized stumps was calculated using
the distance to its nearest neighbour for
each stump and the mean distance between
stumps. To identify spatial autocorrelation
for the diameter and species variables, the
Geary’s C Statistic Index was used (In the
CrimeStat II program, Levine 2002). Stem
basal diameters were also measured for each
stump and the total basal area was obtained
by multiplying the number of trees per ha
by the mean basal area per ha (Cottam &
Curtis 1956). The biomass was estimated
using Murray’s formula (Murray 1927: in
Mosbrugger et al. 1994) from stump cir-
cumference to obtain fresh weight (wf):
Wf¼ 7.08C2.49, where C is the circumfer-
ence; and dry weight (wd), where
Wd¼ 0.45Wf (see Mosbrugger et al. 1994).

Biomass was also estimated from stump
diameter (D) using the equations developed
by Brown (1997) for application to stems
with D� 5.6 cm. Two regression equations
were used:

YT ¼ exp �1:996þ 2:32 ln Dð Þf g

YT ¼ exp �2:134þ 2:530 ln Dð Þf g;

where YT¼weight, and D¼ diameter (cm).
These equations are generally grouped
according to Holdridge’s life zones
(Holdridge 1979). These values were com-
pared with those obtained for the biomass of
different life zones in extant forests (Brown
& Lugo 1984, Murphy & Lugo 1986, Brown
et al. 1991, Brandeis et al. 2005).

Predictive models, applied to extant
conifers and angiosperms, enabled us to
establish the relationship between stem
diameter and height (Niklas 1994a). The
correlation of these features can be used to
reconstruct the height of fossil plants for
which basal stem diameters are known or
inferred (Niklas 1994b).

The critical buckling height (Hcrit), or the
maximum height to which a vertical trunk
can be elevated before it theoretically
undergoes buckling, was estimated using
Niklas’ formula (see: Creber & Ash 2004,
Artabe et al. 2007): Hcrit¼C(E/r)1/3 D2/3,
where C is the constant of proportionality
(¼ 0.792), E is Young’s modulus
(958.16 106 kg/m2), r is the bulk density
of the material (tissues) used to construct
the columnar stem (468.9 kg/m3), and D is
the stem diameter. Finally, Hcrit¼ 95.75
D2/3 (Creber & Ash, 2004). The trees never
attain Hcrit, and for this reason, estimated
tree heights were calculated on the basis of
trunk diameter-to-height ratios observed in
living trees (Niklas 1993, 1994a,b) using the
formula: Hest¼ 27.8D0.430, where D corre-
sponds to fossil stump diameters. The
Safety Factor (SF) was obtained by dividing
Hcrit by the estimated height (Hest). Using
SF, a more accurate estimated height (Hest1)
for the Darwin fossil forest trees was
obtained.

The SF, which can be taken as the ratio
of the maximum loading likely to be
experienced during the operational (normal)
loadings on a structure, is typically based on
the statistical probability that certain types
of loadings will occur (Niklas 1992).

The main purpose of growth-ring ana-
lyses is to relate ring growth patterns to
palaeoclimate (Creber 1977, Creber &
Chaloner 1984a). Following Fritts (1976),
Creber (1977), Creber & Chaloner (1984ab)
and Schweingruber (1988), growth rings
were measured from thin-sections and
polished blocks, then subjected to dendro-
logical analysis. Growth rings were mea-
sured to the nearest 0.01 mm with a
Bannister incremental measuring machine,
capturing measurements on a microcompu-
ter using the COMPUTA program (Stockes
& Smiley 1968, Evans 1981). The COFE-
CHA program was used to produce growth-
ring series. Growth parameters determined
for the gymnosperm fossil woods included
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the number of rings, mean ring width,
maximum ring width, minimum ring width,
the thinnest ring, the widest ring, the
presence and number of false rings, MS
and AS (Fritts 1976, Holmes 1985). The
mean ring width is a useful indicator of
growth, and wide rings indicate faster
growth or a longer growing season (Fritts
1976). The most informative parameter was
the variability in ring width (growth) from
year to year. This was calculated in terms of
AS, i.e. the difference in width between a
pair of consecutive rings divided by their
average width (Creber 1977).

The growth rings of the coniferous
taxon, Araucarioxylon protoaraucana, were
analysed quantitatively. Using the method
described by Falcon-Lang (2000a), the
cumulative algebraic sum of each cell’s
deviation from the mean of the radial
diameters was calculated for each growth-
ring increment and plotted as a zero-
trending curve (CSDM curve). For each
ring increment, the percentage skew of the
zenith of CSDM curves from the centre of
the plot was calculated. Deciduous conifers
give CSDM curves that are dominantly left-
skewed or symmetrical, whereas evergreen
conifers have dominantly right-skewed
CSDM curves. On this basis, the pattern
of foliage loss for Araucarioxylon protoar-
aucana was inferred. Because the percentage
of latewood may be strongly influenced by
leaf longevity in addition to reflecting the
intensity of climate seasonality, two aspects
of growth-ring anatomy were quantified
using Falcon-Lang’s technique (2000b) to
calculate the Ring Markedness Index
(RMI). The percentage of diminution in a
ring increment was determined using the
percentage of diminution (x)¼ (b/a) 100;
where a¼ the maximum cell diameter, and
b¼ the maximum cell diameter – minimum
cell diameter. The percentage of latewood in
each growth-ring increment was calculated
using the method of Creber & Chaloner
(1984a): percentage of latewood (y)¼ (d/c)

100; where d¼ the number of cells in each
ring increment, and c¼ the number of cells
since the CSDM curve turns to zero for the
last time. The product of these two para-
meters was calculated to determine a Ring
Markedness Index (RMI) [¼ (x6y)/100].

The longest growth-ring series were
analysed using the method based on the
concept of ABIC (A Bayesian Information
Criterion) minimization, which is a log-
marginal likelihood method (Akaike 1980,
Kumagai et al. 1995). This method is
standardized to remove non-climatic varia-
tion. In the Past program (Hammer et al.
2007), the likelihood alogorithm and
Akaike criterion are given for each
growth-ring series.

The MS is a quantitative measure of the
year-to-year variability in ring width (Fritts
1976), and provides the best indicator of
variability in growth rate over the lifespan
of the tree. Mean Sensitivity values can
range from zero, i.e. no year-to-year varia-
bility, to an indeterminate maximum repre-
senting the greatest possible variability.
High MS values (40.3) represent sensitive
growth and are considered diagnostic of
stressful environmental conditions (Creber
& Francis 1999), whereas complacent ring
sequences (MS values50.3) form under
uniform, favourable conditions (Fritts
1976).

Photomicrographs were taken with a
Leica DM5000 light microscope and digital
camera. All specimens and microscopic
slides are deposited in the Colección Paleo-
botánica, División Paleobotánica, Facultad
de Ciencias Naturales y Museo, Universidad
Nacional de La Plata, under the acronym
LPPB and pmLPPB.

Sedimentary features of the
Darwin Forest deposits
The Paramillo Formation is a volcaniclastic
unit composed of yellowish lithic
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sandstones, brownish and yellowish tuffac-
eous sandstones, dark grey and green shales
and mudstones, and pink to reddish ash-fall
tuffs. The overlying Agua de la Zorra
Formation is dominated by bituminous
shales and marls with subordinated inter-
calations of yellowish fine-grained sand-
stones and mudstones (Figs 5, 6). Both
units are intruded by several sills of olivine
diabase dated as 235+ 5 Ma (K/Ar whole
age) by Ramos & Kay (1991).

Brea (1995) studied the upper part of
the Paramillo Formation and the Agua de
la Zorra Formation in detail and defined
several lithofacies and facies associations.
The Paramillo Formation consists of cross-
bedded conglomerates, cross-bedded,
plane-bedded and massive pebbly sand-
stones, cross-bedded, massive, plane
bedded and ripple-laminated sandstones
and intercalations of laminated mudstones
and shales. Brea (1995) interpreted these
sediments to have been deposited in a
high-sinuosity fluvial system in which
channel-filling sand bodies are associated
with mud-dominated floodplain deposits.
The Agua de la Zorra Formation is
characterized by black shales and marly
shales with thin and isolated intercalations
of fine-grained sandstones, mudstones, and
stromatolitic micrites. These deposits were
accumulated in a lacustrine setting where
suspension fall-out deposits and anoxic
restricted hypolimnic conditions prevailed
(Brea 1995).

The detailed measured section through
the Darwin Forest deposits (made at lo-
cality C; Fig. 7) shows that the volcaniclas-
tic sediments are characterized by laterally
continuous and alternating beds of massive
or laminated very fine grained to fine-
grained wackes intercalated with tabular
units of massive and plane-bedded medium
to very coarse-grained sandstones and
granule conglomerates. The lithic sand-
stones are dominated by basaltic rock
fragments accompanied by subrounded to

angular, unaltered, inclusion-free andesine
to labradorite plagioclase and subordinate
quartz. The matrix is quite abundant in
several sandstones and consists of a micro-
crystalline quartz-feldspar mixture and
chlorite-smectite clay minerals, as indicated
by XRD analysis. The mudstones and
shales are composed of fine flakes of
irregular interlayered chlorite-smectite
clays, angular to subangular feldspars
(probably plagioclase) and quartz, and
submicroscopic opaque minerals.

The fine-grained sandstone beds, upon
which the Darwin Forest developed, are
formed of abundant ovoid to irregular
nodular bodies up to 5 mm in diameter.
These components are fragments of the
original sediment fractured in situ by the
contraction of expansive clay minerals.
The nodule-rich levels host slickensides.
Thin-section analysis revealed that contrac-
tion fractures are filled with recrystallized
clay minerals forming a ‘chickenwire’ grid
that is interpreted as a pedogenetic network
(argillans). The development of these soils
upon volcanic extrusive and/or pyroclastic
material suggests that they could be classi-
fied as andisols: immature soils whose
evolution was interrupted by renewed sedi-
ment aggradation.

The rhythmic amalgamation of upper
flow-regime tractional deposits and the
laterally persistent bed-geometry suggest
episodic non-channelized sedimentation
with rapid aggradation. The volcanic nat-
ure of detrital components and the pre-
sence of amalgamated beds with planar
stratification, associated with cross-bedded
sets and some undulating bedforms, indi-
cate that the highly aggrading non-chanel-
lized flows that buried the Darwin Forest
were related to pyroclastic events. This
concurs with the interpretation by Poma
et al. (2004), who suggested that the
Darwin Forest was buried suddenly by a
dilute, subaerial, cool and wet pyroclastic
base surge deposit.
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Darwin Forest
Three vertical sections were measured at
localities A and C where the in situ fossil
forest emerges (Figs 5, 6, 7, 8A–E). The first
one was compiled at locality A (Fig. 5)
where new fossiliferous levels (FL) were

recognized in addition to the classic forest
horizon: (1) FL I with Cladophlebis meso-
zoica Frenguelli, 1947, Cladophlebis mendo-
zaensis (Geinitz) Frenguelli, 1947,
Cladophlebis kurtzi Frenguelli, 1947 (Brea
2000); (2) FL III with poorly preserved
Cladophebis species (Brea 2000); (3) FL IV

Fig. 8. General view over Agua de la Zorra area. A–B, Natural longitudinal sections of tall stump moulds at locality
C. C, Portion of an exposed trunk of Cuneumxylon spallettii at locality A. D, Natural cross-section of an in situ stump
of Cuneumxylon spallettii at locality A. E, Natural cross-section view of in situ stump of Araucarioxylon
protoaraucana at locality D. scales: A¼note human figure to the left; C¼ 20 cm; B, D, E¼ 10 cm.
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with Araucarioxylon protoaraucana Brea,
1997 and Cuneumxylon spallettii Artabe &
Brea, 2003. The second profile was mea-
sured at locality C where another fossilifer-
ous level (FL V) was recognized (Fig. 6). A
third detailed section was measured at
locality C and the forest floor layer was
recorded (Fig. 7). Finally, at locality D, only
one fossiliferous level (FL VI) was found.
These fossiliferous localities occur at a
single stratigraphic level, so the stumps
found in FL IV (locality A), FL V (localities
B and C) and FL VI (locality D) belong to
the same in situ fossil forest here collectively
called the Darwin Forest.

Fossil analysis considered taxonomic
composition together with size and spatial
distribution of trees, from which the fossil
forest could be classified taking into account
the histograms of tree diameter, vertical
stature, indicating canopy position, domi-
nance and total basal area and biomass/ha.

Taxonomic affinities of the
wood
The corystosperm and coniferous in situ
stumps that dominate the fossil forest have
been examined previously and assigned to
Cuneumxylon spallettii Artabe & Brea, 2003
and Araucarioxylon protoaraucana Brea,
1997. Cuneumxylon spallettii retains features
of the pith, primary xylem and successive
rings of secondary xylem and phloem. The
pith is heterogeneous with parenchyma and
polyhedral sclerenchyma cells. The primary
xylem strands surrounding the pith are
composed of endarch protoxylem and cen-
trifugal metaxylem, with tracheids in radial
files and a gradual transition from primary
xylem to first-formed secondary xylem. The
secondary xylem tracheid pitting is re-
stricted to radial walls and is uniseriate to
biseriate. Cross-fields have 2–13 circular or
oval simple pits in irregular or, in some
cases, vertical arrangement. Cuneumxylon

spallettii was considered a corystosperm
because, like Rhexoxylon, it exhibits two
kinds of unusual centrifugal secondary
growth. The first shows unequal activity of
different portions of the cambium on the
circumference of the axes; consequently, the
reduction of cambial activity to certain
restricted areas develops wedges of xylem
that commonly split. The second pattern
results in polyxylic stems following super-
numerary cambial activity. The anomalous
secondary growth develops secondary xy-
lem with included phloem probably derived
from successive cambia (Artabe & Brea
2003).

Araucarioxylon protoaraucana has fea-
tures typical of conifer woods and is most
similar to genera of the Araucariaceae based
on the presence of tracheids with radial
alternate intervascular pitting. The second-
ary xylem tracheids have intervascular
pitting on radial and tangential walls. The
tracheid pitting is bordered, uniseriate or
biseriate with alternate or subopposite
distribution. There is no axial parenchyma
and the cross-fields have 3–9 bordered pits
of araucarian-type with irregular or, in
some cases, vertical arrangement (Brea
1997). Araucarioxylon protoaraucana has
subtle growth rings (Fig. 9A–C).

Forest structure

Spatial analysis

The palaeovegetation of Agua de la Zorra
region constituted a mixed forest of corys-
tosperms (30–40%) and conifers (60–70%).
Statistical analysis of the four mapped
forest areas (localities A, B, C and D)
using the Crimestat program showed that
the mean nearest-neighbour distance is
3.63–4.84 m, and the density is 427 to 759
tree/ha with an average of 556 tree/ha
(Tables 1, 2). Nearest-neighbour index
(Nni) and nearest-neighbour hierarchical
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spatial clustering (Nnh) were used for
vegetation analysis. The Nni allows identi-
fication of tree clustering by dividing the

empirical average distance to the nearest-
neighbour by a spatially random expected
distance. To identify groups that are spa-
tially close, Nnh uses two criteria: the
threshold distance (at Darwin Forest,
the probability selected was 0.99) and the
minimum number of trees (at Darwin
Forest, six trees) to be included in each
first-order cluster. The resulting data (see
the nearest-neighbour index in Table 1)
indicate that trees are not grouped in
localities B or D. The spatial distribution
pattern illustrates a continuous forest. The
Nni of localities A and C shows a clustered
pattern, but the Nnh demostrates that there
is only one major group in each stand.
Therefore, despite the Nni results, we infer
that the vegetation pattern is not clustered
because the program only selected the best-
preserved stump areas.

Although the stand densities in modern
conifer forests vary widely as a result of
factors such as the population dynamics of
the community, site disturbance regime and
stand age (Pole 1999, Donoso 1993), neo-
tropical and tropical extant forests (Pole
1999) show density values similar to the
Darwin Forest. The Andean forests of
Patagonia are defined as ‘temperate forests’
and are dominated by broad-leafed angios-
perms (Nothofagus being its most important
component) in association with a few
conifers such as Araucaria araucana. These
forests locally contain pure stands of

Fig. 9. Araucarioxylon protoaraucana Brea. A–C,
Growth rings in transverse section. Scale bars:
A–B¼ 100 mm; C¼ 60 mm. Note that growth direction
is towards the bottom of each illustration.

Area
Mean nearest-

neighbour distance
Expected nearest-
neighbour distance

Nearest-neighbour
index Test statistic (Z)

A 4.84 7.37 0.65 73.61
B 3.63 3.74 0.97 70.26
C 3.67 5.61 0.65 74.27
D 4.81 4.85 0.99 70.07

Mean 4.24 5.39 0.77

Table 1. Nearest-neighbour analysis based on a sample size of 120 stumps distributed in four localities
of the Agua de la Zorra region.
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A. araucana in drought-succeptible areas
(Gallo et al. 2004). Typical dense Araucaria
forests at Lanı́n National Park have a
density of more than 200 trees/ha (Gallo
et al. 2004).

The tree density of the Darwin Forest
(556 trees/ha) is lower than that of the Late
Triassic forest at La Elcha Mine, Rı́o
Blanco Formation, Cuyo Basin, Argentina
(Artabe et al. 2007). The latter in situ
monotypic forest of corystosperms has a
higher density (1114 trees/ha) with a clus-
tered distribution of trees. The Middle
Triassic monotypic corystosperm forest
found in Antarctica (Cúneo et al. 2003)
has a density of 274 trees/ha.

Spatial autocorrelation is one of the most
important concepts in spatial statistics.
Spatial independence is an arrangement
where no spatial relationships exist between
the trees. Geary’s C Statistic was used to
identify spatial autocorrelation and cluster-
ing of the different species (using the
CrimeStat II program: Levine, 2002). If
trees of any one zone are spatially unrelated

to any other variable, then the expected
value of C is 1. At localities B and C, the ‘C’
values are close to 1 (the ‘C’ value at locality
B is 0.9 and at locality C is 0.9). Therefore,
corystosperms and conifers are considered
to be intermingled at these localities,
whereas at locality A, the C value is
0.653195 indicating spatial autocorrelation
among species. This positive spatial auto-
correlation at locality A suggests that
corystosperms and conifers were aggregated
into cohesive population groups. This is
supported by the exclusive conifer presence
at D locality. Thus, species are generally
intermingled in the Darwin Forest but
locally they form monospecific clusters.

Vertical profile
The histogram of diameter classes shows a
normal distribution for corystosperms and a
bimodal trend for conifers (Fig. 10A, B;
Table 2). The normal curve indicates that
the corystosperms belong predominantly to
a single age cohort. The bimodal curve

Structural data of fossil forest A B C D Average

Mean distance to neighbour (m) 4.84 3.63 3.67 4.81 4.24
Mean area (m2) 23.42 13.18 13.47 23.14 17.98
Mean diameter of trees (cm) 44.64 44.50 49.13 26.76 41.26
Mean critical height (Hcrit) (m) 53.11 52.88 58.81 39.83 51.16
Mean Safety Factor (Hcrit/Hest) 2.72 2.69 2.86 2.53 2.70
Mean estimated height (Hest1)(m) 19.52 20.34 20.56 15.74 19.04
Density (trees/ha) 427 759 742 432 556
Mean basal area (m2) 0.203 0.203 0.208 0.060 0.168
Total basal area (m2/ha) 26.64 19.78 46.06 20.20 28.12
Biomass
Method I (tn/ha) 136.08 137.48 258.46 77.86 92.91
Method II (tn/ha) 39.64 41.62 73.20 33.75 47.02
Method III (tn/ha) 54.24 54.68 96.76 42.59 62.06

Total stumps mapped 30 23 42 25

Table 2. Structural data from the Darwin fossil forest. Basal diameters of trunks from Araucarioxylon
protoaraucana Brea, 1997 and Cuneumxylon spallettii Artabe & Brea, 2003 were used to calculate the
critical buckling heights (Hcrit), the estimated height (Hest1) and the Safety Factor following Niklas
(1993, 1994a,b). Biomass is estimated using the equation of Murray (1927: Method I), the subtropical
dry forest equation of Brown (1997: Method II) and the subtropical moist forest equation of Brown
(1997: Method III).
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suggests that conifers constituted two strata
of different age. When both species
are plotted together, a bimodal curve is
produced (Fig. 10C), so the forest is
represented by different age cohorts.

To analyse the vertical profile distribu-
tion of the vegetation, the basal diameters of
trunks were used to estimate the critical
bucking heights (Hcrit), the estimated height
(Hest1) and the Safety Factor based on the
allometric equations of Niklas (1993,
1994a,b; Table 2).

Cuneumxylon spallettii had an average
estimated tree height of 22.59 m when
living. Base on the equations of Niklas
(1993, 1994a,b), the maximum measured
diameter corresponds to a maximum height
of 29.67 m, whereas the minimum measured
diameter of 0.30 m would have represented
an individual up to 14.37 m tall. Araucar-
ioxylon protoaraucana has an average esti-
mated height of 17.91 m. A stump diameter

of 0.60/0.10 m corresponds to minimum/
maximum height of 8.00/26.09 m. Fifty
percent of corystosperms are in the esti-
mated height range 20.5–23.5 m, whereas
50% of conifers ranged between 16 and
20 m based on trunk diameter data
(Fig. 10). As stature is the major factor
controlling canopy position, the deduced
heights of Cuneumxylon and Araucarioxylon
(considering the distribution of class dia-
meters) suggest that the forest had two
strata. The highest stratum (20–24 m) had a
dominance of corystosperms but also the
tallest conifers. The second stratum (16–
20 m) was mostly composed of conifers. A
few emergent corystosperms probably
reached 30 m tall.

Dominance, basal area and biomass
In vegetation studies, dominance refers to
the capacity of one species to exert

Fig. 10. Histograms of diameter class. A, Conifer stumps. B, Corystosperm stumps. C, All stumps of the forest.
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overriding influence upon others within the
community. The dominant plant species is
usually the one with the greatest biomass in
the ecosystem and, therefore, controls the
microclimatic conditions for all others.
Dominance was quantified by Cottam &
Curtis (1956) and can be assessed for each
species by multiplying the mean basal area
by the number of trees per species per
hectare. Cuneumxylon spallettii appears to
be the dominant species with a dominance
value of 108.62 m2/ha, whereas that
for Araucarioxylon protoaraucana is just
22.48 m2/ha.

The total basal area was calculated by
multiplying the number of trees per hectare
by the mean basal area per hectare (Cottam
& Curtis 1956). The total basal area values
vary between the four exposures of the
Darwin Forest accordingly: locality A,
26.64 m2/ha; locality B, 19.78 m2/ha; locality
C, 46.06 m2/ha and locality D, 20.20 m2/ha.
Considering an average density of 556 trees/
ha, the total basal area is 28.12 m2/ha
(Table 2). This value typically ranges be-
tween 20 and 50 m2/ha in extant forests. The
monotypic corystosperm forest found in the
Middle Triassic of Antarctica (Cúneo et al.
2003) has a total basal area value of 20.83
m2/ha, whereas for the monotypic Late
Triassic La Elcha forest of Argentina, this
parameter ranges from 32.67 m2/ha to 85.6
m2/ha (Artabe et al. 2007).

Biomass was estimated in the following
three ways (see Material and methods for
details). Method I (of Murray 1927, cited by
Mosbrugger et al. 1994) predicted a dry
weight (Wd) of 92.91 tn/ha for the Darwin
Forest. On this basis, Darwin Forest could
be classified as a moist-dry forest or a dry
forest. Using Brown’s equation (1997) for
subtropical dry forests, the biomass estima-
tion was 47.02 tn/ha, and Brown’s equation
(1997) for subtropical moist forest yielded
62.06 tn/ha. The biomass for extant dry
subtropical forest oscillates between 29 and
140 tn/ha (Brown & Lugo 1984, Murphy &

Lugo 1986). The extant dry subtropical
forests of Puerto Rico growing on volcanic
soils have a biomass similar to that esti-
mated for the Darwin Forest (Brandeis et al.
2005).

Structural classification:
subtropical seasonal forest
The Darwin Forest was reconstructed based
on the criteria outlined in the previous
section together with ecological inferences
based on morphlogical and anatomical
characters of the whole plants. Corysto-
sperms, like cycads, had some wood traits
characteristic of plants growing in warm
subtropical areas without frost or with only
occasional frost. In addition, they have
several attributes (secondary pycnoxyly,
growth rings, sclerophylly, secretory reser-
voirs, thick cuticles, papillae and sunken
stomata) typical of plants from seasonal
climates (Petriella 1985, Spalletti et al.
2003). The included phloem and the pyc-
noxylic habit developed by southwestern
Gondwanan Corystospermaceae might re-
present anatomical adaptations to semi-arid
environments, and such features probably
determined the remarkable success of the
group during the Triassic.

The density, total basal area, biomass
and canopy structure allow classification
of the Darwin Forest as a subtropical
seasonal forest. Almost all vegetation phy-
siognomic types owe their origins to the
distinctive climate of the region, particularly
rainfall and temperature. Models of the
Triassic climate of southwestern Gondwana
indicate strong seasonality (Spalletti et al.
2003).

Growth-ring analysis
The pattern of leaf-shed may vary from
evergreen to dry-season deciduous in extant
subtropical seasonal (monsoon) forests.
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Falcon-Lang (2000a) developed a method
to distinguish between evergreen and decid-
uous gymnoperms based on CSDM curves.
The growth rings of the conifer Araucariox-
ylon protoaraucana were analysed quantita-
tively using this technique. The CSDM
curve was plotted and four parameters
were calculated: (1) skew of CSDM curves,
(2) percentage of latewood, (3) percentage
of cell diminution in a ring increment and
(4) Ring Markedness Index (RMI).

Deciduous conifers have CSDM curves
that are dominantly left-skewed or symme-
trical, whereas evergreen conifers have
dominantly right-skewed CSDM curves.
The CSDM curves of Araucarioxylon pro-
toaraucana are right-skewed (mean percen-
tage of skewþ21.34%; range:þ13.33%
toþ26.31%), suggesting that this species
was evergreen.

Although the percentage of latewood has
traditionally been used to infer climatic con-
ditions (Creber & Chaloner 1984a,b, Parrish
& Spicer 1988, Keller & Hendrix 1997), its
use has been regularly questioned (Bailey &
Faull 1934, Larson 1967, Chapman 1994,
Poole & van Bergen 2006). Falcon-Lang
(2000a,b) pointed out that latewood devel-
opment in conifer woods could be related to
foliar retention, a genetically determined
characteristic. Because the percentage of
latewood may be strongly influenced by
both leaf longevity and the intensity of

climate seasonality, Falcon-Lang (2000a,
2005) recommended that this parameter
should not be used as a climatic indicator.
Nevertheless, we include its measurement
here for the sake of completeness. The
percentage of latewood in Araucarioylon
protoaraucana is 32.62–42.85%, with a mean
of 35.44%. The percentage of cell diminu-
tion varies between 68.69% and 75.60%,
with an average of 72.10%.

The ring markedness index (RMI) for A.
protoaraucana was in the range of 22.88–
29.43%, with a mean of 25.50% (Fig. 11,
Table 3). Falcon-Lang (2000a) used CSDM
curves to determine a strong inverse linear
relationship between the leaf retention and
the different quantitative parameters of
growth rings (percentage of latewood, per-
centage of diminution and ring markedness
index) in a group of extant conifers.
The lower values of percentage of latewood
and ring markedness index correlate with
the highest foliar retention in evergreen
plants (Araucaria araucana: foliar longevity
of 15 years), whereas higher values relate
to shorter periods of leaf retention.
Based on the values recorded for extant
conifers, the results (percentage of skew,
latewood, cell diminution and RMI values)
for Araucarioxylon protoaraucana indicate a
foliar retention similar to those extant
conifers with 3–6 years of foliar retention
(Table 4).

Percentage
latewood

Percentage
diminution

Ring Markedness
Index (RMI)

Percentage
skew

Ring A 33.33 70.41 23.46 þ13.33
Ring B 34.21 75.60 25.86 þ26.31
Ring C 34.21 75.60 25.86 þ26.31
Ring D 32.62 70.19 22.88 þ21.73
Ring E 42.85 68.69 29.43 þ19.04
Average 35.44 72.10 25.50 þ21.34

Table 3. Results of the quantification of ring markedness parameters for Araucarioxylon protoaraucana
Brea, 1997.
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Fig. 11. Right-skewed CSDM curves of five growth rings and cell diameters of growth ring increment. For each ring
increment, the percentage of skew for CSDM curves was calculated using Falcon-Lang’s (2000a) method (see
Table 4). The position at which the CSDM curve reaches the zenith represents the percentage of skew in relation to
the total distance between the centre of the CSDM curve to the right of the plot.
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Because of their anomalous centrifugal
secondary growth, the Falcon-Lang year
method could not be used to infer the leaf
shed pattern of Cuneumxylon. Although
data for Cuneumxylon are insufficient,
other Corystospermaceae (e.g. Rhexoxylon
and Elchaxylon) have been interpreted as
evergreen (Artabe et al. 2007). Petriella
(1978) reconstructed the ‘Dicroidium’ plant
based on the consistent association of
Dicroidium zuberi–Rhexoxylon piatnitzkyi
found in the Ischigualasto Formation,
Argentina (Archangelsky & Brett 1961,
Archangelsky 1968, 1970). The Dicroidium
plant seems to have had a palm-like habit,
bearing Pteruchus pollen organs and Um-
komasia ovulate structures. Spirally ar-
ranged leaf bases preserved higher on the
Rhexoxylon stem (Lutz & Herbst 1992)
agree with a palm-like reconstruction
(Petriella 1978) incorporating a crown of
leaves in the upper part of the tree. Crown
trees, with persistent leaf bases, such as
palms and cycads, are expected to have
been typically evergreen (Tomlinson 1961,
Henderson et al. 1995, Norstog & Nicholls
1997). The other Corystospermaceae genus
mentioned above, Elchaxylon, described
from the Late Triassic (Rı́o Blanco
Formation) of Argentina, is related to
Rhexoxylon because its pycnoxylic wood
has a unique mode of secondary xylem
production resulting in polyxylic stems.
However, unlike Rhexoxylon and Cuneum-
xylon, Elchaxylon has centrifugal second-
ary growth produced by a continuous
cambium that generates an undivided solid
pycnoxylic cylinder (Artabe & Zamuner
2007). This feature allows the application
of the quantitative secondary wood
growth-ring analysis method described by
Falcon-Lang (2000a,b) to infer the tree’s
habit (Artabe et al. 2007). Analysis of
Elchaxylon zavattierae growth rings
reveals CSDM curves with skew values
ranging fromþ12.50 toþ24.63% (mean¼
þ17.89%, n¼ 4; see Artabe et al. 2007),S
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thus implying that these trees could have
been evergreen.

Twenty-four ring sequences ranging from
6 to 36 rings were measured from eight

well-preserved fragments of fossil wood
(Fig. 12). The total measured rings of the
whole series was 428 and their presence
indicates seasonality. Araucarioxylon

Fig. 12. Graphs showing variation in width of growth rings through ring sequences of selected fossil trees. A,
specimen LPPB 12604, USM01B ring series. B, specimen LPPB 12605, USM02B ring series. C, specimen LPPB
12609, USM13A ring series. D, specimen LPPB 12610, USM15E ring series. MW¼mean width, MS¼mean
sensitivity.
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protoaraucana has narrow, subtly demar-
cated growth rings (Fig. 9). Each growth
increment is characterized by a relative wide
zone of large, thin-walled earlywood cells

terminated by 10–17 thick-walled latewood
cells (Table 5). The presence of narrow
growth rings indicates that conditions during
the growing season were not strongly

Fig. 13. Histograms allowing comparison of the variation in the annual sensitivities of selected fossil trees. A,
specimen LPPB 12604. B, specimen LPPB 12605. C, specimen LPPB 12609. Arrows indicate the value of mean
sensitivity.
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favourable for cell division and expansion
(Creber & Chaloner 1984a). In addition, a
thin latewood zone within a ring can be the
result of water shortage at the end of the
growing season, a sharp photoperiod-con-
trolled end to the growth season or abrupt
leaf shed. Therefore, the growth rings of
A. protoaraucana suggest strongly seasonal
conditions.

The mean ring width for A. protoarau-
cana is 1.49 mm; the mean minimum ring
width is 0.80 mm; and the mean maximum
ring width is 2.53 mm. The narrowest ring is
0.12 mm wide and the broadest is 4.44 mm.
The variability in ring width may reflect
either fluctuations in annual water supply or
changes in the growth environment (e.g.
variation in shading; Table 5).

MS values (Fig. 13, Table 5) range
between 0.14 and 0.62, the average being
0.30. These data indicate that the growing
environment was not uniform. MS values
suggest that the forest community was part
of a stressed ecosystem. AS ranges from
0.02 to 0.79. The largest values of AS
indicate extreme climatic events (Table 5).
Frequency distributions of AS of selected
samples (Fig. 13) show variations in ring
thickness between adjacent years. The AS
values for each tree illustrate that the
variation in growth was generally low, since
a high proportion of the AS values are less
than 0.3. However, each tree has some AS
values of the sensitive kind reflecting several
periods of more marked climatic variability
(Francis 1986). The sudden and strong
pulses of volcaniclastic sedimentation alter-
nating with periods of reduced sediment
accumulation during which immature soils
developed indicate that volcanism and
extreme climatic events may have periodi-
cally stressed the growth of the Darwin
Forest.

The growth trends estimated by ABIC
minimization methods were plotted for the
longest growth-ring series. All the curves
show complex trends. Even though

available data are insufficient, these growth
trends could indicate that competition,
disturbance events, or climatic stress influ-
enced the growth of trees in the Darwin
Forest (Kumagai et al. 1995).

The age of conifers was estimated using
the radius of stumps and growth-ring
widths (Frangi 1976, Pole 1999). On the
basis of 86 trunks, the average estimated
age was 146 years (the maximum age was
244 years, and the minimum was 41 years).
Therefore, if the oldest trees were about
250 years old, then trees of the fossil
forests from the Paramillo Formation
may have been younger than typical
mature conifers in extant forests. Accord-
ing to Tortorelli (1956), modern Araucaria
araucana forests are typically about 300
years old (corresponding to a stump
diameter of 0.40 m); the oldest trees and
the tallest found near Lake Aluminé are
about 1000 years old.

Conclusions

(1) The in situ Middle Triassic mixed
forest occurs in one fossiliferous
stratum located in the Paramillo
Formation (equivalent to the lower
section of the Potrerillos Formation)
at Agua de la Zorra region, north-
western Cuyo Basin, Mendoza pro-
vince (698120W and 328300S). The
Darwin Forest consists of 120 stumps
in life position emerging at four
localities: A, B, C and D.

(2) The Paramillo Formation was depo-
sited in a high sinuosity fluvial system,
in which channel-filling sand bodies
are associated with mud-dominated
floodplain deposits. Darwin Forest is
located within a highly aggrading
non-chanellized succession. The vol-
canic nature of detrital components
suggests that the deposits that buried
the Darwin Forest could represent a
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diluted, subaerial, cool and wet base
surge pyroclastic flow.

(3) The permineralized stumps found at
Darwin Forest are referable to Cu-
neumxylon spallettii Artabe & Brea
(Corystospermaceae) and Araucari-
oxylon protoaraucana Brea (Araucari-
aceae). The Darwin Forest was a
mixed forest composed of corystos-
perms (30–40%) and conifers (60–
70%).

(4) Forest density ranges between 427
and 759 trees/ha, with an average of
556 trees/ha. In some places, corys-
tosperms and conifers are inter-
mingled but in others corystosperms
and conifers appear to be aggregated
into cohesive monotypic groups.

(5) The histogram of diameter classes
reveals a normal curve for the cor-
ystosperms and a bimodal curve for
conifers. The normal curve indicates
that the corystosperms mostly be-
longed to a single age cohort.
The bimodal curve suggests that the
conifers occurred in two strata of
different age.

(6) Corystosperms have a mean esti-
mated height (Hest1) of 22.59 m
(14.37–29.67 m), whereas conifers
are smaller with a mean estimated
height (Hest1) of 18 m (8–26.08 m).

(7) The forest has two strata: the highest
one (20–24 m) has a predominance of
corystosperms and the tallest conifers;
the second stratum (16–20 m) consists
mostly of conifers. The forest also has
emergent Cuneumxylon spallettii
(corystosperm) reaching 30 m tall.

(8) The biomass, stand basal area and
biomass of Darwin Forest correlate
with those of extant subtropical sea-
sonal forests (dry monsoonal forests).

(9) Falcon-Lang’s (year) quantitative
growth-ring anatomy analysis
method indicated that Araucaria
protoaraucana was an evergreen

gymnosperm based on right-skewed
CSDM curves.

(10) The morpho-functional and structur-
al analyses of Darwin Forest woods
indicate that the vegetation repre-
sented a mainly evergreen dry sub-
tropical seasonal forest.

(11) The mean ring width and MS of A.
protoaraucana were 1.49 mm and
0.30, respectively. Variability in ring
width may have resulted from fluc-
tuations in annual water supply or
other changes in the growth environ-
ment such as shading. MS values
indicate that the growing environ-
ment was stressed and not uniform.
Although available data are limited,
the complicated growth trends could
indicate that competition, disturbance
events, or climatic stress influenced
the growth of trees in the Darwin
Forest.

(12) The average width of the A. proto-
araucana trunks and their mean
growth-ring widths indicate a mean
age of 146 years. This suggests that
the conifers of the Darwin Forest may
have been composed of relatively
young trees.
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