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Abstract The mass extinction at the Permian-Triassic boundary produced a floral turnover in Gondwana in which
Paleozoic seed ferns belonging to the Glossopteridales were replaced by corystosperm seed ferns and other seed plant
groups in the Mesozoic. Secondary growth (wood production) in both plant groups provides information on plant
growth in relation to environment in the form of permineralized tree rings. Techniques utilized to analyze extant wood
can be used on fossil specimens to better understand the climate from both of these periods. Late Permian and early
Middle Triassic tree rings from the Beardmore Glacier area indicate an environment where extensive plant growth
occurred at polar latitudes (~80-85°S, Permian; ~75°S, Triassic). A rapid transition to dormancy in both the Permian
and Triassic woods suggests a strong influence of the annual light/dark cycle within the Antarctic Circle on ring
production. Latewood production in each ring was most likely triggered by the movement of the already low-angled sun
below the horizon. The plants which produced the wood have been reconstructed as seasonally deciduous, based on
structural and sedimentologic evidence. Although the Late Permian climate has been reconstructed as cold temperate
and the Middle Triassic as a greenhouse, these differences are not reflected in tree ring anatomy or wood production in
these plant fossils from the central Transantarctic Mountains.
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Introduction

For much of its history, Antarctica has been covered
in vegetation and fossil wood is known from various
deposits ranging from the Permian through the Pliocene
(e.g., Jefferson, 1982; Francis et al., 1993; Francis and
Hill, 1996; Ashworth and Cantrill, 2004; Poole and
Cantrill, 2006). In the Permian and Triassic, the continent
was located at high latitudes with much of the landmass
within the polar circle. Climate reconstructions and
geologic evidence confirm that the Early Permian in
Antarctica was an icehouse (Isbell et al., 2003; Montafiez
et al., 2007), followed by warming throughout the period
as the Gondwanan glaciation waned (Kiehl and Shields,
2005). By the Middle Triassic, the Earth was in a
greenhouse phase (e.g., Kidder and Worsley, 2004;
Galfetti et al., 2007) and Antarctica had moved into
slightly lower latitudes, although much of it still remained
within the polar circle.

In the Late Permian, Gondwana was dominated by the
Glossopteris flora, consisting primarily of organs of the
glossopterid seed ferns, especially the strap-shaped
leaves, Glossopteris, with their distinctive anastomosing
venation (Pigg, 1990). Growth rings in Permian Antarctic
fossil wood have been analyzed and have provided
information on forest growth at high latitudes (e.g., Allan
Hills, Francis et al., 1993). The specimens in this study
are from the central Transantarctic Mountains (CTM) and
represent wood growth from a higher paleolatitude, ~80—
85°S (Permian) and ~75°S (Triassic), than previous
studies (Scotese, 2002).

At the end of the Permian, a complete floral turnover
occurred in Gondwana, and the Glossopteris flora was
replaced by different seed plant groups (McLoughlin et

al., 1997). By the Middle Triassic, the corystosperm seed
ferns were the dominant floral element (McLoughlin et
al., 1997; Taylor et al., 2000; Gastaldo et al., 2005). There
are few reports of Triassic wood in Antarctica (e.g.,
Gabites, 1985; Del Fueyo et al., 1995; McLoughlin et al.,
1997) and material in this study will provide some of the
first data on wood production and tree ring anatomy in the
high latitudes of Gondwana during the Triassic.

Both the Permian and Triassic specimens provide
information on plant growth at high latitudes before and
after an important transition in Earth history. The
interactions of these plants with their environments are
recorded on an annual basis in their tree rings. Rings form
in response to variations in limiting ecological variables,
including temperature, water availability, and light, and
methods have been developed to correlate ring structure
with the environment (Fritts 1976; Schweingruber, 1989).

Materials and methods

Specimens were collected from Skaar Ridge,
MclIntyre Promontory, and Fremouw Peak in the
Beardmore and Shackleton Glacier area, CTM (Fig. 1), as
isolated logs in channel deposits, permineralized peat
deposits, and stumps preserved in growth position; all
wood is silicified. The Skaar Ridge peat (89°49°15.8”S,
163°20°18.9”E; Barrett and Elliot, 1973; Taylor et al,,
1989) occurs in the upper Buckley Formation and is dated
as Late Permian based on palynomorphs and floral
content (Farabee et al, 1991). Due to collecting
difficulties, only a single specimen (12389) was collected
and analyzed from Mclntyre Promontory (84°22°23”S,
179°45°58”E), which is also upper Buckley (J. L. Isbell,
pers. Comm., 2007). Triassic specimens (both peat and
logs) are from Fremouw Peak, upper Fremouw Formation
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(84°17°24.1S, 164°21°24.2”E) and are dated as early
Middle Triassic based on palynomorphs (Farabee et al.,
1990).
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Figure 1. Locality map of the Beardmore Glacier, central
Transantarctic Mountains with Skaar Ridge and Fremouw
Peak collecting sites labeled.

Specimens were prepared using the acetate peel
technique (Galtier and Phillips, 1999) after etching in
concentrated hydrofluoric acid. Peels were mounted on
slides and measurements made using Wright Cell Imaging
Facility’s Image] (Rasband, 1997-2004) program. All
specimens are housed in the University of Kansas,
Natural History Museum, Division of Paleobotany under
acquisition numbers: Skaar Ridge: 13089—13691, 15485,
15503, 15512, 15514; McIntyre Promontory: 12389;
Fremouw Peak: 11208, 11313, 11468, 11475, 11491,
11619, 11800, 11816, 11822, 12820, 12961, 12963—
12965, 13007, 13009, 13032, 13655, 13802, 13823.

Modern dendrochronological methods utilize various
measurements of wood cells to quantify annual growth
response (e.g., Fritts, 1976; Schweingruber, 1989),
including ring width, number of cells per ring, and
changes in the proportion of radial cell-lumen diameter to
cell-wall thickness across each ring. These same
measurements can be used to examine plant responses to
paleoenvironments (e.g., Creber, 1977; Francis, 1986;
Parrish and Spicer, 1988; Francis and Hill, 1996), even

when, as in this case, no analogous environment exists
today. Data calculations included: mean sensitivity (Fritts,
1976), cumulative sum of tracheid radial cell diameters
across a ring (Creber and Chaloner, 1984), and proportion
of earlywood (EW) to latewood (LW) (Denne, 1988).
Mean sensitivity (m.s.) measures a tree’s response to the
environment throughout its life by evaluating changes in
ring width from year to year. Sensitive trees (m.s. >0.3)
show an annual response to environmental stresses and
ring growth is variable from year to year. Complacent
trees (m.s. <0.3) do not respond as strongly to annual
environmental fluctuations and tend to produce consistent
ring widths from year to year. Temperate trees produce
both earlywood (spring wood) and latewood (summer
wood) in each ring; EW tracheids have a wider cell lumen
and thinner cell walls than LW tracheids. Earlywood is
produced during extensional growth of the tree and LW
after apical elongation stops (Larson, 1960, 1962); this
developmental change is regulated by plant hormones and
related to day length and water availability. EW-LW
boundary was defined using the classic plant anatomy—
dendrology method of Mork (1928), as interpreted by
Denne (1988), which defines LW as the point of 2a > b,
where a = wall thickness of two adjacent cells, and b =
lumen diameter. For comparison, we also calculated EW-
LW boundary using the CSDM method of Creber and
Chaloner (1984), which depends upon the cumulative sum
of radial cell (tracheid) diameters and their deviation from
the mean across a ring.

Table 1. Fossil tree ring measurements. CSDM=
cumulative sum of deviation from the mean (see text).

Permian Triassic
No. of specimens 8 21
Mean no. rings 30 62
Mean width (mm) 23 1.69
Mean no. cells/ring 36 45
Mean sensitivity 0.34 0.31
Mork (1928) latewood | 1-5 cells 1-6 cells
CSDM latewood 16-70 cells | 14-104 cells
Results

Late Permian rings

Rings in the Permian glossopterid wood ranged from

0.20-9.9 mm wide (mean: 2.3 mm) (Table 1), with up to
115 rings, indicating that mature wood was used in
measurements. The trees are classified as sensitive (m.s. =
0.30-0.37; mean = 0.34). Up to 234 cells were produced
in a single ring (average = 64 cells/ring) (Fig. 2). Using
Mork’s (1928) method, the Permian woods contain only
1-5 cells of LW per ring (Figs. 2, 3). The CSDM method
results in approximately 16—70 cells of latewood (Fig. 4).
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Figure 2. Permian tree ring showing large number of
earlywood cells (left) and narrow band of latewood cells
(arrow). Center of stem is toward the left. Bar scale = 0.5
mm (15485 G top #2).
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Figure 3. Earlywood/latewood boundary as defined by
Mork (1928). Boundary occurs where the thin line crosses

over the thick line indicating only a few cells of latewood
(arrows).

Middle Triassic rings

Rings of Triassic corystosperm wood measured 0.08—
6.83 mm in width, with a maximum of 136 rings (Table
1). The wood is classified as sensitive (m.s. = 0.14-0.45;
mean = 0.31). Individual rings contained up to 110 cells
(average = 45). Latewood consists of only 1-6 cells
according to Mork’s (1928) definition (Fig. 3), but 14—
104 cells, using the CSDM method (Fig. 4).

Discussion

The presence of such extensive wood production in
the Late Permian of Antarctica confirms that mature
forests were able to thrive in the presumably cold climate
(Kiehl and Shields, 2005) at that time (see also Francis et
al., 1993). While the Triassic specimens had more rings
overall, the Permian rings were slightly wider (Table 1),
but this difference may be due to small sample sizes and

the variable age (in years) of the wood. The mean
sensitivities of both Permian and Triassic wood samples
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Figure 4. CSDM curves based on Permian and Triassic
wood, showing 5-15 cells of latewood. Arrows =
EW/LW boundary.

(Table 1) classify both as sensitive. This indicates that
although there was extensive growth in the wood,
production of wood varied from year to year as the plants
responded to annual changes in the environment.

The two methods used to determine the EW/LW
boundary produced conflicting results in both the Permian
and Triassic woods. The CSDM curve, which has
previously been used in several analyses of fossil wood
(e.g., Creber and Chaloner, 1984; Francis 1986), resulted
in nearly half of the wood produced in a season being
designated as latewood (e.g., Fig. 4). In modern plants,
the EW-LW transition begins when young shoots on the
tree cease elongation growth; in temperate zones, this
usually occurs in late spring—early summer. Using Mork’s
(1928) method, 1-5 cells of LW are present per ring in
both the Permian and Triassic wood. Comparing these
results with the structure of the wood (Fig. 2), it is
apparent that the classical method of defining the EW-LW
boundary provides a more accurate characterization of
these high paleolatitude woods. The tree rings clearly
show that tree growth did not slow during the growing
season, based on the continuous production of earlywood,
but continued unabated until the very end of the season,
when a few rows of latewood were produced.

There has been much debate over whether evergreen
or deciduous trees have higher survival rates at polar
latitudes (e.g., Spicer and Chapman, 1990; Royer et al.,
2003; Royer et al., 2005). There are several lines of
evidence for deciduousness in these Antarctic fossil
plants. Glossopteris leaves occur in dense leaf mats at the
Skaar Ridge locality and have been found in varved
deposits elsewhere in Gondwana (e.g., Plumstead, 1958;
Gunn and Walcott, 1962). In the Triassic corystosperms, a
layer of periderm tissue forms below the attachment point
of the leaves (Meyer-Berthaud et al., 1993), indicating
that there was a regular physiologic mechanism in these
plants to drop their leaves.
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The structure of the Antarctic tree rings, with
extensive EW and very little LW, is completely unlike
those seen in temperate woods today, but is similar to
other fossil wood described from very high paleolatitudes
(e.g., Francis, 1986; Spicer and Parrish, 1986), suggesting
that tree growth in Antarctica at this time was influenced
by a parameter that does not limit tree growth today. The
limiting factors in high-latitude tree growth today are
water availability and temperature. The structure of the
fossil tree rings, as well as other evidence (Taylor et al.,
2000), indicates that these were not the limiting factors in
the Permian and Triassic forests of Antarctica. The
presence of forests at high latitudes during warm periods
of Earth history provides evidence that tree growth can
occur at extremely high latitudes (Jefferson, 1982; Parrish
and Spicer 1988; Read and Francis, 1992; Poole and
Cantrill, 2006). At polar latitudes, darkness envelops the
landscape for much of the year, preventing photosynthesis
from occurring. The structure of the rings indicates that
light availability is the parameter which limited growth
and controlled tree ring formation at these high latitudes.
The extremely low numbers of LW cells and the rapid
change from EW to LW in both Permian and Triassic
specimens indicate that there was a rapid transition to
dormancy in these trees as the low-angled sun fell below
the horizon, causing leaf abscission, followed by winter
dormancy.

Summary

Tree ring analysis of Permian and Triassic silicified
wood from south polar paleolatitudes provides data on
plant responses to the environment during a time of global
climate transition from icehouse to greenhouse. Extensive
growth, as shown by numerous, large annual tree rings, is
observed in both periods, in an environment for which
there is no modern analog. Ring structure confirms that
temperatures and water availability were adequate for
growth throughout the growing season, suggesting that
tree growth was mediated by a parameter not observed in
modern tree ring formation. Ring structure, especially the
proportion of earlywood to latewood in each ring,
indicates that light availability was the most likely factor
controlling tree ring structure in Late Permian and Middle
Triassic forests in Antarctica. The extreme seasonal light
and dark cycles in this polar environment were no doubt
also a major factor contributing to the deciduous nature of
both Permian glossopterid and Triassic corystosperm seed
ferns in these forests.
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