
stimulate growth, at least temporarily, even 
under serious nutrient shortage (29, 37). 

Another concern raised by our results is 
that the deleterious levels of starch pro- 
duced in leaves in the top of canopies under 
elevated C 0 2  levels may cause alterations 
in dominance relations in plant communi- 
ties as CO, rises. Accumulation of TNC 
appears to be a result of a specific local 
dissipation problem at the cellular or chlo- 
roplast level because we see no obvious 
reason for reduced sink activity or long- 
distance transport problems in the ecosys- 
tems with high C 0 2  levels. This was indi- 
cated by significant increases in the alloca- 
tion of carbon to the rhizosphere (Tables 1 
and 4) and a lack of TNC concentration 
gradients in stem tissue in plants growing 
under elevated C 0 2  (1 4). 

Finally, our results challenge thinking 
about the biological effects of a doubling of 
atmospheric C 0 2  levels. Observed over 
long periods, natural ecosystems are be- 
lieved to have a nearlv balanced carbon 
budget, with photosynthetic uptake equal 
to respiratory release of C02 (38). As a 
result, the ecosystem C02 compensation 
point should be close to ambient C02 
levels, as was found in the arctic tundra 
(39). It is uncertain how rapidly ecosystem 
C02 compensation points will adjust to 
rising C 0 2  levels. If ecosystem compensa- 
tion ooints have not tracked the raoid 
increases in atmospheric C 0 2  levels over 
the past 100 years, present ambient levels 
may already represent a massive C02 over- 
load to some ecosvstems. Our data indicate 
that elevated CO; may not necessarily lead 
to greater carbon sequestering by terrestrial 
ecosystems, but that it will likely result in 
greater carbon turnover. 
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The Present Is Not the Key to the Past: 
A Polar Forest from the Permian of Antarctica 

Edith L. Taylor,* Thomas N. Taylor, N. Ruben Cheo  
An in situ Upper Permian fossil forest in the central Transantarctic Mountains near the 
Beardmore Glacier includes 15  permineralized trunks in growth position; the paleolatitude 
of the site was approximately 80" to 85" south. Numerous leaves of the seed fern Glos- 
sopteris are present in the shale in which the trunks are rooted. The trunks are permin- 
eralized and tree rings reveal that the forest was a rapidly growing and young forest, 
persisting in an equable, strongly seasonal climate--a scenario that does not fit with some 
climate reconstructions for this time period. 

Fossil forests represent an important data 
source that can be utilized to reconstruct 
past climates. High-latitude fossil forests are 
rare, with instances known from Creta- 
ceous deposits on Alexander Island (Ant- 
arctic peninsula) (I) and Paleocene-Eocene 
sediments on Axel Heiberg Island (Canadi- 
an Arctic) (2). These sites provide an 
opportunity to examine forest density and 
productivity at high-latitude sites in the 
past. The preservation of the wood also 
allows for an analysis of tree ring data. 

E. L. Taylor and T. N. Taylor, Byrd Polar Research 
Center and Department of Plant Biology, Ohio State 
University, Columbus, OH 43210. 
N. R. Cbneo, Museo Paleontologico Egidio Feruglio, 9 
de Julio 655 (9100) Trelew, Chubut, Argentina. 
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When combined with data from compres- 
sion-impression floras, vegetation recon- 
struction is greatly enhanced. This biolog- 
ical input represents an important parame- 
ter that can be used to calibrate climate 
models based primarily on physical data. 

During our 1991 to 1992 field season, we 
examined 'an in situ fossil Torest on a flat 
bench at the top of the northward extending 
ridge of Mount Achemar (Fig. 1). The forest 
is exposed over an area of about 20 by 12 m 
(84"22'23"S, 164"37'56"E; Buckley Island 
Quadrangle) (3). Fifteen stumps are preserved 
in growth position and occur within shaley 
floodplain deposits (4) in the upper part of the 
Bucklev Formation. Based on oalvnomomhs 

A ,  

recovered at nearby sites (5) ,  the age of this 
deposit is considered to be Late Permian. 
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The stumps range from 9 to 18 cm in 
diameter and are generally preserved close 
to ground level. They are permineralized by 
silica so that wood cells are preserved. The 
largest aboveground segment preserved is 
approximately 20 cm high (Fig. 2), but a 
portion of the rooting zone of many stumps 
is also preserved. The trunks are rooted in a 
shale and siltstone that contains Glossop- 
tens leaf impressions and a few specimens of 
the rooting structure of the glossopterids, 
Veneb~aria. The mean distance between the 
stumps is 1.95 m, which would imply a high 
mean density if extrapolated for a large 
forest (-2000 individuals per hectare). 

For ring analysis the wood was cut and 
cellulose acetate peels of the surfaces were 
made after etching in concentrated hydro- 
fluoric acid and neutralizing in sodium bi- 
carbonate. The Mount Achemar wood 
contains distinct growth rings that indicate 
a marked seasonality in the climate (Fig. 
3). Mean ring width is 4.5 mm, and the 
largest ring observed was 11.38 mm wide. 
The rings consist primarily of earlywood 
with a small proportion of latewood (Fig. 
4). No frost rings were evident, even in 
those areas where they would be expected 
most commonly (that is, at the beginning 
and end of annual rings). However, a large 
number of false rings are present. These 
consist of areas in which the tracheid walls 
are thicker and thus appear denser than in 

the growing season; 24 hours of dark during 
the winter), and we assume that the growth 
rings represent annual rings. Unlike the 
northem boreal forest today, however, this 
Permian forest was probably deciduous. 
Glossoptens leaves have been found in large 
mats in many localities throughout Antarc- 
tica and the rest of Gondwana, including 
varved sedimentary rocks (6), relations that 
clearly indicate the deciduous nature of 
these plants. As pointed out by several 
authors (7), warm polar climates favor the 
development of deciduous forests because 
the winter (dark) respiration rate would be 
high in evergreen plants and would cause 
depletion of stored food reserves. In addi- 
tion, desiccation during winter can also be 
severe in plants that retain their leaves. 

the normal wood ( ~ i i - 4 ) .  They occur at The presence of deciduous forests at high 
various levels throughout the year's growth, latitudes suggests that the climate at this 
that is, they do not appear to be confined to time was warm. Other evidence for the 
one particular part-of the ring. warmth of the Late Permian climate is the 

The largest number of rings preserved in absence of frost rings and the large size of 
a single specimen is 15. The small number some of the growth rings. 
of rings, combined with the high densitv of The reason for the large number of false 
indivauals and the large size of some of ;he rings in these specimens uncertain. Some 
rings, suggests that the Mount Achernar extant plants growing in arid habitats de- 

Fig. 1. Eastern face of Mount Achernar, central 
Transantarctic Mountains. Fossil forest occurs 
on flat bench at upper right (arrow). 

Fig. 2. Stump preserved in situ (slightly flat- 
tened to one side). Rock hammer is 28 cm. 
long. 

Fig. 3. Cross section of etched block of fossil 
wood showing distinct rings and extensive 
crushing. There are only seven true growth 
rings in this specimen; the remainder are false 
rings. Width of specimen is 9.5 cm. 

deposit represents a young, rapidly growing 
forest. The plants may have been growing 
so rapidly in some seasons (1 1.38 mm of 
tracheid production in a single season) that 
the tracheid walls may have been insuffi- 
ciently lignified. Such rapid growth could 
account for the preservation of many of the 
tracheid files, some of which are collapsed 
into a zigzag pattern (Fig. 4). Because there 
are few rings and extensive evidence of 
crushing, it is not possible to cross date the 
specimens. 

The structure of the individual rings, 
with a large amount of earlywood and little 
(one to three cells) latewood, is comparable 
to that seen in other high-latitude forests. 
Doubtless the Permian forest was adapted to 
a similar light regime (24 hours of light in 

Fig. 4. Cross section of 
peel preparation showing 
growth ring boundary (ar- 
row) and false ring (be- 
tween arrowheads). Mag- 
nification, x27. 

velop false rings, and these cases reflect the 
alternation of wet and dry seasons. Because 
the Mount Achernar Gbssobteris forest was 
growing in a floodplain environment, it 
likely was subjected to fluctuating water 
levels. The geologic evidence suggests that 
the environment changed over time from 
lacustrine to a floodplain and eventually to 
a marshy environment (3). 

During the Permian the Mount Acher- 
nar forest was at approximately 80" to 85's 
latitude. By comparison, an in situ fossil 
forest described from the Late Cretaceous of 
Alexander Island in the Antarctic peninsu- 
la area ( I )  was considered to be 65" to 75"s 
latitude. These trees produced growth rings 
UD to 9.5 mm in width. The Paleocene- 
Eocene fossil forests from the Canadian 

1676 SCIENCE VOL. 257 18 SEPTEMBER 1992 



Arctic (2) also exhibited high growth rates 
and have been placed at approximately 75" 
to 80"N paleolatitude (8). These deposits 
had ring widths averaging 3.0 to 5.0 mm 
with a maximum of 10 mm (based on field 
measurements). In the Arctic today, trees 
are capable of producing a growth ring in as 
little as one month. Cambial activitv in 
many of these trees ceases even though 
light levels still appear to be adequate for 
photosynthetic activity. This growth pat- 
tem suggests that modem high-latitude 
trees are limited by temperature; the narrow 
size of their rings (1.0 mm or less) supports 
this interpretation. Temperature does not 
appear to have been a limiting factor to 
forest growth during the Late Permian in 
Antarctica. The deciduous nature of the 
Glossobteris forest. combined with the rela- 
tively large size of the growth rings, suggests 
that the climate was more favorable to tree 
growth than that which occurs today at 
latitudes 10" to 15" lower. O n  the basis of 
the rate of tree growth, the Permian polar 
climate is more comparable to Paleocene- 
Eocene climates in the Arctic. 

As is true of temperate trees today, there 
was a clear cessation of cambial activitv 
each year in these Permian trees. The small 
proportion of latewood suggests that cambi- 
al activity suddenly ceased at the end of the 
growing season, which otherwise appeared 
to be quite favorable for growth. In the 
absence of frost rings, we suggest that late- 
wood production and the subsequent cessa- 
tion of cell divisions in the vascular cambi- 
um were a response to decreasing light 
levels in the autumn. Basinger (2) has 
proposed that minimal latewood develop- 
ment in the Paleocene Arctic woods indi- 
cates a lack of winter hardenine in these - 
plants. He suggested that these trees expe- 
rienced only short periods of freezing 
weather, if any. 

Some models, based primarily on physi- 
cal parameters, have suggested that winter 
temperatures averaged -30" to -40°C and 
summer temperatures 0°C for this region 
[for example (8)]. However, the biological 
evidence sueeests that this was not the case. 

-u 

Clearly, Permian forests were present at 
latitudes where no vascular plants can sur- 
vive today. Growth in these forests could be 
extremely fast, as evidenced by growth ring 
data. A lack of latewood development in 
the tree rings and the absence of frost rings 
suggests that temperatures rarely went be- 
low freezing. 

Biological input to physical climate 
models is of primary importance in limiting 
the range of past climatic interpretations 
and can provide increased resolution when 
inteerated with such models. More imuor- - 
tantly, these data provide important infor- 
mation that can be applied to expand our 
knowledge of possible changes in plant 

growth and distribution as a result of cur- - 
rent climate changes. 
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Structural Models for the Metal Centers in the 
Nitrogenase Molybdenum-Iron Protein 

Jongsun Kim and D. C. Rees* 
Structural models for the nitrogenase FeMo-cofactor and P-clusters are proposed based 
on crystallographic analysis of the nitrogenase molybdenum-iron (MoFe)-protein from 
Azotobacter vinelandii at 2.7 angstrom resolution. Each center consists of two bridged 
clusters; the FeMo-cofactor has 4Fe:3S and 1 Mo:3Fe:3S clusters bridged by three non- 
protein ligands, and the P-clusters contain two 4Fe:4S clusters bridged by two cysteine thiol 
ligands. Six of the seven Fe sites in the FeMo-cofactor appear to have trigonal coordination 
geometry, including one ligand provided by a bridging group. The remaining Fe site has 
tetrahedral geometry and is liganded to the side chain of The Mo site exhibits 
approximate octahedral coordination geometry and is liganded by three sulfurs in the 
cofactor, two oxygens from homocitrate, and the imidazole side chain of His"442. The 
P-clusters are liganded by six cysteine thiol groups, two which bridge the two clusters, a88 
and p95, and four which singly coordinate the remaining Fe sites, a62, a154, p70, and 
p153. The side chain of SerPIBB may also coordinate one iron. The polypeptide folds of the 
homologous a and f4 subunits surrounding the P-clusters are approximately related by a 
twofold rotation that may be utilized in the binding interactions between the MoFe-protein 
and the nitrogenase Fe-protein. Neither the FeMo-cofactor nor the P-clusters are exposed 
to the surface, suggesting that substrate entry, electron transfer, and product release must 
involve a carefully regulated sequence of interactions between the MoFe-protein and 
Fe-protein of nitrogenase. 

Reduction of dinitrogen to ammonia by 
the nitrogenase enzyme system requires two 
metalloproteins, the molybdenum-iron 
(MoFe)-protein and the iron (Fe)-protein 
[reviewed in ( I ) ] .  The MoFe-protein is an 
a,P, tetramer with total molecular mass of 
-240 kD, and the Fe-protein is a y2 dimer. 
Three distinct types of redox centers are 
associated with these proteins: The MoFe- 
protein contains two types of centers, the 
FeMo-cofactor [reviewed in (2)] and the 
P-clusters [reviewed in (3)], and the Fe- 
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protein dimer contains one 4Fe:4S cluster 
whose structure is described in an accom- 
panying article (4). Because the active site 
of nitrogenase is provided by the MoFe- 
protein, the redox centers of this protein 
have attracted considerable attention. The 
FeMo-cofactor, first identified by Shah and 
Brill (5), most likely represents the site of 
substrate reduction (6) and has the approx- 
imate composition of one Mo atom, six to 
eight Fe atoms, eight to nine S atoms, and 
one homocitrate group (lMo:6-8Fe:8-9S:l 
homocitrate) (2, 7, 8). The P-clusters are 
believed to contain two 4Fe:4S clusters in 
close proximity (9-13), although the de- 
tailed properties of this center are distinct 
from better characterized proteins that con- 
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