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Reconstructing Paleoenvironments

Di Michele et al. (2007)

Clarkia, ID, USA - P40

Hardwood Floodplain Forest Carboniferous Swamp



Stable Carbon Isotopes & Fractionation
Atmospheric  

CO2

Fractionation 1: -4.4‰

δ13Catm = -8.2‰

δ13Cc i = -12.6‰

Fractionation 2: -14.4‰

12CO2
12CO2

13CO2

RuBisCo

Calvin Cycle
ATP

ADP

ADP

ATP

Populus balsamifera stomate

δ13Cleaf = -27‰

-30 -25 -20 -15

δ13Cleaf‰VPDB

P
ho

to
sy

nt
he

tic
 A

ct
iv

ity

12CO2 12CO2

13CO213CO212CO2



Graham et al. (2014) Isotopic characteristics of canopies in simulated 
leaf assemblages. Geochimica et Cosmochimica Acta.

Canopy Effect on Carbon Isotopes
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Conceptual Model for Mean & Standard Deviation 

σ (Δleaf ‰VPDB)

µ (Δleaf ‰VPDB)

high mean

-

low mean

-

small - large-

Chen and Popadiouk 141

Fig. 1. Canopy-structure profiles of the four stages of stand development in a boreal mixedwood forest.

shade tolerance are sufficient to explain the course of the successional process.” The type of stand-
replacing disturbance and site characteristics modify stand dynamic trajectories (Bergeron and Dubuc
1989; Oliver and Larson 1996; Spies 1997). We will review in detail how these factors affect stand
development in the following sections.

Stand initiation

Stand initiation follows a major disturbance that kills most of the mature trees on a site. Growing
space is available for new trees, since predisturbance cohort(s) of trees no longer can limit growth of
the new cohort. At the end of this stage, the new cohort of trees forms a horizontally closed canopy.

Factors influencing stand initiation
Allogenic and autogenic factors affecting stand initiation can be grouped into (1) type and intensity

of disturbance, (2) previous stand and site conditions, and (3) biotic components and their interactions.
These factors are often interrelated. For example, the wetter portions of BMWs may experience less
intense fires than the drier portions (Stocks and Walker 1973). Fire severity and stand and site con-
ditions are often coupled, resulting in variations in seedbed conditions that are critical for boreal tree
regeneration (Greene et al. 1999). Therefore, seedbed availability is discussed in a separate subsection.
Other factors such as neighborhood effects, seed rain, stump and root sprouting, shading, and alteration
of the forest floor physical or chemical status, to favor or inhibit germination and establishment of a
given species, are also very important to stand dynamics (see, Frelich and Reich 1999).
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• Reconstruct the light environment of Laurozamites 
powellii using the carbon isotopic mean-standard 
deviation model. 

• Apply the canopy effect to reconstruct the 
architecture of the plant.

Objectives



Geologic Setting

USNM 10061 - Upper Triassic, 
Upper Carnian (~ 230 mya)



Laurozamites powellii  -  Williamsoniaceae, Bennettitales
(Fontaine) Weber & Zamudio-Varela



Methods

Carbon Isotopes: 64 leaves measured. 80% in triplicate.

Leaf physiognomy: leaf area. Data modeled 
for incomplete specimens (N = 12) using 
leaf area ~ pinna length2 (r2 = 0.944).

Undulation Index: 42 leaves measured from 617 cells. 



Reconstructing the Light Environment

Tropical and temperate forest data from Graham et al. 
(2014) Isotopic characteristics of canopies in simulated 
leaf assemblages. Geochimica et Cosmochimica Acta.
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Interpretation of Forest Type from 𝚫leaf

Diefendorf et al. (2010). Global Patterns in Leaf 13C Discrimination 
and Implications for Studies of Past and Future Climate. PNAS

Laurozamites  
mean(𝚫leaf)= 18.7

hand, accounting for the uneven distribution of PFTs along
environmental gradients may reveal additional environmental
controls on Δleaf . When regression models are analyzed sepa-
rately for each PFT, small latitude and T effects on Δleaf are
evident for deciduous angiosperms (DA) and evergreen gymnos-
perms (EG), the PFTs that span the greatest range in latitude
and T (SI Appendix). For DAs and EGs, increases in latitude or
decreases in T result in slightly higher Δleaf than predictions
based on MAP and altitude alone, indicating limitations on
carbon assimilation due to low T or irradiance.

We used a multiple regression model with MAP and altitude as
predictors to capture the dominant environmental influences on
Δleaf , and explored whether PFTs explain any residual variation in
Δleaf . This approach reveals significant differences in Δleaf among
PFTs (SI Appendix), with EGs between 1.0% and 1.5% lower than
the others. More strict control of confounding environmental
influences on Δleaf is achieved by limiting PFT comparisons to
plants at the same geographic site (Fig. 2; SI Appendix). With this
constraint, DAs and evergreen angiosperms (EA) have higher
Δleaf than EGs, by 2.7% and 2.2% respectively. PFT effects on
Δleaf are not solely related to phylogeny or leaf habit. These
differences may be related to genetic or phenotypic differences
in A and gs mediated by leaf morphology, hydraulic architecture,
rooting depth, leaf T, and/or mesophyll conductance (3, 10, 11,
13). These traits also vary among species within the same PFT;
future studies should examine this variation.

Deciduous and evergreen species have contrasting nutrient use
and retention strategies (23) that may underlie their dominance
in different ecosystems. Our results support the notion that WUE
differences are also an important component of plant strategies
related to resource availability and likely help explain PFT
dominance patterns. Lower Δleaf implies greater WUE of EGs
relative to other woody plants, conferring a potential advantage
where water is limiting and a limitation on A when water avail-
ability is high (24).

Biome Patterns.MeanΔleaf values calculated by biome type (Fig. 3;
SI Appendix) differed significantly, with greatest fractionation in
tropical rain forests (mean Δleaf ¼ 23.4%) and lowest in xeric
woodland/scrublands (mean Δleaf ¼ 17.3%), which compare well
with biome level Δleaf patterns predicted by Kaplan et al. (5). We

observe a similar pattern when mean Δleaf for each biome is
calculated separately for angiosperms and gymnosperms (SI
Appendix). Biome type alone explains more Δleaf variation than
MAP (R2 of 66% and 55%, respectively, SI Appendix), because it
captures other factors related to Δleaf , including the spatial dis-
tribution of PFTs. PFT influences at the biome scale are readily
apparent; cool-cold deciduous forests have higher Δleaf values
(by 1.2%) than cool-cold evergreen forests (Fig. 3; see also
Kaplan et al. (5)). The DA-EG differences in Δleaf (1.0% to
2.7%) calculated for each biome are consistent with results based
on residuals of multiple regression (1.0–1.5%; SI Appendix) and
the paired-site comparison (2.7%; Fig. 2).

Implications for Models. Kaplan et al. (5) recently extended a
coupled vegetation-biogeochemical model (BIOME4) to predict
Δleaf at the biome and PFT scale. Our database for C3 woody
plants provides a means for full evaluation of BIOME4’s ability
to reproduce global patterns in Δleaf . Since Δleaf records the time-
integrated balance of A and gs, global patterns inΔleaf can be used
to assess the ability of physiological models to predict the balance
between leaf C and H2O fluxes. Further, incorporating Δleaf
into coupled vegetation-biogeochemistry models have potential
to enable predictive mapping of spatial variability in δ13Cleaf
and δ13CTOC, which could improve studies of the effect of climate
on modern and ancient organic matter.

Geologic Implications. The importance of water in regulating Δleaf
values is often invoked in environmental and atmospheric recon-
structions from δ13CTOC (1). More recently, the role of PFTs in
controlling δ13CTOC has been identified (2 and 25). Our results
show that variation in PFTand MAP independently result in dif-
ferences in Δleaf of up to several % (Fig. 1 and 2), and that biome
may be a powerful integrator of PFT, rainfall, and other effects
on Δleaf and δ13CTOC (Fig. 3). These quantitative relationships
can be used to understand temporal and spatial variations in
δ13CTOC provided that MAP and PFT (or biome) can be esti-
mated in the geologic past.
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Fig. 2. Differences in Δleaf between cooccurring plant functional types
(PFTs). For each geographic site, mean Δleaf values of each species were
averaged to produce a mean Δleaf for each PFT. Box and whisker plots show
the median, upper and lower quartiles, and maximum and minimum values,
with outlier values shown as black dots. Number of sites per PFT comparison
are as follows (deciduous angiosperm, DA; deciduous gymnosperm, DG;
evergreen angiosperm, EA; evergreen gymnosperm, DG): DA − EA ¼ 16,
DA − EG ¼ 17, DG − EG ¼ 21, EA − EG ¼ 12. DA-DG comparison is shown to
highlight differences between Larix (triangle) and Taxodium (star).
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Fig. 3. Box and whisker plots of Δleaf values by biome. Biome accounts for
66% (p < 0.0001) of the variability in Δleaf in an ANOVA model. Number of
samples per biome are as follows (see Fig. 1 caption for abbreviations):
TRF ¼ 206; EWMF ¼ 29; TSF ¼ 47; CCDF ¼ 5; MED ¼ 5; CCEF ¼ 53;
CCMF ¼ 78; TDF ¼ 26; XWS ¼ 59. Statistical tests of means are shown in
SI Appendix.
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Plant Architecture Results
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Plant Architecture Results
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Wielandiella angustifolia
Fig. 18 Restoration of the natural habit of Wielandiella angustifolia. Drawing by Pollyanna von Knorring, Stockholm, Sweden.
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Pott and McLoughlin. (2014). Divaricate Growth Habit in 
Williamsoniaceae (Bennettitales): Unravelling the Ecology 
of a Key Mesozoic Plant Group. Palaeobiodiversity and 
Palaeoenvironments.

which can grow on coastal dunes. Banksias are commonly the
dominant shrub in sandplain heathlands and shrublands
(Wrigley and Fagg 1991). Only a few species occur in very
arid areas. The distribution of Banksia species is primarily
constrained by rainfall. Almost no species occur in areas with
an annual rainfall of <200 mm, although they can tolerate
considerable variability in annual precipitation and soil mois-
ture. Banksia has its greatest species diversity in cooler, wetter
areas on low-nutrient soils, especially in south-western Aus-
tralia. Banksia plants are adapted to the presence of regular
bushfires with a quick regeneration potential from epicormic
buds, rootstock or dispersed seeds. In many cases, fire stimu-
lates the opening of seed-bearing follicles and permits the
germination of seeds in a landscape denuded of competition.
If the similarities in plant form result from equivalent ecolog-
ical preferences and selective pressures, then the characteris-
tics of Banksia species allow certain inferences about the
ecology of Williamsoniaceae.

Williamsoniaceae are restored as 1- to 3-m-tall shrubs that
strikingly resemble the basic habit, architecture and leaf and
floral arrangement of Banksia species (Fig. 7a–e).Wielandiella
angustifolia is characterised by thin but woody stems, possibly
with a thick bark, based on their wrinkled texture, that might
have provided modest protection from wildfires. The
Williamsoniaceae under consideration here occurred in similar
latitudes to Proteaceae, but in the Northern Hemisphere (name-
ly, 20–40° N; Pott et al. 2012a; Pott 2014), suggesting adapta-
tion to broadly similar climates and photoperiod regimes.

Banksia species are best represented in areas of low-
nutrient soils (George and Gardner 1984). They have a range
of scleromorphic to xeromorphic features (leathery leaves,

thick cuticles, sunken stomata, trichome protection and
proteoid roots) that are considered to be responses to poor
edaphic conditions or, in some cases, to true aridity
(Hutchings and Saenger 1987; Fahn and Cutler 1992; Jordan
et al. 2008). Triassic permineralised bennettitaleans from
Svalbard have root cortical and hyphal mantle features sug-
gestive of ectomycorrhizal associations; these may have been
adaptations to growth in similar low-nutrient peaty soils
(Stephen McLoughlin, personal observation, October 2013).
Williamsoniaceous foliage also shows a range of sclero
morphic or xeromorphic characters, as outlined above.

Whether the Williamsoniaceae were deciduous or ever-
green is difficult to ascertain, but the presence of dense mats
of bennettitalean leaves at some localities suggests seasonal
shedding of leaves (e.g. McLoughlin et al. 2002; Pott et al.
2007b). Furthermore, the presence of foliar scars with well-
preserved leaf traces inWielandiella angustifolia indicates that
the leaves were functionally shed and not persistent as is
common among cycads, palms and most likely extinct cycad-
eoids, the other family of Bennettitales. Together with the
incremental distribution of scars on the axes, these features
suggest seasonality in leaf detachment. Banksia species are
invariably evergreen, although they may show increased
levels of leaf death/shedding during times of drought. Leaves
and leaf margins are typically stiff, leathery, serrate, pinnatifid
or pinnate inBanksia; the same basic morphology is expressed
in leaves of Williamsoniaceae. Leaves of Wielandiella
angustifolia and Anomozamites villosa display strong similar-
ities to those of Banksia serrata and B. speciosa;
Williamsoniella coronata is similarly convergent with B.
squarrosa, and Tyrmia acrodonta from the Lower

Fig. 8 Hypothetical developmental stages in the modular divaricating
architecture of a deciduous Williamsoniaceae. a First-order axis with
terminal showy flower. b Initial divarication of second-order axes and
development of mature seed ‘cone’ with loss of involucral bracts and
previous season’s leaves. c Development of terminal flowers on second-

order axes and retention of mature seed ‘cone’ capping first-order axis. d
Development of terminal flowers on third-order axes, loss of leaves but
retention ofmature seed ‘cones’ capping second-order axes, and shedding
of seeds from cone capping first-order axis

320 Palaeobio Palaeoenv (2014) 94:307–325

Model of Williamsoniid  
architecture.

Divaricate Growth Habit

Interpretation of Plant Architecture Results

Laurozamites powellii



• Laurozamites powellii grew in a homogeneous, high 
light environment. 

•  Xeric woodland or scrubland forest type is 
indicated by the mean(𝚫leaf) when compared to 
other forest types. 

• Relationship of 𝛿13C and leaf area suggest most 
leaves - regardless of size - experienced similar 
light environments, consistent with a divaricate 
growth form.

Conclusions
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