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ABSTRACT:

For over a century, leaf size and shape have been used to reconstruct aspects of climate related to

temperature and precipitation. These methods are typically calibrated with complete leaves from living forests.
An understudied issue is how appropriate these calibrations are to incomplete leaf compression fossils that domi-
nate most fossil leaf assemblages. We sought to test the fidelity of leaf-climate methods with leaves sampled from
three taphonomic stages (fresh, surface litter, and buried litter) in two temperate forests. We sampled environ-
ments that commonly contain fossil leaves in the geologic record: swamp and river margins. We find that in com-
parison to fresh leaves, conspecific leaves from the surface litter and buried litter are progressively smaller. As a
result, paleoprecipitation estimates using leaf size and shape may be underestimated by as much as 23%. In con-
trast, traits common in temperature models (e.g., size and number of leaf teeth) show little within-species tapho-

nomic biasing.

INTRODUCTION

The fossil record is a biased storyteller. Because plants do not move and
are composed of easily decaying tissues, their preservation as fossils is
strongly dictated by taphonomic filters related to transport, decay, and
burial (Fig. 1). There is a rich history of work on the topic of leaf taphon-
omy (e.g., Spicer 1981, 1989; Ferguson 1985, 2005; Burnham 1989;
Greenwood 1992). For example, small leaves may be expected to be over-
represented in the fossil record because of the greater likelihood of large
leaves to break apart (Hagen et al. 2019) and the greater likelihood of sun
leaves—which tend to be small (Wylie 1951; Talbert and Holch 1957,
Sack et al. 2006)—to reach sites prone to fossilization because sun leaves
often travel farther (Spicer 1981; Ferguson 1985) and are more durable
(higher leaf mass per area; Hanson 1917; Koch et al. 2004; Sack et al.
2006) than shade leaves.

Evidence for size biasing is mixed (Ferguson 1985): leaves recovered
from lake sediments are smaller than their conspecifics in the nearby can-
opy (Roth and Dilcher 1978) but not smaller relative to nearby surface lit-
ter (Spicer 1981; Astorga et al. 2016). Leaves in stream sediment are
consistently smaller than leaves from the surrounding canopy (Burnham
1989; Greenwood 1992; Steart et al. 2002; Ellis and Johnson 2013) and
forest surface litter (Christophel and Greenwood 1989). Burnham (1989),
however, observed no size bias between levee sediment (including back
levee and forebank) and the surrounding canopy. These studies all capture
the early stages of taphonomy (top of Fig. 1) and associated changes in
leaf area within and/or across species (i.e., loss of species in litter). Using
scaling based on second-order vein density to investigate later taphonomic
stages (bottom of Fig. 1), Hagen et al. (2019) reconstructed ~10% larger
leaves in fragmented fossils from the Williston Basin versus complete con-
specifics from the same sites.

Compared to leaf size, the potential taphonomic biasing of leaf shape is
less studied. A taphonomic understanding of size and shape (physiog-
nomy) are both important because physiognomy varies systematically with
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climate, especially among woody non-monocot angiosperms (“woody
dicots”), making it a valuable tool for reconstructing past environments
(Bailey and Sinnott 1915, 1916; Wolfe 1979, 1993; Wilf 1997; Wilf et al.
1998; Peppe et al. 2011). Larger leaves are generally found in wetter cli-
mates, while smaller leaves dominate dryer regions (Raunkiaer 1934;
Givnish 1984; Wilf et al. 1998; Wright et al. 2017). Leaf margin traits,
particularly the presence versus absence of teeth, are closely tied to tem-
perature: plants in colder climates tend to have more toothed margins,
while those in warmer regions predominantly have smooth-edged leaves
(Wolfe 1979; Peppe et al. 2011).

Paleobotanists have developed multiple proxies for inferring climate
from site-mean leaf physiognomy among woody dicots. These include
bivariate correlations between mean annual precipitation (MAP) and leaf
area (leaf-area analysis; Wilf et al. 1998) and between mean annual tem-
perature (MAT) and the percentage of species with untoothed leaf margins
(Wolfe 1979; Wilf 1997). Multivariate methods have been developed too,
including the Climate Leaf.

Analysis Multivariate Program (CLAMP; Wolfe 1993; Spicer et al.
2021) and Digital Leaf Physiognomy (DiLP; Peppe et al. 2011). These
multivariate techniques focus on both leaf size and aspects of shape, espe-
cially related to leaf teeth (their size, abundance, and influence on outline
complexity). Critically, all these methods are calibrated to measurements
of leaves sampled directly from the canopy; they do not account for
taphonomy.

Prior work has explored how taphonomy may affect leaf-climate meth-
ods, principally through either the digital degradation of individual traits
in canopy leaves (Royer et al. 2005; Spicer et al. 2005, 2011) or climate
reconstruction from univariate techniques based on leaves sampled at dif-
ferent taphonomic stages (Burnham 1989; Greenwood 1992, 2005; Ellis
and Johnson 2013). These latter studies did not separate the taphonomic
effects on leaf physiognomy due to changes within species versus loss of
species in litter and sediment. Thus, in order to better understand the
extent of taphonomic biasing on leaf physiognomy solely within species,
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we sought to measure the full set of physiognomic traits in DiLP on leaves
from three taphonomic stages (fresh leaves, surface litter, buried litter) in
three depositional settings at two forests in eastern North America. This
study design builds on prior work by quantitatively tracking the tapho-
nomic effects on climate reconstruction due to changes in both leaf size
and shape within individual species at multiple depositional settings, sites,
and taphonomic stages (light shaded area in Fig. 1). This allows for a
detailed view into how taphonomy affects the leaf physiognomy within
individual species and complements the fossil-only study of Hagen et al.
(2019) (dark shaded area in Fig. 1).

METHODS
Sites

We collected leaves at two sites: Harvard Forest, located near Peter-
sham, Massachusetts, and the Smithsonian Environmental Research Cen-
ter (SERC), located on the western coast of Maryland near the Chesapeake
Bay. Harvard Forest is one of North America’s oldest managed forests. It
is a humid, cool-temperate forest characterized by relatively low plant
diversity. The dominant species include eastern hemlock (7suga canaden-
sis) and red oak (Quercus rubra), with a dense understory (Au et al.
2020). SERC represents a humid, warm-temperate ecosystem influenced
by a mixture of freshwater and brackish environments. SERC is compara-
tively diverse, consisting of 78 species with two distinct forest associations
(Driscoll 2016): the upland ‘tulip poplar’ forest and the wet lowland ‘river
birch-sycamore’ forest (Driscoll et al. 2016).

At both sites, we targeted depositional environments that—in the sedi-
mentary record—commonly contain fossil leaves: swamps, small river
tributaries, and larger dynamic rivers (Wing 1988). During the summer of
2019, Azevedo-Schmidt et al. (2022) collected shallowly buried leaf litter
in each of these depositional environments (“quarries”). At each quarry,
they sampled litter at three or four discrete subquarries. The collected
leaves were pressed flat using a leaf press, dried for three days at 50°C,
and photographed with labels and a ruler for scale. They analyzed the fol-
lowing five species at Harvard Forest: American beech (Fagus grandifo-
lia), black birch (Betula lenta), yellow birch (Betula alleghaniensis), red
maple (Acer rubrum), and red oak (Quercus rubra); and seven species at
SERC: American beech, American hornbeam (Carpinus caroliniana),
American sycamore (Platanus occidentalis), chestnut oak (Quercus pri-
nus), southern red oak (Quercus falcata), white oak (Quercus alba), and
sweetgum (Liquidambar styraciflua). We found differentiating black and
yellow birches at Harvard Forest difficult based on leaf morphology alone,
so we combined them for our analyses.

In June 2023, we revisited Azevedo-Schmidt’s sites and sampled fresh
leaves from the canopy near one subquarry per quarry. We targeted many
of the same species that were abundant in Azevedo-Schmidt et al. (2022)
but added willow oak (Quercus phellos) at SERC. For each species, we
aimed to collect leaves from both sunlit and shaded areas of two individu-
als using a pole pruner with a maximum extension of ~8 m. When this
was not possible, we sometimes collected fresh, green leaves from the for-
est floor. Because we could not access leaves from the top of the canopy,
we targeted trees with light gaps to collect “sun” leaves; we acknowledge
that these leaves may not be true sun morphotypes.

—
Fi6. 1.—Some taphonomic processes related to the fragmentation of leaves. Most
leaves are never captured as fossils, and many fossils are not captured in their complete
forms. Our study captures some of the initial taphonomic processes (light shaded area at
top); Hagen et al. (2019) captured some of the final stages (dark shaded area at bottom).
Arrow thickness broadly reflects leaf fraction. Figure adapted from Hagen et al. (2019).
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FiG. 2.—Steps in preparing a leaf image for analysis using Digital Leaf
Physiognomy (DiLP). A) Photograph the leaf (beech leaf #350 from Harvard
Forest). B) Separate the petiole and reconstruct damaged portions of the leaf
margin. Petiole and inferred blade area are measured at this step. C) Remove
sections that contain damage along the margin. Raw blade area and perimeter
are measured at this step; perimeter associated with the leaf interior is
excluded. D) Separate teeth from the leaf margin. Internal raw blade area and
perimeter are measured at this step; perimeter associated with the leaf interior
is excluded.

Reconstruct Unusable/Discard

Fi6. 3.—Comparison of a reconstructable untoothed leaf (Southern red oak leaf
#55 from SERC) with one that should be excluded (Southern red oak leaf #51 from
SERC). Using Digital Leaf Physiognomy for untoothed leaves requires that the
complete margin be intact or reconstructed.

In August 2023, we returned to the same subquarries at Harvard Forest
and sampled leaves from the surface of the leaf litter and similarly in June
2024 at SERC. We targeted species that had been previously collected in
buried litter or the canopy. At each location, we filled three gallon-sized
plastic bags. The first bag contained a general scoop of existing surface lit-
ter within an ~0.5 m?® area; the remaining bags were filled with species
that were underrepresented in the first bag. We dried, pressed, and photo-
graphed all leaves following Azevedo-Schmidt et al. (2022) (Figs. 2A, 3).
Not all leaf categories (fresh, surface litter, buried litter) were collected for
each species-site combination. We assume that any shrinkage within spe-
cies due to drying (e.g., Blonder et al. 2012) affected the leaf categories
(fresh leaves/surface litter/buried litter) proportionately.

Digital Leaf Physiognomy

Digital Leaf Physiognomy (DiLP) is a multivariate, leaf physiognomy-
based approach that quantitatively analyzes leaf size and shape to infer
past climatic conditions (Peppe et al. 2011). This model relies on quantita-
tive physiognomic measurements, allowing for direct comparisons
between living and fossil leaves to assess environmental parameters. DiLP
focuses on climatically sensitive variables related to overall size, degree of
lobateness or dissection, tooth abundance, and tooth size. Because almost
all fossil leaves are fragmented to some degree, the variables in DiLP are
designed to be measurable on leaves whose outlines are not completely
present, for example tooth count and tooth area normalized to area and
perimeter (Table 1; Royer et al. 2005; Peppe et al. 2011).

We processed the leaf images for DiLP following the workflow of Lowe
et al. (2024). In short, we used Krita (Krita Foundation, Deventer, Nether-
lands) to trace each leaf and remove its petiole; for leaves with only minor
damage along their margins (Fig. 3), we reconstructed their areas so that
we could quantify the original leaf area (“inferred blade area”; Fig. 2B).

For leaves with teeth, damaged sections need to be excluded before calcu-
lating variables that include tooth count or perimeter because teeth are likely
missing and perimeter cannot be reconstructed as reliably as inferred leaf
area; to do this, for each damaged section we excluded all leaf area down to
the nearest primary vein (“raw blade area”; Fig. 2C). Following Lowe et al.
(2024), we only retained sections of margin containing a minimum of two
teeth. Next, teeth were separated from the margins, typically from sinus to
sinus (“raw internal blade area”; Fig. 2D), and manually counted. Once
prepped, all images were imported into ImageJ (NIH, Bethesda, Maryland,
USA) for measurement of the core physiognomic variables: petiole area,
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TaBLE 1.—Description of the most relevant variables in Digital Leaf Physiognomy (DiLP) (after Royer et al. 2005, Lowe et al. 2024).

Physiognomic variable (abbreviation, units)

Description

*Leaf area (cm?)

"*Feret diameter ratio (FDR, unitless)
(Fig. 2B).

“Perimeter ratio (unitless)"

Tooth count:blade area (tc:ba, unitless)’

Tooth area:blade area (ta:ba, unitless)"

Tooth area:internal perimeter (ta:ip, cm)’

Average tooth area (avg ta, cm?)'

Hkk

The total area of the leaf, incorporating both the petiole and inferred blade area. Requires leaf to be mostly intact (Fig. 2B).
Fraction of the area of a circle with the same diameter as the longest distance across the leaf to the inferred blade area

The ratio of the raw internal blade perimeter to the raw blade perimeter (Fig. 2C, 2D).

The ratio of the total number of intact teeth to the raw blade area (Fig. 2C).

The ratio of the total area of all intact teeth to the raw blade area (Fig. 2C, 2D).

The ratio of the total area of all intact teeth to the raw internal blade perimeter (Fig. 2C, 2D).
Average area of a single tooth (Fig. 2C, 2D).

Tooth count: internal perimeter (tc:ip, cm™)"  The ratio of the total number of intact teeth to the raw internal blade perimeter (Fig. 2D).

T Relevant only for toothed species.

* Used in MAP equation.

** Used in MAT equation.

**% Used in both MAP and MAT equations.

inferred leaf area, and feret diameter (maximum diameter across the
leaf) for leaves with only minor damage along their margins (Fig. 3);
raw blade area and perimeter; raw blade internal area and perimeter;
and the length of cut perimeter (e.g., straight-line cuts in Fig. 2C). See
Online Supplemental File Table S1 for all raw data. We then used
the dilp package (Butrim et al. 2024) in R (R Core Team 2024) to cal-
culate eight derived variables (Table 1; the subset of variables used in
the MAP and MAT models are marked with asterisks). We followed
the univariate and multivariate equations in Peppe et al. (2011) to
calculate climate from physiognomy.

Data Analysis

To determine the number of leaves per species to analyze in our fresh
leaves and surface litter samples, we carried out a sensitivity analysis of
the buried litter samples. For every species, we drew 1000 random samples
at each level of sampling effort (from one leaf to the full data set) and cal-
culated the medians of each random sample X sampling effort combina-
tion; at each level of sampling effort, we then calculated the 2.5 and
97.5 percentile values of the 1000 medians. To standardize scales across
variables, we divided the percentile values by their median (50th percen-
tile). We generally found only mild improvements in precision above a
sampling effort of 15 leaves (Online Supplemental File Figure S1). We
therefore analyzed a minimum of 15 leaves per species in our fresh leaves
and surface litter data sets.

We log-transformed two physiognomic variables that showed skewed
Q-Q plots (tooth count:internal perimeter and tooth count:blade area).
We tested for differences in physiognomy between putative “sun” and
“shade” leaves in R using a multivariate linear model: Im([physiog-
nomic variable] ~ [sun or shade] + [species] + [quarry]). We found no
strong patterns; consequently, all analyses of the fresh leaves do not
treat sun/shade as a separate factor. A principal component analysis
(PCA) identified two strong outlying red oak leaves from Harvard For-
est (circled data in Online Supplemental File Figure S2), which we
excluded from all analyses. Because the buried litter come from three
subquarries per site versus one for the fresh leaves and surface litter,
we tested at each quarry whether the physiognomy in the buried litter at
the additional subquarries differed from the buried litter at the sub-
quarry sampled for all three leaf types (Im([physiognomic variable] ~
[leaf category] + [species] + [quarry + subquarry combination])).
These pairwise tests found little support for differences in physiognomy
across subquarries within a single quarry: at Harvard Forest, one sub-
quarry comparison differed (1903.4 vs. 1903.3), but in only one of the
eight tested variables (perimeter ratio); at SERC, one subquarry com-
parison (1902.3 vs. 1902.1) differed in two physiognomic variables

(perimeter ratio and tooth area:blade area), and for two other compari-
sons (1901.3 vs. 1901.2; 1903.3 vs. 1903.2) in one variable (tooth
count:blade area and tooth area:internal perimeter, respectively). We
therefore included all buried litter in our analyses.

In total, we analyzed 816 leaves from Harvard Forest and 874 from
SERC; see Online Supplemental Data File 1 for R code used to run
analyses. At each forest, we tested for statistical significance between
taphonomic category (fresh leaves/surface litter/buried litter) and leaf
physiognomy in R using a multivariate linear model: Im([physiog-
nomic variable] ~ [leaf category] + [species] + [quarry]). We tested
post-hoc the pairwise differences between leaf categories using the
fit.contrast function in the gmodels package (Warnes et al. 2024). This
allowed us to test for monotonic patterns across categories, for exam-
ple leaf size declining from fresh leaves to surface litter to buried
litter.
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Fi6. 4—Scaling in canopy leaves of four species-site pairs between inverse sec-
ond-order vein density and leaf area. We used the ordinary least-squares regressions
(colored lines) to reconstruct leaf area in the buried litter (Harvard Forest birch: y =
1.59x + 1.87, 2 = 0.72, n = 49; Harvard Forest beech: y = 2.21x + 2.12, * =
0.70, n = 30; SERC beech: y = 1.53x + 2.00, > = 0.58, n = 45; SERC horn-
beam: y = 1.61x + 1.76, =084, n= 20). For comparison, the black dashed
line is the regression based on 485 dicot species from Sack et al. (2012).
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Fi6. 5.—Violin boxplots showing a consistent decrease in leaf area across the taphonomic stages (fresh = left; surface litter = middle; buried litter = right) at Harvard Forest.
The boxplots span the interquartile range (IQR; 2575 percentiles); whiskers span the full data range up to 1.5 X IQR, beyond which individual symbols are plotted. Sample size

is noted above each boxplot.
Estimating Leaf Area from Second-Order Vein Density

We also sought to test what factors may be driving any disproportionate
loss of large leaves in litter. Two proposed factors are that smaller but thicker
leaves tend to travel farther in the atmosphere and be more resistant to decay
(see Introduction). If the first factor is important, then larger leaves would not
be present at any time in the sampled litter layers; if the second factor is
important, larger leaves may enter the litter but then subsequently break apart
(or, alternatively, enter the litter already fragmented). The known inverse scal-
ing between second-order vein density and leaf area in dicots (Sack et al.
2012) allows us to assess these two factors because we can measure second-
order vein density in leaf fragments from the buried litter to estimate their
original leaf areas; if these areas are larger than their complete companions,
for example, then this would suggest that the second factor is important. This
scaling has been tested extensively in living plants (Sack et al. 2012) and
applied to fossils (Merkhofer et al. 2015; Hagen et al. 2019; Toumoulin et al.
2020; Baumgartner and Peppe 2021; Munyaka et al. 2025).

We measured second-order vein density in four species-site pairs (birch
at Harvard Forest, American hornbeam at SERC, and American beech at
both sites) following established methods (Sack et al. 2012; Merkhofer

et al. 2015). In brief, for each leaf we created up to four rectangles in
Image], each capturing at least two second-order veins (see Online Supple-
mental File Figure S3 for example). We computed the vein density of each
rectangle, then the leaf average. We created calibrations for each species-
site pair based on 20 complete leaves from the canopy, which are all
strongly significant (Fig. 4). To test for size differences in the buried litter,
at each quarry where the species-site pair is present we measured second-
order vein density on 15-30 complete-to-nearly-complete leaves whose
areas could be directly measured (species-site total of 15-69) and 11-18
fragmented leaves whose areas could not be directly measured (species-
site total of 11-45; see Online Supplemental Data File 2 for R code used
to run analyses). For paleobotany, the latter category represents informa-
tion that is typically lost. We used vein scaling to estimate area even for
the complete leaves to account for any built-in biases in the calibrations
(emphasizing accuracy over precision; see also Hagen et al. 2019).

RESULTS

We found a clear reduction in leaf area along the taphonomic stages
from fresh leaves to surface litter to buried litter. At Harvard Forest, the
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TABLE 2.—OQutcomes of post-hoc tests comparing differences in leaf physiognomy between taphonomic stages. For each physiognomic variable (see
Table 1 for definitions), the first row represents changes between fresh leaves and surface litter, the second row between surface and buried litter,
and the third row the overall change from fresh leaves to buried litter. Each cell contains information about direction of change (arrows) and p-value
(in boldface when < 0.05). At each site, a modified model was run to assess the primacy of leaf area in driving the observed patterns. For leaf area,
the modified model additionally includes tooth area:internal perimeter as a factor. For all other variables where the p-value of the standard model
is < 0.05, the modified model additionally includes leaf area as a factor.

Harvard Forest SERC
Physiognomic variable (units) (Standard model) (Modified model) (Standard model) (Modified model)
*Leaf area (cm?) 1 <0.001 1 <0.001 1 <0.001 1 <0.001
1 0.005 10.005 1 <0.001 1 <0.001
1 <0.001 1 <0.001 1 <0.001 | <0.001
“*Feret diameter ratio (unitless) 1 <0.001 1 <0.001 1 <0.001 1 <0.001
1 <0.001 1 <0.001 1023
10.05 1 <0.001 1 <0.001 10.33
“Perimeter ratio (unitless) 1 <0.001 1 <0.001 10.24
1047 10.83
1 <0.001 1 <0.001 10.04 10.85
Tooth count:blade area (cm™) 10.02 10.01 10.64
10.01 10.06 1 <0.001 10.04
1 <0.001 1041 1 <0.001 10.54
Tooth area:blade area (unitless) 10.001 10.15 10.97
1 <0.001 1 <0.001 1027
10.10 10.10
Tooth area:internal perimeter (cm) 10.58 10.02 10.86
1 <0.001 1 <0.001 | <0.001 10.03
1 <0.001 1 <0.001 1 <0.001 10.002
Average tooth area (cm?) 10.002 1 <0.001 10.35
1 <0.001 1 <0.001 10.009 10.95
10.82 | <0.001 1051
***Tooth count:internal perimeter (cm™) 10.06 1 <0.001 1 0.001
10.002 10.09 1 <0.001 10.06
1022 10.13

* Used in MAP equation.
** Used in MAT equation.
*** Used in both MAP and MAT equations.

average leaf size within species in the surface litter was 7.5% smaller than
in the fresh leaves (p < 0.001), declining further by 40% in the buried lit-
ter (p = 0.005). Together, this constitutes an overall reduction of 45%
(p < 0.001) from fresh to buried leaves (Fig. 5, Table 2). We found a
stronger pattern at SERC: surface litter is 46% smaller than fresh leaves
(p < 0.001) and buried litter 28% smaller than surface litter (p < 0.001).
Combined, this represents an overall decline of 61% (p < 0.001; Fig. 6).
Across both sites, the average overall decline in swamps (40%) was less
than in the tributaries (50%) and dynamic rivers (54%).

Using second-order vein scaling (Fig. 4), we find that in three of our
four tested species-site pairs, complete-to-nearly-complete leaves from the
buried litter have smaller areas than the reconstructed original leaf areas of
fragments (Fig. 7). The magnitude of this effect scales with leaf size: the
species with the largest leaves show the largest effect (American beech at
both sites) while the smallest leaf species shows a mild reversed effect
(American hornbeam at SERC).

The other physiognomic variables did not exhibit as strong or consistent a
trend across both sites as leaf area (Table 2, Online Supplemental Files Fig-
ures S4-S17). Only two variables showed consistent and significant changes
between fresh leaves and buried litter (tooth count:blade area and tooth area:
internal perimeter), but not in all the intervening taphonomic stages (Table 2).
We questioned whether the significant patterns in these variables were due to
their covariance with leaf area. In other words, were these more scattered sig-
nificant patterns driven by a stronger pattern in leaf area? A principal compo-
nent analysis (PCA) of our data set supports this viewpoint (Fig. 8). For
example, tooth count to blade area appears anti-correlated with leaf area at

both sites. Furthermore, if we include leaf area as a factor in our model for
explaining variables other than leaf area, the significance of the taphonomic
factor (fresh leaves/surface litter/buried litter) often weakens, including for
both tooth count:blade area and tooth area:internal perimeter (Table 2). The
reverse is not true: if these other variables are added to the leaf area model,
the taphonomic factor mostly remains as significant (see Table 2 for model
that includes tooth area:internal perimeter). This clearly implicates leaf area as
the dominant physiognomic variable linked to taphonomic stage.

The univariate precipitation model (leaf area analysis; Peppe et al.
2011) indicates that the 45% and 61% reductions in leaf area observed at
Harvard Forest and SERC, if representative of all woody dicots at these
sites, leads to an underestimation of 16-23% in mean annual precipitation
(MAP). The same trend but smaller is observed in the DiLP model, rang-
ing from 6-19%. This smaller change relative to the univariate model is
due to the addition of two traits—perimeter ratio and tooth count:internal
perimeter—with only the former showing a significant taphonomic effect
between the fresh leaves and buried litter, but in opposite directions in the
two forests (Table 2).

The impact of taphonomy on leaf physiognomy did not lead to large
changes in MAT in the multivariate DiLP (0-1.5°C), again assuming if
our observed changes are representative of all woody dicots. This is
because only one variable at one site in the DiLP MAT model changed sig-
nificantly (feret diameter ratio at SERC; Table 2). Because we tracked sin-
gle species along a taphonomic sequence, the scoring for toothed vs.
untoothed did not change, meaning no change in estimated MAT with the
univariate leaf-margin analysis.
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Fic. 6.—Violin boxplots showing a consistent decrease in leaf area across the taphonomic stages (fresh = left; surface litter = middle; buried litter = right) at the
Smithsonian Environmental Research Center. The boxplots span the interquartile range (IQR; 2575 percentiles); whiskers span the full data range up to 1.5 X IQR,
beyond which individual symbols are plotted. Sample size is noted above each boxplot.

DISCUSSION

We find a strong and consistent reduction in leaf area within species
across three taphonomic stages at both sites, with an overall reduction of
45% at Harvard Forest and 61% at SERC (Figs. 6, 7, Table 2). The consis-
tency of these patterns suggests a chronic size bias within species in for-
ested systems. This is in keeping with Roth and Dilcher (1978), who
found that leaves in lake sediments were, on average, 38% smaller than
nearby fresh leaves of the same species. In contrast, Astorga et al. (2016)
found minimal size sorting within species between leaves in lake sediment
versus litter from the surrounding forest.

The magnitude of the leaf-size bias is largest within river settings
(~52%). We suspect that this is related to smaller leaves more easily being
transported down rivers than larger leaves (Greenwood 1992) and a greater
transport distance for leaves in river versus swamp sediment (Ferguson
1985), increasing the odds for larger leaves to break apart (e.g., Hagen
et al. 2019). Our observed size bias in swamps (~40%) is like within-spe-
cies patterns reported for a single lake (38%; Roth and Dilcher 1978), sug-
gesting similar taphonomic processes.

Vein scaling suggests that complete leaves from buried litter are typi-
cally smaller than the reconstructed areas of leaf fragments from the same
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symbols are plotted.

litter (Fig. 7). This difference is strongest in the species with the largest
leaves (American beech: 19-34%), but the signal is noisy with an overall
effect across the four species-site pairs of 11%. This supports several
ideas: (1) some large leaves were deposited in our quarries, but then subse-
quently broke apart; (2) large leaves were more likely to break apart than
small leaves; (3) because the size difference is smaller than our observed
differences between fresh leaves and buried litter (45-61%), either larger
leaves were disproportionately excluded from our depocenters or dispro-
portionately fragmented severely enough that vein scaling was not possi-
ble; and (4) because the overall effect is similar to the fossil study of
Hagen et al. (2019) (11% vs. 10%), size biasing after burial may be mini-
mal (compare with Fig. 1).

Other physiognomic variables exhibited some change across tapho-
nomic stages, but unlike leaf area none displayed a strong monotonic pat-
tern in both sites across the three taphonomic stages (Table 2). Because
many of these other physiognomic variables are collinear with leaf area,
their (weak) connection with taphonomic stage is likely driven by the
stronger connection in leaf area.

Our measured declines in leaf area—if representative of all woody
dicot species at our sites—Ilead to a 16% and 23% underestimation of
mean annual precipitation (MAP) at Harvard Forest and SERC, respec-
tively, when using leaf-area analysis. This potentially points to a
chronic biasing in the method (falsely dry). One way to partly address
this taphonomic effect is to calibrate the relationship between leaf area and
MAP with buried litter at sites that are good candidates for fossilization (see
also Roth and Dilcher 1978). The taphonomic effect on MAP with DiLP is
smaller: a 6% and 19% underestimation at Harvard Forest and SERC, respec-
tively. This is because the additional physiognomic variables in the MAP
model are largely unaffected by taphonomic stage, diluting out the large effect
in leaf area.

In contrast to MAP, MAT reconstructions are largely unaffected by
taphonomic biasing as captured by our study design. This is because
the single trait used in leaf-margin analysis (percentage of species with-
out teeth) is unaffected by taphonomic stage within species; and the
additional characters in the DiLP MAT model (feret diameter ratio,
number of teeth:internal perimeter) do not show significant monotonic
changes at both sites (Table 2). This ultimately is good news for the
prospects of reconstructing MAT from leaf physiognomy, so long as the
species captured in a fossil deposit are representative of the standing
vegetation.
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CONCLUSION

Our findings highlight the importance of considering taphonomic processes
when using leaf physiognomy to infer past climates. The consistent reductions
in leaf area within species across both sites suggest a general size biasing in
forested environments, particularly in river settings. This bias has implications
for climate reconstructions, especially for MAP, which may be systematically
underestimated. MAP models based on multiple traits (e.g., DiLP) appear less
affected. MAT estimates are probably more robust to within-species tapho-
nomic effects. Recalibrating MAP models with buried litter from depositional
settings could improve their accuracy.
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