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Abstract

Plant community and climatic response to Miocene environmental change in the Pacific

Northwest (USA): paleoecological tools and applications

Alexander Lowe

Chair of the Supervisory Committee:
Caroline Stromberg

Department of Biology

The Miocene epoch (~23-5 Ma) offers important examples of past ecosystem response to
global climatic changes in a relatively modern world and critical perspective to current and
future climatic change, and as such, has been referred to as “the future of the past”. The Miocene
is marked by two major climatic events: warming of the Miocene Climatic Optimum (MCO;
16.9-14.7 Ma) and cooling of the Middle Miocene Climatic Transition (MMCT; 14.7-13.8 Ma).
The U.S. Pacific Northwest (PNW) offers a regional record of plant community and climatic
response by hosting a suite of well-preserved fossil floras that span the MCO and MMCT in
time. Although a rich history of work exists for these floras, an integrated paleoclimate and
paleoecological study utilizing plant macrofossils, palynomorphs, and phytoliths, applying
updated methodology, and constrained within a high-resolution radiometrically dated temporal

framework is currently lacking. In addition, inferring plant ecological strategy, and its



relationship to climate and disturbance, in these fossil plant records is hindered by limitations in

current paleoecological tools.

To refine the use of paleoecological tools, this dissertation presents two “modern analog”
studies. In the first (Chapter 1), we refine the reconstruction of leaf economic spectrum (LES)
strategies at the community- (i.e., site-) level through a global study of woody non-monocot
angiosperm leaf mass per area (LMA) and its morphological correlate, the petiole metric (PM).
We find LMA and PM correlate for community mean and variance, but not kurtosis, and provide
the necessary equations to reconstruct these community-scale measures and associated
uncertainty. This study also highlights the importance of increased temperature seasonality and
decreased prevalence of evergreen species in driving low LMA and “fast” LES strategies in
temperate climates. However, matching ‘absolute’ LMA distributions between fossil and modern
sites does not allow reliable inference of analogous climate types. In the second modern analog
study (Chapter 2), we test for links between leaf economic strategies and leaf morphology across
succession in North Carolina. We find, among trees, “faster” leaf economic occur in early
succession, as predicted, and highlight the utility of PM, leaf margin, and leaf morphological
richness in interpreting successional dynamics and associated ecological strategies from fossil

leaf assemblages sourced from temperate deciduous forests.

The last study of this dissertation (Chapter 3) generates a record of plant communities
and climate during the MCO and across the MMCT in the PNW. We find the MCO drove
warmer-than-modern annual lowland temperatures, and precipitation like the wetter western
PNW today but likely lacking summer drought, hosting mixed mesophytic closed canopy forests.
Across the MMCT, the interior PNW cooled in annual and winter temperatures, and likely dried,

but this climatic change was tempered closer to the coast. Plant community composition also



changed across this interval, with a greater prevalence of deciduous species, and a considerable
loss of exotic taxa (those no longer native to the US west coast) and a greater prevalence of open

habitats in the PNW interior, which again, was tempered near the coast.
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Introduction

Our planet is amid significant and anthropogenically-driven environmental changes as
accelerated release of greenhouse gas influences atmosphere and ocean systems and land use
changes impart disturbances to marine and terrestrial ecosystems (IPCC 2023). Predictions of
our future reveal aspects of our planet unlike those occurring today or in our recent history. Like
Earth’s future, the Earth’s deep geological past and its fossil records offer countless examples of
conditions unlike those occurring in our recent history and provides critical context in
understanding dynamic relationships between global climatic events, disturbance, and
ecosystems (e.g., Tierney et al. 2020; Steinthorsdottir et al. 2021). Providing such examples for
terrestrial plant communities, which are particularly sensitive to environmental change given
their sessile nature, and building tools that enable rich and reliable inference from fossil records,

is then a key priority of scientific inquiry.

This dissertation first refined paleoecological tools for reconstructing plant ecological
strategies, climate, and disturbance using the plant fossil record. In Chapter 1, we refined
reconstructions of leaf economic spectrum (LES) strategies at the community-scale through a
global study of leaf mass per area and its morphological correlate, the petiole metric (petiole
width? / leaf area), and identify climatic variables that most strongly influence their variation. In
Chapter 2, we provided empirical evidence for links between leaf trait variation and ecological
strategy across secondary succession in a temperate deciduous forest, allowing reconstruction of

disturbance and associated ecology in ancient and analogous forest types.

Lastly, this dissertation applies tools and knowledge gained from the first two chapters,
alongside a rich collection of previously published work, and additional novel methods, to

provide an example of plant community response to global climatic events in Earth’s past. In



Chapter 3, we study a suite of well-preserved fossil plant sites in the Pacific Northwest (USA)
by integrating complementary lines of paleobotanical evidence (macrofossils, palynomorphs,
phytoliths) to provide a regional record of plant community and climate response to two
important climatic events of the Miocene. The first, global warming of the Miocene Climatic
Optimum (16.9-14.7 Ma), may represent that most recent period in Earth’s history where CO»
levels were like our predicted near-future (Steinthorsdottir et al. 2021; Honisch et al. 2023).
Second, global cooling of the Middle Miocene Climatic Transition (14.7-13.8 Ma) drove
important stages in the modernization of terrestrial ecosystems and climates globally (Flower and
Kennett 1994; Steinthorsdottir et al. 2021). Through this work, we also aimed to reinvigorate the
study of Neogene fossil floras of the Pacific Northwest and spur future work by diverse sets of
researchers by building a macrofossil digital library and by providing comprehensive

documentation and justification of our morphotype frameworks.
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Abstract

PREMISE: Leaf mass per area (LMA) links leaf economic strategies, community assembly, and
climate, and can be reconstructed from woody non-monocot angiosperm (WNMA) fossils using
the petiole metric (PM). Reliable interpretation of LMA reconstructed from the fossil record is
limited by an incomplete understanding of how PM and LMA correlate at the community scale,
and what climatic parameters drive variation of both measured and reconstructed LMA of
WNMAss globally.

METHODS: A modern, global, community-scale dataset of in situ WNMA LMA and PM was
compiled to test leading hypotheses for environmental drivers of LMA and quantify LMA-PM
relationships. Correlations among PM, LMA, climate (Koppen types and continuous data), and

leaf habit were assessed and quantified using several uni- and multivariate methods.

RESULTS: Community mean LMA increased under warmer and less seasonal temperatures.
Drought-prone communities had the highest LMA variance, likely due to disparity between
riparian and non-riparian microhabitats. PM and LMA were correlated for community mean and
variance, and their correlations with climate were similar. These patterns indicate that climatic
correlatives of modern LMA can inform relative trends in reconstructed fossil LMA. In contrast,
matching ‘absolute’ LMA distributions between fossil and modern sites does not allow reliable

inference of analogous climate types.

CONCLUSIONS: This study furthers our understanding of processes influencing the assembly
of WNMA leaf economic strategies in plant communities, highlighting the importance of
temperature seasonality and habitat heterogeneity. We also provide a method to reconstruct, and

refine the framework to interpret, community-scale LMA in the fossil record.



Introduction

The assembly of plant communities is strongly influenced by the interaction of plant
functional traits and the environment (Enquist et al., 2015; Keddy and Laughlin, 2021).
Consequently, information gleaned from studies of trait-environment interactions are applicable
across communities that share few taxa but a common environment—a point particularly
pertinent for describing ancient plant communities comprised of extinct species. A trait that has
been widely used to describe the prevalence and diversity of ecological strategies in both modern
and ancient plant communities is leaf dry mass per area (LMA; abbreviations listed in Table 1)
(Royer et al., 2010; Blonder et al. 2014; Enquist et al., 2015; Peppe et al., 2018).

LMA is a constituent of the leaf economics spectrum (LES; Wright et al., 2004; Reich,
2014), which describes physiologically constrained tradeoffs. At one end of the LES, plants
emphasize low density and nitrogen-rich photosynthetic enzymes, and invest less in structural
compounds, resulting in leaves that are ‘cheaper’ to construct and have lower LMA and higher
within-leaf CO> diffusion rates. Thus, plants with low LMA leaves typically have more rapid
resource acquisition rates and employ a ‘fast’ LES strategy (Poorter et al., 2009; Reich, 2014;
Onoda et al., 20117). On the other hand, low LMA leaves often have less structural integrity, are
less defended against herbivores (Azevedo-Schmidt and Currano 2023), and therefore have short
leaf life spans (Wright et al., 2004). In economic terms, fast LES strategies (e.g., deciduous
plants) offset a short payback time (short leaf life span) with a higher payback (assimilation) rate
and a lower total expenditure (low LMA). At the other end, slow LES strategies (e.g., evergreen
plants) with higher expenditure (high LMA) and a slower payback (assimilation) rate require

longer payback times (long leaf life span), which they achieve by being more robust and with



better herbivore defenses (Poorter et al., 2009). Additionally, beyond carbon economics, the LES
reflects energetic processes that influence thermoregulation (Vogel, 2009; Michaletz et al., 2016).

Several proxies have been developed to reconstruct LMA from fossil plants (Royer et al.,
2007; Peppe et al. 2014; Soh et al., 2017; Cheesman et al., 2020) and used to reconstruct plant
ecological strategies during extreme environmental change (e.g., Blonder et al., 2014; Butrim et
al., 2020, 2022; Carvalho et al., 2021) and to document the functional composition of fossil
floras (e.g., Wing et al., 2009; Lowe et al., 2018; Peppe et al., 2018; Flynn and Peppe, 2019;
Wagner et al. 2019; Allen et al., 2020; Baumgartner and Peppe 2021; West et al., 2021; Reichgelt
et al., 2022). The most widely applied proxy utilizes a species-scale relationship between LMA
and the petiole metric (PM = petiole width? / leaf area) within woody non-monocot angiosperms
(WNMAs; Royer et al. 2007, 2010; Cheesman et al., 2020; Lowe et al. 2024). The relationship is
thought to result from biomechanical constraints, whereby a leaf with greater mass requires a
petiole with a larger cross-sectional area (approximated by petiole width?) for support (Niklas,
1994; Royer et al., 2007).

Given the demonstrated relationship between LMA and ecological strategy, the
distribution of LMA across entire plant communities should reflect fundamental properties of an
environment (Enquist et al., 2015). Using this logic, paleoecological studies have inferred
paleoenvironments from fossil assemblages by visually comparing its reconstructed LMA
distribution to measured LMA distributions of modern sites to identify a best match and, by
extension, an analogous environment (i.e., ‘distribution matching’; Royer et al., 2010; Lowe et
al., 2018; Peppe et al., 2018; Flynn and Peppe, 2019; Wagner et al., 2019; Allen et al., 2020;
Baumgartner and Peppe, 2021; West et al., 2021). However, several assumptions underpinning

this distribution matching approach remain untested. For example, reconstructed LMA (from



PM) is assumed to be correlated with measured LMA at the community scale. Royer et al. (2007)
showed a significant PM-LMA correlation for community mean using a limited dataset of 25
sites, but correlations for other community central moments (e.g., variance and kurtosis) have not
been explored.

The most central set of assumptions in matching LMA distributions is that their position
(e.g., mean), influenced by the most prevalent phenotype/LES strategy, and shape (e.g., variance
and kurtosis), influenced by LES diversity, vary uniformly and distinctly across abiotic gradients.
(Swenson et al., 2012; Enquist et al., 2015; Wieczynski et al., 2019; Maitner et al., 2023).
Several hypotheses invoking different ecological processes have been posed to explain such
variation. The ‘abiotic filtering hypothesis’ posits that harsh environments limit available niche
space and thus LES diversity (Weiher et al., 1998; Swenson et al., 2012; Wieczynski et al.,
2019). The ‘favorability hypothesis’ posits that the availability of ample resources (i.e., wetter
and warmer, more favorable habitats) increases the prevalence of fast LES strategies due to their
competitive edge in acquiring resources. When resources are scarce, high rates of resource
acquisition are not possible, favoring slow LES strategies (Poorter et al., 2009; Reich, 2014). In
contrast, the ‘seasonality hypothesis’ states that warm environments with low temperature
seasonality promote slow LES strategies with evergreen, instead of deciduous, leaf habits (e.g.,
Adams et al., 2008). The favorability hypothesis emphasizes the importance of payback rate
(potential rates of resource acquisition) and the seasonality hypothesis the importance of
potential payback time (growing season length).

The abiotic filtering hypothesis has received support in several cases (e.g., Swenson et
al., 2012; Wieczynski et al., 2019), but could be dependent on the extent to which heterogenous

habitats are sampled, for example, along the strong abiotic gradients that characterize certain



harsh arid environments (Lammerant et al., 2023). Similarly, the relative importance of the
favorability and seasonality hypotheses along temperature gradients is generally unresolved.
Increased temperature can increase plant physiological rates (e.g., respiration, photosynthesis;
Gillooly et al., 2001; Michaletz and Garen, 2024) and favor fast LES strategies, but it is often
associated with decreased temperature seasonality which favors slow LES strategies in WNMASs
(Adams et al., 2008). Empirical studies, which included plant groups beyond WNMAs, have
found conflicting results, reporting positive species-scale relationships between LMA and mean
annual temperature (MAT; Wright et al., 2005; Moles et al., 2014; Niinemets, 2001), negative
relationships (Swenson et al., 2012; Simova et al., 2018; Maynard et al., 2022), or no relationship
(Ordofiez et al., 2009; Pinho et al., 2021). Community-scale studies show weak negative
(Simpson et al., 2016; Bruelheide et al., 2018; Wieczynski et al., 2019) relationships with MAT.
Conlflicting results in LMA-MAT relationships may in part be influenced by difficulties
in comparing studies with varying inclusion of different plant groups with contrasting stress
responses (e.g., stress tolerant evergreen conifers and stress avoidant deciduous WNMAs co-
existing in cold climates) and growth forms (e.g., angiosperm herbs vs. WNMAs; Simova et al.,
2018). Thus, focusing on WNMAs might facilitate comparisons among plant communities and
provide more reliable perspectives on leaf economic strategies that are also more applicable to
the fossil record. Lastly, many of these studies aggregated trait values across broad spatial scales
and aligned them with taxonomic lists generated in local vegetation census efforts (e.g.,
Bruelheide et al., 2018). Instead, locally measured (i.e., in situ) LMA provides a more accurate
characterization of the realized traits of local plant communities (Enquist et al., 2015; Maitner et

al., 2023).



Here, we employ a global and community-scale dataset of modern in situ LMA and PM
data to document patterns and hypothesized drivers of LMA distributions in plant communities,
and use the results to refine the use of LMA within paleoecology. We focus on WNMAss as they
are the dominant plant group within paleoecological LMA studies. First, we test the favorability
and seasonality hypotheses by quantifying relationships among community LMA mean, climatic
variables, and the percentage of evergreen species, and the abiotic filtering hypothesis by
quantifying relationships of community LMA variance and kurtosis with climatic variables.
Second, we hypothesize that reconstructed LMA (from PM) can be reliably related to measured
LMA at the community scale by testing for (i) correlations of LMA and PM for community
mean, variance, and kurtosis, (i1) similar correlations of both reconstructed and measured LMA
to climate and leaf habit, and (iii) distinctiveness of LMA distributions among modern climate
types (such that they can be matched reliably with fossil LM A distributions). Our study provides
new insights into fundamental plant trait-environment relationships within WNMAs by showing
the importance of temperature seasonality and habitat heterogeneity, and contributes to more

robust, quantitative approaches in paleoecology.

Materials and Methods

Sites and leaf sampling—We compiled a global dataset of community-scale LMA and
PM data for WNMAss using criteria to make them roughly comparable with Late Cretaceous and
Cenozoic fossil leaf assemblages (see below). All sites and species assignments are derived from
prior work (Fig. 1; Su et al., 2010, 2013; Peppe et al., 2011; Wieczynski et al., 2019; Kattge et
al., 2020), totaling 281 sites and 8,409 site-species pairs. Criteria for including sites in this
compilation were that (i) leaf trait data represent leaves sampled in situ, (i) WNMA species of

each community were completely or mostly sampled, (iii) sites had minimal human influence



(e.g., planting) or disturbance, (iv) leaf sampling was done, at least in part, from the exposed
outer canopy of trees, with no tree saplings sampled, and that (v) species were sampled across a
spatial scale that could reasonably be represented in a fossil leaf assemblage (0.1-300 ha). Sites
sampled for the development of leaf physiognomy-based paleoclimate proxies fit these criteria
well (Su et al., 2010, 2013; Peppe et al., 2011), but other sites were carefully filtered. For
example, to ensure the WNMA component of each in situ site from Wieczynski et al. (2019) was
well-represented, only sites with > 3 WMNA species and > 50% of WNMA species with reported
LMA were included, resulting in the inclusion of 26 of their 66 in situ sites. Additionally, sites
from the TRY database (Kattge et al., 2020) were only used if it was clear that they met the
above criteria by referencing original data publications (Appendix S1, S2; see Supplemental
Data with this article). However, some variation in sampling methodology could not be avoided.
For example, some sites included in the dataset exclusively sampled leaves from trees above a
defined dbh (i.e., 2-5 cm) whereas others sampled prominent lianas, shrubs, and trees (e.g.,
CLAMP sites of Peppe et al., 2011). Some sites sampled exclusively riparian (e.g., Kowalski and
Dilcher, 2003 sites of Peppe et al., 2011) or non-riparian vegetation, whereas others sampled a
mix of both. Two sites contributing PM data, but not LMA data, included leaves sampled from
forest floor litter rather than, or in addition to, standing vegetation (Gorgona and Alleghany
National Forest, PA).

Leaf trait data—LMA and PM data were compiled from the sites, with some sites
having only LMA or PM data. All LMA data in our study were acquired from previous work
(Royer et al., 2007, 2012; Wieczynski et al., 2019; Kattge et al., 2011, 2020), and some
unpublished or updated data (Appendix S1). PM data for 32 Peppe et al. (2011) sites were

compiled from Royer et al. (2007, 2012), and of those, 26 sites were updated to reflect new



morphotype designations and/or to include more taxa. These were supplemented with new
measurements at 53 Peppe et al. (2011) sites. In addition, new measurements used to calculate
PM were made at 32 of the 50 sites of Su et al. (2010, 2013), which span a gradient from tropical
to cold temperate climates in China (Fig. 1).

Leaflets of compound leaves were treated as leaves. PM was calculated by first
measuring the petiole width at its junction with the leaf lamina, and leaf area, which included the
summed area of the leaf petiole and blade, following Royer et al. (2007) and Lowe et al. (2024)
(but see Appendix S4 for special cases). These measurements were performed on digital images
using the program ImageJ (Schneider et al., 2012). The following formula was then used: PM =
petiole width? / leaf area. Leaf area measurements used to calculate LMA and PM were made on
either fresh or dry leaves. Area measured on dry leaves do not appear to bias results towards
greater LMA or PM due to shrinkage (Appendix S5).

To apply the filtering criteria detailed above, taxonomic names (species or sub-species
level) were updated to correct for misspellings and synonymy using the R packages Taxonstand
(Cayuela et al., 2021), taxize (Chamberlain and Szocs, 2013), and WorldFlora (Kindt, 2020).
Taxa included in the Peppe et al. (2011) and Su et al. (2010) studies were already restricted to
WNMA taxa, but those from Wieczynski et al. (2019) and from most sites included from the
TRY database were not. To filter for WNMA taxa only, growth form was ascribed using data in
Olson et al. (2020) and the ‘TRY - Categorical Traits Dataset’ (Kattge et al., 2012), and major
taxonomic group was assigned by referencing online resources.

To test whether LMA relationships are influenced by patterns of leaf habit, we ascribed
habit type (i.e., evergreen, semi-evergreen, or deciduous) to each taxon using the ‘TRY -

Categorical Traits Dataset’ (Kattge et al., 2012), and by searching online databases. The



percentage of evergreen species in a community was calculated for each site by assigning
evergreen species a 1, semi-evergreen/semi-deciduous 0.5, and deciduous 0, and then calculating
community average from these scores and converting to percentage. To ensure that leaf habit was
accurately described for community-scale sites, only those where leaf habit was available for >
50% of WNMA species were included in community-scale leaf habit analyses (214 sites for
measured LMA and 72 sites for PM; Appendix S1).

Climate data—Continuous (univariate) and categorical (defined using multiple
variables) climate data were obtained for each site to determine the most important climatic
variables driving LMA variation (Appendix S3). Continuous climate data were obtained through
WorldCLIM 30 second bioclimatic variables (Fick and Hijmans, 2017) and 30 second gridded
aridity index and potential evapo-transpiration maps (Zomer et al., 2022). For sites from the TRY
database, mean annual temperature and precipitation reported in TRY were preferentially used
over the gridded climatic data. For categorical data, each site was assigned a Koppen climate
type using distribution maps of Beck et al. (2018). Only the first two Koppen hierarchies were
considered, to reduce the total number of categories for greater ease of interpretation (Table 2).

Analyses—All statistical analyses were performed using R (version 4.1.1; R Core Team,
2013).

Abiotic filtering-, favorability-, and seasonality hypotheses—To relate LMA with
climatic variables, continuous climate data were first transformed using the bestNormalize
package (Peterson, 2021), which determines and applies the most appropriate transformation
(among Ordered Quantile, arcsinh, Box-Cox, square-root, and Yeo-Johnson transformations) to

force normality in data to permit subsequent parametric statistical tests.



To calculate central moments, species averages were first calculated for PM and LMA
data and then used to calculate community mean, variance, and kurtosis, with each species
carrying equal weight (i.e., species-weighted). Data typically used to weight central moments by
species abundance (e.g., total stem basal area) were not readily available for many of the sites
included in this study; in addition, comparable abundance data are difficult to obtain from the
fossil record (Burnham et al., 1992). Therefore, modern sites with abundance data (i.e.,
Wieczynski et al., 2019) were still treated in a consistent manner using species-weighted
calculations. Across sites, LMA and PM exhibited right-skewed distributions, so the mean,
variance, and kurtosis for each site were logjo-transformed. Logio transformation was applied
after the calculation of central moments, rather than before (on species averages), because it
produced more normal distributions of central moment values across sites and in one case,
resulted in increased predictive power (Appendix S6).

We applied ANOVA to test for differences in LMA central moments across categorical
climate types, using the aov function (R Core Team, 2013). To test for linear relationships
between central moments of LMA and continuous climatic data, and between species and LES
diversity, we created linear models using the Im function (R Core Team, 2013). For continuous
climate data, we included only a subset of bioclimatic variables (i.e., see Table 1). In assessing
the influence of the changing abundance of leaf habit types on trait-climate relationships, the
percentage of evergreen species was transformed to force normality by Ordered Quantile (as
determined by the bestNormalize package, Peterson, 2021), as it exhibited a bimodal distribution
across sites.

Paleoecological hypotheses—To determine if LMA can be reliably inferred from the

fossil record at the community scale, relationships in modern sites between PM and measured



LMA central moments were tested and defined using linear models created with log10
transformed values (as described above) using the Im function (R Core Team, 2013). Given that
LMA and PM share leaf area as a denominator, the extent of spurious correlation (X/Z vs. Y/Z
type; Jackson and Somers, 1991; Brett, 2004) was determined using the bootstrapping approach
of Brett (2004) (more details in Appendix 6). To test if climatic drivers of variation in measured
LMA similarly drive variation in reconstructed LMA, each modern site with PM data was treated
to simulate a fossil assemblage. To do so, LMA central moments were reconstructed from PM
using the PM-LMA relationships defined in this study (Fig. 1), and reconstructed LMA was
subsequently treated in the same manner described for LMA above: logo transformed and
compared to categorical and continuous climate, and leaf habit data.

A quantitative version of distribution matching was developed to test whether
reconstructed LMA of fossil leaf assemblages can be matched to measured LMA distributions of
modern sites across distinct climates. Each modern site with PM data was converted into a
‘simulated fossil assemblage’ (r(LMAsite]) by reconstructing LMA at the species-scale using an
expansion of the Royer et al. (2007) dataset (Appendix S7). Rather than using the LMA
distribution of a single site to represent an entire environment type, as done in previous work
(e.g., Royer et al., 2010; Lowe et al., 2018), we compiled a ‘climate type distribution’ for each
climate type (LMA climate type]), Which represents a single probability density function containing
all species-averaged LMA data within a given climate type. Each site was then compared to each
climate type distribution (rLMA[site] VS. LM A [climate type]), With the site in question excluded from
the calculation of its own LMA [climate type] t0 avoid circularity. Similarities of distributions were
quantified using the Kolmogorov-Smirnov (K-S) test, via the ks.test function (R Core Team,

2013). The K-S test produces a test statistic (D) describing the similarity of two cumulative



probability distributions in position and shape (example in Fig. 7B), offering an improvement to
the visual comparisons done in previous studies. For each climate type, we calculated (i) the
‘correct match’ rate, that is, the percentage of sites that best matched their true climate type, and
(i1) a false match rate, that is, the percentage of sites that best matched a climate type different
from their own. To consider if distributions of LM A were more distinct for coarser groupings of
temperate climate types, we created four binned climate types: cool temperate with wet summers
(i.e., everwet and dry winter climates), warm temperate with wet summers, warm temperate with
dry summers, and arid.

Lastly, we tested whether directly comparing PM, instead of reconstructed LMA, would
produce better ability to match fossil vs. modern assemblages by avoiding errors introduced
when reconstructing LMA from PM (Appendix S7). Thus, in addition to rTLMAsje] Vs.

LMA [climate type] cOmparisons, we also make and quantify PMsite] vS. PM{climate type] cOmMparisons in
the same manner to assess which method results in more accurate matching between a site and its

true climate type.

Results

Table 3 provides an overview of the hypotheses of this study and their key results.

Measured community LMA: correlations with climate and leaf habit

Categorical climate types—Community mean and variance of LMA differs between
categorical (Koppen) climate types (ANOVA; p <0.001, Adj-R2 = 0.35 and 0.22, respectively;
Fig. 2), but not community kurtosis (ANOVA; p = 0.63). However, there is large variability
between sites within the same climate type (Fig. 2; Appendix S8).

Temperate climates—With regards to temperature, cool climates have lower LMA mean

than warm climate types, so long as there is sufficient growing season precipitation (i.e., everwet



and dry winter types; Fig. 2A). Cool temperate dry winter sites (i.e., monsoonal sites in northern
China) have the lowest LMA mean of all climate types, overlapping with cool temperate everwet
sites only (Fig. 2A). The three highest LMA values for warm temperate everwet sites include two
sites from Tasmania (Mt. Read and Frodsham) and one from New Zealand (Gouland Downs). In
addition, the seven warm temperate everwet sites from Australia, Tasmania, and New Zealand
are among the 12 highest LMA sites of their climate type.

With regards to precipitation, warm temperate sites with wet summers (everwet and dry
winter sites) do not differ significantly in LMA mean from warm temperate dry summer and arid
sites (Fig. 2A). Within warm temperate dry summer sites, a southwest Australian site (Margaret
River) occurs as a high LMA outlier. No significant differences exist between other temperate
climate types (Fig. 2A). The highest median of LMA variance is found in relatively ‘unfavorable’
arid and warm temperate dry summer sites, significantly higher than cool temperate sites (Fig.
2C). There is statistical overlap of LMA variance within all warm temperate and cool temperate
climate types.

Tropical climates—With regards to precipitation, tropical everwet sites have significantly
higher LMA mean than seasonally dry sites but overlap with seasonally very dry sites (Fig. 2A).
All tropical climate types have significantly higher LMA mean than cool temperate climate
types, except that tropical seasonally dry overlaps with cool temperate everwet. Compared to
warm temperate sites, the only statistical difference is that tropical everwet sites have higher
LMA mean than warm temperate dry winter sites. There are no significant differences in LMA
variance between any tropical climate types (Fig. 2C). Tropical everwet and seasonally dry sites

have significantly lower LMA variance than arid sites (Fig. 2C).



Continuous climate variables—Combining all climate types together in linear models
results in significant correlations for community LM A mean and variance with many climatic
variables (Fig. 3), but not for community kurtosis, which has non-significant or very weak
correlations with climate (all Adj-R? values < 0.07). Relationships are stronger for LMA mean
than variance. LM A mean is most strongly correlated with temperature parameters, particularly
those relating to temperature seasonality (Fig. 3A).

Temperate climates—Relationships between LM A and temperature are stronger when
temperate climate types are considered independently, rather than at the global scale. In
temperate climates, mean LMA decreases as temperature seasonality increases and winters get
colder. The variance of LMA is most strongly, and negatively, correlated with temperature
seasonality variables, and weaker and positively correlated with precipitation and vapor pressure
variables (Fig. 3B).

Tropical climates—Relationships of LMA mean and variance with climatic variables
within tropical climate types are weak. Precipitation variables are those most correlated (i.e.,
have the highest R2) to LMA mean, though weakly (Adj-R2 < 0.06; Fig. 3A). Variance of LMA
correlates most strongly with temperature seasonality, precipitation, and vapor pressure
variables, although also weakly (Adj-R?< 0.09; Fig. 3B).

Leaf habit—When all climate types are combined, the percentage of evergreen species in
the community (‘percent evergreen’ hereafter) correlates positively with LMA mean (Adj-R* =
0.30). As with continuous climatic variables, the relationship of LMA and percent evergreen is
stronger for temperate climate types when they are considered independently (Adj-R* = 0.46;
Fig. 4A). For tropical climate types, there is no significant correlation between LMA mean and

percent evergreen (Fig. 4A). Across all climate types, communities dominated by deciduous



WNMAS (i.e., > 50% deciduous species) have significantly lower measured LMA mean
compared to communities dominated by evergreen WNMAs (Fig. 4B).

Because temperature seasonality was the climate variable explaining the greatest
proportion of variation in LMA mean in temperate climates, we explored whether increasing
LMA mean with decreasing temperature seasonality was mediated by increases in percent
evergreen, by increases in the LMA within deciduous and evergreen leaf types, or both. Percent
evergreen in temperate climates was most strongly and negatively correlated with measures of
temperature seasonality (Adj-R>= 0.50 with MART; Appendix S9). Temperate evergreen species
have significantly higher LM A than temperate deciduous species (Fig. 5). In addition, there is a
modest decrease in LM A within evergreen species with increasing temperature seasonality (Adj-
R?>=10.14, p = 0.017), but no significant relationship between LMA and temperature seasonality
among deciduous taxa (p = 0.992; Fig. 5). Within tropical climates, the strongest relationship
with percent evergreen is its negative correlation with temperature seasonality, positive
correlation with the aridity index, and negative correlation with potential evapo-transpiration,
although all relationships are weaker than in temperate climates (all Adj-R* < 0.20; Appendix
S9).

Relationship of community-scale LMA and PM—Central moments of WNMA PM
distributions were correlated with those of measured LMA for mean and variance (Adj-R*> = 0.57
and 0.29, respectively; Figs. 6A, 6B), but not for kurtosis (Fig. 6C), for the 70 sites that had both
data types. Table 4 provides parameters necessary to calculate 95% prediction intervals using the
presented linear models for LMA mean and variance. In contrast, the PM vs. LMA relationship
for mean and variance was not significant when considering spurious correlation; that is, the

observed correlation coefficient was not higher than those produced by randomized data



(Appendix S10). Thus, PM-LMA relationships presented in this study offer a means of prediction
but do not provide evidence that there is a biological significance between the association of
LMA and PM (Brett, 2004 )—significance which can instead be inferred from additional lines of
evidence such as biomechanical principles (see further discussion in Appendix S10).

Reconstructed LMA mean did not consistently over- or under-estimate measured LMA
mean (Appendix S11), with a median offset of 0.22 g/m? (interquartile range [IQR] = 28.0).
However, sites in tropical everwet and tropical seasonally very dry climates were all
underestimated, and cool temperate everwet sites were consistently, although only slightly,
overestimated (ranging -6.1 to 31.2 g/m?; Appendix S11). There was no consistent over- or
under-estimation of variance, with a median offset of 23.1 ([g/m?]*; IQR = 2006.4), and there
was no strong pattern of offset in different climate types (Appendix S11).

Reconstructed LMA: correlations with climate and leaf habit—Relationships of
LMA to climatic variables and leaf habit are similar when reconstructed indirectly via PM as
when measured directly (see above). For example, similar trends are seen across temperature
regimes in temperate summer wet climates, with cool sites having significantly lower
reconstructed mean LMA than warm sites (Fig. 2B). In addition, similar trends are seen across
precipitation regimes in temperate climates, with warm temperate summer dry and arid sites
overlapping with warm temperate summer wet sites. There are no statistical differences among
tropical climate types (Fig. 2B). Although differences in LMA variance between climate types
are less pronounced for reconstructed, compared to measured LMA, arid sites have the highest
median variance (Fig. 2D) for both. Similarities exist for relationships with continuous climate
variables as well. Measures of temperature seasonality most strongly and negatively correlate

with mean and variance of reconstructed LMA in temperate climates, although the correlations



are weaker, and less apparent at the global scale (Fig. 3A). Percent evergreen similarly correlates

with mean reconstructed LMA across temperate sites only (Adj-R2 = 0.53; Fig. 4C).

LMA distribution matching—Community-scale measured LMA distributions vary
substantially in position and shape within climate types (Appendix S8). An example of variation
within a climate type is provided by warm temperate everwet (Fig. 7A), highlighting the site Pee
Dee, SC, which was used in previous publications to typify this climate type (e.g., Royer et al.,
2010; Lowe et al., 2018; Flynn and Peppe, 2019; Allen et al., 2020; West et al., 2021), the LMA
distribution of which is similar to the climate type distribution.

When considering all climate categories, reconstructed LMA community distributions in
general matched poorly with the measured distribution of the climate type they belonged to, with
only 19% of sites best matching with their true climate type (Fig. 7C). Although cool temperate
everwet and warm temperate dry winter sites had higher rates of correct matches, they also had
high rates of false matches. There was an overall better correct match rate when PMsite vs.
PMclimate type] cOmparisons were made, with 26% of sites having a correct match (Fig. 7E). The
PM distributions of both arid and cool temperate dry winter sites show some distinctness, with
the former having a long tail of high PM values and the latter lacking a tail with the distribution
confined to lower PM values (Appendix S8). Coarser groupings of temperate climate types
allowed higher correct match rates, with 29% for reconstructed LM Asite] Vs. measured
LMA [climate type] comparisons (Fig. 7D), and 52% for PMsite] VS. PM|climate type] cOmparisons (Fig.
7F). However, false matches are consistently high across climate types. For example, although
78% of sites in cool wet summer climates best matched with their climate type (PMsite] Vs.
PMclimate type]), 43% of all sites that best matched with the cool wet summer distribution belonged

to other climate types (Fig. 7F).



Discussion

This study shows, using a global and community-scale dataset of modern in situ LMA
data, that climate imparts significant controls on the prevalence and diversity of WNMA LES
strategies within plant communities, particularly in temperate climates, which can be explained
by leaf economics, trait filtering, and habitat disparity. In addition, we provide evidence and
guidelines for how information gleaned from global patterns in the modern world can be applied
in a robust framework to interpret reconstructions of community-scale LMA from PM
measurements of fossil leaf assemblages.

Global patterns in the modern world

The prevalence of LES strategies—Overall, correlations between LMA community
central moments and climate are stronger for mean than variance, consistent with previous work
(Fig. 3; Bruelheide et al., 2018; Simova et al., 2018; Wieczynski et al., 2019; Butrim et al. 2024).
We find that as temperatures get warmer and less seasonal, LMA mean increases, reflecting an
increased prevalence of slow LES strategies for WNMA components of plant communities (Fig.
3A), supporting the seasonality hypothesis. This result is inconsistent with the favorability
hypothesis, which instead predicts that increased temperature favors fast LES strategies by
creating more favorable conditions for plant growth. The increase in LMA with lower
temperature seasonality is mediated by both relatively more evergreen WNMA species
assembled in plant communities (Fig. 4A; Adams et al., 2008), which have higher LMA than
deciduous species, and a modest increase in the LMA of evergreen species (Fig. 5). These results
suggest that at the global scale, factors like growing season length that influence potential
‘payback time’ can have more significant influence on the dynamics of LES strategies in WNMA

communities than potential resource acquisition rates (i.e., ‘payback rates’).



LMA -climate relationships were generally stronger than those seen in previous studies
(e.g., Bruelheide et al., 2018; Wieczynski et al., 2019; Maynard et al., 2022). Stronger
relationships likely reflect the importance of in situ data for characterizing plant community trait
distributions (e.g., Maitner et al., 2023) and our focus on WNMAs, which minimizes discordant
patterns across plant groups. For example, as the growing season shortens with higher
temperature seasonality, WNMA components become increasingly deciduous (lower LMA; Fig.
4A) employing a stress avoidance strategy, alongside an increased contribution of evergreen
conifers (higher LMA; Brodribb et al., 2012) that have characteristic traits and physiological
mechanisms that confer a frost/stress tolerance strategy (e.g., vessel-less wood, accumulation of
soluble sugars, and synthesis of cold-hardy proteins; Chabot and Hicks, 1982; Chang et al.,
2021). Herbaceous and woody plants also show discordant trends across gradients of temperature
seasonality (Simova et al., 2018). Thus, combining these plant groups in analyses may obscure
patterns relevant for understanding leaf economics within plant groups.

The varying prevalence of LES strategies in tropical climates was poorly explained by
the percentage of evergreen species (Fig. 4A) and the climatic variables analyzed in this study
(Figs. 2A, 3A). Non-significant percent evergreen-LMA relationships are likely influenced by a
weaker dichotomy between evergreen and deciduous habits in the tropics compared to temperate
climates, and the fact that deciduous species often occur in seasonally dry climates where low
soil water availability may also favor high LMA (Reich, 1995; Russo and Kitajima, 2016;
Chakrabarty et al., 2021). Weak LMA-climate relationships were also found in a study across
nine neotropical lowland biogeographic regions, where traits conferring leaf hydraulic efficiency
were suggested as being more critical (Pinho et al., 2021)—traits that may be unrelated to LMA

(Sack et al., 2005; Maréchaux et al., 2020). On the other hand, stronger LM A-climate



relationships consistent with the favorability hypothesis have been found to occur across smaller
local-regional scales in the tropics, with LMA increasing alongside increasing elevation and
decreasing temperature (e.g., van de Weg et al., 2009; Asner et al., 2016; Neyret et al., 2016;
Enquist et al., 2017; Martin et al., 2020), and increasing water table depth (Lourenco et al.,
2020).

The diversity of LES strategies—We find significant relationships of climate with variance (Figs.
2C, 3B), but non-significant or very weak correlations with kurtosis. Maitner et al. (2023) found
that calculations of kurtosis of community-scale trait distributions are generally more inaccurate
(i.e., have weaker correlations with ‘true’ distributions where all individuals were sampled) than
lower central moments such as mean and variance, and that inaccuracy is worse when
intraspecific variation is not accounted for (see further discussion in Unexplained variance in
LMA -climate relationships). Thus, LMA variance is used, and not kurtosis, to characterize the

diversity of LES strategies in plant communities.

We find mixed support for the abiotic filtering hypothesis for explaining variation in the
diversity of LES strategies for WNMAs. LMA variance is highest in arid and warm temperate
dry summer environments (Fig. 2C), inconsistent with the abiotic filtering hypothesis that instead
predicts that arid climates impart strong filtering resulting in low diversity of LES strategies.
This result indicates that high habitat disparity across microhabitats (e.g., riparian and non-
riparian environments) in water-limiting climates influences high diversity when diverse
microhabitats are considered (Lammerant et al., 2023). However, in support of the abiotic
filtering hypothesis, LES diversity in temperate climates is most strongly, and negatively,
correlated with temperature seasonality (Fig. 3B), such that short yet productive growing seasons

(e.g., cool temperate dry winter; Fig. 2C) lead to an apparent selection of consistently fast LES



strategies (e.g., deciduous taxa) at the exclusion of slow LES strategies (e.g., evergreen taxa) in
WNMAs. Wieczynski et al. (2019) also found community species-weighted LMA variance to be

most strongly, and negatively, correlated with measures of temperature seasonality.

We did not find any differences in LES diversity between tropical climate types (Fig 2C).
Previous work has shown significant, though conflicting trends, with functional diversity being
either higher (Swenson et al., 2012) or lower (Aguirre-Gutiérrez et al., 2022) in drier tropical
forests. These contradicting results suggest that several additional factors (e.g., soil
characteristics, biotic interactions) complicate diversity-climate relationships in the tropics (e.g.,
Fyllas et al., 2009; Asner et al., 2016) (see below).

Unexplained variance in LMA-climate relationships—Although climate imparts
important influence on the prevalence and diversity of WNMA LES strategies, each climate type
hosts a range of LMA distribution shapes (Figs. 2, 7A), consistent with Butrim et al. (2024). In
addition, all climatic variables explained less than 50% of the variation in LMA central moments.
Several potential factors may contribute to this unexplained variance including confounding
correlation between climatic variables, variation in the spatial scale (0.1 to 300 ha) and
incorporation of microhabitats at different sites, differences in whether shrubs and lianas were
sampled at sites (Reich et al., 2007; Poorter et al., 2009), regional fire and disturbance regimes
(Carrefio-Rocabado et al., 2012; Archibald et al., 2018; Fonseca et al., 2018), biotic factors like
competition and herbivory (Poorter et al., 2009; HilleRisLambers et al., 2012), and soil
characteristics (Fyllas et al., 2009; Ordofiez et al., 2009; Maire et al., 2015; Asner et al., 2016;
Joswig et al., 2021). For example, low soil fertility likely explains relatively high LMA mean in
Australian and New Zealand sites with warm-temperate everwet climates, as nutrient-poor soils

are common in those regions (Beadle, 1966, McGlone et al., 2004).



In addition, incorporating intraspecific variation into the calculation of community-scale
central moments via bootstrapping, and weighting those calculations by species abundance,
improves how accurately they reflect the ‘true’ trait distribution of a community (i.e., if all
individuals were sampled; Violle et al., 2012; Enquist et al., 2015; Wieczynski et al., 2019;
Maitner et al., 2023). Neither approach was taken in this study due to limitations in sampling
strategies at most sites, and may contribute additional unexplained variance. However, there is a
strong correlation between species- and abundance-weighted LMA mean (Adj-R>= 0.85) for a
subset of sites where data on stem basal area were available (Appendix S12), and trait means
were found to be unaffected by whether intraspecific variation is incorporated by bootstrapping
(Maitner et al., 2023). In contrast, there is no significant correlation between species- and
abundance-weighted LMA variance (Appendix S12), and calculations of trait variance were
more accurate when intraspecific variation is incorporated (Maitner et al., 2023). We suggest that
confounding effects of intraspecific variation and species abundance may be minimal for
calculations of mean but more pronounced for variance; thus, scaling results of species-weighted
variance of LMA to ecosystems should be done cautiously.

Application to paleoecology

Reconstructing community-scale LMA from fossil leaf assemblages—We find significant
correlations between measured LMA and PM for community mean and variance (Fig. 6);
therefore, the prevalence and diversity of LES strategies in ancient plant communities can be
inferred via LMA reconstructions from fossil leaves. Reconstructing mean and variance with PM
at the site level using the linear regressions presented in this study (Fig. 6), as opposed to
reconstructing LMA at the species level and subsequently calculating mean and variance, allows
for a simpler estimation of uncertainty. Accurate LMA reconstructions in the paleontological

record also rely on minimizing time averaging and habitat mixing, to make sure that fossil leaf



assemblages approximate plant communities. This is best achieved when fossils are pooled
across a narrow stratigraphic height and from a single locality (e.g., Lowe et al., 2018).

Although the mean and variance of LMA and PM show a clear correspondence, the
community kurtosis of LMA and PM do not (Fig. 6C). We suggest calculating reconstructed
LMA variance and associated uncertainty (from PM variance) using the equations of this study
(Fig. 6; Table 4), instead of simply assessing the shape of distributions visually, as visually
distinguishing between variance (i.e., spread of values from their mean; Sokal and Rohlf, 2012)
and kurtosis (i.e., ‘tailedness’ of a distribution; Balanda and Macgillivray, 1988; Westfall, 2014)
may be difficult.

Interpreting reconstructed LMA mean and variance—Reconstructed LMA from fossil
leaf assemblages can be assessed using two main approaches: 1) by comparing absolute values of
reconstructed LMA to modern measured LMA to identify analogous environments, vegetation,
or climates, or 2) by assessing relative trends of reconstructed LMA across fossil assemblages
spanning gradients of time and/or space. Below we discuss the utility and reliability of both
approaches.

Comparisons of absolute values between fossil and modern assemblages—Previous work
inferred paleoenvironmental types by comparing reconstructed LMA distributions to measured
LMA distributions of modern sites to find a best match and analogous environment type (Royer
et al., 2010; Lowe et al., 2018; Peppe et al., 2018; Flynn and Peppe, 2019; Wanger et al., 2019;
Allen et al., 2020; Baumgartner and Peppe, 2021; West et al., 2021). Here, we find that the
reconstructed LMA distribution of sites match poorly with the LMA distribution of their true
climate type, owing to substantial variation within, and overlap across, climates types (Fig. 7).

Substantial overlap of LMA distributions between sites in differing biomes was also found by



Butrim et al. (2024). Higher match rates were achieved for PMsiee] vS. PM{climate type] cOmparisons,
rather than reconstructed LM Afsite] vs. measured LMA [climate type], reflecting the error introduced
through LMA reconstruction. The best match rate occurred when comparing coarser groupings of
temperate climate types for cool wet summer and arid sites, with the former sharing a lack of tail
over higher LMA values (> 125 g/m?), and the latter tending to have a low peak and exaggerated
tail over high LMA values. However, sites of other temperate climate types had considerable
false match rates with these climate types. This pattern corroborates the results in Butrim et al.
(2024) and demonstrates that reconstructed LMA or PM distributions from fossil leaf
assemblages cannot be reliably matched with modern community distributions to infer analogous
(K6ppen) climate types.

In contrast, we do find support for the use of absolute values community mean in some
cases. Absolute values of reconstructed LMA have been used by prior work to infer leaf habit
(i.e., deciduous vs. evergreen) of fossil species (Royer et al., 2007, 2010). Similarly, we briefly
consider if absolute values of reconstructed LMA can be used to distinguish deciduous and
evergreen dominated communities. Here, we find that reconstructions of LMA mean <80 g/m?
have a high probability of being deciduous dominated (i.e., 75% of sites are deciduous
dominated below the cutoff), >140 g/m? have a high probability of being evergreen dominated
(i.e., 80% of sites are evergreen dominated above the cutoff), and values between those are
indiscriminate (Appendix S13).

Relative trends of reconstructed LMA across time/space—Most relative trends in
measured LMA mean and variance among climate types are mirrored in reconstructed LMA
(Figs. 2, 3, 4); hence, relative trends reconstructed from the fossil record can be interpreted in

terms of climatic factors in a similar way as with measured LMA today. That said, we argue that



the fundamental interpretation of reconstructed LMA mean and variance should be done at the
level of LES strategies rather than climate (see further discussion in Butrim et al., 2024).
Nevertheless, paleoecological investigations often aim to provide paleoenvironmental context to
plant community dynamics. Our study highlights the importance of habitat disparity in driving
high LMA variance. For example, higher LMA variance can be expected to characterize well-
sampled fossil assemblages that represent riparian and non-riparian taxa in water-limiting
paleoenvironments (e.g., Allen et al., 2020). Within temperate climates, increases in WNMA
LMA mean are often associated with increases in the percentage of evergreen species (Fig. 4)
and decreased temperature seasonality (Fig. 3), which is highlighted by differences between cool
temperate and warm temperate climate types (Fig. 2). In contrast, in tropical climates, we find
that climate and the percentage of evergreen species poorly explain variation in the prevalence
and diversity of LES strategies (Figs. 2, 3, 4). Paleoecological studies reconstructing community-
scale LMA in tropical paleoclimates will benefit from considering additional biotic and abiotic
factors influencing LMA (e.g., Fyllas et al., 2009; Asner et al., 2016) and identifying applicable
studies addressing LMA-climate relationships across more regional gradients (e.g., van de Weg
et al., 2009; Asner et al., 2016; Neyret et al., 2016; Enquist et al., 2017; Martin et al., 2020).

In general, it is important to consider additional abiotic and biotic factors beyond climate
when interpreting relative trends in reconstructed LMA of fossil assemblages. For example, it is
best to consider likely soil characteristics when possible, as they have important influence on
LMA distributions, by, for example, integrating information about potential nutrient-rich
volcanic inputs (e.g., Lowe et al., 2018), paleosol chemical weathering proxies (e.g., Beverly et
al., 2018), regional bedrock and landscape history (e.g., Carvalho et al., 2018), or taxonomic

inferences of taxa with particular soil requirements (e.g., Wing et al., 2012). It is also important



to recognize that an understanding of WNMA leaf economic strategies may be an incomplete
perspective on plant communities when herbaceous angiosperms or conifers are also prevalent,
with potential to bias interpretations of assembly and interactions across communities and
ecosystems. For example, if a fossil assemblage is interpreted as conifer-dominated, WNMAs
may occupy a niche space of fast LES strategies, while most of the community biomass is held in
conifers with slower LES strategies, and thus community LMA mean and variance may be

underestimated (Becker 2000; Brodribb et al., 2012).

Conclusions

This study tested different mechanistic hypotheses for the distribution of leaf economic
strategies within WNMA members of plant communities. We found that the favorability
hypothesis, which predicts conditions more favorable to plant growth will have a greater
prevalence of fast LES strategies, was not supported by this study. Instead, we find that variables
describing temperature seasonality and growing season length are more important for explaining
the prevalence of LES strategies within communities, in support of the seasonality hypothesis.
For example, colder and more seasonal climates have a greater prevalence of fast and deciduous
LES strategies and evergreen species with lower LMA. The abiotic filtering hypothesis, which
predicts low LES diversity in harsh climates, was partially supported. Cool temperate wet
summer sites had the lowest LES diversity, where high temperature seasonality leads to
consistently fast LES strategies. In contrast, arid and warm-temperate dry summer sites have the
highest LES diversity, where high environmental disparity between riparian and non-riparian
environments exists. Climatic variables and the percentage of evergreen species poorly explained
variation in LES strategies across tropical climate types, highlighting the importance of

additional biotic and abiotic factors.



This study also assessed the extent to which LMA reconstructed from the fossil record
reliably reflects measured LMA. We found that the prevalence and diversity of WNMA leaf
economic strategies can be assessed in ancient plant communities using fossil leaf assemblages
through the correlation of LMA and PM for community-scale mean and variance. However,
fossil LMA reconstructions generally cannot be reliably interpreted through direct comparisons
with modern assemblages. Instead, we propose that relative differences of reconstructed LMA of
fossil assemblages separated in time or space can be explained by potential variation in climatic
conditions and the percentage of evergreen vs. deciduous species, particularly in temperate
climates. Further, noise in PM and LMA relationships, and in LMA and climate relationships,
demonstrates the importance of incorporating independent lines of evidence when drawing
strong interpretations from reconstructed LMA distributions. This study thus furthers our
understanding of patterns and processes driving the assembly of WNMAs in plant communities
and refines our ability to draw important perspectives of community assembly from the geologic

past.
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Tables and Figures

TABLE 1. A glossary of abbreviations.

Abbreviation

Meaning

General terms
LMA

PM

LES

WNMA

Percent evergreen
Climate variables
MAT

TS

MART

T warm Q

T cold Q

MAP

PwetQ

Pdry Q

P wet M

Pdry M

PS

Al

PET

Leaf dry mass per area (g/m?)

Petiole metric

Leaf economic spectrum

Woody non-monocot angiosperm

Percentage of evergreen species in a community

Mean annual temperature (°C)
Temperature seasonality

Mean annual range of temperature (°C)
Temperature of the warm quarter (°C)
Temperature of the cold quarter (°C)
Mean annual precipitation (cm/year)
Precipitation of the wet quarter (cm)
Precipitation of the dry quarter (cm)
Precipitation of the wettest month (cm)
Precipitation of the driest month (cm)
Precipitation seasonality

Aridity index

Potential evapotranspiration (mm)



TABLE 2. The terminology used in this study in reference to Koppen climate type abbreviations
(Beck et al. 2018).

clinl::?iocliass Climate type Abbreviation Koppen abbreviations
Tropical Tropical everwet TE Af
Tropical Tropical seasonally dry TSD Am
Tropical Tropical seasonally very dry TSVD Aw

Arid Arid A BWh, BWk, BSh, BSk

Temperate Warm temperate dry summer WTDS Csa, Csb, Csc
Temperate Warm temperate dry winter WTDW Cwa, Cwb, Cwc
Temperate Warm temperate everwet WTE Cfa, Cfb, Cfc
Temperate Cool temperate dry summer CTDS Dsa, Dsb, Dsc, Dsd
Temperate Cool temperate dry winter CTDW Dwa, Dwb, Dwc, Dwd

Temperate Cool temperate everwet CTE Dfa, Dfb, Dfc, Dfd




TABLE 3. A summary of hypotheses tested in this study, and their predictions, key results, and
interpretation.

Hypotheses Prediction Key results Interpretation
Prevalence of LES strategies
Favorability Fast LES strategies Measured LMA mean is Seasonality
more prevalent in higher in warmer and less ~ hypothesis better
favorable (warm, wet) seasonal climates, supported,
climates following a trend of particularly in
Seasonality Slow LES strategies increasing percentage of temperate climates

. evergreen species
more prevalent in

warmer, less seasonal
environments

Diversity of LES strategies
Abiotic filtering ~ How LES diversity in ~ Measured LMA variance Partially supported,

harsh (cold, dry) highest in arid and warm habitat disparity in
climates temperate dry summer and  dry climates also
lowest in cool temperate important

dry winter sites

Reconstructed LMA relates to measured LMA at community-scale

PM-LMA LMA and PM Correlations are significant Partially supported
correlation correlate for for mean and variance,
community mean, weaker for the latter, and
variance, and kurtosis  non-significant for kurtosis
Similar variables  Reconstructed and The trends across climate,  Supported
influence measured LMA have  and correlations with leaf
variation in similar relationships habit, were similar
reconstructed and  to climatic and leaf between reconstructed and
measured LMA habit variables measured LMA

LMA distribution  Sites correctly match ~ In general, sites matched Not supported
matching can be  their LMA distribution poorly with their true
used to infer to that of their true climate type
paleoclimates climate type at a high
rate



TABLE 4. Variables required to calculate 95% prediction intervals for estimates of
community mean and variance of LMA, using the formula for “predicting mean of Yi of k
items for a given value Xi” presented in Sokal and Rohlf (2012 p. 489): log,,(PI) =

1 (Xi— X)?

1
log;o(rLMA) + \/SZY-X [;"‘ - S %2

rLMA = reconstructed leaf mass per area central moment, s’y.x = unexplained mean square
or mean square error, X = mean logio(PM) of calibration data, Y x’ =sum of squares
regression, #9.05/.-27 = critical value of Student’s distribution for two-tailed significance level
of 0.05 and (n-2) degrees of freedom.

] X to.05[n-2] » Where PI = prediction interval,

Central moment S?y.x n X Yx? 10.05/n-2]

Mean 0.01212861 70 -2.902972 1.154691 1.995469
Variance 0.1713672 70 -5.97104 5.085184 1.995469



Figure 1. Site map. Some sites are represented by leaf dry mass per area data (LMA; green
triangles), some by petiole metric data (PM; orange diamonds), and some by both (purple
circles). Sites include both novel and previously published data (see Appendix S1).
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Figure 2. Leaf dry mass per area (LMA) central moments among differing climate types. No
shared letters between climate types indicates statistical significance in LMA; A-B) Horizontal
dotted lines represent cutoffs suggested by Royer et al. (2007), whereby leaves with leaf life
spans of >1 or <1 year generally have species averaged LMA of > 129 g/m? (blue) and < ~87
g/m? (red), respectively. A) Measured LMA mean (g/m?), B) Reconstructed LMA mean; C)
Measured LMA variance ((g/m?)?); D) Reconstructed LMA variance.
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Figure 3. The strength of relationships between leaf dry mass per area (LMA) central moments
and continuous climatic variables, expressed as R? values, for all, temperate, and tropical climate
types. Negative R? values and warm colors designate negative relationships while positive values
and cool colors designate positive relationships. Grey X’s mark non-significant variables.
Climate variables include temperature seasonality (TS), mean annual range of temperature
(MART = maximum temperature of the warmest month — minimum temperature of the coldest
month), temperature of the cold quarter (T cold Q), temperature of the warm quarter (T warm Q),
mean annual temperature (MAT), mean annual precipitation (MAP), precipitation of the wet
quarter (P wet Q), precipitation of the wet month (P wet M), precipitation of the dry quarter (P
dry Q), precipitation of the dry month (P dry M), precipitation seasonality (PS), aridity index
(AI), and potential evapo-transpiration (PET); A) Measured LMA mean and variance; B)
Reconstructed LMA mean and variance.
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Figure 4. The relationship between the percentage of evergreen species in a community and the
mean leaf dry mass per area (LMA) of that community, separated by major climate class. A
linear model was fitted to only temperate sites as relationships within arid and tropical climates
were non-significant; A) Measured LMA mean; B) Difference of measured LMA mean between
communities that are deciduous (D) and evergreen (E) dominated (i.e., >50% of species); C)
Reconstructed LMA mean; D) Difference of reconstructed LMA mean between communities that
are deciduous (D) and evergreen (E) dominated (i.e., >50% of species).
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Figure 5. The relationship of site-specific species averaged leaf dry mass per area (LMA; y-axis)
and the temperature seasonality (x-axis) for deciduous (orange; p = 0.992), and evergreen (green;
Adj-R*=0.14, p=0.017) species. In addition, kernel density plots of site-specific species averaged
LMA compared between deciduous and evergreen species. Only species from temperate climate
types are included. *** indicates t-test results of p<<0.001.
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Figure 6. The scaling relationship between community-scale central moments of petiole metric
(PM) and leaf dry mass per area (LMA) on a logio-logio scale measured from leaves of woody
non-monocot angiosperms; A) Community mean, the linear regression is log,o,(LMA) =

2.954 + 0.345 X log;o(PM); B) Community variance, the linear regression is log;o(LMA) =
5.028 + 0.302 X log;o(PM); C) Community kurtosis, a linear regression is not provided as

the relationship was not significant.
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Figure 7. Determining the distinctiveness of leaf dry mass per area (LMA) distributions across
climate types to test if LMA distributions from fossil sites can be reliably matched to a modern
climate type to infer an analogous paleoclimate. Acronyms are listed in Table 2. A) An example to
showcase the amount of variability observed within climate types. LMA distributions are plotted
for all sites in WTE climates (green), an example used in previous work to typify this climate type
(Pee Dee, SC; black), and the ‘climate type distribution’ meant provide a single characteristic
distribution for this climate type; B) To simulate how fossil leaf assemblages would be
quantitatively matched to a climate type distribution, LMA was reconstructed at the species level
using PM, and the similarity of its reconstructed LMA cumulative density distribution (Pee Dee,
SC [PD, SC] as an example) to each climate type distribution is shown, and was quantified using
the Kolmogorov—Smirnov test statistic. C-F) Confusion matrices, where each row represents all
sites belonging to a given climate type and the columns along that row representing what climate
type each site best matched to. A darker blue corresponds to a higher percentage of matches. The
diagonal cells represent the correct match rate expressed as a percentage. C) All climate types with
reconstructed LMA (rLMAgsie)) compared to measured LMA [climate type]; D) Coarser groupings of
temperate climate types with rTLMA site] compared to measured LMA [climate type] E) All climate types
with petiole metric (PM(site]) compared to PMciimate type]; F) Coarser groupings of temperate climate
types, with PMsite] compared to PMclimate type]-
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Abstract

The fossil record offers important opportunities to reconstruct plant community response to past
disturbance events. Yet, reconstructions are hindered by limited empirical evidence of
successional variation in functional traits measurable on fossil leaves, including leaf morphology
and 613C. In addition, the role the leaf economic spectrum (LES) plays across succession within
this forest type is unresolved. Lastly, it is unclear to what degree disturbance confounds the leaf

morphology-climate relationships utilized in paleoclimate proxies.

We utilize a chronosequence spanning variously aged stands following logging (4, 21, 44, 94
years old), and one old growth stand, in North Carolina. Leaf traits of woody non-monocot
angiosperms (WNMA) leaves, including all trees and prominent understory plants, were
measured to document patterns relating to the LES (e.g., leaf mass per area [LMA]), patterns of
leaf morphology and §'°C, and the confounding influence on climatic estimates using the digital

leaf physiognomy proxy.

LMA increased across succession among trees, driven by variation in both leaf thickness and leaf
density, supporting the role of the LES. The petiole metric (PM), which is biomechanically
linked to LMA, increased across succession among trees as hypothesized, as did the proportion
of entire-margined leaves and abundance-weighted leaf margin complexity. Measures of
diversity (morphological and species richness, 3'*C and LMA variance) for all WNMAs were
often highest in the old growth stand, reflecting structural and niche complexity, yet peaked in
mid-succession among trees, reflecting a mixing of ecological strategies. Other leaf traits had
complicated or subtle trends across succession that were difficult to reconcile and tie to function.
Changes in leaf morphology across succession did not strongly confound the accuracy of

paleoclimate reconstructions. Successional patterns of this study importantly highlight the utility



of PM, leaf margin, and leaf morphological richness in interpreting successional dynamics from

fossil leaf assemblages sourced from temperate deciduous forests.

Introduction

The fossil record offers important examples of how plant communities respond to
environmental perturbations ranging from relatively local (e.g., flooding; fire volcanic eruption;
Currano et al. 2011; Lowe et al. 2018) to global disturbances (e.g., mass extinction; Lyson et al.
2019; Stiles et al. 2020). Such examples help disentangle the complexity of plant community
assembly dynamics and aid in providing more informed predictions of anthropogenic impacts. In
addition, understanding successional dynamics of paleovegetation may be important for
paleoclimate inference, as certain successional stages (“climax vegetation™) are thought to be in
greater equilibrium with macroclimate than others (e.g., Taggart and Cross 1990; Schiller et al.
In Press). Recognizing disturbance as a driving force in paleovegetation requires an
understanding of how disturbance impacts the functional composition and diversity of plant

communities in various vegetation- and climate types today.

A general model of vegetation succession in non-arid climates posits that high light
availability following a disturbance favors the establishment of ecological strategies intolerant of
shade that prioritize fast resource acquisition and growth. These strategies are eventually
replaced by slower growing, shade-tolerant competitors (Bazzaz 1979; Poorter et al. 2024). Plant
functional traits offer important insights to these ecological strategies by directly influencing
plant fitness (Grime 2006; Enquist et al. 2015; Funk et al. 2017), providing important
opportunity for paleoecological studies (McElwain et al. 2024). However, many traits linked by
plant neo-ecologists to ecological strategy are impossible or difficult to directly measure from

fossil plants (e.g., assimilation rates, nitrogen concentrations).



Nevertheless, previous work suggest traits measurable in the fossil plant record can be
reflective of ecological strategy and successional dynamics, including leaf morphology, leaf
carbon isotopes, leaf mass per area (through proxy reconstruction), plant diversity, and leaf
herbivore damage (e.g., Currano et al. 2011; Resco et al. 2011). For example, early successional
communities in wet tropical forests have been shown to have a greater proportion of species with
toothed and lobed leaves compared to late succession (Kappelle and Leal 1996), suggesting links
between leaf teeth/lobes and rapid growth strategies. However, there is a dearth of empirical
evidence across succession in other vegetation types, including temperate deciduous forests,
particularly at the community-scale (Currano et al. 2011). Successional patterns of quantitative
leaf morphology traits have not been well explored, including the size and frequency of teeth,
leaf circularity, and leaf area. Understanding whether leaf morphology does in fact vary across
succession is important not just for tracking ecological strategies, but also to assess to what
extent disturbance confounds relationships of leaf morphology and climate that form the basis
for paleoclimate proxies such as digital leaf physiognomy (Peppe et al. 2011). This potential

impact of disturbance on paleoclimate estimates has been minimally tested.

In addition to morphological traits, leaf carbon stable isotopic ratios (5'°C) can be measured
on fossil leaf compressions and cuticle and may provide insight to ecological strategy during
succession (Resco et al. 2011). Leaf §'C reflects the ratio of intercellular to ambient CO»
concentration (ci/c,), sensitive to both assimilation and stomatal conductance rates, and the §'*C
of ambient CO» surrounding the leaf (Farquhar et al. 1982). Stronger vertical gradients of leaf
813C characterize more structurally complex forests, resulting from changes in plant water use
efficiency with changing light and humidity levels (Farquhar et al. 1982; Garten and Taylor

1992), and potentially, gradients in the §'°C of ambient CO; influenced by lower values of soil



respired CO; (Da Silveira et al. 1989; Graham et al. 2014). Thus, variation in assimilation rates,
stomatal conductance, and forest structure throughout succession may drive variation in the

mean and variance of leaf '°C in a plant community (e.g., Garten and Taylor 1992).

Leaf mass per area (LMA) has also been suggested as a useful trait in characterizing
ecological strategy across succession (Currano et al. 2011; Lichstein et al. 2021). Although LMA
cannot be measured directly on fossil leaves, it can be reconstructed for woody non-monocot
angiosperms (WNMA) at the species- and community-scale using its relationship with the
petiole metric (PM = petiole width? / leaf area) (Royer et al. 2007, 2010; Lowe et al. In Review).
LMA is a component of the leaf economic spectrum (LES), which describes co-variation of leaf
traits relating to resource acquisition and investment (Wright et al. 2004; Reich 2014; Onoda et
al. 2017). The LES is hypothesized to play a role in successional dynamics, with, for example,
early successional shade-intolerant plants having traits that confer fast resource acquisition
through greater investment in low-density photosynthetic enzymes and lower resistance to
within-leaf CO; flux (e.g., low LMA, high nitrogen concentration). In contrast, late successional
plants are characterized by traits that confer shade tolerance and resource retention (e.g., high
LMA, low nitrogen concentration) (Wright et al. 2004; Poorter and Bongers 2006; Onoda et al.

2017; Falster et al. 2018; Lichstein et al. 2021; Poorter et al. 2024).

However, the role of the LES in successional dynamics of deciduous-dominated humid
forests is unclear, as shade-tolerant deciduous trees have repeatedly been shown to have lower
LMA than shade-intolerant trees (Niinemets and Kull 1994; Niinemets et al. 1998; Aranda et al.
2004; Hallik et al. 2009). This may be explained by the complicating influence of leaf
thickness—shade tolerance can be conferred by constructing large but thin leaves that maximize

light interception and prevent within-leaf intra-cellular shading (Niinemets and Kull 1994; Green



and Kruger 2001). In addition, the co-variation of traits defining the LES are less pronounced
among deciduous species (Wright et al. 2004), due in part to low variation in their leaf life span.
Thus, resolving whether the LES, and reconstructions of LMA, are useful in reconstructing
successional dynamics in deciduous-dominated forests requires direct testing using data on leaf
traits related to the LES (e.g., LMA, leaf thickness and density, C:N) measured in situ for plant

communities across successional gradients.

Lastly, much work has addressed patterns of plant diversity across succession. Often,
species and functional diversity increase across succession as stronger filtering that selects for a
narrow set of pioneer species that gives way to greater structural and abiotic complexity and
niche differentiation (Currano et al. 2011; Poorter et al. 2024). However, alternative patterns are
possible, including that diversity is highest in mid-succession where varying ecological strategies
co-exist (e.g., Connell 1978), or that late successional forests are dominated by just a few
number of strongly competitive tree species (Doyle 1981; Keddy and Drummond 1996). As
discussed above, traits incorporated into measures of functional diversity by neo-ecologists are
often not available in the fossil record. Leaf morphological diversity has been assessed in fossil
leaf assemblages (e.g., Stiles et al. 2020), and while its relationship to climate has been explored
(Butrim et al. 2024a; Roth-Nebelsick and Traiser 2024), its relationship to functional diversity

(assessed using neo-ecological traits) and species diversity has been little explored.

To aid in more reliable interpretations of ecological strategy and successional dynamics
from fossil leaf assemblages sourced from temperate deciduous forests, we analyze in situ,
community-scale, WNMA leaf traits across a successional gradient in western North Carolina,
USA. We utilize a chronosequence (i.e., space-for-time substitution) spanning various stages of

secondary succession following disturbance by logging. This study is the first, to our knowledge,



to provide quantitative morphological measures of leaves sampled in situ and at the community-

scale across a local chronosequence. Specifically, we test:

(1) The role of the LES across succession in temperate deciduous forests. We hypothesize that
LMA will increase through succession and that there will be a stronger correlation of
LMA with leaf density (approximated by leaf dry matter content [LDMC]) and carbon and
nitrogen investment (C:N) than with leaf thickness. We also test for changes in species
composition and their reported shade tolerance.

(2) Whether and how leaf morphology, 8'°C, and diversity change across succession. We
hypothesize that the petiole metric will follow patterns in LMA and that early succession
will be characterized by more species with toothed and lobed leaves, consistent with
patterns shown in tropical wet forests. We also hypothesize that species-, functional-, and
morphological diversity will be lower in early succession and that high stomatal
conductance in early succession leads to higher ci/cq and thus lower 3'*C. Furthermore, we
test for patterns in several additional quantitative leaf morphological traits, including the
size and frequency of teeth, leaf circularity, and leaf area.

(3) For the confounding effects of disturbance in paleoclimate reconstructions by comparing
mean annual temperature and precipitation estimates to true site climate across the

chronosequence using the digital leaf physiognomy proxy.

Materials and Methods

As a clarification of terminology in this study, “sites” occur at the regional-landscape scale,
“stands” occur within sites at the patch-scale and represent various successional stages, and

“plots” are measurable units of the stand (e.g., Poorter et al. 2024).



Study site—The study site is in western North Carolina (NC), USA, in the Nantahala
National Forest, and is in a region of mixed cove hardwood (i.e., mixed mesophytic), northern
hardwood, oak, and oak-pine communities (Miniat et al. 2021). We incorporated four of the five
chronosequence stands studied by Brantley et al. (2019), which were selected based on similar
climate, soil, and local setting, with the furthest distance between any stand being ~30 km. At the
time of sampling in 2021, these stands were 21, 44, and 94 years old (yo) following known
logging activity, in addition to a previously unharvested old growth stand with many trees >200
yo. Due to access issues, we replaced the youngest stand of Brantley et al. (2019) with a separate
4 yo stand. The 4 yo stand was clearcut, the 21 yo stand represents shelterwood harvest, the 44
yo stand was clear cut, and the 94 yo stand was stump-cut removing all merchantable timber
(Elliott and Swank 2008), all of which impart secondary succession. The site is characterized by
a humid temperate climate, with mean annual temperature ranging from 12.8 °C at lower
elevations (~700 m asl) to 10.8 °C at the slightly higher elevation old growth stand (~1,150 m
asl), and mean annual precipitation from ~180 to ~260 cm/year depending on elevation (Miniat

et al. 2021).

Plot Census and Leaf Sampling—Plots were established by prior work (see Miniat et al.
2021), including two 20 x 40 m plots (0.16 ha total) at each of the 21, 44, and old growth (>200)
year old stands, and four 25 x 25 m plots at the 94 year old stand (0.25 ha total) (plot images in
Appendix 1). Previous work in 2012 had identified every tree (= 10 cm diameter at breast height
[DBH]) in each plot to species (Brantley et al. 2019), with one exception being trees identified to
Carya spp. During the time of sampling in 2021, tree DBH was remeasured, incorporating new
individuals which had since grown into the >10 cm DBH size class, and species identifications

were confirmed and in rare cases revised. Given the very thick undergrowth at the 4 yo stand,



sampling was not done within a defined plot dimension, although the area covered was ~0.1 ha.
At the 4 yo stand, no individuals had >10 cm DBH and instead every woody plant species
encountered was sampled (dominant plants were Liriodendron tulipifera and Robinia

pseudoacacia, which were ~2.5 m in height and <3 ¢cm in DBH).

Leaves were sampled from all WNMA tree species >10 cm DBH in each stand, typically
from the individual with the greatest DBH, but successively smaller individuals were considered
if sampling the largest was not possible. In addition, prominent woody species restricted to the
understory (as judged by careful observation) were sampled at each stand. In several cases, we
did not identify understory plants to species, but instead to leaf morphotypes (Ellis et al. 2009),
which were compared carefully across stands. Sunlit leaves were sampled from canopy trees and
shaded leaves from understory plants using either an arborist throw-line launcher (Youngentob et

al. 2016) or telescopic branch cutters (see Appendix 2 for additional detail).

Trait Measurements—Trait measurements for species are stand-specific. Leaf mass per
area (LMA), leaf dry matter connect (LDMC), and leaf thickness were measured according to
standardized protocols (Perez-Harguindeguy et al. 2013) on 8-14 leaves per individual of all
species. 8'3C and C:N were measured on three leaves per species for 91% of species-stand pairs
(2 leaves for 8% and 1 leaf for 1% of species) including all tree species (=10 cm DBH), at stable

isotope facilities at the University of Washington (see Appendix 2 for additional detail).

Leaf morphology was digitally measured from scanned images of fresh leaves on 5-17
leaves per species (76% of species have n >10). To make morphological measurements
comparable to paleobotanical approaches, we followed the digital leaf physiognomy approach
originally devised as a paleoclimate proxy (Peppe et al. 2011; Lowe et al. In Press). The method

measures morphological variables such as leaf area, blade circularity (via Feret diameter ratio),



margin complexity (via shape factor), blade toothiness, and the petiole metric (Table 1). For
several leaves (n = 17) of Quercus alba and Quercus velutina, the lobe geometry was such that
they qualified as very large teeth (i.e., were incised less than 25% the distance to the major vein;
Royer et al. 2005; Lowe et al. In Press). We found that these outliers skewed stand-scale results,
and instead prepared these leaves using a “isolated tooth” protocol, which effectively decreases
the amount of leaf area held within each tooth (see Appendix 3 for further detail). To replicate
the approach taken in paleoecology studies, the petiole metric was used to reconstruct
community-scale LMA mean and variance using the equations of Lowe et al. (In Review). For

all leaf trait measurements, leaflets of compound leaves were treated as leaves.

Analyses—All analyses were performed using R (version 4.3.2; R Core Team 2023).
Species averages were first calculated for all traits. Species with toothed leaves were assigned a
margin state of 0, untoothed leaves a 1, and species with both types of leaves a 0.5. Stand-scale
mean and variance were calculated from species averages. Untoothed species were not included
in calculating stand-level toothed variables, but untoothed leaves for mixed-margined species
were included in the calculation of species averages by setting their tooth frequency and area to 0
and perimeter ratio to 1. Stand mean and variance were calculated both in a species-weighted
(each species contributes equally) and abundance-weighted (each species contributes
proportionally to their total stand basal area [SBA; calculated from DBH] in the stand).
Abundance-weighting better reflects ecosystem-scale processes and the most successful trait
value (i.e., those associated with the greatest plant biomass) (Grime 1998; Enquist et al. 2015),
but excludes species with individuals < 10 cm DBH including the entire 4 yo stand.
Paleoecological studies most often use a species-weighted approach because quantitative

inference of original abundance is difficult to obtain from fossil records (but, see Soh et al.



2017). For the species-weighted approach, we consider both the entire WNMA community and
only tree species (defined in this study as species with individuals >10 cm DBH in the stand), to
better understand understory controls on WNMA traits and because trees are overrepresented in

fossil leaf assemblages sourced from forests (Greenwood 2005).

Multivariate morphological diversity was assessed using the R package FD (Laliberté et al.
2014), where individual traits standardized to mean 0 and unit variance were included in a
principal coordinate analysis (Laliberté and Legendre 2010). Of the diversity indices produced
by FD, we included morphological richness, evenness, and dispersion because they are intuitive
measures of diversity. Richness represents the amount of morphological space filled by the
community, evenness represents how evenly species are distributed within that morphological
space, and dispersion represents how dispersed species are from the centroid of morphological
space (Laliberté and Legendre 2010). Both species- and abundance-weighted (by total SBA)
analyses were performed for evenness and dispersion, but abundance-weighting is not possible

for calculations of richness (Laliberté and Legendre 2010).

To consider how leaf trait variation reflects taxonomic composition, the similarity of
taxonomic composition, in terms of presence/absence and abundance (by total SBA), was
assessed across stands using non-metric multidimensional scaling. To do so, SBA of each species
was first relativized by its proportion of total stand SBA for the abundance-weighted analysis,
and 2D solutions were produced using Bray-Curtis dissimilarity matrices with metaMDS() in the

vegan package (Oksanen et al. 2022).

We explored structural influences on LMA (leaf thickness, LDMC, and C:N), using the /m()
function (R Core Team 2023). Because their values exhibited a right-skewed distribution across

species, petiole metric, LMA, and leaf area were logio transformed prior to regression analyses.



To assess the correlation of PM and LMA, we defined linear relationships of logio transformed

values using the /m() function (R Core Team 2023).

To test if succession confounds paleoclimate reconstructions, we produced stand-scale
reconstructions of mean annual temperature (MAT) and mean annual precipitation (MAP) using
the digital leaf physiognomy (DiLP) proxy method (Peppe et al. 2011). This method employs
multiple linear regression models, including margin state, leaf circularity (Feret diameter ratio),
and tooth count : internal perimeter for MAT, and leaf area, In(tooth count : internal perimeter),
and In(perimeter ratio) for MAP (Royer et al. 2007; Peppe et al. 2011) (Table 1). We used the R
package dilp to process data and produce climate reconstructions (Butrim et al. 20245; Lowe et

al. In Press).

Results

Species Composition, LMA, C:N, LDMC, and Leaf Thickness—Species composition varied
across succession, with Carya spp., Betula lenta, Robinia pseduoacacia more abundant in early
succession and Liriodendron tulipifera, Quercus alba, Quercus rubra, and Acer rubrum more
abundant in late succession (Fig. 1; Appendix 4). There was a general increase in mean LMA and
C:N mean across succession for trees using both species- and abundance-weighted approaches
(Fig. 2). The increase in species-weighted tree LM A mean was strongly influenced by the
occurrence of two high LMA species of evergreen woody understory shrubs, Rhododendron
maximum and Kalmia latifolia—when these two taxa are excluded, LMA still increases, but to a
lesser extent (i.e., by 8.2 g/m?; Appendix 5). For the entire WNMA community, LMA peaked at
mid-succession, and then decreased to late-succession (Fig. 2), alongside increased richness of
species restricted to the understory (Appendix 6). LMA mean was positively correlated with both

LDMC and leaf thickness at similar levels for the entire WNMA community (Adj-R? = 0.40 and



0.32, respectively) and for trees (Adj-R? = 0.26 and 0.31, respectively; Table 2). A slightly
stronger correlation was found between LMA and C:N (Adj-R? = 0.42 for both all WNMA and

trees; Table 2).

Species-weighted LMA variance increased through succession among trees but peaked in
mid-succession for the entire WNMA community. Patterns among trees were again strongly
influenced by the high LMA evergreen species, R. maximum and K. latifolia (Appendix 5).
Abundance-weighted LMA variance peaked at mid-succession (Fig. 2) and was not influenced

by R. maximum and K. latifolia because those species contribute minimally to stand total SBA.

Leaf Morphology and 8'3C—Several aspects of leaf morphology varied across succession (Fig.
2; see Appendix 7 for visual with leaf images). Petiole metric, and thus reconstructed LMA,
increased across succession following the trend of measured LMA (Fig. 2). In fact, reconstructed
LMA correlated strongly with LMA at the stand-scale for trees (Adj-R’=0.90), although the
correlation was non-significant when understory plants are included, and weak at the species-
scale for both trees and the entire WNMA community (Adj-R? = 0.17 and 0.11, respectively; Fig.
3). In most cases, values fall below the 1:1 line, indicating that LM A reconstructions from PM

often overestimated measured LMA.

The proportion of untoothed species increased through succession among trees but was
relatively invariable for the entire WNMA community. Among toothed species, tooth frequency
(TC:IP) varied little among trees but was highest at the old growth (>200 yo) site for the entire
WNMA community. Tooth size (TA:BA) showed no notable trend across succession for trees or
the entire WNMA community. Leaf margin complexity increased (shape factor decreased) across
succession only when weighted by abundance (Fig. 2) and did not vary appreciably for species-

weighted measurements. Leaf circularity (Feret diameter ratio) generally decreased across



succession for both species-weighted approaches, although only subtly, encompassing ~16% of
total variation across the species of this study. When abundance-weighted, leaf circularity spiked

at the 44 yo stand, but did not vary otherwise (Fig. 2).

8'3C mean showed mixed patterns, being relatively invariable across succession among trees
when species-weighted, spiking at mid-succession (44 yo stand) when trees were abundance-
weighted, and peaked at mid-succession for the entire WNMA community (Fig. 2). §!°C variance
also showed mixed patterns, with trees having low variance at mid-late succession when species-
weighted, generally decreasing variance when abundance-weighted, and with maximum variance

in the old growth (>200 yo) stand for the entire WNMA community (Fig. 2).

Leaf morphological richness peaked at mid-succession among trees and increased through
succession for the entire WNMA community (Fig. 4A). This pattern mirrored trends in species
richness (Fig. 4B). Patterns of morphological evenness were variable, peaking at mid-succession
for the entire WNMA community, fluctuating for trees when species-weighted, and decreasing
across succession when trees were abundance-weighted (Fig. 4D). Morphological dispersion
peaked in mid-succession for the entire WNMA community but was variable for trees when
species- and abundance-weighted (Fig. 4G). Species evenness had a fluctuating trend across

succession (Fig. 4E).

Climate Reconstructions—The multivariate morphological space of each stand, and the
combined stands, falls within the DiLP calibration space, allowing reliable climate
reconstructions (Peppe et al., 2011; Appendix 8; Lowe et al., In Press). Reconstructions of mean
annual temperature (MAT) varied from 10.1 to 15.3 °C and matched well with true MAT (10.8 -
12.8 °C) (Fig. 5A). The average error was 1.1 °C across all stands, but lower for the two oldest

stands (0.4 °C) than the three youngest (1.8 °C). When data were combined across all stands (i.e.,



site scale), the reconstructed MAT was 12.8 °C. Reconstructions of mean annual precipitation
(MAP) ranged from 149.6 to 173.4 cm/yr, and 165.7 cm/yr for the combined data, all similar to,

but less than, the true range of MAP (180-206 cm/yr) (Fig. 5B).

Discussion

LMA and the Role of the LES—Across a successional gradient (i.e., chronosequence) in
an eastern U.S. temperate deciduous forest, LMA mean increased across succession among trees
when species- and abundance-weighted, providing some support for the role of the LES across
succession (Fig. 2). Increasing LMA is accompanied by shifts in taxonomic composition among
deciduous canopy dominants, with greatest dissimilarity between the 21 yo stand and those older
(Fig. 1A). Compositional changes reflect, in part, differing shade tolerance strategies, with 21 yo
stand dominants Robinia pseudoacacia, Carya spp., Quercus velutina, and Betula lenta having
low-intermediate tolerance of shade, while older stand dominants Quercus rubra, Quercus alba,

and Acer rubrum have an intermediate-high tolerance of shade (Burns and Honkala 1990).

The increase of species-weighted LMA among trees is primarily driven by the growth of
high LMA evergreen species Rhododendron maximum and Kalmia latifolia, which are absent
from the two youngest stands, and present but < 10 cm DBH at the 44 yo stand (Appendix 5).
Both species mature as small shade tolerant woody shrubs in forest understories (Monk et al.
1985) and have increased in abundance regionally in response to suppressed disturbance (e.g.,
fire and grazing; McGee and Smith 1967; Elliott et al. 1997). Increases in the prevalence of
evergreen, over deciduous, WNMAs across succession has also been reported from subtropical
forests of China (Wang et al. 2007; Krober et al. 2012). These points suggest that increasing
LMA resulting from a greater prevalence of evergreen tree species across succession may apply

to both subtropical and temperate humid forests.



When species restricted to the understory (i.e., < 10 cm DBH) are included for all stands, the
LMA increase is reversed from mid to late succession (Fig. 2), as low LMA deciduous
understory elements become more diverse (Appendix 6), reflecting the greater structural
complexity of the old growth stand. This highlights the sensitivity of community-scale
interpretations to the extent to which understory elements are considered, which can have lower

LMA than canopy trees in temperate humid forests (e.g., Nomura et al. 2023).

In contrast to the LES model of succession, previous work has found that shade tolerant tree
species, which prevail in late successional environments, have lower LMA, driven in part by
large and thin leaves that maximize light interception for a given investment (Niinemets and Kull
1994; Niinemets et al. 1998; Aranda et al. 2004; Hallik et al. 2009). We find that leaf thickness
across succession in this study did not drive variation in LMA considerably more than leaf
density, as approximated by LDMC (Garnier and Laurent 1994; Perez-Harguindeguy et al.
2013), although correlations were never very strong (Adj-R* < 0.40; Table 2). Instead, resource
allocation patterns, as assessed by C:N, correlated most strongly with LMA (Adj-R* = 0.42;
Table 2). This suggests that complicated influences of both leaf thickness and leaf density drive

LMA variation across succession in this temperate deciduous forest.

Previous reports of negative LM A-shade tolerance relationships in deciduous taxa were
mainly assessed at the species-scale (Niinemets and Kull 1994; Niinemets et al. 1998; Aranda et
al. 2004; Hallik et al. 2009). However, one study assessing abundance-weighted LMA mean at
the community-scale found it to be lower for tree species growing in previously clearcut, relative
to unmanaged old growth temperate forests of Japan (Nomura et al. 2023), supporting our
results. Nevertheless, our findings may not be applicable in all contexts. For example, species of

Fagus, which have low LMA and thin leaves relative to other deciduous species (Aranda et al.



2004; Legner et al. 2014) are often canopy dominants of old growth temperate deciduous forests
(Braun 1964; Burns and Honkala 1990), but were not in the late successional stands of this study.
Therefore, this study provides some support for the LES model of succession in temperate
deciduous forests but further documentation of LMA at the community-scale—a scale that best
captures how ecological strategies are filtered and assemble within forest stands—will aid in
understanding the universality of these results.
Leaf morphology and 8'3C as indicators of ecology and succession

Petiole Metric—The petiole metric (PM), which was used to reconstruct LM A following
established paleoecological methods (Royer et al. 2007; Lowe et al. In Review), increased across
succession for mean and variance, mirroring trends in measured LMA, particularly for trees
(Figs. 2, 3, 4), in support of our hypothesis. This further corroborates the utility of PM in
reconstructing LES strategies at the community-scale (Royer et al. 2007; Peppe et al. 2018,
Butrim et al. 2024a; Lowe et al. In Review). In contrast, reconstructed (from PM) and measured
LMA corresponded less at the species-scale (Fig. 3A, D), and correlations were weaker than
previous work integrating across larger spatial scales (Royer et al. 2007, 2010). The greater
correspondence for community mean, relative to species mean, of this study results from a
predominant influence of just a few high LMA evergreen species. When evergreen species R.
maximum and K. latifolia are removed from the analysis, the community-scale relationship is
weaker (Adj-R’ = 0.30 vs. 0.90) and insignificant (Student’s t-test; p > 0.05). This suggests that
comparisons of reconstructed LMA among deciduous species in temperate humid forests should
be made with caution and highlights open questions about the scales and contexts at which PM-

LMA relationships are strongest.



Toothiness.—In support of our hypothesis, a greater proportion of tree species with
toothed leaves comprised early successional stands (Fig. 2), following the pattern documented in
a tropical wet forest (Kappelle and Leal 1996). This pattern also corroborates previous work
suggesting that leaf teeth may help confer rapid growth strategies in high-light and disturbed
environments (Kowalski and Dilcher 2003; Greenwood 2005; Royer and Wilf 2006; Royer et al.
2009, 2012). The link between leaf teeth, growth strategy, and early succession may result from
enhanced early season transpiration and photosynthesis (Baker-Brosh and Peet 1997; Royer and
Wilf 2006) and efficient packing of leaves in over-wintering buds (Edwards et al. 2016). There is
no correspondence between the proportion of untoothed species and the (small) differences in
elevation and temperature of our stands, contrary to predictions of established MAT-leaf margin
relationships (e.g., Peppe et al. 2011), suggesting little confounding effect on leaf morphological

patterns (Appendix 9).

Species growing only in the understory of early successional environments were
disproportionately untoothed, and their inclusion in analyses tempers the increasing trend of
untoothed species (Fig. 2). However, trees better capture those strategies that are most successful
in growing to occupy the early successional canopy and thus better reflect successful ecological
strategies in terms of biomass. Among trees, there was no clear pattern in the number or size of
teeth across succession (Fig. 2), suggesting these characters may be less functional at a regional
scale, compared to a continental or global scale across gradients of climate (Royer et al. 2005;

Peppe et al. 2011).

Leaf Margin Complexity.—In contrast to our hypothesis and the pattern documented in a
tropical wet forest (Kappelle and Leal 1996), abundance-weighted leaf margin complexity

increases, rather than decreases, across succession (Fig. 2). This reflects the increasing



dominance of lobed-leaved Acer rubrum, a shade tolerant species, and species of Quercus
classified as mid-tolerant (Barnes and Spurr 1998). Lobed leaves, through efficient bud packing
and heightened early season photosynthetic and transpiration rates (Baker-Brosh and Peet 1997,
Edwards et al. 2016), may help confer shade tolerance to juvenile understory trees that leaf out
early to intercept high irradiance before the canopy closes—a behavior known in shade tolerant
species of Acer (Seiwa 1999; Augspurger and Bartlett 2003; Richardson and O’Keefe 2009).
Alternatively, or in addition, lobed leaves may help an understory plant ramp up growth during
canopy gap formation (Abrams 1998), by increasing hydraulic efficiency (Siso6 et al. 2001) and
countering the influence of low wind speed in forest understories on increased boundary layer
resistance (Givnish 1979; Leigh et al. 2017). Many understory plants in tropical environments
have leaves with dissected margins (Givnish 1979), suggesting a potential link between margin
complexity and shade tolerance. In addition, complex margins are associated with colder and
more seasonal temperatures in North America (Royer et al. 2005), where rapid growth during a
short growing season is advantageous (Lowe et al. In Review). However, increasing margin
complexity among tree dominants alongside a greater prevalence of untoothed tree species is
difficult to reconcile, and several other shade tolerant species prevalent in old growth temperate
deciduous forests do not have lobed leaves (e.g., species of Fagus and Tilia; Burns and Honkala

1990), complicating links drawn between margin complexity and shade tolerance.

Diversity.—Morphological richness varied across succession alongside other measures of
diversity, providing some insight into its functional significance (Fig. 4). Trends of
morphological and species richness, and of §'*C and LMA variance, often differed depending on
whether the entire WNMA community or just trees were considered. For the entire WNMA

community, the old growth stand showed the highest morphological and species richness (Fig.



4), the highest §'3C variance (Fig. 2), and among the highest LMA variance. The old-growth
stand also had the greatest richness of species restricted to the understory aside from the 4 yo
stand. Thus, we interpret an increase in structural complexity and available niche space in our old
growth stand to have influenced a higher diversity of species displaying a greater range of leaf
morphologies, water use efficiency, and resource acquisition strategies (Currano et al. 2011;
Graham et al. 2014; Poorter et al. 2024), corroborating suggested potential links between

morphological and functional diversity (Roth-Nebelsick and Traiser 2024).

Among trees, morphological and species richness was lowest in the youngest (21 yo) stand,
but peaked at mid-succession (Fig. 4A, B). Abundance-weighted LMA variance also peaked at
mid-succession (Fig. 4C), showcasing patterns among tree dominants. When understories are not
included, structural complexity is a less important factor, and instead, a mixing of shade
tolerance strategies among canopy trees in mid succession likely drives patterns in tree richness
(e.g., Connell 1978). In contrast, abundance-weighted §'*C variance decreased through
succession (Fig. 2), suggesting potentially greater convergence in water use efficiency strategies

among canopy dominants (Cernusak 2020).

Additional Traits.—Several additional traits had subtle or complicated patterns across
succession that are difficult to tie to function and apply to the fossil record. For example, leaf
area was largest among saplings in the 4 yo stand (Fig. 2), including a very large-leafed and
invasive Paulownia tomentosa (avg. leaf area = 727 cm?), and generally decreased through mid-
to late succession. However, the trend was not apparent for abundance-weighted area (Fig. 2),
and it contradicts previous work finding that shade tolerant deciduous species are typically
characterized by larger leaves that maximize light interception (Niinemets and Kull 1994;

Niinemets et al. 1998). Leaf circularity decreased slightly across succession for species-weighted



values, but sharply increased at the 44 yo stand when abundance-weighted (Fig. 2), reflecting the
dominance of Liriodendron tulipifera (70% of total stand SBA; Fig. 1), whose leaves are
relatively circular (Appendix 7)—it is unclear whether this pattern relates to function.

Discordant patterns among morphological and species evenness, and morphological dispersion
are difficult to reconcile. Although there was little change in 8'*C mean through succession
among trees (Fig. 2), a spike in abundance-weighted 5'°C occurs at the 44 yo stand, reflecting the
strong dominance of L. tulipifera which had relatively high 8'*C. A large drawdown of c; relative
to ¢4, indicative of a high water use efficiency, may have helped confer rapid growth known to
characterize this shade intolerant and isohydric species (Burns and Honkala 1990; Benson et al.

2022) and help explain its strong dominance in the canopy of this mid-successional stand.

Application to Reconstructing Successional Dynamics in the Fossil Record—Results of this
study offer utility for some leaf morphological traits in reconstructing successional dynamics in
ancient temperate deciduous forests, corroborating work in other vegetation types (Table 3;
Kappelle and Leal 1996; Currano et al. 2011). We place emphasis on leaf trait patterns among
tree species as they are likely overrepresented in fossil leaf assemblages sourced from forests.
For example, leaf abundance in humid temperate forest leaf litter best correlates with a species
total SBA (Burnham et al. 1992; Steart et al. 2005), demonstrating a lower probability of
understory plants with lower SBA becoming fossilized. However, this probability increases with
fossil sample size and several prior studies do report fossil taxa inferred as shrubs or small trees
from ancient forested environments (e.g., Chaney and Axelrod 1959; Wolfe and Wehr 1987;
Kvacek 2004). Thus, in some cases, patterns of the entire WNMA community may be more

applicable (e.g., very well sampled assemblages).



Leaf traits patterns across succession suggest that disturbed stands in temperate deciduous
forests may contain tree species with more toothed leaves and lower reconstructed LMA, as
compared to late successional and old growth stands (Table 3). LMA variance increases across
succession following increases in evergreen WNMA abundance (Appendix 4). The fact that the
presence of high LMA evergreen outliers are an important driving factor in patterns of
community-scale LMA and PM should be considered when interpreting fossil records (e.g.,
Lowe et al. In Review). Morphological richness may be expected to reflect species richness and
both can peak when pooling ecological strategies typical of early and late succession, including
in mid-succession (Fig. 4; Table 3), when low severity disturbances occur frequently (Connell
1978; Miller et al. 2011), or when integrating across an area where disturbance occurs in a
patchy manner (White and Pickett 1985). The increase in margin complexity among dominant
trees is likely not applicable to the fossil record, as the same trend was not apparent for species-
weighted measures of trees most utilized in paleoecological studies, and it is unclear how
abundance-weighting by fossil leaf counts (e.g., Soh et al. 2017) correlates to mean weighted by

total SBA.

Succession has both predictable and unpredictable components (Poorter et al. 2024), and the
universality of successional patterns of this study relies on mechanistic links between traits and
fitness. Patterns of PM and leaf margin across succession in this study agree with independent
lines of evidence linking leaf traits to function and fitness (Table 3). However, additional traits
are known to be important in conferring ecological strategies across succession, including those
related to seed production and dispersal, physiological traits influencing photosynthetic and
respiration rates and saturation, and expressions of phenotypic plasticity (Woods and Turner

1971; Abrams 1998; Oguchi et al. 2005; Wilfahrt et al. 2014; Poorter et al. 2024). Patterns are



also likely to differ depending on the forest type. For example, in tropical dry forests, high
irradiance in early succession increases soil water limitation and may favor drought resistance

traits and strategies (e.g., Fonseca et al. 2018).

Natural disturbances act on various spatial and temporal scales, from tree fall gaps to
volcanic eruptions, or even asteroid impacts (Poorter et al. 2024), and varying depositional
environments and fossil sampling methodologies differ in their spatial and temporal resolution
(Wing and DiMichele 1995). For example, if disturbances are infrequent and with low severity
they may be difficult to detect, because even narrow ranges of stratigraphy can average across
hundreds or thousands of years—exceptions being instantaneous events such as thick volcanic
ash burying vegetation in situ (e.g., Wing et al. 2012). Larger scale disturbances (e.g., high
severity volcanic processes, large-scale crown fires, large-scale herbivory or pathogen outbreak)
and/or disturbances that occur at high frequency (e.g., frequent fire regime; volcanically active or
flood-prone landscapes) are instead those most detectable in most fossil records (e.g., Currano et

al. 2011; Lowe et al. 2018).

The Influence of Disturbance on Paleoclimate Reconstructions—Variation in leaf
morphology across succession has the potential to confound leaf physiognomy-based
paleoclimate proxies, which rely on macroclimate as a predominant correlate. In our study, we
found that the effect of successional stage was minimal using the DiLP proxy, as the average
error of reconstructed MAT and MAP was consistently low, averaging 1.1 °C and 15.3 cm/yr,
respectively, all within the uncertainty bands of the estimates (Fig. 5). In addition, we
reconstructed climate at the site-scale by combining stands to simulate the spatial and temporal
averaging that may occur in some fossil assemblages. These combined reconstructions also

helped increase species richness to the minimum number (~15 WNMAs) suggested by previous



work (Wolfe 1993; Lowe et al. In Press), as only the 44 yo stand had >15 tree species. MAT and
MAP reconstructions for combined stands were similarly accurate compared to individual stands
(Fig. 5). These results suggest that MAT and MAP reconstructions made using the DiLP proxy
on fossil macrofloras from analogous paleovegetation types may be relatively robust to
successional status or degrees of spatial averaging, more so than what has been proposed by

previous work using pollen assemblages (e.g., Taggart and Cross 1990; Schiller et al. 2024).

Patterns of MAT estimates do not directly correspond to patterns in the proportion of
untoothed species, known to be an important influence on the leaf morphology-MAT
relationship. For example, among trees, reconstructed MAT is most similar between the 21 yo
and >200 yo stands (11.1 vs. 10.8 °C, respectively) where the proportion of untoothed species is
most dissimilar (19 and 30%, respectively). This outcome reflects the influence of other variables
in the regression, including leaf circularity (FDR) and tooth frequency (TC:IP), and suggests that
the DiLP proxy may be less sensitive to confounding effects of disturbance than univariate

proxies that rely on leaf margin alone (i.e., leaf margin analysis; Wing and Greenwood 1993).

Conclusions

Using a community-scale dataset of in situ leaf traits sampled across a chronosequence in
temperate deciduous forests of North Carolina, USA, we aimed to 1) test the role of the LES in
this forest type, with the prediction that lower LMA leaves with higher nutrient concentrations
have greater prevalence in early succession, 2) test for links between leaf morphology and plant
ecological strategies across succession and provide tools for reconstructing successional
dynamics in the fossil record, and 3) consider how disturbance may impact paleoclimate

estimates using the digital leaf physiognomy proxy.



The role of the LES across succession was partly supported in our study, as trees had higher
LMA in older stands, comprised of a greater number of shade-tolerant species, and leaf thickness
did not drive LMA variation more than leaf density (approximated by LDMC) or relative
nitrogen concentration (C:N). However, LMA did not increase appreciably when considering the

entire WNMA community due to increased richness of low LMA understory plants.

Leaf morphology and §'3C patterns across succession highlight the utility of leaf teeth, PM,
and leaf morphological diversity in inferring community-scale ecological strategy and
successional status. Patterns among trees in closed canopy forests may be most applicable to the
fossil record given relationships of leaf abundance in litter and SBA (Burnham et al. 1992). PM
and measured LMA both increased across succession among trees for community mean and
variance. A greater prevalence of toothed tree species in early succession is consistent with the
previously proposed links of leaf teeth and faster growth strategies. Species of Acer and Quercus
with high leaf margin complexity came to dominate late successional stands, suggesting a
relationship between margin complexity and shade intolerance strategies. However, the pattern
has limited application to the fossil record because species-weighted measures most utilized in
paleoecological studies were much less variable. Structural diversity and a species-rich
understory in the old growth stand influenced high morphological and species richness for the
entire WNMA community, as well as high LMA and §'C variance, highlighting the importance
of the increased niche space promoted in late succession. In contrast, when trees are considered
alone and structural complexity is less of a factor, species and morphological richness, as well as
LMA variance among tree dominants, is highest in mid-succession, likely a result of mixing

shade tolerance- and ecological strategies. Other traits, such as leaf area, circularity, §'3C, and the



number and size of teeth, as well as morphological evenness and dispersion, had complicated or

subtle trends across succession that were difficult to reconcile.

Changes in leaf morphology across succession did not strongly confound the accuracy of
paleoclimate reconstructions using digital leaf physiognomy. In summary, this study provides
important insight into ties between leaf morphology and ecological strategy that can be applied

to the fossil record to infer successional dynamics in ancient temperate deciduous forests.
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Tables and Figures

Table 1. Leaf traits measured in this study. Measurements were made on fresh leaves (before

drying), unless stated otherwise.

Leaf trait

Abbreviation Description

Leaf dry mass per area (g/m?)

Leaf thickness (mm)
Carbon : Nitrogen

Leaf dry matter content (%)
Petiole metric

Leaf area (cm?)
Feret diameter ratio
Shape factor

Tooth count : internal
perimeter (#/cm)

Tooth area : blade area

Perimeter ratio

LMA

C:N

LDMC

PM

FDR

TC: 1P

TA : BA

Leaf dry mass / fresh leaf area

Thickness of the leaf in the middle region
between the primary vein and margin, and
apex and base.

Ratio of %C and %N on a dry mass basis.

Leaf dry mass / fresh mass * 100, reflects
leaf density.

Petiole width? / leaf area, used to reconstruct
LMA.

Summed blade and petiole area

Feret diameter, or the diameter of a circle
with same area of the leaf / major axis
length. Measures leaf circularity.

4 - blade area/perimeter®. Measures margin
complexity.

Internal perimeter is the leaf perimeter
measured once teeth are digitally removed.

Tooth area is measured between primary
sinuses, which includes the area of
subsidiary teeth if present.

Length of the blade perimeter / length of
internal blade perimeter, after teeth are
digitally removed



Table 2. The strength of linear relationships between leaf mass per area (LMA) and traits
considered to influence LMA directly including leaf dry matter content (LDMC), which
approximates leaf density, leaf thickness, and carbon : nitrogen ratio (C:N). A plus sign (+)
signifies a positive slope.

Trees + Understory Trees
Trait p Adj-R?* slope p Adj-R* slope
LDMC <0.005 0.40 + <0.005 0.26 +
Leaf thickness <0.005 0.32 + <0.005 0.31 +

C:N <0.005  0.42 + <0.005 0.42 +



Table 3. Results of this study that are most relevant to application in the fossil record.
Successional patterns are described for trees only. LMA = leaf mass per area, LES = leaf
economic spectrum, PM = petiole metric, WNMA = woody non-monocot angiosperm.

Trait Successional Functional inferences
pattern
LMA and Increase of mean =~ LMA mean and variance increase across
PM/reconstructed LMA and variance succession, as evergreen WNMA trees
across succession  become more prevalent, providing
evidence for the role of the LES in
temperate deciduous forests. Petiole metric
also increases in mean and variance,
reflecting biomechanical links between
petiole width and leaf mass, however these
links are strongest when contrasting
deciduous and evergreen species, and
weaker among deciduous species.
Margin type More toothed Teeth may confer rapid growth strategies
species in early through enhanced early season
succession transpiration and photosynthetic rates
and/or more efficient bud packing.
However, the inclusion of understory
elements may confound this trend.
Morphological richness Peaked in mid A close reflection of species richness. A
succession. peak in mid succession suggest a high

richness of leaf morphologies may
represent a mixing of ecological strategies
and be tied to functional diversity.



Figure 1. Changes in taxonomic composition of different aged stands assessed by nonmetric
multidimensional scaling (NMDS). A, species weighted by relative abundance (i.e., proportion of
total SBA), with the top five most abundant species listed. B, the analysis only includes the
presence/absence of taxa.
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Figure 2. Changes in community leaf traits across ecological succession, including those related
to ecological strategy, leaf §'3C, leaf size and shape, and leaf toothiness. Leaf traits are analyzed
using three different approaches. Rec. LM A = reconstructed LMA, other abbreviations follow
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Figure 3. The relationships between reconstructed and measured leaf mass per area (LMA)
across different aged stands (shown by point color), compared to a 1:1 relationship (dotted line).
A-C, analyses including trees and understory plants, for (A) species mean, (B) stand mean, and
(C) stand variance. D-F, analyses limited to trees, for (D) species mean, (E) stand mean, and (F)
stand variance.
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Figure 4. Diversity indices for various aged stands, including those related to leaf morphological
diversity (A, D, G), species diversity (B, E), and the diversity of leaf economic spectrum (LES)
strategies assessed by both (C) measured and (F) reconstructed (rec.) leaf mass per area (LMA).
Leaf traits are analyzed using three different approaches. Note, species richness represents all
taxa censused in the plot, including those not sampled (see Appendix 4).
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Figure 5. Estimated climatic variables using the digital leaf physiognomy proxy across various
aged stands and by combining data across all stands (i.e., site level; “combined”). Estimations
are done for both trees only and trees and understory plants combined. The gold bar marks the
true climate variable. A, Estimated mean annual temperature (MAT), with true site temperature at
the old growth stand adjusted to reflect its slightly higher elevation, and (B) mean annual
precipitation (MAP), with the bar width capturing values across all stands.
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Abstract

The Miocene is marked by two global events—warming of the Miocene Climatic
Optimum (MCO) and cooling of the Middle Miocene Climatic Transition (MMCT)—that
occurred in a relatively modern world. As such, the Miocene offers critical insights for our
warming future. Regional records are key in arriving at such insights because global events
manifest differently in varying locations. Twelve fossil plant sites in the Pacific Northwest
(PNW; USA), were used to reconstruct a regional record of climate and vegetation across the
MCO and MMCT. To do so, we provide new temporal constraints with U-Pb geochronology,
unify and document parataxonomic frameworks, and combine three complimentary lines of

evidence (macrofossils, palynomorphs, and phytoliths).

Our study shows that the PNW during the MCO had an average mean annual temperature
(MAT) 3.7 °C warmer than modern, hosting mixed mesophytic closed canopy forests and lacking
summer drought. Across the MMCT, winter temperatures decreased by 3.0 °C, as did the
percentage of evergreen angiosperms. Annual temperatures and precipitation decreased in the
interior Snake River Plain (SRP) but changes were tempered in the more coastal Puget lowland,
reflecting continentality. Considerable morphotype turnover occurred in the SRP across the
MMCT, but genera were a nested subset of earlier MCO floras, suggesting diversification or
immigration within persistent genera. The number of exotic taxa (i.e., no longer native to the
west coast) decreased in the SRP, reflecting a step in the modernization of PNW ecosystems,
although several persist in the wetter and warmer Puget lowlands. Phytolith evidence and
Ephedra pollen indicate some open-habitat vegetation in the SRP post-MMCT, consistent with
regional drying. Global cooling during the MMCT, rather than regional uplift, seems the most

likely driver of regional climate change based on published thermochronology and



paleobotanical evidence. These results shed light on the PNW in a world of elevated CO; and
temperature consistent with high-end future predictions, and constrain important steps in its

modernization.



Introduction

The Miocene epoch (23-5 Ma) presents a key period in modernization of ecosystems and
climates, and offers important insights into plant community sensitivity and response to global
climate change (e.g., Steinthorsdottir et al. 20215). Global climatic events include Miocene
Climatic Optimum (MCO) warming and Middle Miocene Climatic Transition (MMCT) cooling.
The MCO was a 2.2 million year period (16.9-14.7 Ma) of sustained global warmth that
interrupted a cooling trend over much of the Cenozoic (Flower and Kennett 1994; Zachos et al.
2008; Westerhold et al. 2020, Steinthorsdottir et al. 20215; Holbourn et al. 2022). The MCO is
marked by elevated ocean and terrestrial temperatures (Flower and Kennett 1994; Bruch et al.
2007; Goldner et al. 2014; Burls et al. 2021), likely elevated CO- levels (Ji et al. 2018; Super et
al. 2018; Honisch et al. 2023), a lower latitudinal temperature gradient (Wolfe 1981; Goldner et
al. 2014), and pronounced Milankovitch-scale cyclicity in both §'®0 and 8'*C marine records
(Woodruff and Savin 1991; Flower and Kennett 1994; Holbourn et al. 2007, 2014). The driver of
the MCO is currently debated, but may involve release of CO> from the near concurrent eruption
of the Columbia River Basalts and/or enhanced ocean crustal production and volcanic degassing
rates (Kasbohm and Schoene 2018; Herbert et al. 2022; Tian and Buck 2022). Difficulty in
identifying MCO drivers stems in part from its positive, rather than negative, carbon isotope
excursion (the Monterey Excursion; Woodruff and Savin 1991; Holbourn et al. 2015) and the
prolonged duration of both '*C and §'*0 excursions, suggesting complicated feedbacks within

the global carbon cycle (Sosdian et al. 2020; Holbourn et al. 2022).

The MMCT (14.7 — 13.8 Ma) marks the termination of the MCO and complete glaciation
of Antarctica following expansion of the east Antarctic ice sheet (Flower and Kennett 1994;

Shevenell et al. 2008, Steinthorsdottir et al. 20215). Ocean and terrestrial temperatures generally



cool across the MMCT (Mosbrugger et al. 2005; Shevenell et al. 2008; Herbert et al. 2022),
along with a likely decrease in CO» (Badger et al. 2013; Ji et al. 2018; Super et al. 2018; Honisch
et al. 2023), increase in the latitudinal temperature gradient (Flower and Kennett 1994; Pound et
al. 2012), and greater temperature seasonality, continentality, and terrestrial ecosystem
heterogeneity (Wolfe 1981; Mosbrugger et al. 2005; Bruch et al. 2007, 2011; Pound et al. 2012;
Bouchal et al. 2018). The drivers of the MMCT are also debated, but may relate to enhanced
organic carbon burial and/or reduction in ocean production and volcanic degassing rates (Badger
et al. 2013; Herbert et al. 2022). Climates continued to cool throughout the late Miocene and
Pliocene, ushering in final stages in the establishment of many modern climate and ecosystem

types (Herbert et al. 2016; Westerhold et al. 2020).

The MCO and MMCT occurred during a time when Earth’s continental configuration and
were relatively modern, compared to older well-studied global climatic events (e.g., the
Paleocene-Eocene Thermal Maximum; Mclnerney and Wing 2011). If current reconstructions
are correct, the MCO also marks the last time CO2 was consistently higher than at present
(Steinthorsdottir et al. 2021a; Honisch et al. 2023). As such, the Miocene has been called the
“future of the past” and offers critical insight for impacts of current and future climatic changes
(Steinthorsdottir et al. 20215). However, regional responses to global events in the past, and
predicted for the future, are variable, particularly for precipitation (Pfahl et al. 2017; Harris et al.
2020; Botsyun et al. 2022; Pratap and Markonis 2022). Thus, regional-scale records are critical
pieces for synthesizing an understanding of the response of the Earth system to past global

climatic events that can inform our future.

The U.S. Pacific Northwest (PNW) encompasses the states of Washington (WA), Oregon

(OR), and Idaho (ID), and hosts a suite of well-preserved fossil floras (Chaney and Axelrod



1959; Wolfe 1969; Graham 1999) that span the MCO and MMCT. Many were deposited in
ancient lakes whose formation and preservation was influenced by prevalent regional volcanism
(Reidel and Tolan 2013; Ebinghaus et al. 2020). Silicic volcanic centers in the ancestral Cascade
Volcanic Chain of WA and OR, and along a time-progressive tract in the Snake River Plain
initiating at the McDermitt Volcanic Field near the borders of Nevada, ID, and OR (Fig. 1),
spread ash fall and flows across the PNW (Peck et al. 1964; Wood and Clemens 2002; Benson et
al. 2017). In addition, the Columbia River Basalts (CRBs) erupted large volumes (~210,000 km?)
in the PNW over only 800,000 years (16.7-15.9 Ma; Fig. 1) (Reidel et al. 2013a; Kasbohm and
Schoene 2018; Kasbohm et al. 2023). In addition to promoting the preservation of fossil floras,
regional volcanism may have imparted significant disturbance and influenced plant community
dynamics across Miocene (e.g., Taggart and Cross 1990; Ebinghaus et al. 2015; Schiller et al.

2024).

There is a long and rich history of study of PNW Neogene floras (Table 1), providing an
important baseline understanding of regional plant community and climatic change (reviewed
below). However, ecological and climatic inferences from these prior studies are limited by
several factors relating to parataxonomic approaches, methods of ecology/climate inference,
temporal constraints, and the isolated analysis of various fossil types. These are reviewed

individually below.

Parataxonomy.—The taxonomic frameworks established by many earlier studies (e.g.,
Berry 1929; Brown 1937; Axelrod 1944, 1964; Chaney and Axelrod 1959), which relied heavily
on fossil foliage, used an approach previous authors have termed “picture matching” (see
discussion in Wolfe and Schorn 1990). In this approach, the primary objective was to match a

fossil, or group of fossils, to an extant species, from which generic affinity was applied. In doing



so, considerations of trait variation within the genus and its diagnostic value are generally
ignored. More recent work has emphasized the importance of the leaf morphotype as a
fundamental unit for fossil foliage parataxonomy (i.e., classification based on “morphospecies”;
Wilf 2008; Ellis et al. 2009). In this approach, emphasis is first placed on delimiting fossil
morphotypes based on patterns of leaf morphology and venation architecture. Subsequent
considerations of fossil taxonomy are then made with greater focus on taxonomic

synapomorphies.

In addition, different researchers have published taxonomic frameworks at different PNW
Neogene floras (e.g., Table 1), often with clashing ideologies on taxonomic approaches (e.g.,
Daniel Axelrod and Jack Wolfe; see Wolfe and Schorn 1990). Thus, comparison across these
floras are subject to investigator bias. Lastly, assignments of taxonomic affinity and delineations
of species were often accompanied by very little, if any, justification or discussion of confidence.
In addition, fossil photographs figured in previous publications offer only limited detail of leaf
architecture and were in many cases altered through subsequent re-drawing. Thus, reproducing
or reassessing the (para)taxonomic frameworks from previous work, and results and conclusions
drawn from them, is difficult, time-intensive, and expensive. This problem is made worse by the
inclusion of several unpublished floras in regional scale analyses (e.g., Wolfe 1969, 1995). These
points likely explain, at least in part, the limited number of site-level ecology and climates

studies published over the last 50 years following up on earlier Neogene PNW floral studies.

Ecological and climatic inference.—Climatic and ecological analyses in previous work
often relied on the ranges and ecology of extant species thought to best match morphologically
with a fossil taxon (e.g., Chaney and Axelrod 1959). The reliability of such inferences are limited

by large uncertainty to whether morphological similarities of leaves compared across 107 of



years, which were sometimes drawn superficially, reflects taxonomic similarity at the species
level (e.g., Wilf 2008). In addition, such analyses assume limited evolution in ecological niches
and climatic tolerances at the species-level and ignore the diversity of these preferences spanned
across extant species within the applied generic of familial affinity. Lastly, many floras lack
reliable census counts, and even when reported, they may be strongly influenced by collector’s
bias as a clear indication of the use of census collection methods (all identifiable specimens
counted) is never stated. Inference of diversity is then typically based on raw richness, without

quantitative standardization to sample size of sample completeness.

Temporal constraints.—Many sites were dated by previous studies using fossil plant
biostratigraphic correlation, which has been shown in many cases to give erroneous results
(Schorn et al. 2007). Several other sites were dated using K-Ar, a technique now known to be
susceptible to undetected Ar loss leading to erroneous ages (Kelley 2002). To provide two
examples, in the well-cited Cenozoic climate curve produced by Wolfe (1994, 1995), whose
Neogene sites are all from the PNW, the only flora placed within the MCO (Cape Blanco flora;
via plant biostratigraphy) was subsequently re-dated as early Miocene using more reliable 40Ar-
39Ar methods (Emerson 2009), thus precluding interpretations of the MCO entirely. Second, the
Alvord Creek fossil site of southeastern Oregon was assigned to middle Miocene (Fuller 1931),
early Pliocene (Axelrod 1944), and then late Eocene (Wolfe and Tanai 1987) using plant

biostratigraphy, a site now known to be latest Oligocene from new U-Pb dating (see results).

Disparate fossil plant types.—Many sites offer three complementary lines of
palaeobotanical evidence—macrofossils (e.g., leaves, fruits, flower, cones, seeds), palynomorphs
(pollen, spores), and phytoliths (microscopic silica bodies)—with potential to provide an

integrated perspective of regional vegetation and habitat structure. However, previous work often



studied these fossil types in isolation, sometimes arriving at different conclusions which are
difficult to reconcile given several potential explanatory factors, including differences in time,
location, and biases introduced through each fossil type (Stromberg et al. 2018). In addition, the
use of phytoliths in habitat reconstruction in the PNW Neogene is underexplored, limited to only

two prior published studies (Dillhoff et al. 2014; Harris et al. 2017).

These limitations call for a reinvigoration of the PNW Neogene paleofloral record using
updated approaches and methods. To do so, we study 12 well-preserved PNW fossil sites (Fig. 1)
to provide well resolved and reproducible reconstructions of climate and ecology during this
critical period in Earth history. The objectives of this study were to (1) revise the temporal
framework utilizing silicic tuffs and high precision U-Pb dating, (2) build a digital macrofossil
image library, (3) reconsider the macrofossil morphotype frameworks of each site while
providing detailed discussion and justification of decisions made (e.g., in better alignment with
FAIR principals; Wilkinson et al. 2016), (4) analyze fossil palynomorph and phytolith
assemblages alongside macrofossils for an integrated perspective of local-regional vegetation
and climate, (5) resample macrofossils using a census collection technique for more reliable
inference of diversity and relative abundance, (6) precisely tie all samples into measured and
described stratigraphic sections, and (7) incorporate recent and novel methods for climatic and

ecological reconstructions.

Hypotheses

Climate.—We hypothesize that regional PNW climates changed in response to global
changes at the MCO onset. These changes included an increase in winter and annual

temperatures and annual precipitation, to values higher than those of modern PNW climates



(H1). During the MMCT, we hypothesize that annual and winter temperatures and annual

precipitation decreased with stronger patterns of continentality (H2).

Vegetation.—Regional PNW vegetation changed in response to global changes at the
MCO onset. These changes included an increase in plant diversity, the percentage of evergreen
angiosperm species, the prevalence of “slow” leaf economic spectrum strategies, and the
establishment of mixed mesophytic and closed canopy forests (H3). During the MMCT, we
hypothesize that global cooling drove a reversal of this pattern, with compositional changes
reflecting a decrease in the percentage of evergreen angiosperm species, a greater prevalence of
“fast” leaf economic strategies, and increased prevalence of conifers, and that regional drying
lead to more open habitat vegetation types (H4). We also hypothesize that the MMCT was an

important step in the modernization of PNW plant communities and climates (HS).

Geologic and Chronologic Background

Oligocene to Miocene fossil plant localities of this study occur within depositional basins
of the Western Cascades, Puget lowland, Columbia River Basalt Province, including the more
northern Columbia Basin and more southern Oregon Plateau, and Snake River plain (Fig. 1).
These regions mark distinct structural regimes, and themselves are comprised of smaller
divisions of structural, depositional, and volcanic domains (Wood and Clemens 2002, Reidel et

al. 2013b).

Western Cascades.—The middle Miocene Moose Mountain flora, also called the
Cascadia flora, represents a single locality in the Western Cascades of Oregon (Fig. 1), a belt of
Eocene-Miocene volcanic formations that filled a broad northward trending downwarp basin

(Peck et al. 1964). Miocene volcanic rocks and minor sedimentary interbeds include the



following sequence (oldest to youngest): the Little Butte Volcanic Series, the CRBs (Grande
Ronde and Wanapum members), and the Sardine Formation. The Moose Mountain site (USGS
paleobot. loc. 9350) was mapped as part of the Little Butte Volcanic Series (Peck et al. 1964;
with subsequent local revisions by Beaulieu et al. 1974; Walker and Duncan 1989). The Little
Butte Volcanic Series interfingers with marine sandstones at the border of the Willamette Valley
(Peck et al. 1964; Beaulieu et al. 1974), but the fossil site occurs further east and closer to
mapped silicic vent structures (tuff, flows, and domes of dacite and rhyodacite; Fig. 1) and the
inferred location of a north-trending volcanic chain (Peck et al. 1964). In fact, Miocene silicic
vents are mapped immediately adjacent to the fossil site (Walker and Duncan 1989). Thus,
considerable relief may have existed between these volcanic centers and the Miocene coastline,

which occurred in modern Willamette valley.

The age of the site was originally reported as early Miocene (Wolfe 1962; Peck et al.
1964) then late Oligocene (Wolfe and Tanai 1987) based on its floral character. More recently,
YAr/* Ar dates were reported from an interbedded tuff at the Moose Mountain site at 14.91 +
0.23 Ma by Manchester et al. (2018). In this study, the same tuff dated by *°Ar/*°Ar was

resampled and dated by *°Pb/>*®U to provide more precise age constraints.

Puget Lowland.—The Puget lowlands occur west of the Cascade Range but east of the
Olympic Range (Fig. 1) and represents a forearc basin of the (ancestral and modern) Cascade
arc. The late Miocene Vasa Park flora, represented by a single locality, is exposed near the axis
Seattle Fault Zone near Seattle, WA (Liberty and Pratt 2008), and is part of an unnamed sequence
of Miocene tuffaceous and sedimentary rocks (Booth et al. 2012). As summarized by Dillhoff et
al. (2014), the site is a 17 m thick section of matrix-supported pebble/cobble conglomerate,

tuffaceous siltstone, sandy siltstone, and silty sandstones. The lithology and associated



sedimentary structures suggest deposition in high-energy braided streams, and associated flood
plains, draining the ancestral Cascades. Fossil plants occur in both fine-grained laminated

sandstone and mudstone, likely representing flood plain environments.

The fossil site was originally considered Quaternary in age due to the low degree of
lithification, subsequent K-Ar dates were reported at 9.3-14.7 Ma, while most recently, an

YArA%Ar laser fusion date was reported at 11.40 + 0.61 Ma (Booth et al. 2012).

Columbia Basin.—The Columbia Basin marks regions covered by Columbia River Basalt
north of the Blue Mountains, including the eastern St. Maries and Clearwater embayments (sensu
Reidel et al. 2013b; Fig. 1). While much of the central Columbia Basin, including the Palouse
slope, would have likely been a broad and generally featureless plain, areas at the margins of the
CRB show evidence of considerable paleo-relief (Reidel et al. 20135). In these locations, CRBs
and associated sedimentary deposits, overly structurally competent Precambrian granite and shist
along a surface of varying elevation, and basement rocks often occur above CRBs without
evidence for a post-depositional deformation cause (Pardee and Bryan 1926, Reidel et al. 20135).

It is in these more marginal locations that fossil sites of this study occur (Fig. 1).

Middle Miocene floras in the Columbia Basin include Spokane, Clarkia, and Juliaetta. All
occur in the Latah Formation, which includes tuffaceous sedimentary deposits interbedded
within flows of the Columbia River Basalts. Although the Latah Fm. was originally restricted to
the Spokane River Watershed, in area of Spokane, WA (Pardee and Bryan 1926; Gray and
Kittleman 1967), it is now recognized to include sedimentary interbeds further west (around
Grand Coulee, WA) and in the St. Maries and Clearwater embayments of northern Idaho

(Kirkham and Johnson 1929; Reidel and Tolan 2013).



The Spokane flora represents several sub-localities near Spokane, WA (Fig. 1), many
which are no longer accessible due to urban development. We restricted our study to those
closest to Spokane, excluding Cour D’Alene, Mica, and Vera. The Spokane flora was thought to
be deposited in lowlands containing lakes and swamps, fed by streams sourced from nearby

mountains to the west (Pardee and Bryan 1926; Griggs 1976).

Early work on basalt stratigraphy in the Spokane area was done by Pardee and Bryan
(1926), but has been subsequently revised (Griggs 1976; Joseph 1990). As revised, most of the
Latah Fm. near Spokane occurs between Grande Ronde and Wanapum members, although at the
Deep Creek sub-locality, the exposed Latah Fm. is interbedded within Grande Ronde N2 (Joseph
1990). The oldest Grande Ronde date comes from the Wapshilla Ridge Member (Kasbohm and
Schoene 2018), which was the first Grande Ronde flow to enter the Spokane region (Reidel et al.
2013c), and stratigraphically underlies the Grande Ronde N>, which is most widespread unit in
the Spokane region (Joseph 1990, Reidel et al. 2013¢). Thus, we consider the Latah flora to be
well bracketed between the age of the upper Wapshilla Ridge Member at 16.254 + 0.034 Ma and
the upper boundary of the Wanapum basalts, at 15.895 £ 0.019 Ma (Kasbohm and Schoene

2018).

The Clarkia flora represents several sub-localities near Clarkia, ID (Fig. 1). We restricted
our study to the most well-sampled and correlated P33 and P37 sub-localities. Fossil plants occur
in well-laminated lacustrine shales throughout much of the exposed stratigraphy at both sub-
localities (Smiley and Rember 1985a). It is thought that the ancient lake was dammed by the
Priest Rapids flow (Wanapum Member of the CRBs), whose localized outcrops showcase pillow
structures indicating deposition in water (Smiley and Rember 19850). The modern topography is

defined by resistant hills of Precambrian schist rising above, but stratigraphically underlying the



Latah Fm., suggesting considerable relief at the time of its deposition (Smiley and Rember

1985b).

The P37 and P33 sub-localities are tied into a common depth scale through coring at the
Emerald Creek site, and glass major and trace element tephrostratigraphic correlation (Ladderud
et al., 2015; Geraghty, 2017). A single tuff (Unit 5B of Yang et al., 1995) from the P33 has been
recently dated by CA-IDTIMS U-Pb geochronology at 15.780 + 0.035 Ma (single youngest
zircon) by Hofig et al. (2020). We provide U-Pb dates from both P33 to P37 to constrain

deposition of the entire lacustrine sequence.

Lastly, the Jualietta flora, also known as Potlatch Creek flora (i.e., Station 24 of Kirkham
and Johnson 1929; Kvacek et al. 2000) is represented by a single locality near Juliaetta, Idaho
(Fig. 1). It is interbedded within Grande Ronde basalts (Pine Creek interbeds of Bond 1963) at
the north end of Clearwater Embayment. Basalt interbeds in this embayment record a lowland of
swamps, lakes, and rivers whose outlet was likely dammed along the northeastern front of the
basalt field (Bond 1963; Ebinghaus et al. 2020). Prior work has suggested considerable relief of

the pre-depositional surface in the Clearwater embayment (Bond 1963 and references therein).

The Juliaetta site is characterized by poorly-moderately laminated siltstone overlain by
~18 m of massive sandstone. Royer et al. (2003) interpret the site as a deltaic deposit, but no
inclined foresets were observed in our investigation. The upward transition to sandstone may
then represent the progradation of a delta front or the shallowing of the lake. A large basalt lobe
occurs near the middle of the outcrop and is surrounded by sedimentary rocks (Appendix 1). We
suggest this represents an invasive subaerial basalt lobe which burrowed into the unconsolidated

lake sediments upon entering the lake (e.g., Schmincke 1967; Camp 1981; Ebinghaus et al.



2020). Many signs of soft sediment deformation are associated with the basalt lobe, likely

resulting from its emplacement (Appendix 1).

The site is interbedded locally within Grande Ronde R; member (Lewis et al. 2005),
constraining the age between 2°°Pb/?*8U of the underlying Imnaha at 16.572 + 0.018 and the
overlying Wapshilla Ridge Member (Grande Ronde) at 16.288 + 0.039, although we provide a

more precise U-Pb date directly from the site.

Blue Mountains.—The Blue Mountains separate the Columbia Basin to the North and the
Oregon Plateau to the south (Fig. 1), and represent a highly deformed anticlinorium involving a
diverse suite of volcanic and sedimentary rocks (Walker 1990, Reidel et al. 20135). Deformation
initiated during the middle Oligocene, creating a barrier to sediment and tuff distribution at its
northwestern front, shown by distinct eastern and western facies of the Oligocene John Day
Formation (Robinson et al. 1984), and by distribution patterns of the CRBs (Reidel et al. 20135,
a). The northwestern front may have also acted as a barrier to atmospheric moisture, leading to
decreased rainfall on the eastern leeward side (Kukla et al. 2021). In contrast, uplift along the
eastern portion of the Blue Mountains, including the Wallowa Mountains mostly postdated the
CRB eruptions (Reidel and Tolan 2013; Schoettle-Greene et al. 2022). The Blue Mountains host
the eruptive site (Monument dike swarm) of the Picture Gorge Basalt member of the CRBs

(Cahoon et al. 2023).

The Mascall flora is comprised of several sub-localities near Dayville, OR (Fig. 1), none
of which were excluded from this study. The Mascall Formation overlies the Picture Gorge
Basalts and is subdivided into Lower, Middle, and Upper members (Bestland et al., 2008). In the
Mascall Fm. type area, the Mascall tuff divides the lower and middle members and dated by

206pb/238U at 15.122 + 0.017 Ma (Maguire et al. 2018). Silicic tuffaceous interbeds in the Mascall



Fm., including the Mascall tuff, are thought to be distally sourced, potentially from the ancestral
Cascades or McDermitt volcanic field (Smith et al. 1989; Bestland et al. 2008). There is a rarity
of basalt fragments in the Mascall Formation, which may suggest rivers traversed a low relief
landscape leeward of the Blue Mountain uplift front, dominated by internal reworking of
floodplain soils and ash, rather than prominent erosion of the pre-Mascall basaltic surface

(Bestland et al. 2008).

The White Hills and Riverbank/Van Horn’s Ranch sub-localities were historically most
heavily collected and occur ~25 km east of the Mascall Formation type area. Discontinuous
exposures and a lack a key marker beds makes direct correlation of these two areas difficult
(Chaney and Axelrod 1959; Bestland et al. 2008). The fossil plant sub-localities, comprised
largely of diatomite and lignite, are placed in the lower member as similar lithologies occur only
in the lower member in the type area (Bestland et al. 2008). New U-Pb dates are provided at
White Hills to more reliably correlate it with the geochronological framework of the Mascall Fm.

type area.

Oregon Plateau.—The Oregon Plateau hosts the late Oligocene Alvord Creek flora and
the middle Miocene Watersnake flora (part of the Succor Creek flora) of this study (Fig. 1). The
Alvord Creek flora is comprised of two sub-localities, South Fork and Scarp (equivalent to 601
and 601N of Axelrod 1944, respectively), part of the Alvord Creek Formation and within a
greater sequence of sedimentary and volcanic sequence exposed in Steens Mountain. This
sequence is as follows (oldest to youngest): the Alvord Creek Fm., the Pike Creek Fm., the
Steens Mountain Volcanics, and the Steens Basalt (Fuller 1931; Walker and Repenning 1965,
Minor et al. 1987¢). Fossil plants occur within moderately- to well-laminated lacustrine shales.

Axelrod (1944) reports evidence for regional signs of volcanic centers at the time of deposition,



but suggests the prevalence of fine-grained deposits indicates they occurred at considerable

distance to depositional lake basin.

There have been several conflicting reports of age based on plant biostratigraphy,
including “Mascall age” (i.e., middle Miocene; Fuller 1931; MacGinitie 1933), lower Pliocene
(late Miocene by current standards; Axelrod 1944) and late Eocene (Wolfe and Tanai 1987). K-
Ar dates were reported by Evernden and James (1964) from an overlying basalt at 21.3 Ma (early

Miocene). New U-Pb dates are provided in this study to reconcile these widely varying reports.

The middle Miocene Trout Creek flora consists of four sub-localities spanning only ~200
m lateral distance, although the “West Quarry” was the most heavily collected by previous work
(Graham 1965). The flora is part of the Trout Creek Formation, a ~140 m thick fluvio-lacustrine
sequence in the northern McDermitt volcanic field (Fig. 1) as was dated by K-Ar at 13.1 Ma

(Evernden and James 1964). The plant macrofossils occur within well-laminated diatomite.

After floral monographs were published for Trout Creek flora (MacGinitie 1933; Chaney
and Axelrod 1959; Graham 1965), the Trout Creek Fm. was shown to represent lacustrine in-fill
of the ~13 x 12 km Whitehorse Caldera (Rytuba et al. 1981; Barrow 1983; Benson et al. 2017),
which formed following eruption of the Tuff of Whitehorse Creek at 15.556 = 0.019 Ma (Benson
et al. 2017) whose maximum thickness was ~100 m (Rytuba et al. 1981; Rytuba and McKee
1984; Benson et al. 2017). Subsequent rhyolitic lavas and dome eruptions occured along the
caldera margins from 15.464 to 15.369 Ma (Rytuba et al. 1981; Benson et al. 2017). The eruption
of the Tuff of Whitehorse Creek occurred on a landscape impacted by both earlier silicic
eruptions of the McDermitt volcanic field (Benson et al. 2017), and the Steens Basalt (CRB),

which erupted from a source only ~50 km to the northwest ~1 million years prior (Kasbohm and



Schoene 2018). In this study, we provide U-Pb radiometric dates for the Trout Creek flora (Table

1) to refine the age of intra-caldera deposition.

The middle Miocene Succor Creek flora is comprised of ~100 sub localities along the
central Oregon-Idaho border (Fields 1996). To focus the scope and spatio-temporal resolution,
we incorporate only the Watersnake sub-locality in the South Bend Area (Fig. 1; Fields 1996).
The sub-locality comprises 68 m of fluvio-lacustrine deposits interbedded with two thick rhyolite
ash flow tuffs (Schiller et al. 2024). Fossils occur in the lower 10 m of the section (WS Zone 1 of
Schiller et al. 2024), in lacustrine sequence of well laminated shales and massive sandstones. The
Succor Creek flora at large occurs within the Sucker Creek Formation (Kittleman et al. 1965)
which was deposited along the eastern and northeastern margin of the Lake Owyhee Volcanic
Field (Rytuba et al. 1991; Benson and Mahood 2016). This area occurs near the transition of the

Oregon Plateau and the western Snake River Plain (Fig. 1; Reidel et al. 20135).

Deposition of the Succor Creek Formation occurred both before and after nearby caldera
eruptions. Reports are made of either two tuffs from two separate caldera sources, i.e., the tuff of
Leslie Gulch and tuff of Spring Creek from the Mahogany Mountain and Three Fingers calderas,
respectively (e.g., Rytuba et al. 1991; Ferns et al. 2017), or a single tuff and caldera, i.e., the tuff
of Leslie Gulch from the Rooster Comb Caldera, whose eruption is dated by “°Ar/*°Ar at 15.8
Ma (Benson and Mahood 2016). In either case, the closest caldera margin is inferred only ~20
km northwest of the Watersnake site (Fig. 1). The Succor Creek Formation also occurs along the
eastern margin of the Oregon-Idaho graben, that began subsiding at 15.5 Ma (Cummings et al.
2000). New U-Pb dates reported in Schiller et al. (2024) show deposition of the fossil plants of
the Watersnake sub locality occurred at 15.546 + 0.018 Ma (Table 2), and deposition of the

Sucker Creek Formation at large occurred, at a minimum, from 15.782 — 14.799 Ma,



demonstrating complex interplays with local volcanism and graben-based subsidence. Lacustrine
sedimentation at 15.546 Ma challenges the prior claim that the eruption of the Tuff of Leslie

Gulch at 15.81 Ma drove a change from lacustrine to fluvial environments (Benson et al. 2017).

Snake River Plain.—The Snake River Plain (SRP) is currently divided into eastern and
western segments (Fig. 1), each with a unique structural regime. The western SRP is interpreted
as a fault-bounded rift basin, while the eastern SRP a structural downwarp (Wood and Clemens
2002). During the late Miocene (~11 Ma), volcanism prevalent in the Owhyee and McDermitt
volcanic fields of Oregon and Nevada waned, with silicic volcanism was mainly restricted to the
Bruneau-Jarbidge region at the margin of the western Snake River Plain (Fig. 1; Wood and
Clemens 2002). While rhyolite flows and domes occur near the western Snake River Plain
margin, they do not form thick accumulations within its center, suggesting the plain may have

been higher than the surrounding margins (Wood and Clemens 2002).

The late Miocene Pickett Creek flora consists of two sub localities only a few hundred
meters apart, and is placed within the Chalk Hills Formation (Buechler et al. 2007), an early
stage of sedimentation of relatively thin packages along margins of the western Snake River
plain (Wood and Clemens 2002). The Pickett Creek site is comprised of moderately- to well-
laminated lacustrine diatomite with fairly thin tuffaceous interbeds (Buechler et al. 2007).
Mapping of shoreline features and lake sediments suggests the ancient lake was 2-4 km? and the
shoreline at the current elevation of 1250-1280 m (Buechler et al. 2007). An age of 8.5-10.5 Ma
was reported for the Pickett Creek site using tephrachornologic correlations of volcanic glass to
tuffs of the Twin Falls region (Buechler et al. 2007). We provide a new U-Pb date to refine this

age constraint.



The Late Miocene Trapper Creek flora was collected from a single main locality and
occurs at the southern margin of the eastern Snake River Plain and northern margin of the Basin
and Range province (Fig. 1). In this region, a fairly thick section (400-900 m) of Neogene
tuffaceous sedimentary deposits occur within the Goose Creek Basin (Axelrod 1964; Perkins et
al. 1995). The flora occurs in moderately-laminated siltstones and associated tuffs of the lowest
unit, the Beaverdam Formation (Axelrod 1964). This formation is overlain by the Tuff of Ibex
Peak, whose lower contact is exposed at the Trapper Creek site, which is overlain by the Cassia
Formation (Axelrod 1964; Perkins et al. 1995; Knott et al. 2016). Tuff interbedded within the
Beaverdam Formation, and making up the Tuff of Ibex Peak, were likely sourced from silicic
eruptions of the Bruneau-Jarbridge volcanic field, whose center was ~130 km northwest of
Trapper Creek (Fig. 1; Perkins et al. 1995; Sarna-Wojcicki et al. 2023). This includes the
widespread Ibex Hollow tuff, within the Tuff of Ibex Peak, which is thought to have dispersed
across an area of ~2.7 million km?, from North Dakota to Baja, Mexico (Sarna-Wojcicki et al.

2023).

The presence of well sorted pebble to small-sized cobble conglomerate in the Beaverhead
Fm. suggested to Axelrod (1964) that relatively broad streams drained a well-dissected
topography. However, the Cassia Hills, which currently border the Goose Creek Basin to the
west, were likely of low relief during the Miocene (Axelrod 1964), and the drainage direction
was likely instead to the south (Perkins et al. 1995 and references therein). *°Ar/*?Ar ages
reported by Perkins et al. (1995) bracketed the fossil site, which occurs in the upper 10 meters of
the Beaverdam Formation, and constrained the age between 12.82 + 0.04 (TC89-20A) and 11.81
+ 0.03 (TC89-21B). When updated to a Fish Canyon Tuff sanidine (FCs) fluence monitor age of

28.021 Ma, these ages are recalculated to 13.09 £ 0.08 and 12.06 + 0.08 Ma. We note this



recalculations differ slightly from those reported in Sarna-Wojcicki et al. (2023), likely a result of
different assigned Fish Canyon Tuff sanidine monitor ages. In this study, we provide a new U-Pb
date for Tuff of Ibex Peak, 40 cm above its contact with the Beaverdam, to better constrain

deposition of the fossil assemblage.

Review of prior work on Miocene terrestrial ecosystem and climatic response

Two events during the Oligocene to early Miocene set the scene for middle and late
Miocene North American environments. The first was the Eocene-Oligocene transition, marking
a shift from “warmhouse” to “coolhouse” conditions, with drops in global temperatures,
increased temperature seasonality, and the establishment of temperate deciduous biomes in
lowlands of western North America (Meyer and Manchester 1997). The second was increased
continentality during the late Oligocene to early Miocene, with expansion of open habitat
grasslands in the Great Plains region (Stromberg 2005), potentially driven by decreasing winter
precipitation (Kukla et al. 2022), while closed forests dominated much of the western US (Peck

et al. 1964; Wolfe 1981).

The MCO.—Global floral records generally record considerable changes in plant
communities and climate across the MCO onset. For example, taxa typical of warmer and less
seasonal climates today (e.g., laurophyllous taxa), increase in abundance across southern and
central Europe (Mosbrugger et al. 2005, Utescher et al. 2007a), and phytolith evidence from
Patagonia suggest expansion of more closed canopy forests (Dunn et al. 2015). During the MCO,
low latitudinal temperature gradients promoted the establishment of relatively warmer vegetation
types at high latitudes, including woody tundra (e.g., Nothofagus, Podocarpaceae) and relatively

thermophilic fungi on Antarctica (Lewis et al. 2008; Warny et al. 2009; Pilie et al. 2023), and



mixed deciduous forests at high latitudes of the Northern Hemisphere where boreal forest exists

today (White et al. 1997; Williams et al. 2008; Pound et al. 2012).

In the PN'W, reports of vegetation and climatic change are mixed. Wolfe (1969) reports
little change in taxonomic composition across the MCO onset, with persistent mixed mesophytic
forests—a forest type reported by several additional authors in PNW lowlands during the MCO
(Chaney and Axelrod 1959; Graham 1965, Smiley and Rember 1985a). Despite stable floral
composition, Wolfe (1969) reports an increasing proportion of entire-margined species (Wolfe
1969). In fact, leaf physiognomic changes from the PNW were some of the earliest evidence for
recognizing the MCO as global climatic event (Wolfe and Hopkins 1967). Phytolith evidence
from the Idaho/Montana border instead suggests minimal change across the MCO onset, with
persistent mixed grassland and open woodlands in semi-arid, seasonal, and warm climates
(Harris et al. 2017, 2020). Arid climates are known elsewhere during the MCO including
southern California (Smiley et al. 2018). Volcanic disturbance during the MCO has also been
suggested as an important driver of plant community change, potentially masking global climatic

influences (Taggart and Cross 1990; Schiller et al. 2024).

Quantitative precipitation reconstructions across the MCO in the PNW are limited. Using
the §'3C of fossil equid enamel, Drewicz and Kohn (2018) reconstructed variable precipitation
during the MCO, peaking at the Mascall site, but anomalously low at other MCO sites (e.g.,
Succor Creek at ~20-30 cm/yr), inconsistent with most paleobotanical evidence (Graham 1965;
Fields 1996; Schiller et al. 2024). Evidence from paleosols also suggested peaked, but variable
precipitation within the MCO (Retallack 2007). Paleoclimate models suggest a positive
relationship between pCO; and PNW precipitation, with precipitation higher than modern during

MCO (Krapp and Jungclaus 2011).



The MMCT.—Considerable changes in plant communities and climate across the MMCT
are recorded in several flora around the globe. For example, boreal forests replaced mixed
deciduous forest above 60° N (Pound et al. 2012), and high latitude migration pathways between
North America, Asia, and Europe were likely restricted, potentially initiating genetic divergence
among modern disjunct taxa (Manchester 1999; Wen 1999; Chen et al. 2018). Subtropical and
warm temperate biomes were restricted globally (Utescher et al. 20075; Pound et al. 2012). Taxa
typical of cooler and more seasonal climates today became more prevalent, with broadleaf
deciduous forests replacing mixed mesophytic forest throughout much of western and
southwestern Eurasia (Mosbrugger et al. 2005; Syabryaj et al. 2007, Utescher et al. 20074, b;
Bruch et al. 2011; Kayseri-Ozer 2017; Kovar-Eder et al. 2021). In Patagonia, MCO regreening

was reversed, as open forests and shrublands replaced closed canopy forests (Dunn et al. 2015).

In the PNW, many taxa of the MCO mixed mesophytic forests became regionally extinct,
and the taxonomic composition became more modern-like, consistent with both a cooling and
drying climate (Wolfe 1981; Axelrod 1992; Axelrod and Schorn 1994)—although exotic taxa
(i.e., those that no longer grow in the PNW) sensitive to drought persist in several PNW floras
(Smiley 1963; Mustoe and Leopold 2014). A decrease in the proportion of entire-margined
species, consistent with decreased annual temperatures, (Wolfe 1969, 1995), along with greater
spatial heterogeneity in floras (i.e., floristic provincialism) characterize the western US (Wolfe
1981). Volcanic disturbance may have continued to play an important role. Ebinghaus et al.
(2015) found plant community changes across the MMCT were best explained by volcanic

disturbance from ash fall, than changes in global climate.



Materials and Methods

Field Work and Sampling

All floras were referenced or published in prior work (Table 1). Field work was carried
out at all sites of this study except Fossil High School (HS) and Vasa Park where new sampling
was not required. Field work involved relocating sections described and sampled by previous
work, sampling rocks for subsequent pollen and phytolith extraction, tuff or tuffaceous rocks for
radiometric dating, and plant macrofossils (e.g., leaves, fruits, flowers, cones, seeds), and placing
them within a newly described and measured (correcting for dip) stratigraphic section. To permit
reliable inference of diversity and relative abundance, macrofossil census collections were made
when possible, accounting for all specimens preserved sufficiently enough to be assigned to
fossil morphotypes (e.g., Lowe et al. 2018). Specimens encompassed in such census counts
include those collected, those photographed in the field and not collected, and those simply
tallied in the field. At several sites census collections were not possible because, for example,
productive horizons were no longer present, or were not a priority given reliable counts

published in previous work. Additional detail regarding field work is included in Appendix 1.

U-Pb Dating

Sample preparation.—Zircon crystals were separated from approximately 1 kg of tuff
sample by a combination of crushing, milling, ultrasonic vortical washing removal of clays
(Hoke et al. 2014), and water shaking table concentration, followed by conventional heavy liquid
and magnetic methods. A selection of hand-picked zircon crystals were placed in a muffle
furnace at 900°C for 60 hours in quartz beakers to anneal minor radiation damage; annealing
enhances cathodoluminescence (CL) emission (Nasdala et al. 2002), promotes more reproducible

interelement fractionation during laser ablation inductively coupled plasma mass spectrometry



(LA-ICPMS) (Allen and Campbell 2012), and prepares the crystals for subsequent chemical
abrasion isotope dilution thermal 1onization mass spectrometry (CA-IDTIMS) (Mattinson 2005).
Following annealing, individual grains were hand-picked and mounted, polished and imaged on
a Hitachi TM4000PluslII table-top scanning electron microscope outfitted with a low vacuum
secondary electron (SE) - cathodoluminescence (CL) UVD detector. From these compiled

images, the location of spot analyses for LA-ICPMS or single grain CA-IDTIMS were selected.

LA-ICPMS analysis.—LA-ICPMS analysis utilized a ThermoFisher Scientific iCAP RQ
quadrupole inductively coupled plasma mass spectrometer coupled to a Teledyne Photon
Machines Analyte Excite+ 193 nm excimer laser ablation system. In-house analytical protocols,
standard materials, and data reduction software were used for acquisition and calibration of U-Pb
dates and a suite of high field strength elements (HFSE) and rare earth elements (REE). Zircon
was ablated with a laser spot of 20 pm wide using fluence and pulse rates of ~2 J/cm? and 10 Hz,
during a 35 second analysis (15 sec gas blank, 20 sec ablation) that excavated a pit ~10 um deep.
Ablated material was carried by a combined 1.2 L/min He gas stream from the two-volume
ablation cell to the nebulizer flow of the plasma. Quadrupole dwell times were: 2 ms for %Y,
217r, 1THf; 10 ms for »Si '3°La, *!Pr, 2°2Hg, 2*/Pb, 232Th, and 2*3U; 100 ms for *’Ti; 60 ms for
207Pb, 40 ms for 2°°Pb, 20 ms for 2*®Pb, and 5 ms for all other REE, **Nb, '*!Ta, and *'P; total
sweep duration is 371 ms. Background count rates for each analyte were obtained prior to each

spot analysis and subtracted from the raw count rate for each analyte.

For concentration calculations, background-subtracted count rates for each analyte were
internally normalized to 2°Si and calibrated with respect to NIST SRM-610 and -612 glasses as
the primary standards. Ablations pits that appear to have intersected glass or mineral inclusions

were identified based on Ti and P signal excursions, and associated sweeps were generally



discarded. U-Pb dates from these analyses are considered valid if the U-Pb ratios appear to have
been unaffected by the inclusions. Signals at mass 204 were normally indistinguishable from
zero following subtraction of mercury backgrounds measured during the gas blank (<100 cps
202Hg), and thus dates are reported without common Pb correction. Rare analyses that appear

contaminated by common Pb were rejected.

For U-Pb and 2°7Pb/?%Pb dates, instrumental fractionation of the background-subtracted
ratios was corrected and dates were calibrated with respect to interspersed measurements of
zircon standards and reference materials. The primary standard PleSovice zircon (Slama et al.
2008) was used to monitor time-dependent instrumental fractionation based on two analyses for
every 10 analyses of unknown zircon. A polynomial fit to the primary standard analyses versus
time yields each sample-specific fractionation factor. A secondary bias correction of generally
less than 2% may be subsequently applied to unknowns on the basis of the residual age bias as a
linear function of radiogenic Pb count rate in standard materials including Seiland, Zirconia, and
Plesovice zircon, or similar materials of known age and variable Pb content. Radiogenic isotope
ratio and age error propagation for all analyses includes uncertainty contributions from counting
statistics and background subtraction. Ages are reported with and without uncertainties from the
standard calibrations propagated into the errors on each date. These calibration uncertainties are
the local standard deviations of the polynomial fits to the interspersed primary standard
measurements versus time for the time-dependent, relatively larger U/Pb fractionation factor, and
the standard errors of the means of the consistently time-invariant and smaller 2’Pb/??Pb
fractionation factor. Method metadata and sample data are reported using the community
standards of Horstwood et al. (2016), and additional details of methodology and reproducibility

are reported in Macdonald et al. (2018).



ID-TIMS analysis.—Zircon crystals selected on the basis of CL zoning and LA-ICPMS
spot analysis were removed from the expoxy mounts, and subjected to a modified version of the
chemical abrasion method of Mattinson (2005), whereby single crystals were partially dissolved
in a single step with concentrated hydrofluoric acid at 190°C for 12 hours. After rinsing and
ultrasonication, residual crystals were spiked with the BSU-1B mixed 2%°Pb->**U-?*U tracer
solution calibrated against EARTHTIME gravimetric standards (Condon et al. 2015), fully
dissolved in concentrated hydrofluoric acid at 220° for 48 hours, dried and redissolved in 6M
hydrochloric acid at 180° for 12 hours. U and Pb were purified by anion exchange
chromatography (Krogh 1973), eluted together and loaded on a single zone-refined rhenium
filament with a mixed silica gel and dilute phosphoric acid solution for mass spectrometry
(Gerstenberger and Haase 1997). U-Pb geochronology methods for isotope dilution thermal
ionization mass spectrometry (ID-TIMS) follow those reported in Macdonald et al. (2018). Pb
and U isotope ratios were measured on an IsotopX Isoprobe-T thermal ionization mass
spectrometer by single collector peak jumping on a Daly conversion dynode ion-counting
detector (Pb") or static multicollection on Faraday cups fitted with 10'? W resistor amplifiers

(U0").

U-Pb dates and uncertainties for each analysis were calculated using the algorithms of
Schmitz and Schoene (2007), the U decay constants of Jaffey et al. (1971), and the 23¥U/?*>U
ratio of Hiess et al. (2012). Propagated uncertainties are based upon non-systematic analytical
errors, including counting statistics, instrumental fractionation, tracer subtraction, and blank
subtraction. Uncertainties for sample weighted mean dates are reported in the text and tables at
the 95% confidence interval (c.i.), which is the internal error expanded by the square root of the

MSWD (mean square of weighted deviations), Wendt and Carl (1991) and the Student’s t



multiplier for n-1 degrees of freedom (Ludwig 2003). These error estimates should be considered
when comparing our 2*°Pb/?*8U dates with those from other laboratories that used tracer solutions
calibrated against the EARTHTIME gravimetric standards. When comparing our dates with
those derived from other decay schemes (e.g., *°Ar/*Ar, '¥’Re-'%"0s), the uncertainties in tracer
calibration (0.03%; Condon et al., 2015; McLean et al., 2015) and U decay constants and natural
isotopic ratio (Jaffey et al. 1971; Hiess et al. 2012) should be added to the internal error in
quadrature. Quoted errors for calculated weighted means are thus of the form £X(Y)[Z], where X
is solely analytical uncertainty, Y is the combined analytical and tracer uncertainty, and Z is the

total analytical, tracer and decay constant uncertainty.

Macrofossils

Macrofossils were included from both prior and new collections. New collections
included census and taxonomic (non-census) collections. Prior collections included those housed
at the Burke Museum of Natural History and Culture (UWBM), University of California
Museum of Paleontology (UCMP), Smithsonian National Museum of Natural History (NMNH),
University of Michigan Museum of Paleontology (UMMP), Orma J. Smith Museum at the
College of Idaho (OJSM), Florida Museum of Natural History (UF), and in private collections of
Robert Rosé. Fossil specimens were photographed in high resolution, and in many cases, fine
detail of leaf architecture (e.g., minor veins) were imaged under a stereoscope. In addition to
digitizing type material, we digitized non-type specimens including many that were un-cataloged
in museum collections, to better represent variation beyond the type material and incorporate

potential hidden diversity. Uncataloged specimens were assigned unique image IDs.

We established a unified macrofossil morphotype framework using our digital library.

This framework was carefully built from prior monographs (Table 1) and subsequent revisions,



but morphotype delineations within sites, assignments of taxonomic affinity, and synonymy of
fossil morphotypes across sites for all prior established taxa were re-considered and, in many
cases, revised. Our emphasis was unifying morphotype delineation frameworks and approaches
to ascribing taxonomic affinity, not formal taxonomy and nomenclature—thus, revisions do not
constitute formal taxonomic nomenclatural changes. In our approach, morphotype delineations
within sites were considered first by analyzing aspects of vegetative and reproductive
morphology and foliar venation architecture (e.g., Ellis et al. 2009). Each morphotype was
assigned a unique site-specific number. Then we considered taxonomic affinity, which, if
assigned, feed back into inferences of morphotype delineation by considering intraspecific
variation within extant members of the taxon. Morphotypes were left without affinity in several
cases. Lastly, morphotypes were compared across sites of this study and synonymy was drawn
where characters strongly overlap. Synonymy was applied using either an established epithet, if
we think our concept agrees well with that previously published, or an arbitrary study
morphotype name when it departs or no taxonomic affinity was applied (e.g., Fabaceae foliage
M1, entire foliage M8). We take a conservative “hypothesis-testing” approach, with specimens
considered to represent the same morphotype (e.g., null hypothesis) unless sufficient evidence

supports their separation (e.g., alternative hypothesis).

The morphotype framework is represented in a custom FileMaker Pro database.
Justifications were explicitly discussed for all morphotype delineations, assignments of
taxonomic affinity, and morphotype synonymies in the database, or in supplemental files, to
ameliorate the limited documentation in many previous studies. To better represent uncertainty
inherent in many assignments of taxonomic affinity, particularly for fossil foliage (e.g., Wilf

2008), and explore its impacts on downstream analyses, we established a confidence scoring



system (see Appendix 2 for additional detail). A score of high confidence (1), medium
confidence (2), or low confidence (3) was first assigned to each macrofossil morphotype in
isolation (i.e., considering the single organ at the single site) considering traits that are consistent
and/or diagnostic of the taxa, and if they had been studied in detail by previous work. Confidence
was considered for the finest taxonomic rank applied among family, subfamily, or genus. The
confidence score was then increased (score decreased by 1) if additional organs with higher
confidence (i.e., pollen or reproductive organs) occurred at the same site for the same taxon.
Lastly, confidence scores were adjusted according to morphotype synonymy. All morphotypes
held in synonymy were assigned the highest confidence (lowest score) found across that
synonymy. Confidence score adjustments were applied using R (version 4.3.2; R Core Team

2023) to ensure consistency and reproducibility (final confidence scores listed in Appendix 4).

We utilized many resources for establishing the morphotype framework and the workflow
described above, including previous monographs on sites of this study (Table 1), detailed
taxonomic studies involving sites and material of this study (e.g., Smiley and Huggins 1981;
Edwards 1983; Manchester 1987, 1999; Wolfe and Tanai 1987; Baghai 1988; Manchester and
Donoghue 1995; Fields 1996; Erwin and Schorn 2000; Kvacek and Rember 2007; Buechler
2008; Burge and Manchester 2008; Smith and Manchester 2019; Huegele et al. 2020; Latchaw
and Manchester 2024), taxonomic studies of other Cenozoic sites in North America and beyond
(e.g., Buzek 1971; Hummel 1983; Hill 1986; Wolfe and Schorn 1990; Kvacek 1999; Sakala
2000; Denk and Meller 2001; Kunzmann et al. 2009; Xing et al. 2013; Jud et al. 2021), modern
cleared leaf collections (Wilf et al. 2021, particularly the National Museum of Nature and

Science, Tokyo, online collection), modern herbaria (e.g., The Smithsonian US National



Herbarium), and taxonomic studies of modern taxa (e.g., Meyerhoff 1952; Merrill 1978; Farjon

1990, 2005; Andrés-Hernandez and Terrazas 2009), among others.

Palynology

In addition to new samples collected from our field work, a rock sample was provided
from Fossil High School (HS) of the Bridge Creek flora, from the dark shale horizon exposed
high in the exposed section, as discussed in Meyer and Manchester (1997), by Dr. Steve
Manchester (U. of Florida). Prepared palynological slides were provided from Moose Mountain

by Robert Rosé, collected from ~2.3 m below the productive leaf layer (Appendix 3).

New rock samples were prepared for palynomorph analysis following the Faegri-Iverson
method (Faegrie and Iverson 1964). The samples were washed, dried, and then ~3 g of material
was crushed to less than 2 mm in size with a mortar and pestle. The crushed samples were treated
with 1 M hydrochloric acid (HCI) to remove carbonates and then rinsed with deionized water. A
10% solution of potassium hydroxide was added, and the samples were treated in a hot water
bath to remove humic acid, followed by an additional rinse step. The remaining sample was then
treated with cold 50% hydrofluoric acid and allowed to react overnight to remove silicate
minerals. After additional rinsing, the samples were filtered through 185 pm and 7 pm mesh
Nitex filters to remove coarse and fine particles. The sample remaining on the 7 pm mesh was
then treated by acetolysis to remove excess organics. Slides were prepared using glycerin jelly

treated with 2% safranin dye as a mounting medium.

Prepared slides were examined under 400x magnification using an optical light
microscope. At least one slide from each processed sample was examined across transects spaced

1 mm apart to characterize the palynoflora, identify palynomorphs for inclusion in the



presence/absence matrix, and mark representative examples of each palynomorph for imaging.
Samples were then counted to obtain at least three hundred identified palynomorphs.
Identifications were made using both modern and fossil pollen references (Wodehouse 1935;
Erdtman 1952, 1957; Gray 1958, 1985; Graham 1965; McAndrews et al. 1973; Taggart 1973;
Kapp 2000; Zetter and Ferguson 2001; Reinink-Smith and Leopold 2005; Mustoe and Leopold
2014; Reinink-Smith et al. 2017; Tang et al. 2020). New palynological data were supplemented

with published data from Vasa Park (Dillhoff et al. 2014).

Phytoliths

Rock samples were prepared for phytolith analyses using a series of chemical and
mechanical steps to isolate biosilica particles (see Stromberg et al. 2018). To do so, ~1 g of
sample was broken down using a mortar and pestle, after which the sample was treated with HCI
to remove carbonates. The sample was passed through a 250 um sieve to remove coarse particles
and subsequently boiled with Schultze’s solution to remove organic matter. A second round of
sieving (53 pm) was done to disaggregate finer particles, such that clay particles could be
removed by repeated washing, centrifuging, and decanting. Lastly, biogenic silica was isolated
using heavy liquid floatation (ZnBr + HCI1 + H>O; specific gravity 2.38). Extracted biosilica was
washed with ethanol, then dried, and finally mounted on microscopy slides using Cargille
Meltmount™, which were scanned and counted at 1,000x magnification under a compound

optical light microscope.

Phytoliths were classified using the morphotype scheme developed by Stromberg and
coauthors (e.g., Stromberg 2004, 2005, Stromberg et al. 2007b, a, 2013). The morphotypes were
grouped into major phytolith-based plant functional groups (e.g., Stromberg et al. 2018),

including the following diagnostic types: (1) forest indicator phytoliths, known to form primarily



in (a) palms (PALM), (b) Zingiberales and other monocotyledonous (sub)tropical herbaceous
plants (ZINGI); and (c¢) woody and herbaceous non-monocot angiosperms, conifers, and ferns
(FI), as well as (2) grass silica short cell phytoliths (GSSCP), formed exclusively by grasses,
including (a) forms indicative of closed-habitat grasses, such as bambusoid and early-diverging
grasses (APPBO), and forms diagnostic of various primarily open-habitat grasses, such as
members of (b) Pooideae, which are all Cs, currently dominant in cooler climates and high
elevation (POOID TOT), and members of the PACMAD clade, including (c) Panicoideae, which
are mostly C4, typical of warmer and relatively humid climates (PANI), and (d) Chloridoideae,
which are all Cs, typical of warmer and arid climates (CHLOR), (e) remaining PACMAD
grasses, which contain both Cs and Cs4 taxa typical in warmer climates (PACMAD general) (e.g.,
Soreng et al. 2017, 2022), and (f) GSSCP that are not possible to assign to a taxonomic group
because their production is not tied to a specific group or because they are not well enough
preserved to classify (OTHG). Phytoliths that are less useful for inferring vegetation type, so-
called non-diagnostic phytoliths, were also counted, including (3) phytoliths typical of sedges,
Equisetum, and aquatic monocotyledons (AQ), (4) non-diagnostic phytoliths typical of grasses
and other monocotyledons, as well as, in some cases, conifers (NDG), and (5) non-diagnostic
phytoliths that are widely produced among land plants, whose production is unknown, or that are
not possible to classify because they are broken or otherwise not sufficiently well preserved
(NDO). At least 200 diagnostic forms (groups 1 and 2) were counted to ensure statistically robust

relative abundance estimates (Stromberg 2009).

Vegetation type was reconstructed by comparing the relative abundances of diagnostic
phytolith-based plant functional types, with sampling error on phytolith frequencies calculated as

95% confidence intervals using bootstrapping (Stromberg 2009). For example, habitat openness



was estimated through comparing open-habitat vs. closed-habitat grasses and other forest
indicators using visual inspection (e.g., Harris et al. 2017; Stromberg et al. 2018). Furthermore,
presence/abundance of phytoliths from plants such as palms, Zingiberales, and C4 chloridoids
helped constrain climate (Chen and Smith 2013; Crifo and Stromberg 2020). New phytolith data
were supplemented with published data from Vasa Park (Dillhoff et al. 2014), and data from
Mascall were counted by Dr. Regan Dunn (Los Angelos Natural History Museum) and included

in Stromberg and Dunn (2014).

Analyses

All analyses were performed in R (version 4.3.2; R Core Team 2023).

Paleovegetation.—Paleovegetational analyses, excluding those phytolith-based, included
only terrestrial woody gymnosperms and angiosperms as they are best represented in fossil
assemblages and sensitive recorders of environments (Greenwood 1991). Community
composition was assessed in terms of both presence-absence and relative abundance. For relative
abundance analyses, we include both new census collections and count data published in prior
work from Trout Creek (Graham 1965), Trapper Creek (Axelrod 1964), and Pickett Creek
(Buechler et al. 2007). At Pickett Creek, we only included a stratigraphic span of the most
productive horizons to minimize temporal averaging (the N, O, P, Q, and R horizons of Buechler
et al. 2007). Published count data were aligned with the morphotype framework of this study. At
Alvord Creek, new census collections were made from both the South Fork (601) and Scarp
(601N) sub-localities, but given their relatively low morphotyped specimen counts (297 and 476
specimens total, respectively), they were combined for all analyses. For macrofossil count data,
each isolated specimen contributed a single count. For example, to account for production and

transport biases, isolated branchlets of conifers were considered one count regardless of size or



number of branches, rather than individual needle or scale leaves, but attached leaves/leaflets
were counted individually (i.e., leaflets count as leaves) (e.g., Wing et al. 1993, 2012; Wing and

DiMichele 1995).

Changes in community composition (H3, H4) was assessed with nonmetric
multidimensional scaling (NMDS) using the metaMDS() function in the vegan package
(Oksanen et al. 2022) with the following parameter set: engine = monoMDS, k = 2 or 3, weakties
= TRUE, model = global, maxit = 400, try = 40, trymax = 100. The distance measures used were
Jaccard for presence-absence and Bray-Curtis for abundance data, the latter first relativized as a
proportion of the site total. Morphotype composition (corresponding roughly to species
composition) was assessed considering foliage only to account for differing taphonomic biases
acting on various plant organs. To explore which species were most influential to calculations of
dissimilarity across sites, or groups of sites, we used Indicator Species Analysis (ISA) with the
multipatt() function of the indicspecies package (Caceres and Legendre 2009), and Similarity

Percentage (SIMPER), with the simper() function of the vegan package (Oksanen et al. 2022).

To quantify diversity across sites with count data, we used a coverage-based approach
that relativizes species diversity to sample completeness, rather than sample size. This approach
accounts for the fact that environments of different diversity will reach a complete sample (i.e.,
all taxa represented) with a varying minimum number of individuals (Chao and Jost 2012). In
addition, assemblages are either extrapolated or rarified to meet a common completeness value,
instead of all assemblages (expect the smallest) being rarified with greater exclusion of
abundance information. The package iNEXT (Chao et al. 2014; Hsieh et al. 2024) was used to
calculate species diversity, and associated uncertainty, in terms of richness (q=0) and evenness

via the Simpson’s Index (q=2).



To estimate the percentage of evergreen woody non-monocot angiosperms (WNMA)
species at each site, a novel probability-based approach was employed. In this approach, each
taxon is represented by a probability of being evergreen, proportional to the number of extant
evergreen species in that taxon, instead of simply applying a binary assignment of evergreen or
deciduous. The analysis was restricted to macrofossil morphotypes to ensure equal treatment to
sites that had no palynology data. All confidence scores are included (1-3), as many untoothed
morphotypes are assigned to Lauraceae with low confidence (3) given the generally limited
presence of diagnostic characters found in that leaf type (i.e., untoothed, pinnately veined, with
looped secondary veins). As untoothed leaves are more often evergreen than toothed leaves

(Royer et al. 2012), filtering by confidence score would bias against evergreen leaves.

As a first step in our novel approach, for each extant taxon assigned in this study (i.e.,
genus, or family if genus not assigned), an estimate of the percentage of evergreen species within
that taxon was determined. This was done using the TRY - Categorical Traits Dataset (Kattge et
al. 2012). We consider this calculation an estimate because leaf habit data of all species of each
taxon were not available in this dataset. An iterative workflow followed: For each taxon at a site,
100 records (empty dataframe rows) were generated, and each record was assigned to evergreen
or deciduous depending on the percentage defined for that taxon. A record was then randomly
selected and constituted the leaf habit assignment for that taxon. This was repeated for each
taxon at a site and a % evergreen value was calculated for the site. This iteration was then
repeated 1000 times, resulting in 1000 estimates of % evergreen per site. Mean and standard

deviation were calculated from these values. Values for each taxa are included in Appendix 4.

Leaf mass per area (M) reflects plant economic strategies along a “fast” and “slow”

resource acquisition spectrum (Wright et al. 20045; Reich 2014). M, can be reconstructed for



WNMA fossil leaves using its relationship to the petiole metric (PM = petiole width? / leaf area;
Royer et al. 2007). Both reconstructed and measured site mean M4 has been shown to vary with
winter temperatures in temperate climates, being higher in less seasonal climates comprised of a
greater number of evergreen WNMA species (Lowe et al. In Reviewd). In addition, site My is
sensitive to impacts of disturbance, with low M, taxa more prevalent at disturbed earlier
successional sites (Currano et al. 2011, Lowe et al. In Reviewa). Thus, site mean My is
reconstructed here to consider variation in leaf economic strategies, the prevalence of evergreen

species, and to consider patterns in temperature seasonality and disturbance.

Site mean M, was reconstructed following protocols of Royer et al. (2007) and Lowe et
al. (2024, In Reviewd). To briefly summarize, petiole width was measured perpendicular to the
petiole at its basal most insertion to the leaf blade, and leaf area included both blade and petiole
(when preserved) area. In several cases, damaged portions of the leaf margin were digitally
reconstructed. Site mean M, mean was reconstructed from site mean PM with the /ma() function
of the dilp package (Butrim et al. 2024), using regression equations reported in Lowe et al. (In

Reviewbd).

To assess modernization of floras across the MMCT (HS), each fossil taxon (typically
genus, although sometimes family or subfamily when genus not applied) was assigned as
“exotic” or “remnant” by referencing online sources and regional published floras (Hitchcock et
al. 2018) (assignments in Appendix 4). We define exotic as those whose native ranges do not
include the west coast (WA, OR, and CA). Confidence scores were filtered to include only

medium (2) and high (1) confidence.

Paleoclimate.—Paleoclimate (H1, H2) was reconstructed from fossil plants using two

main approaches: leaf physiognomy proxies and the nearest living relative proxy Bioclimatic



Analysis. Leaf physiognomy methods included the univariate proxies leaf margin analysis,
which reconstructs mean annual temperature (MAT) through its relationship to the proportion of
untoothed WNMA morphotypes or species in a flora (i.e., leaf margin state), and leaf area
analysis which reconstructions mean annual precipitation (MAP) through its relationship to mean
leaf area in a flora (see summary of methods in Peppe et al. 2018). In addition, the multivariate
proxy Digital Leaf Physiognomy (DiLP) was used, which relates multiple continuous
physiognomic measurements of leaf shape, size, and toothiness to MAT and MAP (Peppe et al.

2011).

To do so, fossil WNMA leaves were prepared and measured following Lowe et al.
(2024), a protocol built from prior work (Huff et al. 2003; Royer et al. 2005; Peppe et al. 2011).
Morphotypes with toothed leaves were assigned a margin state of 0, untoothed leaves a 1, and
those with both 0.5, regardless of if they were preserved well enough for quantitative
measurements. We used the R package dilp to process data and produce climate reconstructions
for all leaf physiognomy proxies (Butrim et al. 2024; Lowe et al. 2024). We used the leaf margin
analysis equations reported in Wing and Greenwood (1993) and Peppe et al. (2011), with
associated binomial sampling error calculated following Wilf (1997). In addition, we used leaf

area analysis equations reported in Wilf et al. (1998) and Peppe et al. (2011).

A modified Bioclimatic Analysis (Greenwood et al. 2005) employing probability density
functions was used here (see West et al. 2020, 2024; Reichgelt et al. 2023), and restricted to high
(1) and medium (2) confidence scores (the impacts of filtering levels are assessed in Appendix
5). Occurrences of extant species belonging to fossil taxa of this study (typically genera, but
families or subfamilies were used when genus was not assigned; Appendix 4) were obtained

from Global Biodiversity Information Facility (GBIF.org. 2023. Global Biodiversity Information



Facility. Website: https://www.gbif.org [accessed 2023]) and subsequently filtered and resampled
to exclude non-native taxa, erroneous entries, and regional overrepresentation. Climatic
envelopes were generated from each point using WorldCLIM maps with the dismo R package
(Hijmans et al. 2023). A random set of over 800,000 unique combinations of MAT, cold quarter
temperature (CQT), MAP, and precipitation of the driest month (DMP) were then generated. The
likelihood of a taxon (¢) occurring at any of the climatic combinations was 0

determined by calculating the product of probabilities (f) using the means (p) and

standard deviations (o) of their modern range, for each climatic variable (c), with equation (1),
f(tn) = i5=1 7'[/20'C2 x e(c—Ho)/20¢

where x. represents a value of MAT, CQT, MAP, or DMP that generates a unique
combination from which the likelihood of the taxon occurring in the climate can be calculated.
Reconstructing the probability of a taxon occurring at a combination of climatic variables, rather
than considering each climate variable in isolation, reduces the likelihood for high probability to
be calculated for a multivariate climate space not actually occupied by the modern taxon (Grimm
and Potts 2016). To scale to the site-level, the likelihood for all taxa at a site (n) combined was

calculated with equation (2),

fa=1]_t )

where the highest probability density f(z) represents the most likely climate in which the
fossil assemblage was growing. A 95% confidence interval was established by calculating the

maximum range of climatic variables, with f(z) > 5% of maximum f{z).



Paleoclimate reconstructions are compared to a range of modern PNW climates east and
west of the Cascades. To do so, climatic variables were extracted using WorldCLIM (Hijmans et
al. 2023) from randomly selected coordinates in the PNW (n = 788 amd 2809 west and east of
the Cascades, restively), filtered to only include lowland elevations (< 900 m above sea level; see

Appendix 6 for more detail).

Results

Stratigraphy and sedimentology

All fossil sites where field work was intended were re-located, and macrofossil collection
horizons of prior work were re-located at most sites (see further detail in Appendix 1). Rather,
productive macrofossil horizons were found stratigraphically near prior collecting horizons at
Alvord Creek and either near or overlapping at Juliaetta. At the Deep Creek sub-locality
(Spokane), only poorly preserved plant fossils were found, and at Trapper Creek, only poorly-
moderately preserved fossils in fairly low abundance and diversity were found, either near or

overlapping with collections from prior work.

[llustrated local stratigraphic sections with the precise location of sampled macrofossils,
rocks for palynomorphs/phytoliths, and tuff for radiometric dating, are included in Appendix 3.
Sections ranged from 5.5 to 37 m in thickness, while the full Watersnake section was 68 m in
thickness and published in Schiller et al. (2024). Plant macrofossils occur in silt- to clay-sized,
moderately- to well-laminated, shales. Fossiliferous shales are often tuffaceous and
diatomaceous, and fossiliferous diatomite occured at Mascall (White Hills and Riverside/Van
Horn’s Ranch; at the latter weathered rocks will float in water), Trout Creek, and Pickett Creek.

Coarser grained massive sandstones, conglomerates, and/or volcanic breccia occur within local



sections at nearly all sites. Volcanic tuff or largely tuffaceous horizons were also found in local
stratigraphy at all sites, ranging in thickness from sub-cm to a 17 m tuff at Watersnake

(Appendix 3; Watersnake tuff illustrated in Schiller et al. 2024).

U-Pb dating

Pickett Creek—A 3 cm thick, medium ash, gray vitroclastic tuff (Appendix 3) defining
the datum of Site I of Buechler et al. (2007) produced abundant euhedral, elongate, prismatic
zircon crystals, of which eight were successfully analyzed for CA-IDTIMS. Four crystals
produced concordant and equivalent U-Pb isotope ratios, with a weighted mean 206Pb/238U
date of 11.372 = 0.029 (0.029) [0.032] Ma (95% confidence interval; MSWD = 0.81; n=4; Table
2). Another four crystals produced an older cluster of ca 11.51 Ma dates, and are interpreted as
older antecrysts recycled into the volcanic eruption. As most of the macroflora collected at this
site comes from laminated siltstone and diatomite 1 to 2 meters below this datum, the dated
horizon represents a minimum age for the flora. However if the millimetric laminations in the
sedimentary rocks are seasonal then the macroflora collections likely are within the error of the
eruption age of the tuff. This data is older than that previously reported at Pickett Creek (10.5-8.5
Ma; Buechler et al. 2007), and older than ages typically cited for both the Chalk Hills Formation,
and the underlying (or overlapping?) Poison Creek Formation (Love et al. 2023 and references
therein), and may aid future work in constraining the earliest phase of sedimentation in the

western Snake River Plain (Wood and Clemens 2002).

Trapper Creek.—A 5 cm thick, medium ash, normally graded, gray vitric tuff was
sampled from the tuff of Ibex Peak unit, 40 cm above its basal contact with the Beaverdam
Formation (Appendix 3). This sample yielded abundant elongate prismatic zircon, from which

five crystals selected for CA-IDTIMS produced 206Pb/238U dates ranging from 12.962 to



12.828 Ma. The youngest two crystals define a weighted mean 206Pb/238U date of 12.830 +
0.082 (0.082) [0.083] Ma (95% confidence interval; MSWD = 0.20; n=2; Table 2). Our dated
tuff is stratigraphically between (80 meters above TC89-20A and 170 meters below TC89-21B)
and intermediate in age to the two bracketing **Ar/>’Ar ages reported by Perkins et al. (1995),
revised by us to 12.82 + 0.04 and 11.81 & 0.03. Our new date of the Tuff of Ibex Peak,
immediately overlying the macrofossil horizon, provides an upper bracket, while the revised
40Ar/39Ar date of the upper Beaverdam Fm. from Perkins et al. (1995) provides a lower bracket,
constraining the fossil flora within a ~260 kyr interval between to 13.09 = 0.08 and 12.830 +
0.082. The age of our dated tuff is also consistent with a recalculated “°Ar/*°Ar age of Cougar
Point Tuff III of 12.83 + 0.08 Ma (Bonnichsen et al. 2008), which was correlated on the basis of

glass chemistry by Perkins et al. (1995) to a horizon near the base of the tuff of Ibex Peak unit.

Mascall—The base of the White Hills section is defined by a very thick (6.5 m) gray,
massive vitric tuff near apparent fault contact with Dayville Basalt (Appendix 3). The massive
basal tuff produced abundant elongate prismatic zircon, with 12 crystals selected for CA-
IDTIMS producing a weighted mean 2°Pb/?*8U date of 16.131 £ 0.011 (0.012) [0.021] Ma (95%
confidence interval; MSWD = 1.73; n=12; Table 2). This date constrains a minimum age for the
Lower Mascall Formation (likely unit 1 of Downs 1956) and indicates a minimum depositional
duration of the lower member at ~1 million years (16.131 £ 0.011 - 15.122 + 0.017 Ma; Maguire
et al. 2018). This result is also within error of the single crystal laser fusion “°Ar/*’Ar plagioclase
age of 16.06 £ 0.02 Ma (calibrated to FCs = 28.021 Ma) for Unit 1 of the Dinner Creek Tuff

suite (Brogan Tuff) reported by Streck et al. (2015).

Watersnake (Succor Creek)—U-Pb dates from the Watersnake sub-locality of the Succor

Creek flora, including a Bayesian age model extending through the entire section, were



published recently by Schiller et al. (2024). Supplementary detail to that publication follows. A
thin bentonitic volcanic tuff (21-WS-T-01) sampled at 4 meters above the section base
(Appendix 3) produced sparse but homogeneous in form prismatic volcanic zircons, of which 5
of 8 crystals selected for CA-IDTIMS U-Pb geochronology produced concordant and equivalent
isotope ratios with a weighted mean 2°Pb/>*®U date of 15.546 = 0.018 (0.019) [0.025] Ma (95%
confidence interval; MSWD = 0.71; n=5; Table 2). Three significantly older crystals (15.65 Ma)
are interpreted as recycled antecryts within the volcanic horizon. The lower thick ash-flow tuft
(+18 to 26.5 meters above base) consists of white, bedded to laminated, fine to medium grained
originally vitric ash, largely altered to zeolitized clay. The sample (21WS-02) from this tuff
produced abundant elongate volcanic zircon with abundant glass inclusions, of which 9 crystals
successfully analyzed by CA-IDTIMS produced a younger cluster with a weighted mean
206pb/238U date of 15.512 = 0.025 (0.026) [0.031] Ma (95% confidence interval; MSWD = 0.13;
n=5), and four crystals with resolvably older ages attributed to inheritance. The upper
Watersnake ash-flow tuff (+45 to 61 m above base) consists of gray to white, bedded, normally
graded, fine to medium grained vitric ash and lapilli, altered to clay in many intervals. This tuff
also produced abundant, highly elongate, prismatic zircon with abundant glass inclusions, from
which 6 of 8 crystals successfully analyzed by CA-IDTIMS produced a weighted mean
206pb/238U date of 15.512 = 0.022 (0.022) [0.028] Ma (95% confidence interval; MSWD = 0.37;
n=6). While the ages of the two ash flow tuffs are identical within error, they are clearly discrete,
stacked event beds in the measured section within a single fault block. Schiller et al. (2024)
applied a Bayesian age modeling algorithm (Bacon; Blaauw and Christen 2011) to this measured
section with three geochronological likelihoods to estimate a short duration of deposition of 34

kyr and a rapid rock accumulation rate of 2 m/kyr (no correction for compaction). The plant



macrofossil census collection is firmly dated by the lower bentonite age of 15.546 = 0.018 Ma

(Table 2).

Trout Creek.—Thin (2-16 cm) beds of fine to medium vitric tuffs were collected at 8.61
(A), 9.06 (B), 9.71 (C), 10.95 (D), and 34.5 (E) meters above base in the “West Quarry” section
(Appendix 3). Sample 20TROUT-A at 8.61 meters produced abundant elongate prismatic zircon,
and six crystals selected for CA-IDTIMS analysis yielded two clusters of concordant and
equivalent 2°°Pb/?*8U dates. The younger cluster of three crystals is assigned a weighted mean
206ph/2381 date of 15.452 + 0.022 (0.023) [0.028] Ma (95% confidence interval; MSWD = 0.07;
n=3; Table 2), which is interpreted as the eruption and depositional age of the event bed. A
slightly older cluster of dates at 15.48 Ma is interpreted as epiclastic reworking of older volcanic

products into the eruption column.

Sample 20TROUT-D at 10.95 meters produced abundant highly elongate prismatic
zircon, and six crystals selected for CA-IDTIMS analysis yielded concordant and equivalent
isotope ratios with a weighted mean 2°°Pb/?*3U date of 15.450 + 0.009 (0.010) [0.020] Ma (95%
confidence interval; MSWD = 1.41; n=6; Table 2), which is interpreted as the eruption and
depositional age of the event bed. The statistically indistinguishable dates for these two tuffs over
2.34 meters of section suggest that this age may be safely extrapolation downward to the
productive plant layers <0.8 meters below. This date agrees well previous work, indicating the
fossil flora was deposited in the intra-caldera lake ~100 kyr after the eruption of the Tuff of
Whitehorse Creek at 15.556 + 0.019 Ma that formed the caldera, and concurrent with eruption of

ring fracture rhyolites along the caldera margin from 15.464 to 15.369 Ma (Benson et al. 2017).

Moose Mountain.—A thin 3 cm gray vitric tuff at 2.9 meters above the base of the

section, and 20 cm above a productive macrofossil horizon was sampled (Appendix 3). This tuff



produced abundant colorless, transparent, prismatic zircon crystals, and four crystals analyzed by
CA-IDTIMS yielded concordant and equivalent isotope ratios with a weighted mean 2°Pb/>*$U
date of 15.678 + 0.033 (0.034) [0.038] Ma (95% confidence interval; MSWD = 0.54; n=4; Table
2), which is interpreted as the eruption and depositional age of the event bed. A single crystal
with a slightly older date of 16.076 Ma is interpreted as inherited epiclastic zircon. Our new U-
Pb zircon age is slightly older but significantly more precise than a previous “°Ar/*°Ar
plagioclase date reported by Manchester et al. (2018) of 15.00 + 0.46 Ma (after recalculation to
the Fish Canyon Tuff sanidine fluence monitor age of 28.201 Ma). The site dates younger than
the duration of the Grande Ronde and Wanapum CRB members (Kasbohm and Schoene 2018),
suggesting its place in the Sardine Formation, rather than the previously cited Little Butte
Volcanic Series which underlies the CRBs (Peck et al. 1964; Beaulieu et al. 1974; Walker and

Duncan 1989).

Clarkia.—We collected a suite of volcanic tuffs equivalent to a subset of the sampling of
Ladderud et al. (2015) and Geraghty (2017), which can be correlated in turn to the sampling of
Yang et al. (1995). Two tuff samples from each outcrop were successfully dated and used as the
input likelihoods to a Bayesian age model of deposition. Our sample 19P33-2064 from the
Racetrack section is the stratigraphically lowest sample from a 2 cm thick gray fine ash tuff 21
cm below the P33-2bv1 horizon of Ladderud et al. (2015) and Geraghty (2017). Six small,
elongate, prismatic zircon crystals successfully analyzed by CA-IDTIMS from this sample
produced a weighted mean 2°°Pb/?38U date of 15.909 + 0.016 (0.016) [0.024] Ma (95%
confidence interval; MSWD = 0.82; n=6; Table 2), interpreted as the eruption and depositional
age of the tuff. Our sample 19P33-1771 also from the Racetrack section is equivalent to the P33-

5b horizon of Ladderud et al. (2015) and Geraghty (2017) and the Unit 5B of Yang et al. (1995)



and Hofig et al. (2021). Seven small equant prismatic zircon crystals were successfully analyzed
from this tuff, and six of those crystals produced a weighted mean 2°Pb/>*¥U date of 15.903 +
0.041 (0.041) [0.044] Ma (95% confidence interval; MSWD = 0.77; n=6; Table 2). A single
crystal produced a substantially older date of 15.97 Ma interpreted as a reworked epiclastic

crystal.

Our stratigraphically lowest sample 19P37B-13.85 from the Emerald Creek locale was
sampled at the bottom of the excavated pit and is a distinctive 26 cm thick gray, coarse crystal-
vitric tuff equivalent to the P37-10 horizon of Geraghty (2017). Fifteen relatively small and low
U, elongate, prismatic zircon crystals were successfully analyzed via CA-IDTIMS. The youngest
cluster of eight crystals exhibit concordant and equivalent isotope ratios, with a weighted mean
206pb/238U date of 15.888 = 0.013 (0.014) [0.022] Ma (95% confidence interval; MSWD = 0.89;
n=8; Table 2). There are a number of older crystals in this sample, ranging in age from 15.97 to
16.66 Ma, which are interpreted as antecrysts from recycled older volcanics. Our
stratigraphically highest dated sample 19P37B-5.46 from Emerald Creek is equivalent to the
P37-4 horizon of Ladderud et al. (2015) and Geraghty (2017). This 4 cm thick tuff produced
abundant relatively large zircon crystals, and 9 of 11 crystals successfully analyzed by CA-
IDTIMS produced a weighted mean 2°°Pb/?*8U date of 15.831 + 0.009 (0.010) [0.020] Ma (95%
confidence interval; MSWD = 0.79; n=9; Table 2). Our new Miocene U-Pb zircon ages obtained
from the Clarkia paleolake are consistent in timing with an origin through damming of the paleo-
St. Maries River by basalt flows of the Priest Rapids Member from the Wanapum Basalt of the
Columbia River Basalt Group (15.895 + 0.019 Ma; Kasbohm and Schoene 2018). Moreover, our

age model demands a fairly short lifetime for the lake, on the order of <100 thousand years.



Juliaetta—A 13 cm thick gray vitroclastic tuff within a prominent 2 m thick diatomite
layer was sampled from 24 meters above the base of the section, and ~18 m above the
macrofossil census layer (Appendix 3). This sample (19P6-A) produced abundant zircon with a
distinctive flattened prismatic morphology, and six crystals successfully analyzed by CA-
IDTIMS yielded a weighted mean 2°°Pb/?*8U date of 16.577 £ 0.012 (0.013) [0.022] Ma (95%
confidence interval; MSWD = 0.63; n=6; Table 2). This date is interpreted as the eruption and
depositional age of the tuff and provides a minimum age for the macroflora. In addition, this date
provides precise constraints on eruption of the Grande Ronde R1 member (Lewis et al. 2005),

which, to our knowledge, has not been dated using U-Pb on zircon-bearing silicic tuff interbeds.

Alvord Creek.—The lowest tuff bed sampled at the South Fork sub-locality (601 of
Axelrod 1944), sample 20ALV-A, is a 30 cm thick pumiceous vitroclastic tuff along strike of and
approximately 22.5 meters below the leaf fossil quarry site (Appendix 3). This tuff produced
abundant colorless, transparent, equant and slightly flattened tabular zircon crystals, of which
five were successfully analyzed by CA-IDTIMS and produced a weighted mean 2°°Pb/?*8U date

0f 25.574 +£ 0.042 (0.043) [0.051] Ma (95% confidence interval; MSWD = 0.68; n=5; Table 2).

The Alvord Creek Formation is locally overlain by the Pike Creek Volcanics, and in Pike
Creek we collected a 2 m thick crystal vitric pyroclastic ash flow tuff layer within tuffaceous
siltsone and sandstone, about 2 meters below the contact with the overlying ‘lower platy rhyolite’
(Tprl) of Minor et al. (1987a). This sample 20PCV-A produced abundant equant to elongate
prismatic zircon, of which six were analyzed by CA-IDTIMS. The three youngest zircon crystals

produced a weighted mean 2°Pb/?*8U date of 25.585 = 0.040 (0.041) [0.049] Ma (95%

confidence interval; MSWD = (0.73; n=3; Table 2), which is interpreted as the eruption age of the



tuff bed. The remainder of the crystals are interpreted as older antecrysts recycled into the

volcanic eruption.

These results supplement addition information to suggest the Alvord Creek Fm. may have
been deposited in a caldera lake. This suggestion follows the observation that (1) the Pike Creek
Formation displays dome and flow facies (Minor et al. 1987c¢), (2) is ~600 m thick south of the
fossil plant localities (near Pike Creek), but completely pinches out laterally further north (near
Big Alvord Creek) prior to reaching the fossil beds (Minor et al. 1987c¢, b, a), and (3) the Pike
Creek and Alvord fms. are roughly contemporaneous (Table 2). Thus, the two formations may

showcase rhyolitic ring fracture eruptions that surrounded a topographically high caldera lake.

Fossil HS (Bridge Creek).—Zircon was separated from a sample of fossil-bearing
tuffaceous shale (collected by Dr. Regan Dunn) from the macroflora bearing strata at Wheeler
High School in Fossil, Oregon. These rocks contain a diverse leaf flora described by Manchester
and Meyer (1997) and previously dated by the “°Ar/*°Ar single crystal sanidine technique by

Mclntosh et al. (1997).

Twelve zircon crystals selected for CA-IDTIMS produced concordant and equivalent U-
Pb isotope ratios, with 2°Pb/?*8U dates ranging from 33.379 to 33.058 Ma. The youngest six
crystal define a cluster with a weighted mean 2°Pb/>*3U date of 33.079 + 0.024 (0.026) [0.044]
Ma (95% confidence interval; MSWD = 1.41; n=6; Table 2). The remainder of the crystals are
interpreted as older antecrysts recycled into the volcanic eruption. This new age is consistent
with, but an order of magnitude more precise than the previous **Ar/*°Ar sanidine date of
Mclntosh et al. (1997) after updating of the decay constant values and the Fish Canyon Tuff
sanidine fluence monitor age (the previous “*Ar/*’Ar sanidine date of 32.58 + 0.26 Ma is

recalculated to 33.00 + 0.26 Ma).



Composition of macrofossil and palynomorph records

Macrofossil and palynomorph frameworks.—Across sites of study, our compiled digital
library includes ~14,000 images, 429 of which are details of finer venation imaged under a
stereoscope. This includes images from Fossil HS (Bridge Creek), Ellensburg, and Willamette
although they were not subsequently included in our morphotype framework study. Our
established macrofossil morphotype framework involved the study of ~11,000 specimens, and is
comprised of 673 total morphotypes, resulting in 307 study-scale morphotypes once across-site
synonymy was applied (Table 3; see further details in Appendix 7). Alterations to taxon-concepts
presented by previous work were most often in the form of “lumping”. Of the total morphotypes,
592 were assigned either familial, sub-familial, or generic affinity, and after confidence scores
were adjusted according to organ co-occurrence and across-site synonymy, 72% were assigned
with high confidence (1), 19% with medium (2), and 9% with low (3) (Appendix 4). A greater
percentage of high confidence scores were given to reproductive, compared to foliar,

morphotypes (83% vs. 65%).

New palynomorph assemblages were analyzed from nine sites (Table 3). We identified 56
unique palynomorph types, including 1 lycophyte (Salaginella), 5 pteridophytes, 10
gymnosperms, 30 woody angiosperms, 7 herbaceous angiosperms, and 3 aquatic angiosperms,

and several more undifferentiated types.

Patterns in community composition.—Macrofossil census collections were made at
Alvord Creek, Juliaetta, Mascall, Clarkia, and Watersnake. Specimens identified to morphotype
from census collections vary from 672 to 857 total, 489 to 822 total foliage, and 282 to 609

woody non-monocot angiosperm (WNMA) foliage specimens (Table 3).



NMDS analyses (all with stress values < 0.1) indicate that pre- and post-MCO floras
never fall within the ordination space defined by MCO floras (i.e., their convex hull) for both
macrofossils and palynomorphs, and abundance and presence-absence analyses (Fig. 2). Alvord
Creek is distinct from all other floras as it contains several unique morphotypes, including some
of its most dominant ones (e.g., Sorbus harneyensis, Prunus harneyensis, Alv002, and Acer
alvordense), and lacks prevalent MCO morphotypes (e.g., Quercus simulata, Taxodium
distichium). All palynomorphs with pre-MCO occurrences persist across the MCO onset (and
MMCT, except Tilia) and several new palynomorphs appear alongside them (Fig. 3C). For
example, 48% of MCO angiosperm palynomorphs do not have pre-MCO occurrences, including
several genera whose macrofossils also first appear in the MCO, even when considering Fossil
HS macrofossils (e.g., Aesculus, Celtis, Ilex, Liquidambar, Nyssa; Fig. 3; Meyer and Manchester

1997).

Within the MCO, composition varies considerably (Fig. 2). Among foliar morphotypes
(presence-absence), Columbia Basin floras (Clarkia, Spokane, Juliaetta) cluster with the Mascall
flora (Fig. 2A), driven by some shared occurrences of several morphotypes (e.g., Alnus relatus,
Alnus fairii, Quercus pseudolyrata, Liquidambar pachyphyllum, Populus lindgreni, Taxodium
dubium, Ginkgo adiantoides, Nyssa M1, Zizyphoides aurciulata). Moose Mountain is distinct in
having several unique or uncommon morphotypes and lacking several others typical of MCO
floras. Trout Creek (southeastern Oregon Plateau) shows greater similarity to post-MCO floras
Trapper Creek and Pickett Creek (Snake River Plain) than to other MCO floras (Fig. 2A).
Similarity in these three floras is driven by the shared presence of several morphotypes (e.g.,
Acer schorni, Betula lacustris, Salix payettensis, Populus foliage M1, Populus washoensis, and

Berberis reticulata) and by lacking several other prevalent MCO morphotypes (e.g., Platanus



dissecta, Fagus washoensis, Liquidambar pachyphyllum, and Taxodium distichium), including
several exotic taxa (Fig. 4A). Watersnake plots intermediate between the Trout Creek and the
Columbia Basin/Mascall cluster (Fig. 2A), differing from the latter by lacking several
morphotypes (e.g., Alnus relatus, Fabaceae foliage M1, Liquidambar pachyphyllum, Populus
lindgreni, and Quercus pseduolyrata), and having several not found in the other floras (e.g., Acer
oregonianum, Berberis reticulata, Chamaecyparis foliage M1, Fabaceae foliage M5, Abies

foliage M1, and Viburnum foliage M2).

Foliar morphotype composition in terms of relative abundance is also variable among
MCO floras, including those that shared similarity in presence-absence (Fig. 2B, C). For
example, Clarkia, Juliaetta, and Mascall share few morphotypes among the top 5 most abundant
in each flora (Appendix 8). In contrast, similarities between MCO floras Watersnake and Trout
Creek and the post-MCO site Trapper Creek hold when considering relative abundance, as all
three share a hyper-dominance of Quercus simulata (> 55% dicot foliage). The relative similarity
of Trout Creek and Trapper Creek extends beyond Q. simulata, as the pattern remains when Q.
simulata 1s removed from NMDS analyses (Appendix 9). In contrast, the similarity of
Watersnake to Trout Creek/Trapper Creek in terms of relative abundance is driven only by the

shared hyper-dominance of Q. simulata (Appendix 9).

Foliar morphotype composition again shifts across the MMCT (excluding Trout Creek),
but differs between inland Snake River Plain floras (Trapper Creek and Pickett Creek) and the
more coastal Puget lowland Vasa Park flora (Fig. 2). Compared to MCO floras, Snake River
Plain floras are distinct in their shared presence of Populus M1, Acer schorni, Betula lacustris,
Salix payettensis, and Acer oregonianum, and lack of Taxodium dubium, Arbutus idahoensis,

Magnolia M1, Alnus relatus, Liquidambar pachyphyllum, Q. pseduolyrata, Betula M2, Fagus



washoensis, and Glyptostrobus oregonensis. Range-through plots illustrate several foliar
morphotypes and genera which do not appear to persist across the PNW in the Snake River Plain
(Fig. 3). This loss of taxa reflects a reduction in the number of exotics, from an average of 49%
(excluding Trout Creek and Moose Mountain, see below) to 21% (Fig. 4A). Lost exotic taxa tend
to occupy warmer and wetter modern climates without summer drought, relative to climates

occupied by remnant taxa in the modern, including climates of the modern PNW (Fig. 5).

Of the genera that do occur in post-MCO floras, all except one (Sequoiadendron at
Trapper Creek) persist from the MCO (Fig. 3B). Of the genera that persist, 30% occur only
within the more coastal Vasa Park flora (47% among angiosperms; Fig. 3B). For example, the
following taxa, most of which are exotics (marked with an “E”), are present in either the Vasa
Park macrofossil or palynomorph record, but absent from both the Snake River Plain floras:
Aesculus, Celtis, Cercidiphyllum (E), Fagus (E), Hydrangea (E), llex (E), Liquidambar (E),
Nyssa (E), Paulownia (E), Platanus. Accordingly, Vasa Park does not decrease in the proportion
of exotic taxa across the MMCT in contrast with Snake River Plain floras (Fig. 4A). Among
foliar morphotypes (roughly corresponding to species), there is a greater number of first
appearances across the MMCT, compared to genera. For example, only 59% that occur in post-

MCO floras persist from the MCO (Fig. 3A).

Community ecology and structure (macrofossil, palynomorph, and phytolith

assemblages)

Diversity.—Despite Alvord, Mascall, and Watersnake census collections having
considerable specimen counts (>790 specimens; Table 3), the collections are of low
completeness, leading to large error surrounding estimates of richness (Appendix 10). This

uncertainty limits inference of diversity from richness, so inferences are instead focused on



evenness, which is less sensitive and is an important descriptor of modern mixed mesophytic

forests (Wang 1961; Braun 1964).

Evenness changes little across the MCO onset and is strongly varied within the MCO
(Fig. 4B, C). Clarkia has the highest evenness when considering both all and WNMA foliage. A
strong dominance of Taxodium dubium at Juliaetta results in low evenness; however, evenness
among WNMA:s is considerably higher (Fig. 4B, C). Trout Creek and Watersnake show low
evenness in both measures, with the former having a hyper-dominance of Q. simulata and
Quercus M1 (79% relative abundance), and the latter a hyper-dominance of Q. simulata and
Glyptostrobus oregonensis (79% relative abundance). Both floras are those most intimately
associated with silicic volcanic centers during the MCO (Fig. 1). Across the MMCT, there is a
decrease in evenness in the Snake River Plain floras (Trapper Creek and Pickett Creek) relative
to those MCO floras less intimately associated with silicic volcanic centers, particularly among

WNMAs (Fig. 4B, C).

MA and prevalence of evergreen dicots.—All floras were reconstructed to be dominated
by deciduous, relative to evergreen, WNMAs (Fig. 6A). During the MCO, % evergreen
reconstructions overlap (via visual inspection) more with modern plant communities in warm
temperate climates (Koppen Cf and Cs) compared to cool temperate climates (K&ppen Df).
Across the MMCT, there is a decrease in % evergreen reconstruction, from an average of 22% to

7%, to values instead more consistent with cool temperate climates (Fig. 6A).

Leaf mass per area (M) was reconstructed for 44-73% of WNMA foliar morphotypes per
site (Appendix 11). Site mean M, decreases slightly across the MCO onset, and reconstructions
are similar within the MCO (77.6-84.3 g/m?), with greatest overlap (via visual inspection) with

modern plant communities in warm temperate climates (Fig. 6B). Across the MMCT, the Trapper



Creek site is reconstructed with the highest M of all sites, although only 13.1 g/m? higher than
the MCO average, while Pickett Creek falls within the range of MCO sites. In contrast, Vasa
Park shows a decrease in M4, 18.8 g/m? lower than the MCO average, and similar to modern
plant communities in both cool temperate and warm temperate climates (Fig. 6B). There appears
to be general correspondence between % evergreen and mean M, reconstructions, with Trapper
Creek, which is reconstructed as the driest Miocene site, falling the greatest distance from the

trendline (Fig. 6C).

Functional groups.—Macrofossil and palynomorph relative diversity and macrofossil
relative abundance in nearly all floras are dominated by WNMAs. Juliaetta is an exception given
numerical dominance of riparian conifers (7axodium dubium; Fig 6B). In contrast, conifer pollen
dominates in nearly all floras in terms of relative abundance (Fig. 7D). The pre-MCO Alvord
Creek flora has a relatively high proportion of non-riparian conifer abundance and diversity in
the macrofossil record, and the highest relative abundance of Pinaceae pollen, all of which

generally decreases across the MCO onset, particularly in terms of relative abundance (Fig. 7).

During the MCO, riparian conifers are prevalent (7Taxodium, Glyptostrobus, Metasequoia)
in most macrofloras, but lacking completely from Trout Creek and Moose Mountain (Fig. 7A,
B). Accordingly, Cupressaceae/Taxaceae (C/T) pollen is prevalent during the MCO but is in
relatively low abundance at Moose Mountain (no pollen recovered from Trout Creek; Fig. 7D).
Across the MMCT, non-riparian conifers do not persist and C/T pollen generally decreases.
Snake River Plain floras differ in their abundance of non-riparian conifers, as Trapper Creek has
high abundance and diversity in both the macrofossil and pollen records, while Pickett Creek is
lower in both. Pollen of Ephedra, a taxon typical of arid climates today (Leopold and Denton

1987; Barbolini et al. 2020), occurs at both Snake River Plain floras, not at Vasa Park, and at



only one MCO flora (Spokane; Fig. 7C). Vasa Park has a lower relative diversity of non-riparian
conifer macrofossils relative to Trapper Creek but shares fairly similar relative abundance and

diversity of conifer pollen.

Phytoliths and canopy structure.—Preliminary phytolith analyses are presented,
including completed counts from an initial set of four fossil floras (Mascall, Clarkia, Trapper
Creek, Pickett Creek). During the MCO, forest indicator phytoliths dominate nearly all
assemblages (65-85%; Fig. 7E). One exception is a single sample from Mascall, with a relatively
higher relative abundance (40%) of open-habitat grasses (i.e., Pooideae, Panicoideae, and other
PACMAD grasses), as well as ginger, palm, and closed habitat grass phytoliths, coincident with a
bamboo leaf fossil (a modern closed-habitat grass) in the Mascall flora. Across the MMCT, the
relative abundance of open-habitat grasses, particularly Pooideae, increase in the Snake River
Plain floras (to 59-63%), but not in the more coastal Vasa Park flora where forest indicators
remain the dominant type (Fig. 7E). One exception is a single sample at Vasa Park with a

relatively high relative abundance of PACMAD grass phytoliths (34%).

Paleoclimate

Relatively cool MAT was reconstructed at Moose Mountain (via leaf physiognomy) and
Trout Creek (via bioclimatic analysis). For example, reconstructed MAT at Moose Mountain was
5-7 °C lower than for other MCO sites, driven by a lower margin state percentage (17% vs. avg.
of 37%). Trout Creek had MAT and CQT reconstructions 1.9 °C and 2.6°C colder than other
MCO sites, respectively (Fig. 8). These results, combined with independent lines of evidence,
suggest the floras represent higher paleoelevations (see Discussion section); for this reason we

excluded them from the following calculations of average lowland paleoclimate variables.



Leaf physiognomy.—The number of WNMA morphotypes included in leaf physiognomy
analyses varied from 17 to 56, all above the suggested minimal sample size for analyses
(Burnham et al. 1992, 2005; Wolfe 1993). Of those, 63-95% (avg. 83%), were preserved well
enough to contribute quantitative leaf area data, totaling 1251 specimens. Of the non-entire
morphotypes (toothed and mixed margin), 72-100% (avg. 93%), contributed tooth count: internal
perimeter data to DiLP analyses, totaling 899 specimens (Appendix 11). All fossil floras fall
within the multivariate leaf physiognomic space of the calibration dataset, permitting reliable

inference (Appendix 12; Lowe et al., 2024).

MAT reconstructions during the MCO range from 11.5 to 16.9 °C (avg. 13.4 °C),
depending on the site and method (Fig. 8). Temperature trends across the MCO onset are unclear,
as average MAT during the MCO is ~5.8 °C higher than the pre-MCO Alvord Creek flora but
overlaps with the pre-MCO Fossil HS flora, which is 7.5 million years older than Alvord Creek
(Fig 7). MCO reconstructed temperature is generally higher than the range of modern PNW
temperatures, and ~4.1 and ~3.4°C higher than average MAT east and west of the Cascades,
respectively. Across the MMCT, MAT decreases by 3.9 °C in the PNW interior, 2.5 °C for the
more coastal Vasa Park site, with greater overlap with modern PNW climates (Fig. 8). One
exception is the DiLP reconstruction for Vasa Park, which is 3.5 °C higher than that produced by
leaf margin analysis, driven by a relatively high mean Feret Diameter ratio (i.e., more circular
leaf shapes). MAT reconstructions from various methods are in general agreement, although

DiLP typically reconstructs slightly cooler MAT relative to leaf margin analyses (Appendix 13).

Changes in precipitation are reconstructed across the MCO onset and MMCT, although
the large uncertainty inherent in leaf physiognomy methods results in overlap of error bars across

all site estimates (Fig. 9). Nevertheless, all MCO sites (120-157 cm/yr) are reconstructed with



higher average MAP relative to pre-MCO Alvord Creek site (100 cm/yr), suggesting increased
precipitation across the MCO onset. Precipitation during the MCO is in line with modern
precipitation on the wetter west side of the Cascade Range. Across the MMCT, the two interior
sites (93-113 cm/yr) are reconstructed as drier than all MCO sites, and occupy values
intermediate to those on east and west of the Cascades today (Fig. 9). The more coastal post-
MCO Vasa Park site instead has the highest reconstructed MAP of all sites of this study (175
cm/year). MAP reconstructions from various methods are in general agreement, although DiLP
in all but one case reconstructs higher values compared to the leaf area analysis equation of
Peppe et al. (2011), and in all cases reconstructs lower values compared to the leaf area analysis

equation of Wilf et al. (1998) (Appendix 13).

Bioclimatic analysis.—The number of unique taxa included in Bioclimatic Analyses
ranged from 14 at Vasa Park to 52 at Clarkia (Appendix 11). Estimates of MAT, MAP, and CQT,
were mostly insensitive to the level of filtering in confidence scores (Appendix 5). MAT
increases across the MCO onset by an average of 4.7 °C (Fig. 8). Reconstructions of MAT within
the MCO vary between 12.4 to 13.9 °C and are on average 3.9 and 3.2 °C warmer than mean
MAT east and west of the Cascades today, respectively. Across the MMCT, MAT decreases in the
PNW interior by 3.4°C, in line with modern PNW temperatures; however, there is no discernable
change in MAT for the more coastal Vasa Park site (Fig. 8). Reconstructions of CQT closely
parallel MAT, increasing by 6.6 °C at the MCO onset, to values consistent with modern climates
west of, but higher than climates east of, the Cascades (Fig. 8). Across the MMCT, CQT
decreases for both the SRP (Trapper Creek and Pickett Creek) and more coastal Vasa Park sites

by an average of 3.3 °C, to values intermediate of modern climates east and west of the Cascades

(Fig. 8).



MAP reconstructions using Bioclimatic Analysis are similar to those from leaf
physiognomy methods (Fig. 9). MAP increases across the MCO onset by 30.2 cm/yr, and varies
from 98 to 115 cm/yr within the MCO, consistent with modern climates on the wetter west side
of the Cascades. Across the MMCT, precipitation decreases in the Snake River Plain by 20.2
cm/yr, although the more coastal Vasa Park site had the highest MAP reconstructed across all

sites of this study, at 117 cm/yr (Fig. 9).

Discussion

The Miocene Climatic Optimum

The MCO is well represented in this study, with seven sites representing a ~1 million
year interval between ~15.5 and ~16.6 Ma (Table 2). Changes of paleoclimate and
paleovegetation across the MCO onset are evident when comparing the pre-MCO flora of Alvord
Creek to those in the MCO, in most cases consistent with our hypotheses (H1, H3). These
include an increase in the prevalence of taxa typical of warm and wet climates today (Figs. 7, 8),
the appearance of new genera and morphotypes including riparian conifers (Figs. 3, 6), and a
decrease in non-riparian conifers and site M, (Figs. 5, 6). However, reliable tests of generalized
patterns across the MCO onset for the PNW, as proposed in our hypotheses, are strongly limited
by only a single pre-MCO flora included in nearly all analyses, as well-sampled early Miocene
floras, particularly east of the modern Cascade Mountains, are exceedingly rare (e.g., Graham
1999). Even when Fossil HS is included in certain analyses (i.e., leaf margin analysis,
palynomorph analyses), the early Oligocene age of this flora (33.1 Ma or 16 myr prior to the
MCO onset) limits interpretations of conditions leading up to the MCO warming. A collection of

potentially early Miocene localities occur in the western Cascades (Peck et al. 1964; Wolfe 1969)



and offer future potential for addressing the MCO onset through providing reliable radiometric

dates and renewed investigation of paleoclimate and paleovegetation.

Paleoeleveation Patterns.—Differences of paleoelevation among floras potentially
confound interpretations of regional climatic response to Miocene global change events.
Anomalously cool MAT was reconstructed at Moose Mountain (via leaf physiognomy) and Trout
Creek (via bioclimatic analysis) (Fig. 8). In addition, the morphotype composition of both floras
deviates from other MCO floras, with Trout Creek most similar to post-MCO floras also
reconstructed as relatively cooler, and Moose Mountain relatively distinct from all others (Fig.
2). Both floras are the only two MCO floras of this study where riparian conifers, typical of more
lowland swamps (e.g., Taxodium, Glyptostrobus), are absent and pollen of the
Cupressaceae/Taxaceae, the group to which these conifer taxa belong, is in relatively low
abundance (although pollen were not recovered from Trout Creek; Fig. 7). Taphonomic factors
are unlikely to be the cause of these differences as fossils of both sites were deposited in

lacustrine shales, consistent with other MCO floras.

Our inferences from floral analysis are consistent with previous paleobotanical
interpretations and independent evidence indicating that Moose Mountain and Trout Creek
represent relatively higher paleoelevations. Prior work on the Trout Creek flora suggested it was
deposited in an upland lake based on floral composition and comparison to modern relatives
(MacGinitie 1933; Axelrod 1964; Graham 1965). Axelrod (1964) also noted taxonomic similarity
between Trout Creek and the post-MCO Trapper Creek, likening both to a mixed conifer-
hardwood forest (although he considered them to be concurrent in age). Subsequent

reinterpretation of the Trout Creek Formation indicates lacustrine deposition within the



Whitehorse Caldera (Rytuba et al. 1981; Benson et al. 2017), which agrees well with our date of

Trout Creek Fm. deposits (Table 2), and is consistent with local-regional high elevations.

The compositional distinctness of Moose Mountain relative to other MCO floras (e.g.,
Fig. 2), including a lack of pinnately lobed Quercus, led to an incorrect age assignment of late
Oligocene to early Miocene (Wolfe 1962; Peck et al. 1964; Wolfe and Tanai 1987). However, the
flora was grouped with several others whose floral character was said to represent a subtropical
to “very warm temperate” climate (Peck et al. 1964). Our revised morphotype framework also
does not indicate a taxonomic composition consistent with cooler climates (Fig. 8C, D), and
includes a prevalence of genera more common in Eocene and Oligocene floras (e.g.,
Trochodendron, Concavistylon, Exbucklandia, and a foliar morphotype reminiscent of Fagopsis
[MMO014]). Instead, cooler temperature reconstructions are driven by a low percentage of entire-

margined leaves (17%).

High paleoelevations at Moose Mountain are also suggested by geologic mapping. Silicic
vent structures (e.g., those of stratovolcanoes) of the Little Butte Volcanic Series are mapped
along a north-south trend in the Western Cascades, proposed to represent a volcanic chain. The
Moose Mountain flora occurs near this axis, further east from other western Cascade Oligocene-
Miocene sites (Fig. 1; Peck et al. 1964). However, this interpretation is complicated by our U-Pb
dates (Table 2) which more likely places Moose Mountain in the Sardine Fm. On the other hand,
many exposures previously mapped as Little Butte Volcanic Series have been subsequently
mapped in the Sardine Fm. (Beaulieu et al. 1974; Walker and Duncan 1989) and both formations
are predominantly volcanic. Alternatively, volcanic disturbance may have influenced a lower
margin percentage within an otherwise warm temperate forest (e.g., Kappelle and Leal 1996,

Lowe et al. In Reviewa), explaining the discrepancy between temperature reconstructions from



leaf physiognomy and bioclimatic analysis. That said, many other MCO sites are also intimately
associated with volcanism but do not have such low margin states. Thus, we find the
preponderance of evidence most consistence with Moose Mountain occupying high
paleoelevations. As noted above, we exclude both Trout Creek and Moose Mountain from the

following of lowland MCO climate.

Paleoclimate in MCO (lowlands).—Reconstructions during the MCO suggest an average
MAT of 12-15°C, MAP of 117-146 cm/yr, and CQT of 5-6°C. MCO temperature was generally
higher than what occurs in modern PNW lowlands (Fig. 8), consistent with our hypothesis (H1).
The presence of several exotic taxa in MCO floras that are today sensitive to summer drought
(Fig. 5), suggests an ever-wet or summer-wet, rather than the summer-dry (Mediterranean)
climate that characterizes the PNW today. Annual precipitation amount appears similar to that
occurring in PNW lowlands on the wetter west of the Cascades today (Fig. 9). Such climatic
parameters are consistent with the establishment of mixed broadleaf evergreen and deciduous

forests and mixed mesophytic forests (Wolfe 1979).

PNW temperature and precipitation reconstructions during the MCO generally agree with
that proposed by previous paleobotanical studies based on climatic preferences of modern
relatives (e.g., Chaney and Axelrod 1959; Graham 1965, Smiley and Rember 19854), including
an inferred ever-wet or summer-wet precipitation regime (e.g., Mustoe and Leopold 2014;
O’Keefe et al. 2024). In contrast, an integrated record of clay and carbonate §'30 across much of
the Cenozoic reconstrued the PNW as summer-dry (Mediterranean) during the MCO and
persisting across the MMCT, with prevalent open habits (marking the “open habitat transition”)
and woody taxa restricted to areas where “conditions remained favorable” (e.g., riparian zones)

(Kukla et al. 2022). We suspect that the richness of woody plants in both macrofossil and pollen



records, including several exotic taxa that do not occur today in summer-dry climates, and
dominance of closed forest indicator phytoliths observed in our MCO fossil floras, is inconsistent
with the restriction of closed canopy forests to riparian zones. We encourage further work to
reconcile these diverging interpretations from PN'W paleobotanical and geochemical evidence.
Our precipitation estimates are much less variable, and generally wetter than those using §'°C of
fossil teeth, particularly for the Succor Creek where an arid climate was previously reconstructed
(Drewicz and Kohn 2018). Our MCO temperature estimates roughly agree with global terrestrial
proxy compilations (predominately palaeobotanical-based), albeit on the cooler end, and

paleoclimate modeling results of mid-latitudes (Krapp and Jungclaus 2011; Goldner et al. 2014).

General character of paleovegetation.—During the MCO, lowland forests of the Pacific
Northwest are reconstructed as dominated by deciduous angiosperms with intermixed evergreen
angiosperms, riparian conifers, and non-riparian conifers, with a minor contribution of
predominately Pooideae grasses (Fig. 7). Preliminary results of phytolith analyses suggest that
MCO vegetation represents closed canopy forests (Fig. 7E). These vegetational characters are
consistent with a mixed mesophytic forest type (Wang 1961; Braun 1964; Wolfe 1979; Dyer
2006), in support of our hypothesis (H3). MCO floras were rich in exotic taxa (40.7-52.4%),
including gymnosperms (e.g., Cunninghamia, Metasequoia, Taxodium, Glyptostrobus, Ginkgo,
Amentotaxus, and Tetraclinis), and angiosperms (e.g., Magnolia, Liquidambar, Pterocarya,
Fagus, Nyssa, Liriodendron, Mezoneuron, Cedrela, Exbucklandia, Comptonia, Cercidiphyllum,
Ailanthus, and rare occurrences of bamboos [Bambusoideae], palms [Arecaceae], and gingers
and relatives [Zingiberales]). Prevalent taxa in MCO forests that still occur along the west coast
today include conifers such as Abies, Picea, Tsuga, Pinus, Calocedrus, and Sequoia, and

angiosperms such as Acer, Quercus, Betula, Alnus, Fraxinus, Platanus, Fabaceae, Berberis, and



Amelanchier. This floristic composition is generally similar to mixed mesophytic forests of the
eastern US and east Asia (Wang 1961; Braun 1964). In addition, the PNW MCO forests
contained several extinct genera, including Pseudofagus, Nordenskioldia/Zizyphoides, Ozakia,

and Diplodipelta.

Our reconstruction of paleovegeation type agrees well with that of prior work (e.g., Table
1), and other regional floras including the Red Lake flora of southern British Columbia
(Greenwood et al. 2020). Similar warm temperate evergreen broadleaf and mixed forests types
have been reconstructed across mid latitudes of the Northern Hemisphere during the MCO
(Pound et al. 2012). Phytolith evidence suggesting open habitat vegetation near the Idaho-
Montana border (Harris et al. 2017), which may reflect a Rocky Mountain environment distinct

from the PNW.

Spatial heterogeneity in lowland paleovegetation.—Spatial heterogeneity characterized
PNW lowland floras during the MCO. For example, the composition of Watersnake plots
intermediate in similarity between Trout Creek and the Columbia Basin (Clarkia, Spokane,
Juliaetta)/Mascall cluster. Several taxa prevalent in the latter cluster are absent in Watersnake
(e.g., Alnus relatus, Fabaceae foliage M1 [Sophora-like]) including several that are either rare or
absent in the greater Succor Creek flora (e.g., Liquidambar pachyphyllum, Populus lindgreni,
Quercus pseudolyrata; Fields 1996). Fields (1996) also noted the similarity of Succor Creek and
Trout Creek, relative to Columbia Basin floras and Mascall, suggesting their shared proximity to
calderas and volcanic activity as a likely explanation (Fig. 1). In agreement with a volcanic
influence, the Watersnake and Trout Creek floras have the two lowest evenness values among
woody non-monocot angiosperms (WNMAs), consistent with strong filtering acting in early

succession environments (Currano et al. 2011; Poorter et al. 2024). These points indicate that



deviation of Watersnake from Columbia Basin/Mascall floras may be a result from enhanced
volcanic disturbance from silicic eruptions (e.g., Taggart and Cross 1990; Schiller et al. 2024), in
contrast to the several other MCO sites that are closely associated with basalt volcanism (Fig. 1).
We note that Watersnake is also intermediate between Columbia Basin/Mascall sites and Trout
Creek in both age (Table 2) and location (Fig. 1), and thus consider this question of relative

similarity unresolved.

Columbia Basin floras and the Mascall flora are less similar to one another when
considering relative abundance. Modern mixed mesophytic forests are characterized by the
shared dominance of several species (high evenness), which results in considerable differences in
the composition and relative abundance in local habitats within the general forest type (Wang
1961; Braun 1964; Wolfe 1979; Dyer 2006). For example, oak and hickory (most abundant at
Mascall) often dominate in the western mixed mesophytic forests, swamp cypress, oak, poplar,
and alder (most abundant at Juliaetta) can dominate in lowland alluvial plains, and mixed forests
of swamp cypress, oaks, chestnuts, birches, beech, and legumes (most abundant at Clarkia) are
consistent with both mixed mesophytic forests and alluvial plains (Braun 1964; Dyer 2006).
While we do not suggest that these offer exact analogs for the fossil sites, we find the differences
in relative abundance within the Columbia Basin/Mascall cluster to be consistent with that found

in modern mixed mesophytic forests.

The Middle Miocene Climatic Transition

Paleoclimate (lowlands).—Paleoclimate reconstructions across the MMCT are variable
regionally within the PN'W. Pronounced climatic change is recorded for the Snake River Plain
(SRP; Pickett Creek and Trapper Creek), including decreased annual and winter temperatures by

3.4 and 3.3 °C, respectively (Fig. 8), and a likely decrease in mean annual precipitation by ~27



cm/yr (Fig. 9). Cooling of annual temperatures resulted in modern-like values, with winter
temperatures intermediate of those occurring east and west of the Cascades today (Fig. 8), while
annual precipitation was still consistent with the wetter west side of the range (Fig. 9). Post-
MCO reconstructions agree with prior work at Trapper Creek which utilized floral composition
and comparison to modern relatives (Axelrod 1964), but MAT is higher than previously
published at Pickett Creek using the leaf physiognomy technique CLAMP (10.0 °C vs. 13.4 °C;
Buechler et al. 2007). This is influenced (at least in part) by the greater number of entire-
margined Fabaceae foliar morphotypes (Appendix 7) and thus higher leaf margin percentage in
the framework of Buechler et al. (2007) (54% vs. 27%). The post-MCO climate reconstructed for
the SRP is consistent with the establishment of mixed broad leaf deciduous forests, mixed
coniferous forests (where summer temperature and/or precipitation is relatively low), and mixed

northern hardwood forests (Wolfe 1979).

Paleoclimatic changes in the SRP are accompanied by a loss of exotic taxa (Fig. 4A) that
today grow in relatively warmer and wetter climates that lack summer drought (Fig. 5). This
pattern was noted by several earlier studies who attribute the change to decreased summer rain
(Wolfe 1981; Axelrod 1992; Axelrod and Schorn 1994; Fields 1996; Graham 1999). Suggested
drivers of seasonal precipitation onset include increasing latitudinal temperature gradients
intensifying subtropical high pressure systems (Wolfe 1981), the cooling of the Pacific sea
surface and strengthening of ocean-land temperature gradients (Axelrod 1992), and the
establishment of the California current ~10-7.6 Ma (Barron et al. 2002; Kohn and Fremd 2008).
In contrast, Mustoe and Leopold (2014) found that late Miocene floras from the western
Columbia Basin share high taxonomic similarity to modern summer-wet eastern US deciduous

forests throughout the late Miocene. Trapper Creek was found to be more dissimilar to these



modern eastern US forests, but the authors posit that the presence of several deciduous hardwood
taxa still indicated summer-wet climates. We consider the question of exactly when and why
summer-dry (Mediterranean) climates established in the Pacific Northwest an open and
intriguing question, which would benefit from collaboration with earth system modelers and

paleooceanographers.

In the Puget lowlands, climatic reconstructions at the Vasa Park site are mixed, with DiLP
and BA reconstructing no change in MAT across the MMCT, while leaf margin analysis
reconstructed change comparable to the SRP (Fig. 8). We favor the interpretation that MAT
change across the MMCT was tempered along the coast, with the Puget lowland ~1.7 °C higher
in MAT than the SRP, given the agreement between two different proxies (DiLP and BA) and a
greater number of physiognomic characters included in DiLP, relative to leaf margin analysis.
Further, Dillhoff et al. (2014) reconstructed MAT at Vasa Park consistent with our DiLP and BA
reconstructions (11.6-16.6 °C) using a separate data source (pollen) and proxy (coexistence
analysis). However, reconstructed winter temperatures decreased across the MMCT, comparable
to the SRP (Fig. 8D), which along with similar decreases in the percentage of evergreen species
(see below), suggest that tempered MAT near the coast may have been driven by warmer

Summers.

Depositional environments vary between Vasa Park and the SRP sites (fluvial and
lacustrine, respectively), which may confound comparisons of climate and vegetation. Fossil
plants deposited in fluvial environments are typically sourced from a smaller area (Wing and
DiMichele 1995) with greater bias toward riparian species, relative to lacustrine environments. A
local riparian bias is consistent with relatively few conifers represented as macrofossils at Vasa

Park, yet moderate counts of more widely dispersed conifer pollen, and the abundance of Alnus



leaves, a common riparian plant today. However, bias towards riparian environments is also
associated with a greater proportion of toothed leaves, driving colder, not warmer, paleoclimate
estimates (Greenwood 1991; Kowalski and Dilcher 2003; Royer et al. 2009). In addition, the
Vasa Park pollen assemblage, which is less sensitive to local riparian biases, is most similar in
composition to the warm and wet Clarkia assemblage, and relatively dissimilar to SRP

assemblages (Fig. 2D).

In summary, we find that annual and winter temperatures and annual (and potentially
summer) precipitation decreased in the PNW interior but that this decrease was tempered near
the coast where temperature and precipitation remained at MCO-like condition, in support of our
hypothesis (H2). These results are consistent with many previous studies reconstructing cooling
and drying of continental climates using paleobotanical-based proxies across the MMCT in
Eurasia and beyond (Mosbrugger et al. 2005; Syabryaj et al. 2007, Utescher et al. 2007a, b;
Bruch et al. 2011; Pound et al. 2012; Dunn et al. 2015; Kayseri-Ozer 2017; Kovar-Eder et al.

2021).

Paleovegetation.—Post-MCO floras of the PNW record considerable changes in plant
community composition, ecology, and structure across the MMCT. As with paleoclimate,
patterns of change vary regionally within the PNW. However, both the SRP (Trapper Creek,
Pickett Creek) and Puget lowlands (Vasa Park) record a reduction in the number of evergreen
WNMA taxa to percentages intermediate of modern communities in cool and warm temperate
climates (Fig. 6A), in support of our hypothesis (H4). This pattern is consistent with decreases in
winter temperature reconstructed in both regions (Fig 7D), and indicates a change from the warm
temperate mixed mesophytic forests of the MCO to more cool temperate vegetation. These

changes are accompanied by considerable turnover in foliar morphotypes (Fig. 3A). At the



genus-level, however, there is a lack of significant turnover and instead nearly all genera (except
Sequoiadendron in the SRP) persist from the MCO (Fig 3B). This pattern of compositional
change is known as nestedness and is an important component of beta diversity (Baselga 2010).
For example, in modern forests of China, spatial transitions from mixed mesophytic to more
deciduous-dominated northern hardwood forests also involve nestedness, as most tree genera of
the latter are represented in the former but by distinct species (Wang 1961). Thus temporal
transitions documented here match with spatial transitions in similar modern forest types, and
suggest that dynamics of change may be similar—reminiscent of Braun (1964)’s suggestion that

mixed mesophytic forests are the ancestors to other deciduous-dominated humid forest types.

For the SRP, nestedness across the MMCT is accompanied with a loss of several genera
in both the macrofossil and palynomorph records (Fig. 3), and a general reduction in the
evenness of WNMAs (Fig. 4B, C), in support of our hypothesis (H5). There is a disproportionate
loss among exotic, relative to remnant, taxa (Fig. 4A), including all riparian conifers, several
non-riparian conifers (e.g., Amentotaxus, Tetraclinis, Cunninghamia, and Cathaya), and many
angiosperms (e.g., Cedrela, Exbucklandia, Ilex, Liquidambar, Liriodendron, Magnolia,
Paliurius, Tilia, Cercidiphyllum, Fagus, Hydrangea, and Nyssa). However, several exotic taxa
persist, including Comptonia, Ostrya, Pterocarya, Ulmus, and Sassafras. These changes reveal a
step in the modernization of interior PNW floras during the MMCT, but show that modernization

was not completed, with late Miocene forests still fairly distinct from those in the PNW today.

Phytolith evidence indicates an increase in open-habitat grasses across the MMCT in the
SRP (Fig. 7E), suggesting a local-regional mixed grassland-forest mosaic or a relatively open
woodland. Morphotypes typical of Pooideae grasses were the most abundant among grass

phytoliths, a clade that includes Cs taxa prevalent in relatively cooler climates today, including



the PNW (Leopold and Denton 1987). Thus, phytolith and macrofossil evidence both indicate
that the MMCT represents an important step in the modernization of PNW vegetation. The
establishment of more open-habitat vegetation was likely influenced by reconstructed drying in
the SRP and potentially a shift to a more frequent fire regime (Sankaran et al. 2005; Lehmann et
al. 2014), as observed in other regions during the late Miocene (e.g., Karp et al. 2018; Loughney
et al. 2023). Lower precipitation can also lead to a greater prevalence of “slow” leaf economic
strategies (i.e., high M) (Wright et al. 2004a), and confound the positive relationship between %
evergreen and temperature seasonality (Lowe et al. In Reviewb), likely explaining why Trapper

Creek has a high M, despite having low % evergreen (Fig. 6).

Vegetation differences were observed not just between the coast and interior, but also
among the interior SRP floras. Conifer macrofossils are more abundant and diverse, and conifer
pollen more abundant, at Trapper Creek compared to Pickett Creek (Fig. 7). In addition, lobed
oaks were the most abundant leaf at Pickett Creek (56.4 %), where similarity was drawn to
California oak woodlands (Buechler et al. 2007), but are absent from Trapper Creek. Axelrod
(1964) considered Trapper Creek to represent a relatively high elevation montane conifer-
hardwood forest, and considered lobed oaks to indicate warmer lower elevations, through
comparison to MCO floras of the PNW which he considered at the time contemporaneous.
Trapper Creek and Pickett Creek offer more reliable points of comparison as both occur after the
MMCT and span two structural regions (western vs. eastern Snake River Plain), although ~1.6
million years of time separates them. It is true that, in deciduous dominated forests, lobed oaks
are less prevalent in the cooler mixed northern hardwood forests (Wang 1961; Braun 1964).

However, considering the modern distribution of all taxa identified in these two floras, and



patterns of leaf physiognomy, we find no evidence for differences temperature or precipitation

(Figs 7D, 8C), suggesting no major elevational difference.

Thus, differences in conifer diversity and relative abundance (Fig. 7), and in the
numerical dominants of foliar morphotypes and palynomorphs (Fig. 2) likely reflects spatial
heterogeneity across a region with relatively similar macroclimate. Heterogeneity may be related
to disturbance, considering differences in WNMA evenness between the two floras (Fig. 4B, C)
and evidence for relatively open habitats where fire may have been important (Sankaran et al.
2005), or minor differences in landscape position (e.g., slope aspect). Similar transitions can
occur between ecotones of oak hardwood and mixed evergreen forests in lowlands of Oregon
and California, which may offer a rough analog (Franklin and Dyrness 1973; Wolfe 1979).
Alternatively, differences may result from varying taphonomic biases (e.g., preservation,
transport), as the Pickett Creek flora occurs in a diatomite with many exceptionally preserved
fossils, while the Trapper Creek flora occurs in moderately-laminated siltstones with a poorer

quality of preservation.

In the more coastal Puget lowlands, changes in plant community composition post-MCO
is shown through dissimilarity of foliar morphotypes (presence-absence) between Vasa Park and
MCO floras (Fig. 2). While several MCO genera do not occur in the Vasa Park flora, the loss of
genera is less severe compared to the SRP (Fig. 3). For example, several exotic genera that do
not persist in the SRP occur in the warmer and wetter Vasa Park flora (Figs. 3, 4A), including
Cercidiphyllum, Fagus, Hydrangea, Ilex, Liquidambar, Nyssa, and Paulownia. Although non-
riparian conifers are also absent at Vasa Park, Taxodium occurs along with several other exotic
taxa at late Miocene floras along the western Columbia Basin (Smiley 1963; Leopold and

Denton 1987; Mustoe and Leopold 2014). Phytolith evidence from Vasa Park suggests a closed



canopy forest and of the grasses present, the relatively thermophilic PACMAD group dominated
(Fig. 7E), consistent with generally warm climate reconstructions. Given relatively cooler winter
temperatures (Fig. 8) and a reduction in the percentage of evergreen species (Fig. 6A), Vasa Park

paleovegetation is consistent with a mixed broad leaf deciduous forest (Wolfe 1979).

These results suggest a tempering of climate change near the coast influenced a less
severe loss of exotic taxa, and further points to a west-east continentality gradient. A decrease in
the percentage of evergreen species across the MMCT agrees with prior work in the PNW (Wolfe
1981) and recorded transitions of mixed mesophytic forests to broadleaf deciduous forests
throughout much of western and southwestern Eurasia (Mosbrugger et al. 2005; Syabryaj et al.
2007, Utescher et al. 2007a, b; Bruch et al. 2011; Kayseri-Ozer 2017; Kovar-Eder et al. 2021).
An increase in open habitats across the MMCT was also found in Patagonia (Dunn et al. 2015).
Lastly, our results contrast with a prior palynological study that found that volcanic disturbance
rather than climate was the primary influence of plant community change in the Columbia Basin
across the MMCT (Ebinghaus et al. 2015), and highlight the utility of combining fossil plant

types for an integrated view of local-regional paleoclimate and paleovegetation.

Global climate or regional uplift?—Changes in paleoclimates and paleovegetation
recorded across the MMCT by SRP floras may result from either global climate change or
regional uplift. Similarly, differences between the Puget lowlands and the SRP in the late
Miocene may result from coast-interior climatic gradients or regional uplift. We argue that while
the influence of regional uplift is difficult to fully dismiss, global climatic changes is a likely

driver.

Regional uplift of the Cascade Mountains has potential to affect climate of the PNW

interior, particularly through the development of a leeward rain shadow. However, timing of the



uplift of the Cascades to significant, near-modern heights is currently debated. The presence of
an arc-related volcanic chain (i.e., the “ancestral Cascades”) since at least the Oligocene time is
clear (Robinson et al. 1984; Tabor et al. 1984; du Bray and John 2011). Studies reconstructing
gradients of stable isotopic composition of precipitation across the southern Cascade axis (WA
and OR) consistently report a rainout effect in keeping with considerable topography from late
Oligocene or middle Miocene (Kohn et al. 2002; Takeuchi and Larson 2005; Bershaw et al.
2019; Pesek et al. 2020; McLean and Bershaw 2021), but not in the late Eocene to early
Oligocene (Methner et al. 2016). Integrated clays and carbonate 5'%0 point towards decreased
winter precipitation during the late Oligocene to early Miocene in the PNW, Rocky Mountains,
and Great Plains, which the authors suggest was driven by the rise of the Cascades (Kukla et al.
2022). A shift from temperate wet to arid ecosystems at 10-5 Ma in the Columbia Basin was
interpreted through gradients of pedogenic carbonate §'°C across the Cascade axis, which the
authors attribute to the rise of Cascades (Takeuchi et al. 2010). In addition, the distribution of
middle Miocene CRBs suggest that the ancestral Cascades were a prominent barrier to flow, with
CRBs crossing the Cascade axis only through the Columbia trans-arc lowland, along the present-

day Columbia River (Reidel et al. 2013a).

In contrast, post-deposition deformation of the CRBs point to significant uplift occurring
more recent than the middle Miocene (Cheney 1997), agreeing with increased exhumation rates
calculated for the late Miocene (12-8 Ma) using thermochronology methods (Reiners et al.
2002). Fossil plants offer an important opportunity to assess the strength of the rain shadow by
considering emergent effects of sensitive ecosystems. Late Miocene floras of the western
Columbia Basin share high taxonomic similarity with humid eastern US deciduous forests,

comprised of several taxa that today are known only from humid environments (e.g., 7axodium,



Liquidambar, Nyssa), and to late Miocene floras on the west side of the Cascade range (Leopold
and Denton 1987; Mustoe and Leopold 2014), including Vasa Park. Thus, paleobotanical
evidence suggest no evidence for a significant rain shadow until the latest Miocene or Pliocene.
Clearly there is a pressing need to reconcile different patterns in isotopic and palaeobotanical
studies, but we currently favor interpretations involving more direct evidence of ecosystem
impact afforded by fossil plant records, suggesting a lack of significant rain shadow from the

Cascade Mountains during the middle and late Miocene.

Alvord Creek, Pickett Creek, and Trapper Creek occur adjacent to, or within, Basin and
Range mountains (i.e., Steens Mountain, Owyhee Mountains, and Cassia Mountains,
respectively) whose uplift could have impacted local-regional climate. However, Basin and
Range extension initiated in the middle Miocene (Colgan and Henry 2009), precluding its
influence on the late Oligocene Alvord Creek flora. In addition, the ~11 Ma Jump Creek rhyolite
is exposed in higher elevations of the Owyhee Range suggesting significant post-depositional
uplift (Bonnichsen et al. 2016). Lastly, the Cassia Mountains appeared to have not been a high
elevation center during deposition of the Trapper Creek flora (Axelrod 1964), or during
deposition of the overlying Cassia Formation (Knott et al. 2016). Thus, we consider Basin and
Range mountain building as an unlikely driver of regional macroclimate patterns recorded in this

study.

Today, the Yellowstone hotspot creates a topographic swell up to 1 km in height and
~350-400 km across, driven mainly from dynamic and thermal buoyancy above the plume
(Pierce and Morgan 1990; Vogl et al. 2014), and may have driven high local-regional elevation
during late Miocene. Flexural uplift resulting from surface and mid-crustal emplacement of

dense mantle-derived magma in the eastern Snake River plain may also contribute to uplift of



basin margins (Vogl et al. 2014; Knott et al. 2016). During deposition of the Trapper Creek and
Pickett Creek floras, the Yellowstone hotspot fed the Bruneau-Jarbridge volcanic field that
occurred between them (Fig. 1; Bonnichsen et al. 2008), and may have influenced paleoelevation
in a similar manner to the hotspot today. In fact, we infer relatively high elevations for the MCO
Trout Creek flora which was situated over the hotspot in the McDermitt Volcanic Field during

the MCO (Benson et al. 2017).

Studies of exhumation based on thermochronologic methods provide important insight to
this issue. In the eastern Snake River Plain, cooling ages indicate rapid exhumation of Pioneer-
Boulder Mountains on the north margin of the Snake River Plain and a similar longitude to
Trapper Creek from 11-8 Ma (Vogl et al. 2014), but after deposition of the Trapper Creek flora
(Table 2). In the western Snake River plain where Pickett Creek occurs, mountain fronts on the
SW and NW margins show evidence for limited Miocene exhumation, suggesting that
extensional-related subsidence of the western SRP was accommodated instead by intra-basin
faulting and basalt diking (Wetzel and Stanley 2022). Detrital zircon analyses indicated the
presence of a topographic swell over the Twin Falls volcanic field by 9 Ma, but do not provide
evidence for uplift during the time of fossil deposition (Beranek et al. 2006). Lastly, Yellowstone
hotspot volcanics in the Cassia Hills (11.3 — 8.1 Ma), immediately west of the Trapper Creek site
and overlying the Beaverdam Fm., point to eruption in a topographically depressed basinal
setting, suggesting that elevated topography of the modern Yellowstone hotspot did not
characterize all Snake River plain eruptive centers (Knott et al. 2016). Thus, we conclude
relatively cooler temperatures of the SRP floras to be unlikely driven by the presence of a

hotspot-driven topographic swell.



Similar paleoclimate estimates between the two sites, which occur in two separate
structural domains (eastern vs. western SNP), may be more easily explained by a far-reaching
global climatic influence, as compared to local-regional tectonics. In addition, plant community
changes, including a reduction in exotic taxa, have been reported across the MMCT among

interior floras beyond the SRP (e.g., Axelrod 1992; Axelrod and Schorn 1994).

Rather than invoking rain shadows and other tectonic influences, differences in climate
and vegetation between the more coastal Vasa Park and interior SRP sites could potentially be
explained by coast-interior climatic gradients. Oceans are well known to buffer seasonal
variation in climate and drive coast-interior variation in temperate, particularly in winter
temperatures, but sometimes in annual temperatures as well (e.g., France to Germany). It is,
however, difficult to reconcile a lack of coast-interior gradient reconstructed for CQT (Fig. 8).
Coast-interior gradients in precipitation can be strong with progressive rain out, particularly
along the primary moisture transport vector, even without the influence of mountains and rain

shadows (e.g., southern Spain, northern France, the UK).

In summary, given thermochronologic evidence which points to limited exhumation in
the Snake River Plain during Trapper Creek and Pickett Creek deposition, similar
paleovegetation and paleoclimate estimates despite occurring in distinct structural domains, and
reports of similar plant community changes in the western US beyond the SRP, we favor the
interpretation that global climatic changes of the MMCT drove regional changes in paleoclimate
and palevegetation, that were more pronounced in the interior relative and tempered near coast,
reflecting the influence continentality of coast-interior climate gradients. These changes thus
mark important steps in the modernization of PNW climates and ecosystems. We however

recognize that patterns of paleoclimate and paleovegetation across the western US more broadly



are heterogenous and likely influenced in part by patterns of regional uplift (Stromberg 2005;

Harris et al. 2017, 2020; Kukla et al. 2022).

Conclusions

Reconstructions of plant community ecology and climate using an integrated suite of
fossil plant types within a refined temporal framework demonstrate important influences of
global Miocene climate on PNW environments. Generalizable interpretations of changes at the
MCO onset are limited by a small sample of pre-MCO sites. Nevertheless, fossil plant-based
paleoclimate estimates suggest the MCO was warmer and wetter relative to the pre-MCO Alvord
Creek site, with relatively distinct plant community composition including a greater abundance

of non-riparian conifers and lacking riparian conifers.

During the MCO, lowland PNW annual and winter temperatures were elevated relative to
modern, by ~3.7 °C, broadly agreeing with proxy compilations and modeling results of Northern
Hemisphere mid-latitudes. Precipitation was similar to the modern (wetter) west side of the
Cascade Range but was likely ever- or summer-wet. Integrated fossil evidence indicates that
MCO plant communities represented mixed mesophytic closed canopy forests and associated

swampy lacustrine margins, with some variation in dominant taxa between floras.

Global cooling of the MMCT impacted PNW climate and plant communities, with a
considerable drop in winter temperatures (by 3.0 °C) and, accordingly, the percentage of
evergreen WNMA taxa. A drop in annual temperature (by 3.7 °C) and precipitation (by 26.8
cm/yr) occurred in the PNW interior but was tempered closer to the coast, demonstrating the
influence of continentality. In the interior SRP, morphotypes (roughly equivalent to species)

record consider turnover and a general decrease of WNMA diversity, while genera present in all



but one case were also present during the MCO. A pattern of nestedness for genera, but turnover
among species, can be explained by in situ diversification or immigration of novel species within
persistent genera, a pattern found across humid deciduous forests today. Not all MCO genera
persisted across the MMCT however, and the SRP records a considerable decrease in the number
of exotic taxa, that today live in relatively warmer and wetter climates that lack summer drought,
representing an important stage in the modernization of PNW vegetation. Phytolith and pollen
evidence indicates the presence of open habitat vegetation in the SRP, consistent with regional
drying and unchanging M, despite a relatively fewer number of evergreen species. Tempered
climatic changes in the more coastal Puget lowland also tempered the loss of exotic taxa while
there, where closed canopy forests persisted with an increasing prevalence of ‘fast’ leaf
economic strategies, favored in shorter (colder winters) yet more productive (wetter) growing

s€asons.

Although there is a possibility that regional uplift in the SRP driven by the underlying
Yellowstone hotspot influenced reconstructed climatic change, we find thermochronology and
paleobotanical evidence to suggest a global climatic driver, and associated coast-interior climatic
gradients, as the most likely driver of regional change. This contrasts with previous palynological
work in the Columbia Basin, suggesting limited influence of regional climate on plant
communities across MMCT, and highlights the utility of integrating complimentary lines of

paleobotanical evidence.
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Tables and Figures

Table 1. Previous floral monographs and the starting point for constructing macrofossil
morphotype frameworks of this study.

Sites Previous floral monographs
Pickett Creek Buechler et al. (2007)

Vasa Park Dillhoff et al. (2014)

Trapper Creek Axelrod (1964)

Trout Creek MacGinitie (1933), Graham (1965)
Succor Creek (Watersnake) | Fields (1996)

Moose Mountain

Jack Wolfe in Peck et al. (1964)

Clarkia Smiley and Rember (1985), Rember (1991)

Mascall Chaney (1925), Chaney and Axelrod (1959)

Spokane Knowlton (1926), with subsequent revisions E. Berry and R.
Brown, among others.

Tuliactta Studied in part by Kirkham and Johnson (1929), Ashlee
(1932), and Gillette (1940)

Alvord Creek Axelrod (1944)

Bridge Creek (Fossil HS)

Chaney (1927), Meyer and Manchester (1997)




Table 2. Summary of new CA-IDTIMS U-Pb ages.

Site Formation Sample Weighted mean
206ph/238U ages
Pickett Creek Chalk Hills 19P2-0.00 11.372 +£0.029
Trapper Creek Tuff of Ibex Peak 21TC-T-02 12.830 £ 0.082
Mascall (White Hills) Mascall 21MF-07-T-1 bottom | 16.131 + 0.011
Succor Creek Sucker Creek 21-WS-T-01 15.546 £ 0.018
(Watersnake)'
Trout Creek Trout Creek 20TROUT-A 15.452 +0.022
20TROUT-D 15.450 £ 0.009
Moose Mountain Little Butte Volcanic 21MM-2 15.678 £0.033
Series
Clarkia (P33) Latah 19P33-2064 15.909 £ 0.016
19P33-1771 15.903 £0.041
Clarkia (P37) 19P37B-13.85 15.888 £0.013
19P37B-5.46 15.831 £ 0.009
Juliaetta Latah 19P6-A 16.577 £0.012
Alvord Creek Alvord Creek 20ALV-A 25.574 £0.042
Alvord Creek Pike Creek Volcanics 20PCV-A 25.585+0.040
Bridge Creek (Fossil HS) | John Day - 33.079 + 0.024

"Published in Schiller et al. (2024)




Table 3. Summary of sample sizes per site, including the number of macrofossil morphotypes

and macrofossil specimens assessed in this study, the number of macrofossil specimens

represented by count data (census) and the extent of stratigraphy they were pooled across (in
parenthesis). Note, some census collections were made as part of this study and others were
incorporated from previous work. Lastly, the number of pollen and phytolith samples studied and
the extent of stratigraphy pollen samples were pooled across (in parentheses); phytolith samples
are analyzed individually. F = Foliage, R = Reproductive, O = Other.

Morphotypes | Macro.
Abb. | Site F |R | O |specimens | Census :);rlr:ellles :);lrfltol;as
studied P P
1
PC | Pickett Creek |29 |14 |3 |342 7210.74m) -
VP | Vasa Park 26 |4 1 |520 - 3 (8 m) 3
TraC | Trapper Creek |31 |18 |1 |396 3797% (?) 1 2
TroC | Trout Creek 45 |27 |2 |676 52613 (~17m) | - -
Watersnake 866 (2.8 m)
WS (Succor Creek) 31 |22 |1 |1178 5(1.8m) |-
My | Moose 27 |13 541 . 14 -
Mountain
Clk | Clarkia 72 |49 1635 746 (0.3 m) 6(0.21m) |2
Mas | Mascall 49 |31 |1 |1885 794 (0.6 m) - 4
Spok | Spokane 66 [32 |3 |984 - 3(05m) |-
Jul | Juliaetta 27 |12 |1 | 1273 864 (2.8 m) 6(2.85m) |-
AC | AlvordCreek |22 |12 |1 | 1506 815 (?) 37 -
Fossil HS 5
FHS (Bridge Creek) | | | | ) ! i
Totals 4251234 | 14
Study-scale 213190 |4
morphotypes

!Counts reported in Buechler et al. (2007)

2Counts reported in Axelrod (1964)
3Counts reported in Graham (1965)

*Prepared slides provided by Robert Rosé

>Sample provided by Steven Manchester. Pollen were not well preserved and thus counts were
not made



Figure 1. Map of the Pacific Northwest and location of sites of this study with color and symbol
type denoting their occurrence in time relative to the Miocene Climatic Optimum (MCO). Major
depositional basins, physiographic provinces, and volcanic fields mentioned throughout the text
are labelled and redrawn from Reidel et al. (2013a), Benson and Mahood (2016), and Wetzl and
Stanley (2022). The location of silicic vents of the Little Butte Volcanic Series as mapped by
Peck et al. (1964) are shown by a yellow “X”. Other abbreviations are as follows: PLL — Puget
Lowland, Mtn — mountain, HS — high school, Crk — Creek, LOVF — Lake Owyhee Volcanic
Field, R — Roose Comb Caldera, MVF — McDermitt Volcanic Field, WSRP — western Snake
River Plain, ESRP — eastern Snake River Plain, BJ — Bruneau-Jarbidge Volcanic Field, TF —
Twin Falls Volcanic Field.
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Figure 2. Non-metric multidimensional scaling analysis of floral composition before, during,
and after the Miocene Climatic Optimum (MCO). Note, axes values are meaningless so are not
labelled. A-C, Analysis of foliar morphotypes in terms of (A) presence-absence, (B) relative
abundance (C) the relative abundance of woody non-monocot angiosperms (WNMA) only. D-E,
Analysis of pollen taxa in terms of (D) presence absence and (E) relative abundance. Note sites
in two cases (C, E) were excluded because very large dissimilarity made interpretations of other
sites difficult. Site abbreviations follow Table 1.
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Figure 3. Temporal occurrences and range-through plots in relation to the Miocene Climatic
Optimum (MCO; marked by the dashed line) and Middle Miocene Climatic Transition (MMCT)
as shown by trends in benthic foraminifera §'30, modified from Westerhold et al. (2020). Unique
taxa or morphotypes are arranged along the x axis and are organized by broad functional and
taxonomic groups. Occurrences of (A) foliar morphotypes, (B) genera in the macrofossil record,

and (C) pollen taxa are reported. Vasa Park is shown as a separate color to highlight divergent
trends across the MMCT.
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Figure 4. Biodiversity patterns in relation to the Miocene Climatic Optimum (MCO; marked by
the dashed line) and Middle Miocene Climatic Transition (MMCT) as shown by trends in benthic
foraminifera 8'%0, modified from Westerhold et al. (2020). Analyses include (A) the percentage
of exotic taxa and (B-C) evenness as measured by the Simpson’s Index, considering the relative
abundance of (B) all foliar morphotypes, and (C) woody non-monocot angiosperm foliage only.
Black squares and solid lines mark time bin average values.
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Figure 5. Mean climate variables for (A, C, E) extant members of taxa ascribed as either exotic
(no longer native to the US west coast) or Remnant (still native), compared to (B, D, F) the range
of modern lowland climates of the Pacific Northwest (PNW) both east and west of the Cascade
Mountains.
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Figure 6. Reconstructed ecological measures compared to values from modern plant
communities in various climate types (box plots above, data from Lowe et al. In Review), and in
relation to the Miocene Climatic Optimum (MCO; marked by the dashed line) and Middle
Miocene Climatic Transition (MMCT) as shown by trends in benthic foraminifera §'%0,
modified from Westerhold et al. (2020). A, Probability-based reconstructions of the percentage
of evergreen, relative to deciduous, non-monocot angiosperms, based on NLRs. Error bars are +1
SD of bootstrap resampled values. B, Reconstructed site mean leaf mass per area (My). C, The
correspondence between reconstructed % evergreen and mean LMA across sites of this study.
Point colors represent average mean annual precipitation estimates from this study. Black
squares and solid lines mark time bin average values.
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Figure 7. Relative abundance and diversity of plant functional groups. The dashed lines delimit
sites within the Miocene Climatic Optimum (MCO). A, The relative richness of macrofossil
morphotypes within groups, and (B) their relative abundance. C, The relative richness of pollen
taxa within similarly defined groups, and (D) their abundance. E, The relative abundance of
phytoliths identified to various functional groups, with individual samples from a site plotted
separately. WNM = woody non-monocot, Cup./Tax. = Cupressaceae/Taxaceae.
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Figure 8. Temperature reconstructions compared to the range of modern Pacific Northwest
climate values east and west of the Cascade Mountains (kernel density functions above), and in
relation to the Miocene Climatic Optimum (MCO; marked by the dashed line) and Middle
Miocene Climatic Transition (MMCT) as shown by trends in benthic foraminifera §'%0,
modified from Westerhold et al. (2020). A-B, Mean annual temperature reconstructions from leaf
physiognomy proxies, including (A) equations reported in Peppe et al. (2011), including
multiple- (i.e., digital leaf physiognomy [DiLP]) and single (i.e., leaf margin analysis [LMA])
regression models reported in Peppe et al. (2011), and (B) LMA equation reported in Wing and
Greenwood (1993), incorporating a published margin percentage from Fossil HS reported in
Meyer and Manchester (1997) as the oldest point. C-D, Temperature reconstructions from the
Bioclimatic Analysis (BA) proxy, for (C) mean annual temperature, and (D) cold quarter
temperature. Site abbreviations follow Table 1.

@ DILP (MLR)

® LMA (SLR) ~/\_ Modern: W. of Cascades
B.A . 0\ Modern: E. of Cascades
Time bin average

Wing and Greenwood

Mco' MMCT

Oliogcene

E ]

0 5
Cold quarter
temperature (°C)

G|0ba| 5 10 15 20 5 10 15 20 5 10 15
marine o
Mean annual temperature (°C)




Figure 9. Precipitation reconstructions compared to the range of modern Pacific Northwest
values east and west of the Cascade Mountains (kernel density functions above), and in relation
to the Miocene Climatic Optimum (MCO; marked by the dashed line) and Middle Miocene
Climatic Transition (MMCT) as shown by trends in benthic foraminifera §'30, modified from
Westerhold et al. (2020). A-B, Mean annual precipitation reconstructions from leaf physiognomy
proxies, including (A) equations reported in Peppe et al. (2011), including multiple- (i.e., digital
leaf physiognomy [DiLP]) and single (i.e., leaf area analysis [LAA]) regression models reported
in Peppe et al. (2011), and (B) LAA equation reported in Wilf et al. (1998). C, Mean annual
precipitations reconstructions from the Bioclimatic Analysis (BA) proxy. Site abbreviations
follow Table 1.
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Conclusions and Outstanding Questions

Naturally, results and conclusions from studies of this dissertation have identified several
additional knowledge gaps and spurred additional research questions. This section summarizes

these outstanding questions and in many cases proposes potential ways to address them.

Petiole Metric and Leaf Mass per Area

First, there is still much to be understood regarding the petiole metric (PM) and leaf mass
per area relationship (LMA). For example, in Chapter 2, we found weak correlation between PM
and LMA among species, and an in-significant relationship among deciduous species only. In a
quick analysis isolating sites included in Chapter 1, I find that PM and LMA do not correlate at
the species-scale within ~25% of sites. This raises important questions about the scalability of
PM-LMA relationships, and in what contexts the relationship is strongest and most reliably
applied. For example, I wonder the extent to which low- and high-end outliers are responsible for
influencing the significance of PM-LMA relationships. In considering high LMA and PM
outliers, we have found they are often characterized by very small leaves. This could very well
be an ecological and meaningful co-variance but petiole diameter may respond non-linearly to
leaf mass and this low end of the spectrum. I think tests of relationships within taxonomic
groups, plant functional types, and plants living in various climate and vegetation types, would
help clarify this issue. In addition, biomechanical models are now much more sophisticated than
those originally cited by Royer et al. (2007), and applying these models would help resolve the

biomechanical significance of the LMA-PM relationship.

For PM measurements on fossil leaves, leaf area is often reconstructed on incomplete
leaves, as completely preserved fossil leaves are often rare. To my knowledge, the sensitivity of

PM measurements and LMA reconstructions to error introduced to leaf area measurements



during reconstruction has not been quantified, leaving some uncertainty inherent to the method
unconstrained. This could be addressed through a study creating artificial damage to modern
leaves through digital manipulation and having a paleobotanist digitally reconstruct that damage
as they would a fossil leaf, and then compare subsequent PM measurements and LMA
reconstructions to those where the leaf was not altered. Another consideration is the applicability
of PM-LMA relationships in leaves having a pulvinus (e.g., leaflets of Fabaceae), which are
often swollen relative to standard petiole types. LMA has been reconstructed from Fabaceae
leaflets by several previous paleobotanical publications (e.g., Currano et al. 2010), including in

our Chapter 3, but the reliability of such reconstructions needs to be quantitatively demonstrated.

Chapter 1 and 2 studied leaves sampled from standing vegetation, accounting for
potential taphonomic influence only through the targeted sampling of sun leaves. Taphonomic
biases, including those related to differential production, transportability (in air, overland, and in
water), susceptibility to physical, biological, and chemical degradation, and fossil sampling are
missing from the samples (e.g., Greenwood 1991). Although our studies represent an important
perspective for the starting point of fossil assemblages, minimal representation of taphonomic
biases raises an important question—once these taphonomic biases are imparted, do results of
our studies still apply? Leaf litter collections incorporate production and some transport and
degradation biases and have often been used as a fossil analog given their ease of collection and
study (e.g., Burnham et al. 1992; Greenwood 1992). For Chapter 2, we collected leaf litter at all
stands (except the 4 yo stand), which are currently being studied by members of Dr. Ellen
Currano’s lab (University of Wyoming) and will offer important perspective. In addition, brueid
“leaf pack” assemblages sampled from stream banks or lake bottoms represent additional steps in

transport, degradation, and burial, and offer an even closer analog to fossil leaf assemblages



(e.g., Spicer and Wolfe 1987; Azevedo-Schmidt et al. 2022). Future work studying patterns in
LMA and PM from these assemblages, in relation to the forest they were sourced from, will offer
critical insight into the question of how well these traits measured in fossil assemblages reflect
the measurements made from standing vegetation in our Chapter 1 and 2 studies. An additional
taphonomic bias worth considering is how either leaf shrinkage during drying (e.g., Blonder et
al. 2012) or petiole flattening during burial and fossilization, skew petiole metric measurements.
The influence of petiole flattening would be difficult to test but could potentially be done through
experimental studies placing leaves into a hydraulic press and applying reasonable ranges of

burial pressure.

Lastly, in preliminary analyses of data included in Chapter 1, we found that (although not
included in the publication), in warm temperate dry-summer climates (i.e., Mediterranean
climates), woody non-monocot angiosperms (WNMAs) that occur in conifer-dominated forest
types had lower LMA and those occurring in WNMA-dominated forest types. This preliminary
result is consistent with niche partitioning as conifers typically represent “slower” resource
acquisition strategies (e.g., Brodribb et al. 2012), and thus low LMA angiosperms fill “faster”
resource acquisition niches. This would suggest that site-level reconstructions of LMA using
WNMAs may offer a biased perspective for whole communities in these conifer-dominated
forest types, and largely preclude the ability to scale to ecosystem-level inference. This question
could be addressed through a global study of LMA in warm temperate sites classified as

angiosperm- or conifer-dominated.

Leaf Traits Across Succession

Results from Chapter 2 showed that the leaf economic spectrum may apply in deciduous-

dominated temperate forests among WNMAs, with lower LMA trees more prevalent in early,



compared to late, succession. This result conflicts with several previous studies showing shade
tolerant species (typical of late succession) often have lower LMA than shade intolerant species
(typical or early to middle succession) (Niinemets and Kull 1994; Niinemets et al. 1998; Aranda
et al. 2004; Hallik et al. 2009). In this chapter, we provided some reservation to this
interpretation given our limited sample size and suggested further work at the community-scale
to determine how universal our results were for deciduous-dominated temperate forests. This
may be accomplished more broad characterizations of forests into old growth and
disturbed/secondary rather than a continuous chronosequence design as in our study. Regardless,
I feel in situ measurements of entire tree communities are critical in obtaining the most reliably

interpretable results.

We found that the presence/absence of high LMA and evergreen WNMA outliers drove
both LMA and PM patterns across succession, and the correlation between the two. This suggests
that, more generally, LMA and PM patterns among WNMAs in humid temperate forests may be
primarily driven by patterns in the % of evergreen species present. Thus, an understanding on the
controls on the diversity of evergreen WNMAs across this forest type is critical to interpretations
of reconstructed LMA in the fossil record. As there is little intraspecific variability of leaf habit
(deciduous vs. evergreen) in temperate forests, such a study could be conducted from plot

vegetation census data, without the need for in situ leaf measurements.

In Chapter 2, we also found that tree species more often had toothed leaves in early,
compared to late, succession. This same pattern was found in a tropical rainforest (Kappelle and
Leal 1996). The applicability of these results to interpretations of the fossil record requires a
strong functional tie between leaf teeth, fitness, and ecology. Despite much previous work, the

primary function of leaf teeth (and leaf lobes) is debated (e.g., Edwards et al. 2016; Givnish and



Kriebel 2017), and additional insight would strengthen the confidence in applying leaf teeth as a
paleoecological (and paleoclimatological) tool. Previous authors have questioned whether
enhanced carbon gain in the early growing season, as afforded by enhanced photosynthetic and
transpiration rates, would contribute meaningfully to the plants annual carbon budget (e.g.,
Edwards et al. 2016; Givnish and Kriebel 2017). I find this question critical to the leaf gas
exchange hypothesis for leaf teeth function (e.g., Royer and Wilf 2006) and the question could
be reasonably tested through photosynthesis and carbon budget modeling. The functional
significance of leaf shape characteristics beyond teeth, including leaf circularity and lobiness is
of additional interest to both modern- and paleobotanists and are easily measurable on fossil
leaves. Although these traits showed less meaningful patterns in our Chapter 2 study, they have
been shown to vary significantly with climate (Peppe et al. 2011), and are known to effect leaf
boundary layer thickness and thermoregulation (e.g., Leigh et al. 2017) and vary across climate
types (Peppe et al. 2011). State-of-the-art physical and thermodynamic models of leaf surfaces,
combined with a resolved understanding of leaf shape variation in various climate and
environment types, may provide critical insights to the ecophysiology of leaf shape and permit
the greater use of leaf morphology as a paleoecological tool. Environmental controls on
measures of leaf morphological diversity have been explored by only a few recent studies (e.g.,
Roth-Nebelsick and Traiser 2024), and even fewer calculate morphological diversity using
quantitative (rather than categorical) traits—offering an additional and interesting avenue of

research.

In Chapter 2, we found that leaf morphology patterns among trees (DBH > 10 cm) vs. the
entire community (trees + species restricted to the understory) were divergent across succession.

This result forced us to consider which data analysis method was more applicable to the fossil



record. We suggested that patterns among trees are likely most applicable to ancient forested
vegetation given the relationship between leaf litter abundance and stem basal area, reflecting the
greater number of leaves produced by trees (Burnham et al. 1992; Steart et al. 2005). However,
fossils allied to shrubs from ancient forested vegetation have been reported by several previous
authors and may turn up in well sampled assemblages (e.g., Chaney and Axelrod 1959; Wolfe
and Wehr 1987). Leaf litter collections from Chapter 2 stands, currently in study by Dr. Ellen
Currano’s lab, can be used to partially test this question by determining if leaves from those

species occurring only in the understory are represented.

Paleoecology and the Pacific Northwest Neogene

Many important questions remain regarding our work in the Neogene of the Pacific
Northwest (PNW; Chapter 3). First, there are a plethora of taxonomic investigations and
nomenclatural revisions still needed. These are in most cases acknowledged in supporting
documents not included in this dissertation, but which we plan to upload to a publicly available
database in the near future. The number of sites included in our study was limited by time, and a
bolstering of this sample set would improve temporal and spatial resolution. For example, while
the MCO is well represented in sites of this study, pre-MCO conditions are poorly resolved and
leaves outstanding questions regarding the MCO onset. Early Miocene rocks in eastern
Washington and Oregon are rare, although a collection of fossil sites in the western Cascades of
Oregon occur in a region of complicated geology, but are thought to be roughly early Miocene in
age (Peck et al. 1964; Wolfe 1969). These floras would benefit from more reliable radiometric
dating and further investigation, and exploration of potentially early Miocene rock exposures in
the PNW may reveal new fossil floras. In addition, we have yet only incorporated three post-

MCO sites. Our preliminary results reveal a coastal-interior gradient of continentality in several



paleoclimate and paleovegetation metrics. Understanding this gradient will benefit by inclusion
of several more late Miocene sites, spanning a more continuous east-west gradient—for example,
the late Miocene floras of the western Columbia Basin (Smiley 1963; Mustoe and Leopold

2014).

In our Chapter 3 discussion, we consider whether differences found in the Snake River
Plain floras result from global climatic change, regional uplift associated with the Yellowstone
hotspot, or taphonomic biases. While we find a global climatic driver most likely, it is difficult
rule the other potential influences with certainty. The inclusion of additional late Miocene sites in
the interior PNW outside the Snake River Plain, and late Miocene coastal lacustrine sites (Vasa
Park is fluvial) would help clarify these issues. In addition, quantification of continental
gradients of climate in analogous modern environments would help evaluate the feasibility of a
global climatic driver acting alone. Lastly, a strong spatial sampling of late Miocene conditions
will also help understand potential heterogeneity occurring between the PNW, Rocky Mountain
region, and the northern Great Plains (e.g., Stromberg 2005; Harris et al. 2017; Kukla et al.

2022).

Several improvements and questions remain regarding methodology. For example, the
method used to reconstruct the percentage of WNMA species in Chapter 3 requires
improvement. For many of the genera, we only have included leaf habit information for a limited
number of species as only those species were represented in the TRY database. This dataset can
be bolstered by referencing regional floras for assignment of leaf habit and, for our purposes,
potentially filtering to only include species living in temperate Northern Hemisphere climates.

Ancestral state reconstructions may also be useful for considering if modern percent evergreen



calculations are biased by anonymously cool global temperatures characterizing the last ~3

million years.

Weighting site level calculations by abundance is well practiced in modern ecology to
better reflect to community at large and for more reliable scaling to ecosystem processes (e.g.,
Enquist et al. 2015). Such practice would benefit calculations of site mean in paleobotanical
studies as well, but there is limited understanding for how fossil census counts reflect numerical
abundance in the source forest. While the number of leaves in forest floor litter best reflect stem
basal area (the measure also most commonly used by modern ecologists for abundance
weighting) the correspondence is not perfect and the uncertainty introduced through such a
practice is not well constrained (Burnham et al. 1992; Steart et al. 2005). Additional insight may
be gained through application to a specific morphological variable. For example, one could
compare the reconstructed LMA mean of a leaf litter or leaf pack assemblage weighted by leaf
counts, to the reconstructed LM A mean of standing vegetation weighted by stem basal area. Is
the correspondence between the two any better than if LMA mean of the leaf litter/pack

assemblage is not weighted at all?

Paleobotanical and stable isotope geochemical evidence are in conflict regarding the
timing of the uplift of the Cascade Mountains, and reconciling these two types of evidence is
needed. Stable isotopic studies usually show a rainout effect thought to be caused by significant
Cascade topography occurring since the Oligocene, and certainly in place during the middle
Miocene (e.g., Kohn et al. 2002; Takeuchi and Larson 2005; Bershaw et al. 2019; Pesek et al.
2020; McLean and Bershaw 2021). In contrast, paleobotanical records show no evidence for
strong differences in floras on the east vs. west side of the Cascades, revealing little impact to

terrestrial ecosystems until the latest Miocene or Pliocene (Smiley 1963; Leopold and Denton



1987; Mustoe and Leopold 2014). Geochemical studies have argued that because fossil plants are
biased to flood plain environments where water availability is high, they are less sensitive
recorders of regional hydroclimate beyond the flood plains. For example, Kukla et al. (2022)
suggests that an open habitat transition occurred in the PNW during the late Oligocene - middle
Miocene and paleobotanical evidence of forests reflect flood plains environments, not drier and
more open habitats beyond the flood plain. I think this question of the sensitivity of plant fossil
records to regional hydroclimate is of critical importance and needs to be explicitly addressed.
One potential way to assess this is by considering biodiversity—can such diverse forests, as
those reconstructed from MCO plant records, be restricted to only the flood plain? One could
quantify the richness of woody plants in flood plains of grasslands or consider what traits or
conditions characterize those flood plain forests, and if they can be assessed from the fossil

record.

Similarity, stable isotope geochemical evidence has suggested summer-dry conditions
that characterize the PN'W today were in place as far back as the Oligocene (Kukla et al. 2022),
in contrast with palaeobotanical evidence suggesting summer-wet or ever-wet conditions until
late Miocene or Pliocene. A change in forest type and reduction in exotic species (including
riparian conifers) in the Snake River Plain, as reconstructed in Chapter 3, likely results from a
reduction in rainfall, but provide no reliable evidence to discern if the reduction was in annual
rainfall or just summer rain fall. The summer-dry precipitation regime today is driven by the
Northeast Pacific High, just west of California, and the Aleutian Low. In summer, low pressure
systems are typically centered on land due to colder continents, the Aleutian Low is then very
weak, while the Northeast Pacific High is centered more north and is much stronger. As a result,

westerly winds are deflected northward around the cell into Canada. In winter, low pressure



centers typically develop over colder oceans and the Aleutian Low becomes much stronger,
while the Northeast Pacific High weakens and migrates farther south. As a result, westerly winds
track storms sourced from the tropical Pacific and precipitation into the Pacific Northwest of the
U.S. (Lyle et al. 2008). Thus, the questions of when and why a PNW summer-dry climate type
established would benefit from collaboration with paleoclimatologists and paleo-oceanographers,
and by considering how decreased latitudinal temperature gradients in the Miocene may have
impacted the presence and location of these pressure centers. In addition, as stated above,
providing addition empirical evidence demonstrating that fossil plant records can reliably inform
the presence or absence of a summer-dry precipitation regime is critical for providing

paleobotanical evidence on the issue.
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