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Extended Data Fig. 5| Cumulative occupation of the venation architectural
spaces for different plant clades over the geological time. First (PC1) and
second (PC2) principal components of leaf venation architecture traits (VD, MST,
ER, CR) at three vein sizes (small, medium, large) across plant clades. (a) Present;
(b) Smillionyears ago (Ma); (c) 25 Ma; (d) 50 Ma; (e) 75 Ma; (f) 100 Ma; (g) 150 Ma;
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(h) 200 Maj; (i) 250 Ma; (j) 300 Ma; (k) 350 Ma; (1) PCA loadings separated from the
PCA scored for ease of visualization. 95% confidence ellipses enclose the data at
each clade. Colored insertsillustrate some of the changes in architectural designs
over time.
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Extended Data Fig. 6 | Results of time-series analysis for identifying potential
abiotic (global CO, atmospheric concentration and global mean temperature)
and biotic (insect diversification rates) drivers of leaf venation architecture
evolutionin vascular plants. Vein density (VD, mm mm™) of small (a-c) and
medium (d-f) veins; Minimum spanning tree ratio (MST) of small (g-i) and
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medium (j-1) veins; Loop circularity ratio (CR) of small (m-0) and medium (p-r)
veins; Disparity metrics of sum of variances (s-u) and median of centroids (v-y).
Venation traits (VD, MST, CR) depicted in a-r were obtained by collating ancestral
state estimates at the phylogenetic tree internal nodes to measured trait values
atthetreetips.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
>~
[5)

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | GIMP version 2.10.32 (https://www.gimp.org/downloads/) and Image) version 1.53t (https://imagej.nih.gov/) were used to pre-process all
leaf images. Leaf venation segmentation and calculation of venation architectural traits were conducted in LeafVeinCNN program versions
1.0.758 and 2.1243.

Data analysis All analyses were carried out using R version 4.3.1. R-scripts to reproduce all analysis are publicly available on Zenodo (10.5281/
zenodo.13300782).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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Data to reproduce all analysis will be made publicly available on Zenodo (10.5281/zenodo.13300782)65 upon acceptance of this manuscript. The original cleared




leaf images, leaf masks, extracted networks, and all LeafVeinCNN outputs for the 122 leaf samples collected at the University of California Botanical Garden at
Berkeley are available at doi: 10.5061/dryad.1g1jwsv3666. Network segmentations and leaf masks of all other 878 samples are available at 10.5281/
zen0do.13300782, as well as high-resolution cleared leaf images from Ecuador, Costa Rica, and University of California Museum of Paleontology collections. Original
leaf cleared images of all other extant species are available at Wilf collection https://phytokeys.pensoft.net/article/72350/, Smithsonian National Cleared Leaf
Collection https://collections.peabody.yale.edu/pb/nclc/. Original fossil leaf images are publicly available at https://peabody.yale.edu/; www.gbif.org; https://
www.museumfuernaturkunde.berlin/; https://ucmpdb.berkeley.edu/, https://www.floridamuseum.ufl.edu/, https://search.museums.ualberta.ca/, https://
ucmp.berkeley.edu/collections/paleobotany-collection/, https://phytokeys.pensoft.net/article/72350/,https://doi.org/10.1016/.palwor.2017.01.003, https://
doi.org/10.1080/14772019.2014.936974, https://doi.org/10.1080/11035890902857846, https://doi.org/10.1016/j.revpalbo.2009.08.004, https://doi.org/10.1016/
j.revpalbo.2017.08.003, https://doi.org/10.1515/acpa-2017-0012, https://api.semanticscholar.org/CorpusID:135128574. World Plants (https://worldplants.de/),
Paleobiology (https://paleobiodb.org/) and Fossilworks (fossilworks.org) databases were used to standardize species names. TimeTree: the timescale of life (https://
timetree.org/) database was used to recalibrate the age of internal nodes of the phylogenetic tree.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Does not apply

Reporting on race, ethnicity, or  Does not apply
other socially relevant

groupings

Population characteristics Does not apply
Recruitment Does not apply
Ethics oversight Does not apply

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences IZ Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We used data from 1,000 extant and extinct plants to phylogenetically reconstruct ca. 400 Myr of venation evolutionary dynamics
across plant clades and vein sizes. Leaf cleared images (extant species) and leaf fossil impressions (extinct species) were gathered
from different collections. LeafVeinCNN program was used to segment the venation network and to calculate key venation
architectural traits at multiple vein sizes. Standard R-packages were used to create a phylogenetic tree for all 1,000 taxa. Next,
phylogenetic ridge regressions were used to investigate evolutionary trends in those architectural traits across the geological time,
plant clades, and vein sizes. Disparity analysis were used to evaluate patterns of trait diversification over time. Generalized least
squares regression analysis was used to identify protential abiotic and biotic drivers of leaf venation evolution.

Research sample 1,000 phylogenetically distinct extant and extinct plant taxa. The original cleared leaf images, leaf masks, extracted networks an all
LeafVeinCNN outputs for the 122 leaf samples collected at the University of California Botanical Garden at Berkeley are available at
doi: 10.5061/dryad.1g1jwsv3666. Network segmentations and leaf masks of all other 878 samples are available at 10.5281/
zenodo.13300782, as well as high-resolution cleared leaf images from Ecuador, Costa Rica, and University of California Museum of
Paleontology collections. Original leaf cleared images of all other extant species are available at Wilf collection https://
phytokeys.pensoft.net/article/72350/, Smithsonian National Cleared Leaf Collection https://collections.peabody.yale.edu/pb/nclc/.
Original fossil leaf images are publicly available at https://peabody.yale.edu/; www.gbif.org; https://
www.museumfuernaturkunde.berlin/; https://ucmpdb.berkeley.edu/, https://www.floridamuseum.ufl.edu/, https://
search.museums.ualberta.ca/, https://ucmp.berkeley.edu/collections/paleobotany-collection/, https://phytokeys.pensoft.net/
article/72350/,https://doi.org/10.1016/j.palwor.2017.01.003, https://doi.org/10.1080/14772019.2014.936974, https://
doi.org/10.1080/11035890902857846, https://doi.org/10.1016/j.revpalbo.2009.08.004, https://doi.org/10.1016/
j.revpalbo.2017.08.003, https://doi.org/10.1515/acpa-2017-0012, https://api.semanticscholar.org/Corpus|D:135128574. World
Plants (https://worldplants.de/), Paleobiology (https://paleobiodb.org/) and Fossilworks (fossilworks.org) databases were used to
standardize species names. TimeTree: the timescale of life (https://timetree.org/) database was used to recalibrate the age of
internal nodes of the phylogenetic tree.

Sampling strategy We gathered leaf cleared images of extant plant taxa and leaf fossil impressions of extinct taxa from diverse collections. We selected
images with good enough resolution to observe minor veins. Our sampling strategy aimed to maximize the number of plant families/
orders investigated and to balance the number of taxa per clade.
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Data collection Images of cleared leaves and fossil leaf impressions were gathered from duverse databases listed above.

Timing and spatial scale ' Leafimages were gathered from diverse databases/collections from 2021-2023.

Data exclusions Our initial database of pre-selected leaf images was over representing the rosids clade. So ~100 leaf images in this clade were
excluded to result in a more balanced sampling size across clades. We excluded congeneric species whole leaf images had lower

resolution and/or more damages (e.g. folds, bubbles, herbivory damage).

Reproducibility Uncertainty in tips and nodes ages were accounted for in our analysis via bootstrapping methods using the "ovefitRR" function from
the "RRphylo" R-package.

Randomization Our analysis were conducted for the whole phylogenetic tree or for each major plant clade. The most updated phylogenetic
classification was used to separate species into clades. Segmented veins were classified into 3 size classes (small, medium, and large).
Because the range of vein widths largely vary across leaf samples and many samples exhibit vein tapering (i.e. veins become gradually
smaller), there was no easy way to assign each segmented vein to a specific vein order. Thus, instead of using vein orders, we

classified vein widths into 3 size classes based on their relative sizes.

Blinding Not relevant.

Did the study involve field work? |:| Yes |Z| No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies & D ChlP-seq
Eukaryotic cell lines & D Flow cytometry
Palaeontology and archaeology IZ |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Palaeontology and Archaeology

Specimen provenance Leaf fossil impression images used in this study were obtained from publicly available collections or databases.

Specimen deposition Original fossil leaf images are publicly available at https://peabody.yale.edu/; www.gbif.org; https://
www.museumfuernaturkunde.berlin/; https://ucmpdb.berkeley.edu/, https://www.floridamuseum.ufl.edu/, https://
search.museums.ualberta.ca/, https://ucmp.berkeley.edu/collections/paleobotany-collection/, https://phytokeys.pensoft.net/
article/72350/,https://doi.org/10.1016/j.palwor.2017.01.003, https://doi.org/10.1080/14772019.2014.936974, https://
doi.org/10.1080/11035890902857846, https://doi.org/10.1016/j.revpalbo.2009.08.004, https://doi.org/10.1016/
j.revpalbo.2017.08.003, https://doi.org/10.1515/acpa-2017-0012, https://api.semanticscholar.org/CorpusiD:135128574.

Dating methods Fossil species approximate least appearance ages were obtained from Paleobiology and Fossilworks databases.
|Z| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight No ethical approval was required for this study, as it did not involve collection of any new plant/fossil material.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Dual use research of concern

Policy information about dual use research of concern
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Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

D National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

Plants

Seed stocks This study did not use any live plant material. It only used cleared leaf or fossil compression images already archived in publicly
available collections/databases.

Novel plant genotypes  Does not apply.

Authentication Does not apply.






