Extended data for “The geological history of plant mass extinction and terrestrial ecosystem collapse”

Extended Table 1. Definitions of mass extinction and ecosystem collapse, past and present.
	 Mass extinction     
	Category
	Source     

	Family- and stage-scale extinction rates significantly exceed background rates, exceeding the upper bound of the linear extinction rate confidence interval (CI; see citation).
	Deep times; marine vertebrate, invertebrate, and protozoan genera, families, and orders; plant families; plant genera and families.
	CI 95%1  
CI 99%2,3

	Intervals when extinction rates are episodically much higher than the background extinction rate (i.e., 100 to 1000 times higher).
	Contemporary times; terrestrial animal and plant species.
	4,5

	
Background extinction rates vary
from <1% to 25% per million years; therefore, turnover above 25% indicates mass extinction.
	Deep times; Marine invertebrate and plant species.
	
6,7


	Events showing distinct peaks in magnitude and rate of extinction, independent of tabulation method.
	Deep times; Marine animal genera.
	8

	Generic diversity loss >35% and species loss >75% (Extended Table 2).
	All times. Marine and terrestrial animal and plant species
	9

	Increased rate of global extinction of higher taxa in several biological groups. The author notes “there is no satisfactory way to provide a universally applicable quantitative definition of a mass extinction.”
	Deep times; marine genera.
	10

	Species extinction rate of 2.3 per year exceeds background rates of past 250 years.
	Contemporary times. 
	11


	An estimated species extinction over 75% (for a major mass extinction). 
	Deep times; marine invertebrate species.
	12

	IUCN Red List of Threatened Species—“critically endangered”, “endangered” and “vulnerable”— small global population sizes (<250, <2500, and <10,000 individuals, respectively) very small geographic ranges (<20,000 km2) restricted (<50, <250, and <1000 individuals in their subpopulations, respectively) or extremely fluctuating population numbers. 
	Contemporary times; all taxa and environments
	13

	Ecosystem collapse (modern)     
	
	

	IUCN Red List of Ecosystems—“Biotic or abiotic features…diagnostic components of the characteristic native biota are lost from the [ecosystem]” or “functional components (biota that perform key roles in ecosystem organisation) are greatly reduced in abundance.” 
[image: Ein Bild, das Screenshot, Kreis, Text enthält.

KI-generierte Inhalte können fehlerhaft sein.]
Extended Table 1 Figure. Schematic diagram of ecosystem collapse (modified from 14). In the IUCN Red List of Ecosystems model, natural variability in ecosystem composition over time and space is captured by the transition from any state to another within the green shaded area (e.g., i to ii to iii, etc.) without the loss of the key defining features of that ecosystem. The model predicts two distinct hypotheses of ecosystem collapse: 1, when the ecosystem composition permanently transitions to an ecospace that falls well outside that defined by natural variability (here represented by three different novel, post-collapse ecospace sectors in orange); or 2, when the range of ecosystem composition permanently expands the ecospace, while still encompassing the natural variability of the pre-collapse ecosystem (here represented by the red dashed oval).

	Contemporary times; all taxa and environments
	14

	Ecosystem collapse (past terrestrial biotas)
	
	

	Ecosystem collapse in the plant fossil record – measured by a substantial and permanent reduction in the relative abundances of the dominant plant taxa and/or change in the palaeoecosystem occupied ecospace within a geologically short timeframe—based on a time-series of plant macro- and/or microfossil assemblage records (Fig. 4, details in main text).
	Deep times; plant species or genera
	This paper




Extended Table 2. Arguments and counter arguments for mass extinction.
	Mass Extinction
	Published study & main conclusions
	Method of study 
	Counter-arguments

	Late Devonian extinction interval
	Prestianni et al. (2016)15

From the latest Devonian to c. 5 million years after the Devonian-Carboniferous boundary (DCB): “…we postulate that beside the disappearance of Archaeopteris there has been a continuous diversification of lignophyte taxa before and after the DCB. The available information for other plant taxa… indicate similar continuous diversification.” 
	Qualitative literature review of the plant macro and microfossil records of the Devonian-Carboniferous boundary.
	While there may be a significant sampling and/or paucity following the DCB, there is no reason to argue that c. 4–5 million years was an insufficient timeframe to allow immigration from refugia and/or in situ speciation to occur leading to the observed increase in richness and disparity after the LDME (see 16 for a timeline of the post-LDME radiation). Speciation via polyploidy, for example, can be instantaneous. Additionally, there are many examples of rapid speciation and adaptive radiations in plants since the Pliocene (last 5.33 million years).


	End-Permian extinction event
	Nowak et al. (2019)17 

“No mass extinction for land plants at the Permian–Triassic transition.”

	Database of plant macro- and microfloral occurrence  records from the late Permian (Lopingian) to Middle Triassic. Taxon occurrences were binned by stage. Metrics used to support conclusions: (1) taxon extinctions, originations, and total turnover (originations + extinctions) per million years; and (2) taxon richness per stage, with sampling effort standardized by shareholder quorum subsampling.
	Total diversity, even when standardized for duration length and sampling intensity, cannot provide a direct gauge of a mass extinction. Total diversity may be inflated by a pulse of originations, owing to ecological vacancy and adaptive radiation in the wake of a mass extinction thus elevated extinction rate is most appropriate18.

Presented estimates of extinction rates (fig. 2 in 17) show a major increase during the end-Permian interval (although these were not standardized for sampling effort). Specifically, the macrofossil genus extinction rate (per million years) was >2.5 times the background extinction rate. Here, background rate was calculated as the mean of all other stages for which data were compiled, and all rates were calculated with the updated stage durations19.

Emphasis on spore-pollen diversity is problematic: (1) Palynomorphs can have poor taxonomic resolution, with individual taxa representing much larger plant clades20 that can obscure species- or even genus-level extinctions. (2) Reworking of microfossils — as might be expected following a major deforestation event21 and enhanced erosion will inflate apparent diversity. (3) Post-event low-density vegetation would result in broader spore-pollen catchment areas. This would promote the collection of distal elements, further increasing apparent diversity. In contrast, relatively rare distal (and reworked) palynomorphs would be obscured among pre-event assemblages by the overwhelming abundances of local (and contemporaneous) plants.

Inadequate standardization of taxonomic synonymy, which can have major impacts on biodiversity trends22,e.g., Dicroidium, Pteruchus and Umkomasia represent different organ taxa that co-occur on the same plant (macrofossils), Ginkgocycadophytus = Cycadopites, Alisporites ~ Falcisporites (microfossils).

	
	Rees (2002)23

A global end-Permian diversity loss of plants is best explained by biases in taphonomy (geography, climate, fossil preservation), not by catastrophic events.
	Global compilation of Permian and Triassic plant genera and localities, binned into chronostratigraphic stages and six broad palaeogeographic regions. Trends of diversity and the quantity of fossil localities were compared.
	As per 17, the metric used for this conclusion (stage-level diversity) is not the most valid, since net diversity tells us little about the ecological composition of the post-extinction flora. Global last occurrences (~extinctions) are the most appropriate metric for determining whether extinction rate was anomalously high.

Diversity estimates were not standardized by stage duration or sampling effort and it is not clear that taxonomic standardization was conducted to minimize record duplication (e.g., multiple organ taxa of the same plant).

	End-Triassic extinction event
	Barbacka et al. (2017)24

“No significant change in plant composition at the Triassic-Jurassic boundary” and “no taxonomic restructuring” of microfloras at the Triassic-Jurassic boundary.
	Stage-level range-through analysis of (1) microfloral presence/absence data of higher taxonomic groups (mixed taxonomic rank > family) and (2) species-level combined micro- and macrofloral presence/absence data.
	The higher-level taxonomic analyses cannot resolve species-level changes which are substantial (e.g., 25,26).

The taxon range-through approaches used assume that if a taxon is observed at the base and end of a stage then it was present throughout the stage and punctuated extirpations cannot be detected.

Barbacka et al.24 show that 47% of macrofossil species and 43% pollen and spore species from the combined datasets of 105 localities from Europe and Greenland do not cross the Triassic-Jurassic boundary despite the Rhaetian-Hettangian stages being the best sampled intervals in the Triassic and Jurassic periods. This represents a major regional scale extirpation or extinction associated with the end-Triassic. 

	
	Lukas and Tanner (2018)27

“The end of the Triassic encompassed temporary disruptions of the marine and terrestrial ecosystems, driven by the environmental effects of the eruption of the flood basalts of the Circum-Atlantic Magmatic Province (CAMP)”...”but these disruptions did not produce a global mass extinction.”

	Qualitative review of selected literature
	Lucas and Tanner27 incorporated a requirement of ‘suddenness’ and singularity (e.g., that a mass extinction cannot have multiple episodes of extinction within a stage) in their definition of mass extinction. The former criterion is not defined, and the latter is contradicted by other mass extinctions that exhibit two or more pulses (e.g., the EPE28 and LDE29).

The authors27 argue that high extinction rates and ecological compositional changes observed at most well-preserved TJB sections with plant fossils (macro and/or micro) are due to unconformities rather than evidence for truly elevated extinction levels. Taphonomic, sedimentological, stratigraphic and palaeobotanical analyses provide no support for such conclusions25,30,31.

The authors argue that observed compositional changes and extinction are merely local or regional effects rather than global evidence of extinction. Contemporary plant conservation science demonstrates that local and global extinction threat assessments mirror each other32 weakening this argument.

	
	Cascales-Miñana and Cleal (2014)2

Family-level diversity loss was within background extinction rates (determined by 99% confidence intervals).

	Stage-level analysis of plant families over the Phanerozoic based on presence/absence data.
	Same counterarguments raised for the arguments against the end-Cretaceous event (see above), namely: exclusion of rare plant groups and low-latitude assemblages, coarse taxonomic and temporal resolution cannot resolve rapid, species-level extinctions.

In addition, this study defined significant extinction points (~events) as those with extinction rates outside the 99% confidence interval for the background rate. Although arbitrary, if this threshold was reduced to 95% (as used by2 to first identify mass extinctions of marine faunas), and using modern stage lengths, then the end-Triassic also qualifies (Fig. 3), along with the following intervals: the Carnian Stage (possibly owing to the Carnian Pluvial Episode; c. 233 Ma), the Capitanian Stage (= most likely owing to the end-Guadalupian event; c. 260 Ma) and the Roadian Stage (c. 267 Ma).

	End-Cretaceous extinction event

	Thompson and Ramírez-Barahona (2023)33

The authors find no significant elevation of extinction rates of angiosperm lineages across the end-Cretaceous.
	Reconstruction of end-Cretaceous angiosperm diversification rates using phylogenetic comparative methods of living angiosperms.
	The method assumes that the living ancestral members of the angiosperm clade are representative of extinct members which may have had very different traits and genomes34.

The quantitative models used perform poorly at detecting past mass extinction events when species survival is over 30% and when younger extinction events mask older ones34.

	
	Cascales-Miñana and Cleal (2014)2

The authors conclude that there was no mass extinction of plants in the end-Cretaceous.
	Stage-level analysis of plant families over the Phanerozoic based on presence/absence data.
	Infrequently preserved plant groups were excluded yet these likely represent ecologically rare families with a higher extinction risk. Family-level and stage-level analyses cannot resolve rapid species-level extinctions. Species extinction of >75% represents mass extinction9,35. The analysis did not include fossil floras from low latitudes which have only recently been studied36 yet show some of the highest extinction rates recorded37.


Extended Table 3. Assessing for ecosystem collapse using criteria adapted from IUCN Red List of Ecosystems38 and for plant mass extinction using a commonly used criterion.
	Questions adapted from IUCN Red List of Ecosystems criteria
	Late Devonian
	Mid-Late Pennsylvanian Boundary
	end-Permian
	end-Triassic
	end-Cretaceous

	Evidence for loss of identity of the ecosystem (e.g., biotic traits, relative abundance distribution, presence of keystone taxa)?
	Yes
Extinction of Archaeopteris39, a keystone tree taxon40,41 with a tropical to subtropical distribution (Fig. 1).
	Yes
Permanent regional extirpation of keystone lycopsid trees42,43 from most of the tropics except China44. Pronounced change in the relative abundance distribution of dominant taxa45 (Fig. 4).
	Yes
Global extinction of keystone tree (glossopterids)46,47 and vining taxa (gigantopterids)48. Pronounced change in relative abundance distribution of dominant taxa49 (Fig. 4).
	Yes
Extirpation of Lepidopteris from most regions25,30,50. Pronounced change in the relative abundance distribution of dominant taxa (Fig. 4). 
	Yes
Global extinction of plants producing Aquilapollenites pollen21,51. Pronounced change in the relative abundance distribution of dominant taxa52 (Fig. 4). 

	Evidence for replacement of the identity of the ecosystem by another?
	Yes
Replacement by lycopsid-, zygopterid-, and tree fern-dominated floras53,54, followed by forests with greater structural complexity than Late Devonian16,55. 
	Yes
Replacement of lycopsid-dominated forests by tree fern dominance in the tropical biome56,57.
	Yes
Peat-forming, broadleaf ecosystems replaced by sclerophyllous gymnosperms49,58,59 and/or stress-tolerant lycophytes60.
	Yes
Evidence for geologically short-lived fern acme and/or cheirolepid conifer acme26,61. Permanent shift in ecological composition at regional scales25,50 (Fig. 4).
	Yes
Replacement of open conifer dominated forests by closed angiosperm dominated forests in the Neotropics36. Replacement of evergreen woody taxa by more deciduous woody taxa in North America37. Global occurrence of fern acme zones21,62.

	Evidence for loss of the abiotic features of the ecosystem (e.g., hydrological, carbon, nutrient cycling)
	Yes
At least two stages of increased precipitation seasonality and/or aridification63,64. Some evidence of soil loss and nutrient dispersal into nearshore marine conditions65. Hypothesized increase in UV-B radiation66.
	Yes
Drying of tropical forest biome from everwet to seasonally wet67. Increased run-off, decreased evapotranspiration68. Carbon cycle out of phase with glacial/interglacial cycling69.
	Yes
Wildfire activity peak70, widespread devegetation22 led to decreased evapotranspiration, ponding, soil loss71 and freshwater and nearshore microbial blooms.
	Yes
Increased wildfire72, and decreased evapotranspiration at multiple global localities73. Slower nutrient recycling inferred due to increased community-weighted leaf mass per area73.
	Yes
Changes in leaf mass per area and inferred effects on decomposition and nutrient recycling rates. Enhanced phosphorus availability due to impact ejecta but reduced nitrogen availability36.

	Have ecosystems moved outside the spatial or temporal variability in composition, function and/or structure?
	Not yet quantified.
	Yes
Compositional change from millions of years of compositional stasis through glacial-interglacial cycles where lycopsid-dominated forests persisted74. (Illustrated by NMDS, Fig. 4.)
	Yes
(Illustrated by NMDS, Fig. 4.)
	Yes
(Illustrated by NMDS, Fig. 4.)
	Yes
Change in forest structure reconstructed from fossil leaf vein density and stable carbon isotopes36. (Illustrated by NMDS, Fig. 4.).

	Does the family-level global extinction rate exceed background extinction rates (outside the 99% confidence interval) (Fig. 3) according to Cascales-Miñana & Cleal, 2014 ?
	No
	No
	Yes
	Yes
	No


	Does the family-level global extinction rate exceed background extinction rates (outside the 95% confidence interval)  according to reanalysis (Fig. 3)?
	No
	Yes
	Yes
	Yes
	No
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