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Summary

The Carboniferoyghetime of Earth’s penultimate icehouaadwidespreadoal formation
was dominated by extinct lineages of eadiverging vascular plantStudies ofnearestiving
relatives of key Carboniferoydants suggedhat theirphysiologies and growth forms differed
substantially fronmost types omodern vegetation, particularfgrests Just how different and
to what degree, these long extinct planftuencedthe environment remains a matter of debate.
Integrating*biophysicadnalysis ofstomataland vasculaconductivitywith geochemical analysis
of fossilized tissues anprocesshasedecosystm-scale modeling yields dynamic and unique
perspectiveon thesepalecforests. This integrated approach indicates tlkaly Carboniferous
plants were capable of growth and transpiration rates that approach values fousxtaimt
crowngroup..angiospermsdiffering greatlyfrom comparativelymodestratesfound in their
closestlivingsrelatives Ecosystenmodeling suggestthat divergent stomatal condiance leaf
sizes, andstem lifespan between dominant clades would have shifted balance ofoil-
atmospherevater fluxes and thus surface runoff fluguring repeated, climatdriven vegetation

turnoversThis reviewhighlightsthe importancef ‘whole-plant’ physiological reconstructioof
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extinct plants andhe potential ofvascular plantso have influenced the Earth systéomdreds
of millions of years ago through vegetatichmate feedbacks

Key words: Carboniferous, medullosans, paleoclimate, paleophysiology, vegetdtiate

feedbacks,

l. Introduction

From the perspective of global climate and elemental cycle®eghesylvanian Subperiod of
the Carboniferougthe ‘Coal Age; 323-299 million yr ago(Mya)), is a distant mirror to global
environmentsof the last several million yearscehouse climate prevailed duringhe Late
Paleozoic Ice Age (LPIA340-290 Mya, as they do today, characterized by orbital forcing of
glaciatintergacial climate and selevel cycles (Montafiez& Poulsen, 2013)under
systematically-varying but overall low atmosphep€O, (Montafiezet al, 2016). Both the
LPIA and/the most recent glacial stdtkiring thePleistoceneEpochof the past 2.6 Myj& in
which humans evolvedfeature a vegetated Earth with diverse and distinct biomes of
pteridophytes, (sporbearing plants)and seed plants (DiMichele2014). However, the
PennsylvaniarEarth had a few key differences(l) Carboniferousontinents wereggregated
into a global supercontinent, Paeg, leaving much of the globe covered by an extemgiean,
Panthalassa(2), Vast areas of the Pasean continent were of low elevation and very flat,
leading tofperiadic extensive flooding by marine wate3s.The major glaciations that defined
the rhythms=of theLPIA were mainly or entirely confined to the Southern Hemisphgte
Although atmospheripCO, was overall lowm(<1000 ppm) proxy-based and geochemical mass
balance_modeling estimates @D, range letween26 and 33%(Bergmanet al., 2004; Berner,
2009 Glasspool& Scott 2010).(5) The flora and faunaof Pennsylvaniarecosystems were
considerablydifferent from those of the recent past gmésentwith the notable absence of

angiosperms, the most diverse and ecologically dominant modern plant group.

Substantial scientific efforts to understand the LPIA climate sys@e recentlyncluded
complex models thadccount for theatmosphere, land surface, marine systems, and biosphere
interactions(Poulseret al, 2007; Horton& Poulsen2009; Hortonet al, 2010 Heavenset al,

2012, 2015).This work suggestghat abioticclimate processealone cannot account for the
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largemagntude environmental andCO, changesnferred fromthe geologiaecord— and that
the terrestrial and marine biospheres must have played a significant role inogyddoand

elementaktycling and influencingheglobal climate system.

Theséfindingsraise a number afpparent contradictions. First, the Carboniferous Pevaxi
the time ofpeakpeat accumulation anzbal formation for the past hdiillion years,by a wide
margin (Glasspool & Scott, 201Melsen et al, 2016) Paradoxically, lie tropical terrestrial
ecosystemsvere dominated bynow-extinct relatives of earlgiverging vasculapteridophytes
and seed plant§ig. 1) —including lycophytes, sphenopsids, ferns, and pteridospésasd
ferns) — whose extant distant relativeghibit low photosynthetic ratg8rodribb et al, 2007;
Brodribb & McAdam 2011; McAdam & Brodribb 2012). The inference of generally low
photosynthetic rates is based on analyses of leaf anatomical propertiegjlprstamatal
density and size, leadirtg the hypothesis that stomatal conductance was low in early vascular
plants (Franks*& Beerling, 2009a,b). Furthermore, it has been assumed that high photosynthetic
rates could'not-have evolved until maximum leaf diffusive capacity increasecheidvoution
of higher vein densitiesf angiospermsc({ 120 Mya) in the Cretaceous Peri@8oyce et al.,
2009, 2010Feildet al, 2011; Boyce& Zwienieki, 2013. Our integrated study of paleobotanical
records, fossil, cuticle morphology, anatomy, and isotopic composition, and pbacsess
ecosystem.modeling indicates a far larger range of possible assimilation rdigsi (8ol CQ
m? s1) for the Carboniferous waular plantsincluding certain groups with rates comggzle to

some modern-angiosperifsee below for details).

Secondpur understanding of the ecophysiologykef/stone plants of Carboniferous tropical
wetland ecosystenis extremely limited. rect comparisorof the ecologically dominant spore
bearing.Carbeniferous tax@th modern nearest living relativéslLRs) would imply that they
had physiologies that may hakiadlimited instantaneousesponse capacities to environmental
change (Frank& Beerling, 2009a,b; Brodribb & McAdam, 2011; McAdam & Brodribb, 2012;
Frankset al, 2014) This characterization of Carboniferous tropical vegetat®obased orthe
finding 'that the majority of modern vascular spbearing plantslycophytes anderng are
passive stomatal responders to abiotic stimuli, only capable of closing stomata passively due to
dehydration (Brodribl& McAdam, 2012). However no simple NLR comparison is available for
the seed bearing dominant taxdnich are all extinctThe obseration that most of the seed plant
dominants of the Carboniferous have low leaf vein siignrelative to modern extant
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angiosperms had led to the assumption that they too likely had limited transpiraticitycapa
(Boyceet al, 2009, 2019 Thus, Carbonifezusvegetation as a whole igpically consideredo

have had limited potential feedback on the earth systgarms of biospheric water and carbon
dioxide exchange. This inference, however, stands at odds with evidertbesef plants’
environmental, specificity, changing distributions that track environmental conditant
dispersal ‘capacities across broad swaths of landscape while remaining faithful to habitat
conditions'(e.g."DiMichele & Phillips, 1996; Hilton & Cleal, 2007; Cle@0&a,b; DiMicheleet

al., 2008, 2009; Bashfortdt al, 2016b).

A notable_feature oPennsylvaniarierrestrial ecosystems is that thegre repeatedly and
dynamically frestructureaver a hierarchy of timecales (1® to 10-yr), and instep with
climate change.At the eccentricity scale (400 kyrylacial interglacial cycles, the tropical
wetland (glacial maximums)and dryland (early glacials and interglacial)iomes were
intercalatedy*dominatg different parts of each successtyele (FalconLang 2004 Falcon
Lang et al;2009; DiMichele 2014; Bashforttet al, 20163. At million-yeartime scales, there
are several points ithe Carboniferous, characterized by major climate and atmospb€@g
changewhere both the wetland and dryland biom&sebroadly restructuredver shor{meter
to 10s of metescale)stratigraphic interval&Phillips et al, 1974; Pfefferkorn & Thomson, 1982
DiMichele.et.al, 2009 Taboret al, 2013 Montafiezet al, 201§ (see sectioriSpatial and
temporal \ariability in the Pennsylvaniaterrestrial realm’ for further discussiofAuthor,
please check=the section being referred to as there is no section entitled ‘Spatial and
temporal yvariability in the Pennsylvanian terrestrial realm’]). Moreover, many of trse
plants hadarge biogeographic rangesross major latitudinal regions and paleoclimate zones
within those regiondikely related to their wind and watdrspersal and pollination mechanisms
(e.g., Wagner..& Lyons, 1997fidwell & Ash, 2004;Moore et al, 2014 Bashforthet al,
2016a,b).Exceptions reside mainly in the pteridosperms, where large pollen and seed sizes
suggest animal mediation, resulting in somewhat more restgetegraphiadanges and shorter
temporalrangebigher species turnovéRaymond & Costanza, 2007).

Evidence of broad environmental distributiongn some late Paleozoigplants and
conservatism of composition and dominadoeersity structure within many plant assemblages
over millions of years, despitepeatedestructuringof vegetation and major climate changes
throughoutthe Carboniferous and early Permian (e.g., DiMicle¢lal., 2002, 2009, 201,0rabor
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et al, 2013; DiMichele, 2014»uggests, among other possible factors (e.g., differences in
resource use and competitjpa more dynamic range of physiological capabilitiean studies

of nearest livingphylogeneticyelatives might indicateAdditionally, closerelationshipsexist in

the modern warldbetweendifferent vegetation types antheir climateassociationgKoppen,
1936; Walter,;,,1985), including strong feedbackstween vegetation types and their local
environment Thus,it is no surpriseéhat the plants of the past also had such relationships, even if
thar magnitudenvasnotidentical to those seen todéyg., Wnuk, 1996)Nonetheless, questions
have beenraised about tlesistence of theséeedbacksin the geologic past and whether
Carboniferouplants had sufficient watdransport and carbefixation capabilitieso havehad
major impactsorclimate and biogeochemical cycl@oyceet al, 2009, 2010, 201 Feild et al,
2011).

Finally, thelLate Paleozoic Ice Ag@asthe most extensive ice age in space and time since
the Snowball~Earth events of the Late Proterozoic E&®-580 Mya), potentially involving
low-elevation=(<1500 m) glaciers in the tropics (Soregatal, 2014)and dynamic climate
behavior (Montafiez & Poulsen, 2018)limate simulations of the LPIA that lack vegetation
climate-ice feedbackdail to simulate large magnitude changesantinental ice andea level
inferred fromwgeological archivedH¢rton & Poulsen, 2009Montafiez & Poulsen, 2013)
implyinganimportantrole of the biosphere in influencimgobalwater andcarbon cycling.

The key toaddressing thegsesues and paradoxes is to build an understanding oftiode-
plant’ physiologies of LPIAfloral dominantsin this paper, we propose that such reconstructed
physiologies should be based on the morphological features of the plants themselvethamather
solely on theslimitations ofmodernphylogenetic relativesand shouldncorporatethe full suite
of thosesmerpholdgal charateristics, from rocto-stemto-leaf, both anatomical and external
(e.g., Wilsonet al, 2015).Applying wholeplant understanding of extinct plants into proeess
based ecosystem and Earth system modeling is critical to refining our undergtaf
vegetationelimate feedbacks in dedpne, including periods that may provide insight into our
climate future(Fig. 2).

ll. Plants of the PennsylvaniarnTropical Realm
Keystone plants from Pennsylvanian ecosyst€B8#3-299 Mya) are among the most

completelystudied plants of théossil record Fig. 3). An iconic group that dominated Middle
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Pennsylvanian (31307 Mya)tropicalwetland ecosystermwasthe arborescent lycophytebhis
extinct lineage of tresized isoetalealycophytes hadery large(up to 2 min diametey trunks
supported by bark rather than woddnited vascular systemsin particular photosynthate
transport tissueand heterosporous reproductigtig. 3g Phillips, 1979;Phillips & DiMichele,
1992).Also.within the tropical wetlansl widespreadnd dominanin the betterdrainedhabitats
of floodplains,were the medullosan pteridospermsisgroup of seed planis notable for their
complex vasculaturavith very hydraulically efficient tracheid¢Cichan 1986; Wilsonet al,
2008, 2015'Wilson, 2013) large leaf arearrayed in ferdike fronds of great siz€Laveine,
1986) and large seedmd pollengrains, the latter suggesting animal pollination in some species
(Fig. 3b; Andrews, 1945;Delevoryas, 1955;Laveine, 1986; Pfefferkorn & Thomson, 1982;
DiMicheleet al; 2006; Cleal, 2008a,b; Wilson & Knoll, 2010; Wilsehal, 200§. Medullosan
plants have been interpreted to occupy a wide range of yphaoié architectures, from scandent
and vinelike plants with small stems containing large tracheids, testasnmed or fully
arborescent trees (Pfefferkaehal, 1984; Wilson& Fischer 2011; Wilsoret al,, 2015).

The wetland harbored other important groups as wélinong these was the stem group
marattialean tree fefAsaronius(Fig. 3d; Rofer, 200Q D’'Rozarioet al, 2019, a small tree with
substantialcelenizing ability, found in swamps and messiil habits, even within otherwise
strongly'seasonally dry landscapAsothergroup was the calamitalean sphenopsidsch had
a clonal habit and occupiestvamps, riverine corridors and lake margins, disturbed wetland
settingsharboered boththe clonalcalamitalean sphenopsids (Gastaldo, 19B2omas, 2014,
FalconLang, 2015) andhe thicketforming toclimbing sphenopsidphenophylluniBatenburg,
1981;Cichan 1985 Bashforth & Zodrow 2007. The cordaitaleans, r@presentative oht stem
group coniferophytesare anothe group found within the swamgsut were alsodominant in
seasonally. dry/settingShese plantvaried in habit from large, woody trees, particularly in
‘upland’ envirenmentsKig. 3¢ FalconLang & Bashforth, 208), to small trees and scrambling
forms, in swampy settings (Rothwell & Warner, 1984; Falcang, 2004, 2005Raymondet
al., 2010); allhad strapshaped parallel véned leavesThe great geographic aretologial
extent of the cordaitaleans is indicated by the g&uikoria, which was the dominant element of
northern temperate forests during the Pennsylvanian (Chal&nbteyen, 1973; Megn, 1982
1997).
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Disarticulation of plant organs upon death has led toudeof form genera for isolated
organs of many Pennsylvanian plaffable 1) including stentaxa (e.g.Medullosg, leaftaxa
(e.g., Neuropterisovatg, and reproductive strtures (e.g.,the seed/ovulePachytesth that
otherwise were _produced by the same plafr by a group of closely related specjes
Reassembling, whole plants from isolated organs bearing different names remains a ¢hallenge
but fossils\found attacheth close and repeated taphonomic association, and with anatomical
similaritieshave proven to be guiddo the morphology of the living plaiiBateman& Hilton,
2009). It should be noted that the morphological and, consequently, ecological diversity and
disparity found within a fossil genus is likely t@ry considerably depending on how well
characterizedsthat group may beaot all species are preservaad interspecificncompatibilities
that are easlily“obsezd among living plants (e.g., pollen incortipgity) may notbe observable

in the fossil record.

1. Dynamicaspect®f Pennsylvanian vegetation

Pennsylvanian tropical regions of Euramerica were characterized by temporal shifts between
wetland and seasonally dry plant communities, trackitiged changes in lowatitude climate,
highdatitudeeontinental ice extent, and atmosphg@@0O, (Fig. 4; DiMichele et al., 2009, 2010;
DiMichele, 2014; Montafiez, 2016; Montafiez al, 2016) At the 10°-yr time scale, therés an
oscillatory: pattern throughout thennsylvanianof relatively wetterflora characteristic of
swamp habitats and those floras of seasonally dry habitats, rich with woody ¢eatait@and
variety of other'taxa. This oscillatios most easily obseed in coalbearing deposits throughout
North American and European bas(fslconLang, 2004 Plotnicket al, 2009;FalconLang &
DiMichele, 2010;DiMichele, 2014;Bashforthet al, 2016b). In these settingsd at this time
scale sea level minima (swggstingmaximum accumulation of higlatitudeice sheefscoincide
with expanded tropical everwet floras near the equator, whenaasnum flooding intervals
(times of maximum deglaciatiprand subsequent falling stages of sea lewzatly glacial¥ are
notable foruthe expansion of sumnveet or seasonally dry fores{®iMichele et al, 2010;
Horton et al, 2012 Cecil et al, 2019. This oscillation mecharstically linked to eccentricity
scale (18yr) glaciatinterglacial cycles, persists throughoute t24-Myr period of the
Pennsylvanian and into tlearliest Permian.
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A second, longeterm (10°- to 10-yr) trend on which the eccentricity scale variability is
superimposed, marks a secular change in Pennsylvanian forests, particularly tropical forests. A
series of turnovers in composition, but, more significantly, in the relative piraporof the
major groupslycophytes pteridosperms, marattialean tree ferns, sphenopsids, cordaitaleans,
conifers) oceurs at severattervals during the Pennsylvanian and near fGarboniferous-
Permian beundary (Pfefferkorn & Thomson, 19B8illips & Peppers, 1982hillipset al. 1985;

Cleal &"Thomas, 2005Cleal et al, 2012; Taboet al, 2013; van Hoott al, 2013).Notably,
these restructuring events coincide with periods of major change in tropicateckmd in most

casesatmospheric C@concentrations.

2. Pennsylvaniaearly Permiarbiomes

Montafiez (2016) characterized thesdlion-yr scale changes in quantitative dominant
elements of the vegetation aadsociatecchangein architectureand/orstructureas a series of
biomes (Fig._4).A shift in the tropical wetland forestsom lycophyte dominancewetland
biome (WB)duin the early Pennsylvania317-318 Mya) to woody cordaitalealycophyte
forests (WB 2)‘overlaps with initiation of the main phase of Pennsylvanian glaqigielding
et al, 2008).Additional quantitative changes in abundance and new floral dominants occurred at
the onset(e"311 Mya) of longterm waning of Gondwanan ice sheets, elevated atmospheric
pCO, (Montafiezet al, 2016) and increased seasonaliiMichele et al, 2009. Two
subsequent_turnoveegpear to be contemporaneous with the returshoftiived but intense
glaciationsandwassociated climatketeriorationn the paleotropicsThe first shift between WB 2
and 3 €. 308“Mya) involvedmarkedloss of cordaitaleanand a distinct rise in tree fern
abundance(Pfefferkorn & Thomson, 1982).The second and best characterized of the
Pennsylvanian turnover evenfe/B 3 to 4) occurred at theMiddle to Late Pennsylvanian
Boundary (MLPB, 306 MyabesmoinesiatMissourian boundary in the American stratigraphic
system), where a major turnover occurred in glggese wetland forests, from dominance by
arborescentslycophytes to dominance Rgaroniustree ferns and medullosan pteridosperms
(Phillips et™al;,1974; Phillips & Peppers, 198MiMichele et al, 2002 2006; Cleal, 200,
FalconLanget al, 2011a).

This ecologiahreshold everat the MLPBwas coincident with decrease ipCO; to below

300 ppm andhe lowest glacial phase GOconcentrations (<200 ppnof the reconstructed
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Pennsylvanian record (Montafiezal, 2016). Followinghis turnover, lycophytes were greatly
reduced in abundance and diversity in Late Pennsylvanian tropical wetlands of kaamer
remained significant in wetland ecosystenfigastern Pangaea (i.8lorth Chind well into the
Permian Period_ (e.dHilton & Cleal, 2007Zhouet al, 2008; Wanggt al, 2012).Theremainder
of the Late.Rennsylvaniarwitnessed thelominanceof waterstresstolerant marattialearntree
ferns (WB, 3).and their stepped emergence as swaompmunity dominants (WB 4)n
environments“which also contained abundant pteridospépfesferkorn & Thomson, 1982;
DiMichele“et™al, 2009). Notably, the transition from lycophyominated to fern and
pteridosperndominated tropical wetland forests is a major biotic transitichenPaleozoic Era
and one thatdikely exerted significant change on the global carbon and hydrologic Tlgeles.
final turnover was apermanenteplacemenbf the wetland biome bgeasonally dry woodland
flora (cordaitaleans and conifers; dryland biord8(2) thatoccurred across the Carbonifereus
Permian boundary (299 My coincident with widespread aridificatio®iMichele et al, 2009;
Tabor et al, 2013 Oplustil et al, 2013),a drop inpCO, to sub300 ppm concentrations
(Montafiezetral, 2016),and likely peak @CO, values (Glasspoa% Scott, 2010). Wetland
plants at ‘thistimebecamerestricted to spatiallydiscontinuoushabitats in large parts of
Euramerica.

In addition tothe glacialinterglacial floralcyclicity and thelongerterm intervals offloral
restructuringin the lowland tropical forestseveral other distinct biomesn be definedhat
were distributed spatially throughout Pangaad persistent throughout the Pennsylvan(gig.

5). The digtinet, tropical seasonally drybiome maintainedpermanent populations in western
equatorialPangea (New Mexico, Arizona, Utah, and Colorado, extending to western Kansas,
Oklahoma, andrexas during drier tim@sand perhaps in the mountainous regions of central
Pangea(e.g., Atlantic Canada and European basihg)ughout the PennsylvanigBroutin et

al., 1990;DiMichele et al, 2011; Bashfortlet al, 2014 Thomas& Cleal, 2017 and likely
consisted of _several distinct ecozonéstially dominated by cordaitaleankis assemblage
became richer in coniferincluding the stem group conif@valchia(Fig. 3G, toward the close

of the Pennsylvanian anduring theearly Permian(Rothwell et al, 1997; FalcorLanget al,
2011b; HernandeZastilloet al, 2009 At this time,Northern Hemisphereemperate regions of
Angaraland wereovered by forestdominated bycordaitalearRufloria trees(Meyen, 1982)

The Southern Hemisphere warm temperate forestse cedominated by medullosans,
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Psaronius and calamitalearsnd various kinds dicophytes Many of the extratropical biomes
maintained similar compositionsthroughout thePennsylvanian, with the largest and most
significant changebeing the aforementionedreplacement oflycophyte-dominatedtropical
wetland biome with tree fernandseed ferrdominatedfloras The highdatitude tundra biome
may have_been much richer in bryophytes than pretsntanalogous settings and likely
included seed.ferrend small isoetaleadycophytes(LePageet al, 2003; RicardiBrancoet al,
2013).

The preceding paragraphs summarize much of our present understanding of theomegetati
during themain/phasef the LPIA.Longtermstudies of the biotic communities from this period
have produce@xcellent understandinof ther taxonomic diversity, form and architecture, and
paleoecologySeveral decades of geologiaaestigationsin particular in the paleotropicsave
produced a detailed stratigraphy, physical and biological, an understanding of the
paleogeographgnd tectonic regimes, amtharacterization afhe paleoclimate and its dynamics.
These studiesthave revealmitial insights into biogeographic patterns and biodiversatyd
their dynamics'in time and spackhere remainshowever,much to be learnedith regard to
translating diversity of species and forms to functiera research arethat is ripe for

investigationtbuhasbeen barely explored.

Giventhe clear distinction between the plapecies of the pasndthoseof the presentwe
suggest thaa stepforward in understandingaleeplant physiology is through the development
of a ‘whole-plant’ conceptual model approachhis approachs based onhe understanding that
the physiglogyof plants isgoverned by therinciples of biophysic&nd isinfluenced by the
anatomical=and architectural aspects of platitdurther considersphylogenetically shared
attributes«of.physiology determined from modern plants, while undertakiplicit analysis of
the anatomical’and architectural aspects of the extinct plants themselves, based on material found
in the fossil recordThe wealth opaleobotanical materiaiffers the opportunity to compare and
contrast potential physiological functionof Pennsylvanian taxawithin and between
phylogenenticclades and can then be extended to ecophysiological characteripétioa larger
plant assemblageand paleebiomes Understanding functional diversity is likely the only
approach to delineating thienits of terrestrial plarg to cyclecarbonand water{Cadotteet al,
2009) patrticularly in palesenvironmentscharacterized by atmospheric compositions and
environmental conditionglifferent than the moderiiFeng et al, 2014). Importantly, this

This article is protected by copyright. All rights reserved



approachis basedon observations and inferences from the biome community members

themselvesthus vastly improving confidence theresults

lll. Coneeptualinsightsinto paleoecophysiology

Thequantitativeecology and ecophysiology of extinct plants have received tiehtion in
the 20" :and=2%" centuries. Many approaches have focusechmalysis of theNLRs of plants
found in thesfessil record. To dateostmethods have managed tbleallengeof reassembling
whole plants from isolated orgatxy focusing on isolated organs: individual stems or leaves.
After Woodward’s (1987) pioneering work employing stomatal analyses to reconstruct
atmospherieaCQ@; concentrationdozens of publications have exploredflevel gas exchange
through analysis ofossilized stomatée.g.,McElwain & Chaloner, 1995; Edwardt al, 1998;
McElwain, 1998; Beerling & Royer, 2002; Konrad al, 2008; Franks& Beerling, 2009,k
McElwain‘et al, 2016a Montafiezet al, 201§. Otherwork on leaves has explored changes in
vein length.perarea (Boyce & Knoll, 2002; Boyeeal, 2009) or stable isotopic (O, H, C)
signatures.ofitranspiration found in fossil leaveg.( Diefendorkt al, 2010;Hrenet al 201Q
Sachseet.al, 2012).Quantitative analyses of extinct plants have focusethein biomechanical
properties.(e"g.Roweet al, 1993; Rowe & Speck, 1998; Spairz al, 1998; Masselteet al,
2007; Wilson & Fischer, 2031 Using biomechanical and biophysical principlescent
investigations ofate Paleozoic plants have included analysis of extinct plant hydrg@ickan,
1986; Wilsenet al, 2008; Wilson & Knoll, 2010; Wilsor& Fischer 2011; Wilson, 2013;
Strullu-Derrienset al, 2014) Despite these effortshére ha beenlittle to no wholeplant
physiological work attempted, particulafigr deep time, because there are significant obstacles
to assembling the disparate parts of a p(&vison et al, 2015). The following sudectiors
review recent advances and attempts to integrate different organswttol@plant modé€l that

can be employed fa&rcosystem modelingnd ultimately integrated into earth system madels

1. No single anatomical variable captures plant physiology

Generdizing expected physiological response to the environment, whether past, pogsent

future, based on individual anatomical features is important as a first stedpvigloping a
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conceptual modeling of a complex systdmassessing the pgashis may be duof necessity-
simply because fossils have limited preserved physical and chemical information from which to
adequately asseghysiologicalprocessesHowever, pants function as an integrated system of
organs and physiological procesges dynamic environmental conteXtis presents a singular
problem for.paleobotanical attempts reconstruct physiology. As a complex system that is
frequently preserved in the form of isolated organs, the wblal® anatomy ofossil plants is
rarely understood, even among angiosperms with siAoaking relatives, despite remarkable
fossil discoveries (e.g., Chloranthaceae reproductive structmnieset al, 2015. One approach

to resolving this taphonomic problem has been to identify an anatomical feature thatatemf

as a proxy for, the entire plant’'s physiology (e.g., stomatal density, vein lengthrgzex
Although these traits record important aspects of plant physiology, it is mnpadct recognize
that they are merely parts of an igtated physiological system that includes root, stem, and leaf
tissues and their individual and collective functions. A full accounting of the physiology of a
extinct plantideally includes the whole plandr as much of the whole plaascan beaccounted

for (Fig. 6)s

2. Whole-plant'physiology — the ‘Mr. Potato Head’ approach

The fossil record of extinct plants contains combinations of organs and physiological
propertiesthat have no modern extant analogpagicularlyamong floras from the distantgia
For examplemedullosarstemshadxylem composed of tracheids with resistance to water flow
comparable tosthat of vesdedaring secondary xylef€Cichan 1986, Wilsonet al, 2008), but
which als@ bore leaves witbnly modest vein lengths per aré@oyce & Zwieniecki, 2012
Raymondet al, 2014) but highly conductive and abundant stomata (Montafiez, 2016).
Reconciling thes@ovel combinations of ecophysiologidaeatures can be done by applying a
method that is_similar to the childrerpsizzle toy Mr. Potato Head (Hasbr®); in this model,
parameters._such asot area, stem xylem, branch architecture, vein length per area, stomatal
frequencyjwand otheiactors are considereals components of an integrated system in which
different valuescan be substituted. For example, in a medullodém Potato Headmodel, the
root, stem, branch, and stomatal properties approach those of angiosperms, \ieekeas t

length per area is equivalent to that of extant gymnospermsich like a toy with arear
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substituted for a nos€rable 2). Using this method, unfamiliar combinations of anatomical
structures can be understood individually and in their wplalet context.An alternative
conceptual model for neanalogue whole plant physiologies, is the4#amalogue biomes of the
Quaternary, where pollen analyses demonstrates unique species combinations which are
found anywhere in existence in the modern world (Willis8hgackson, 2007). The complete
absence of amodern analogue makes for a complex interpretation of their functioning and

interaction/adaptation to the prevailing climate.

3. Quantitative"approaches to lesdter movement

Leaves, are. among the most abundawaicrdossils and, consequently, have receivkd
majority of.attention from previous research focused upon extinct plant physiology. Review
studies of moderrand extinct plantand comparative methods have existed for some time
(Beerling & Royer, 2002; Sack & Holbrook, 2Q@oyceet al, 2009; Feildet al, 2011 Willis
& McElwain, 2016).With fossil leaf cuticles beag relatively abundant and welteserveds far
back ashundredsof millions of years, maximum stomatal conductance has been frequently
determined: microscopically using measures of stahdensity, guaretell size,and aperture
morphology andinferred pore depth(Fig. 6). However, this yieldsonly an anatomically
maximum_eonductance value thaperationally,must be constrained by environmental limits
affecting opening and closing of the stomata if the actual gas exchange of the plant is to be
estimated

Recent'work on earlgiverging vascular plants has indicated an irtgoarrole for stomatal
behavior, in"addition to stomatal size and frequency, in regulating overaltdsabnse to
environmental stress. Particular emphasis has been placed on the differential response rate of
lycophyteand fern stomata relative to the faster, active responses observed in andggasf@sm
It has beenssuggested thatophyte and pteridophyte guard cell®insensitive to abscisic acid
(ABA) withsturgor pressure regulated solely by water loss (Brodribb & McAd01h1), which,
in turn, isshypothesized tdosv the leafresponseate to drought stresl. ABA insensitivity and
slow leaf responses to drought stress are fotlimdughoutlycophytes and ferns, and are
ancestral within the seed plartsncluding, perhaps, medullosans and cordaitaleathen the
ecologicaly dominant Pennsylvanian plants may hagspondedlowly to environmental stress

as well. However, interptag stomatal behavior from Pennsylvanian plants is challenging for
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two reasons: first, there is no leaf anatomical feature that is diagnostic for ABA insensitivity with
preservation potential in the geologic record, and second, many Pennsylvanian alents h
contrastingmixture of orgadevel traits. For examplethe Pennsylvanian giant fossil tree,
Lepidodendronand its closest living relativethe modern herbaceousoetes and possibly
Selaginella—frequently used in experimental studies for understandemdodendron -are

quite distinct_from one another in size, morphology, and anatdrmgidodendroreaves bear
numerous conductive stomata but only a single leaf vein (e.g., Beerli2®02) whereas
medullosans“combine high stem conductivity, high stomatal conductivity, and low vein length
per areaDeterminingthe stomatal behavior of extinct plants in the context of-analogue
plant anatemy=and morphologgmains a challenge.

Two methods could shed light on this questigigwing stomatal control in the context of
cavitation vulnerabilityand observations from molecular biolo@lants that are predicted to
have highsvulnerability of xylem to cavitation based on abundant pits and tracietersnay
have requiredractive controver stomatal closure in order to coordinate leaf and stem resistance
to drought stress, as theorized by Spetrgl. (2002).Molecular biological insights may provide
additional lines of evidence. Key intermediate proteins responsible for binding and response
ABA in guardscells have been found to exisind retain functionality- in bryophytes, leading
to some speculation thdynamicstomatal control may have evolved and existed earlier than
previously thought (Chatest al, 2011). Howevermore recent molecular studies suggest that
the original+function of ABA response genes may have been for sex determination tive
gametophyte of ferns, perhaps becomingpptedlater within the guard cells of seed plants as
part of thedynamicstomatal contrioresponse systeifMcAdamset al, 2016). Environmentally
restricted 'stomatal conductance in modern plants becaligitpfCO,, and drought conditions
(Hetherington.& Woodward, 2003) may be considered potentially more physiologicallyrsimila
to extinct"pants where sufficient genetic evidence exists (e.g. €aal, 2015). Combining
biophysical“evidence, geochemical analysis, and insights from molecular biolggstary the
history effastversusslow stomata in extinct land plants.

Recognition of themportance of mesophyll conductangg,) in many living plant§Raven,
1968 Niinemets, 1999; Flexat al, 2012 Tosenst al, 201§ presents & additionalchallenge
because mesabpll is infrequently preserveith fossil leavesRecent work has looked toward the
application of finite element modeling or diffusion equationgjt@ntify paleecgas exchange
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using anatomical parameters derived from fossilized stoffataradet al, 2008; Franket al,
2014; McElwainet al, 2016k Veromann-Jurgensoet al, 2017. This involves modeling
stomdal conductancéo water vapor and COwith mesophyll resistancgl/ g) as an assumed
conservative fraction aftomatal conductand®dcElwain et al, 201@). Althoughthe value of

Om is often.experimentally derived, it is also related to cellular morphology suchlasatlel
thickness (bmaset al, 2013 Tosenset al, 201§ as a function of diffusional distance of €O
within and~between cells (Tholen & Zhu, 2011¢iven that extant spofieearing and
gymnosperm~species show thicker cellular features, tiglabked mesophyll Meromann
Jurgensonet al, 2017, and smaller subtomatal akfilled spaces (Brodribket al, 2010),
defining gppthreugh fossil anatomical &ures is important, particularly for the Paleozoic, as an

evolving constraint on leaf gas«change.

Additional studies of leaves have explored the role of vein length per area and leaf
architectureorthe evolution of plant physiologfFig. 6). The high vein length per area values
seen amongrsome angiospdineageshasled to the hypothesithat diffuse leaf devepment
among angiosperms minimized the distance betwesns and substomatal chambers, thus
increasingshortterm replacement of transpired water from legBxs/ceet al, 2009; Boyce &

Lee, 2010;"Brodribb & Feild, 2010; Feilet al, 2011). These reports are grounded within
comparnative.study of leaf hydraulics through analysis of microfluidic devices, which
demonstrate that closegximity between hydraulic conduits and sites of evaporation increases
simulated=leaf=hydraulic capacifioblin et al, 2008) However, vascularization of leaves is
only onepart of leaf hydraulicsat the cellular scale, symplastic and apoplastic wat@rement

is regulated by aquaporin type and density in plasma membidioetidn & Chrispeels, 200
Prado & Maurel, 2013)Key aquaporins irthe model bryophytePhyscomitrella patenshave
been shown.to be very diverse when compared wslitred proteirfamilies in Arabidopis
thaliana and“Zea mays (Danielson & Johanson, 2008)hese results indicatelerived

extravasalarwater regulation in planteatdiverged early in land plant evolution.

In light of theseprevious studigsthe hypothesizedhorphological simplicity(e.g., low leaf
vein density) and simple developmental capacity of early vascular plants’ leaves, when
compared with the leaves of extant tropical angiospéhimé Dv), has led to the conclusidry
some Boyce et al, 2010, 2017)that no extinct plants were capable dfinctioning atthe

‘modern’ levelsof transpiration and assimilatidoaund within extant angiosperms that dominate
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the planet todayif the hypothesighat leaf morphological simplicitymust translate intavhole-
plantphysiological simplicity is true-that is, ifLepidodendrorfunctioned as 80-m+all Isoetes
based on low vein length per areahen Paleozoic plants did not possaskigh capacity to
influence their localto globalenvironment through phosynthesis or transpiratioat a level

equivalent te.modern angiosperm tropical forests

Leaves,"howevegre not the only organs in land plants. A more comprehensigelof the
gasexchange and photosynthetic capadfyextinct plantsmust account for thevhole plant
physiology..The fossil record contains abundant anatomical and morphological complexity
through the 100 million yr that separatee earliest vascular plantsom Medullosa strongly
implying that the ecological and evolutiary pace of Paleozoic terrestrial ecosystems was not

static, and this complexity can be measured and assessed in a quantitative way.

4. Quantitative approaches to starater movement

Although much attention has been focused on the termirmatign of the water transport
pathway (i.e., the leavedje roleplayed bystemsin facilitating watertransportfrom roots is a
relatively understudied areain living and fossil plants-andmay explain differences in species
adaptivescharacteristics growing undémilar water stress coitbns (Johnsoret al, 2011).
Structural characteristics atemconducting tissueeflect thebiophysical compromises between
the opposing.functions of the xylerthe need to supply water at the same rate of loss from
transpiraion without loss of function through vessel cavitation (Manzenial 2013). Stem
hydraulics “directly affect daily canopy conductance, generally reducing midday atomat
conductance (Zhanget al, 2013). Thus, at the level of an individual planstem tisue
conductance isjga central constraint limiting maximum conductance of a canop/phdsaves
and stomatal-features. It is a well documented feature of trees thastetage of soil wates
an essentialwintermediate pool for use by canopy leaves to replace water lost daily through
transpiration (Tyre& Ewers, 1991 Holbrook, 1995)yet this israrely discussed as a limiting
factor in leaffecused studiesNotably, the fossilrecord of stem anatomy is ricpermitting
guantification ofplants’ stem properties that, in tushed light onthe functional morphology

andarchitectural tradeoffs among extinct plants.
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The first major quantitative advance to the study of water transport, withyteargenphasis
on stems, was articulated in 1948: that water transport, being driven by theagivapgradient
between leaf tissue and the atmosphere and passing thropi$ eetls, should function in a
fashionanalogous t@Ohm’s Law(van den Honert, 1948These observations were elalieca
upon in the=1970s and 198@&immermann, 1983and the predicted inverse relationship
between hydraulic efficiency and cavitation resistamaevalidated using the centrifuge method
on excised'segments of lividants(Tyree & Sperry, 1989; Tyree & Ewers, 19@lomstock &
Sperry, 200@"Modeling advances in the last two decades, coupled with refined paramaters fro
experimental analyses, significantly expanded the methods available to aarousrtidtion in
longitudinal merphology, conduit wall thickness, pit structure, and connecfivtgcashire &
Ennos, 2002; Choat al, 2004, 2006, 2008, 201Hackeet al, 2004; McCullohet al, 2004;
Sperry & Hacke, 2004; Jansehal, 2007, 2009Choat & Pittermann,@9; Pittermanret al,
2010; Brodersent al,, 2014).

Recentweorkincluding by the lead authdmras focused on the hydraulic conductivity of early
vascular plantsuch as thgaleobotanical iconsedullosaand Cordaites(Wilson et al, 2008
2015 Wilson & Knoll, 2010; Wilson & Fischer, 2011; Wilson, 2013Jhese analyses employ
tracheid morphology parameters, including diameter and length, in addition to informadut
pit typeyfrequency, and porosity, thereby accurately reflecting the key hydranktraints in
xylem cells (Fig. 6). Thesestudieshave demonstrated thaylem cells conferringhigh stem
hydraulic =capacity— comparable to the conductivity of angiosperm vesselsvolved
independently in several Paleozoic lineages, including the medullosacsalamitaleansn the
Pennsylvanian tropical wetlandgVilson et al, 2008; Wilson& Knoll, 2010; Wilson, 2013,
2016) They further documerthat at the same timesxtinct coniferophytefrom both wet and
seasonally.dry.ecosystems withnse pycnoxylic (ow amounts of parenchymaylem, such as
cordaitaleansoccupiedwhat, in the modern world, ithe conifer pation of the hydraulic
ecospaceTherefore, at the origin of theoniferophyteclade early-diverging coniferophytes
alreadygoccupiedhat portion of the hydraulic landscape occupied by modern members of the

same lineage.

5. Quantitative approaches to root water movement
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Root fossils are commonly found in the fossil rec@specially in paleosal$-ossil roots
provide yet another part of the plant hydraulic systies can be characterized in considerations
of physiological constraints on gagchange Kig. 6). Vascular plantoot systens, including
those assignable to lycophytese known fromthe Early Devonian,andthose roots have been
considered.to,be derived through division of the shoot apical meristem, followed byogiavit
growth, but recent fossil discoveries have demonstrated complex patterns of latachiragya
and intéraction“with soil environmengsletherington & Dolan, 2018ylatsunaga & Tomescu,
2016 Xueetal;2016) Well-preserved fossils suggest that the earliest vascular plants may have
borne twa types ofoots: root axes that are homologous to stem axes, and small, laterally
branched norgravitropic organs specialized for absorption and sizdiiion like extant root
systems (Matsunaga & Tomescu, 2016). Euphyllophytes are thought to have evolved roots
independentlyand recent fossil discoveries have demonstrated that several taxa developed
extensive root systems from root thickeningsodtballs) (Soria & MeyerBerthaud, 2004;
Giesen & Berry, 2013)Threedimensional complexity of root systems diverslfidramatically
among plantstaxa during the Devonian with a vdelVeloped rhizosphere emerging soon after
terrestrialization (Willis & McElwain, 2014). Branching in roots of early land plants increased
access toswater and nutrients (e.g. calcium, phosphtmat, in turn, increased growth rates by
permitting=higher atmospheric GGassimilation (Morriset al, 2015). By the Pennsylvanian
Subperiod, arborescent plants, such as cordaitabsahsrborescent lycophytes, had extensive
root systems, with interpreted tap root systems reaching depths of up to 1 m in soils&Davie
Gibling, 2023 Hetheringtoret al, 2016; extensive root systems further attested to by the
abundancesefsroots that are anatomically preserved in coal ball meé@emaisylvanian plants
with other novel anatomical features featuomts that are more familiar in organization,
development, and anatomytedullosarpteridosperms, for example, feature roots witbustele
and wide tracheids (Steidtmann, 1944).

Homology “between Paleoz Era plant root systems and stem systems permits the
guantification of root hydraulic transport rates, even if the organs themsetvegsrazed from
unfamiliar developmental mechanismi&ough notyet utilized, dimensiongrom these fossil
roots can provide the basis of estimating limits to water use by plants based on established

relationship between root area and water flyx( s*) where:
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In whichL is the mean root length (mj)js the rooting depth (mj,is the mean root radius,
is a factor associated with soil typeis the soil and root surface hydraulic conductivity (Kg s
m®), andd¥ is the difference in the soil and root surface water potentials (Pa) (Campbell, 1991;
Ogle et al, 2004) Ignoring kd¥ in the above equation, the remainder becomes a scalar to
evaluatethe.separate and combined effectsradt size and soil densitgn potential water
absorptionand.transpirationEmploying quantitative, physical models such as thestudies
wherestem and root fossils are found intaotl in placerovides a new and intriguing means for
assessing“the“evolution of root constraints on plant water availability (crheldo% Galtier,
1976; Huber & Galtier, 200ZBoria & MeyerBerthaud, 2004Haoet d., 2010)

Using maodels and methods similar to those employed for stBeymreservediascular tissue
from rootspermitsreconstruction of condugpecific hydraulic conductivity valugs. P. Wilson,
unpublished)Generally, roots are much mazenductive to water than stenis comparison to
stems, therevisrevidence that vessel cellptapertiesn roots including celtwall thickness and
lumen diameter commonly used to determine probability of cavitatioare bettercorrelated
with overall stemvessel conductivity (Pratt al, 2007)than relationships derived from stems
The forest and regionakcale effects of roots on soil hydraulic properties are profound: i
addition to water movement within plants, roots refiste water within sib profiles, whichfor
large forested.regionsan have profound effects on atmospheric hydrologic cycling €Laé,
2005).

IV. High-productivity Carboniferous plants

Severalmdependent lines of analysis point tow#rd capacity fohigh hydraulicsugply to
leavesand-high” photosynthetic rate amonigneages of Bnnsylvanian plantsProcessased
ecosystem wdeling ofcanopyaverage and maximum sunlit assimilation suggest photosynthetic
rates of @ medullosan forest stand betwBeand 16umol CO, m? s! using fossiderived
stomatal conductanaender a range of late Paleozoig:0O, values Fig. 8 Montafezet al,
2016). Independent ralysis of hydraulic path length(Kes) in anatomically preserved
medullosan leavefsirther suggestsigh maximum photosynthetic ra€11-46 pmolCO, m? s
1. Medullosanshave singleracheid conductivity values that approach those observed in some

tropical angiospermeeflectingtheir largetrached diameters (up to 250um) and abundant pits.
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Large(e.g., I x 20pum per guard cellandrelatively abundant (SI between &8d %) stomata

on medullosan foliage support a modeled high stomatal conductsased on scaling
relationships between 3 and assimilation rate for a range of species of varying vein density
(A to Gmax, On Fig.5; McElwainet al, 2016b) In sum, a paleoecophysiology characterized by
high photosynthetic rates is supported by medullosan stem hydraulics, leaf and frond
archite¢ure, hydraulic path length, and stomatal conductgfags 5 7, 8). Conversely, low
conductance“and lowhotosynthetic rates are inferred when focused only on vein length per

area.

The breadleaved coniferophyordaites now extinct,also functioned with a physiology
that is distinct from itSNLRs Ginkgo biloba the gnetalesandcrown group conifersHydraulic
conductivity of cordaitalean tracheids is comparable to the conductivity observed in extant
conifers despite the presence of temergo pits among modern representativ€srdaites
achieved anvequal conductivity through the presence of multiple chmoldered pits on the
radial wallsywhich lowered the resistance of its wood at the cost of decreased safety-from air
seeding. Broad cordaitalean leaves with multiple parallel veins in close proximity to stomata
suggest a maximum photosynthetic rate of nearlythbl CO, m? s*, although lower values
were likely*"more remsentative of dryland specimeriBig. 8). These results approximate
maximum.photosynthetic rates found within the broadleaved gymnosperkgo biloba (9
pumol CO, m? s%), which is noteworthy as one of the few living gymnosperms wéttiferous
wood, broa@-leaves andoarallel, but dichotomous, venation similar to features found in
Cordaites/Root: xylem of wetlandCordaiteswere highly conductivevith secondary xylem
containingmultiseriate circulabordered pits along the radial walls P.Wilson, unpublished).
Taken together, the cordaitalean whplant physiology (roots, stems, and stomata) supgort
model that.is.distinct from their distant, living relativ@skgo biloba the gnetalesand crown

group coniferand closer to earlgiverging angiosperms.

The extinct.arborescentlycophytes remain a physiological enigma. The abundance of
lycophyte. reproductive and vegetative structures throughout firet two-thirds of the
Pennsylvanian SubPericahd lack of juvenile specimens has beeterpreted as supporting
rapid growth rates and, presumably, high photosynthetic r&tiesl(& Thomas 2005) but
alternate interpretations are possible (Bogcd®iMichele, 2016). However, some/cophytes
contain high frequencies of stomata their leavs (e.g., 450 stomatam? in Lepidodendron
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dichotomunn despite a relatively small stomatal index because of bal®sage epidermal cell
size resulting in estimate@ ., values of 2.7 to 8.3 mol tns* (Fig. 7; Tables 2, 3 Montafiezet

al., 2016) Furthermore, the small amount of secondary xylem foungcophytestems isnore
conductive than would be expected, with tracheligigger than typical eed plantsand
occasionallyexceeding 80um in diameter (Cichan, 1986; J. P. Wilson, unpublished)erurth
tests of these hypotheses at the wipdéent scale are necessary to determine the physiology of
lycophytesbuta photosynthetic rate exceeding thateflycophytesthat are frequentlgubject

to experimentabnd physiological analysis (i.eSelaginellaand its close relativeselaginella
longipinnaeA max = 6.15umol CO, m? s*; Selaginella pallescens max = 1.689 umolCO, m? s

1. Brodribbet ak, 2007 is likely.

Wholeplant analysis of these plandésd other Pennsylvanigmaleobotanicalicons yields
insight into landscapscaleand physiological processé&hen aspects of leaf and stem biology
are integratedplant stress resistances can be defined that elucidate ecological strategies. For
example, ‘highsstomatal conductance in medulloseorspined with the limited ability of stem
tracheids o resist cavitation and embolism, implies a physiology that sistané to stress from
low atmospheripCO, characteristic of thdeepest interglacial episod@dontanezet al.,2016).
Avoiding lowpCO, stresswas accomplisheldly moving largevolumesof waterto leaf surfaces
permitting.stomata toemainopen and, thusllowing large volumes of gas exchange. However,
the same features that permitted a high hydraulic supply to leaves and increasexs \oflgas
exchangesimuitaneously increasl medullosansvulnerability to drought stresgFig. 9).
Conversely, thanechanicallyreinforced tracheids ofordaitaleanstems and limited stomatal
conductance relative to medullosans,implies that the cordaitaleans possessastantial
drought stress resistanad the cost of vulnerability to carbon dioxidienitation at low

atmosphericCO; concentrations.

Under identical environmental conditiongater use efficiencynodeledusing BIOMEBGC
v.4.2 predicts major differences between tt@minant Pennsylvanigolants (Fig.10; Montafiez
et al, 2019. MedullosaandPsaroniushad 4-6 times the water use efficiency lodpidodendron
respectively this difference reflectelevated photosynthetic rates in the medullosans and more
conservative stomatal conductance le ttree fernsSuch distinct physiological capabilities
betweenlycophytesand tree ferns result in significant effects the landscap®y producing
major changesn transpiration and surface rundt the tree ferns replace lycophytes at the
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MLPB. For example, forthe MLPB ecological threshold the replacement ofycophyte-
dominated wetlandsby treefernrrdominated wetlands resulted ia 50% decrease in
evapotranspirationfrom 7.57x 10° m® s* (cms) to 3.88 x 1& m® s* (cms) A reduction in
evapotranspiration of this magnitude would have resulted in aibO8asen surface runoff
assuming ne-net change in precipitatimhjch likely affected physical and chemical weathering
in Pennsylvanian landscapes, perhaps ultimately increasuigent levels in litorral

environments(Fig 2 10)

1. Non-unifermitariancombinations of orgalevel anatomy and morphology

What anatomical featurgermit us to infehigh photosynthetic and transpiration rates? In short:
non-uniformitarian anatomyacross the whole plantLarge tracheidsare found within
Pennsylvaniamgeseed plants (particularly and notably medullosans),saodebearingplants,
Sphenophyllurma sphenopsidsome of the arborescdgtophytesmay fall into this category, as
well. Leaves of many Carboniferous plants contain stomata at relatigtlydbnsities and with
larger sizegeading to highegmax Valuesthan many of theiNLRs (Tables 2, 3 Wilson et al,
2015. Moreover, uncompressed fossil leaygsserved in coal balkend to be quite thifrom

top to bottomy=frequently less than 2mm thick, which places stomata in close pyotomi
vascular tissue even at low vein lengths per aFeaally, large leaf areas are notable for
Psaroniug“Cordaites and Medullosa(e.g., Laveine, 1986), and when combined with highly
efficient xylem, reslt in Hube values (leaf areasapwood area ratios) that are comparable with

values found.in_extant tropical angiosperms.

2. Usingwholeplantmodeling to develop and test ‘paleoplant’ hypotkese

Whole=plant reconstructions playkey role in quantifying the evolutionary history of plant
physiolegy bydeveloping and testingypothesedor extinct plants based on data from those
plants themselves, rather than on parameters inferred from NLRs. Such studigsiateitative
constraints on the influence @rrestrial plantsn shaping B&rth's climatehistory. F assimilation
rates can be derivethengas exchange models can be used in an inverse method to quantify the

ambientCO, concentrationsand further refine leaves as palg08O, proxies (Frankst al,
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2014, 2017McElwain et al.,2016a, 2017Montafiezet al.,2016) Second, using fossilerived
parametersto derive key watetransport constraints from roeto-leaf-to-water permits
paleobotanists tdrevive extinct species. Procebased, mechanistic modethat rely on
biophysics providea reality checkon predictionsmade by wholeglant reconstructions. &sic
principles affecting heat, mass, and momentum transfer must also be considered given the
dynamic range of Earth’s atmospheric composition over the period that vascular plants hav
existed”Dynamic simulation modeling, in particulais critical for understandhg the
coordination“of processes, such as water transport by different parts of ptatds,dfferent

climate and environmental conditions.

Ongoing /work to understand the functional limits of extinct plamgg processhased
modelsis important for helping better understapbysiological (plantforcing of past climate
throughits influence orthe water anatarbon cycls. Using key parameters derived from fossil
plants, basievaspects of physiology specific to particular Pennsylvanian plant taxa can be
guantifiedy'sueh as the effects on stem and root vascular tissue cavitation resulting from the
evaporative \demand placed on lea€%y. 9). This leads to understandingf ecological
feedbackssuch as increased or decreased total leaf area affectimopyevaporative demand
that areconstrained bgtemand rootwatersupply.Becausdeaf aredimits areconfinedwithin a
climategnvironmental envelopair-seeding thresholds of the steanmd roottissue may be
determinedin turnhelping to elucidate wéther stomatal closure in Paleozoic plants was passive
or activeas'asfunction of vasculaafetymarginin leaves If the leaf safety margins are low, then
‘fast or ‘sensitivé stomata are required to prevent lethal amounts of water loss. If the safety

margins are high, slower &BA insensitive stomata are permitted.

V. Lessondearned
1. Wholeplantsmethods are critical

A paleoplant view should account for all of the anatomical features of a plant fungtiani
an integrated system. For examplmnsatal conductance has to be scaleddth leaves and
stems; these organs determine thecfimmal limits of stomataleafspecific parameters,

including vein length per area, should densideredvithin their anatomical and organographic

This article is protected by copyright. All rights reserved



context, includingbut not limited tomesophyll path length, leaf thickness, and leaf afea.
determine leharea, leaves and branches have to be scaled to stems and roots. Finally, plants
themselves must be situated within their own environment, including the climatic a

atmospheric conditions of the time.

2. Long evolutionary branches

The evolutionary distance between Carboniferous plants and\bBis is large. Over 300
million yr, these divergences between the lycophytes, sphenopsids and stem grougleaaratt
ferns, pteridosperms, and stem group gymnosperms and conifers are desgiedithin the
vascular plantsre€Fig. 1). Employingthe lycophyte $elaginelld, which is mostfrequently
analyzed as ayNLRo compare withLepidodendronis a suboptimal strategyAn improved
method would begin by reconstructing the whojdraulic pathway in a Carboniferous planid
then choosing ra equivalentwith similar physical and physiological characteristiegher than
relying solely..on aNLR or an ecological and/or ecophysiological equivalent that has no

phylogenetic relatednesensuMcElwain & Chaloner’s (1995) NLE approach.

Carboniferouplants have complex physiologitet bear little resemblance to their NLRs as
a consequence of anatomical, morphological, and developmental differ€hedsrge size of
lycophyte stomata, despite the limited watdransport tissue found throughout the stem and
leaves, results.in a whefgdant physiology that is akin ta slow-growing seed plant, such as
cycad Howevepeven extant relict gymnosperms, such as cycamgain taxa that exbit fast
growing featuresextant cycad stomata show closing behavioore similar to modern grasses
and crop than to theclosest extant relativesonifersandGinkgo biloba(Elliott-Kingstonet al,
2016) and some cycasl produce new leaves at a higate (Lepidozamiaperoffskyana
Cordaitaleanssphenopsids, and medullosans have wptaat physiologies that are comparable
with mesiegmshrubbylicot and monocot angiosperms, respectively. As a whole, we hypothesize
that Carbeniferous pteridophytispae-bearing)vascular plantarelike extant gymnospermous
seed plantsand Carboniferous seed plants compare with angiospgrarsicularly basal

angiosperms and monocots.
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VI. The big picture: an active role for early forestsIn Late Paleozoic tmate

Significant vegetative forcing of the hydrologic cycle is@vel implication of widespread
Pennsylvaniartropical forestghat includeddominant tropical elementsith assumedslow or
passive _stomatal control but witthe capacity for high transpiratio(e.g., lycophytesor
Psaroniu3sMedullosans andPsaronius for example, could have transpired large volumes of
water butsifpassive stomatal control is widespread among pteridosperms radwppiges also
have been slower to respond to environmental changes than angiosperms with the same leaf area.
Such an unusual (compared to today) coupling of physiological behavior could have dramatically
alteredclimate.and surfaceonditionson a local, regional; and globalkcaleduringtherepeated
turnoversin vegetatigrespecially given the associatgghamic fluctuations in atmospheric @O
(Montafiezet al, 2007, 2016)Modeling studies of modern and future climate reveal that
physiological responses térrestrial vegetation to increasing €€oncentrationgnd/or water
stress camfeedback oregional surface temperaturesydroclimate and terrestrial C
sequestratiomwhich, in turn, cantranslateinto much broadescale changes in climate,
continentakunoff, and atmospheric greenhouse gas concentrgtizetne)et al.,2006; Bettset
al., 2007;Nugent & Matthews, 20125Swam et al.,2012; de Boeet al, 2014 Skinneret al,

2016).

We ‘hypothesize that the aforementionedignificantdifferences in leaf conductance and
hydraulic capacitfFig. 109 existedamonglate Paleozoiplant groups thenepeatedurnovers
in plant composition, architecture and structure at the eccentricity to rykianscalde.g., the
biome shifts ofFig. 2) would haveled to substantialchange inthe degree ophysiological
forcing of theshydrologiccycle and climateduring key intervals of thd.PIA. Paleobotanical
observations=and quantitative inferences coupled withcessbased ecosystem modeling
indicategthatréplacing tropicaletlandforests dominated by lycophytes, witlgh grnax (avg. of
4.0 +2.0m m?s?), with those dominated bynarattialeantree fernsand cordaiteans with
lower gnax (avg.-of 0.3 (0.3 m? s* and 2.3(+x3.1)m m* s*, respectivelywould havecaused
a 200+%..Increase insurface runoff relative to received precipifon when holding climate
constant(Fig. 108. The consequent increasédvial and groundwatedischargeto coastlines
would have perturbedutrient supply and productivitghe efficiency of themarinebiological

pump, and ultimately carbon cycling betwdearth’ssurface C reservoirgf. Steinthorsdottiet
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al., 2011 Fig. 2).Changes in the terrestrisbmponent inevitably influendie marine realm as
the components of the Earth systemfally interconnected.

Unique to Earth’s penultimate icehouse 300 Mya, anomalously high,:CO, ratios and
pO, concentrations (up to 280%)undoubtedly further influenced plant characteristiod gas
exchangegandiin turn, surface environmental condifcin8eerling & Berner, 2000Poulseret
al., 2015)rElementary analysis of gas exchange under atmospBerd up to 25% leads to the
expectation ohigher photorespiration burdens on Carboniferous plants, perhaps even limiting
terrestrial plant productivity (Beerlingt al, 2002). There is, however, no evidence to support
such a hypothesis Pennsylvanian plants survived and diversified without the evaolutio
carboneoncentrating mechanisms such ag ghotosynthesisThe biological adaptations or
environmental conditions that permitted plants to evade this biochemical constraint have been
explored for some taxa suchlgsophytes Green, 2010) buawait futher investigationRather,
we hypothesize that for specific intervals of the Carboniferous and early Permian, characterized
by very lowpCO; (<300 ppm) and higipO,, the unique atmospheric composition would have
differentially’ affected the gasxchange apacity, photosynthetic physiology, and waise
efficiency of plant groups and thus their ecological competitiveness (Mon&tfedz 2016).
Therefore, “eephysiological reconstructions of these extinct plant communities and their
potential~to.feedbackon surface environmental conditions, atmospheric greenhouse gas

composition, and climate must consider the full range of atmospheric composition.

Plant adaptation to environmental forcing and scaling to ecosystem and bgpoases is
complex, involving the interplay of many biological and environmental conditions that can be
challenging=te=quantifyln this review, we highlight the multipléacets of physiological
functioningrefsextinct plants that can be quantitatively constrained and argue théamogaf
integrating'them into ‘whole-plant’ physiology reconstructioniniately, major progress in our
understanding oflimates andhe biospher®ef the deep pasequiresa systemdased approach
in which plantsare a focal pointgiven their dynamic interface with surface environmegtsh
anintegratedsystems’perspectivenust bebuilt on a foundation developed usipghcesshased
ecosystemmodeling Such modeling must bentegrated with detailed anatomical and
paleontologicadataand culminate withEarth system modeling that incorporatesanstructed
physiologies, plant functional types, and bionaggpropriate for the period of interedthis
review has elucidated a much broader spectrum of physiological functioning iict ext
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Carboniferous plants than previously understood and considered. Such considerasialiber
limitations of assuminghat ancient plant function#daits and types can be equated with nearest
living phylogenetic relativesand provide a roadmap for identifying more appropriate nearest
living equivalents for long extinct plants that, themselves, can be amenable tamexperi
analysis. Identifying the physiological properties of extinct plants, assentbénginto whole
plant models,<and identifying INEs from the wholeplant perspectivewill yield a more
comprehensive” and nuancaghderstanding vegetatiedimate feedbacks throught the

evolutionary-history of plants.
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Fig. 1 A tree oftkey Pennsylvanian plants, their living relatives, and their evolutionargxtont
Triangles represent extant lineages with substantial biodiversity. The arborescent lycophytes are
nested within two extant herbaceous lycophyte gertgetgginellaand Isoetes Sphenopsids,

including the extinct tax&phenophyllumand Calamites are nested within the extant ferns
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(‘monilophytes’). Genetic analyses suggest that extant ferns form a monoplytatp (e.g.,

Pryer et al., 2004), that extant gymnospernfson-angiosperm seed plants) form a second
monophyletic group with the gnetales as sister to the Pinaceae or extaatsc@nd., Qiet al.,

1999), and that angiosperms are sister group to the gymnosperms (e.g., Burleigh &dMathew
2004; Doyle;»2006, 2008, 2012), implying that angiosperms diverged from a lineage of seed
plants that,themselves diverged from extant gymnosperms before their last conoastora
Medullosarepresents the pteridosperms, an informal name for-desdyging seed plants that

bore seeds onfernlike leaves.

Fig. 2 Flow chart delineating connections and prodessed linkages between many of the
components' of’ paleoecophysiology reconstruction. Blue boxes are solar-sigsiesatscale
physical foreings acting on Carboniferous biomes. Alternation in the lowland tropicas ludsi

the two biomes shown (wetland and seasonally ayyrtesy of Mary Parrish; National Museum

of Natural History, Smithsonian Institution) occurred during W0glaciaHnterglacial cycles.
Green boxes arthe empirically based or inferred plant to forest characteristics applied to the
processhased ecosystem modeling, BIOME BGC V.4Qrange boxes are modeled output
processes(total canopy conductance, surface runoff) and possible environmentalagie bio

consequences.

Fig. 3 Reconstructions of key Pennsylvanian plants and representative f@g$ieconstruction

of an arboreseent lycophyte, from Taykiral (2009). b) Reconstruction of an arborescent but
lax-stemmed medullosan pteridosperm, from Andrews (1948) permission from Missouri
Botanical Garden Press, St Louis, USA. Note that the large, compound frond systetnswn

as if the ‘plant were wilting in order to fit the plant within a single illustration. Additional
perspectives.on medullosan growth and form can be found in Pfeffexkatr{1984), Wilson &
Fischer (2022);and Wilscet al (2015). €) Reconstruction of an extrabasinal, or ‘upland’ giant
cordaitalean tree, from Falcdrang & Bashforth(2005) with permission. It is likelthat these
trees were"abundant in environments that are represented at low frequencies in the fossil record.
(d) Reconstruetion oPsaroniusfrom Tayloret al (2009). Note that the majority of the volume
of the stem is made up of root mantle, rather theaf and stem tissuee)( Medullosan
(Neuropterig leaf from Indiana, USNM Locality 3832Bar, 1 cm. ) Cordaitesleaf from

This article is protected by copyright. All rights reserved



Indiana, USNM Locality 38327. &, 1 cm. (G) Walchian conifer leaf impression from New

Mexico.

Fig. 4 Temporal distribution of tropical Pennsylvanian and early Permian biomes,- paleo
atmosphericpCO, and pO,, and glaciation historyadapted from Montafiez (2016Vpper
section is a detailed inset of the bioglaciation history shown in the Lower section. VB
owned, commissioned by, and courtesy of the City and County of Denver, K. Johnson, and J.
Vriesen. WB 3 and 4, and Seasonally Dry Biome 1, courtesy of Mary Parrish (Natiosalm

of NaturalHistory, Smithsonian Institution). See text for detail of biome distributiing.
shading around the CCcurve is the 16 and 84 percentilacertainty around the estimates.

[Author, ta assist readers in interpreting the figure please refer to (a) and (b) in the legerid

Fig. 5 Generalized diagram of Middle and eaPennsylvanian biomes during a glacial phase.
Green tropical-everwet forests; blusubtropical forests,osnetimes seasonally dry; orange,
deserts; red/Angaran northern temperate forests dominatedRloria; purple, southern
hemisphere temperate forests; grayndra. Local vegetational dynamics were likely to be
strongly influenced by topography and climate, including oceanographic influences.

Paleogeographic map base from Blakey (http://jan.ucc.nau.edu/rcb7/n§m.htm

Fig. 6 Key plant parameters for reconstructing ‘whplant’ water transport physiology against

the backdrop oMedullosa thompsoniirom Andrews (1945)with permission from Missouri
Botanical Garden Press, St Louis, USArom root to leaf: root anatomy can be used to
determine rooting depth, and root xylem can be used to determine the hydraulic cayduictivi
roots (koof)™Stem anatomy and xylem anatomy, in particular, can be used to determine the
hydraulieseonductivity of individual tracheidss(kand whole stems {kn). At the branch scale,

the number of conduits and their individual hydraulic conductivity can be used to quantify the
conductivity of a single branch gk.c. Within leaves, the total vein length per unit of leaf area

is a compongnof the hydraulic constraints within a leaf, along with the stomatal density/index
(stomatakfrequency), maximum water vapor exchange of an individual stomatal x¢gupls)

and its operational maximumdg, the mesophyll path length () and leaf thikness.

Fig. 7 A comparison of measured stomatal conductanggf(@m a global survey of vegetation

from Maireet al. (2015) (*) with estimated operationals &* this study) for keystone taxa of
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the Carboniferous tropical wetland forests. M&as estimatedrom measured @G values from
Montanezet al (2016) by assuming thats60.25(Gyax) following the observation of McElwain

et al (2016b) and Franket al. (2014). Box lower bound, horizontal line, and upper bound define
the 28", median, and 75percetile of data respectively; whiskers define1® andc. 99" and
percentile of.data; circles are outliers. Medullosan stomatal conductance and lycophyte stomatal
conductance are high because of high stomatal frequency and/or large stomata.

Fig. 8 Modeled and empirically inferred canopy conductance for major Carboniferous plant
groups. Simulated values using BIOME BGC v4.2 are shown as maximum sunlit canopy (purple
bars) and net'canopy average values (red bars) and were modeled for 400 pand Cihge of
hypothesized atmosphena©,. Empirically derived photosynthetic assimilation rates shown as
average values (colorenutline symbols £ 2 &) and were made using scaling relationship
between Gaeand assimilation rate (solicblor symbols; McHwain et al, 2016b) and vehto-
stomata distance and its empirically determined relationship &d Anax (Brodribb et al,

2007).

Fig. 9 Modeled leaf and stem hydraulic features of Pennsylvanian génedaitesand
Medullosainseompared to living gymnosperms and angiosperms. Stomatal conductance to CO
on thex-axis (based on Dagt al, 1991, Loretcet al, 1992, 2003; Picoat al, 1996; Augeet

al., 2000; Day, 2000; DeLucket al, 2003; Dang & Cheng, 2004; Bataal, 2004; Herricket

al., 2004; Ethieet al, 2006; Zazzaro, 2006; Galmeal.2007; Niinemetet al, 2009;

Montafiezet al,'2016), and the stem resistance to cavitation (defined as the square of thickness-
to-span of Xylem conducting cells) on thaxis (sten vessel thickness based on Donaldson,

1983; Catcet al, 2006; Rathgebeat al, 2006; Suret al, 2006; Wilsoret al, 2008; Hacke

Jansen, 2009; Ramiret al, 2009; Domeet al, 2010; De Micceet al, 2008, 2016; Carvalhet

al., 2015)slzabels imuadrants refer to qualitative stress tolemlevels of components where:
physical referstto structural stress based on wood strength, wateraoefesaght, and C®

refers to.atmospheric supply.

Fig. 10Intrinsie,wateruse efficienc WUE) for modern and Carboniferous plants and modeled
surface runoff ratios for the Carboniferous) (ntrinsic WUE values for modernclpsed
symbols delineated by pink shading) and dominant Carboniferous taxa (open symbols

delineated bylue shadinpover a range of atospherigpgCO,. Modern values are derived from
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various CQ enrichment studiegalecvalues are from BIGIE-BGC v.4.2 simulationsitilizing
fossil leaf morphology and nitrogen compositioh) Modeled runoff ratio, calculated from
simulated discharge to inp precipitation for Carboniferous taxa over the same range of

atmospheripCQ, values.

Table 1 Key organ or form genera for Pennsylvanian plants and their associatedplemtle

concepfTypesetters, see separate xIsx file for the table.]

Table 2 Stem _and leaf parameters for medullos&@sdaites and two gymnosperm®ioon
eduleandGinkgo biloba

[Typesetters, see separate xIsx file for the table.]

[Footnote text below Table 2Jein length per area () values forD. eduleand G. biloba are
from Boyceet.al. (2009) Stomatal values fdi. bilobaare preindustrial values from Barcl&y
Wing (2016)..Medullosa noeiroot tracheid diameters are from Steidtmann (1944), other
measurementsrare from Greguss (1968), Wiktoal. (2008), Wilson & Knoll (2010) and J. P.
Wilson (unpublished).

Table 3 Maximum stomatal conductance {&) values for various extinct Carbonifereus

Permian taxa

Representative taxa Avg. Gpax tlc

(molm?s?) | (molm?s?

Medullosalesfiedullosans 37 35

Sphenophyllum 0.4 0.2
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Lepidodendrales (lycopsids) 4 1.8

Cordaitales (cordaitaleans) 2.4 3.1

Ferns (mostly marattialean
0.3 0.3

Author Manuscript
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