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ABSTRACT: Evidence of fire in the Middle Devonian remains globally scarce. Charcoalified mesofossils recovered
from the Emsian–Eifelian Trout Valley and St. Froid Lake formations of Maine are direct evidence of wildfires
proximal to the Acadian Orogen, formed as the Avalon terrane and the North American plate collided. These
mesofossils include charred psilophytes, lycopsids, prototaxodioids, enigmatic taxa such as Spongiophyton, and
coprolites. Here, fire combusted a senesced and partially decayed litter, and the intimately associated nemato-
phytes, following a period of extended dryness. We envisage wildfires occurred during neap tide when exposure of
the flora of this estuarine setting was prolonged. Herein we provide a reconstruction of this Middle Devonian
landscape and its flora in which lightning generated by post-dry season storms ignited wildfires that propagated
through an extensive psilophyte-dominated litter.

INTRODUCTION

Wildfire is a natural phenomenon and fundamental Earth System process

(Bond and Keeley 2005; Bowman et al. 2009; Pausas and Keeley 2009;

Pausas et al. 2017) that has contributed to the shaping of the planet for at

least the last 430 million years (Glasspool and Gastaldo 2022a). At present,

fires burn on average around 3–5 million km2 per year (Chuvieco et al.

2008; van der Werf et al. 2017). This level of combustion reduces plant-car-

bon storage by ~ 10%, having profound impacts on both atmospheric com-

position and climate (Yue et al. 2016; van der Werf et al. 2017; Lasslop

et al. 2019; Harrison et al. 2018, 2021; Jones et al. 2022). Wildfires impact

the short-term Earth System through feedback on, amongst others, atmo-

spheric concentrations of absorptive and reflective aerosols, and surface

albedo through changes in vegetation cover. However, wildfire activity also

feeds back into the long-term carbon cycle through the burial of organic

matter (charcoal, soot), and its impact in promoting clastic sedimentation

(see discussions in Bowman et al. 2009 and Scott 2010). The short-term

outcome of the present fire-regime feedback on the Earth System is a 6 ppm

rise in atmospheric levels of CO2 for every 1°C of Mean Annual Tempera-

ture (MAT) rise (Harrison et al. 2018; Jones et al. 2022).

The fossil record of charcoal from the Silurian onwards, and hence

wildfire, is largely continuous, with the Middle Devonian reported as a

notable exception (Scott and Glasspool 2006). Devonian hothouse climate

(Becker et al. 2020) fluctuated through this interval, exhibiting moderate

swings of temperature between cooler and warmer, although it remained

icecap free (Scotese et al. 2021). Macro- and mesofossil charcoal (hereaf-

ter simply charcoal) from the Middle Devonian remain largely undocu-

mented. This paucity in the fossil record is more notable given that (1)

global average temperatures (GAT) for the timeframe are calculated to

have been at least 4.5°C warmer than the Present (Scotese et al. 2021), and

(2) some biogeochemical box models, indicate this as a period of falling

atmospheric oxygen concentration (e.g., Mills et al. 2023—however, note

the important and circular feedback of the presence/absence of charcoal

into models of deep time atmospheric oxygen concentration).

The cladoxylopsidalean order Pseudosporochnales are among some of

the earliest arboreous plants and formed the first documented forests (Davies

et al. 2024). The First Appearance Datum of these trees is in the Eifelian–

Givetian (Stein et al. 2012, 2020). This plant order, including Wattieza/

Eospermatopteris (Stein et al. 2007), was water dependent, fast-establishing

and fast-growing, but not woody (Stein et al. 2012). Woody aneurophyta-

leans grew alongside these cladoxylopsids and tree-sized lycophytes at Gil-

boa Quarry in New York (Stein 2012). However, it was not until the advent

of the archaeopteridaleans during the Givetian that the pseudosporochna-

leans were joined by large, woody, deeply rooted and less water constrained

trees (Beck 1962; Algeo et al. 2001; Stein et al. 2012). These plants pro-

vided an even more significant potential fuel source that would have been

distributed through a greater and more seasonally drier diversity of habitats.

Middle Devonian, arboreous cladoxylopsids and archaeopterids have been

extensively documented in recent years (e.g., Stein et al. 2007, 2012, 2020;

Meyer-Berthaud et al. 2010; Decombeix et al. 2011; Giesen and Berry 2013;

Marshall et al. 2022; Davies et al. 2024). However, other contemporaneous

plant taxa were present on various landscapes (Berry and Fairon-Demaret

2001). This Middle Devonian (Eifelian–Givetian) flora included rhyniopsids

(e.g., Stockmansella, Fairon-Demaret 1986), lycophytes (lycopsids [club

mosses], zosterophylls, and barinophytes), basal euphyllophytes (the former

trimerophytes; e.g., Psilophyton Dawson emend. Hueber and Banks

1967; Pertica Kasper and Andrews 1972; Pauthecophyton Xue et al.

2012; Planatophyton Gerrienne et al. 2014), monophilophytes (filicopsids

[ferns], cladoxylopsids and sphenopsids [horsetails]), and lignophytes (progym-

nosperms). While embryophyte diversity decreased from the Emsian into the

early-Middle Devonian it was once again expanding rapidly before the end of

the Givetian (Berry and Fairon-Demaret 2001; Capel et al. 2022).

Middle Devonian terrestrial strata are not common in the USA, and

Maine affords some of the best opportunities to study floras of this age.

The Emsian–Eifelian Trout Valley Formation (TVFm) flora of Baxter State

Park, Maine, was first reported by Dorf and Rankin (1962) and has been

the subject of ongoing study since (Fig. 1; e.g., Dorf and Rankin 1962;

Andrews et al. 1977; Kasper et al. 1988; Allen and Gastaldo 2006). The
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FIG. 1.—Map of northern Maine, USA, including overview of the State (inset) and the major regional lakes (dark blue), the location of the Emsian–Eifelian age Trout

Valley Formation (red shaded), and the revised map of the distribution of Silurian to Devonian age marginal marine and terrestrial sediments in Aroostook County (Wang

2022). Color key: brown shading ¼ Frenchville Formation (Silurian undifferentiated); pink shading ¼ Chapman Formation (Pragian); yellow shading ¼ St Agatha

Formation (informal; Emsian); green shading ¼ St. Froid Lake Formation (Emsian–Eifelian); purple ¼ Scopan Lake Formation (informal; Pragian–Emsian); light blue

shading ¼ Mapleton Formation (Eifelian). Legend: dashed red lines (RG %) ¼ graptolite reflectance isograds extrapolated from Malinconico (1993a); black dots (RV %) ¼
Mean Random Vitrinite reflectance values calculated by Malinconico (2023); black, numbered stars are Wang collection localities from which samples have been macer-

ated; green dots labeled A–L are Wang localities with palynological age data; A ¼ Pragian–Emsian; B ¼ Emsian; C ¼ late Emsian; D ¼ Lochkovian or younger; E ¼ late

Pragian to Middle Devonian; F ¼ Emsian–Eifelian; G ¼ late Pragian–Eifelian; H ¼ late Pragian–Eifelian; I ¼ late Pragian–early Emsian; J ¼ Pragian–early Emsian; K ¼
Pragian or younger; L ¼ Pragian–early Emsian.

302 P A L A I O SI.J. GLASSPOOL AND R.A. GASTALDO

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/39/9/301/6961865/i1938-5323-39-9-301.pdf
by guest
on 29 September 2024



age of the TVFm is best constrained palynologically, despite the highly

coalified nature of the palynoflora (Thermal Alteration Index 4-[~Rov 1.5

to 2.0] to 4 [Rov.2.0]; McGregor 1992; for correlation with Rov see Mas-

talerz et al. 2016). Both Richardson and McGregor (1986) and McGregor

(1992) concluded that the flora lies between the latest Emsian and very

early Eifelian. The palynomorphs (Table 1) are assignable to the Grandi-

spora douglastownense-Ancyrospora eurypterota spore Assemblage

Zone, which spans the Lower/Middle Devonian boundary (Richardson

and McGregor 1986). This zonation would correlate with the Polygnathus

patulus-costatus conodont zones (late Emsian–early Eifelian) or possibly

the P. partitus-costatus zones (early Eifelian; McGregor 1992) of Western

Europe.

The age assignment of the TVFm is taphonomically dependent (McGre-

gor 1992). If the Emsian-age taxa are recovered from in situ (autochtho-

nous) deposits, a correlation with the upper Wetteldorf or the lower

Reisdorf Formations of the Eifel region, Germany, indicate a very late

Emsian age. Such an age would not be discrepant with the presence of G.

douglastownense and ancyrate megaspores, as their lowest biostratigraphic

range extends into the very late Emsian in eastern Canada (McGregor and

Camfield 1976; McGregor 1977, 1992). However, if the Emsian palyno-

taxa were recycled into younger-aged sediments, the TVFm could be as

young as early Eifelian. This age would be in accord with the presence of

?Diatomozonotriletes oligodontus and as young as Lophotriletes devonicus;

neither taxon is known to predate the Eifelian in North America or Western

Europe. We note, though, that these ranges may be skewed by their infrequent

documentation.

The two most frequently encountered megafloral components of the

TVFm flora are Pertica quadrifaria and Psilophyton spp., which are inter-

mixed with other taxa. Herein, we examine taphonomically enigmatic

mesofossils obtained from the TVFm by acid maceration and report on

their diversity, nature, and preservation. In addition, recent mapping of

northern Maine in Aroostook County (Fig. 1; Wang 2022) has afforded an

opportunity to collect, process, and evaluate roughly contemporaneous

material, which is complementary to the Trout Valley flora.

SETTING

At a latitude at most 30°S of the equator (Scotese and McKerrow

1990) the terrestrial TVFm strata accumulated as part of a thick clastic

foreland-basin succession (Bradley et al. 2000; Allen and Gastaldo

2006). These were deposited to the northwest of the Acadian orogeny, as

the Avalon terrane and the North American plate collided (Gastaldo

2016). During collision a volcanic island chain was located to the east of

the land mass, with this subsequently welded with the continent. The

Traveler Mountain Rhyolite (406–407 Ma) is interpreted as volcanic

flows from the caldera of one of these volcanoes (Bradley and Tucker

2002). Erosion, weathering, transport, and proximal deposition of these

volcanics resulted in the deposition of the TVFm to the northwest of the

Acadian highlands.

The formation itself comprises pebble conglomerate, fluvial and near-

shore sandstone, and siltstone of muddy tidal flats. Paleosols developed next

to estuarine-influence rivers transporting coarse-and-fine clastic sediments

to a coastline under brackish water influence (Selover et al. 2005; Allen and

Gastaldo 2006), and the subtropical climate exhibited pronounced wet to

dry seasonality (Allen and Gastaldo 2006). Most of the recorded flora was

transported and deposited as drapes on bedding surfaces, although very fine

rootlets in the mudflats indicate its colonization (for details of the sedimen-

tology see Allen and Gastaldo 2006; Gastaldo 2016).

Dorf and Rankin (1962) first recognized the fossiliferous nature of

these strata reporting both plant-and-invertebrate fossils including psi-

lophytes, eurypterids, ostracods, bivalves, and estherids in rocks

exposed along Trout Brook. The flora is reported from a variety of sedi-

mentary settings throughout the TVFm and is summarized in Table 2

(updated from Allen and Gastaldo 2006). Palynology indicates these

strata, which rest unconformably on the Traveler Rhyolite, are of latest

Emsian to earliest Eifelian age (McGregor 1992), an age corroborated by

the macroflora (Kasper et al. 1988). To date, all fossils originate from rock

exposed either along Trout Brook, its tributaries (South Branch Ponds

Brook and Dry Brook), or as pavement outcropping on the Wadleigh Moun-

tain Road running parallel to, and just to the north of the Trout Brook (Fig.

2; Gastaldo 2016).

Comparable in age with the TVFm, and paleogeographically proximal,

is the newly named St. Froid Lake Fm. (Fig. 1; Wang 2022). Until

recently, the terrestrial or near-shore Silurian and Devonian floras of north-

ern Maine (Table 3) comprised those from the Frenchville (Silurian), the

Fish River Lake Fm. (late Silurian–late Eifelian), the Chapman Fm.

(Lochkovian–Pragian), and the Eifelian-age Mapleton Fm. (Bradley et al.

2000; Bradley and Tucker 2002). The pre-Acadian, fault-bounded St.

TABLE 1.—Palynotaxa identified from the Trout Valley Formation (McGregor 1992).

Palynomorphs Comments

Acinosporites lindlarensis Riegel, 1968 var. lindlarensis

?Ancyrospora sp. Not reliably reported below uppermost Emsian

cf. Apiculatasporites perpusillus (Naumova) McGregor, 1973

?Apiculiretusispora plicata (Allen) Streel, 1967

Apiculiretusispora sp.

Calamospora sp.

cf. Clivosispora verrucata McGregor, 1973 var. verrucata Questionable ID, range terminates in upper Emsian in E. North America/W. Europe

Deltoidospora sp. cf. Q. priddyi (Berry) McGregor, 1973

?Diatomozonotriletes oligodontus Chibrikova, 1962

?Dibolisporites wetteldorfensis Lanninger, 1968 Questionable ID, range terminates in upper Emsian in E. North America/W. Europe

Emphanisporites annulatus McGregor, 1961

Emphanisporites rotatus McGregor, 1961

Grandispora douglastownense McGregor, 1973 Not reliably reported below uppermost Emsian

Grandispora spp. (two species)

Lophotriletes devonicus (Naumova ex Chibrikova) McGregor and Camfield, 1982

Retusotriletes maculatus? McGregor and Camfield, 1976 Questionable ID, range terminates in upper Emsian in E. North America/W. Europe

Tholisporites sp. cf. T. chulus (Cramer) McGregor, 1973 var. chulus

?Verrucosisporites polygonalis Lanninger, 1968 Questionable ID, range terminates in upper Emsian in E. North America/W. Europe

Grandisporites velata*
Acinosporites acanthomammillatus*
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Froid Lake Fm. accumulated in a shallow, near-shore, low energy environ-

ment. The sediments comprise non-foliated, multi-hued, thin sandy and

coaly beds of comminuted dark phytoclasts (Gastaldo 1994). These are

interbedded with medium-thin, tabular, reddish-brown or buff, ripple

cross-laminated sandstone. The deposits are similar to those described

from the Fish River chain of lakes and the Ashland area (Wang et al.

2020). The formation also contains thin (, 3 cm) shaley-siltstone and

dark shale interbedded with phytoclast drapes. Bioturbation is recorded

very locally and the fauna consists of brachiopods including Leptocoelia

flabellites, Beachia, Atlanticocoelia, Acrospirifer, and Hysteriolites spp.

These invertebrates indicate an Emsian age for the unit (Wang 2022). The

floral phytodebris comprises abundant transported and comminuted

TABLE 2.—Floral distribution in Trout Valley Formation facies (updated from Allen and Gastaldo 2006).

Fluvial Estuarine

Braided fluvial or alluvial fan Migrating braided channels Flood basin/Overbank Incipient wetland soil Estuarine/Tidal flats and channels

Prototaxites sp. Taeniocradia sp. Leclercqia sp. Psilophyton sp. Sciadophyton sp.

Taeniocrada sp Drepanophycus sp. Pertica quadrifaria P. forbesii Sporognites sp.

D. gaspianus Psilophyton sp. Taeniocrada sp.

Leclercqia complexa P. forbesii Drepanophycus gaspianus

Pertica quadrifaria Kaulingophyton sp.

Psilophyton sp. K. akantha

P. dapsile Leclercqia sp.

P. forbesii L. complexa

P. princeps Pertica quadrifaria

Psilophyton sp.

P. dapsile

P. forbesii

P. microspinosum

Trout Brook

Wadleigh Brook
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FIG. 2.—Bedrock geological map of the northern region of Baxter State Park, Maine, USA. Emsian–Eifelian age Trout Valley Formation (white area); Bc ¼ Black Cat Member

of the Traveler Rhyolite; Lts ¼ Late stage lavas and tuffs; Pg ¼ Pogy Member of the Traveler Rhyolite; Qa ¼ quartz andesite intrusions; Sb ¼ Seboomook Group. Boxed areas

are those from which samples were collected for this study. Black dots (RV %) are Mean Random Vitrinite reflectance values (Rv) calculated by Malinconico (2023).
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terrestrial plant fossils, probably trimerophytes (e.g., Psilophyton and Per-

tica) and Hostinella (Boone 1970), and larger centimeter-sized specimens

of cf. Protolepidodendron sp. (Wang personal communication 2020).

Environmentally, Wang (2022) compares the formation with both the con-

temporaneous Campbellton Fm. of northern New Brunswick (Kennedy

et al. 2012) and the TVFm in Baxter State Park, Maine (Allen et al. 2006;

Gastaldo 2016).

Areas of the Fish River Lake Fm., previously considered late Silurian in

age (Bradley et al. 2000, table 1), have been remapped and assigned to the

earliest Devonian marine Seboomook Group. Fossil plants from the

Emsian–Eifelian age (Charles Wellman personal communication 2023,

based on palynology) St. Froid Lake Fm. (SFLFm) are dominated by basal

euphyllophytes (psilophytes; Kasper et al. 1974). These assemblages are

similar to the contemporaneous TVFm, which is dominated by basal

euphyllophytes and lycophytes. In contrast, the slightly younger Mapleton

Fm. flora is dominated by cladoxylopsids with subsidiary progymno-

sperms (cf. Rhacophyton sp.) and lycophytes.

Mapping of Aroostook County, Maine, by Wang et al. (2020) and Wang

(2022) is ongoing and he has recognized a far greater suite of terrestrial Devo-

nian sediments in the region than had been previously conceived (Fig. 1). These

fault-defined units include the informally named “Scopan Lake formation”.
The formation comprises a series of green-and-red sandstones with minor shale,

thin felsic volcanics, and beds of fragmentary phytoclasts. The palynostrati-

graphic age of this informal unit is Pragian–Emsian (Charles Wellman personal

communication 2023), although Wang considers a Pragian age to be more

likely (personal communication 2023).

MATERIALS AND METHODS

Samples from Baxter State Park were collected over multiple years dur-

ing Park-sanctioned Colby College collecting trips (see Gastaldo 2016;

Allen and Gastaldo 2004; Selover et al. 2005). Unauthorized collecting in

the Baxter State Park is strictly prohibited. All study materials will be

curated at the Maine State Museum, Augusta, and remain sole property of

the Baxter State Park Authority.

The TVFm is located in the NW part of Baxter State Park, northern

Maine, located in T6 R9, T5 R9, and T5 R10 (Frost Pond and Wassata-

quoik, Maine, USGS 7.50 quadrangles; Fig. 2). Outcrops occur along the

Trout Brook and include the localities of Dorf and Rankin (1962), Andrews

et al. (1977), and Allen and Gastaldo (2006). Outcrops exposed along Trout

Brook (N46.13556°, W-68.91554°) and South Branch Ponds Brook

(N46.12135°, W-68.92217°) are small, all , 100 m in length and , 7.1 m

in height, and dip to the NWat 15° (Bradley et al. 2000). Samples were also

collected from a 1.1 km stretch along the Wadleigh Mountain Road

(N46.13383°, W-068.94905°; Fig. 2) beginning near where Lynx Road joins
the roadway in the Scientific Forest Management Area and heading westward

(Gastaldo 2016). Samples from across these localities were macerated but did

not yield more than charred fragmentary unidentifiable detritus. However,

“The Crossing” locality (N46.13568°, W-068.91571°) paleosol horizon

yielded abundant charred and uncharred fossil plant material and forms the

basis for the current study.

During mapping of the St. Froid Lake Fm., Aroostook County, Maine,

Chunzeng Wang provided samples of intervals in which phytoclasts were

TABLE 3.—The floral components of the Silurian to Devonian of northern Maine as compiled from prior publications. There is considerable doubt

that Eohostimella heathana (Schopf et al. 1966) was a plant, let alone a land plant (Strother and Lenk 1983; Edwards et al. 2015). The flora from the

Chapman Formation at Edmunds Hill (46°39 01100N 68°06 03400W), defined by its marine fauna, comprises just a few specimens of the enigmatic fossil

Pachytheca (Schopf 1964). The diachronous Fish River Lake Formation has now been remapped and incorporates in part the SFLFm (Wang 2022).

Taxonomic identifications after: (1) Schopf et al. 1966; (2) Kasper et al. 1974; (3) Kasper and Forbes 1983; (4) Schopf 1964; (5) Andrews and

Kasper 1970; (6) Allen and Gastaldo 2006; (7) Andrews et al. 1977; (8) Gensel et al. 1969; (9) Dorf and Rankin 1962; (10) Kasper and Andrews

1972; (11) Andrews et al. 1968; (12) Kasper et al. 1988.

Formation Age Identified floral components

Mapleton Fm. Eifelian cf. Stolbergia sp. (12) Lycophytes

Barrandeina (?) aroostookensis (4) ?Cladoxylopsid

Calamophyton forbseii (4) Cladoxylopsid

cf. Calamophyton sp. (12) Cladoxylopsid

cf. Caladophyton sp. (12) Cladoxylopsid

cf. Schizopodium sp. (12) Cladoxylopsid

cf. Rhachophyton sp. (12) Aneurophyte

Aphyllopteris sp. (4) Insertae sedis

Hostinella sp. (4) Insertae sedis

Trout Valley Fm. Emsian–Eifelian Prototaxites sp. (5) Nematophyte

Sciadophyton sp. (6) Rhyniophyte

Sprogonites sp. (6) Bryophyte

Taeniocrada sp. (5) Rhyniophyte

Drepanophycus sp. (7) Lycopsid

Kaulaniophyton akantha (8) Lycopsid

Leclercqia complexa (6) Lycopsid

Sawdonia ornata (9) Lycophyte

Pertica quadrifaria (10) Basal euphyllophyte

Psilophyton dapisile (2) Basal euphyllophyte

Psolphyton forbseii (11) Basal euphyllophyte

Psilophyton microspinsosum (2) Basal euphyllophyte

Psilophyton princeps (2) Basal euphyllophyte

Thursophyton s sp. (7) Insertae sedis

Chapman Sandstone Pragian Pachytheca sp. (4) Incertae sedis

Fish River Lake Fm. late Silurian–late Eifelian cf. Dawsonites arcuatus (cf. Psilophyton acuatum) (2) Basal Euphyllophyte

cf. Psilophyton dapsile (3) Basal Euphyllophyte

Frenchville Fm. Silurian Eohostimella heathana (1) Incertae sedis
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encountered. Macerated samples include: a red-brown sandstone of the “Red
River redbeds basin” (Wang sample # 20205; N47.00111°, W-068.51944°) in
which cf. Protolepidodendron sp. was reported on 11 Jul 2020 at this locality;

a green sandstone-mudstone from the “Square Lake greenbeds” (20274;

N47.08667°, W-068.34917°); a green sandstone-mudstone from the “Burpee
Brook valley greenbeds basin” (20646; N46.97333°, W-068.57611°); a green
sandstone-mudstone of the “Portage Lake greenbeds basin” (20568;

N46.81444°, W-068.53861°); and green sandstone-mudstone samples (20600;

N46.76278°, W-068.43556°; and 20657 N46.65750°, W-068.50250°) from the

“Burpee Brook valley greenbeds basin.” Samples also originated from: the Pra-
gian-age Chapman Formation at Dragon Products, Edmunds Hill Quarry, 512

Carvell Road, Chapman, ME (N46.65306°, W-068.10944°; see Schopf 1964);
and the early-middle EifelianGrandispora velatus-Rhabdospora langii biozone

within the Upper Member of the Mapleton Formation at Winslow Farm

(N46.69586°, W-068.07818°; see Schopf 1964; Kasper et al. 1988). Macera-

tions of Frenchville Fm. samples came from: Stockholm (N47.07333°, W-

068.14722°; see Schopf et al. 1966); the Seboomook Fm. at Eagle Lake

(N47.01667°, W-068.59139°) close to McGregor stations 95MDw116A and

95MDw117 (Bradley et al. 2000); and the Fish River Lake Fm. (N46.96157°,
W-068.66979°) close to McGregor station CL-186 (Bradley et al. 2000).

Organic-rich samples (30 gm each from the St. Froid Lake Fm. and the

TVFm., Wadleigh Brook Road; bulk [kilograms] quantities of the TVFm “The
Crossing” locality) were first macerated using standard techniques for mesofos-
sils (Pearson and Scott 1999), being treated with 37% HCl, followed by 30–

40%HF, and subsequent treatment with hot HCL to remove fluorides. Residues

were sieved to 150 mm and then picked both wet and dry under a Zeiss dissect-

ing microscope at variable magnifications. Specimens overtly representing tis-

sues and organs were picked first and preferentially, but subsequent selection

was undertaken to randomly sample the macerates. Multiple specimens were

mounted onto a single SEM stub with 12 mm Pelco adhesive tabs. A pie-

shaped wedged notch cut out of each tab acts as an landmark when viewing by

SEM, a reference point for numbering mounted specimens (first number is

immediately to the right of the notch at the periphery of the stub with subse-

quent specimens being numbered clockwise around its periphery to the left

hand side of the notch), and a marker for each photograph taken as an overview

of the collection. When possible, additional specimens were positioned in con-

centric circles within the outer shell of samples, with numbering following the

same logical order. Once mounted, specimens were gold coated (~ 90 s) using

an SPI-Module sputter coater and analyzed with an Hitachi S-2700 scanning

electron microscope.

Selected specimens were removed from the stubs after imaging and trans-

ferred to resin molds for embedding. Where specimens were millimetric in

scale they were first set in silicon rubber square-tipped TEM molds and

embedded in a low-viscosity epoxy resin (Struers Epofix) following ISO

7404-2 2009 standards. These specimens were carefully oriented prior to resin

hardening. Then, each block was re-embedded in Epofix in a larger mold for

grinding and polishing once hardened. In addition to the taxonomically signif-

icant material that followed this preparation pathway, a random selection of

the remaining organic material was concentrated and embedded as a strew

mount without prior electron microscopy and orientation. The aim of these

strews was to provide an unbiased sampling of the material to explore the

range of their physical properties in reflected light. Epoxy blocks with the

SEM-and-strew specimens were ground with a sequential series of abrasive

papers, ranging from 120 to 5000 grit. A penultimate polish on woven cloth

was dosed with 1 lm polycrystalline diamond suspension. Final polishing

was done on a napped cloth with a 0.05 mm aluminum-oxide slurry.

Quantitative measurements (mean random reflectance [MRR] in oil, Ro

%) were made using a Leica DMR microscope fitted with a 503 oil

immersion objective. Observations adhere to standard techniques (ISO

7404-5 1994); an Infinity 1 digital camera with Infinity Capture software

was used for image acquisition. Calibration of the system and its linearity

was conducted using at least four mineral standards closest in reflectance

value to the material being measured. Standards used ranged from spinel

(Ro ¼ 0.42%) to silicon carbide (Ro ¼ 7.93%). An oil blank was used,

where necessary, to calibrate extremely low reflecting material. Where fea-

sible, each specimen was measured at 100 points. However, the small scale

of some specimens precluded meaningful counts of this size because of

edge effects and imperfections of the polish; in these cases, as many points

were counted as was practicable.

Bireflectance data were gathered in plane-polarized light at 546 nm wave-

length with a 503 oil immersion lens (ISO 7404-5 1994). The stage was

rotated by 18° through the full 360° rotation possible and the reflectance

was measured on the same pixel of the specimen at each 18° interval.

Images were calibrated against the same standards as used for the MRR. A

22° Smith reflector cube was used to measure the degree of rotation of plane

polarized light (see Gribble and Hall 1992). The use of the Smith reflector
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FIG. 3.—Psilophyte preservation in Trout Valley Formation paleosol at “The
Crossing” (Fig. 2). Image acquisition, incident light (A–E), SEM (F, G). A)

Psilophyte, black, lustrous, 3D incompletely preserved bifid terminal appendage (P-

S3-S3). B) cf. Pertica quadrifaria, black, lustrous, 3D preserved bifid terminal

appendage, arrow indicates vitreous fracture and gelified interior (P-S3-S2). C) cf.

Psilophyton forbesii, black, lustrous, 3D incompletely preserved bifid terminal

appendage with strong ribbing (arrow) and an acute angle-appendage divergence

(P-S2-S1). D) Psilophyte, a compressed, lusterless bifid terminal appendage lacking

cellular preservation (P-S6-S11). E) cf. Psilophyton microspinosum a short stem

fragment below a dichotomy, with a spine (arrow) (P-S2-S3). F) Detail of Fig. 3B

(P-S3-S2), right hand appendage apex confirming the lack of internal anatomy and

vitreous fracture (arrow). G) Psilophyte, detailed image of an incomplete terminal

appendage showing homogenous, vitreous internal preservation, but with the

impression of original cuticular ribbing discernible (arrow; P-S4-S6).
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cube results in a lower efficiency than the 45° BF reflector cube, but extinc-

tion with the former is uniform in an isotropic field unlike with the latter.

Each specimen was leveled using a press and once mounted on a rotating

polarized microscope stage, was checked to assess the accuracy of its level-

ing through examination of an isotropic standard (see Crelling et al. 2005).

Isotropic standards that are not leveled accurately appear to show weak bire-

flectance, not detectable by the eye, but resulting from a slight inclination of

the specimen. Inaccurate leveling is expressed in the reflectance sine wave

following rotation of the specimen through 360°, where the data will con-

form to a sine wave with a single minimum versus the two-extinction min-

ima that would be expected as a result of rotation of a leveled isotropic

specimen. Unknown specimens were assessed for the accuracy of press lev-

eling by removing the objective lens from the light path and stopping the

field diaphragm down. This permits an image of the field diaphragm to

become discernible on the specimen and enables any further required level-

ing to be carried out by manual adjustment of the block until, on rotation,

no movement of the diaphragm image was discernible. Bireflectance data

(Rmax � Rmin[apparent]) were measured from the reflectance data gathered

per-site of measurement through 360° of stage rotation.

RESULTS

A variety of psilophyte organs were recovered from “The Crossing”
paleosol horizon where preservation was varied. Superficially, most

organs appear charred (Fig. 3A–3E). These are black, showing a high

luster, some degree of 3D relief and, when viewed in incident light

using a dissecting microscope, appear to preserve cellular level details.

While black in coloration, several specimens appear compressed, luster-

less, and lack cellular level details (i.e., Fig. 3D). Closer examination

of charred specimens reveals several taphonomic differences in the

material. For example, one specimen (Fig. 3B) preserves no internal

anatomy, but internally is homogenous, solid, and breaks with a vitre-

ous fracture (Fig. 3F, arrow). Other organs superficially show anatomi-

cal preservation, including scalariform thickenings (e.g., Figs. 3G,

arrow, 4A–4D), but have no internal anatomy, appearing gelified. This

atypical preservation exhibits compression while maintaining a dis-

creetly fossilized vascular strand with anatomical level impression data

(Fig. 4A–4D).

Hooked Terminal Appendages

The incomplete nature, small size, and variable features of the plant

organ-hook morphotypes complicates identification. For example, the

absence of a second hooked appendage (Fig. 3A) eliminates the oppor-

tunity to confidently assess the angle between them, which Kasper et al.

(1974) used to differentiate taxa. This incomplete specimen is similar

to both Pertica quadrifaria and Psilophyton microspinosum (Kasper

and Andrews 1972; Kasper et al. 1974). In other cases, specimens most

closely resemble P. quadrifaria (Fig. 3B) or Psilophyton forbesii (Fig.

3C; see Andrews et al. 1968, fig. 10), the latter of which has a strongly

ribbed surface and an acute angle between the terminal appendages

(Kasper et al. 1974, fig. 41). Several specimens should, at best, be

termed a psilophyte (Fig. 3D, 3E; basal euphyllophyte). We interpret

Figure 3E to represent a small stem fragment below a dichotomy, with

the arrowed feature representing a spine, which measures 0.4 m in

width at its emergence from the stem measure and tapers along its 1.1

mm in length, abruptly terminating. We tentatively assign this form to

Psilophyton microspinosum, although the spine is half its reported

length (Kasper et al. 1974).

The most abundant hooked appendage morphotype (Fig. 5A–5F) is a small

(, 3 mm tall 3 3 mm tip-to-tip wide, pre-bifurcate axis , 1 mm in width)

recurved organ, closely resembling those of Pertica quadrifaria (Andrews and
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FIG. 4.—Non-charred psilophyte vascular tissues from the “The Crossing” (Fig. 2). Image acquisition: A) incident light; B–D) SEM. A) Compressed psilophyte axis,

with preserved vascular strand (arrow; 2021-S1-S2). B) Compressed, isolated psilophyte vascular strand (2021-S6-S3). C) Detail of B showing impressions of scalariform

vascular tissues typical of Psilophyton. D) Detail of B showing vitreous homogenization of the vascular strand.
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Kasper 1972). However, once viewed at higher SEM magnification (Figs. 6, 7),

there are discernible differences amongst these organs. Most hooked processes

terminate at a single apex. However, some (n ¼ 2) bifurcate distally in the last

150–200 mm at their very apex (Fig. 7A–7D) and are bluntly rounded with no

obvious secretory or acute spinose features (Fig. 7B–7D). While superficially

well-preserved, even at low magnification viewed by SEM (Fig. 6A), most

specimens show decay features (Fig. 6D, 6F, 6G). For example, the specimen

illustrated in Figure 6 clearly underwent decay although it exhibits unlaminated

(homogenous) cell walls (Fig. 6C, arrow) that are indicative of charring. Com-

pressed specimens (Fig. 6D) show little evidence of internal anatomy although

spine apices are clearly preserved (Fig. 6C). Sporadic evidence of original plant

cuticle is present in some specimens (e.g., Fig. 6D), although it has been lost or

damaged in most instances (Fig. 6E–6G). There is limited evidence of tissue

blistering (Fig. 6E; see Edwards and Axe 2004) which, again, is indicative of

the effects of charring. Signs of fungal/nematophytic activity are also present

with larger (Fig. 6F, arrow) and smaller tubes welded and adhered to the

appendage (Fig. 6G, arrow).

Other Terminal Appendage Morphotypes

Three additional terminal psilophyte-appendage morphologies are in

the TVFm material. The first (Fig. 8A, 8B) comprises more robust enations

(n ¼ 2) wherein the axis is up to 1 mm in width prior to dichotomizing. Their

apices dichotomize at an angle 90°, producing rigid spines from 0.5 to ~ 1

mm long and most closely resemble the sterile termini illustrated by Kasper

et al. (1974, fig. 10) of Psilophyton dapsile. However, this material was origi-

nally described with a maximum stem width of 2 mm with “ultimate branch-
let(s) with a diameter of less than 1 mm” and “closely dichotomizing

ultimate branchlets.” Their description is based solely on the fertile branches

while not describing the sterile units. SEM of the most distal apex (Fig. 8C)

in the TVFm material shows a pore-like opening.

The second and third appendage morphotypes differ (Figs. 9, 10). The

second (Fig. 9A–9D) demonstrates a final dichotomy at an angle of 105°
(6 1–2°). This feature, while not part of the systematic diagnosis, was

detailed in Psilophyton microspinosum (Kasper et al. 1974). The ultimate

divisions (Fig. 9A–9D) of incomplete appendages measure 3, 4, 1, and 2

mm, respectively, and are shorter than the 5 mm described by Kasper et al.

(1974; with the possible exception of Fig. 9A). Similarly, the limb giving

rise to these divisions may be long (Fig. 9D ¼ 5.5 mm), although short of

the 1.6 cm reported by the authors. The third appendage morphotype (Fig.

10A–10C) is united by the presence of strong ribbing and an acute dichot-

omous angle, in which some terminal processes are curved inwards. These

are comparable with illustrations of Psilophyton forbesii (Andrews et al.

1968, Fig. 10).

All sporangial remains are psilophyte in overall morphology (Fig. 11A–

11I) and fall into two size categories; those 4.5 mm in length (Fig. 11A,

Pertica quadrifaria
Detail from 

Kasper & Andrews (1972)
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FIG. 5.—Trout Valley specimens in incident light. A–F) Charred, 3D preserved, terminal psilophyte appendages. cf. Pertica quadrifaria. Samples: A, P-S6-S4; B, P-S4-

S14; C, P-S6-S1; D, P-S6-S13; E, P-S4-S10; F, P-S6-S2. G) Detail from Kasper and Andrews (1972, fig. 10) Pertica quadrifaria reconstruction.
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11B, both charred) and those between about 2.75–3.0 mm in length (Fig.

11C–11E, of which Fig. 11C is charred). The smaller sporangial remains

fall in the size range for TVFm Pertica quadrifaria (2.0–3.0 mm) reported

by Andrews and Kasper (1972). The larger sporangia match the length

range cited for Psilophyton forbesii (4.0–5.0 mm) at the same locality

(Kasper et al. 1974). However, the three charred partial sporangial speci-

mens (Fig. 11A–11C) are morphologically similar and each have a strongly

incurved apex (Fig. 11G). Despite charring, cellular preservation is poor (Fig.

11H). This is attributable to pre-burning decay, with fungal hyphae found to

be rooted into the sporangial walls (Fig. 11I). The uncharred, compressed

specimens (Fig. 11D–11F), beyond size and gross morphology, lack any diag-

nostic characters. The specimen illustrated in Figure 11F shows dehiscence of

the sporangium into lanceolate segments (as in Fig. 11A–11C), but the distal-

most apices of it (and the specimen shown in Fig. 11E) are absent. Sporangial

dimensions of the other TVFm psilophytes include Psilophyton dapsile (1.7–

2.1 mm in length), Psilophyton microspinosum (3.5–4.0 mm in length), and

Psilophyton princeps (7.5–8.0 mm in length; Kasper et al. 1974).

Charred Lycophyte Material

The only tracheophyte, non-psilophyte TVFm remains is a single leaf

assignable to the rhizomatous lycopsid Leclercqia (Figs. 12A–12I, 13B).

Unlike Leclercqia (complexa) andrewsii from the TVFm (Kasper and For-

bes, 1979) and from the late Emsian-age Campbellton Formation, Canada

(Gensel and Kasper 2005; Fig. 13E), this single leaf is not laminar. The

shaft of the leaf attached to the leaf cushion on the stem extends in a pel-

tate fashion into the flared (hand-like) leaf tip. At the point of attachment,

a heel ~ 50 mm long is visible extending below the leaf shaft (Fig. 12A,

arrow). The “hand” of the leaf sits at approximately a right angle to the

leaf shaft. Five truncated spines extend from the flared leaf-tip, two closely

set together and pointing vertically. The remaining three spines are dis-

posed around the leaf tip in a flared hand-like manor. However, damage to

the leaf has probably removed a sixth spine that would have angled to the

NWof the specimen mirroring the middle spine on the right and side. The

spines (Fig. 12B–12D) appear steeply conical and appear to be hollow at

the very apex. The longest spine measures 500 mm in length (Fig. 12B)
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FIG. 6.—Trout Valley SEM images of P-S6-S1 (Fig. 5C). A) Overview of a hooked cf. Pertica quadrifaria specimen with locations of Figs. 5B–5G marked. B) An acute

spine apex without any terminal pore but with degraded cuticle. C) An acute apex at which homogenous (arrow) cell walls features are discernible. D) Compressed (white

arrow) poorly preserved hook in which original plant cuticle (black arrow) is preserved. E) Waxy globules (arrows) that are interpreted as melted cuticle. The area to the

right lacks this feature. F) A poorly preserved non-cuticular area of the hook with a thick (up to 31 mm wide) tube welded to it. Top edge of tube marked by arrow. G)

Fungal hyphae (arrow) inter-grown with the hook cell walls.
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and is probably nearly complete. The remaining spines are all truncated

before their terminations. There are two offset scars (Fig. 12E, arrows) on

the incomplete leaf shaft. Grierson and Bonamo (1979, fig. 7) illustrate a lig-

ule and sporangial pad for this taxon. The offset nature of the scars in Fig.

12E, out of central alignment on the leaf shaft, are botanically atypical; we do

not ascribe them to the remains of organs. While not gelified, the internal

anatomy of the leaf is not well-preserved, although cellular structure is dis-

cernible in the cuticle (Fig. 12H). The cuticle itself seems to have collapsed

and possibly melted into openings such as stomata (Fig. 12F, 12G). The

impression that the leaf had been abscised and partially decayed prior to being

charred is evidenced by the presence of fungal hyphae (Fig. 12I).

Nematophytes and Coprolites

The largest, most robust mesofossils in the TVFm macerates were either

nematophytic or coprolitic in origin. Nematophytic material was entirely

prototaxodioid, assignable either to Prototaxites or Nematasketum. We are

not able to differentiate which taxon due to both preservation and the

absence of diagnostic characteristics. Prototaxodioid material stands out as

charred due to its blocky and angular (Fig. 14A) and often highly lustrous

(Fig. 14B) appearance. Large tubes are often identifiable even under inci-

dent light (Fig. 14B). Rounded and eroded fragments (probably through

bedload transport) also occur (Fig. 14C), and the characteristic large (~ 30

mm diameter) and small (a few micrometers) tubes (Fig. 14D) may be pre-

served or not. Specimens of the latter category are either extremely

compressed, distorted and fractured, or degraded. Other degraded material

includes probable coprolites (Fig. 14E, 14F).

The probable coprolites are typically rounded and have a matte, often

fractured surface (Fig. 14E). Most do not preserve readily identifiable fea-

tures and are interpreted as coprolitic in origin. However, one coprolite

(Fig. 14F–14I) contains what appear to be arthropod remains. The filamen-

tous, grooved objects (Fig. 14G, 14H, arrows) may be arthropod setae;

this identification is speculative. The other remains (Fig. 14G, 14I) with

rows of elongate sockets/raised pustules resemble invertebrate cuticle

recovered from the Givetian of New York and that may have come from an

archaeognathan insect (personal communication W.A. Shear 2024). Most

modern arachnids digest their prey preorally and, as such, cuticle fragments

do not enter their digestive systems. However, insects, centipedes, some har-

vestmen, and some mites may consume solid prey and could be potential pro-

genitors of the coprolite.

Reflectance Data of Maine Devonian Samples

Reflected light microscopy on the TVFm material (Fig. 15) indicates mean

random reflectances ranging from RoV 1.92% to 6.66% (n¼ 50, mean 4.52%;

Table 4). Amongst these samples, bireflectance (i.e., maximum-apparent

minimum reflectance) was captured on five specimens for which there

was microscopic data. Bireflectance ranged from 0.11 to 2.08% (Table

5). Morphologically, the lowest bireflectance values were expressed by

those samples possessing a level of anatomical preservation most typical
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FIG. 7.—Trout Valley SEM images, two charred, 3D preserved, psilophyte appendages with bifid terminations. cf. Pertica quadrifaria. A) P-S6-S13 (Fig. 5D) arrow

indicates bifurcate tip. B) P-S6-S, overview of both hooks with bifurcate endings. C, D) Details of B.
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of completely charred (vs. partially charred/semifusinitic) fossils (see

Scott and Glasspool 2007). Atypically, the highest reflectance values

were observed in specimens with vitrinitic or semifusinitic morphologies

rather than in those appearing fusinitised.

Phytoclast Recovery from Other Maine Localities

Samples macerated from the Mapleton Fm., Chapman Fm., Frenchville

Fm., Fish River Lake Fm., and St. Froid Lake localities either were barren

of phytoclasts, yielded coalified fragments, or were charred. No charcoal

was recovered from macerations of either the red or yellow beds of the

Mapleton Formation (Fig. 16A–16E), despite the yellow-bed sediments

appearing superficially full of heavily oxidized organic detritus. All speci-

mens were vitrinized and, with the exception of one possible lycopsid spine

and two coprolites, morphologically unidentifiable. Organic residues from the

Chapman, Frenchville, and Fish River Lake (now placed in the Seboomook

Fm. upon remapping by Wang 2022) formations yielded no mesofossil

remains. The newly mapped St. Froid Lake Formation did yield charred nema-

tophytic and cryptophytic mesofossils from several localities (Fig. 16F–16H;

Wang 20274, 20646, 20568, 20600, and 20657); one locality (20205) yielded

no charred remains. All phytoclasts are of diminutive size (Table 6) and no

unquestionable embryophyte remains were identified.

DISCUSSION

It is not immediately apparent in incident light whether specimens from

the TVFm are charred or only coalified (see Figs. 3A–3E, 4A). Here, identi-

fication is, in part, complicated as a result of localized contact heating by

late Paleozoic intrusives (RoV 1.6–8.2%; Malinconico 1993a and personal

communication 2023) in the area. Even inspection with SEM (Figs. 4C,
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FIG. 8.—Trout Valley SEM (A, C) and incident light (B) images of two charred,
3D preserved, terminal psilophyte appendages. cf. Psilophyton dapsile. A) P-S4-
S16. B) P-S6-S12. C) Detail of A showing pore at tip of apex. D) Detail taken
from Kasper et al. (1974, fig. 10) reconstruction of Psilophyton dapsile.
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FIG. 9.—Trout Valley incident light images. A–D) Four charred, 3D preserved,
terminal psilophyte appendages. cf. Psilophyton microspinosum. Specimens: A, P-
S1-S2; B, P-S1-S1; C, P-S4-S9; D, P-S5-S7). E) Detail taken from Kasper et al.
(1974, fig. 20) reconstruction of Psilophyton microspinosum.
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FIG. 10.—Trout Valley images of strongly ribbed terminal appendages with a rel-

atively acute angle of divergence. cf. Psilophyton forbesii. A, C) SEM image of

specimens P-S4-S4 and P-S2-S1, respectively. B) Incident light image of specimen

P-S4-S1. D) Detail taken from Andrews et al. (1968, fig. 10) reconstruction of

Psilophyton forbesii.
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14C) doesn’t necessarily evidence the pre- and post-burial taphonomic pro-

cesses that operated during the preservation of TVFm material. Imaging

using reflected light microscopy, similar to SEM and incident light micros-

copy, though, offers anatomical and morphological clues into the tapho-

nomic mode of individual specimens. Critically, at higher metamorphic

ranks (. low volatile bituminous) where it become difficult to distinguish

vitrinite (anisotropic) from fusinite (isotropic) based upon quantitative

reflectance data, the state of isotropy provides a tool for such differentiation.

This differential character can be assessed through observation of specimen-

extinction characters, when rotated in plane polarized light.

The TVFm specimens exhibiting the highest reflectance and fusinitic

morphology (e.g., P-S6-S1; Figs. 5C, 6) have a Rmax ¼ 5.07% and

exhibit a minimal bireflectance (0.11%). This is well below the predicted

bireflectance range expected of vitrinitic fossils of this rank. Organic mat-

ter with an Rmax ¼ 5.0% is predicted to exhibit bireflectance ranging

from 1.7–4.1% (Fig. 17; Stach et al. 1982, table 4a). Specimens P-S3-S2

and P-S3-S3 have Rmax values of 5.05% and 5.06%, respectively. The

values are comparable with specimen P-S6-S1 (Table 5), but these meso-

fossils are vitrinitic and show no evidence of internal anatomy. These spec-

imens exhibit bireflectances of 1.90% and 2.68%, respectively, and are

values that correspond with predictions for vitrinite of this rank (Stach

et al. 1982). Specimens with lower Rmax values (e.g., P-S6-S12), but with

an inertinitic morphology, exhibit slightly greater bireflectance. Such val-

ues are still lower than would be expected of vitrinitic material of this

rank. Bireflectance in 2021-S1-S4, with semifusinitic morphology, was

less than that of vitrinitic specimens (i.e., P-S3-S2, P-S3-S3), but fell

within the low range of expected values for this rank. The relative isot-

ropy/anisotropy of the specimens indicates which were charred prior to

burial and fossilization and those specimens which were not burned.

The isotropy/anisotropy of TVFm specimens matches well their mor-

phological characters (Fig. 17). More isotropic specimens invariably

appear black and lustrous in incident light (e.g., P-S6-S1, Fig. 5C; P-S6-

S12, Fig. 8B). When viewed by SEM (Fig. 6) they exhibit 3D cellular

level preservation. Viewed by reflected light microscopy (Fig. 15D, 15E)

this anatomical preservation is still apparent, although there is also evi-

dence of brittle cellular fracture (Fig. 15E), which is a characteristic typi-

cal of material charred prior to compression. Some specimens display

blistering (Fig. 6E) and possible melting of their cuticles (Figs. 8C,

12B, 12F, 12G). These characteristics are indicative of extreme heating

(Edwards and Axe 2004). Both SEM and reflected light microscopy,

however, demonstrate evidence of decay in all organ types including

compression and loss of internal anatomy (Figs. 6D, 12H), fungal/
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FIG. 11.—Incident light (A, B, D–F) and SEM (C, G–I) images of Trout Valley psilophyte-reproductive structures. A–C) 3D, charred anatomically preserved sporangial

segments (A, P-S6-S8; B, P-S6-S9; C, P-S6-S10). D–F) Compressed sporangia with E and F showing apical dehiscence (D, P-S6-S6; E, P-S6-S7; F, P-S5-S2). G–I)

Details of Fig. 11C showing apical torsion (G); degradation of sporangial anatomy (H), and fungal hypha welded to sporangium (I).

312 P A L A I O SI.J. GLASSPOOL AND R.A. GASTALDO

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/39/9/301/6961865/i1938-5323-39-9-301.pdf
by guest
on 29 September 2024



nematophytic hyphae (Figs. 6F, 6G, 11I, 12I), shrinkage of cuticle and

possible desiccation (Figs. 8C, 11A–11C, 12G), and cellular delamina-

tion (Figs. 6G, 11H, 15D, 15E). Evidence of decay is supported by the

occurrence of coprolites in these assemblages (Fig. 14E–14I). Sporan-

gia in the sample show signs of having been at a post-reproductive

stage. This is evidenced by the fact that sporangial loss is represented

by just a scar pad in Leclercqia (Fig. 12E), the apparent dehiscence of

sporangia (Fig. 11E, 11F), and the separation of sporangia into indi-

vidual segments (Fig. 11A–11C). Collectively, these features indicate

charring resulting from wildfire activity was part of the taphonomic

pathway of some specimens, and that this charring predominantly

occurred to a post-reproductive, senesced vegetation that had begun to

decay. These conditions are found as part of a relatively newly formed

litter layer, but the temperature at which this material burned is

unknown.

The minimum temperature of TVFm wildfire activity cannot be investi-

gated. This is because the high rank of the sediments overprints data on

both partially charred and even fully charred specimens at low temperatures.

Similarly, an interpretation of fire temperature of the SFLFm fossils (Aroos-

took County, northern Maine), based on our reflectance data, is complicated

by the high regional rank of these rocks (Fig. 1). Rank maturation of three

of these localities (Wang 20568, 20600, 20657) falls between the RG 3.0 to

4.0% isograds as predicted by Malinconico (1993a, 2023). In contrast, the

remainder are in basins in the area associated with Rov 1.0–1.2% (Fig. 1).

The taphonomic pathway of the uncharred specimens is not uniform.

Across the TVFm, the maximum mean vitrinite reflectance has been

observed to vary by 6.6%, from medium volatile bituminous to meta-

anthracitic (Malinconico 1993b and personal communication 2023). The

mean random reflectance reported in the current study ranges from low

volatile bituminous to anthracitic/meta-anthracitic (1.92–6.66%; Table
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FIG. 12.—Trout Valley SEM images of one charred, 3D preserved, distal portion of a lycopsid leaf Leclercqia cf. andrewsii. A) P-S4-S8, overview. Arrow indicates a

heel (~ 50 mm long) of the leaf blade protruding below its peltate, near right-angled attachment to the leaf shaft. B–D) Hollow spines extending from the blade of the leaf.

Arrow on B indicates stomata (see Fig. 9F). Arrows on C indicate large diameter, smooth-walled interior of spine. Arrow on D indicates brittle fracture. E) Arrows indicate

two eruptions of tissue from the shaft of the leaf (see text). F) Possibly, a poorly preserved stomata. G) Arrows indicate possible cuticular melting and blistering. H)

Compressed tissues of the leaf shaft, arrow indicates cellular impressions preserved by the cuticle. I) Fungal hypha welded to the leaf.
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4). These variations in reflectance far exceed the range that might be

expected from burial diagenesis alone. From the range of reflectances

and the “smooth non-granular non-coked texture” of her samples,

Malinconico (1993a) proposed that “all or part of the Trout Valley For-
mation had been heated by an unidentified thermal event to tempera-

tures above the coking range of coal before being subjected to later

very local contact metamorphism by dikes and sills”. Differential

degree, multi-episode heating events seem probable and a satisfactory

explanation of the range of reflectances found in these rocks (Table 4).

The presence of a discrete, yet vitrinized vascular strand-bearing impres-

sions of original anatomy (Fig. 4), and which is partially ensheathed

therein but separate from outer cortical tissues (also vitrinized), is highly

unusual. It is possible that the multi-episode heating may have had a role

to play in the development of this feature. However, such an interpreta-

tion would suggest that at least some of this external heating occurred

contemporaneously, or in close contemporaneous proximity, with the senes-

cence of the fossils, so that impressions of cellular level anatomy might be

preserved.

Affinities of Charred Vegetation

Twenty-one different plant genera occurring as plant adpression fossils

have been documented from the Devonian of Maine (Table 3; plus cf. Pro-

tolepidodendron sp. from the SFLFm). Of these 21 taxa, six are lyco-

phytes, four cladoxylopsids, two basal Euphyllophyta (sensu Kenrick and

Crane 1997), two rhyniophytes, one an aneurophyte, one a bryophyte, one

a nematophye, and four are of uncertain affinity (incertae sedis). Thirteen

taxa are not identified beyond the generic level and, of these, three are

only tentatively assigned that level of taxonomic confidence. The enigmatic

mesofossil Pachytheca sp. is the only plant reported from Pragian-age rocks

(Pšenička et al. 2021), while the cladoxylopsids are reported solely from the

Eifelian Mapleton Fm. (Kasper et al. 1988). The clades most frequently

described at the level of species are the Emsian to Eifelian-age basal

euphyllophytes and the lycophytes. This phylogenetic distribution is

strongly reflected in the charred mesofossil remains from the TVFm.

Most of the identifiable charred remains in the current study are basal

euphyllophytes, particularly the most distal portions of the plants (Figs. 3, 5–

11). The only other embryophytic charcoal encountered, to date, is a single

lycopsid leaf (Fig. 12). However, nematophytes, including prototaxodioids,

are frequently charred. They occur not only in the TVFm but also the SFLFm;

the other remains from the latter formation are small cryptophytic or bryo-

phytic fossils, some comparable with the lichenoid Spongiophyton sp.

The taxonomic distribution in the TVFm is in accord with the prevailing

concepts of basal euphyllophytes growing in turfed-in stands, interspersed

with prototaxodioids and rarer lycopsids, interacting with an invertebrate com-

munity across this estuarine landscape (Selover et al. 2005; Allen and Gas-

taldo 2006; Gastaldo 2016). Of the five basal euphyllophyte macrofossil taxa

(Pertica quadrifaria, Psilophyton dapsile, P. forbesii, P. microspinosum, and

P. princeps) identified in Baxter State Park, only P. princeps does not appear

in our samples as charcoal. However, the taphonomy of the charred fossils

does not suggest that living plants were burned. Rather, senesced and

even partially decayed remains (predominantly terminal appendages

and reproductive structures) were pyrolized. This may correspond well

with the pronounced seasonality forecast for this locality (Allen and

Gastaldo 2006). During seasonally drier intervals a litter layer predomi-

nantly comprised of basal euphyllophyte and lycophyte organs, but

interpenetrated by prototaxodioid nematophytes, was combusted as fuel

moisture levels were lowered because of drying. The presence of terres-

trial predatory arthropods (perhaps centipedes or insects) in this setting

is confirmed through coprolites and indicates a multi-tiered food-web

thriving in this coastal environment.

No higher order embryophytes were recovered as charcoal from the

SFLFm. These mesofossils were, where identifiable, exclusively nemato-

phytic (prototaxodioid), lichenoid (Spongiophyton), or had a cryptophytic/

liverwort-like morphology. This taxonomic makeup may reflect taphonomic

biases of the depositional environment of this formation, interpreted as a

transitional shallow nearshore-marginal marine, or coastal lacustrine setting.

Alternatively, the composition may indicate a restricted ecology exploiting a

transitory or mobile environment that was combusted prior to colonization

of the setting by advanced embryophytes. Here, plant debris was transported

as fluvial suspension load, settled to the sediment-water interface in a near-

shore or estuarine setting, and subsequently decayed and then were pre-

served there under low oxygen conditions and periodic input of coarser

clastics. Of all the fragments analyzed from Maine, the prototaxodioid char-

coal has the smallest surface area to volume (i.e., it is blockier). Charcoal

often exhibits an inverse grading in sedimentary deposits. There are several

reasons why this might be the case. Larger fragments are deposited after

smaller clasts settle, taking longer to waterlog and remaining buoyant longer

(Nichols and Jones 1992). Secondly, the temperature at which these plants

were burned, and the salinity of the depositional environment, also play a

significant role in the rate of charcoal sedimentation. There is an initial den-

sity decrease as a function of water loss below charring temperatures of

300°C which, thereafter, is followed by an increase in clast density (300–

350°C) as a consequence of shrinkage (Vaughan and Nichols 1995).

Depending on the setting in which waterlogging and sedimentation occurs,

more charcoal per unit time settles under freshwater conditions than under

salinities. Hence, fractionation of clasts in response to one or more of these

factors may account for the preponderance of nematophytes in this unit. We

note that these observations are rarely considered when evaluating trans-

ported mesofossil assemblages, influencing the available phytoclast compo-

sition that bears on their interpretation and extrapolation.

One of the enigmas of Middle Devonian fire, not just in Maine but more

globally, remains the lack of evidence of charred cladoxylopsids (Lu et al.

2021). Cladoxylopsids were short-lived and non-woody, possessing a largely

parenchymatous and easily decayed trunk, but some (e.g., Calamophyton) grew

to at least 2–4 m in height (Giesen and Berry 2013). During their growth each

B C
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A

FIG. 13.—Line drawings of Leclercqia spp. A, D) L. andrewsii from the Emsian

Campbellton Formation of New Brunswick. B, E) L. cf. andrewsii and L. andrewsii

respectively from the Emsian–Eifelian Trout Valley Formation of Maine. C, F) L.

complexa from the Givetian Panther Mountain Formation of New York. Figures (A,

D–F) are taken from Gensel and Kasper (2005) and C from Bonamo et al. (1988).

B is newly reconstructed from the specimen illustrated in Fig. 12.
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Calamophyton tree would have shed between 700–800 branches measuring

about 50 cm in length, producing an abundance of abscised material (Davies

et al. 2024). This abscised debris accumulated passively in ever wet and water-

logged soils without the influence of strong flowing currents (Stein et al. 2012,

2020; Davies et al. 2024). However, there is also evidence for cladoxylopsid

growth in better oxygenated environments alongside archaeopteridaleans (e.g.,

Cairo, New York; Stein et al. 2020). In Svalbard, lycopsids dominated the wet

soils of the Middle Devonian. Cladoxylopsids, while expected, have not been

found (Berry and Marshall 2015). These divergent ecological niches and the

propensity for these plants to generate large volumes of shed debris should

have ensured a new potential source of fuel for wildfires in the Middle Devo-

nian. Evidence for this, including from Maine, is lacking. The cladoxylopsids

haven’t been reported as macrofossils from the TVFm but were dominant in

the Eifelian age Mapleton Fm. flora (Schopf 1964). The fine-to-medium

grained, yellow-gray silty sandstones of this formation contain abundant com-

minuted millimeter-to-centimeter sized plant material. From vitrinite reflectance

data (Fig. 1) these sediments are of medium volatile bituminous rank (Malinco-

nico 1993a), a condition confirmed on maceration by the appearance of Gran-

dispora sp. megaspores. Given the flora, rank, and sedimentology of these

deposits, the presence of mesofossil charcoal might have been expected. This is

not the case, and the Mapleton Fm. remains another cladoxylopsidalean envi-

ronment not yielding microscopic evidence of wildfire, to date.

Similar to the enigmatic absence of cladoxylopsid charcoal, many Middle

Devonian coals have low, or no, inertinite content (Diessel 2010; Glasspool

and Scott 2010; Glasspool et al. 2015; Lu et al. 2021). Coals from this inter-

val are frequently dominated by liptinitic macerals, particularly cutinite.

They have been described in the literature as liptobioliths (Song et al. 2022),

a term used much earlier by Potonié (1910) to characterize accumulations of

plant resin or waxes. That author discusses the extant genus Sarcocaulon, a

southern African succulent that can have a waxy coat greater than 1 cm

thick (Barthlott et al. 2017). Here, following decay, it may comprise a shell

of just these waxy deposits that can then be concentrated by wind or water
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FIG. 14.—Nematophytic and coprolitic remains from the Trout Valley Formation. A–D) Charred, cubic-blocky, anatomically preserved prototaxodioid fragments

(Prototaxites spp. or Nematasketum spp.). A) SEM of large cubic prototaxodioid fragment reminiscent of modern charcoal (2021-S4-S7). B) Incident light image of proto-

taxodioid fragment demonstrating high, silky luster (arrow indicates large prototaxodioid tubes; 2021-S2-S1). C) An SEM of an eroded and rounded prototaxodioid frag-

ment (2021-S4-S13). D). An SEM of anatomically preserved, large and small nematophytic tubes (2021-S1-S4). E) Incident light image of a coprolite showing matte

texture (2021-S4-S10). F–I) SEM images of a coprolite with arthropod remains. F) An overview image (2021-S4-S1). G) A higher magnification image of F) with arthro-

pod remains: arrow indicates a seta, boxed area indicates location of Fig. 10I. H) Several setae preserved in the coprolite (arrows). I) Expansion of boxed area in Fig. 10H

showing an ornamented fragment of arthropod cuticle.
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into a deposit such as the “denhardtite”/near pyropissite of Kenya (Potonié
1910; Gerschel et al. 2018). The origin of liptobioliths/paper coals and

waxy pyropissite deposits remains debated (e.g., Gerschel et al. 2018;

Mousa et al. 2022). But taphonomic filtering is frequently invoked and may

be the direct effector of the low Middle Devonian inertinite contents.

Significance of Charcoalified Maine Plant Fossils

The Emsian–Eifelian age TVFm charred fossils fall within the ‘charcoal
gap’ of Scott and Glasspool (2006), which they defined by a paucity of

charcoal through the Middle Devonian. The absence of a suitable potential

fuel source had been excluded by these authors as a contributor to this ‘gap’
because the first appearance of wood (secondary xylem) is reported at ~ 407

Ma during the Emsian (Gensel 2018; Pfeiler et al. 2021; Strullu-Derrien et al.

2023). The appearance of wood, albeit in small relative quantities relative to the

plant bodies in which it formed, is penecontemporaneous with deposition of the

TVFm sediments. However, the earliest record of an arboreous growth habit

comes slightly later from the Middle Devonian (Stein et al. 2012; Davies et al.

2024). By the earliest Frasnian (~ 382.7 Ma), vegetation more broadly had

spread into less moisture-constrained environments, most notably following the

appearance of the massive woody archaeopteridaleans (Gensel et al. 2020).

These evolutionary milestones resulted in increased levels of fuel and one

would expect to find greater evidence of wildfire, such as charcoal/inertinite.

However, the Middle Devonian, although a somewhat cooler episode of the

broader Devonian greenhouse interval (Scotese et al. 2021), does not, as yet,
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FIG. 15.—Uncalibrated and luminosity modified, oil immersion, reflected light

images of Trout Valley mesofossils. A, B) Uncharred specimens showing vitreous,

gelified anatomy (A, P-S3-S3; B, P-S1-S2). C) Poorly preserved prototaxodioid

tubes showing evidence of compression and alteration (2021-S1-S4). D) The apical

internal anatomy of a hooked appendage assigned to cf. Pertica quadrifaria (P-S6-

S1). E) The internal anatomy of a hooked-appendage shaft showing cell-wall lami-

nation and separation, and with many cells show brittle fracture bogen structures

(P-S6-S12).

TABLE 4.—Reflectance (RoV ¼ Mean random reflectance in oil) data from

the Trout Valley Formation. Samples labeled TC from “The Crossing”, those
labeled WB from “Wadleigh Brook”, S#S# are mesofossils analyzed

microscopically.

Sample # RoV Mean (%) Sample # RoV Mean (%)

P-S4-S1 1.92 WB-SV1 4.81

TC-16 2.95 TC-1 4.82

WB-S4 3.00 WB-S5 4.85

WB-SV3 3.23 TC-6 4.93

TC-14 3.23 WB-SV2 4.94

P-S5-S1 3.29 TC-8 4.96

P-S4-S2 3.32 P-S3-S1 5.00

P-S6-S12 3.32 WB-S11 5.02

2021-S1-S4 3.33 TC-12 5.02

WB-S2 3.40 P-S1-S1 5.04

P-S3-S2 3.42 TC-3 5.14

WB-S5 3.71 TC-11 5.21

TC-15 3.74 TC-10 5.23

P-S3-S3 3.82 WB-S3 5.25

WB-S3 3.87 WB-S12 5.31

WB-S2 4.00 TC-2 5.33

WB-S6 4.10 WB-S1 5.36

WB-S1a 4.17 WB-S6 5.42

P-S6-S3 4.18 TC-4 5.64

P-S6-S1 4.35 WB-S10 5.68

P-S6-S8 4.36 WB-S9 5.69

TC-17 4.40 TC-5 5.83

TC-9 4.44 WB-S7 6.06

TC-7 4.47 WB-S8 6.18

TC-13 4.68 P-S1-S2 6.66

TABLE 5.—Bireflectance (Maximum minus apparent minimum reflec-

tance in oil) data from five specimens within the TVFm mesofossils

analyzed microscopically. The presence of multiple bireflectance val-

ues for P-S6-S12 is a consequence of sampling different localities in

the specimen showing a cline of morphology from semifusinite to

fusinite.

Sample #

Rmax%–Rmin%
(Bireflectance) Description

P-S3-S2 5.05–3.15 (1.90) cf. P. quadrifaria hook—vitrinitic, but

with some surface anatomy (Fig. 3B)

P-S3-S3 5.06–2.37 (2.68) Psilophyte axis, that appears

superficially charred and 3D.

2021-S1-S4 3.60–2.88 (0.72) Prototoxaodioid–semifusinitic,

compressed and imperfectly

preserved (Fig. 13C)

P-S6-S8 4.25–4.09 (0.16) Psilophyte anatomically preserved

sporangial fragment (Fig. 11C)

P-S6-S1 5.07–4.96 (0.11) Anatomically preserved cf. P.

quadrifaria hook but with areas of

compression and decay (Fig. 6)

3.88–3.34 (0.54)

3.73–3.26 (0.47)

P-S6-S12 3.50–3.13 (0.37) Anatomically preserved cf. P. dapsile

hook (Fig. 8B).

3.31–3.03 (0.29

3.52–3.28 (0.24)
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FIG. 16.—Mesofossil remains from Mapleton and St. Froid Lake Formation. A-E) Yellow Beds, Mapleton Fm. Winslow Farm. SEM images. F-H) SFLFm Incident light

images. A-B) Vitrinized fragments bearing slight impressions of original cellular anatomy. C) Vitrinized spine, possibly lycopsid in nature. D, E) Coprolites. F, H) Charred

cryptophytic (cr) and unclassifiable mesofossil remains from Wang locality 20274, H) is detail of central top specimen in F) and is morphologically similar to

Spongiophyton sp. G) charred prototaxodioid fragment from Wang locality 20657.
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support an extensive record of charcoal/inertinite (Diessel 2010; Lu et al. 2021)

and, hence, fire. The exceptions to this record are those of northern Maine from

the TVFm and the SFLFm, adding extra significance to the current report.

Charred TVFm specimens also have revealed features unreported in the

compression fossil assemblage. These features include the uniquely bifur-

cate tips of some Pertica-like appendages (Fig. 7), the function of which

remains unclear. Similarly, the pore discernible in the charcoalified remains

of P. dapsile (Fig. 8C) is unreported until now. The presence of a curled,

beak-like apex at the distal end of psilophyte sporangial (Fig. 11A–11C,

11G) segments also remains, as far as we are aware, undescribed. What is of

interest are the well-preserved stomata in Leclercqia that allow for a more

refined anatomical comparison with other contemporaneous localities (e.g.,

Gensel and Albright 2006), and the unique leaf morphology.

The structure of TVFm Leclercqia leaves (Figs. 12, 13C) is divergent from

other records of this genus from the formation (Kasper et al. 1974) and from

strata of comparable age and sedimentology (Meyer-Berthaud et al. 2003).

Most overtly, the single specimen figured herein appears to have had six

spines, although variation in process number has been reported in other

Leclercqia of this age (Banks et al. 1972; Gensel and Albright 2006; Xu et al.

2020). The charred Baxter specimen shows the leaf lamina (Fig. 12A) attached

to the shaft in a peltate manner so that there is a heel (Fig. 12A) extending

below it indicating that the leaf is not a planar structure. The spines of this

specimen also appear to be 3D and rigid, appearing hollow for at least 2/3rds

of their length (Fig. 12B–12D). Lastly, this specimen possesses two scars on

the shaft of the leaf (Fig. 12E). Their offset alignment is unusual and, hence, it

is unclear how they compare with other specimens of this genus where two

pads (sporangial and ligule) are discernible, aligned one behind the other.

RECONSTRUCTED TROUT VALLEY FORMATION LANDSCAPE

A reconstruction of the Trout Valley landscape is presented as it may

have appeared in the Emsian–Eifelian during the deposition of these estua-

rine sediments and the fossils they bear, based on previous documentation

over the decades and results of the current study (Fig. 18). While it

remains proximal to the estuarine setting, the volcanic source of the Trav-

eler Rhyolite underwent erosion since its active formation in the early

Emsian (407 6 3 Ma; Bradley et al. 2000) and was a prime sediment

source comprising the TVFm after the ensuing ~ 14 Ma (Allen and Gas-

taldo 2004). However, it remained a dominant feature of this near-shore

coastal setting, an understanding of this relationship based on the onlap-

ping of the TVFm rocks (Allen and Gastaldo 2004). We envisage the vege-

tation to have been dominated numerically by monotypic, turfed-in stands

of psilophytes, including P. quadrifaria, associated with other floral ele-

ments thriving in close proximity. Noticeably in the foreground, at a

slightly higher elevation, are the rhizomes of Leclercqia, growing through

the recently senesced litter and nematophytic ground cover. As discussed,

Leclercqia andrewsii from the Emsian Campbellton Fm. of New Bruns-

wick has been reconstructed with laminar leaves (Gensel and Kasper

2005; Fig. 13A, 13D), while Leclercqia complexa has a more 3D appear-

ance (Bonamo et al. 1988; Fig. 13C, 13F) much like the recently recon-

structed Leclercqia scolopendra (Benca et al. 2014). Leclercqia from the

TVFm (Kasper and Forbes 1979) has been assigned to L. andrewsii (Gen-

sel and Kasper 2005; Fig. 13E). The single charred lycopsid leaf is assign-

able to Leclercqia (Fig. 12). However, it is atypical of L. andrewsii having

at least six spinose appendages and the leaf shaft attached to the hand in a

semi-peltate manner (Fig. 13B). Additionally, the hollow-tipped, spines

(Figs. 12B–12D) appear stiff, more 3D and more rigid than those illustrated

for L. andrewsii. However, we have chosen to reconstruct the estuarine

marsh with a Leclercqia based on more complete regionally contemporane-

ous assemblages (Gensel and Kasper 2005; Gensel and Albright 2006), as

compared with our single charred leaf.

In the distance are larger examples of prototaxodioids, probably one of

the foci and main sources fuel of any fire and potentially one of the light-

ning rods that led to its original ignition (Glasspool and Gastaldo 2022b).

While visually most eye-catching, we observe that not all nematophytic

prototaxodioid fossils were of such large size, but that many documented

elsewhere are highly diminutive, even millimetric in size (e.g., Gensel

et al. 2020). We envisage the nematophytes, and among them the proto-

taxodioid nematophytes, as having been a pervasive element of the con-

temporaneous (and pre-Mid-Devonian) flora that grew intimately related

with embryophytes and appear to have been saprophytic upon them (e.g.,

Fig. 6F, large tube). We envisage each Middle Devonian fire in this estua-

rine setting to have occurred at the end of a dry period, with the onset of

storms breaking a short-term drought igniting accumulated litter across the

TABLE 6.—Mesofossil recovery from the St. Froid Lake Formation.

Wang locality # Mesofossil description

20274 Nine charred cryptophytes (Fig. 15F, cr) including a specimen comparable with Spongiophyton (Fig. 15H) and other unclassifiable fossils. The

largest specimen measures ~ 6.5 mm in length.

20646 Thirteen charred unclassifiable mesofossils all sub-millimeter sized in scale

20568 Twenty-nine mesofossil fragments, of which one (~ 2 mm in length) is a charred prototaxodioid, while the nature of the others (rounded specimens

, 1 mm diameter and three elongate specimens , 1.5 mm in length) is equivocal.

20600 Twelve mesofossil fragments of maximum 2 mm in length, all except one a charred prototaxodioid is taxonomically unclassifiable.

20657 Seven charred mesofossil fragments, the largest a remnant of a charred prototaxodioid measures 3 mm in length

FIG. 17.—A comparison of fossil anatomy and maximum reflectance (Rmax%)

plotted again bireflectance (Rmax%-Rmin%). Pink area ¼ predicted range of bire-

flectance in relation to maximum reflectance (Data from Teichm€uller et al. 1979;
Stach et al. 1982, table 4a). Specimen color does is not proportional to reflectance.
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marshes. The ignition of soil litter likely occurred during a neap-tide phase

when the emergent land surface was fully exposed over a duration of days.

The reconstructed scenario depicts the sporophyte-growth phase of

these plants that follow from an earlier haploid-growth cycle, spore pro-

duction and the development of diploid plants. The sporophytes had lost

their functional parts via abscission and/or their death which were captured

in the fire record at an early stage of decay. Amongst this decaying litter

were predatory arthropods and early archaeognatha-like insects grazing on

available lichens, bryophytes, algae and decayed organics, much like their

modern relatives (Sturm 2009). These organisms formed part of an early

terrestrial food-web in a dynamic, rapidly changing coastal estuarine land-

scape of which we now have evidence, due to the improved taphonomic

potential for high-fidelity preservation that resulted from being charred.

Although the results used to reconstruct this landscape are based on a

limited charcoal data set, they are informed by a compilation of macrofossil

(Dorf and Rankin 1962; Andrews et al. 1968, 1977; Andrews and Kasper

1970; Kasper and Andrews 1972; Kasper et al. 1974, 1988; Kasper and For-

bes 1979), microfossil (McGregor 1992) and mesofossil (this paper) paleo-

botanical data, reconstructed in sedimentological context (Gastaldo 1994,

2016; Selover et al. 2005; Allen and Gastaldo 2006). The reconstruction

provides a visual representation of Middle Devonian Earth System dynamics

in the TVFm marshes, implying feedback between vegetation, wildfire activ-

ity, carbon burial, sedimentology, and climate/atmospherics.

CONCLUSIONS

The identification of charcoal can be complicated by the high rank of

their associated sediments. An assessment of specimen isotropy provides a

robust method of confirming morphological observations made by SEM

and incident light microscopy. Reflectance data indicate that the TVFm sedi-

ments appear to have undergone several phases of thermal alteration and

that rank maturation across the formation is not uniform. These rocks were

impacted by small-scale contact-heating events as well as more regional epi-

sodes. There is no evidence of the combustion of living plants. Rather, mor-

phological features indicate that a post-reproductive, senesced embryophytic

litter, showing signs of the onset of decay, was the main source of fuel. This

litter shows evidence of saprophytism and that enigmatic elements of the

flora, such as the prototaxodioids, were an important fuel and possible site

of fire ignition and nucleation. Coprolites provide evidence of arthropod pre-

dation, including the consumption of possible archaeognathan insects, and

the basis for an early terrestrial food web.

The charred embryophytic flora of the TVFm matches the compression

flora closely in composition and is dominated by Pertica quadrifaria and

Psilophyon spp. There is evidence of charred lycopsids assignable to

Leclercqia, but this material appears more rigid and three-dimensional

than prior reconstructions had suggested for L. andrewsii. Such a charac-

teristic may be a function of charring. While there is macrofossil evidence

of higher order floral elements (e.g., psilophytes and lycopsids) in the con-

temporaneous SFLFm these taxa were not found in the mesofossils recov-

ered by maceration. Rather, this assemblage is dominated by small

cryptophytic, bryophyte- and lichen-like (e.g., Spongiophyton) elements,

with much smaller fragments of prototaxodioids that may be indicative of

taphonomic filtering. Other Early–Middle Devonian terrestrial sediments

have not yielded evidence of wildfire. This includes, perhaps most surpris-

ingly, the Mapleton Fm. Fossil debris, mainly derived from cladoxylop-

sids, in not overly oxidized sediments that yield megaspores, is abundant

at Winslow Farm Quarry in the Mapleton Fm. but yields no charcoal. As

yet good evidence of charred cladoxylopsids remains to be found. We reit-

erate that our assessment of these other northern Maine floras, though, is

based on the maceration of small (30 gm) hand samples from which there

is a low probability of encountering charcoalified remains.

Our reconstruction of the Trout Valley estuarine landscape during the

Middle Devonian is intended not just to demonstrate the floral composi-

tion and morphology, but to establish the concept of an integrated Earth

System. In this setting we seek to imply the effects of fire on the carbon

cycle through its impacts on sedimentation, carbon burial, nutrient mobili-

zation, atmospheric composition, and climate. Fire has been an integral

part of Earth System processes since at least the Silurian, and fire has

remained an important part of these processes, even during the Middle

Devonian, through to the present day.
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