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Abstract: Herein, we report the presence of a plant paleocommunity dominated by ferns of the family
Osmundaceae embedded in siliceous chert blocks from the only known Mesozoic, fossiliferous geothermal
deposits, from the La Matilde Formation (Middle-Upper Jurassic), in the Deseado Massif, southern Patagonia,
Argentina. A total of 13 blocks sampled in an area of approximately 250 m2, which includes multiple
structurally preserved, monotypic, in-situ, rhizomatous stems of Osmundaceae, embedded within their
original swampy substrate are documented. Additional Osmundaceae and other ferns, and conifers are present
in chert levels adjacent to the previous blocks. This mimics similar monotypic associations of Osmundaceae in
high-altitude lagoons in northeastern Argentina in the middle of the Parana Forest, suggesting that the fern
assemblage found occupied similar open spaces in the Jurassic, becoming preserved in analogous
configurations. In addition, observation of the preserved fern tissues and surrounding substrate revealed a
variety of interacting microorganisms, which are comparable to those that make up the microbiological
communities inhabiting modern osmundaceous environments. This finding reveals a case of ecological stasis,
where members of the same fern family separated by more than 150 million years formed similar exclusive
groupings of individuals in microecosystems of comparable structure and general characteristics.

Keywords: Osmunda; wetlands; Deseado Massif; Patagonia; ecological stasis

1. Introduction

The fossil record represents only a fraction of the total biodiversity that has existed through the
geological time [1]. It is inherently biased and conditioned by the characteristics of the organisms and
the depositary environments in which they were preserved, both before and after fossilization [1].
Notwithstanding, the fossil record provides qualitative and quantitative information for the
reconstruction of the evolution of life and of its host environments through time at different
hierarchical scales [1].

At the group level, the fossil record of plants is highly variable due to differences in taphonomic
processes [2,3]. Some groups are well-represented temporally and spatially, whereas others lack

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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known fossils [4,5]. These situations greatly influence the accuracy to trace their evolution and to
reconstruct their paleoenvironments [4,5].

The preservation of organisms as fossils may occur in different forms and continues to be
influenced by external factors up to the moment of discovery and collection [2,3]. Therefore, the mode
and taphonomic history of preservation determine the quality of the information inferable from a
given fossil [2,3]. Typically, only parts of an organism are preserved, and it is rare to find whole plants
[2,3]. In particular, plants are mostly known in the geological record based on isolated parts and
sometimes by a couple of organically connected organs [5]. Even in these situations preservation is
somewhat incomplete when considering the internal structures of the plants (e.g., organs, cells,
organelles). A few very rare examples of exceptional preservation of plants, having even some of
their organelles preserved, are known [6]. These unique situations, such as in a lagerstatten, provide
exceptional scenarios for the reconstruction of organisms, their structure, habits, interactions, and the
paleoenvironments they inhabited [6]. In other instances, reconstruction of whole plants, including
their structure, habit, and interactions has been possible by the combined study of isolated and
organically connected organs [7].

Examples of exceptionally preserved organisms have extensively shown their more robust
bearing as type cases for ecological and evolutionary studies, such as of some plant groups [8,9].
However, even in cases of exceptional preservation, broader ecological aspects of biological
communities, such as spatial arrangement, physical structuring, and use of morphspace through
time, are only possible to examine in uniquely preserved paleoenvironments. Another challenge in
interpreting ancient plant communities is the taxonomic compositional differences between these
ancient ecosystems and modern equivalents [3], which can complicate the reconstruction of entire
ecosystems and limit the precise comparisons with modern environments.

The possibility of more precise comparisons with respect to modern environments is more likely
for plant lineages with long fossil records [10]. Recognition of these unique paleontological
situations in the fossil record are most unusual depending upon multiple factors, including the
preservation of the organisms in life-position within their original substrate, and provide a unique
opportunity to reconstruct the ecological history of biotic communities and their ecosystems through
time [3]. In the geological record, examples of this can be detected from the conservation of
community structure and morphological characteristics of taxa with modern representatives within
their original paleoecosystems and denote certain cases of ecological stasis [11]. Ecological stasis
refers to those moments in the paleontological record where biotic communities remain ecologically
and morphologically stable through some periods of time [11]. In those cases, evolutionary processes
are centered on the ecosystem organization resulting from the structuring of biological communities,
which as such show a resilient tendency to face disturbances [11]. This is, selection via environmental
processes on populations is at the same time constrained by their influence at the ecosystem scale,
where its effect is less prominent, deriving in higher ecological stability. The achieved equilibrium
should not be assumed as a steady state, but rather one where different expressions of analogous
conformations for a given community replace each other through time, which are at the same time a
reflection of its biological complexity [12]. However, stability moments are usually interrupted by
periods where the opposite is the case, and populations and species are subject to disturbances that
drive their change or evolution to eventually their extinction or to their modern forms [11].

The family Osmundaceae is a stereotypical case of conserved morphological and ecological
characteristics, especially since the Mesozoic [5,10,13]. Its general body plan, habit, and even
apparently its genetic configuration are perhaps the relatively most conserved ones among ferns
[6,8,14]. Its fossil record is abundant and constant since the Permian and numerous morphospecies
have been described in Patagonia and worldwide [5,15-17]. It is a monophyletic clade that represents
a distinctive line of evolution, whose abundance apparently shrunk after the Mesozoic and gave rise
to new forms during the Cenozoic, but which remained overall similar morphologically throughout
[5,18]. The observed history of morphological and molecular stability for Osmundaceae based on its
extensive fossil record is also apparent for its ecology [5]. Osmundaceous fossils have been described
from wet, warm to temperate paleoenvironments, which is also how generally their modern habitats
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are, although variable with respect to their distribution and other environmental aspects [5,19].
However, the majority of the research papers carried out have focused on taxonomic studies of single
organs and on phylogenetic analyses of selected fossil and extant species [14,20,21]. The study of
whole fossil communities has been hindered by the lack of examples. As far as has been published,
no examples of entirely preserved Osmundaceous communities, in-situ and in-life position are
known from the fossil record. Herein, we describe a monotypic assemblage of ferns of the family
Osmundaceae embedded in life within its original substrate from a Jurassic geothermal landscape in
southern Patagonia, Argentina. This unique example provides information on the structure,
composition, and network of interactions within a Jurassic swamp in Patagonia, which allows
characterizing the paleoecosystem and evaluating its similarity to Osmunda-dominated, modern
analogous ecosystems.

2. Results

2.1. Composition of the Main Chert Blocks (Includes Spatial Arrangement and Habit Within Individual
Cherts and Relationships Among Chert Blocks)

Osmundaceous ferns in-situ preserved within 13 discrete chert blocks (up to 45 x 30 x 25 cm in
size), holding up to 3 specimens together per block and around 21 individuals total occur exclusively
distributed over an area of around 250 mts2 in the intact geothermal paleolandscape (Figure 1). Ferns
are preserved embedded within the chert matrix, where mainly the rhizomatous stems together with
their persistent leaf bases and associated roots attached to the original substrate persist in life position
(Figure 2A-B; see 51-5S3 in Supplementary material). These are accompanied by a few conifer remains,
including a stump in life position with attached woods and other wood fragments, leafy branches,
seeds, stems of Equisetum thermale, and numerous remains of other osmundaceae individuals that
were scattered in the nearby area [23]. Within the mapped chert blocks occur from 1 to up to 3 ferns
discernable, which vary in size (stem diameter 1.5 to 16 cm) and in their angle of orientation with
respect to each other (Figure 2C-E). The angle of orientation within their respective substrates is
variable and includes from almost horizontal to vertical individuals. Some larger stems of 7-14 cm of
diameter and 10-15 petiole cycles have smaller, subordinate individuals attached laterally of 1.5-4 cm
in diameter and 3-6 petiole cycles. Individual rhizomatous stems are characterized by having
parenchymatous inner cortex and sclerotic outer zone clearly differentiated, stipulate petiole bases
with a strong circular homogenous sclerotic ring surrounding the vascular bundle (Figure 2C-E). In
addition, their vascular arrangement corresponds to a dictyoxylic siphonostele (Figure 2C-E). In
particular, an ectophloic dictyostele with complete leaf gaps is observed and the leaf traces separate
from the xylem cylinder with only one protoxylem cluster, whose division occurs in the outer cortex
(Figure 2C-E). Further characteristics include one large mass of sclerenchyma near the ring plus
several aligned masses in the stipular wings of the petiole bases (Figure 2C). These characteristics
conform to the previously described morphotaxon Millerocaulis zamunerae from the same locality in
the adjacencies of the assemblage described here [16].
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Figure 1. Studied area and distribution of in situ plants at the La Bajada locality, in Santa Cruz
Province, Argentina. (a) General view of the studied area at the La Bajada locality were the
geothermal deposits outcrop. (b) Distribution and excavation of chert blocks bearing numerous
osmundaceous ferns in life position. (c) Cluster of semi-burried chert blocks with in situ fern stems.
(d) Detail of in situ fern stem embedded in the chert bed in transverse section.
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Figure 2. Fossil Osmundaceae. (a) Cross section of rhizomes of three individuals (white arrows). (b)
Longitudinal section of the rhizome. (c) Cross section of the rhizome showing internal petiole cycles
and root mantle. White dotted circle indicates a lateral rhizome separating from the main plant for
vegetative reproduction. Notice the central stem comprising the collapsed pith (p), vascular cylinder
(vc), parenchymatous inner cortex (ic), and sclerotic outer cortex (oc); and the outer cycles of petiole
bases (pb) characterized by stipular wings with sclerotic masses (sm), and a sclerotic ring (sr). (d)
Detail of (c) showing petioles (black arrow) close to the central cylinder and superficial roots (white
arrow). (e) Detail of (c) showing lateral rhizome (white dotted circle). Observe the formation of the
leaf trace (black dotted ellipse), which separates from the xylem cylinder with only one protoxylem
cluster, which divides in the outer cortex. Bar =5 cm, (d-e) 1 cm.
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The quantitative traits used to compare the fossils with the current specimens are summarized
in Table 1. Figure 3 shows the Osmunda spectabilis populations from Misiones used for the
comparison.

Table 1. Comparative measurements of the rhizome between fossil samples studied in this article
and current specimens of Osmunda spectabilis from Misiones (Argentina).

Distance Ramifications measurements
S | :;e;:,ei:;a o Numbf (smaller individuals) Petiole .
ample iamet er o s
. P Is from er(em) petiole parin D t Numbf diamet diamet
center to ycles amificati iamet er ‘ 0 o o er (cm)
center on er petiole
(cm) cycles
MPM- 15 7 7 - - - - -
Pb
16096 12 ’ ) ) ) ) )
MPM- 20 13 15 1 3 5 - -
Pb
16097 ) ) 2 > > ) )
; ; . 3 4 6 - ;
- 7 10 1 - - - ;
- 6 8 1 - - - -
MPM-
Pb
- 14 10 - - - - :
16084-
16085
MPM-
Pb - 5 5 - - - 1510  0.6-1.8
16086
MPM-
Pb - 13 10 1 - - - -
16087
MPM-
Pb 10 10 - - - 1.8-73 -
16088
MPM-
Pb - 2.5 5 - - - - -
16089
- 1.5 3 - - - - -
MPM-
Pb - 8 9 - - - - -

16090
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MPM-

Pb - 14 13 - - - - -
16091

MPM-

Pb - - - 1 1.5 3 - -
16092

MPM-

Pb - 16 12 - - - - -
16093

MPM-

Pb - 11 10 - - - - -
16094

MPM-

Pb - 12 9 - - - - -
16095

Yanez et
al. 596

* Lack of measurement of certain features in some specimens is related with the preservation (e.g., fragmentation

4.6-7 5-7 1 1.2 2 4-10.2 0.35-3

or sectioning, orientation of the specimen, incompleteness, deformation), or it is not applicable (e.g., there are no
ramifications).
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Figure 3. Current Osmunda spectabilis in wetlands from Misiones province. (a) Wetland dominated
by O. spectabilis and N. brasiliense. (b) General view of O. spectabilis plants. (c) Exposed
underground rhizome showing the emergence of densely arranged petioles. (d) Cross section of the
rhizome showing petioles (black arrow) close to the central cylinder and superficial roots (white
arrow). (e) Cross section of the rhizome showing petioles (black arrow). A dotted circle indicates a
lateral rhizome separating from the main plant for vegetative reproduction. (f) Cross section of
roots. White arrow indicates colonization by arbuscular mycorrhizae. (g) Surface view of branched
roots of different diameters. Bar = (c) 4 cm, (d, g) 5 cm, (e) 8 cm, (f) 150 pm.
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Finally, numerous dispersed sporangia, isolated or grouped, dehisced with none, a few, or
completely filled with intact trilete or somewhat collapsed spores within, and also individual pinnae,
were observed in the chert matrix (Figure 4A-D).

Figure 4. Sporangia embedded in the chert matrix, associated with the rhizomatous stems. (a)

General view of chert matrix containing roots belonging to the Osmundaceae rhizomatous stems,
showing associated remains of the annulus of a single sporangium, composed of thick-walled cells.
(b). General view of group of sporangia with variable preservation with in situ spores, preserved
along the rhizomatous stems. (c) Close up of some of the sporangia, showing the presence of a short
stalk (white arrowhead). (d) Close up of a sporangium containing numerous trilete spores. Bar =
(a-b) 1 mm, (c) 70 pm, (d) 20 pm.

2.2. Associated Plants

In the nearby adjacencies of this main accumulation of fern-dominated chert blocks there are
also further, identical, frequently fragmentary, osmundaceous fern fossils and a greater number of
conifers [23]. These ferns are in general characterized by having a two-layered cortex, an ectophloic,
dictyoxylic siphonostele with subexarch protoxylem, C-shaped leaf traces with a circular
homogeneous sclerotic ring, an homogeneous parenchymatous pith, and a persistent mantle of
winged petiole bases and diarch adventitious roots [23]. This combination of features place them
within the Osmundoideae subfamily [16,23].

In addition, a couple of fern rhizomatous stems hold the presence of minuscule epiphyllous
bryophytes. These have not been studied in detail, thus their systematic affinities are yet unknown.

Additionally, present in the chert matrix and associated with the tissues of the ferns preserved
within the chert blocks there is a variety of fungi and other microorganism remains. Furthermore, the
infected plant organs display a variety of decay and consumption patterns that variously affect their
tissues, including modifications of the structure and appearance of the infected tissues, which
sometimes also include the presence of coprolites.

In particular, in the interspaces between the fern petioles there are numerous, variously
preserved, adventitious diarch roots, the best preserved of which show a variety of endobiotic,
filamentous structures, which are distributed within the host cells (Figure 5A). The endobiotic
filaments consist of hyphae that fill up some or most of the root’s cortex cells, occupying first the
inner layers around the pericycle and from there extend outwards (Figure 5A,B). The filaments thin-
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out into highly ramified arbuscules that arise from wider trunk hyphae, and then profusely ramify
into multiple tiny segments that occupy most of the space of the lumina of the colonized cells (Figure
5C). Some of the host roots are filled up with fungal material and may appear obscured by a “spongy”
and opaque residue, whereas in other areas of the adventitious roots, cells are eroded or missing
(Figure 5G). Included within the adventitious roots sometimes there are also further, broad,
coenocytic hyphae, which are also obscured by the opaque deposits within the cortex of the roots,
although they can be distinguished at different focal lengths, appearing somewhat coiled and
occupying most of the lumina of the host cells (Figure 5H). Accompanying the hyphae are globose
spores distributed also within the host root cells (Figure 5I). The globose structures are characterized
by a uni- or bi-layered wall, of variable opacity, and by having a short, robust, subtending hypha
(Figure 5]). In addition, attached to the outer surface of some of these degraded diarch roots via a
single subtending hypha there are small, globose to ovoid, identical spores (Figure 5K).

Figure 5. Fungal interactions in the roots of fossil and extant Osmundaceae. (a) General view of

silicified adventitious diarch root of rhizomatous stems of Osmundaceae preserved in a siliceous
chert matrix, formed around an in-situ community in geothermal settings from the Jurassic of
Patagonia, Argentina, filled with fungal material. (b) Close-up on cortical cells of fossil diarch root
showing distribution of fungal material around the pericycle. (c) Close-up on a few cortical cells of
fossil diarch root showing fungal material consisting of highly ramified arbuscules. Note arbuscules
emerging from broader, trunk hypha (arrowhead). (d) General view of extant Osmunda spectabilis
small diarch root filled with fungal material. (e) Close-up on cortical cells of O. spectabilis diarch root
showing distribution of fungal material around the pericycle. (f) Close-up on a few cortical cells
showing highly ramified arbuscules, in O. spectabilis small diarch root. (g) Smaller diarch root of
fossil Osmundaceae, whose cortical cells are variously filled with fungal material and an
amorphous, somewhat opaque residue. Also note, some broken cells and the resulting cell-free area
to the upper right of the root. (h) Detail of fossil diarch root showing coenocytic hyphae within
some cortical cells. (i) Detail of fossil diarch root showing globose, intracellular spore. (j) Close on
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cortex of fossil diarch root showing another, 2-layered, intracellular spore, subtended by a short
hypha (arrow). (k) Identical globose spore in the surrounding silicified matrix, connected to the
epidermis of a fossil small diarch root via a single hypha thread (arrow). Bar = (a) 200 pm, (b, f, i-k)
20 um, (c, h) 10 um, (d) 100 pm, (e) 65 pm, (g) 150 pm.

The degraded tissues of the fern stems include filaments and globose structures of various
shapes and sizes, which are variously arranged within the host cells or empty spaces created in the
decayed fern stems. In particular, adventitious, diarch roots and especially petioles within the fern
stems commonly appear degraded in various degrees, sometimes hollowed out and containing an
uncountable number of globose, pyriform, and sometimes ameboid structures within the created
spaces (Figure 6A,B). These structures are simple, variable with respect to their size (12 - 38 um), wall
thickness (0.5 - 1.5 um), layering, and appearance, shape, and arrangement (Figure 6C). The smaller
units are simpler and consist of rather spherical forms with no contents, nor further modifications
observable on their surfaces (Figure 6C). Some of them occur as dispersed entities, individually
discernable as float units in the inner space of the hollowed tissues, or they occupy the lumina of
other globose structures and of healthy to degraded host cells, alone, in loose groups, or in tight
clusters (Figure 6C-F). Larger forms (up to ~54 um) sometimes display 2-3 circular, annulate scars
and/or papillae, flat, or arising from short necks, on their surfaces; a thicker wall, 1- to 2- or 3-layered;
a basal apophysis or similar apparent rhizoids attached to the substrate; and a cytoplasm or lumen
that in some cases appears granulated or as if divided into small globose to quadrangular parts
(Figure 6G-K). Some of these, having psilate to faintly granulated surfaces appear somewhat
collapsed and may contain smaller forms inside (Figure 7A,B). In addition, some thinner-walled,
larger forms, having clear walls, appear as if they have one half or two quarters of their bodies
missing, and cast profiles corresponding to a small plate-like bowl or a tote-like bag (Figure 7C). In
other forms, parts missing of their bodies are shallower and correspond to smaller portions (Figure
7D). Some of these forms and other smaller ones with different characteristics sometimes are attached
to the outer surface of similar or intact structures (Figure 7C-E). One to several of the smaller
structures in other cases appear included within their lumina or cytoplasm of bigger forms (Figure
7C-E). Sometimes the inner globose structures appear also to have further papillae or protrusions
that extend outwards and remain in contact with the wall of the bigger structures that contain them
(Figure 7F).
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Figure 6. (a) Silicified adventitious diarch root of Osmundaceae showing the complete decay of its
central part, where numerous globose structures are present. (b) Decayed petiole of Osmundaceae
with the area of the vascular trace hollowed out and filled by additional globose structures. (c) Close
up on the decayed petiole area showing numerous, simple, spherical to pyriform globose structures.
(d) Additional globose structures of variable size, texture, and general appearance, included in the
decayed areas of a petiole of Osmundaceae. (e) Close up on additional globose structures present
among the decayed fern petiole cortex, sometimes singly placed within individual cells. (f) Close up
on other fern petiole cortex cells, showing some fully filled by small globose structures. (g) Detail of
a bigger globose, to somewhat amoeboid structure displaying 3 symmetrically arranged pores or
similar apertures (arrowheads). (h) Detail of another globose structure showing 2 symmetrically
arranged, short-necked apertures (arrowheads). (i) Detail of a globose structure with a slightly
textured surface and a somewhat pyramidal apophysis (arrowhead). Note also its relatively thicker
wall formed by at least two layers. (j) Close up of another globose structure with a rough wall and a
thread of minute hyphae or rhizoids (arrowheads) through which is attached to the host petiole cell.
(k) Detail of another globose to pyriform structure showing a granulated cytoplasm consisting of
small circular to quadrangular subunits. (1) Close up on another globose to amoeboid, collapsed
structure, partly disrupted and containing a few hyaline smaller globose structures. Bar = (a-b) 250
um, (c-1) 15 pm.
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Figure 7. (a) Close up on a group of globose structures with parts of their bodies missing, bowl-like
(left arrow) and tote bag-like (right arrowheads) shaped, respectively. (b) Group of globose
structures, including some with shallower parts of their bodies missing (black arrowhead) and with
further, smaller globose structures, attached to their outer surfaces (white arrowheads). (c) Detail of
additional globose structures with a single or a couple of smaller globose structures within their
lumina (arrowheads). (d) Detail of globose structure with several smaller ones (arrowheads)
attached to its outer surface. (e) Group of globose structures holding a single smaller unit inside,
which partly to almost completely fill in the host’s lumina, sometimes extending a short neck to the
outer border connecting to the exterior (arrowheads). Bar = (a-e) 15 pm.

In some of the degraded petiole and root tissues, and also associated with a decayed sporangium
and unidentifiable plant debris, alone or along with the globose structures there are inter and
intracellular filaments (~ 2 - 6 um wide) , some of which are connecting adjacent cells to each other
(Figure 8A-C). Some of the filaments are wider (9-13 um) than others, and generally appear
coenocytic, sometimes completely filling the lumen of some host cells (Figure 8D-E). Other filaments
are more clearly septate, branched at right to acute angles and give rise to small, globose to
quadrangular consecutive subunits (Figure 8F-I). Some other branched filaments observed
sometimes give rise to one or two arms that narrow distally and may also be apically septate (Figure
8],K). Some of these latter branched filaments are attached to the lumen of host cells via a wide
circular base or appressorium and also appear regularly septate, forming quadrangular to cylindrical,
unicellular segments (Figure 8L). Other filaments present in the lumina of some of the cells within
the degraded tissues are completely opaque, of smaller size, and branch into secondary ones having
a “rosary-like” pattern (Figure 8M).
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Figure 8. (a). Filaments in degraded Osmundaceae fern tissues, including petioles, adventitious
roots, and various unidentifiable remains. (b) A decayed fern sporangium with thinner, septate
filaments on it. (c) Cortical cells of a fern petiole with inter and intracellular, broad, mostly
coenocytic filaments. (d) Cortical cells of a fern petiole with filaments of variable width, which are
set in the cellular interspaces and intracellularly. (e) Close up on a cortical cell, which is entirely
filled by highly contorted, broad filaments that intersect each other, resulting in a reticulate pattern
(f) Cortical cell of fern petiole with closely septate, broad, intracellular filaments consisting of a
series of consecutive cylindrical cells. (g) Close up on degraded tissues with branched, septate
filaments. (h) Close up on a branched filament in degraded tissue. Note (arrow) septation of the
hypha, which gives rise to consecutive cylindrical cells at the distal end of the lateral branch (arrow)
(i) Another example of branched filament in degraded fern tissues, divided into plate-like cells
(arrow), at the distal end of the lateral branch. (j) Close up on a filament consisting of principal
filament with two symmetrical phialide-like, upright branches (arrows). (k) Close up on another
filament with a single, phialide-like upright branch (arrow). (1) Close up on a phialide-bearing
filament showing a broad hyphopodium (arrow) firmly attached to the host substrate. (m) Smaller,
opaque, branched filaments within the lumina of a host petiole cortical cell. Note lateral branches
further subdivided into small subunits in a rosary-like pattern. Bar = (a-b) 30 um, (c-f) 15 pm, (g-m)
10 pm.
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The tissues occupied by the globose structures and filaments display a range of decay features
consisting of broken, teared-apart, deformed cells, which sometimes have their lumen filled with
opaque substances (Figure 9A). At greater magnification some cells appear to have their innermost
cell wall layer detached from the remaining components and projected towards the center of their
lumina (Figure 9B). Some other cells within similar decay areas have their middle lamellae
differentially decayed and their cell wall layers appear deformed, and little to indistinguishable from
each other (Figure 9C). In other areas, cells have all their wall components synchronously degraded,
remaining mainly some parts of them, especially the middle-lamella at the corners of adjoining cells
(Figure 9D). Further decay of all cell components is observed in even other areas, which creates cell-
free areas where some globose structures and filaments are distributed (Figure 9EF). In other
petioles, decay spots have a “furry” or spongy texture (Figure 9G). Sometimes, these decay spots
having a more regular shape appear concentrated in some zones of the decayed petioles, which also
have other degraded or cell-free areas filled with globose structures (Figure 9H). A closer look at
these decay spots shows a radiating, fusiform pattern, where cells appear progressively more
decayed and eventually individually indistinguishable (Figure 91-L).

% x
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Figure 9. (a) General view of degraded fern petioles having deformed and variously disrupted cells,
sometimes filled with an opaque substance. (b) Close up on some degraded cortex cells including
some with their innermost cell wall component (i.e., S3) disrupted and projected inwards into the

lumen. (c) Close up on another group of cortex cells showing differential decay of the lignin-rich cell

wall components (i.e., middle lamella) and variously deformed and distorted cells. (d) Close up on
another group of degraded petiole cells showing decay of all cell wall components, which remain
connected through their lignin-rich junctions at the cell corners. (e) Close up on additional degraded
petiole showing synchronous decay of all cell wall components, including filaments present directly
in contact with the decayed cells. (f) Fern petiole showing decayed area with small globose
structures attached to the disrupted tissues. (g) Example of irregularly shaped, decayed areas, some
with a characteristic furry texture, on the cortex cells of a decayed fern petiole. (h) Another fern
petiole showing a cluster of smaller, regular, approximately circular decay areas, with a
characteristic furry, radiating texture. (i) Close up on some of the furry decay areas showing
variously eroded cells having a soft surface formed by longitudinally oriented features. (j) Close up
on other furry decay areas showing further decayed cells having a soft texture and radiating
appearance. (k) Close up on another furry decay area with even hardly recognizable cells, resulting
in a soft texture in a radiating pattern. (I) Close up on another furry decay area where individual
cells are not recognizable, having a pattern consisting of radially oriented, fusiform features. Bar =
(a, g-h) 250 pm, (b-e) 25 um, (f, i-1) 50 pum.

In addition, within the matrix embedding the plant remains associated with various organic
residues, filaments and globose structures, there are some degraded fern petioles whose inner tissues
around the vascular trace and cortical area are bored and contain clusters of elliptical to cylindrical
coprolites (Figure 10A,B). In addition, some small diarch roots are also almost completely degraded
and filled with coprolites (Figure 10C). Fern petiole tissues display additional borings of different
shapes, which are empty or filled with organic residues, along with some coprolites too (Figure
10D,E). Present in the spaces created by the bored tissues are globose structures and filaments, which
are attached to the degraded tissues and sometimes also to the coprolites (Figure 10D-G). The
coprolites present vary in size, shape, texture and apparent contents and are variously smudged,
compressed and broken (Figure 10F-I). Some of those associated with the decayed vascular trace and
inside the decayed cortical tissues are of rather homogeneous size (70 - 50 x 40 - 35 um), elliptical,
approximately circular in cross section, and have a soft texture consisting of finely comminuted
organic particles (Figure 10F,H). Some of the coprolites in the degraded cortical tissues of the petioles
and diarch roots are bigger (180 - 140 x 80 - 90 um), somewhat quadrangular to cylindrical, form loose
groups of fewer individuals, and have rough textures given by some more angular contents similar
to plant remains (Figure 10G,1I).
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Figure 10. (a) General view of degraded fern petiole centered in the vascular trace area, which is
partly decayed and filled with clusters of small coprolites. (b) General view of a degraded fern
petiole having some big coprolites set within a cell-free area in the cortex. (c) View of a degraded
adventitious root completely hollowed out and filled with big cylindrical coprolites. (d) Another
view of a degraded fern petiole showing an extensive irregular decay area with all tissues consumed
away. (e) General view of another decayed fern petiole having an opaque, amorphous, organic
residue and some small coprolites in the degraded area. (f) Close up on a group of small coprolites
included in a degraded fern petiole showing its soft texture of highly comminuted particles and
filaments directly associated with some of them (arrow). (g) Close up on a big coprolite associated
with the degraded fern petioles showing globose structures attached to its surface. (h) Close up on a
cluster of small coprolites with a characteristic elliptical shape and circular cross section. (i) Close up
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on a bigger coprolite showing included organic elements of various shapes. Bar = (a) 50 um, (b-c)
200 pm, (d) 250 pm, (e-i) 100 pm.

Further remains present in the degraded tissues, either in the empty spaces created within
petioles and adventitious roots or encysted in the decayed tissues or their residues, correspond to
more or less pyriform, to elliptical, to circular, to somewhat irregular and flatten structures, of
variable size (115 - 70 um) (Figure 11A-F). In addition, these are characterized by complex n-layered,
hyaline to opaque, psilate, reticulate, or ornamented walls (e.g.,short, broad, spines, or similar
elements), sometimes having a broad, subtending hypha or apparent apertures (Figure 11A-F). Some
of these structures have a central or so additional inclusion within their lumina (Figure 11E-G). In
addition, smaller (30 - 65 um), thick-walled, opaque or hyaline, multi-celled, psilate, dispersed spores
have been observed in the degraded tissues or within the lumina of host cells (Figure 11H-I).

Figure 11. (a) Globose to elliptical structures of different sizes, with characteristic thick-walled and
variously layered walls, encysted in degraded fern tissues. (b) Close up on a pyriform structure
encysted in decayed tissues with a multilayered wall and possible opposite broad apertures at each
pole. (c) Endobiotic elliptical structure within a fern petiole cortex cell. Note its thick wall and
granulated contents. (d) Structure of circular profile in the matrix surrounding the rhizomatous

stems. Note characteristic thick wall and approximately trapezoidal external ornaments
(arrowheads). (e) Broadly pyriform structure within decayed fern tissues, with a thick and
multilayered wall. Note the presence of a centrally placed, hyaline spore (arrow) and broad
subtending hypha (arrow). (f) Globose, thick-walled structure ornamented with short spines,
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embedded within degraded organic debris. Note central structure (arrow). (g) Globose structure
with spiny ornamentation, encysted in decayed organic debris. Note the opaque, central spore
(arrow). (h) Helicoidal, multicelled fungal spore associated with decayed fern tissues. (i) Multicelled
dictyospore preserved along decayed fern tissues. Bar = (a) 100 um, (b-g) 50 pm, (h) 10 um, (i) 25

pm.

In addition to the microorganisms and decay features of the fern stems, numerous chunks of
wood preserved along with the latter in adjacent chert blocks or as isolated pieces show various
biodeterioration patterns. These include general areas of decay interspersed along with xylem cells
that appear sound, sometimes resulting in variable mottled patterns (Figure 12A,B). Included are
spots where the tissues appear hyaline or less opaque than regular xylem cells, and irregular to
circular areas where the tissues are missing, completely eroded away (Figure 12A,B). In the hyaline
zones the cells are variously deformed, broken and torn apart, whereas the xylem in the borders of
the completely degraded areas shows a progressive decay, appearing increasingly decayed and
hyaline inwards (Figure 12C,D). Other areas show organic residues and opaque deposits distributed
in irregular to discrete decay areas, sometimes arranged in somewhat parallel lines that include the
ray cells and regular tracheids (Figure 12E-G). In these later zones the opaque deposits occupy the
lumina of sound cells (Figure 12H). In addition, the opaque deposits sometimes are concentrated at
the growth rings, around which the xylem appears partly to completely degraded (Figure 12I).

|

Figure 12. (a) General view of a section of decayed conifer wood with a typical mottle-pattern with
large, irregular decay areas. (b) General view of a section of decayed conifer wood with a mottle-rot
pattern, characterized by numerous approximately circular decay areas distributed over sound
tissues. (c) Close up on decay areas characterizing the mottles of the mottle-rot patterns showing
deformed hyaline xylem cells. (d) Close up on the margins of other mottles showing progressive
decay of the xylem cell inwards, towards the center of the decay area. (e) General view of conifer
wood with large, irregular decay areas, where xylem tissues are replaced by a homogeneous lightly
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opaque, mass of disrupted cells along with cellular contents and other organic debris. (f) General
view of a decay area with variously distorted cells and massive decay spots filled with a gooey,

opaque substance. (g) General view of wood with radially arranged decay features, consisting of

regular deposits of an opaque substance along ray cells and tracheids. Note that they are set parallel

and in close association with each other. (h) Close up on wood showing xylem cells with their
lumina filled by an opaque substance. (i) General view of decayed conifer wood with cells with

deposits of an opaque substance aligned with the growth rings. Note the decay areas around the

growth rings. Bar = (a) 750 um, (b, g-i) 500 um, (c) 250 pm, (d-f) 100 pm.

In some of the woods present there are also numerous traumatic resin ducts variable with respect
to their size and appearance, which are placed immersed within the sound and degraded secondary
xylem cells and aligned parallel to the growth rings (Figure 13A). The traumatic resin ducts are
approximately ovoid to diamond shaped, have an ample lumen, empty or filled with an amorphous
opaque content, and a ring of cylindrical to quadrangular, bulging, subsidiary cells, which can also
look hyaline or somewhat opaque (Figure 13B,C). Continuous with the ring of cells, around the
traumatic resin ducts there is further opaque material forming an amorphous mass, which may be
organized in concentric lines in the adjacent xylem cells (Figure 13D). This mass of opaque substance
extends further away into the surrounding xylem and is in direct contact with the degraded tissues,
including some variously decayed areas and different growth rings, in turn connected to each other
(Figure 13E-G). Together with the growth rings, the traumatic resin ducts form a tangential line of
opaque deposits, around which different decay features are present (Figure 13G-H). Some zones
around the latter have rather intact cells and others where they are variously decayed, including
synchronous decay of all cell wall components or preferential decay of cellulose rich layers, resulting
in their separation in individual parts (Figure 13L]). In addition, in some of these traumatic resin
ducts filled with massive amounts of an opaque substance there are clusters of globose structures
embedded within it (Figure 13K). In other areas with more variable decayed xylem cells there are
much smaller traumatic resin ducts consisting of a lumen the size of a single cell and surrounded by
an incipient ring of subsidiary cells that look hyaline or variously opaque (Figure 13K-L). These
sometimes appear clustered or closely together and an opaque substance appears also to have oozed
out from a central nucleus and spread over the surrounding area (Figure 13 K-L).
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Figure 13. (a) General view of a section of another decayed conifer wood showing traumatic resin
ducts of different sizes aligned parallel to the growth rings and discrete spread of an opaque
substance that connects them to each other. (b) Close up on a diamond-shaped traumatic resin duct
with a characteristic rim of hyaline subsidiary cells and a lumen partly filled by an opaque
substance. (c) Close up on a smaller, elliptical traumatic resin duct with an abundant opaque
substance distributed around it and completely filling its lumen. (d) Bigger, irregular to diamond
shaped traumatic resin duct with several concentrical deposits of an opaque substance around it
and with its lumen empty. (e) Medium size empty traumatic resin duct surrounded by an
amorphous opaque substance that is continuous all the way to growth rings and local xylem cells
among sound tissues. (f) Smaller, elliptical, partly filled traumatic resin duct placed within decayed
wood and connected to surrounding xylem cells and growth rings by an opaque substance. (g)
General view of traumatic resin ducts and parallel growth rings, connected by an opaque substance,
forming a tangential barrier zone. (h) Close up on opaque substances at the barrier zone formed
showing variously preserved cells around it. (i) Close on a group of xylem cells showing
synchronous decay of all wall components and resulting, cell-free spot (arrowhead). (j) Close up on
another group of xylem cells showing differential decay of intermediate cell wall components
(arrows) resulting in the progressive detachment of the innermost component (i.e., S3). (k) Close up
on a partly disrupted traumatic resin duct showing a series of globose structures trapped among an
opaque substance within its lumen (arrowhead). (1) View of a group of variously preserved xylem
cells showing the presence of several, few-celled traumatic resin ducts, clustered or closely placed to
each other (white arrowheads). (m) Close up on some of the few-celled traumatic resin ducts
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showing its typical radial arrangement and filling with an opaque substance. Bar = (a) 750 um, (b-g)
500 um, (h-i, I-m) 100 pm, (j-k) 50 pm.

2.3. Composition of the Main Chert Blocks (Include Spatial Arrangement and Habit Within Individual
Cherts and Relationships Among Chert Blocks)

3. Discussion

We have described a unique fossil assemblage that preserves several biological and structural
attributes of a paleoecosystem in a pristine configuration, which provides a very rare glimpse of
Jurassic Patagonian landscapes. This complex case of preservation of an in situ and in life position
community of osmundaceous ferns embedded together with their original substrate, the
accompanying flora, and the associated microbiological communities there present allows for a
multiple-way comparison to modern counterparts based on the identity of the ferns and other
members of the greater plant community, trophic functional characterization of the microbes, and
the general characteristics of the bearing-sediments. Overall, this consortium appears most closely
comparable to similar osmundaceous fern communities present in modern lacustrine settings in
terms of their structure, organization and composition. This suggests that despite geological and
environmental changes that have happened since the Jurassic, the general characteristics of the
ecosystem persisted through time and characterize similar modern osmundaceous ferns
communities. This makes a call as to what attributes of the ecosystem can be postulated as having
been key for the observed stability through time. In addition, understanding the characteristics of
this ecosystem provides information about those features that have remained unchanged and which
ones are comparatively different in terms of its composition, structure and ecological dynamics
derived from biological interactions. In turn, this allows analyzing this example in terms of the
concept of ecological stasis, which accounts for unique cases of morphological and ecological stability
within flexible bounds through time [11,12,37].

Fossils described here consist of around 21 rhizomatous stems, which are variable with respect
to their relative size and orientation within the siliceous matrix. In addition, some examples of
dispersed empty sporangia, sometimes with collapsed spores, and pinnae are also present and these
too occur embedded within the same bearing sediments. The variable shape and size displayed by
the fern stocks suggests different developmental stages, whereas the presence of dispersed
reproductive sexual structures is suggestive of generative and senescent life stages [38]. This
arrangement is the result of taphonomic processes that started when the community was alive and,
in turn, is an indication of the influence of the environment on the population dynamics [3,38,39].
Moreover, the fossil fern individuals appear tightly packed and sometimes appear bound together
via lateral roots within the sediments, which probably represent clonal individuals. Current
representatives of Osmundaceae reproduce vegetatively via the spread of lateral rhizomes that break
apart into individual plants within the substrate, conforming to typical clonal populations (Figure
3E); this represents an adaptive advantage that favors horizontal spread within the occupied settings
and, in turn, increases the probability of positive biotic interactions [40]. Although these are cases
where slow growth rates were recorded, an age of 400 years has been calculated for populations of
O. claytoniana growing through clones in humid and cold forests in western Virginia (USA) [41]. This
highlights the importance of vegetative propagation for the maintenance of the species of this group
[41].

Typical dynamics of the geothermal system could have influenced development of clonal
growth organs in the jurassic osmundaceous community and, in particular, abundance of some (i.e.,
N) soil nutrients and scarcity of others (i.e., P), as have been suggested for other terrestrial settings,
could have been most influential [42]. There is no evidence of nitrogen fixation for the geothermal
soils where the osmundaceous community lived in the La Bajada locality during the Jurassic;
although, based on the presence of potential nitrogen-fixing microorganisms in acidic, modern
geothermal soils holding even higher temperatures than those in the later, a complete nitrogen cycle
and, therefore, free availability of it is suggested [43]. Moreover, clonal development is suggested to
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represent a reproductive strategy that regulates the frequency of sexual vs asexual reproduction,
through which influences the development of optimal life histories in unpredictable, disturbed
ecosystems [44]. Formation of clones in the Jurassic landscape by the osmundaceae ferns would have
provided them with a mechanism to cope with recurrent disturbance resulting from the geothermal
system dynamics [45].

However, proportionally, the majority of the fossils found correspond to greater rootstocks that
account for relatively more mature individuals. This could be a reflection of changing environmental
conditions negatively affecting the osmundaceous community and of the consequent relative
impoverishment of younger life stages leading to a senile community [38]. Within the greater
paleolandscape further rhizomatous osmundaceous stems are found in an area exceeding 2 km
around, which could imply different scenarios, including the possibility that additional swamp-like
settings containing analogous communities were present. However, different to the specific
assemblage described here, additional rhizomatous stems generally occur as dispersed units
associated with geothermal wetlands where conifers and other ferns also abound [16,23]. Then, it also
remains possible that migration of thermal fluids along the landscape triggered necessary
environmental changes that positively influenced the osmundaceous fern community dynamics
ending in the observed arrangements, which at the same time favored their preservation as fossils.
In any case, external disturbances, such as via the effects of the migrating thermal waters, were
suggested as having a direct influence on the structuring of osmundaceous communities [46].

Whether the direct influence of the geothermal system had a positive or negative effect on the
consolidation of the osmundaceous community, some features of it could be suggested as having
been a sign of a healthy ecosystem. This is, for example, the relative absence of trees within the
nucleus of the osmundaceous paleocommunity, which is like what has been observed in modern
assemblages, where open environments lacking plants producing shade are positively correlated
with the development of generative life cycle stages and overall healthy populations of Osmunda
regalis producing sexual structures in modern assemblages [38,39]. In these restricted settings of the
Jurassic of Patagonia, several individuals of osmundaceous ferns, were distributed in an area of ~ 250
m?2 in monotypic stands and got preserved in life position, where conifers, other plants, or their
remains are absent or only sporadically observed. Additional plants present occur both, as larger
decayed debris together with rhizome stocks and also larger intact forms, represented by trunks,
stems, foliose branches, and reproductive structures of other ferns and conifers in the immediate
surroundings of the pure osmundaceous assemblage [23]. In the greater paleo-geothermal settings of
La Bajada locality in Patagonia, Osmundaceae also was widespread and is present in an area of 4
km?2, along with an undetermined number of conifer species of the Araucariales [47-49] and other
herbaceous ferns comparable to the Gleicheniaceae and Equisetaceae [16,23]. This shows that
comparatively with modern settings, the taxonomic composition has varied. Whereas ferns and
conifers made up the main plant groups during the Jurassic, modern ecosystems have a greater
number of components, and, especially, of angiosperms, which, in fact, did not exist by when the
fossil assemblage in Patagonia became preserved [5]. Also at an even greater scale, the Jurassic of
Gondwana was dominated by conifers (i.e., Cupressaceae, Araucariaceae, Podocarpaceae and
Cheirolepidiaceae [50], which formed forests of variable density, where herbaceous and shrubby
vegetation belonging to different fern groups (e.g., Osmundaceae, Gleichenaceae, Dipteridaceae) and
other gymnosperm groups (e.g., Cycadales and Bennettitales) thrived in understory, more or less
open settings [50,51].

There are some examples today where ferns and conifers play a structuring role in the ecosystem
and dominate some ecosystems over angiosperms. One such place corresponds to the wetlands or
swamps of the Parana Forest in Northeastern Argentina [52] (Figure 3A). They are small depressions
that form more or less open vegetated lagoons at relatively higher elevations (~500 - 800 m.a.s.l.) on
gently sloping land or paleochannels, which are generally inserted in the forest and feed by creeks of
variable magnitude. They also are extremely important due their organic-rich substrates, which is
manifested by the high degree of species richness and endemism. In these kinds of habitats,
Osmundaceous ferns constitute persistent hydrophilous communities (Figure 3B) together with
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marsh plants and shrubs, surrounded by trees, including conifers of Araucariaceae (Araucaria
angustifolia). These swamp settings are variable with respect to their more specific composition and
some of them are formed by monotypic associations of osmundaceous ferns, or associations of
osmundaceae with other ferns with a similar habit, such as Neoblechnum brasiliense (Desv.) Gasper &
V.A.O. Dittrich (Blechnaceae) and Cyathea atrovirens (Langsd. & Fisch.) (Cyatheaceae) (AY
observation). [38] pointed out the relevance of spring-fed swamps as the most apt settings to sustain
viable osmundaceous communities. Moreover, presence of hydrophilous vegetation and low
sedimentation rate typical of swamps are further characteristics of those communities. Most
importantly, it has been postulated that independency and constancy of some environmental
parameters that regulate species abundance are key factors for the stability of some modern
osmundaceous communities, including acidic soil pH, water availability, reduced tree cover, which
in turn was related to their distribution in higher relative elevations [38,39].

These modern, high elevation open swamps in Misiones, Argentina appear as the most closely
comparable environments inhabited by Osmundaceae to those where the osmundaceous
communities are presently preserved in the Jurassic geothermal landscapes of the Deseado Massif in
Patagonia, Argentina. As in the modern swamps, the paleo-settings in Patagonia were dominated by
monotypic stands of Osmundaceae, accompanied by ferns of other families and conifers. Evidence
shows that the accompanying ferns and conifers were the second most important ecological groups
of the ecosystem considering their relative abundance and distribution, inhabiting the fringes or the
surroundings of the restricted environment within the greater landscape. This scheme of organization
appears to have repeated itself in the geothermal landscape as a result of the influence of the
migrating geothermal system, which might be analogous to the effect that the fluctuating inundation
of the terrain, due to the natural dynamics of existing small scale fluvial systems in the Parana Forest
highlands, has on the development of modern osmundaceae-dominated, fern ecosystems in Misiones
[52]. Further, low sedimentation rate, organic-rich substrates, but rather neutral pH, in a terrain that
might have had swiftly undulating paleotopography seem to coincide with the characteristics of the
Parana Forest highland lagoons [22,45]. More specifically, the pH characterizing the osmundaceous
settings likely varied between neutral to somewhat acidic in response to the dynamics of the
migrating thermal waters, switching to the later during dryer periods and, back to the former, when
inundation proceeded. No published data is available about that, but evidence of typical porous
textures in the cherts preserving the osmundaceous ferns is consistent with this regime’s dynamics.
In addition, preserved anatomical characteristics of the fossil Osmundaceae rhizomatous stems,
which conform to the previously described morphospecies Millerocaulis zamunerae, are also generally
like those of O. spectabilis presently adapted to wetlands, swamps, and similar environments
[10,16,52]. The similarities include size and disposition of petioles and roots (Table 1), as well as the
arrangement of sclerotic tissues, which form a continuous layer around them [10,16].

In addition, even though the Osmundaceae as a family is restricted to mild climates and wet
biomes, distribution of morphotaxa within species varies with respect to elevation, mean annual
temperature, temperature seasonality, and annual precipitation, and this in time is correlated with
their morphological variation [13]. For example, morphotaxon ‘palustris’ of O. spectabilis
characterizes high elevation swamps with high mean annual temperature and precipitation, such as
in South America, including northern Argentina, whereas similar, stunted forms of O. regalis also are
typical of high elevation swamps, but in Africa and regional islands, forms which have been
suggested to be connected genetically [13]. There is not a direct measure of what the possible
paleoelevation at the Patagonian geothermal settings was when the Osmundaceae monotypic
assemblages were alive, but the abundance of araucarialean remains are suggestive of a hilly
landscape. Moreover, field geological evidence of the La Bajada locality indicates that relative to other
geofeatures of the landscape, including the presence of surrounding breccia complexes, the specific
swamp-like settings that hold the pure osmundaceous communities occupied rather depressed areas
within the landscape. Alternatively, comparisons in an environmental and climatic framework
between the fossils described and the current Osmunda populations, are difficult to establish because
the morphological characters used in extant analyses [13] are predominantly related to external
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morphology, principally of the fronds. Additional comparative anatomical studies within the genus
are necessary to contribute to the discussion on paleobotanical assignments and the relationship of
taxa to the environment.

Microbial Community

Evidence that members of the Osmundaceae paleocommunity engaged in mutualistic
associations with glomeromycete fungi consist of individual diarch roots of variable size showing
abundant arbuscules arising from narrowing hyphae distributed in the cortex. The roots show
intracellular arbuscules in different states of development that arise from short fragments of trunk
hyphae, which occupy most of the cellular lumen of the majority of the cortex plant cells, especially
toward the center, around the pericycle. The presence of arbuscules in the small, diarch roots of the
rhizomatous osmundaceous stems is the physical proof consistent with the formation of
endomycorrhizae in plant-fungi mutualistic interactions [53]. Further evidence of endomycorrhizae
forming fungi is the presence of intrarhizal and external spores attached to the epidermal surface of
the same diarch roots, and occurrence of broad, intracellular, coenocytic hyphae [54]. The spores are
similar to those produced by different families within the glomeromycetes [54,55]. Their specific
features (i.e., globose shape, 2-layered, single subtending hypha) generally conform to those of the
Glomeraceae and Paraglomeraceae [55].

Formation of endomycorrhizae characterizes most plants and are fundamental for the
distribution and structuring of plant communities in different environments [56]. This suggests that
these associations were also very important for the Osmundaceae community in the Jurassic
geothermal system in the Deseado Massif. Mycorrhizal associations of this kind are especially
important in low-nutrient availability environments, and by engaging in this mutualistic association
the osmundaceous paleocommunity most likely gained a key ecological asset that favored its
presence within the swamp settings in the geothermal landscape [57]. In modern settings, ferns, and
especially old terrestrial lineages, such as Osmundaceae engage in equivalent mutualistic association
with glomeromycete fungi [58,59]. The origin of plant-fungal endomycorrhizal association dates back
to the Devonian, during land colonization, and it was suggested to have had a key role for the
establishment of the first plants on Earth [4,60]. Glomeromycete fungi are not the only ones that
engage in analogous mutualistic associations with ferns, also Mucoromycotina, and, perhaps
ascomycetes and basidiomycetes too [61,62]. However, glomeromycetes have become obligate
symbionts with vascular plants, including ferns and, as such, they have evolutively accompanied the
Osmundaceae for over 150 ma (Middle-Late Jurassic) and developed together a relationship that has
not yet been clearly studied, but which seems fundamental for their mutual existence, at least based
on the current record.

The arbuscule-bearing diarch roots of the osmundaceous ferns from the Jurassic of Patagonia
show numerous arbuscules in different states of preservation, which based on their known
periodicity of formation, restricted spatial distribution, and overall rapid turnover, suggests that
active mature plants engaged in the formation of the observed endomycorrhizae [61,63]. Moreover,
the fungi distribution within the cortex of their host roots is identical to that observed in their modern
relatives, specifically in Osmunda spectabilis from swamps in the Parana Forest highlands in
Northeastern Argentina (Figure 1a). However, a possibility remains that the observed infection
actually represents non-functional mycorrhizal associations, or simply, a facultatively one, and,
perhaps, a sign of a different kind of interaction [61,64,65]. Some of the adventitious diarch roots
present in the fossil specimens appear variously degraded, sometimes containing an amorphous
residue in the place of arbuscules and cortical cells, which could be indicating naturally senescent
endomycorrhizae or a different kind of interaction.

Some factors conditioning the effects of mycorrhizae formation include light and nutrient
availability, in cases rebalancing the relationship towards a unilateral one where the fungal partner
ends up taking up carbohydrates from the plant host, without any clear benefit for the later [66,67].
In addition, the effects of mycorrhizae formation are variable depending upon the specific host plant
colonized, its habit, state of development and environmental conditions [68,69]. Moreover, the effects
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of endomycorrhizae formation might not be instantaneous, but appear stronger at a later stage of
development, such as in clonal offshoots from mother plants themselves, having a wider ecological
impact at the community level and, in turn, in ecosystem functioning [69,70]. The recovered fossil
assemblage is composed of plants variable with respect to size, shape and distribution, which
supports an active osmundaceous community, where most likely at least some of the individuals
included were metabolically active and harboring glomeromycete fungi to form endomycorrhizae.
Moreover, no anatomical signs of plant defense mechanisms (e.g., modifications of the cell wall,
presence of secondary metabolites) expected for bio- or necrotrophic fungi-plant interactions are
observed in the fungi-colonized root cells [71].

The status of the potential interactions in which the fungi and the individual osmundaceous
ferns engaged based on the observed association may lie in other aspects, such as in the
developmental stage and tendency to engage in symbiosis of the plant partner, and, especially, in
some characteristics of the environment, such as the exploitation of the nutritional quality of the
substrate and the limiting features of its physical characteristics [62,72]. With respect to this,
considering the influence of the geothermal waters as a factor directly conditioning colonization of
the landscape via the frequent input of different amounts and types of minerals and heated water,
restrictive of normal growth and development, potential metabolic and, in turn, ecological gains via
the formation of endomycorrhizae appears logical for the osmundaceous ferns in the Jurassic
paleocommunity. This is supported by the observed thermotolerance obtained by grasses via the
formation of endomycorrhizae and other plant- endophytic fungal partnerships, which by doing so
improved their metabolic rates and extended their distribution deep within the modern geothermal
landscapes [73,74]. Then, formation of endomycorrhizae by the Jurassic osmundaceous community
could have in turn positively influenced resource acquisition and allocation, promoted clone
formation, greater areal distribution, and increased biomass growth in the geothermal system, and,
in this way, provided a means to cope with the rapid environmental turnover typical of the dynamics
of the geothermal system [45,69,75].

To what extent the influence of the geothermal setting affected the assembling of the
osmundaceous community can only be predicted based on the observed association and, for this, it
seems logical that tighter tolerance of the generated environmental conditions resulted from the
formation of endomycorrhizae. Moreover, as it has been shown that preferential formation of
endomycorrhizae is less likely in waterlogged soils and in aquatic settings in general, it can be
suggested that the osmundaceous community likely occupied sufficiently drained soils, or at least
some where this type of interaction was possible [62,76]. Indeed, modern examples of
endomycorrhizae illustrated in this paper, formed by Osmunda spectabilis in the highland lagoons
in the Parana Forest correspond to small adventitious roots present normally at the water-air
interphase and above (Figure 5D-F). The apparent preference for endomycorrhizae formation in
Osmundaceae based on the current record supports the observed persistence of this kind of symbiosis
in analogous modern similar settings [77]. As the family seems to have tracked down through time
identical settings arguably having correspondent physico-chemical conditions, so have it accordingly
maintained its symbiotic status, which likely compensated for its presence in swamp settings
characterized by low-availability nutrient soils and oxygen, and periodically subject to the disturbing
effects of geothermal and comparable fluvial settings [59,62,77]. In turn, this possible scenario
suggests that the migrating geothermal waters and the consequent inundation of the communities
adjacent to the system were key for their fossilization and entombment. This opens even the
possibility that the endomycorrhizal plants were actually facultative ones, having sheltered latent
fungal propagules within their roots, apt for developing a mutualistic relationship to cope with the
periodically disturbing input of the geothermal waters on the soil conditions [78]. In this context,
formation of endomycorrhizae and clonal growth organs by the Osmundaceous fern community in
the Jurassic might have been key ecological assets for the observed resiliency of the ecosystem faced
with various kinds of disturbances through time.

Other remarkably abundant microbial remains preserved within the osmundaceous fossil
assemblage include morphologically and developmentally variable globose structures associated
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with the decayed fern stems, being especially abundant in decay spots resulting from hollowed
petioles and roots. They occur in masses of individuals sometimes hardly discernible from each other
and include various forms variable with respect to size, shape, contents, and ornamentation. Their
morphology is rather simple and internal contents vary only a little too. Based on these features they
can be grossly compared to different protists and fungi, including some testate amoeba, algae,
peronosporomycetes, protozoa and chytridiomycetes and dispersed mitospores [79-84].

These fossils can be compared to some unicellular algae with globose to pyriform bodies (e.g.,
Chlamydomonas; Volvox), but which have two or more flagella that are not observed in the fossils from
Patagonia [81]. Some of these algae are further comparable to the fossils based on the presence of
papillae, rhizoids, and apophysis, although they are usually of bigger size, commonly display
internal contents, especially chloroplasts, and rarely show an epibiotic habit on other individuals [81].
Some globose algae with life stages without flagella, such as Chlorella, Chlorococcum, Desmococcus, and
Pleurococcus have a more regular size, are epibiotic and form biofilms of individuals joined by their
lateral walls, or via cytoplasmic unions, and reproduce by binary fission, which are not features that
have been observed in the fossils from Patagonia either [81]. Their habitats would fit well with that
characterizing the Osmundaceous community, although they would rarely occupy hollow inner
spaces where not much light would have arrived, such as it seems the case for the decayed fern roots
and petioles [81]. To some extent the globose structures associated with the decayed osmundaceous
ferns can also be compared to testate amoeba and protozoa, such as Arcella, Pelomyxa, Nassula and
Porodon [82,85]. Especially so might be for those fossils for which a section of their bodies appears
missing and have a granulated appearance, and papillae, rhizoids or an apophysis; however, those
features, although rapidly comparable to apertures, ornamentation, and various appendages, such
as uroids, pseudopodia, or lobopodia in testate amoeba and ciliate protozoa, they are
morphologically different, usually symmetrically located, and more robust or rather inconspicuous
[82,85,86]. In addition, the testate amoeba and protozoa are often of bigger size, thicker walled,
comparatively opaque, and they usually have further modifications of their wall surface and interior
that are not observed in the fossils from Patagonia [85,87]. A few of the fossils from Patagonia also
appear amoeboid, having a body comparable to some other amoeba, such as Mayorella, but, from
which they differ based on the lack of the same characteristics present in the former testate forms
(e.g., pseudopodia, visible contents, such as organelles and further protist remains) [87]. In addition,
the globose structures that are tightly packed as endobiotic inclusions in some of the fern host cells
are comparable to cystosori of some typical plant-parasitic Plasmodiophorales (e.g. Membranosorus,
Anisomyxa); however, other characteristics of members of this extant group are not observed for
further comparisons [88]. The habitats where some of these protists live (freshwater settings,
sometimes with marked regimes of flooding and drying seasons) are comparable to that inferred for
the Osmundaceous community, which suggest that their may have been present there, but
morphologically the fossils from Patagonia might be related to other groups of microorganisms [89].
For instance, some of the fossil globose structures, especially bigger examples containing a single or
several additional propagules within their lumina are reminiscent of monogonial and polygonial,
plerotic and aplerotic peronosporomycete (water molds, filamentous protists) oogonia, respectively
[84]. However, oogonia could be ornamented, have a subtending hypha, and other attached hyphae
remains from the reproduction process, which are not observed in the fossils [84]. Some
unornamented oogonia, such as Pythium and Achlya are more similar to the fossil globose structures,
although extant taxa have thicker, n-layered walls, which is different from the mostly uni-layered,
simple wall of the fossil globose structures [90,91]. Fern host cells filled with small globose structures
could also represent endobiotic oogonia produced by some peronospormycetes (e.g., Olpidium,
Rozzela), but since there are no other directly associated remains relatable to the group (e.g.,
associated coenocytic hyphae, oospores), their origin within it seems unlikely [91]. Based on shape
and size the globose structures are also reminiscent of dispersed extant and fossil mitosporic, fungal
spores, although they differ in having more complex apertures, attachment structures, and habits
[80,92].
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Another group to which the fossil globose to pyriform structures may be related to are the
Chytridiomycetes based on shape, size, habit, habitat, presence of incipient attachment structures
comparable to rhizoids and apophyses of extant taxa, and openings, protrusions, or similar
modifications of the wall reminiscent of discharge features also present in extant forms [79,93-95].
Size and shape wise, there are several zoosporangia of extant chytrids that are comparable to the
fossils from Patagonia, such as different Rhizophydium and Chytriomyces [79,93]. Additional similar
characteristics to zoosporangia of these taxa include the presence of papillae, pores, and tubes on the
wall surface, through which zoospores are released, distribution in decaying plants in freshwater
settings, and apparent host substrate, attaching tapering rhizoids [[79,93]. In addition, some globose
structures with parts of their bodies missing look like dehisced Rhizophidium zoosporangia, whose
deliquescent wall partly dissolves previous to zoospore release (e.g., R. megarrhizum) [79]. In other
species (e.g., Rhizophydium vaucherii, R. patellarium), papillae or similar structures become detached
and leave scars also comparable to those observed on the wall of the fossil globose structures [79].
These extant taxa are typical saprotrophs, present in different decaying organic remains in aquatic
settings, and they can also occur as parasitic endobionts or epibionts on different organisms,
including their own species, in a fashion comparable to some of the smaller fossil globose structures,
epibiotic and endobiotic on bigger forms [79,93]. This mode of parasitism is unspecific and shows a
tendency to rapidly gain access to suitable organic substrates, having several examples of chytrids
parasitic on any organic remains, on the same species and on other taxa with which they share the
same settings, such as Rhizophydium on Chytriomyces [79]. The extant parasites develop on the surface
and inside the lumen of infected spores, pollen grains, zoosporangia, and similar propagules and,
through a number of steps give rise to one or several individuals, which are reminiscent of the fossil
globose structures with their lumina filled with a variable number of smaller forms [79,93-95].
Moreover, some of the fossil globose structures show their lumen granulated, sometimes as if it were
parted into smaller fragments, which also look like some of the developmental stages of
Rhizophydium, Chytriomyces, and other parasitic chytrids [79,93,95]. Other globose structures, with
smaller individuals within their lumina, sometimes with discharge-like tubes, also look like some
developmental stages of additional endobiotic chytrids that produce a single zoosporangium within
a host zoosporangium, such as Rhizophydium globosum and R. sphaeroteca [79,93]. Also comparable to
the development of encysted zoosporangia of necro and biotrophic chytridiomycetes are those fern
host cells sometimes tightly packed with small globose structures [86]. In addition, a few of the
globose structures have additional wall layers, appearing more robust and opaque, which are
reminiscent of resting spores produced by the same and other extant chytrid genera [79,93].

The presence of putative zoosporangia associated to the fern rhizomatous stems is consistent
with the diversity of chytrids present in modern aquatic settings [96]. Despite the apparent diversity
present, morphologically, zoosporangia are simple structures having only a limited number of
features available for their taxonomic assignment, which, especially in fossils, precludes precision for
such a task, making them comparable to several extant forms, such as is for the numerous fossils
associated with the decaying osmundaceous rhizomatous stems [79,93]. Moreover, several of the
fossil zoosporangia show features consistent with different developmental states, which also
supports affinities to different extant forms and, as such, an active chytrid community. Chytrids have
been found as main decomposers of suspended particulate organic matter in freshwater settings,
such as in swamps where different plants, including osmundaceous ferns are present [96]. Moreover,
chytrid zoosporangia are present suspended in the chert matrix and also occur on and inside the
tissues of petioles and roots of the osmundaceous stems and on each other, including from zoospores
grouped inside zoosporangia to empty, dehisced forms, “floating” as variable senescent casts. This is
an ecological characteristic of the chytrids, which guarantees completion of their life cycles after
zoospore release and promotes their fundamental role as the main recyclers of particulate and
dispersed organic compounds in aquatic settings [96].

The observed abundance of chytrids is consistent with acidic pHs and low salinity, and in turn
with available organic remains and aerated substrates, suggesting shallow, freshwater wetlands or
similar settings [97]. Alternatively, chytrid’s abundance might have depended more on micro-
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ecological conditions, such as on moist and organic-rich ones expected for the rhizomatous stems.
The possible fossil chytrids are preferentially distributed in the inner spaces created as a result of the
decay of the fern rhizomatous stem tissues, usually concealed within hollowed out petioles and
adventitious roots. Reports of extant fungi associated with ferns describe examples of
endomycorrhizae and saprotrophs, although chytridiomycetes associated with osmundaceous or
similar complex rhizomatous stems have not been reported [98,99]. What has been reported are
similar ecological strategies developed by other fungi and protists, which are preferentially
distributed within inner, hollow spaces of decayed plant stems [100-102]. In these microhabitats,
fungi and protists are buffered from external, rougher environmental conditions, and obtain an stable
ecological niche that protects them from potential predators, and favors their distribution in a wider
area [100-102]. The fungi in hollowed out plant organs in wetlands are drivers of organic matter
breakdown and nutrient recycling, occupying a pivotal role essential for the dynamics of aquatic
ecosystems [96]. In addition, ancient chytrid communities have been previously reported in similar
hollowed out fern stems with root mantles, where they were associated also with organic matter
breakdown, especially of fern tissues and other trapped plant litter, which could have aided ferns in
nutrient acquisition [103]. In addition, apparent mutualistic fungi were also reported for the fern root
mantles from these later examples, which is comparable also to the presence endomycorrhizae
formed by glomeromycetes with adventitious roots distributed in the osmundaceous rhizomatous
stems from Patagonia [103]. Additional examples of a comparable community of fungi, epiphytic
plants and detritivorous microorganisms were described from early Jurassic and Eocene
osmundaceous rhizomatous stems and their immediate surroundings [103,104]. This underscores the
ecological significance as saprotrophs and parasites of the putative chytridiomycetes in the trophic
structure of the environments characterizing the ecosystems where the Osmundaceae community
thrived. It also supports previous indications that point out the importance of fern rhizomatous stems
as particular ecological microniches sustaining diverse communities of meso and microorganisms
through geological time. Moreover, recurrent association of the same type of organisms underscores
the stability of the trophic structure and dynamics within the osmundaceous rhizome and suggests
this as a feature that has fueled the observed resilience of this ecological microniche.

Furthermore, the decayed host fern stem tissues show numerous, morphologically variable
filaments consistent with saprotrophic activity and other possible interactions. The filaments vary in
size, ornamentation, shape, extension, septation, and opacity. Some of these are branched and show
further modifications including apparent apical, consecutive, unicellular propagules, and some have
a wider base through which they are attached to host cells. Based on these features, the filaments are
like those produced by different mitosporic fungi, which correspond to asexually produced
structures of ascomycetes, and less likely, basidiomycetes [80,106,107]. The morphological features of
these are common in several fungal taxa, whose affinity is more clearly discernible based on sexual
structures [108,109]. However, some of the observed branched filaments bear 1 or 2 distally narrowed
and finely septate arms, which look like phialide or similar conidiophores produced by some
ascomycete anamorphs, such as different Penicillium and Trichoderma species [110]. Species of these
extant genera have different nutritional modes, such as saprotrophic on plant litter, which supports
a similar role within the decaying osmundaceous remains [111]. They have also been detected as fern
endophytes or opportunistic parasites, which become saprotrophic after host plant senescence and
death, suggesting another possibility for the fossils [112,113]. Moreover, some of the filaments bearing
phialide-like conidiophores are attached via a wide base to host cells, which are reminiscent of
appressoria produced by some parasitic Penicillium [114]. There are also some filaments without
morphological modifications that appear finely septate and bear what look like arthrospores, which
are widespread among mitosporic fungi and are produced within host tissues under stressful
conditions [109]. Additional, comparatively smaller, opaque, branched filaments present are also
regularly septate and give rise to a thread of small units in a rosary-like pattern, which are
morphologically comparable to conidiospores produced in aerial hyphae by some filamentous
bacteria, such as Streptomyces, a widespread plant saprotroph [115,116]. Some of the endophytic
filaments lack septa or these are too faint to be clearly discernible, and are wider, hyaline, and tightly
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fill in a contorted fashion the lumina of host cells. They are morphologically similar to those produced
by some endomycorrhizal fungi within host cells [117]. This consortium of fungi and fungi-like
propagules provides additional evidence of the trophic complexity of the microhabitat represented
by the osmundaceous, fern rhizomatous stems. It shows that they possibly engaged in different kinds
of interactions, but which certainly have a main role as saprotrophs, especially of fern tissues and
other plant litter.

Formation of clonal growth organs by mother plants, such as in Osmundaceae, has been
demonstrated to favor the development and spread via colonization of new propagules by mutualist
and pathogenic fungi [118]. This strategy, where the amount and quality of plant litter is also affected
by the production and turnover of extra plant organs via clones appears to positively influence
saprotrophic fungal communities development as well, indirectly, as it increases the availability of
edible organic resources [119]. This creates an advantageous ecological context for the fungi in
general since it reduces the costs of finding new hosts, and is also of similar convenience for plant
host partners in the case of mutualistic associations [119]. Such a mechanism of coherent and
facilitated transmission of microorganism communities between plant generations has been
suggested to represent a characteristic favoring resilience of plant communities faced to ecological
disturbance [120]. Based on this, it has been suggested that host plants and fungal partners forming
mycorrhizae have closely linked traits that likely favor their coexistence and association (Bitterbe et
al., 2020). In the case of the Osmundaceous fern communities from the Jurassic of Patagonia,
characterized also by the formation of clonal individuals, the analogous composition and deduced
relationships between the plant hosts and the microorganisms partners can be postulated as another
feature of the ecosystem that provided it with the capacity to effectively respond to disturbance,
maintaining its trophic organization and dynamics through time (Vannier et al., 2018).

On the other hand, some of the fern tissues display a number of decay features, which were
probably caused by the fungi and additional microorganisms and mesoorganisms present. Observed
are teared-apart, broken, and deformed cells, which sometimes have their lumina filled with opaque
substances. These are generally comparable to broken and deformed cells that result from fungal
decay of wood and other woody tissues [121]. In particular, woody plants in aquatic settings, such as
some ferns in swamps and wetlands are affected by soft-rot causing fungi, which carry out strategies
adapted for decay under water saturated and low-oxygen conditions [121]. Decay by this group of
fungi avoids lignin-rich cell wall components, preferentially degrading cellulose-based tissues, such
as parenchymatous pith and cortex regions of fern stems, which remind of some of the fossil fern
stems with decay areas present in the cortical region of the petioles and adventitious roots [121].
Moreover, soft-rot decay type preferentially decays the secondary wall components and creates a
typical pattern that sometimes appears as pits of increasing size, ending in the detachment of the
tertiary wall, which look like some of the generally eroded cells with their tertiary wall partly to
completely detached from the remaining wall components, observed in cross section in decay areas
interspersed with sound tissues [121]. These characterize areas or “decay spots” where, also
sometimes no. or, only a few distorted cells and abundant filaments and globose structures are
preserved. At lower magnification, some of the observed decay areas in the fern rhizomes have a
spongy to furry texture and appear variously eroded, with cells deformed, broken and some with
irregular opaque contents, comparable to that expected from soft-rot fungal decay and also from
bacterial decomposition [122]. Moreover, at greater magnification the decayed tissues show cells with
their walls generally thinned, sometimes from the lumen outwards, and others completely dissolved,
or deformed and collapsed, having their primary wall and middle lamella partly broken or entirely
degraded and separated from each other, which are features comparable to those produced by plant
degrading fungi and bacteria [122]. In other fossil rhizomatous stems, individual cell wall
components are indistinguishable from each other and only a pattern consisting of minute, radiating,
translucid to somewhat opaque threads, or just an amorphous wall layer residue remains, which
possibly represent some of the typical lignin and non-cellulosic byproducts of wood decay left by
erosion bacteria that characteristically alters the texture of the degraded tissues [123,124]. Apparent
bacterial degradation is consistent with decay under water saturated and low oxygen conditions
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[124]. Additional decayed roots and cortical zones, adjacent to more massive decay areas in the
petioles, show cells with only their S2 and S3 cell wall components preserved, although deformed
and separated from adjacent cells, which is consistent with preferential decay of lignin-rich units,
such as by white-rot fungi [121]. Other cells show synchronous decay of all cell wall components,
with cells remaining attached to each other only by remains of the middle-lamella at their corners,
which is also how woody tissues degraded by white-rot fungi look like [121]. Some fossil fern cells
show opaque contents within their lumina, which might correspond to metabolic remains from decay
processes or ergastic compounds deposited as a means to deter decay spread [125]. White-rot decay
is unique in its strategy because it preferentially degrades lignin-rich or synchronously all cell wall
components, the S1 component, and the middle lamella, or these and the S2 and S3 too, minimizing
competition for woody resources with other degraders, which thrive in well-aerated and moist media
[121]. These characteristic decay features observed indicate an active and diverse community of
saprotrophs adapted to various microenvironmental conditions that through different strategies
variously altered the fern rhizomatous stems structure, which indirectly influenced each other and
promoted further decay, analogous to how plant degrading bacteria and fungi synergistically
predispose wood to fungal decay in some modern ecosystems [126]. This pivotal role in organic
matter breakdown and nutrient cycling in swamp settings during the Jurassic carried out by some
fungi and bacteria shows their engagement in various types of interactions with the community of
Osmundaceous ferns, helping maintain a dynamic trophic equilibrium in the paleoecosystem [126].

In addition to possible protists, fungi and bacteria associated with the fern rhizomatous stems,
evidence of mesoorganisms is based on the presence of degraded petioles and leaves, hollowed by
irregular borings, some of which are filled with coprolites of 2 different kinds. Smaller coprolites are
elliptical and of circular cross section, with somewhat rounded ends, formed of finely comminuted
plant material, without distinguishable contents, of fine to rough textures, and are distributed in
small clusters within irregularly bored leaves and petiole tissues, which are features that conform to
those described for oribatid mite coprolites and feces of extant forms too [127-129]. Oribatid mites
are typical Paleozoic and Mesozoic, scavenging, opportunistic, micro detritivores that irregularly
bore and feed on live and dead plant organs and debris, including fern rhizomes, which suggests a
similar ecological role in the decayed fern rhizomatous stems [130,131]. Additional, cylindrical to
quadrangular, bigger coprolites with blunt endings and a rough texture resulting from the inclusion
of apparent plant remains, present within the degraded tissues of a fern petiole, are closer to those of
some coleoptera, especially some curculionids (Curculionidae) based on shape and contents [132—
134]. These and other coleopteran groups typically attack and consume woody tissues of plants
decayed by fungi, which is consistent with the mycoflora present in the decay fern rhizomatous stems
[135]. Moreover, fungal decay along disintegration of the fern tissues by boring arthropods, such as
coleopterans, possibly acted synergistically towards their decomposition, which is how these
organisms interact in modern ecosystems [136]. They engage in variably dependent upon each other
interactions, where wood-consuming coleopteran preferentially target substrates pre-conditioned by
fungal decay, which in turn are positively benefited by being phonetically dispersed among potential
hosts [137]. In terms of shape, they are comparable to the feces of some plant-consuming suspension-
feeder, microinvertebrates from aquatic settings [138].

Additionally, widespread globose to flat spores of circular to somewhat irregular outline,
encysted or trapped within the fern tissues or unidentifiable plant debris, characterized by complex
walls formed by a variable number of layers, sometimes externally ornamented, and with a single or
more apertures, reminiscent to peronosporomycete and algae sporangia are present [81,84]. Some of
the encysted structures have a short extended neck or short subtending hypha, at least 4 wall layers,
and possibly more, but which are otherwise difficult to distinguish from surrounding organic
remains, These characteristics make these structures comparable to oogonia in different
developmental states [81,84]. Moreover, an apparent central oospore is observed sometimes, further
supporting their similarity to peronosporomycete oosporangia (Dick; 1990; 2001). In addition, some
of them are reminiscent of previously found spiny oogonia of the Combresomycetales, which were
suggested as saprotrophs and parasites [139]. Others, consisting of a flattened structure of circular
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outline and somewhat trapezoidal, blunt external ornamentation look like prasynophycean algae,
resting spores, which were also previously found in the La Bajada locality [23]. Some, multicelled
structures also present look like conidia or sclerotia produced by some anamorphic fungi, including
some Helicomyces and similar helicoidal forms, which are found in freshwater settings as saprotrophs;
others look like typical saprotrophic and parasitic mitosporic fungi, such as Hermatomyces
[80,106,107].

In addition, embedded in the chert blocks or isolated within the area of the osmundaceous
community there are some chunks of wood that show various features relatable to decay by fungi.
Included are woods showing various mottled patterns consisting of irregular, completely or partially
degraded areas of secondary xylem interspersed within sound tissues, which are typical of decay by
white-rot fungi [121]. A closer view of the degraded areas show some where xylem cells are hyaline
as a result of the decay of lignin-rich opaque components, which is consistent with differential decay
also by white-rot fungi [121]. Xylem cells within these decay areas appear deformed, broken and torn
apart, which is a reflection of loss of rigidity due to selective lignin decay by white-rot fungi [121].
Further decay, irregular and circular to ovoid, areas show no tissues preserved and, therefore, cells
with all their cell components synchronously decayed, which is also consistent with white-rot fungi
[121]. Sometimes decay is more discretely distributed over ray cells, which coincides with decay
strategies followed by white-rot fungi degrading wood of extant trees [121]. Presence of wood with
decayed areas having residual xylem cells embedded together with an opaque substance, looks like
a necrotic zone, where deposition of ergastic compounds, such as secondary phenolic, resin products
by modern plants used as fungal deterrents, occurs [140-142]. These putative ergastic deposits are
sometimes more regularly oriented, following the axial, tangential and parallel orientation of growth
rings, perhaps coinciding with latewood, thick-walled, fibers, or discrete lines in intercellular spaces
between degraded xylem cells, which are reminiscent of the structured response to fungal invasion
deployed by some modern trees, such as a reaction zone [125,143].

Another evidence of an active interaction responding to a triggering effect of biotic or abiotic
origin is the formation of numerous axial traumatic resin ducts in the secondary xylem of some of the
fossil woods present [144,145]. These are commonly produced in the secondary xylem of conifers of
the family Pinaceae and sometimes also in the Taxodiaceae and Cupressaceae constitutively or as a
result of different types of stimuli, such as invasion by pathogenic microorganisms and even
arthropods [144-147]. The traumatic resin ducts are tangentially aligned with respect to the growth
rings, forming discontinuous rows, and occur among wood with a mottle-rot pattern typical of white-
rot fungi, which could have been the causal agents [148]. Indeed, an opaque substance massively
spread over the decayed areas from the traumatic resin ducts, sometimes connecting with tracheids
further aligned with the growth rings, forming one or more, continuous tangential barriers, which is
consistent with it being deployed as a sealant against an invading agent [125,149]. Decay appears
more massive on one of the sides delimited by the later resiniferous barriers emerging from traumatic
resin ducts, which further supports their role as pathogen deterrents [125,149]. Within the degraded
xylem, examples of variously deformed and broken cells, sometimes showing differential and
selective decay by white-rot fungi are present [119]. Other xylem cells have signs of soft-rot decay,
such as preferential decay of the S3 cell wall layer [119]. Among the degraded xylem cells also present
are smaller, incipient traumatic resin ducts and rays filled with further opaque material, which is
consistent with a dynamic response to pathogenic fungi [121,150,151]. These smaller traumatic resin
ducts consist of a few cells and their presence also indicates metabolically active tissues in proximity
to the cambial zone, where their formation involving chemical and anatomical evidence, likely
responded to an ongoing external stimulus [125,145]. Moreover, globose structures of unknown
affinity appear trapped inside some of the traumatic resin ducts and, these may correspond to fungal
or protists propagules that might get caught in the mass of resin extruded by modern trees [151].
These fungally-attacked woods provide additional evidence of the complex network of interactions
that characterized the ecosystem dominated by a community of osmundaceous ferns. It adds another
component to the structure of the ecosystem, represented by typical decay and reaction processes
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between conifers and fungi present, which together with the pivotal ecological role of the ferns seems
to have been key for its stability through time.

The associated microbiota described is a proof of the role as an ecological microniche that the
sheathed rhizomatous stems of osmundaceae had, and gives a remarkable glimpse of the interactions
that characterized the swamps settings where these plants inhabited during the Jurassic in Patagonia.
This paper deals with functional groups and more precise taxonomic resolution is left for future
papers. Despite, a community of fungi belonging to the glomeromycetes, and others of unknown
affinity but more likely related to the chytridiomycetes and to the ascomycetes and, perhaps, to the
basidiomycetes is present directly associated with the osmundaceous plants. They associate with
each other in various fashions, occurring in different tissues, and having variable arrangements,
which exemplify the intricacy and specificity of each association. Some of the interactions that can be
rapidly deduced from the observed associations are also characteristics of the same communities and
environments inhabited by extant Osmundaceae and other ferns [59,77,152,153]. These networks of
interactions are some of the key features that control the dynamics and trophic structure of their
respective ecosystems [71]. Their observation in the Osmundaceous community provides a point of
reference that allows tracing the evolutionary paths followed by the parties involved in the different
interactions present, and, therefore, provides a basis for hypotheses about their origin and historical
ecological significance [154]. It adds to the existing body of information about biotic interactions
between fungi and osmundaceous ferns in the geological record [104,105].

It has been previously shown that Osmundaceae represents in itself a conserved ecological
microniche, which hosts a variety of saprotrophs, epiphytes, and detritivores within both, extant and
fossil representatives [59,104,105,152,155,156]. Perhaps, this specialized ecological microniche and the
accompanying biological microcommunity there formed accounts too for the observed resiliency of
the macrocommunity formed along with the osmundaceous populations in swamp settings through
time. This per se should not be thought of as something unexpectable, but as proof that demonstrates
the ecological importance osmundaceous ferns have as hosts of diverse microbiological communities,
both by providing a specific substrate, and also by forming part of a larger consortium of plants in
swamp settings where various forms of fungi tend to inhabit. Reciprocally, this added complexity to
the ecosystem constrains its structure and dynamics via a network of biological interactions, making
it overall more stable, and likely to host ecologically consistent community members [71,157]. In other
words, what the diversity of fungal taxa could be thought of as representing is a “buffer” of species
that carry out analogous functions, which then can be “replaced” if any sort of ecological disturbance
affects any of them in particular [158]. Moreover, in a pure hypothetical situation it can be assumed
that what we see is a window of the fungal communities that accompanied the Osmundaceous
ecosystem, which shared a nucleus of species that structured it and carry out functions that have
remained through time and that accounts for the observed resilience of the system up to today,
although, consisting of a different taxonomic composition.

4. Materials and Methods

4.1. Geological Context of the Studied Area

The fossil material was collected from outcrops of the La Matilde Formation at La Bajada locality
in the Deseado Massif. The Deseado Massif is a geological province with an approximately 60000
km?2 extension, located in the Santa Cruz Province of southern Patagonia, Argentina [22,23]. The
geological history of the area is characterized by a bimodal rhyolitic and andesitic volcanic event that
led to the formation of the Bahia Laura Complex, approximately 178-151 million years ago [24,25].
These rocks are part of the Chon Aike Silicic Large Igneous Province that extends from Argentinean
Patagonia to Antarctica [26] and whose genesis is associated with the break-up of Gondwana and the
opening of the South Atlantic Ocean [27,28].

The La Bajad locality is located in the western portion of the Deseado Massif Jurassic volcanic
outcrops [23], and it is characterized by siliceous hot spring-related deposits hosted in reworked
volcaniclastic sediments of the La Matilde Formation [23]. The rocks at La Bajada show the typical
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association of geothermal features with volcaniclastic fluvial or lacustrine reworked deposits and
volcanic lava domes (lithological control proposed by [22]). A series of fossiliferous sedimentary chert
beds outcrop irregularly in a 2.5 x 0.5 km area in close proximity to the La Bajada farmhouse [23].
These rocks vary from strongly silicified volcaniclastics to pure cherts deposited in distal,
geothermally influenced marsh facies setting [23,29].

Preliminary analyses of chert samples from La Bajada hot-spring-chert deposits offered a first
glimpse of an exceptionally preserved biota [23], composed of different groups of animals, plants,
and a broad range of microorganisms [23,30,31]. Along the vascular plants, there are abundant
vegetative and reproductive fern remains with different systematic affinities [23], including the
rhizomatous stems assigned to the Osmundaceae species Millerocaulis zamunerae [16]; pinnules, sori
and isolated sporangia of putative Gleicheniaceae, Cyatheaceae, and Dicksoniaceae [23]. Conifer
vegetative and reproductive remains with araucarialean affinities are also common in these cherts,
including wood fragments, roots, leafy twigs, and cones with pollen in situ [23,30,31]. Further plant
remains include stems of Equisetum thermale, frequently fragmentary [23]. The microcommunities
are characterized by different filamentous and colonial cyanobacteria; filamentous and unicellular
algae; abundant oomycetes with combresomycetelean affinities; testate amoeba and ciliates; and very
diverse and abundant fungi [23,30-32]. Different systematic and ecological groups of fungi are
frequently associated with different plant remains, and are represented by abundant vegetative and
reproductive remains [23], including epibiont chytrids, mycorrhizal glomeromycetes, epiphyllous
ascomycetes, and a variety of ascomycetes and basidiomycetes [23,30-32]. Furthermore, remains of
terrestrial and freshwater invertebrates are also present (e.g., appendages, mouthparts, abdomens
and compound eyes of arthropods; ostracod and other crustaceans carapaces; gastropod shells;
worms, rotifers, nematodes, and coprolites of various morphologies) [23].

4.2. Preparation and Imaging of Fossil Material

Several chert blocks were cut following standard techniques [33] and using two different
Hillquist (Denver, USA) slab saw machines, one for larger rock samples and one for hand-size rock
samples. Some blocks were cut in several sections, following the longitudinal axis of the plant
individuals to obtain serial planes and ensuring the exposure of as much surface area as possible to
observe the surrounding matrix. The chert blocks and their sections were observed using a Zeiss
(Oberkochen, Germany) MC80DX and a Nikon (Tokyo, Japan) SMZ1000 stereoscope. Additionally,
thin sections of some chert samples were prepared following standard methodology [34] and using
a Buehler petrothin sectioning machine. Slides were observed using transmitted light microscopy.
Images of the slides were obtained with a Leica DM 2500 transmitted light microscope with an
incorporated, DFC 295 Leica camera. Images of the unmounted chert blocks and their sections were
obtained using a Canon (Tokyo, Japan) camera with a Canon macro lens of 60 mm. Multiple images
of the samples at several focal planes were taken to compose an image with greater depth of focus,
following an image-stacking technique [35]. The images were stacked using auto-align and auto-
blend functions in Adobe Photoshop 2023 (San José, USA). Composite images were created using
both image-stacking and image-stitching techniques to visualize the entire specimens and their
surrounding matrix (e.g., Figure 2).

The macrospecimens and their sections are housed at the Museo Regional Padre Molina of Rio
Gallegos (Santa Cruz Province, Argentina) under accession numbers MPM-Pb 16084-16109.

4.3. Surface 3D-Scanning of Fossils

Selected chert samples preserving one to several fern individuals were 3D scanned in high
resolution using an Artec Space Spider 3D Scanner (Senningerberg, Luxembourg). Images were
processed with the software Artec Studio 17 to obtain tridimensional models of the blocks in order
to observe the superficial morphological features of the fern individuals, their distribution in the chert
matrix, their relative position and distance to each other when more than one individual is preserved
within the same block, and the distribution of other associated plant remains (e.g., conifer wood and
twigs).
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4.4. Surface 3D-Scanning of Fossils

In order to make comparisons with current Osmundaceae species that grow in Argentina, we
studied populations of Osmunda spectabilis from Misiones province. The specimens were collected
during field trips to the Cruce Caballero Provincial Park (-26.515012, -53.995383), herborized using
traditional techniques and deposited in Museo Argentino de Ciencias Naturales “Bernardino
Rivadavia” (BA herbarium).

In order to carry out anatomical comparisons, samples of petiole, thizome and roots were fixed
in a mixture of formalin, alcohol and acetic acid [36]. Histological preparations were made free-hand
and mounted using gelatin-glycerin. In some cases, methyl blue was used for staining fungal
structures in order to detect fungal associations.

Collected vouchers. ARGENTINA. Misiones: Dto. San Pedro, Parque Provincial Cruce
Caballero, -26.515012 -53.995383, 22-V-2022, Yafiez et al. 596 (BA).

5. Conclusions

It has been suggested that higher levels of organization of ecosystems impose a constraint over
disturbance from lower hierarchical ones, resulting in greater stability due to gained resiliency of the
system [37]. And, that such characteristic can explain paleoecological stability reflected by conserved
morphology, composition, structure and dynamics of ecosystems through geological times [37]. This
characteristic mechanism, preventive of directional selection, is a direct measure of the degree and
nature of the interactions within the ecosystem, each adding complexity to it and a stronger basis for
avoiding disrupting evolutionary change in multiple lineages [37]. Further factors, including
historical, biogeographical, population size (law of large numbers), niche differentiation, and biotic
interactions also lead to increased ecological constraint, pre-emptive of structural changes [11].

In this context, the Osmundaceae community from the Jurassic of Patagonia appears as a
relictual type of analogous modern communities, in which selection processes through time did not
alter its characteristic ecological organization. Its characteristic ecological structuring kept disruptive
selection off from acting at a scale deeply affecting the osmundaceous ecosystems. In other words, its
characteristic organization buffered and prevented it from deriving due to ecological disturbance. A
proof of this is the analogous organization and composition of the fossil assemblage found in
comparison with modern ones, especially those developed in the highlands of the Parana Forest, in
northeastern Argentina [52]. In these type of systems, given the presence of a series of characteristics,
described as those typical of spring swamps or highland lagoons, including restricted sedimentation
ratios, constant water availability, neutral to acidic soils, abundant sun insolation due to the lack of
canopy vegetation, and absence of major scale ecological disturbance, the arrangement of persistent
Osmundaceous communities have found an optimal setting. In addition, some more specific features
of the fossils found, such as the conserved morphology of the osmundaceous ferns stems and the
types of interactions detected, including the formation of endomycorrhizae and the abundance of
saprotrophic and parasitic chytridiomycetes within the tissues of individual plants, also are a
reflection of the persistence and stability of the system through time.

Recurrent association through time to the same type of environments of Osmundaceous
communities, together with other biotic groups, characteristic of these types of settings, is an example
of how stabilizing selection due to the absence of major environmental change in a broader sense,
works. The observed resiliency is reflected by the persistence of its structure and energy flux between
different levels within it, where Millerocaulis zamunerae and fungal and protist taxa present had
analogous ecological roles as those typical of modern highland, swamp ecosystems [16,71].
However, although at the ecological scale the ecosystem remained fully functional and structurally
analogous through time, its composition at a lower selecting level (species) was subject to selection
because also likely disrupting events occurred [13,52,157]. In other words, what this record shows is
that even though the taxonomic composition of the osmundaceous paleocommunity changed
through the period of time that separates it from modern analogous communities, at the ecosystem
scale likely fluctuated within some ecological bounds, although without modifying its main structure
and dynamics [12].
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In turn, deciphering ecosystem scale ecological questions is possible when well-preserved,
whole plant communities in life position and in-situ within their original substrates, such as the
osmundaceous one from the Jurassic of Patagonia studied here, rather than single, isolated organs or
organisms, are found [3]. The study of this paleocommunity is a demonstration of the concept of
ecological stasis in an ample sense, where the equilibrium of the system means not its deviation from
a single set of variables, but its stable fluctuation around a set of possibilities. It is a direct measure
that shows that despite the range of disturbances that some communities can experience through
time, their persistence in analogous configurations can be a characteristic of themselves [5,10,157].
Moreover, this finding shows that at the macroevolutionary scale the system has remained
ecologically stable, having maintained its trophic structure and trophic links, represented by fossils
belonging to the same macro-taxonomic groups, although of different specific composition [159]. This
accounts for the maintenance of a dynamic equilibrium tending to stabilize the ecosystem based on
the constant exchange and movement of matter within it [159]. In other words, the inferred
complexity of the ecosystem based on the different functional groups found and the implied range
of relationships with the vegetation present, especially with the osmundaceous ferns within the
jurassic ecosystem, acted as an ecological resource that allowed variation of the system within some
bounds, and which at the same time kept it stable through today.

Supplementary Materials: The original 3D-scanning files presented in the study as part of Supplementary
Material are openly available in FigShare (10.6084/m9.figshare.27868176).
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