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ABSTRACT

The Synurophyceae is a well-supported clade of ecologically important heterokont algae found largely in freshwater
planktonic habitats worldwide, whose members have cell coverings consisting of species-specific siliceous scales overlapped
in a highly organized manner. Many synurophytes have been described as endemic and are found only in specific regions of
the world. A thriving population of the European endemic, Mallomonas intermedia, was discovered in a remote desert pond
situated in the Virgin Valley, Nevada, USA and in a stratigraphic sequence from the middle Eocene fossil locality known as
Horsefly in British Columbia, Canada. Both North American finds were closely compared with populations from Europe,
confirming the identifications. Before these discoveries, this species was recorded from numerous waterbodies exclusively in
Europe, but was lacking from hundreds of sites examined from other continents. Its presence in western North America
during the warm middle Eocene confirms that historically this species had a significantly wider distribution and may be best
classified as a palacoendemic. Additional species uncovered from a second fossil locality that are closely related
to M. intermedia further support the presence of this lineage in North America during the Eocene. The living population
in northern Nevada presents an enigma. Does this remote desert population represent a remnant population that has gone

undetected until now, or is it a recent arrival from an unknown region by an unknown vector?
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Introduction

The Synurophyceae is a well-supported clade of ecologi-
cally successful heterokont algae that are found almost
exclusively in freshwater ecosystems (Kristiansen, 2005;
Siver, 2015a). The group is characterized by formation of
a highly organized cell covering consisting of precisely
overlapped siliceous scales. Mallomonas, the largest
genus within the synurophytes, is a unicellular motile
organism, with one or two flagella, that forms a second
type of siliceous structure known as the bristle. Bristles
are thin, elongate structures that attach to the apical ends
of scales and radiate outward from the cell. The designs of
scales and bristles, many of which are highly ornamented
and sculptured, are species-specific and used in the for-
mal description of taxa. Given the species-specific nature
of the siliceous components, coupled with the fact that
numerous species grow under specific environmental
conditions, synurophyte remains from sediments have
been successfully used in reconstructing past environ-
ments (Siver, 1993; Stevenson & Smol, 2015; Arseneau
etal., 2016).

Scales of synurophytes all have a base plate perforated
with pores and a posterior rim that bends up and over
aportion of the base plate (Siver, 1991; Kristiansen, 2005).
Many species of Mallomonas have what are referred to as
tripartite scales where the structure is divided into three

parts, the dome, shield and flange (Harris, 1953). The
dome is a raised cavity found along the distal end of the
scale into which the proximal end of the bristle is posi-
tioned. The shield and posterior flange are delineated by
a prominent and largely V-shaped ridge of silica, the
V-rib. The base of the V-rib sits on the base plate in the
proximal end of the scale and the two arms that form the
‘V’' extend towards the distal end of the scale, often
terminating near the margins. The portion of the base
plate between the V-rib and dome forms the shield and
the portion between the V-rib and posterior rim the
flange. Additional structures such as ribs and papillae,
referred to as secondary features, can be found on the
flange, shield and dome. Species with tripartite scales
often form the most highly organized cell coverings
(Siver & Glew, 1990; Siver, 2018). Bristles associated
with tripartite scales are elongate, ribbed structures with
a flattened proximal end called the foot, which secures the
bristle within the dome, and a ribbed shaft that extends
outward from the scale. The shaft is typically serrated
along one rib and the tip can be pointed or highly
modified.

Compared with their close heterokont relatives, the
diatoms, the geological history of the synurophytes is
poorly known. Although fossil remains of siliceous dia-
tom frustules are relatively common in the geological
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record, in contrast, scales and bristles are very rare. In
fact, until discovery of numerous well-preserved synur-
ophyte remains in the middle Eocene Giraffe Pipe locality
located in the North Western Territories, Canada, the
oldest records were only several thousand years old (Siver
& Wolfe, 2005). The Giraffe Pipe fossil locality has yielded
much evolutionary history about the clade, especially
with respect to the siliceous structures. Species of
Mallomonas are well represented at the Giraffe locality
and include both extinct and modern lineages (Siver
et al., 2015). Many of the extinct species had large and
robust scales, often four times larger than most modern
species (Siver, 2015b). In contrast, remains of other spe-
cies show clear evolutionary stasis with respect to scale
and bristle morphology (Siver et al., 2009) and findings
further illustrate that formation of the highly organized
cell covering was already a hallmark of the synurophytes
by the middle Eocene (Siver, 2018). Still, knowledge of
historical biogeographic patterns for synurophyte taxa
and use of the group in evaluating ancient aquatic envir-
onments, has been largely precluded given the sparse
fossil record.

Endemic status implies that an organism is restricted
to a specific geographic region or location. Regarding the
synurophyte genus Mallomonas, Kristiansen (2002)
designated one-third of the 172 known species as ende-
mics, citing poor dispersal mechanisms as a cause for the
high rate of endemism among these microscopic organ-
isms (Kristiansen & Lind, 2005; Kristiansen, 2008). In the
case of Mallomonas, endemics are found in multiple
sections of the genus, (Kristiansen, 2002). The fact that
many synurophytes display distinctive biogeographic dis-
tributions (Siver & Lott, 2012) appears to be in direct
conflict with the ubiquity hypothesis which argues that
microscopic organisms are widely dispersed and lack
such patterns (Finlay, 2002). In some cases, synurophyte
species are only known from one or a handful of closely
situated sites (e.g. M. connensis). Others are much more
widespread, but restricted to specific continents
(Kristiansen, 2008). For example, M. marsupialis, M.
fenestrata, M. duerrschmidtiae and M. intermedia are
listed as endemic to Australia, tropical South America,
North America and Europe, respectively (Kristiansen,
2002). In addition, a large number of species are reported
as ‘northern temperate-subarctic-Arctic’, spread over
northern regions of North America, Europe and north-
e Asia, but lacking in the southern hemisphere
(Kristiansen, 2008). Other species, such as M. bangla-
deschica, are widespread over warm, largely tropical,
regions of the world (Kristiansen, 2002; Siver & Wolfe,
2009).

The objective of this paper is to report on and
describe populations of the European endemic spe-
cies, Mallomonas intermedia, from a small waterbody
in a remote desert region of Nevada, USA, as well as
from a middle Eocene fossil locality from western
Canada known as Horsefly. The North American
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populations are compared to all available literature
records and to specimens studied from collections of
active populations in Norway and Romania. The bio-
geography of M. intermedia, both from modern and
historical perspectives, and its status as an endemic
versus palacoendemic organism, are discussed.

Materials and methods

Specimens used in this investigation were collected
from five localities, Dufurrena Pond 19 (Nevada,
USA), Roertjernet Pond and Skoklefalltjernet Pond
(Norway), Lake Cocor (Romania) and the Horsefly
Fossil locality in British Columbia, Canada. Plankton
net samples were retrieved from Dufurrena Pond 19
and Lake Cocor in October 2017 and March 2018,
respectively. Gravity cores were retrieved from both
Reertjernet Pond and Skoklefalltjernet Pond in
February 2018, cut into 3 cm sections and the top
two sections (0—3 cm and 3—6 cm) were examined as
part of this study. Four successive subsamples of
mudstone rock, each representing ~25 years of geo-
logical history, were taken from the Horsefly H2
stratigraphic sequence and examined as part of our
investigation. The plankton net, gravity core and rock
samples were all examined with scanning electron
microscopy (SEM). In addition, observations from
plankton net samples taken from Reertjernet Pond
in November 1978 and from Skoklefalltjernet Pond in
August 1979, and examined at that time with trans-
mission electron microscopy (TEM), were also
included in our analyses.

Plankton samples from Dufurrena Pond 19 were
air dried onto heavy duty aluminium foil, while those
from Lake Cocor were dried onto Formvar-coated
grids for initial screening with TEM. Sediment sam-
ples from the Reertjernet Pond and Skoklefalltjernet
Pond cores were oxidized with a mixture of H,SO,
and potassium dichromate according to Marsicano &
Siver (1993). Mudstone rock fragments (50—100 mg)
from the Horsefly H2 sequence were oxidized using
30% H,0, under low heat for 3—4 hours and rinsed
with distilled water. Aliquots of each sediment and
mudstone sample were also air dried onto heavy duty
aluminium foil. The aluminium foil samples were
trimmed and attached to aluminium stubs with
Apiezon® wax and coated with a mixture of gold
and palladium for 2 min with a Polaron Model
5100E sputter coater. TEM grids from Lake Cocor
were mounted onto aluminium stubs with double-
sided adhesive carbon tape and coated with platinum
for 45 s using a Leica ACE600 sputter coater. Samples
from Dufurrena Pond 19, both Norwegian Pond
cores and the Horsefly sequence were examined
with a FEI Nova NanoSEM 450 field emission SEM,
and those from Lake Cocor with an FEI Helios
NanoLab 660 G3 UC scanning electron microscope.
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Small drops of the net samples taken from the
Norwegian ponds in 1978—1979 were applied onto
Formvar supported and carbon coated Cu grids,
fixed in OsO4 vapour and air-dried, washed with
distilled water and re-dried. The material was sha-
dow-casted with Pt at a 30° angle with an Edwards
Speedivac Coating Unit 12E6/1629, and observed
with a Siemens Elmiscope 1A transmission electron
microscope. Measurements of scales were made
directly from the SEM and TEM micrographs. All
samples were thoroughly studied and provided simi-
lar results, but only a representative subsample of
images are included in the plates.

Site Descriptions

Dufurrena Pond 19 is located in the Sheldon National
Wildlife Refuge in the Virgin Valley region of north-
western Nevada (41°52'16"N, 119°1'31.5"W). The
small pond is on the western side of the unimproved
road leading south from Route 140 to the Royal
Peacock Opal Mine, across from Gooch Table. The
area is part of the Great Basin Desert, a cold and arid
desert located in the northern portion of the Great
Basin (www.sangres.com). The surrounding terrain is
largely volcanic with numerous outcrops of silica-rich
minerals, including thick diatomite remains from an
ancient Miocene lake and opal-bearing rocks.
Vegetation is dominated by Artemisia tridentata
(big sagebrush), and herds of mule deer and prong-
horn antelope are found throughout the region.
Dufurrena Pond 19 is a man-made structure origin-
ally built as a reservoir for irrigation, but is now
owned by the US Fish and Wildlife Service and man-
aged for migrating waterfowl (www.fws.gov/refuge/
sheldon; www.sangres.com). The pond is ~3 m deep,
surrounded by emergent aquatic plants, has healthy
stands of the submergent perennial, Hydrilla verticil-
lata and contains breeding populations of yellow
perch and white crappie.

Reertjernet Pond (59°48'38"N, 10°40'44"E) and
Skoklefalltjernet Pond (59°50'58"N, 10°40'4"E), both
located in Nesodden municipality, Norway, are small
waterbodies with maximum depths of 4 m and 7 m,
respectively, impacted to various degrees by human
activities, and with contributions of humic substances
from the surrounding forests and wetlands. The
ponds are also ringed, in part, by Sphagnum and
associated bog plants. Reertjernet Pond is situated
in a cultural landscape and is influenced by nutrient
input from agricultural activity. The surrounding for-
est is dominated by Salix cinerea, and the emergent
macrophyte Calla palustris is common along the
shoreline. Skoklefalltjernet Pond is situated in
a natural parkland setting composed of a mixed forest
of evergreen and deciduous tree species, the pond is
surrounded by Myrica gale and Phragmites australis.

Lake Cocor is located in the middle of the
Subcarpathian area in the valley of the River
Prahova (45°92.7"N, 25°44'54.02"E). It is a shallow
lake with an extended littoral area that partially dries
out during the dry months. The lithology of the area
varies from conglomerates and sandstones to
Miocene marls and clay formation (Rujoiu-Mare
et al.,, 2015). Maximum rainfall generally occurs in
summer, with an average of 212 mm in June between
2013-2017 (www.worldweatheronline.com), due to
penetrating moist Mediterranean air masses from
the south, particularly during warm months.

The Horsefly fossil locality (51.5°N, 121°W) is
located in east-central British Columbia. Horsefly
represents an ancient, warm, monomictic or possibly
meromictic, softwater lake that existed during the
middle Eocene between 44-52 Ma (Wilson, 1977,
Wilson & Barton, 1996; Wolfe & Edlund, 2005) in
a region that experienced a warm, wet climate and
lacked freezing conditions in winter (Greenwood
et al., 2005; Archibald et al., 2014). Horsefly repre-
sents a high resolution record of varved sediments
that contain impressive and well-preserved fish,
plant, insect, pollen and diatom specimens
(Archibald et al., 2005). As part of this study we
examined a 767-year long sequence (H2 sequence)
collected and examined by Wilson & Barton (1996)
and archived at the University of Alberta, Canada.

Results
Description of population from Dufurrena Pond 19

Examination using light microscopy of a plankton
tow taken on 4 October 2017 from Dufurrena Pond
19 in the Virgin Valley region of northern Nevada
revealed a bloom of a species of Mallomonas believed
to represent the European endemic, M. intermedia.
The population was further studied with SEM and
confirmed to indeed be M. intermedia (Figs 1-6).
Description: Cells are ovoid to ellipsoidal, ranging in
size from 31-42 x 12—16 pm, with tripartite scales and
covered with bristles except for the very posterior end.
Both domed (Figs 2—4) and domeless (Fig. 5) scales are
present. Domed body scales are found over the entire
cell except for the posterior end. Domeless body scales
are fewer in number, and found either scattered among
the dome-bearing scales or on the posterior end.
Domed scales are broadly oval with slight to no lateral
incurvings, ranging in size from 5-6.3 x 3.1-4.2 pum
(n=20) with a mean of 5.5 x 3.7, and possess a well-
developed V-rib and posterior upturned rim (Figs 2—4).
The dome is large, with a series of thin and parallel ribs
situated mostly on the left side and oriented more or
less parallel with the longitudinal axis of the scale (Figs
3, 4) and an inverted U-shaped opening on the right
side from which the bristle emerges. Most scales have
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Figs 1-6. Scale and bristle remains from a population of
Mallomonas intermedia cells from Dufurrena Pond 19,
northern Nevada, USA. Fig. 1. Remains of domed and
domeless scales (black arrows), short serrated bristles (dou-
ble white arrows), and long bristles with lance-shaped
apices (single white arrows). Fig. 2. A group of domed
body scales. Note the single large transverse rib immediately
behind the dome, secondary reticulation on the shield and
posterior flange and ribs on the dome. Figs 3—4. Domed
body scales denoting the tripartite design, the single trans-
verse rib behind the dome and the ribs originating along the
V-rib and extending onto the posterior flange. The scale in
Fig. 3 had more ribs on the dome, but less reticulation on
the shield than the scale in Fig. 4. Fig. 5. Domeless body
scale. Fig. 6. Undersurface of a domed body scale showing
the pattern of base plate pores, and close-ups of bristles
denoting the lance apex, foot (white arrow) and serration
on the shaft (double white arrow). Scalebars = 1 um (Fig.
5), 2 um (Figs 3, 4, 6), 4 um (Fig. 2) and 10 um (Fig. 1).

4—6 dome ribs, but the number of ribs ranged from
2—-12 with a mean of 5.5 (n=20). The base of the V-rib
is situated lower on the shield, close to the posterior
rim. The arms of the V-rib are long, curve, become
continuous with the anterior submarginal ribs and ter-
minate on the sides of the dome. The base plate is
covered with small, evenly spaced pores that form
curved transverse rows along the distal portion of the
shield, but become more randomly arranged in the
proximal end of the scale. Base plate pores are lacking
along the anterior flanges. There is a single, prominent,
transverse rib on the shield at the base of the dome
(Figs 3, 4). On most scales, short ribs radiate from the
transverse rib onto the V-rib side of the shield forming
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a small degree of secondary reticulation. Similar sets of
short ribs also originate along the V-rib onto the shield
and posterior flange, and are present under the poster-
ior rim. Additional secondary reticulation can be found
on the shield. The posterior rim is shallow and encircles
approximately half of the scale perimeter. The anterior
flanges are smooth. Structure of domeless scales is
similar to that of domed scales, except they lack the
transverse shield rib.

Two types of bristles were found, varying in length
depending on their position on the cell. Bristles asso-
ciated with the anterior end of the cell are short,
slightly curved, ribbed, serrated, range in length
from 9-11 pum (n=10), with a pointed apex and
a well-formed foot bent at 45-90° relative to the
shaft (Fig. 1, double arrow). This bristle type may
also be found on other parts of the cell covering.
Longer bristles found mostly on the body range in
length from 24-31 pm (n=20), possess ribbed shafts
that are typically serrated along the distal half and
terminate with a lance-shaped apex (Figs 1,6). Each
tooth of the serration usually terminates with two
small teeth. The bristle expands along two margins
at the apex. A triangular-shaped portion of one
expanded margin folds over onto the other margin
to form the classic lance-shaped apex (Figs 1,6).

Comparing Nevada populations with those from
Europe and the Horsefly Locality

Scales and bristles from the Raertjernet Pond (Figs 7,
9, 10, 12) and Skoklefalltjernet Pond (Figs 8, 11)
populations matched nicely those from Dufurrena
Pond 19. The range and mean size of body scales
for the Reertjernet Pond population were 5.2—6.4 x
3.1-3.9 um and 5.5 x 3.6 pm (n=20), respectively,
virtually identical to the population in Dufurrena
Pond 19. Details of the dome, V-rib, large transverse
shield rib, base plate pores and scale shape are also
indistinguishable between both populations. The
number of dome ribs overlapped considerably
between the two populations, and the mean number
of ribs on scales from Reertjernet Pond was 5, close
to that for Dufurrena Pond 19. Some scales from
Dufurrena Pond 19 had a greater degree of secondary
ribbing, but scales could be found from both popula-
tions with similar levels of secondary reticulation
originating from the transverse rib and V-rib. In
addition, both populations had cells bearing smaller
serrated bristles as well as longer lance-tipped body
bristles. Scale features from the Lake Cocor popula-
tion (Fig. 13) were also similar to those from the
Norway and Nevada samples, but some specimens
were slightly less silicified and had, on average,
fewer dome ribs.

Characteristics of the scales and bristles from the
Eocene Horsefly locality (Figs 14—19) also matched
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Figs 7—13. Scale and bristle remains of Mallomonas inter-
media from Norwegian (Figs 7—12) and Romanian sites
(Fig. 13). Figs 7—10. Domed body scales depicting the
tripartite nature of the scale, the single prominent trans-
verse rib on the shield and dome ribs with SEM (Figs 7, 9,
10) and TEM (Fig. 8). Figs 11-12. Details of lance-tipped
bristles with TEM (Fig. 11) and SEM (Fig. 12). Fig. 13.
Domed body scale with fewer dome ribs. Scale bars = 1 um
(Figs 7, 9, 10, 12) and 2 pm (Figs 8, 11, 13).

those from modern populations. Structure of the
large transverse rib, dome, V-rib, secondary reticula-
tion and base plate pores were indistinguishable from
modern specimens. In addition, the Horsefly popula-
tion possessed both bristle types with similar serra-
tion patterns and lance-shaped apices (Figs 17-19).
Horsefly body scales were slightly smaller than the
modern populations examined, ranging in size from
4.5-5.5 x 2.7-3.5 um, with a mean of 5.0 x 3.1
pm (n=20).

Review of previous records for Mallomonas
intermedia from European Sites

M. intermedia has been reported from numerous local-
ities in Europe (Table 1), including the UK and the
Scandinavian Peninsula, but not from numerous other
surveys of synurophytes from other continents (Siver,
2015a), resulting in the classification of this species as
a ‘European endemic’ (Kristiansen, 2002; Voloshko,
2010). It has been reported and verified using electron

Figs 14—19. Scale and bristle remains of Mallomonas inter-
media from the middle Eocene Horsefly locality, British
Columbia, Canada. Figs 14, 15. Domed body scales depict-
ing the tripartite nature of the scale and the single promi-
nent transverse rib on the shield just behind the dome. Ribs
(arrow) can be seen on the scale in Fig. 14. The short ribs
that often originate from the shield-side of transverse rib,
along both sides of the V-rib and under the posterior rim
are depicted with arrows on Fig. 15. Fig. 16. Undersurface
of a domed scale showing the pattern of base plate pores.
Note that the pores align in transverse rows on the distal
portion of the shield, but are less organized along the
proximal end. Fig. 17. Remains of a body scale and the
lance tips of two bristles (arrows). Figs 18, 19. Groups of
scales and bristles. The serration along the shaft of the
longer lance bristles is depicted by the set of arrows in
(Fig. 18) and a lance apex is illustrated by the arrow in
Fig. 19. Scale bars = 1 pm (Figs 14-16), 2 pm (Fig. 17),

3 um (Fig. 18) and 4 um (Fig. 19).

microscopy from waterbodies in Russia (Voloshko,
2010), Hungary (Péterfi et al., 1998; Barreto, 2001,
2005), Romania (Péterfi, 1967, Péterfi & Momeu, 1977,
Péterfi et al., 2002, 2005), Czech Republic (Nemcova
et al, 2002, 2003; Skaloud et al, 2013a), Denmark
(Asmund, 1959; Kristiansen, 1988; Hansen et al., 1993;
Skogstad & Kristiansen, 1996), Portugal (Calado &
Craveiro, 1995; Santos et al, 1996), Germany
(Diirrschmidt, 1984; Gutowski, 1997), Finland (Héllfors
& Hallfors, 1988), UK (Harris & Bradley, 1957, 1960), the
Netherlands (Roijackers, 1981; Roijackers & Kessels,
1981, 1986; Suykerbuyk et al., 1995), Norway (Skogstad,



1984) and Sweden (Cronberg & Kristiansen, 1980). Sites
from these records range east to the Russian Polar Urals
(Voloshko, 2010).

In Europe, records of M. intermedia reflect, in part,
sampling effort with the species being reported in
almost every country where an extensive chrysophyte
investigation has occurred (Table 1). M. intermedia
has been reported in a variety of different types of
water bodies, including acidic peat-bogs, natural
lakes, artificial eutrophic ponds and shallow temporary
ditches and pools. However, the species favours allu-
vial pools and oxbows episodically connected to rivers
(Roijackers & Kessels, 1986, Nemcova et al., 2003,
Skaloud et al, 2013a). M. intermedia thrives in
a wide range of environmental conditions; pH range:
5.2-8.5 (median value 6.65, n=40), conductivity range
30-530 pS cm™' (median value 235, n=33). It has been
predominantly found in the colder winter and spring
months and Roijackers & Kessels (1986)
classified M. intermedia as a cold-water species.
However, the species has also been found in warmer
environments of about 22°C (Santos et al., 1996;
Skaloud et al., 2013a).

Discussion

Based on morphological features used to distinguish the
European endemic, M. intermedia, there is no doubt that
it is present today in the small Nevada high desert pond,
Dufurrena Pond 19. Scale and bristle morphology of the
Nevada population match those from European sites,
especially in the suite of characters that specifically dis-
tinguish the species. The single large transverse rib just
behind the dome on the shield is a hallmark feature
of M. intermedia (Skogstad, 1984; Kristiansen, 2002).
The presence of long serrated body bristles bearing lance-
tipped apices is another distinguishing character
(Asmund, 1959; Harris & Bradley, 1960; Kristiansen,
2002). In the case of the Nevada population, other fea-
tures including scale shape and size, shield and flange
ornamentation, size and distribution of base plate pores,
presence of domeless scales lacking the transverse shield
rib and smaller anterior-placed serrated bristles lacking
lance-tips all match the description of M. intermedia.
These characters also match the populations
of M. intermedia from the Norwegian and Romanian
sites. The series of short ribs originating from the promi-
nent transverse rib (Nemcova et al., 2002) or the V-rib
(Péterfi et al., 1998) on scales from European populations
is also found on scales from the Dufurrena Pond 19
population. In addition, secondary ribbing on the shield
is present on scales from European populations
of M. intermedia (Harris & Bradley, 1960; Hallfors &
Hallfors, 1988; Péterfi et al., 1998). In summary, ultra-
structural characters of scales and bristles of the
Dufurrena Pond 19 population clearly confirm the pre-
sence of M. intermedia in North America.
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The number of dome ribs on M. intermedia scales
from Dufurrena Pond 19 was highly variable and
some scales had more dome ribs than often reported
for this species. Dome ribs are a common feature
of M. intermedia (Kristiansen, 2002) and easily
observed on scales from many populations (e.g.
Harris & Bradley, 1960; Santos et al., 1996).
However, the series of parallel dome ribs are thin
and the total number can be difficult to discern on
the sloped portions of the dome based on TEM
images, and even on some SEM images, resulting in
the ribs sometimes being described as ‘inconspicuous’
(Kristiansen, 2002). Still, European populations with
three to five ribs per dome have been previously
reported (Calado & Craveiro, 1995), and the number
of dome ribs on scales from the Rgertjernet Pond
population ranged from 2—8, with a mean of 5. The
number of ribs on the Nevada population was also
highly variable, ranging from 2—12, with the majority
of scales possessing 4—6 ribs per dome and a mean
number of 5.5, similar to the Reertjernet Pond
population.

The number of dome ribs is variable on other species
of Mallomonas (Siver, 1991; Kristiansen, 2002). For
example, the number of dome ribs on scales of M. striata,
M. paludosa, M. sphagniphila and M. duerrschmidtiae is
quite variable and these structures can even be lacking on
some scales (Siver, 1991; Kristiansen, 2002). Further,
Kristiansen (2002) noted the range of dome ribs
for M. asmundiae (Wujek & Van der Veer) Nicholls,
another species with lance-tipped bristles (Siver et al.,
2009), to be highly variable at 6—18. It is possible that
this secondary scale feature is related to growth condi-
tions, especially silica availability. Although no data are
available, silica concentrations in Dufurrena Pond 19 are
likely to be at, or even above, saturating conditions given
features of the immediate landscape. The Virgin Valley
region of Nevada where the pond is situated is sur-
rounded by numerous outcrops of siliceous-rich miner-
als, including an extensive freshwater Miocene diatomite
deposit. In addition, the Virgin Valley is rich in opal
mineraloids and the terrain immediately surrounding
the pond contained significant silica-based minerals
eroded from the surrounding hills and tables. High silica
concentrations are probably responsible for the richly
developed scales found within the extensive Nevada
population.

The most intriguing aspect of discovering M. inter-
media in western North America concerns the bio-
geography and endemic status of this organism. The
distribution and ultimate biogeographic pattern
exhibited by a microscopic alga is the result of a
complex set of variables, including environmental
and habitat constraints, dispersal mechanisms and
processes, transportability of the organisms, historical
factors and geological considerations (Kristiansen,
1996, 2001; Potapova & Charles, 2002; Vyverman
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et al., 2007; Brodie et al., 2009; Verleyen et al., 2009,
Boo et al., 2010; Siver & Lott, 2012). According to the
Baas—Becking ubiquity hypothesis (Baas-Becking,
1934), microscopic algae would be readily dispersed
across continents (e.g. everywhere) and found in
habitats that support growth and survival (Finlay &
Clarke, 1999; Finlay, 2002). In other words, microbes
have cosmopolitan dispersal capabilities and the
resulting biogeographic pattern of any microbe
should simply reflect the distribution of suitable habi-
tat (Fenchel & Finlay, 2004).

Multiple studies have concluded that the ubiquity
hypothesis does not apply to many synurophytes (Boo
et al., 2010; Siver & Lott, 2012) and lacustrine diatoms
(Vyverman et al., 2007, Vanormelingen et al., 2008).
Numerous species representing these siliceous algal
clades display distinct biogeographic distributions that
are determined, in part, by dispersal limitations
(Vanormelingen et al, 2008; Brodie et al., 2009,
Verleyen et al., 2009), historical variables (Siver &
Lott, 2012) and geographic restrictions (Potapova &
Charles, 2002). However, the ubiquity hypothesis may
apply to some synurophytes with tropical distributions
limited by temperature, but is very problematic for
species found in temperate regions, especially those
restricted to one hemisphere (RezaGova & Neustupa,
2007).

Until now a strong case was made for
classifying M. intermedia as endemic to Europe,
based on numerous reports of this taxon from
European sites (Table 1). Findings from the
Horsefly locality clearly show that it was present in
North America during the middle Eocene, supporting
this species as a palacoendemic. Without further fos-
sil evidence, the extent of the historical distribution
of M. intermedia is unknown. It is possible that this
taxon was widely distributed in both Europe and
North America during the warm Eocene and able to
migrate over the ice-free polar region, then retracted
to more southern latitudes later in the Cenozoic with
cooling temperatures and initiation of permanent ice,
eventually becoming, or remaining, well established
across Europe. Under this hypothesis, the question is
whether M. intermedia also survived in areas of
North America, and has been overlooked due to
inadequate sampling efforts or simply undetected
due to low cell numbers? The question also remains,
is the Nevada population a remnant of this histori-
cally wider geographic distribution, or is it a recent
arrival reintroduced to North America by humans or
some other vector? Additional fossil evidence,
coupled with a more systematic sampling effort,
would aid in solving these questions.

M. intermedia had never been detected in the hun-
dreds of sites previously examined in North America for
synurophytes (see studies in Siver, 2015a). Its presence in
Dufurrena Pond 19 is especially intriguing given its

remote location. Although human interaction with the
pond is limited, it is a refuge for migrating waterfowl and
herds of mule deer and pronghorn antelope. While the
deer and antelope herds remain largely restricted to the
immediate region, migrating waterfowl could have
transported M. intermedia to the pond from significantly
further distances. Many waterfowl migrate through this
region to and from points as far south as Central and
South America as part of the Pacific migration flyway
(Mead, 1983). Given the fact that Dufurrena Pond 19 is
man-made, and assuming M. intermedia was not
recently transported to this remote site from Europe,
there is a high probability that active populations of this
taxon exist in other localities in North America or points
further south.

A similar situation was recently reported for the
endemic species, M. pseudocoronata, a common ele-
ment of North American waterbodies (Siver & Lott,
2012) recently found proliferating in lakes in Sweden
(Cronberg, 2010). M. pseudocoronata scales are large,
highly distinctive and easily detected with light
microscopy (Siver et al, 1990; Siver, 1991,
Kristiansen, 2002). The fact that many of the water-
bodies where M. pseudocoronata was recently
recorded in Sweden had been monitored for years
by Cronberg herself, who is a world expert in synur-
ophyte  taxonomy, supports the  hypothesis
that M. pseudocoronata was only recently introduced
to this region of Sweden. It is also possible
that M. pseudocoronata was historically present in
Europe, but rare and undetected until its recent pro-
liferation in Sweden. In fact, the status of M. pseudo-
coronata as a North American endemic came into
question when it was discovered in sediments from
an Austrian lake (Smol, 1988) and living in a remote
pond in Arctic Russia (Siver et al., 2005). In a similar
fashion, a species considered endemic to Australia,
M. alphaphora, was recently discovered in a suite of
waterbodies in the Aquitaine region of France
(Nemcova et al., 2012). Unlike M. intermedia and
M. pseudocoronata, both of which were common
elements in numerous sites from Europe and North
America, respectively, M. alphaphora had only been
observed in two Australian waterbodies (Preisig,
1989; Furlotte et al., 2000) and was perhaps prema-
turely granted endemic status.

Several fossil species uncovered from the Giraffe Pipe
locality, another middle Eocene deposit situated near the
Arctic Circle in northern Canada, provide further evi-
dence that additional taxa closely related to M. intermedia
were also historically present in North America (Siver
etal., 2009). Although scales of the fossil species M. lancea
differ from those of M. intermedia in a number of char-
acters, they also possess a single, prominent, transverse
rib on the shield at the base of the dome, and both species
have similar serrated bristles with lance-shaped apices
documenting a very close relationship (Siver et al.,
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Table 1. Records of Mallomonas intermedia from European localities, including the pH, conductivity and temperature
taken at the time of collection. Records from this study are in bold.

Location
Cond. Temp
Country Locality type Year pH uScm™ °C Latitude Longitude Reference
Czech Republic Alluvial pool in the 2014 7.0 453 3.7 50°1027.31"N 14°46"28.48"E Skaloud et al. (2013a)
floodplain of the
Luznice River
(Hrbackova)
Alluvial pool of Luznice 2003 7.8 200 22.7 48°50'6.44"N 14°55'37.83"E Skaloud et al. (2013a)
River (T2)
Alluvial pool of Luznice 2002 6.4 150 18.5 48°50'6.44"N 14°55'37.83"E Skaloud et al. (2013a)
River (T2)
Alluvial pool of Luznice 2002 6.4 199 16.4 48°50'6.44"N 14°55'37.83"E Skaloud et al. (2013a)
River (T2)
Alluvial pool of Luznice 2002 6.2 240 16.0 48°502.02"N 14°55'39.54"E Skaloud et al. (2013a)
River (Prokopova)
Alluvial pool of Luznice 2002 6.3 238 15.9 48°502.02"N 14°55'39.54"E Skaloud et al. (2013a)
River (Prokopova)
Alluvial pool of Luznice 2000 6.7 170 18.0 48°50'6.44"N 14°55'37.83"E Nemcova et al. (2002)
River (T1)
Alluvial pool of Odra 2000 7.1 345 14.0 49°41'58.96"N 18°3"32.59"E Nemcova et al. (2003)
River near Studenka
Aalluvial pool of Odra 2000 7.1 163 18.0 49°46'59.83"N 18°12'14.76"E Nemcova et al. (2003)
River (Polanecka)
Premysovsky wetland 2000 7.0 209 15.0 49°47'30.38"N 18°11'30.58"E Nemcova et al. (2003)
near Suchdol nad
Odrou
Denmark Katterhale Mose, small 1955 5.2 55°51720.73"N 12°22'9.69"E Asmund (1959)
pool
Lake Tystrup 1980 8.5 2.2 55°21'53.71"N 11°35'8.70"E Kristiansen (1988)
Pond in Magleds 1995 55°51'19.31"N 12°28'5.72"E Skogstad & Kristiansen (1996)
Conference Centre
Det Flade Vandhul Hansen et al. (1993)
Stokkerup Kaer Hansen et al. (1993)
Hjortekaer Hansen et al. (1993)
Finland Laajoki River, Mietoinen 1986 Haéllfors & Hallfors (1988)
Germany Schonwalder Allee, pond 6.8-7.7 206-574 4.7-15.7 52°352.46"N 13°9'51.98"E Gutowski (1997)
Dreipfuhl, Dahlem 52°26'50.19"N 13°1621"E Gutowski (1997)
Karpfenteich, 52°34'13.45"N 13°11'33.02"E Gutowski (1997)
Johannesstift, pond
Kuhlake, ditch 52°3422.65"N 13°10'15.95"E Gutowski (1997)
Mirchenteich Glienicke, 52°24'30.63"N 13°6'4.21"E Gutowski (1997)
pond
Rohrpfuht. 52°35'52.4"N 13°9'45"E Gutowski (1997)
Giessen area, unnamed 1981 7.2 340 19.0 Diirrschmidt (1984)
pond
Giessen area, Peter’s 1981 9.0 530 8.0 Diirrschmidt (1984)
Lake
Hungary Roadside temporary pool 1996 47°35'3.74"N 21°7'41.87"E Péterfi et al. (1998)
Pince-lapos Lake 1999 8.0 400 11.5 47°3526.33"N 21°0'46.77"E Barreto (2005)
Fekete Lake, permanent 1999 6.6 130 9.3 Barreto (2005)
forest pond
Kis-Jusztus swamp, 1999 8.0 390 9.0 47°32'35.26"N 21°0'47.28"E Barreto (2005)
temporary water
Small temporary forest 1999 6.2 110 8.4 Barreto (2005)
pond in Visegrad
mountains
Small bog pond in the 1999 6.6 150 9.6 47°42'48.68"N 19°225.2"E Barreto (2001)"
Visegrad mountains Barreto (2005)
Small pond in mountain 1999 6.0 90 114 47°43'36.55"N 19°0'59.69"E Barreto (2001)"
grassland, Visegrad Barreto (2005)
mountains
Janos/Javor pond 1999 6.3 150 153 47°42'47.62"N 19°1'10.94"E Barreto (2001)
the Erpewaai III, alluvial 1979 7.2 402 6.5 51°45'39.79"N 5°49'38.25"E Roijackers (1981)
Netherlands pool of Meuse River
Geuldert Lake 1979 6.5 147 7.5 51°43'44N 5°45'49.64'E Roijackers (1981)
Erpewaai III, alluvial 1979 7.0 177 9.8 51°45'39.79"N 5°49'38.25"E Roijackers & Kessels (1981)
pool of Meuse River
Broekse Wielen I, pond 1979 6.6 160 51°43'44"N 5°45'49.64"E Roijackers & Kessels (1986)
near the Meuse River
Broekse Wielen II., pond 1979 6.6 160 51°43'44"N 5°45'49.64"E Roijackers & Kessels (1986)
near the Meuse River
Ditch system near 1979 6.3-7.9 200-370 51°43'8.21"N 5°11'1.79"E Roijackers & Kessels (1986)
Haarsteegse Wiel
Oisterwijkse Vennen, 1979 3.8 51°3422.84"N 5°1322.07"E Roijackers & Kessels (1986)
group of moorland
pools
Beerze, brook 60-80cm 1979 6.0 51°35'49.83"N 5°16'30.55"E Roijackers & Kessels (1986)
deep

(Continued)
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Table 1. (Continued).

Location
Cond. Temp
Country Locality type Year pH uSem™ °C Latitude Longitude Reference
Alluvial pool of Waal 1979 S1°51'11.13"N 5°53'48.42'E Roijackers & Kessels (1986)
River (pond D) of the
Oude Waal, pH
neutral to slightly
alkaline
Geuldert, Helbeek, small 1989 5.9-7.3 235-310 51°44'15.54"N 5°55'47.38"E Suykerbuyk et al. (1995)
pools
Norway Reertjernet Pond 1978 6.4-7.3 54-130 59°48'38"N 10°40'44"E this study
1980 Skogstad (1984)
Reertjernet Pond 1979 7.1 96 12.6-17.6  59°48'38"N 10°40'44"E unpublished
SkoklefalltiernetPond 1979 7.2 151 15.6-18.0 59°50'58"N 10°40'4"E this study
Regertjern Pond 2018 59°48'38"N 10°40'44"E this study
Skoklefalltiernet Pond 2018 59°50'58"N 10°40'4"E this study
Portugal Madriz puddle 1994 6.8 340 16.3 40°10'45.95"N 8°41'18.87"W Santos et al. (1996)
Madriz marsh 1994 6.7 340 222 40°10'45.95"N 8°41'18.87"W Santos et al. (1996)
Patl da Madriz, 6.5-7.0 300 40°7'38.88"N 8°38'16.84"W Calado & Craveiro (1995)
eutrophic marsh
Vala de Frossos, ditch in 40°40'1.17"N 8°32'43.14"W Calado & Craveiro (1995)
agricultural fields
Romania Cocor Lake 2017 6.7 235 45°9'2.7"N 25°44'54.02"E this study
Mestecanisul de la Reci, 1996 45°4921.3"N 25°55'35.49"E Péterfi et al. (2002)
eutrophic bog
Mestecanisul de la Reci, 1975 5.5 45°4921.3"N 25°55'35.49"E Péterfi & Momeu (1977)
eutrophic bog
Tau cu Mesceteni, 1975 5.5 Péterfi & Momeu (1977)
polyhumic acid pit
Calatele Padurii, peat- 2002 4.9 30 12.0 Péterfi et al. (2005)
bog pool
Tau cu botile, peat bog 46°40'42.19"N 23°31'40.39"E Péterfi (1967)
near Salicea
Russia Kuzty Lake, Ural, Usa 2005 6.7 12.0 67°35'38.40"N 65°4225.20"E Voloshko, 2010
River basin
Sweden Kalven, eutrophic, 1979 55 7.0 57°10'42.12"N 14°35'44.71"E Cronberg & Kristiansen (1980)

polluted lake
Ponds by roadside near
Reading

United Kingdom

Harris & Bradley (1960)

Harris & Bradley (1957)

"Both references refer to the same record.

2009). Scales of another extinct taxon from the Giraffe
locality, M. dispar, also possess a single prominent trans-
verse shield rib at the base of the dome, reminiscent
of M. intermedia, but the bristles terminate with
a structure referred to as an asymmetric helmet. Since
the folded portion of an asymmetrical helmet structure is
homologous with the fold forming the lance apex, Siver
et al. (2009) concluded that M. dispar and M. intermedia
probably shared a common ancestor. The presence of M.
intermedia, M. lancea and M. dispar in North America
during the middle Eocene confirms that historically this
lineage was not restricted to Europe.

The fossil remains of M. intermedia found in
Horsefly, and other close relatives in Giraffe Pipe,
are of particular interest since these fossil localities
represent a significant warm period in Earth history.
The onset of the Eocene epoch was marked by an
abrupt and significant warming event known as the
Palacocene—Eocene thermal maximum at 55 Ma
(Schmitz & Paujalte, 2007, Zachos et al., 2008).
Much of the ensuing Eocene, including the time-
periods covering the existence of the waterbodies
at Horsefly and Giraffe Pipe, experienced very
warm temperatures that were significantly higher
than today, with maximum values observed during

the Early Eocene Climate Optimum (EECO) at
52—50 Ma and another smaller peak near 42 Ma
(Zachos et al., 2008; Wolfe et al., 2017). During the
warmest part of the Eocene, the polar regions were
ice-free (Zachos et al., 2001, 2008) and lush forests
were found on land masses near the north pole
(Hickey et al., 1983; Mclver & Basinger, 1999;
Jahren, 2007; Greenwood et al., 2010). Higher rates
of precipitation, coupled with elevated runoff,
yielded a significantly fresher Arctic Ocean capable
of supporting massive populations of the aquatic
fern Azolla and other freshwater organisms,
including chrysophytes (Brinkhuis et al., 2006).
In addition, North America was much closer to
Greenland, and Greenland to Europe, than today
(Brinkhuis et al., 2006). It is highly probable that
microbes, including members of the M. intermedia
lineage, were more easily transported between
North America and Europe during this warm
period.

Additional records from the Giraffe Pipe locality sup-
port the hypothesis that aquatic organisms were trans-
ported long distances during or after the warm Eocene.
Siver & Wolfe (2009) demonstrated the presence of other
synurophyte and diatom species in Giraffe Pipe whose



nearest extant are relatives largely restricted to subtropi-
cal and tropical localities, and Pisera et al. (2013) uncov-
ered remains of Potamolaepid sponges that today are
distributed almost exclusively in tropical regions of the
world. Remains of M. bangladeschica in the Arctic Giraffe
Pipe locality, an organism distributed today in warm
tropical and subtropical regions, confirm that this taxon
was also much more widely distributed, and like M.
intermedia is best described as a palacoendemic (Siver
& Wolfe, 2009).

Differences in ultrastructural features of silic-
eous scale and bristle components have formed
a solid basis for distinguishing species within the
Synurophyceae (Kristiansen, 2005; Siver, 2015a).
Morphologically based concepts for distinguishing
between taxa have largely been confirmed using
molecular techniques (e.g. Jo et al., 2013; Skaloud
et al., 2013b, 2014). Organisms placed into speci-
fic sections of the genus, based on similar scale
and bristle characteristics, have been confirmed
with molecular data. Differences in morphological
features, including the presence or absence of
a V-rib and bristle type, correspond to the two
major clades uncovered within the genus based on
molecular data (Jo et al., 2013; Siver et al., 2015).
Some morphospecies have been found to repre-
sent suites of cryptic species, but in most cases
a re-evaluation of the morphological features
usually results in fine-scale differences that corro-
borate gene-sequence data (Jo et al., 2013; Siver
et al., 2015). For example, Jo et al. (2013) found
differences in the patterns of base plate pores on
the scale to align with gene data. Thus, organisms
with similar suites of ultrastructural characters,
including closely related cryptic species, have
clustered together in synurophyte-based molecular
phylogenies. To date, there are no strains
of M. intermedia included in molecular works.
Moving forward, it will be interesting to compare
gene sequences with morphological features
between multiple strains of M. intermedia, includ-
ing ones from Europe and North America, to
better understand fine-scale relationships between
taxa. A richer understanding of relationships
between morphological and molecular traits
within the synurophyte lineage will enhance the
use of the fossil record in tracking historical bio-
geographic and biodiversity patterns and further
unravel the evolutionary history of the group.

In summary, given the active population in
Nevada, M. intermedia can no longer be considered
endemic to Europe. Further, since this organism was
present in North America during the Eocene over
44 million years ago, status as a palacoendemic is
more appropriate. Still, the open question is whether
additional populations of M. intermedia remain
undetected in remote regions of North America, or
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if the Dufurrena Pond 19 population represents
a recent arrival, transported to the pond by an
unknown vector.
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