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THE QUERCUS UNDULATA TORREY

COMPLEX IN OKLAHOMA

Paul M Thomson

Herbarium Research Associate, Department of Biology, Oklahoma State University

Abstract: A reexamination of voucher specimens used for the Flora of Oklahoma project revealed
those of Quercus gambelii Nuttall, are hybrids likely between it and four other species, Q. grisea, Q.
macrocarpa, Q. muehlenbergii, and Q. turbinella. The specimens are from or near Tesequite Canyon
in Cimarron County, Oklahoma, however, none of parent species occur in the region. Evidence from
morphological analysis and prior studies supports their hybrid origin, with a proposed case for their

presence based on historical events.

Introduction

My preliminary study of disjunct popu-
lations of Quercus muehlenbergii Engelmann, in
the Four Canyon Nature Preserve, of Ellis Coun-
ty, Oklahoma, (2024), suggested they were of
hybrid origin but, at that point, of uncertain par-
entage. While examining herbarium specimens
for the potential source, I found a putative hybrid
of Q. gambelii x muehlenbergii on deposit in the
Oklahoma State University herbarium (OKLA)
from Woodward County, about 60km northeast
of the study site,

In examining the specimen, I found two
distinct types of trichomes occurring on the ab-
axial leaf surface: fasciculate with 1-4 rays and
stellate appressed with 6-12 rays. A study of foli-
ar trichomes of species of White Oaks, Thomson
and Mohlenbrock (1979) showed this combina-
tion to be indicative of Q. gambelii x muehlen-
bergii.

This hybridization was first proposed
by John Tucker in his seminal work on western
white oak hybridization between Q. gambelii
and six other white oaks, Q. arizonica Sargent,
Q. grisea Liebmann, Q. havardii Rydberg, Q.

“Corresponding author: paul.thomson@okstate.edu

mohriana Buckley, Q. muehlenbergii Engelmann
and Q. turbinella Greene, he titled The Quercus
Undulata Complex (1961). In subsequent stud-
ies (1961a,b,1963, 1970, 1971) he provided ev-
idence that Q. undulata Torrey was not a species
but the hybrid intermediates of species of the
Complex where they are or have been sympatric.
His preliminary report (1961) contained range
maps of the Complex in which its eastern-most
extent reached into northeast New Mexico and
southeast Colorado. He cited no evidence of the
Complex reaching Oklahoma

While Tucker did not provide evidence
of the cross in any of his following studies, add-
ing trichome types to the evidence, I was able to
report putative populations of Q. muehlenbergii
introgressed by Q. gambelii in the Capitan Moun-
tains of New Mexico, Thomson (2022). Finding
the same evidence on the Woodward County
specimen was the first indication to me that the
Complex may have made its way into the State.
Consequently, I decided to conduct a SEINet
search (2023) for other records of Q. gambelii in
Oklahoma. The search returned 17 specimens on
deposit in four herbaria. All were collected in or
near a place known as Tesequite Canyon about
241 km west of the Preserve in the Panhandle

Proc. Okla. Acad. Sci. 105: pp 1-10 (2025)



2 THE QUERCUS UNDULATA TORREY COMPLEX IN OKLAHOMA

County of Cimarron.

Two of the specimens from the search
were on deposit in the herbariums of the Univer-
sity of Oklahoma (OKL) and Oklahoma State
University (OKLA). I examined them on site and
determined them to be Q. gambelii x muehlen-
bergii and Q. mohriana respectively. Both are
members of the Complex.

The Woodward specimen, collected by
E. J. Little, Jr (36016: OKLA), is a reference
specimen for the Flora of Oklahoma project. With
this finding I decided to examine the other spec-
imens and obtained loans for their study. After
an initial review, I found five to be duplicates, or
erroneously reported for Oklahoma. The 12 spec-
imens in the initial study are listed by herbarium
in Table 1.

Members of The Complex, except for Q.
arizonica, Q. grisea and Q. turbinella, are includ-
ed in the Flora of Oklahoma (2023), but the Com-
plex, as such, has not been reported for the State.
Because of my previous work with the members
of the Complex (2022) I decided to suspend my

Table 1. Specimens of the study by herbarium

search for the source of the Preserve hybrids and
look further into the oaks of the Tesequite Can-
yon area. This study purports to show the Quer-
cus Undulata Complex in Oklahoma and its influ-
ence on the white oak flora.

Methods

As noted above, the specimens of this
study were located in the herbaria of the Univer-
sity of Oklahoma and the Oklahoma State Uni-
versity and by searching on-line for records of Q.
gambelii in Oklahoma on deposit in the herbar-
ia of the Southwest Biodiversity Organization,
SEINet (2023), and The Texas and Oklahoma
Consortium of Herbaria, TORCH (2023).

Since the specimens all had the deter-
mination of Q. gambelii, 1 examined them for
three features known to be characteristic for the
species: contour of the leaf margin (lobed), twig
markings (transverse fissures) and trichome types
(fasciculate with 1-4 rays). The features are de-
scribed further below and pictured in Figs. 1, 2,
and 3.

*reference specimen for the Flora of Oklahoma Project

Herbarium Barcode Number Collector Collector Number
BRIT 568108 D. Demaree 13389
BRIT 567802 J & C Taylor 25159
BRIT 567803 P. Nighswonger 1518
BRIT 567804 J & C Taylor 14179-A
BRIT 567805 J & C Taylor 14179-D
BRIT 567806 U.T. Waterfall 7951*
BRIT 567807 U.T. Waterfall 7950
BRIT 745842 P. Nighswonger 1624
MOR 0061510 P. Nighswonger 1669
MOR 0061511 J. Taylor 25197
OKL 52095 E. Little Jr 36016*
OKLA 00573 J & C Taylor 6895

Proc. Okla. Acad. Sci. 105: pp 1-10 (2025)



P.M. Thomson

Figure 1. Specimen of Quercus gambelii on
deposit at the Baylor University Herbarium
(BAYLU) depicting lobed contour margins. The
specimen was collected and determined by John
Tucker. Image from SEINet.

Leaf margin contour. The distinctly
lobed leaf margins of Q. gambelii are depicted in
Fig. 1. Lobes vary from 4-8 with sinuses often
extending to the midpoint of the leaf or deeper,
Nixon and Mueller (1997).

Twig markings. Transverse fissures are
openings in the periderm developing at right an-
gles to the long axis of twigs. This feature was
used by Tucker and Mueller (1958) to distinguish
0. gambelii from Q. margaretta in a reexamina-
tion of the origin of Q. margaretta and Q. drum-
mondii. A photo of a specimen collected by John
Tucker (2775-6: DAV) with transverse fissures is
shown in Fig. 2.

Figure 2. Twig of Q. gambelii showing trans-
verse fissures. Photo by Dan Potter, University of
California, Davis. Used with permission.

Trichome type(s). As cited above, fas-
ciculate trichomes with 1-4 rays, are definitive
for Gambel’s Oak, Fig. 3, plate 20.

0,

Figure 3. SEMs of Q. gambelii trichomes, plate
20, 220x, Q. grisea trichomes plate 21, 130x,
0. gambelii X muehlenbergii plate 22, 220x and
O. muehlenbergii plate 24, 130x. Thomson and
Mohlenbrock 1979. Used with permission.

Proc. Okla. Acad. Sci. 105: pp 1-10 (2025)



4 THE QUERCUS UNDULATA TORREY COMPLEX IN OKLAHOMA

Each of the specimens was examined
for the definitive characteristics. Margin con-
tour was determined and recorded, twigs were
examined for transverse fissures and recorded
on a presence/absence basis and the abaxial leaf
surface was examined for trichome types. The
types were observed using a compound light mi-
croscope at 120x and recorded with nomenclature
following Hardin (1979).

STUDY SITE

The specimens of this study were col-
lected in an area of Cimarron County, Okla-
homa known as Tesequite Canyon (36.9050N
-102.8890W) situated at an clevation of 1281ft
(930.4m). The Canyon, under private owner-
ship, is near the Black Mesa region about 6 miles
(9.7 km) south of Kenton, Oklahoma (36. 5411N
-102.5748W). The Mesa, featuring the highest
point in Oklahoma at an elevation of 4973 ft.
(1516 m), is part of the Western High Plains, a
geological feature that begins in Colorado, ex-
tends southeasterly into New Mexico and ends
in the Oklahoma Panhandle County of Cimarron.
To the east the physiography grades into prairie
grassland, Johnson and Luza (2008). The climate
is semiarid with annual precipitation averaging
17.26 in. (43.84 cm) Oklahoma Climatological
Survey (2010).

Results

My initial review revealed forms of the
characteristics inconsistent with those of Q. gam-
belii. Some had one or two of the characters but
then in combination with characters of other spe-
cies e.g., lobed leaf margins of Q. gambelii with
stellate trichomes typical of Q.muehlenbergii.
Several had none of the Q. gambelii features and
none displayed all three diagnostic characters.
Table 2 shows the characters observed and the
species associated with them. The species except
for Q. macrocarpa are members of the Complex.

Leaf contours were of various forms;
entire, undulate, dentate, spiny toothed, lobed and
deeply lobed. I found trichomes of the Q. gambe-
lii type on five of the specimens, but no fissures
on any of them. One specimen, had markings on
twigs where one would expect fissures. Whether
these are undeveloped fissures or something else
I did not pursue. The following are descriptions
of the findings by herbarium barcode below and
summarized in Table 3.

On five of the specimens I found no fea-
tures of Q.gambelii. Their features were, howev-
er, consistent with those of known species. BRIT
568108 and 567802, OKLA 00573 with entire
margins and stellate erect trichomes with 6-10
wavy rays that, [ believe, are typical of Q. mohri-
ana. Leaves of BRIT 567803 and 567804 have
undulate and dentate margins respectively and
bear stellate erect trichomes with 8-10 straight

Table 2. Trichomes types, Leaf Margin Contour and Presence/Absence of Transverse Fissures dis-

played by of Species in this study.

Trichome Fasciculate Stellate Fasciculate Stellate Stellate ap- Minute Fasciculate
type (s) with 1-4 rays | With 8-10 | erect; stellate | with 6-8 pressed with stellate; with 6-8
straight appressed,; whitish 6-12 (16) rays Reddish or | wavy rays
rays bulbous rays yellowish
glandular
Leaf Margin | Lobed with
Contour 4-6 sinuses Undulate Lobed, Entire or Dentate, 6-14 Undulate Entire or
reaching up | with 2-3 deepest 1-3 teeth mucronate teeth | with 3-5 Dentate with
to /4 distance | rounded sinuses below | per side per side spinose mucronate
to midrib teeth per mid-leaf teeth per teeth
side side
Transverse Present Absent Absent Absent Absent Absent Absent
Fissures

Proc. Okla. Acad. Sci. 105: pp 1-10 (2025)
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Table 3. Specimen features with annotation. *Presence of transverse markings.

Specimen Original Determi- | Trichome Leaf Contour Pres- Annotation
nation Type(s) ence/Ab-
sence
of
Trans-
verse
Fissures

BRIT 568108 | Q. gambelii Stellate, erect Entire Absent | Q. mohriana
with 6-10 wavy
rays

BRIT 567802 [ Q. gambelii Stellate, erect Entire Absent | Q. mohriana
with 6-10 wavy
rays

BRIT 567803 | Q. gambelii Stellate, Stip- Undulate Absent | Q. havardii
itate with 6-8
straight rays

BRIT 567804 | Q. gambelii Stellate, Stip- Five Shallow Lobes Absent | Q. havardii
itate with 6-8
straight rays

BRIT 567805 [ Q. gambelii Fasciculate with | Four Spinose Teeth Absent | Q. turbinella x
6-10 wavy rays; grisea
Reddish, Simple

BRIT 567806 | Q. gambelii Fasciculate; rays [ Dentate Trans- Q. gambelii x
1- 4 and stel- verse muehlenbergii
late-appressed; Mark-
rays 6-12 ings*

BRIT 567807 | Q. gambelii Stellate erect; Lobed Absent | Q. gambelii x
Fasciculate; 6-8 macrocarpa
rays; bulbous;

Uniserrate;
pigmented

BRIT 745842 | Q. gambelii Fasciculate, rays [ Six Spinose Teeth Absent | Q. gambelii x
1-4; minute; turbinella
stellate

MOR Q. gambelii Fasciculate, rays | Dentate Absent | Q. gambelii x

00061510 1-4; muehlenbergii
Stellate-ap-
pressed; rays
6-12

MOR Q. gambelii Fasciculate, Five Spinose Teeth Absent | Q. gambelii x

00061511 rays 1-4; minute turbinella
stellate

OKL 52095 Q. gambelii Fasciculate; 1-4 [ Dentate Absent | Q. gambelii x
rays; Stel- muehlenbergii
late-appressed;

6-12 rays

OKLA Q. gambelii Stellate, non-ap- | Entire Absent | Q. mohriana

00573 pressed with
6-10 wavy rays

Proc. Okla. Acad. Sci. 105: pp 1-10 (2025)




6 THE QUERCUS UNDULATA TORREY COMPLEX IN OKLAHOMA

rays associated with Q. havardii.

The remaining specimens displayed
characters of two species. Leaves of MOR
0061510, OKL 52095 and BRIT 56806 have
dentate margins and trichomes of two types, 1-4
rayed fasciculate and stellate appressed with 6-12
rays suggesting the combination of Q. gambelii
x muehlenbergii. Leaves of BRIT 745842 and
MOR 005111 have margins with spinose teeth
and trichomes that are fasciculate with 1-4 rays
as well as minute, stellate appressed which I be-
lieve are of indicitive of Q. gambelii % turbinella.
The combination is also referred to as Quercus x
pauciloba Rydb. (pro sp.), (Bull. N.Y. Bot. Gard.
2:215.1901.).

The leaves of BRIT 57807 produced a
combination of trichomes typical of Bur Oak;
stellate, fasciculate with 6-8 rays and bulbous,
Thomson and Mohlenbrock (1979). The speci-
men has distinctly lobed leaves with sinuses ex-
tending more than half way to the midrib. It is
also the specimen bearing the transverse mark-
ings noted above. Trichomes typical of Q. gam-
belii were not found. The trichome combination
together with features of leaf and twig suggested
Q. gambelii x macrocarpa.

Eleven of the twelve Tesequite Canyon
specimens of Table 3 have characteristics of the
Undulata Complex: five are species, three of Q.
mohriana and two of Q. havardii; six are putative
hybrids, three of Q. gambelii x Q. muehlengber-
gii, two of Q. gambelii x Q. turbinella and one
of Q. turbinella * grisea. The 12" specimen, a
suspected hybrid between Q. gambelii and Q.
macrocarpa, is not a member of the Undulate
Complex per Tucker. I found no suspected hy-
brids involving Q. mohriana or Q. havardii.

I initially annotated BRIT 567805 as Q.
turbinella but based on further review believe it
to be a hybrid of Q. turbinella and Q. grisea as it
bears spinose teeth and fasciculate trichomes of
the type produced by Q. grisea leaves as shown
in Fig. 3, plate 21 and Fig. 4. Present also are
reddish pigmented, simple hairs found on Q. fur-
binella which may become yellowish or amber
upon drying. Leaves of Q. turbinella typically

Proc. Okla. Acad. Sci. 105: pp 1-10 (2025)

produce minute stellate hairs as well, but these
were not present on the specimen.

Figure 4. Photo through a compound light mi-
croscope of Q. grisea trichomes from a Tesequite
Canyon Specimen at 120x

Because seven of the twelve Tesequite
Canyon records were putative hybrids, I made
a further search for records of the presumed pa-
rental species in Oklahoma. For Q. turbinella
and Q. grisea, the search returned three records
of Q. turbinella, 1&C Taylor (14179D: BRIT),
and Lowry (4000, 4001: OKLA) and two of Q.
grisea, Demaree (13395: NYBG) and McGrath
(10317: OKLA) all from Tesequite Canyon. All
but the Demaree specimen were on site or on loan
and were examined. The Q. turbinella records
I believe are Q. turbinella % grisea. The speci-
mens bear spinose teeth typical of Q. turbinella
but trichomes of Q. grisea. Fig. 3 plate 21 shows
Q. grisea trichomes from the 1979 paper. Fig. 4
is a photo of trichomes of Q. turbinella % grisea
from Lowry (4001: OKLA). In both figures the
trichomes are fasciculate with 6-10 wavy rays.
Trichomes of Q. turbinella are of two types, min-
ute stellate, and simple, Nixon and Mueller in the
Flora of North America (1997). The stellate type
of Q. turbinella were not observed in these spec-
imens but the simple hairs were.

The McGrath specimen was examined
and found to possess features typical of Q. mohri-



P.M. Thomson 7

ana, however, the Demaree specimen was not ex-
amined on site, but from its observable features,
via SEINet, I believe them to be of Q. mohriana
also.

I widened the search for Q. grisea, and
Q. turbinella to the counties of Colorado, New
Mexico and Texas bordering Cimarron County.
For Q. grisea, six records were returned from
Union County New Mexico, two of Q. gambe-
lii x grisea, Tucker (3249-9, 3254-4: UTEP) and
four of Q. grisea, Demarcee (13396: NYBQG),
Zimmerman, Jr (1987-09-17: NMC), Castetter
(1940-09-26: UNM) and Schiebot (2005-06-09:
GREE: GREE). Twelve of Q. grisea were re-
corded in Baca County, Colorado, including one
nearest Oklahoma by Tucker (2848-10: BYU).
All Colorado records are about 19 km north of
the study site. None was found in Dallam County,

Texas.

Tucker (1961b) did not indicate the pres-
ence of Q. turbinella in Oklahoma. His records
show occurrence as far east as central Colorado
and New Mexico, but none in eastern New Mexi-
co or Oklahoma. However, as noted above, its Q.
gambelii hybrid, Q. x pauciloba, Tucker (2847-
18: FLD), was collected in Baca County, CO and
Union County, NM, Stevens (17310: KANU).
The specimens from BRIT (745842) and MOR
(0061511) from the study area bear characters of
0. X pauciloba. Together with the two specimens
of Lowry (4000, 4001: OKLA), Q. turbinella x
Q. grisea, these add further to the evidence of
past influence of Q. turbinella near and in the
State. Although the Flora of Oklahoma includes
Q. gambelii, 1 could not confirm it in species form

Table 4. The species and putative hybrids of the Undulata Complex, in Oklahoma.

Proposed in this study*.

Specimen Original Determi- | Trichome Leaf Contour Pres- Annotation
nation Type(s) ence/Ab-
sence
Oof
Trans-
verse
Fissures

BRIT 568108 | Q. gambelii Stellate, erect Entire Absent | Q. mohriana
with 6-10 wavy
rays

BRIT 567802 | Q. gambelii Stellate, erect Entire Absent | Q. mohriana
with 6-10 wavy
rays

BRIT 567803 | Q. gambelii Stellate, Stip- Undulate Absent [ Q. havardii
itate with 6-8
straight rays

BRIT 567804 | Q. gambelii Stellate, Stip- Five Shallow Lobes Absent | Q. havardii
itate with 6-8
straight rays

BRIT 567805 | Q. gambelii Fasciculate with | Four Spinose Teeth Absent [ Q. turbinella x
6-10 wavy rays; grisea
Reddish, Simple

BRIT 567806 | Q. gambelii Fasciculate; rays | Dentate Trans- Q. gambelii x
1- 4 and stel- verse muehlenbergii
late-appressed; Mark-
rays 6-12 ings*

BRIT 567807 | Q. gambelii Stellate erect; Lobed Absent | Q. gambelii x
Fasciculate; 6-8 macrocarpa
rays; bulbous;

Uniserrate;
pigmented

Proc. Okla. Acad. Sci. 105: pp 1-10 (2025)



8 THE QUERCUS UNDULATA TORREY COMPLEX IN OKLAHOMA

from the specimens examined in this study.

Characteristics of two species of the
Complex not included in the Flora, Q. grisea and
Q. turbinella, were found on two of the speci-
mens; BRIT 567805 (Q. turbinella x grisea) and
BRIT 745842 (Q. turbinella x gambelii) have
leaves with spinose teeth typical of Q. turbinella
and BRIT 567805 the fasciculate trichomes of Q.
grisea. Quercus macrocarpa appears to have con-
tributed to the Complex as Q. gambelii x macro-
carpa. No evidence of the seventh member of the
Complex per Tucker, Q. arizonica, was found.
The Oklahoma species and putative hybrids of
the Complex with their Oklahoma locations are
listed in Table 4. Except for Q. gambelii x mac-
rocarpa the presumed hybrids are intermediates
of the Complex.

Discussion

None of the potential parents of the hy-
brids occur in Cimarron County. Quercus macro-
carpa and Q. muehlenbergii do occur in Oklaho-
ma, but their nearest records, (Ertreeb 1570 and
1557: OKLA respectively), are in Ellis County
241 km east of the study site. Quercus gambelii
is noted as occurring in Cimarron County in The
Flora of Oklahoma (2024) and by Little in For-
est Trees of Oklahoma (2010), but as evidenced
above, believed to be in hybrid form only. The
search for Q. turbinella returned no records from
Baca County, or Dallam County, but a record was
found (Stevens 17310: KANU) in Union Coun-
ty near the town of Moses, located about 5 km
west of the Oklahoma border. While no records
of either species were recorded from Cimarron
County, their presence in putative hybrid form, Q.
turbinella x Q. grisea and Q. turbinella x gam-
belii and the proximity of present day records,
suggests their occurrence at some time.

In the absence of co-occurrence, how
then to account for the combination of characters
possessed by the putative hybrids of Table 4?

Tucker found this situation in his study
of The Quercus Undulata Complex. To explain,
he postulated that migrations occurring during
pluvial periods of the Pleistocene allowed for

range expansion and sympatry. He further pos-
Proc. Okla. Acad. Sci. 105: pp 1-10 (2025)

ited that during this time of co-occurrence hy-
bridization and introgression occurred between
Gambel’s Oak, the six other members of the
Complex, and to a more limited extent, some of
them with one another where they co-occurred.
As the climate became cooler and dryer, traits ob-
tained through the interactions allowed for some
to adapt. Today, he believed, we find descendants
of those ancient plants bearing signs of their hy-
brid ancestry and often in areas where the parent
species no longer grow.

Similarly, in a study of introgressed
populations of Q. macrocarpa by Q. gambelii in
South Dakota, Wyoming and Union County New
Mexico, Tucker and Maze (1966) concluded that
at one time Bur Oak grew considerably west of
its present-day range. To account for hybrids
where parent species are not extant, Maze (1968)
also posited that the migration occurred during
pluvial periods of the Pleistocene. This, he be-
lieved, allowed for sympatry and hybridization.
Subsequently, as the climate became cooler and
drier, conditions favored the hybrids but not the
parents.

Finding a putative cross of Q. macrocar-
pa with Q. gambelii, in Tesequite Canyon where
Bur Oak is not extant, adds to Maze’s assertion
of an ancient migration. Furthermore, the soils
of the Tesequite Canyon area date to the Pleisto-
cene, Johnson and Luza (2008); a supporting ele-
ment if Q. macrocarpa were to occur in the study
area during its westward expansion as Tucker and
Maze proposed. Because this is a second docu-
mented occurrence of Q. macrocarpa interact-
ing with a member of the Complex, I believe it
should be considered part of it albeit one of local
influence. As cited above, Thomson (2022) intro-
gressed populations of Q. muehlenbergii by Q.
gambelii and Q. muehlenbergii by Q. grisea in
disjunct populations of the Capitan Mountains of
New Mexico also suggest an ancient range ex-
pansion for the Complex.

Tucker found Q. mohriana third most
active in hybridization, after Q. gambelii and Q.
grisea. As reported above I found three records of
the species among the study specimens but with
no evidence of hybridization. A SEINet search
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(2023) returned 32 records of Q. mohriana from
Cimarron County, all near to or in Tesequite Can-
yon. | have examined 20 of those on deposit at
OKL and OKLA and again found no indication
of hybridization. With a member of the Complex
as active in hybridization as Tucker found, I think
it surprising. I have not pursued any cause for the
absence of interaction in this study, but Tucker re-
ported this situation also with Q. mohriana in the
Colorado and New Mexico populations (1961).

Quercus havardii is well known in west-
ern Oklahoma as a shinnery oak. In a study of
shinnery in Oklahoma, Wiedeman and Penfound
(1960) mapped the species by county. Their re-
cords do not cite any occurrences of Q. havardii
from Cimarron County, however, a SEIN search
for the species (2024) returned eight occurrenc-
es from the county including the two from BRIT
cited above. None of the other six specimens dis-
played observable features to suggest they are
hybrids of the Complex.

The obvious outlier among the 12 re-
cords is Q. gambelii x macrocarpa. While not a
component of the Complex as described by Tuck-
er, finding the putative hybrid in Cimarron Coun-
ty suggests Q. macrocarpa once occurred here
and appears to have contributed locally to the
Complex via Q. gambelii as Maze posited it had
with Q. gambelii in Union County, New Mexico
and South Dakota.

From the specimens of this study, I was
not able to determine Q. gambelii as the source
for the aberrant features of the Preserve Oaks,
Thomson (2024). Neither was I able to confirm
its occurrence in typical species form in Oklaho-
ma. However, it and other members of the Com-
plex in their introgressed forms can be confirmed
as occurring in Oklahoma and have left their in-
delible mark. Lacking extant parental species to
account for the hybrids, I am left to assume that
these hybrids occurring in Oklahoma today, are
also descendants of an ancient time of sympatry.
Today they stand as a testiment to resilence in a
time of climate change.

What began as a search for features of a
putative parent of the Preserve hybrids resulted in

evidence for the presence of the Undulata Com-
plex in Oklahoma. The findings not only build
upon Tucker’s work but change our understand-
ing of the composition of the White Oak Flora in
western Oklahoma.
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Aberrant characters in Chinquapin Oak

populations, Quercus muehlenbergii Engelmann,

of the Four Canyon Nature Preserve, Ellis County,

Oklahoma suggest a time of ancient introgression by

Bur Oak, Quercus macrocarpa Michaux

Paul M Thomson

Herbarium Research Associate, Department of Biology, Oklahoma State University

Abstract: In canyons of Ellis County, Oklahoma opening to the South Canadian River below, disjunct
populations of Quercus muehlenbergii Engelmann predominate. In 2022 and 2023 trees of two can-
yons within the Four Canyon Nature Preserve were sampled. Morphological analysis of the specimens
revealed features not associated with the species including, terminal bud stipules, divergent venation,
fasciculate trichomes, lobed leaf margins and pubescent twigs. The characters are consistent with
those of Bur Oak, Quercus macrocarpa Michaux, suggesting hybridization, however, Bur Oak does
not co-occur in the canyons. The supposition is the Chinquapin populations are descendants of an

ancient time of sympatry with Bur Oak.

Introduction

Disjunct populations of Quercus mue-
hlenbergii Engelmann predominate in the can-
yons above the South Canadian River in Ellis
County, Oklahoma. However, this species is not
typically dominant in Oklahoma Forest Associ-
ations, Hoagland (2000). Throughout its con-
tiguous range in the U.S., from Vermont to west
Texas, it occurs occasionally in mature forests
or frequent on limestone outcroppings, Sander
(1990).

The Canyons’ populations represent the
western limit of the species’ range in Oklaho-
ma, as a SEINet search (2022) of the Panhandle

“Corresponding author: paul.thomson@okstate.edu

Counties returned no occurrence. Isolated pop-
ulations of the Chinquapins, however, are also
known further west in New Mexico, and Texas
and south into northern Mexico, Tucker (1961),
Nixon and Muller (1997) and Thomson (2022).
The Preserve populations are the eastern-most of
these outliers

In Oklahoma, the species is found in the
eastern tier of counties as part of the Acer Sac-
charum Alliance, Hoagland (2000), but typically
as a minor component. It is also recorded occa-
sionally throughout Oklahoma but absent from
the Panhandle counties. Thus, its dominance in
the canyons is remarkable.

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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The dry, sub humid conditions of the
Canyons are a far different climatic regime from
that of the more mesic eastern forests. How, then
have they come to predominate in the Canyons?

During a review of specimens of west-
ern white oaks in Oklahoma, a voucher specimen,
(4C-034), from a biological survey of Ellis Coun-
ty, Oklahoma, Hoagland (2007) was examined.
The specimen, on deposit in the Robert Bebb
Herbarium at the University of Oklahoma (OKL),
was from the Four Canyon Nature Preserve. It
appeared unusual in having what seemed to be
leafy twigs from two different trees, Fig. 1. The
twigs bearing leaves with dentate margins are
typical of Quercus muehlengbergii Englm. The
lobed leaves of the other twig are unlike those of
Chinquapin Oaks. While unusual to prepare a re-
cord in this way, neither did the specimens seem
to be from sun and shade leaves of the same tree.

i

Figure 1 Leafy Twigs from Four Canyon Nature
Preserve Biological Survey. Used with permis-
sion.

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)

In the survey, Hoagland described the
canyons’ vegetation as a Q. muehlenbergii-Ju-
niperus virginiana L. association occurring on
deep sandstone soil, thus assigning the species
dominant status in the association. He states, “Al-
though Q. muehlenbergii has been reported from
counties immediately south of Ellis, it does not
occur as a dominant species.” In the canyons it
clearly does. What is striking about the trees is
that many display a shrub-like habit of producing
multiple branches at or near the base. However,
on inspection, none of them appeared to be con-
nected by rhizomes or is branching the result of
mechanical or fire damage, Figure 2.

Fig. 2. Multi-trunk Chinquapin oak in the Four
Canyon Nature Preserve

A request was granted by the Nature
Conservancy for permission to sample popula-
tions of the trees in two canyons, Cinnamon and
Mulberry in 2022 and 2023 respectively. While
the stands appear to be those of Q. muehlenber-
gii a detailed examination of specimens showed
characters not associated with the Chinquapin
Oaks. However, no other species of oaks occur in
the canyons. This study provides morphological
evidence of their introgression by Q. macrocarpa
and a timeframe of their sympatry.

Methods
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Study Site

The Four Canyon Nature Preserve, man-
aged by the Nature Conservancy, is in Ellis Coun-
ty near Arnett, Oklahoma (36.01.12 N, 99.30.06
W). The Preserve consists of approximately
1620 hectares of rolling hills and deeply eroded
hillsides. While the runoff areas are called “Can-
yons” they are more like deep ravines opening
to the Canadian river below. Four of them are
named, from west to east: Cinnamon, Horse,
Mulberry, and Harsha although there are several
smaller unnamed ones. Situated in the Southern
Great Plains, the climate of Ellis County is hu-
mid, subtropical with average annual precipita-
tion of 60.4 cm (23.78 in.), Oklahoma Climato-
logical Survey (2023).

The area above the canyons is mixed-
grass prairie but near the rims woody species are
found including, Q. havardii Rydberg, Havard
Oak, and Eastern Red Cedar, Juniperus virgini-
ana L. Quercus stellata Wangenheim, Post Oak,
is known from the preserve, Buthold (4C-446:
OKL), but not the canyons. According to station
manager, Chris Hise, “A single Post Oak was
located west of Cinnamon Canyon but was de-
stroyed by wildfire in 2008, but Post Oak hybrids
(O. havardii % stellata) are found in the shinnery
west of the Preserve”. He further offered, that the
previous owner said no fires had reached the can-
yons from the time he purchased it in 1950 until it
was acquired in 2004 by the Nature Conservancy.

While the Canyons’ Chinquapins
seemed isolated, records of occurrence were
searched to determine the nearest reported loca-
tions. Records were obtained via SEINet (2023)
and from specimens in the herbaria of the Uni-
versity of Oklahoma (OKL) and Oklahoma State
University (OKLA). The results confirmed that,
notwithstanding an occasional record in coun-
ties east and south of the site, the populations are
quite isolated.

Disjunct populations of the species are
also known from the Capitan Mountains of New
Mexico, Thomson (2022) and in the Davis Moun-
tains of west Texas and northern Mexico, Nixon
and Muller, (1997). Thus, it seems, Four Canyon

Nature Preserve Chinquapins are the eastern-most
of the disjunct populations and western-most of
its occurrence in Oklahoma.

Cinnamon Canyon

Cinnamon Canyon, western-most of the
named canyons, lies in the northeast corner of the
Preserve (36.00.11W, -99.28.48 W) and situated
along a northwest to southeast orientation. Trees
of the canyon have multiple trunks arising at the
base (Fig.2). They supported few acorns, but
none was accessible for collection. Neither were
any found on the canyon floor and no seedling or
sapling-sized individuals were observed.

Mulberry Canyon

Mulberry Canyon is the third can-
yon of the four, west to east and situated north-
west to southeast above the Canadian River at
36.00.13 N -99.28.01W. Here, also, many trees
are multi-trunked but were found to have acorns
accessible for collecting. As with Cinnamon
Canyon no seedling or sapling sized trees were
observed.

Sample Collection and Preparation

Permission was granted to sample a
population from Cinnamon Canyon during Sep-
tember of 2022. The examination revealed five
features not associated with Chinquapin Oaks,
thus prompting a request to sample a second can-
yon. Permission was given to sample Mulber-
ry Canyon, in October of 2023. The collections
from both canyons were made by Amy Buthod of
the Oklahoma Biological Survey and Collections
Manager of the Robert Bebb Herbarium (OKL)
and Pricilla Crawford of the Oklahoma Biologi-
cal Survey. In all, twelve individuals of Q. mue-
hlenbergii from Cinnamon Canyon in September
2022 and twelve from Mulberry Canyon in Octo-
ber 2023, were identified for collection and two
specimens obtained from each. Photos were tak-
en of each tree sampled.

Specimens from two individuals of Q.
havardii Qh C 1 and 2 occurring above Cinna-
mon Canyon were also collected and two spec-
imens of Q. macrocarpa, Qmc 1 and 2, from
Turkey Creek, a site about 8 km northeast of the
preserve, and the only recorded site for Bur Oak

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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in the county. No other species of white oaks
were found in the search referred to above or on
site in the Preserve.

In collecting specimens care was taken
to select twigs of sun leaves, as nearly possible,
from the same west-facing aspect of each tree. In
cases where leaves of like orientation were not
accessible, specimens were taken from twigs
closest to west-facing.

For each tree, the height was estimated,
and a measurement of the trunk (s) diameter was
taken at breast height (dbh). Specimens from
Cinnamon Canyon were labeled in order of col-
lection Qm C (Cinnamon) 1 to Qm C 12, for Q.
muehlenbergii. Specimens from Mulberry Can-
yon were labeled Qm M (Mulberry) 1 to Qm M
12. For each sample, location and elevation data
were recorded, and associated species listed. The
specimens were then pressed and returned to Uni-
versity of Oklahoma herbarium for drying and
study. While the data for tree height, diameter
at breast height and listing of associated species
were not germane to this study the data were col-
lected and made part of the record for any future
studies.

Morphological Examination

Metrics obtained for this study were
based on features of leaves, twigs and terminal
buds. Acorns were not included as they were
only available from Mulberry Canyon. The limit-
ed number were considered insufficient to be use-
ful in the analysis of the status of the plants and
were not included. Their metrics, however, are
available from the author.

Leaves

Length of leaf blades was measured
from base to apex of terminal leaves and width
at the midpoint using calipers. Measurements are
rounded to the nearest tenth centimeter. The vein
pattern was also examined and recorded.

Leaves were examined to determine tri-
chome type(s) by viewing the abaxial surface of
terminal leaves at the apex, mid-leaf and base of
the blade with a compound light microscope at
60X. The type(s) were determined and recorded.

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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Leaf contour was determined by con-
structing an index of indentation. The index was
developed from measurements on specimens of
Q. muehlenbergii in the herbaria of OKL and
OKLA and from previous studies, Thomson
(2009), Specimens were examined from across
its geographic range. Values from sixty-three
specimens were used.

The Index was developed using calipers
to measure the depth of the second indentation
from the apex and the second indentation from
the base on the right side of the terminal leaf. An
indentation value was obtained by dividing the
apex value by the base value. The average was
used as the index value representing “typical” Q.
muehlenbergii. Values for the canyon oaks were
compared to this index.

Twigs and Buds

Dimensions for twigs and buds were not
obtained, but pubescence was noted on a pres-
ence/absence basis.

Because Q. muehlenbergii is known to
have a tolerance for alkaline soils, a sample from
each canyon was collected and sent to the Okla-
homa State University Soil, Water and Forage
Laboratory (OSU) for analysis.

Results

From the examination of specimens, five
features stood out as atypical for Q. muehlenber-
gii: degree of indentation of the leaf margin, pat-
tern of secondary veins, presence of terminal bud
stipules, pubescent twigs, and trichome types.

To determine whether the anomalies
could be the result of hybridization, the features
of four other oak species; Q. havardii, and Q.
stellata because they occur in the Preserve and
Q. macrocarpa for its presence in the county.
The fourth, Q. gambelii, while not extant in the
county, has been noted in the Panhandle Coun-
ty of Cimarron, Little (2010). Also, a specimen
viewed during the study, Little, (36724: OKLA)
from Woodward County, determined Q. gambe-
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lii x Q. muehlenbergii, implicated Q. gambelii.
Because of this finding, and that Q. gambelii has
been recognized as a participant in hybridizations
with Q. muehlenbergii in other studies, Tucker
(1961) and Thomson (2022), I included it in the
study.

The five features are further analyzed
below and summarized in Tables 1 and 2.

Margination

The margins of typical Q. muehlenber-
gii are toothed or shallow lobed, often mucronate,
with an Index value at or less than 2.1:1. The
indentation index procedure was used to obtain
a value for each canyon specimen. Eight from
Cinnamon and three from Mulberry had values
greater than the 2.1:1 ratio for typical Q. mue-
hlenbergii.

Venation

The veins of Q. muehlenbergii leaves
display a distinct pinnate pattern; secondary
veins running from midrib to margin. The pattern
is shown in Figure 3. The leaf on the left is from
Qm M 4 showing a secondary vein dividing into
two tertiary veins. The leaf on the right displays
pinnate venation typical of Q. muehlenbergii.

In three of the Cinnamon Canyon spec-
imens, Qm C 1, 2 and 7, one or more of the sec-
ondary veins showed a branch of the same mag-
nitude also reaching the margin, Table 1. This
pattern also found in six of the specimens from
Mulberry Canyon, Qm M 1, 3,4, 5, and 12, Table
2. Divergent branching is found in the leaves of
oaks with distinct lobes such as Q. macrocarpa,
and Q. gambelii but not the Chinquapins.
Vestiture

Twigs

Twigs of Q. muehlenbergii are glabrous
or sparingly glabrate. Twigs of Q. gambelii, Q.
macrocarpa and Q. stellata have some degree of
persistent pubescence, but those of Q. havardii
are glabrous or glabrate. Specimens QmCl1, C6
and C8 from Cinnamon Canyon displayed pu-
bescent twigs. Those of Mulberry Canyon were
glabrous.

Figure 3 divergent veins of suspected hybrid from
Mulberry Canyon. Photo by author.

Leaves

Leaves of Chinquapin Oaks are vested
with trichomes. Trichome types are considered
diagnostic characters for white oaks, Nixon and
Muller (1997). Those occurring on Q. muehlen-
bergii and the four potential parents are described
here. Nomenclature follows Hardin (1979).

Trichomes of Q. muehlenbergii are of a
single type, stellate with 6-12 rays appressed to
the leaf surface. Q. gambelii leaves produce fas-
ciculate trichomes with 1-4 rays, and Q. havardii
have erect, stellate hairs often with twisted rays.
Trichomes of Q. macrocarpa are of three types:
fasciculate, stellate-appressed and bulbous. Bul-
bous hairs resemble a drumstick often with the
terminal cell pigmented yellow. Q. stellata
leaves produce stellate-pediculate hairs, and oc-
casionally bulbous ones.

Specimens QmCl1, 2 and 12 from the
Cinnamon Canyon specimens possessed stel-
late-appressed, fasciculate and the bulbous type.
The others possessed stellate-appressed and fas-
ciculate but not the bulbous type. The trichomes

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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of Mulberry Canyon Oaks are stellate-appressed,
however, three QmM 1, 4 and 12 were found to
also have the bulbous type. Their occurrence is
shown in Tables 1 and 2.

Terminal Bud Stipules

Stipules were found, subtending and
amid, the scales of the terminal buds of several
of the specimens. In a study of bud formation
in the Pendunulate Oak, Q. robur L, they were
identified as transitional structures leading to
bud scales, Studer-Ehrensberger & Schilperoord,
(2016). Why they are present at bud maturity
in some but not others was not germane to that
study. For purposes of this study, they are con-
sistent in occurrence for the species bearing them
and thus of diagnostic value.

The species of this study producing stip-
ules are gambelii and Q. macrocarpa. Their stip-
ules extend up to or beyond the tip of the bud, are
linear and pubescent. Five of the Cinnamon Can-
yon specimens, Qm C 2 and Qm C 6-9, and one
from Mulberry Canyon Qm M 1 produced stip-
ules, Tables 1 and 2. Stipules are not persistent on
terminal buds of Q. muehlenbergii.

Transverse fissures

This feature of twigs was not observed
during the study. However, they are prominent
on twigs of Q. gambelii and were used in an
examination of the origin of Q. margaretta and
0. drummondii by Tucker and Mueller (1958)
to distinguish Q. gambelii from Q. margaretta.
Figure 4 shows transverse fissures on a specimen
collected by John Tucker, in the John M. Tucker
Herbarium, University of California, Davis Tuck-
er, (2776-6: DAV).

Because fissures were not found on the
specimens of this study, they are not included as
an anomalous feature, but their absence aided in
identifying the possible second parent.

A further search for Q. gambelii in Okla-
homa via SEINet returned 12 specimens, all in
Cimarron County, 241 km northwest of the Pre-
serve. Herbarium loans were obtained from the

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)

Botanical Research Institute of Texas (BRIT)
and Morten Arboretum (MOR) to examine ten
of them. The others were in the herbaria of the
University of Oklahoma (OKL) and Oklahoma
State University (OKLA) which I viewed on site.
I could not confirm Q. gambelii in typical form in
Oklahoma, Thomson (2025).

The anomalous features possessed by
the potential parents are summarized in Table 3.
Three occur on Q. gambelii, none on Q. havardii,
five on Q. macrocarpa and two on Q. stellata.

Figure 4. Photo of Transverse Fissures on a twig
of Q. gambelii, by Dan Potter, University of
California, Davis. Used with permission.

To obtain an overall impression the
number of occurrences of the aberrant characters
occurring on the specimens from each canyon
were combined to determine the total occurrenc-
es. The number of occurrences are displayed in,
Tables 4 and 5 and described as follows:

Cinnamon Canyon

The Cinnamon Canyon specimens
showed 1 to 4 features with a total of 31 occur-
rences. Qm C 10 is most like Q. muehlenbergii in
possessing only one of the features. Qm C 2 and
Qm C 8 are most aberrant with 4 features. Qm
C1, Qm C6, and Qm C9 show three features and
Qm C3, Qm C4, Qm C5, Qm C11 and Qm C12
each had two features. Trichome type was the
most frequent. All twelve specimens had stellate
and fasciculate trichomes and three Qm C1, Qm
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C2 and Qm C12 had the bulbous as well. Stip-
ules were next frequent with five terminal buds
subtended by them. Pubescent twigs were least
frequent with three occurrences. In all the twelve
specimens had 31 occurrences of the features.

Mulberry Canyon

The Chinquapins of Mulberry Canyon
possessed fewer of the features. Five of the spec-
imens, Qm M 2, 6, 8, 10 and 11 showed none of
the characters. Two of them, Qm M 1 and 12
displayed three each, Qm M 3 and 4 two each and
Qm M 7 and 9 one feature. Atypical branching
of the veins occurred most frequently with six of
the specimens, Qm M 1,3.4,5, 7 and 12 display-
ing the pattern. None were found to have pubes-
cent twigs. Together, the 12 specimens displayed
13 of the suspected hybrid characteristics.

In all, the 24 specimens of this study
bore 44 occurrences of putative hybrid charac-
ters.

Soil Conditions

Laboratory reports found the sandstone
soils of Cinnamon and Mulberry canyons slightly
alkaline at pH 7.6 and 7.8 respectively. The re-
ports also indicated the soils to be nutrient poor
with exceptionally low levels of nitrogen and
phosphorus, but adequate in potassium, OSU Soil
Report 1735 (2022) and OSU Soil Report 195042
(2024). Nutrient availability is known to affect
stand quality, Johnson et al. (2019), however, no
further assessments of edaphic conditions were
made.

Analysis of Potential Parentage

To determine the likely parentage each
of the four species, identified above, were exam-
ined for the source of the five features. The results
are described as follow.

Quercus gambelii
Leaves of typical Gambel’s Oak are

lobed in the lower and upper half, possess diver-
gent veins extending to lobes, and bear trichomes

that are simple and fasciculate with 1-4 rays. Ter-
minal bud stipules are typically present, and twigs
are pubescent or become glabrate, the periderm
often marked with noticeable transverse fissures.

Quercus havardii

Havard Oak is abundant in the area
above the canyons. Also called Shin Oak, it var-
ies from being rhizomatous shrubs to small trees
(Nellessen, 2004) and occurs throughout much of
Ellis County, Wiedeman and Penfound (1960).

Leaf margins are variable; undulate or
with 2-3 teeth, or occasionally lobed in the up-
per half. Secondary veins are branched but rare-
ly reach the margin. Trichomes are stellate with
twisted rays. Terminal bud stipules are absent,
and twigs are glabrous or become glabrate.

A record from Woodward County, Lit-
tle (36,505: OKLA) examined during the study,
had been determined by him as a cross between
Q. muehlenbergii and Q. havardii. Upon exam-
ination it did appear to be of hybrid origin, but
none of the aberrant features, as described above,
were found and, therefore, was not considered
germane to this study.

Quercus macrocarpa.

Leaves are lobed most pronouncedly in
the lower half, and some of the lobes contain a
vein diverging from a secondary, ending in a lobe
tip. Terminal buds are often subtended by pubes-
cent stipules and trichomes are stellate with 6-12
rays, fasciculate with 6-8 rays, and bulbous. Pu-
bescence is persistent on twigs.

Range maps of Bur Oak do not show
it in Ellis County, Little (2010), Tirmenstein
(1991), and Nixon and Mueller (1997). Howev-
er, a single record was located in a SEINet search,
(Erteeb 1570 OKLA). With the assistance of Pre-
serve Manager, Chris Hise, the site, about 8 km
northwest of the Preserve, was located and the
specimen referred to above collected. This is be-
lieved to be the only location for Q. macrocarpa
in the county and western-most in Oklahoma.

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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Quercus stellata

Post Oak would be an inviting possibili-
ty for the source of variation in the Canyon Chin-
quapins for its known history in the preserve.
However, none was collected for this study for
the reason stated above. However, to evaluate it
for a potential role in hybridization, I used fea-
tures from herbarium records of specimens from
western Oklahoma and my previous research,
Thomson, (2009).

Chinquapin Oaks of The Four Canyon Nature Preserve, Ellis County Oklahoma

Post Oak is well known for leaves with
cross-like lobes occurring at right angles to the
midrib. Secondary veins are divergent, but the
branches do not typically run to a lobe tip. Be-
neath, the leaves bear both stellate and bulbous
trichomes but the stellate hairs are erect and often
pedestalate. Terminal buds are not subtended by
stipules, but twigs are pubescent.

Table 1. Values For Atypical Characteristics of Cinnamon Canyon Oaks

Legend: Index; =< 2.1= Q. muehlenbergii, >2.1=hybrid; Trichomes Types, s=stellate, appressed,
f=fasciculate, b=bulbous. Twig Pubescence, g=glabrous, p=pubescent; Stipules, - =feature absent,
+=feature present; Vein Pattern, d=divergent, p=pinnate

Specimen Indentation Trichome Twig Presence/absence | Vein
Index Types Pubescence Stipules Pattern
QmC1 5.90 s,f,b g - d
QmC?2 2.00 s,f,b p + d
QmC3 2.50 s,f g - p
QmC4 3.03 s,f g - P
QmCS5 3.33 s,f g - P
QmC6 2.00 s,f p + p
QmC7 1.00 s,f g + d
QmCS8 3.45 s,f p + p
QmC9 4.00 s,f g + P
QmC 10 2.00 s,f g - P
QmC 11 5.90 s,f g - P
QmC 12 5.00 s,f.b g - p

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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Table 2. Values for atypical characteristics of Mulberry Canyon Oaks
Legend: Index; 2.1 =< Q. muehlenbergii; < 2.1 = hybrid; Trichome Types: s=stellate, f=fasciculate,
b=bulbous; Pubescence: p=pubescent; g=glabrous; Stipules: +=present; - = absent; Vein Pattern d =
divergent, p = pinnate

19

Specimen Indentation Trichome Twig Stipules Vein
Index Type(s) Pubescence Present/Absent | Pattern
QmM 1 3:1 s,b g + d
QmM?2 2:1 S g - p
QmM 3 2:1 s g - d
QmM4 2:1 s,b g - d
QmM 5 2:1 s g - d
QmM 6 2:1 S g - p
QmM 7 2:1 s g - d
QmM 8 2:1 S g - p
Qm M9 2.5:1 S g - p
QmM 10 2:1 S g - p
QmM 11 2:1 S g - p
QmM 12 2.5:1 s,b g - d

Table 3. Anomalous features of Canyon Oaks Occurring on Suspected Parent Species

Species Q. gambelii Q. havardii Q. macrocarpa Q. stellata

Anomalous feature | Lobing; None Lobing; Stipules; Pubescence;
Stipules; Trichomes; Vena- Trichomes
Pubescence tion; Pubescence

Number 3 0 5 2

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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Table 4. Aberrant Feature Occurrence on Cinnamon Canyon Oaks.

Legend: X=presence of feature, - = absence of feature

Aberrant Fea-
tures

Specimen

Lobing

Stipules

Trichomes

Venation

Pubescence

Number of
Features

QmC 1

=

3

QmC2

QmC3

QmC4

QmC5

A

QmC 6

QmC7

QmC38

QmC9

P <

QmC 10

QmC 11

QmC 12
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Table 5. Occurrence per Specimen and Totals for Aberrant Features on Mulberry Canyon Oaks.
Legend: X = Presence of Feature - = Absence of Feature; B = bulbous trichomes

Aberrant

Features
Specimen Lobing Stipules Trichomes Venation Pubescence Number of

Features

QmM 1 - X X X - 3
QmM 2 - - - - - 0
QmM 3 X - - X - 2
Qm M 4 - - X X - 2
QmMS5 - - - X - 1
Qm M 6 - - - - - 0
QmM 7 - - - X - 1
Qm M 8 - - - - - 0
QmM 9 - - - - 1
QmM 10 X - - - - 0
QmM 11 - - - - - 0
QmM 12 X - X X - 3
Total 3 1 3 6 0 13
Occurrences

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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Table 6. Occurrences per specimen and totals of aberrant features of Cinnamon Canyon Oaks

Specimen Aberrant
Features
Lobing Stipules Trichomes Venation Pubescence Number
of Fea-
tures
Qm 1 X - XB X - 3
Qm?2 - X XB X X 4
Qm3 X X - - 2
Qm 4 X - X - - 2
Qm5 X - X - 2
Qm 6 - X X - X 3
Qm7 - X X X - 3
Qm 8 X X X - X 4
Qm9 X X X - - 3
Qm 10 - - X - - 1
Qm 11 X - X - - 2
Qm 12 X XB - - 2
Total Occur- 8 5 12 3 3 31
rences

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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Discussion

Of the species considered as the possible
source of the features, only Bur Oak has the con-
stellation of characters found among the Canyon
Oaks. Especially convincing is the occurrence
of Q. macrocarpa-like fasciculate trichomes on
many of the specimens. However, with respect to
trichome types and their occurrence on Q. mue-
hlenbergii, my interpretation differs from that of
Hardin (1979). His Atlas includes the fascicu-
late type for Q. muehlenbergii whereas I believe
they are atypical. Both from field and herbarium
studies, I have found when leaves of Q. muehlen-
bergii produce fasciculate hairs there is a corre-
spondence in range and average for quantitative
features, i.e., number of rays and spread, to those
of Q. macrocarpa. A wide leaf form of Q. mue-
hlenbergii, f. alexanderi Britton, frequently has
only the fasciculate trichomes, a condition also
sometimes observed in Q. macrocarpa Thomson
(1979). For this study I have taken the position
that fasciculate trichomes are not typical for Q.
muehlenbergii and their presence adds to the evi-
dence of hybridization.

Taking this position does increase the
number of characters and occurrences used to
support hybridization. However, if occurrence of
fasciculate trichomes is excluded from the anal-
ysis, there is still strong support for the plants’
hybrid origin as 13 specimens displayed an in-
dentation index above 2.1:1, nine showed the di-
vergent venation pattern, six possessed terminal
bud stipules, six produced bulbous trichomes and
three had persistent pubescence, Tables 1 and 2.

Of the others, Post oak and Havard Oak
are known to occur in the preserve but not Gam-
bel’s Oak or Bur Oak. Havard Oak was rejected
as a possible second parent as its characteristics
are not consistent with it being a partner in intro-
gression.

Post Oak does have twigs that remain
pubescent and its trichomes include the bul-
bous type, but it was also rejected as the parent
because its terminal buds do not bear stipules,
and its leaves do not have a vein pattern found
in some of the suspected hybrids. Also, its stel-

Proc. Okla. Acad. Sci. 105: pp 11-24 (2025)
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late trichomes are non-appressed, often attached
to pedestals, and its largest lobes are most often
found in the mid or upper half of the leaf.

None of the suspected hybrids displayed
the diagnostic features of Q. gambelii, twigs with
transverse fissures and fasciculate trichomes with
1-4 rays, it was rejected as a possible second par-
ent,

If Bur Oak, Q. macrocarpa, is the sec-
ond parent, then this leaves the matter of how
and when the pollination may have occurred. In
Oklahoma, Bur Oak is widespread but is at the
limit of its range in Ellis County. The single re-
cord from Turkey Creek is northeast and down-
wind of the Canyons making them the unlikely
pollinators.

For populations of supposed hybrids of
Q. gambelii and Q. macrocarpa occurring in New
Mexico and South Dakota, Maze (1968) postulat-
ed a more western and northern distribution for
Bur Oak during the Pleistocene. This, he posited,
allowed them to become sympatric with Gam-
bel’s Oak and hybridization and introgression to
occur. But the Pliocene precedes the Pleistocene,
a time of separation for what would become the
modern forests east and west of the Great Plains.
Maze further posited that hybrids bearing fea-
tures of Q. gambelii and Q. macrocarpa in areas
where neither is extant, and geology dating to the
Pleistocene, were likely the result of secondary
contact during pluvial periods. As the climate
became drier again, the hybrids survived but not
the parents.

A specimen collected by Waterfall
(7950 BRIT) from Cimarron County, which I be-
lieve is Q. gambelii x Q. macrocarpa, was exam-
ined during a study of Q. gambelii in Oklahoma,
Thomson (2025), and offers further evidence of
his position. Also, the soils of the site date to the
Pleistocene, Johnson and Luza (2008).

Can Maze’s supposition of hybridization
during Pleistocene sympatry also account for the
populations of introgressants in the Four Canyon
Preserve? Is it plausible for Bur Oak also to have
been sympatric with the Chinquapins and the fea-
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tures acquired then? If so, are the Chinquapins
of the Four Canyon Preserve also descendants
of this time? To be sure this is speculative unless
corroborated with additional evidence, but absent
co-occurrence, the proposition may account for
the condition of the Canyon Chinquapin Oaks.

Are all disjunct populations of Q. mue-
hlenbergii Introgressants? In the 2022 study of a
Chinquapin population in the Capitan Mountains,
elevation 6250ft (1905m), of New Mexico, evi-
dence of introgression by Q. gambelii was pre-
sented. Chinquapin oaks are not normally found
in montane environments, but Q. gambelii is.
Has the introgression allowed for adaptation to
the higher elevations?

In this study I have presented evidence
of introgression by Q. macrocarpa which I be-
lieve has contributed to the Chinquapins abili-
ty to persist in western Oklahoma. Whether all
such populations are introgressants I cannot say,
but it seems to be so in the ones I have studied.
Perhaps further research of disjunct populations,
especially with genomic testing, will add to our
understanding.

The disjunct populations suggest a once
more extensive range for the species, but more
so to the white oak clade’s capacity for adapting
to changing climatic regimes, Kremer and Hipp
(2019). The Chinquapins of Ellis County stand
with their counterparts from the mountains of
New Mexico to the arroyos of west Texas as tes-
taments to this capability.

SPECIMEN AND DATA AVAILIBILTY

A set of each of the specimens used in
this study were contributed to the Robert Bebb
Herbarium (OKL) and the Oklahoma State Uni-
versity herbarium (OKLA) respectively. For in-
formation about them please contact Amy Buth-
od, Collections Manager (OKL) amybuthod@
ou.ed and Mark Fishbein, Curator mark.fishbe-

in@okstate.edu (OKLA).
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New County Records of Mammals from Oklahoma
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Abstract: Since the publication of Mammals of Oklahoma, second edition, the number of mammal
specimens deposited in natural history collections continues to increase, and county distributions of
mammal species in the state continue to change. In this study, we report 31 additional county records,
plus one record along a county line, for 12 species representing 5 mammalian orders. These records
were verified through 65 voucher specimens deposited in two institutions, as well as 7 new observa-
tional records. This study expands the understanding of the distribution of mammals in Oklahoma.

Introduction

Twelve EPA level III ecoregions (High
Plains, Southwestern Tablelands, Central Great
Plains, Flint Hills, Cross Timbers, East Central
Texas Plains, South Central Plains, Ouachita
Mountains, Arkansas Valley, Boston Mountains,
Ozark Highlands, and Central Irregular Plains)
occur in the state of Oklahoma (Caire et al. 2024).
The ecoregion diversity makes this region of
North America biologically significant and ideal
for examining distribution patterns and impacts
from land modification, including the influence
of global climate change, agricultural conversion,
urbanization, mining, oil and gas extraction, and
wind-energy facility construction. Blair (1939)
published the first comprehensive list of mammal
diversity in the state. The second comprehensive
compilation for mammal records was the first
edition of Mammals of Oklahoma (Caire et al.
1989), followed by the second edition of Mam-
mals of Oklahoma (Caire et al. 2024) published
35 years later. In this study, we report additional
county records for 11 mammal species that have
vouchered specimens deposited in natural histo-
ry collections. Additional observational records
for mountain lions have also been reported by the
Oklahoma Department of Wildlife Conservation
(ODWC) and are included here.

“Corresponding author: lloucks@uco.edu

Methods and Materials

Mammalian orders are arranged ac-
cording to Wilson and Reeder (2005). Taxon-
omy and common name usage follows Bradley
et al. (2014), Caire et al. (2019), and Caire et
al. (2024). All specimens represent the first re-
cord(s) of the species for the counties reported.
The specimens are listed alphabetically within
taxonomic groups. Locality data have been mod-
ified from the original tag and formatted for con-
sistency with regards to abbreviations and GPS
coordinates. Scientific voucher specimens herein
reported are deposited in the following institu-
tions: Sam Noble Oklahoma Museum of Natural
History, Norman, Oklahoma (OMNH) and Uni-
versity of Central Oklahoma Natural History Mu-
seum, Collection of Vertebrates, Edmond, Okla-
homa (UCOCYV). Specimens were prepared as
skins, skulls, skeletons, or fluid specimens fixed
in 10% formalin and stored in 70% ethanol. Tis-
sue samples were taken unless specimens were in
a deteriorated state, as is the case with many bat
specimens submitted to Oklahoma Animal Diag-
nostic Disease Laboratory (OADDL).

Proc. Okla. Acad. Sci. 105: pp 25-31(2025)
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Results and Discussion

Thirty-one new county records are re-
ported for 12 species of mammals represented
by 65 museum vouchered specimens and 7 ob-
servations from 23 of Oklahoma’s 77 counties.
An additional vouchered specimen was collect-
ed on a county line and not assigned as a spe-
cific county record but is an important location
record because no specimen had been previous-
ly vouchered for either county. These new re-
cords include 1 armadillo, 4 bats, 2 carnivores,
2 cervids, and 3 rodents. The addition of this
data expands our understanding of mammals in
Oklahoma and enhances our knowledge of their
diversity and distribution, which is imperative for
future research in ecology, evolutionary biology,
behavior, and the impact of climate change on
natural communities and ecosystems. Some re-
cords may be indicative of shifts in distribution;
however, some records may be more reflective of
the actual distribution patterns of the species that
were incomplete due to a lack of voucher speci-
mens. The ODWC utilizes distribution data and
species abundance and richness evaluation to aid
in important conservation and management plans
(ODWC 2016). Maps (Figure 1) are provided for
each species denoting new county records as stars
based on distribution maps included in Caire et
al. (2024).

ORDER CINGULATA
Family Dasypodidae
Dasypus novemcinctus
Nine-banded Armadillo

The Nine-banded Armadillo has been
reported in a variety of habitats throughout much
of Oklahoma, but few specimen records exist
for most parts of the state. Loucks et al. (2023)
reported records for 42 counties, with 7 obser-
vational county records reported in Caire et al
(2024). New records are reported for Kay and
Murray counties, and one record is reported on
the county line of Osage and Tulsa counties in
the town of Skiatook. Logan County, previously
reported as an observational record, is updated to
hold a specimen record for the county.

Specimen records (4)—Kay County:
Interstate 35 south of the Kansas border near
Proc. Okla. Acad. Sci. 105: pp 25-31(2025)
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mile marker 225, Blackwell Tourism Center, 1
(UCOCV-MAM 7756). Logan County: 10774
Coyote Circle, Arcadia, 1 (UCOCV-MAM
7791). Murray County: Sulphur, Nelson Rd
and Williams Dr, 34.5208561, -97.0024663, 1
(OMNH 68657). Osage/Tulsa County line: Ski-
atook, Osage Ave and W 4th St, 36.3664598,
-96.0012868, 1 (OMNH catalogue pending).

ORDER CHIROPTERA
Family Vespertilionidae
Eptesicus fuscus
Big Brown Bat

Big Brown bats have been reported
across the state in a disjunct pattern historical-
ly. More bats (51%) of this species are turned in
for rabies virus testing to OADDL in Oklahoma
than any other bat species (Loucks et al. 2024),
which has increased the number of known coun-
ty records. Loucks et al. (2023) reported records
from 23 Oklahoma counties in disjunct distribu-
tion pattern across the state. Although Oklahoma
County was previously listed as observation only
for this species (Caire et al. 2024), two recent mu-
seum specimens have been documented for this
county. New records are reported for Comanche,
Muskogee, Nowata, Oklahoma, Okmulgee, Pitts-
burg, Pontotoc, and Rogers counties, providing
additional information regarding statewide distri-
bution.

Specimen records (9)—Comanche: no
specific locality, | (UCOCV-MAM 7757). Musk-
ogee: no specific locality, 1 (UCOCV-MAM
7744). Nowata: no specific location, 1 (UCOCV-
MAM 7728). Oklahoma: UCO campus, 1
(UCOCV-MAM 7695), no specific locality, 1
(UCOCV-MAM 7725). Okmulgee: no specific
location, 1 (UCOCV-MAM 7758). Pittsburg:
no specific location, 1 (UCOCV-MAM 7730).
Pontotoc: no specific location, 1 (UCOCV-MAM
7717). Rogers: no specific location, 1 (UCOCV-
MAM 7723).

Lasiurus borealis
Eastern Red Bat

The Eastern Red Bat is associated with
eastern deciduous forests throughout North
America, although it is widespread across Okla-
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homa. Loucks et al. (2023) reported records of
this species in most of Oklahoma’s 77 counties.
These bats were historically the most common
species submitted for rabies virus testing in Okla-
homa (Caire et al. 2014); however, in recent years
Eptesicus fuscus has become the most frequent-
ly submitted species to OADDL (Loucks et al.
2024). A new record is reported for Mclntosh
County.

Specimen record (1)—Mclntosh: no
specific locality, | (UCOCV-MAM 7759).

Mpyotis velifer
Cave Myotis

Cave Myotis are found primarily in
the western one-third of the state, reported in 24
counties in Oklahoma (Loucks et al. 2023). This
specimen record is not only a new county record
for Tulsa County but represents the easternmost
record of Cave Myotis in Oklahoma to date. This
bat species is cavernicolous, hibernating during
winter months in hibernacula and transitioning to
maternity roosts for summer periods (Caire et al
2024). It is interesting to note this specimen was
not located in a cave environment in February.

Specimen record (1)—Tulsa: 2.5 mi NW
Lotsee, 1 (OMNH 68306).

Nycticeius humeralis
Evening Bat

The Evening Bat, typically found in the
eastern United States, reaches its westernmost
distribution in Oklahoma. Loucks et al. (2023)
reported 93 records in 22 counties as discussed
in Caire et al. (2024). Evening bats are the third
most common bat species (15%) turned in for ra-
bies virus testing to OADDL, although in much
lower numbers than the two most common spe-
cies submitted (Loucks et al. 2024). New records
are reported for Lincoln, Pittsburg, Pontotoc,
Rogers, and Washington counties.

Specimen records (6)—Lincoln: no spe-
cific location, 1 (UCOCV-MAM 7726). Pittsburg:
no specific location, 1 (UCOCV-MAM 7760).
Pontotoc: no specific location, 1 (UCOCV-MAM
7790). Rogers: no specific location, 1 (UCOCV-
MAM 7585). Washington: no specific location, 2
(UCOCV-MAM 7747, 7761).
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ORDER CARNIVORA
Family Felidae
Puma concolor
Mountain Lion

Mountain lions have been reported in
Oklahoma for many years but were believed to
be transient occurrences, observed in 24 counties
with museum records for 3 counties (Caire et al.
2024). The ODWC began documenting and ver-
ifying reports across the state beginning in 2002
and have confirmed 85 sight records of the spe-
cies in 31 counties through 2024 (ODWC 2024).
Although the records reported indicate wide-
spread distribution in Oklahoma, museum spec-
imen records remain limited. The first reports
of offspring with female mountain lions were in
Osage and Cimarron counties where kittens were
observed on game cameras with the mothers,
indicating perhaps the species should be consid-
ered a more permanent resident of the state going
forward (ODWC 2025). Seven observational re-
cords are reported for 6 counties resulting in 33
counties with at least one observational record or
vouchered museum specimen.

Observational county records (7) —
Creek (2), Dewey, Greer, Payne, Washington, and
Woods counties.

Family Mustelidae
Lontra candensis
Northern River Otter

The Northern River Otter has a wide-
spread distribution in the eastern half of Okla-
homa, although museum specimen records are
limited. Loucks et al. (2023) reported 38 otter
records in 21 counties. A new specimen record
is reported for Carter County, changing an ob-
servational occurrence (Caire et al. 2024) to a
vouchered museum county record.

Specimen record (1)—Carter: Ardmore,
0.36 mi E of intersection of P St and Sam Noble
Pkwy, 1 (OMNH 6865).

ORDER ARTIODACTYLA
Family Cervidae
Cervus canadensis
Elk

Proc. Okla. Acad. Sci. 105: pp 25-31(2025)



28

Elk have a limited distribution in Okla-
homa and few records of museum specimens ex-
ist. Loucks et al. (2023) reported 13 records in
two counties, with observational records in an
additional 8 counties in Oklahoma reported by
Caire et al. (2024). A new specimen record is re-
ported for one county.

Specimen record (1)—Garfield: Drum-
mond Flats Wildlife Management Area on Tur-
key Creek, 1 (UCOCV-MAM 7700).

Odocoileus virginianus
White-tailed Deer

White-tailed Deer have a widespread
distribution in Oklahoma (Caire et al. 2024);
however, museum specimen records are limited
and reported in 42 counties (Loucks et al. 2023).
A new specimen record is reported for one coun-
ty.

Specimen record (1)—Garfield: Drum-
mond Flats Wildlife Management Area on Tur-
key Creek, 1 (UCOCV-MAM 7699).

ORDER RODENTIA
Family Cricetidae
Peromyscus attwateri
Texas Deermouse

The Texas Deermouse was reporte
from 36 counties primarily in southern and east-
ern parts of Oklahoma (Loucks et al. 2023). The
distribution of the Texas Deermouse is discontin-
uous in Oklahoma and adjacent states due to its
preference for rocky habitats (Caire et al. 2024).
Two new county records are reported for Creek
and Payne counties, represented by multiple
specimens in both counties.

Specimen records (33)—Creek: 16.5 km
WNW of Sapulpa, Pearl Jackson Crosstimbers
Preserve, 1 (OMNH 68437), 15.5 km WNW of
Sapulpa, Pearl Jackson Crosstimbers Preserve, 4
(OMNH 68574, 68577, 68580, 68590). Payne:
Cushing, Intersection of 9th St and N Norfolk Rd,
28 (UCOCV-MAM 7762-7789).

Reithrodontomys humilis
Eastern Harvest Mouse

Proc. Okla. Acad. Sci. 105: pp 25-31(2025)
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Museum records of the Eastern Harvest
Mouse were reported from 13 counties in eastern
Oklahoma by Loucks et al. (2023) and one obser-
vational county record was reported by Caire et
al. (2024). A new county record is reported for
Creek County.

Specimen records (3)—Creek: 16.5 km
WNW of Sapulpa, Pearl Jackson Crosstimbers
Preserve, 2 (OMNH 68434, 68459), 15.5 km
WNW of Sapulpa, Pearl Jackson Crosstimbers
Preserve, 1 (OMNH 68594).

Family Sciuridae
Sciurus carolinensis
Eastern Gray Squirrel

Common in the eastern half of Oklaho-
ma in association with wooded areas (Caire et al.
2024), the Eastern Gray Squirrel was reported
from 34 counties by Loucks et al. (2023). These
records from Cleveland County extend the range
to the west.

Specimen records (5)—Cleveland: Nor-
man, Lexington Wildlife Management Area, 5
(OMNH 68412, 68415-68418).
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Figure 1. Updated county maps for Dasypus novemcinctus, Eptesicus fuscus, Lasiurus borealis, My-
otis velifer, Nycticeius humeralis, Puma concolor, Lontra canadensis, Cervus canadensis, Odocoileus
virginianus, Peromyscus attwateri, Reithrodontomys humilis, and Sciurus carolinensis. The map of
Oklahoma has filled circles with museum records for each county and open circles for observational
published records as indicated in Caire et al. 2024. Additional records in this study are denoted by stars
in each new county, filled in for museum records and open stars for observational records.
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Figure 1 cont. Updated county maps for Dasypus novemcinctus, Eptesicus fuscus, Lasiurus borealis,
Myotis velifer, Nycticeius humeralis, Puma concolor, Lontra canadensis, Cervus canadensis,
Odocoileus virginianus, Peromyscus attwateri, Reithrodontomys humilis, and Sciurus carolinensis.
The map of Oklahoma has filled circles with museum records for each county and open circles for
observational published records as indicated in Caire et al. 2024. Additional records in this study are
denoted by stars in each new county, filled in for museum records and open stars for observational

records.
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Abstract: When surveying for a species with a potentially fragmented distribution of variably sized
populations, such as the Alligator Snapping Turtle, it is important to use effective sampling methods.
While numerous surveys have been conducted to assess the current distribution of Alligator Snapping
Turtles, detection probability and risk of falsely concluding absence from limited trapping efforts
are seldom addressed. We conducted surveys at four sites in Oklahoma where previous surveys had
failed to detect the species. We then used permutation analysis on real and theoretical trapping data to
assess the robustness of previous surveys and to determine a baseline level of effort needed to detect
populations with different relative abundances. We detected Alligator Snapping Turtles at two of our
four sample sites where the species was not detected in previous lower-effort surveys, highlighting
the importance of increased sampling effort and multiple sampling bouts through time. Our findings
suggest that some surveys conducted near the periphery of the species’ geographic range may have
been insufficient to detect low-density populations. Based on our permutation analyses, we provided
guidelines for minimum sampling effort necessary to effectively detect populations above a predeter-
mined density threshold.

Introduction cially for rare or elusive species. A priori plan-

ning that aligns survey goals with realistic detec-

Effective species conservation relies on  tion probabilities is critical for optimizing efforts

accurate assessments of the distribution, abun-
dance, and demographic structure of populations,
often requiring considerable effort to evaluate
even small portions of a species’ range. With fi-
nite resources and time, researchers must balance
the breadth of site coverage with the intensity of
effort at each site. While surveying more loca-
tions may seem efficient, doing so with minimal
effort risks falsely concluding absence—espe-
“Corresponding author: kameron_voves@fws.gov

Proc. Okla. Acad. Sci. 105: pp 32-39 (2025)

that are invariably limited by time and funding.

The secretive Alligator Snapping Tur-
tle (Macrochelys temminckii) exemplifies the
challenge of detecting low-density populations.
Historically widespread across Gulf of Mexico
drainages, this species has declined due to habitat
loss and overharvesting, leading to range contrac-
tions, particularly at the northern periphery (US-
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FWS 2021). Numerous surveys have attempted
to document the species’ current distribution af-
ter a petition to list the Alligator Snapping Turtle
under the Endangered Species Act was denied in
1983 due to insufficient information regarding
the species’ status (Heck 1998). Yet many sur-
veys failed to account for detection probability in
their survey design, increasing the risk of errone-
ous conclusions regarding extirpation.

Detection of turtles varies with environ-
mental conditions, trapping methods, population
density, and effort (Buchanan et al. 2019, Rosen-
baum et al. 2023). Previous studies suggest that
small populations may go undetected without
adequate sampling intensity (Tyre et al. 2003).
Here, we highlight the importance of sufficient
sampling effort by re-examining sites in Okla-
homa where past surveys failed to detect Alliga-
tor Snapping Turtles (Riedle et al. 2001). Using
permutation analyses, we assessed the adequacy
of previous survey efforts throughout the species
range, offering recommendations for future sam-
pling protocols to ensure accurate population as-
sessments.

Methods

Turtle surveys. We conducted surveys
in June—July 2018 at four sites in eastern Oklaho-
ma where Alligator Snapping Turtles historically
occurred and past studies reported absence (Rie-
dle 2001). All survey sites were located within
the Arkansas River drainage and were upstream
of reservoirs or were tributaries of dammed riv-
ers. Sites were navigable by motorboat and typ-
ified by high turbidity, muddy stream beds, and
tall banks (Voves 2020). We selected these sites
because Alligator Snapping Turtles were pre-
sumed to be absent, yet habitat appeared to meet
the species’ life history requirements, making
these sites promising candidates for future rein-
troduction efforts.

We surveyed each site for seven consec-
utive days, with a minimum of 15 baited hoop
nets deployed daily, totaling 100—120 net nights
(NN) per site. We used single-throat 0.9-m diam-
eter and double-throat 1.2-m diameter hoop nets

with 2.5-cm mesh and baited with fresh or fro-
zen fish. We positioned nets in optimal habitat—
near submerged cover such as downed trees and
undercut banks. We divided each survey reach
into an upper portion and lower portion, and we
moved rebaited traps from one section to the oth-
er each night (Hollender et al. 2022). In the case
of one site, the seven-day trapping effort was
split between a small tributary (Chouteau Creek)
serving as the upper portion and the main-stem
Neosho River as the lower portion. These rivers
were not spatially independent, but their habitat
differed in such a way that detection could be
affected—Chouteau Creek was characterized by
greater abundance of submerged structure and
canopy cover and less current than the main-
stem Neosho River (Voves et al. 2023). Thus, we
report the effort separately for this site. We set
traps such that a portion remained partially above
water with a floatation device placed inside to
safeguard against potential rising water. We mea-
sured, sexed, and notched captured turtles of all
species with a common scute notch to identify
recaptures. Alligator Snapping Turtles received
Passive Integrated Transponder (PIT) tags in the
right rear leg for permanent marking.

Previous surveys occurred May through
August 1997-1999 using very similar methods
(Riedle 2001, Riedle et al. 2009). In short, they
set 1.05-m diameter hoop nets with 2.5-cm mesh
baited with fresh fish upstream from submerged
structures. They set 3—18 nets each afternoon and
checked them the following morning, typical-
ly for fewer than three consecutive nights (Rie-
dle 2001). In this past effort, they marked only
Alligator Snapping Turtles with drilled holes in
a unique sequence along the marginal scutes. Ef-
fort per site was reported in Riedle (2001), but
specific site coordinates were not attainable. To
the best of our knowledge, with correspondence
from D. Riedle, past trapping effort included 25
total NN in Big Cabin Creek May 1997 and 1999
(Craig Co.), 10 NN in the Neosho River July
1998 (Mayes Co.), 20 NN each in two stretch-
es of the Deep Fork River July 1997 (Okmulgee
Co), and 57 total NN among at least three stretch-
es of the Poteau River August 1998 (LeFlore Co.)
with effort ranging from 10-22 nets per site. Rie-
dle (2001) did not trap in the Chouteau Creek. We
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recognize the possibility that we did not sample
the precise locations and turtle populations as
sampled previously (Riedle 2001).

Permutation analyses. To estimate
false negative probabilities, we resampled our
trapping data from sites with confirmed captures
across 10,000 iterations for varying effort levels,
calculating the proportion of iterations that result-
ed in zero captures—leading to a conclusion of
false absence. We used these probability curves
to evaluate the likelihood that the absences of
Alligator Snapping Turtles reported from previ-
ous survey efforts (Shipman et al. 1995; Riedle
et al. 2009; Bluett et al. 2011; Baxley et al. 2014)
were false negatives, assuming surveyed sites
supported populations that were comparable to
those we surveyed in Oklahoma.

We also generated theoretical catch-per-
unit-effort (CPUE) scenarios to determine the
minimum NN required to detect populations at
different abundance levels with 95% confidence.
When Alligator Snapping Turtles occur in greater
abundance, more individuals are expected to be
captured assuming trapping effort remains con-
stant, resulting in a higher CPUE, defined as the
number of captures divided by the total number
of traps set. We simulated trapping results for 51
theoretical surveys of 200 NN each, each defined

Trapping Turtles or Trapping Errors?

by a different CPUE. For each trap, we assigned
a value of 1 if an Alligator Snapping Turtle was
detected and 0 otherwise. The simulated CPUEs
ranged from 0.005 (1 detection in 200 NN) to
0.500 (100 detections), increasing by 0.010 (2
detections) with each new simulation. For each
CPUE level, we conducted permutation analyses
across varying effort levels to determine the min-
imum effort required to reduce the probability of
a false negative to below 5%. All analyses were
implemented in R version 3.5.0 “Joy in Playing”
(R Core Team 2022).

Results

Turtle surveys. We sampled turtles at
four sites in Oklahoma over 475 NN and captured
20 individual Alligator Snapping Turtles at two
locations—Big Cabin Creek and the Poteau River
(Table 1). The capture rate was much higher in
the Poteau River (0.130 CPUE) than in Big Cab-
in Creek (0.024 CPUE). In the Poteau River, we
captured 17 turtles (14 juveniles, 2 females, and
1 male) in 127 NN. In Big Cabin Creek, we cap-
tured 3 turtles (2 juveniles and 1 female) in 124
NN. All turtles combined, juveniles measured
164-331 mm in carapace length, while adults
measured 411-457 mm.

Table 1. Survey sites, counties, length of river surveyed, dates surveyed, net nights (NN), and number
of Alligator Snapping Turtles captured in Oklahoma in 2018 (with recaptures in parentheses). Also in-
cluded are dates and effort (NN) of previous sampling efforts at these locations that occurred in 1997—
99 (Riedle 2001). Note that no M. temminckii were detected at any of these locations in 1997-99.

Dates Surveyed Effort

River County SE:\IE;:d SEITZy Riedle SI::y Riedle M. temminckii

(km) (2018) (2001) (2018) (2001)  trapped (2018)
Big Cabin . May 1997,
Crock Craig 6.83 2-8 June 1999 124 25 3(0)
Chouteau Creek ~ Mayes 2.57 14-16 July - 55 0 0
Neosho River Mayes 3.58 17-18 July Jul 1998 49 10 0
gf:g“’rk Okmulgee 1199  12-18June  Jul 1997 120 2040 0
Poteau River LeFlore 1096 2% ;‘ﬁl’l Aug 1998 127 1022 17 (1)
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Permutation analyses. We used trap- surveys were comparable to this study, Riedle had
ping data from the Poteau River (18 captures in  a 3—20% chance of falsely concluding absence in
127 NN, including one recapture) and Big Cabin  the Poteau River (10-22 NN) but a 51% chance
Creek (3 captures in 124 NN) to conduct permu- in Big Cabin Creek (25 NN). We compared nine
tation analyses. The probability of a false nega- additional Oklahoma surveys (Riedle et al. 2009)
tive declined more rapidly in the Poteau River, to our results. Using Big Cabin Creek as a model,
where 19 NN sufficed to reduce the probability of  one river showed a >50% false negative probabil-
a false negative below 5%, compared to 78 NN in ity, three rivers exceeded 20%, and two fell below
Big Cabin Creek. Riedle (2001) failed to detect 5% (Fig. 1). Using Poteau River data, only one
Alligator Snapping Turtles at these sites in 1997.  river exceeded a 5% false negative probability.
Assuming detection probabilities in those earlier
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Figure 1. Probabilities of false negatives given reported effort expended at sites during previous sur-
veys where Alligator Snapping Turtles were not detected. Curves are based upon permutations gen-
erated from populations in Big Cabin Creek (CPUE = 0.024) and Poteau River (CPUE = 0.142—in-
cludes 1 recapture). Each point corresponds to effort invested at one site. The dotted line denotes a
probability of 0.05. Data included in the analysis are: Riedle et al. (2009) [Oklahoma], Shipman et al.
(1995) [Kansas], Bluett et al. (2011) [Illinois], and Baxley et al. (2014) [Kentucky].
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When we extended the analysis to sur-
veys outside of Oklahoma, we found that surveys
in Kansas (Shipman et al. 1995) had the highest
likelihood of producing false absences. If turtle
abundance matched that of our low-density site,
84% of 19 sampled sites in Kansas produced
false negative probabilities above 0.75. In Illinois
(Bluett et al. 2011), 76% of 17 sites exceeded
0.50, and in Kentucky (Baxley et al. 2014), 38%
of 24 sites exceeded 0.50. When we modeled
higher abundances like those in the Poteau River,
the proportion of sites with false negative proba-
bilities above 0.50 dropped to 37% in Kansas, 6%
in Illinois, and 0% in Kentucky.

In simulations of theoretical surveys, we
found that high turtle abundance (CPUE > 0.26)
required fewer than 10 NN to achieve a false neg-
ative probability below 5% (Fig. 2). When CPUE
exceeded 0.44, just 5 NN were sufficient for de-
tection. In contrast, populations with very low de-
tection rates (CPUE < 0.05) required more than
50 NN and detecting turtles at a CPUE of 0.005
required 190 NN.

40 60 80 100
1 1 |

NN needed for 95% Detection

20
1

T T T T T T
0.0 0.1 0.2 03 0.4 0.5

Relative Abundance (CPUE)

Figure 2. The minimum number of net nights
needed with zero captures to conclude absence
of Macrochelys temminckii with 95% confidence
given different relative abundances. Abundance
was estimated with increasing catch-per-unit-ef-
fort (CPUE) in theoretical capture data consisting
of 200 net nights. Permutations were performed
under these different CPUE scenarios to estimate
minimum effort requirements.
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Discussion

Our detection of Alligator Snapping
turtles in rivers where they were previously be-
lieved to be extirpated highlights the importance
of sufficient sampling effort when surveying
species with fragmented, variably sized popula-
tions. Although Riedle (2001) employed methods
similar to ours, the high probability they had of
falsely concluding absence at Big Cabin Creek
suggests that too little effort was invested to reli-
ably detect low-density populations. In contrast,
the low probability they had of concluding false
absence at the Poteau River implies other factors
reduced detectability. Past surveys in the Poteau
River were conducted in August, when elevated
water temperatures may have suppressed activi-
ty (Thompson 2023) or turtles exhibited season-
al movements into deep, cooler water (Riedle
et al. 2006), leading to lowered detection prob-
ability. Detection probability between the two
sampling periods could also have been affected
by air temperature, lunar phase, or water flow
velocity (Dreslik et al. 2017, Rosenbaum et al.
2023). Alternatively, the population in the Poteau
River may have been smaller in 1997, with the
juveniles we captured representing recent recruit-
ment. With 20 years separating the two studies, it
is difficult to know what additional factors could
be at play to affect detection and occupancy of
Alligator Snapping Turtles at these sites.

Permutation analysis proved to be a use-
ful tool for evaluating previous efforts to detect
Alligator Snapping Turtles. Catch-per-unit-effort
is often used as a proxy for abundance because
so few surveys have been sufficient to generate
robust population estimates. Our results indi-
cate that past surveys in Kansas, Illinois, and
Kentucky likely lacked sufficient effort to confi-
dently conclude species absence. Instead, we rec-
ommend that surveys resulting in non-detection
report a minimum detectable density based on
effort. For example, the average effort expended
during surveys conducted in Kansas, Illinois, and
Kentucky was 24 NN, which, according to our
analysis, would only detect a population with a
CPUE greater than 0.12 turtles per NN with 95%
confidence. Baxley et al. (2014) similarly in-
ferred that survey efforts in Kentucky were only
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sufficient to detect relatively abundant popula-
tions that would result in a CPUE of 0.06 giv-
en an average effort of 34.5 NN—an effort that
corresponded to a CPUE of 0.07 in our analysis.
We encourage investigators conducting future
surveys to interpret non-detections in this context
and clearly relate sampling effort to minimum de-
tectable CPUE thresholds.

Surveyors must also carefully report
and interpret trapping effort. Some prior studies,
such as Riedle et al. (2009), appeared to expend
enough cumulative effort to infer absence, but
pooling across nearby tributaries obscured local
abundances and detection probabilities of sites
with potentially variable habitat suitability (Rie-
dle 2001). Future studies must report effort at the
site level, not as aggregated totals, to accurately
reflect habitat suitability and turtle abundance.
Other surveys have faced similar challenges.
Some reported trapping effort inconsistently
(Folt and Godwin 2013; Huntzinger et al. 2019),
pooled sites into large summaries (Wagner et
al. 1996; Jensen and Birkhead 2003; Garig et
al. 2021; Pearson et al. 2023) or failed to report
site-specific effort altogether (Boundy and Ken-
nedy 2006; Shipman and Riedle 2008). If pooling
among sites is necessary, it is helpful to report the
number of sites included in the summary, as done
in Pearson et al. (2023). To facilitate comparison
between studies, it may also be advantageous to
report inter-trap distances, as trap saturation also
affects detection of Alligator Snapping Turtles
(Rosenbaum et al. 2023). Thus, we urge future
researchers to prioritize transparent, site-specific
reporting of trapping effort and results because
misinterpreting absences can complicate efforts
to synthesize regional distribution patterns.

In light of our findings, we call for more
robust survey design standards for Alligator
Snapping Turtles. Although detecting relatively
dense populations requires modest effort, detect-
ing sparse or fragmented populations demands
greater investment. To minimize the risk of false-
ly declaring a species absence, we recommend a
minimum survey effort of 100 NN per site, which
corresponds to a 95% probability of detecting
a small population with a CPUE of 0.02 turtles
per NN or greater. Our recommended minimum

survey effort is greater than the 80 NN recom-
mended by the U.S. Fish and Wildlife Service for
rapid assessments of low-density sites (Pearson
2025), which would correspond to detecting a
population with a CPUE of 0.025 turtles per NN
or greater. These recommended baselines must
be viewed as a starting point—not a guarantee.
Researchers should adjust effort upward when
environmental conditions, such as extreme heat,
cold, or flooding, reduce detectability (Rosen-
baum et al. 2023). Survey planners should ex-
plicitly account for detection probability in study
design, report effort and results transparently, and
carefully interpret non-detections with respect
to sampling intensity. The consequences of in-
adequate survey design can delay conservation
interventions, misinform species assessments,
and impair recovery planning. By adopting more
rigorous, transparent, and data-driven survey
practices, we can ensure that future assessments
of Alligator Snapping Turtles—and other elusive
species—better reflect biological reality and ad-
vance conservation goals.
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Abstract: Gape limitation is a key mechanism controlling the size of prey a predator can consume,
as a fishes gape is intrinsically linked to its body size and changes with growth. Previous studies have
shown that gape limitation influences competition among game fishes and helps estimate prey avail-
ability. High utilization of shad (Dorosoma spp.) by the Moronidae family provides an opportunity to
examine gape-limitation theory. Moronids are widely pursued across the United States, with five spe-
cies present in Oklahoma. This study aimed to determine potential diet overlap among these species
using gape-limitation theory and a common forage species, Gizzard Shad (Dorosoma cepedianum).
Objectives were to: (1) develop equations estimating the proportion of Gizzard Shad vulnerable by
size and age to each Moronid species, (2) compare vulnerability among similar-sized Moronids to
identify competitive advantages, and (3) assess whether advantages exist when accounting for prey
and predator growth trajectories. Results indicate that growth-mediated exploitation occurs among
Moronids, allowing individuals that grow faster to achieve a larger gape and better compete for prey.
Thus, growth rates and resulting size structures are critical to mediating resource overlap. Managers
can apply gap-based vulnerability to estimate forage availability, competition, and exploitation, guid-
ing decisions on whether to manipulate forage or predator populations to meet management goals.

Introduction ducers and consumers (Lindeman 1942, Carpen-

ter et al. 1985, McQueen et al. 1986, Power 1992,

Predation is one of the structuring pro-
cesses in aquatic ecosystems that regulates ener-
gy transfer and ecosystem function (Bax 1998;
Baxter et al. 2004). Predation is influenced by
food-web complexity and the strength of bot-
tom-up and top-down interactions between pro-

“Corresponding author: richard.snow@odwc.ok.gov
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Pace et al. 1999). Primary mechanisms (e.g.,
morphological constraints, Mihalitsis and Bell-
wood 2017) regulated by abiotic and biotic in-
fluences (Coutant 2006) within the environment
likely control predation. Understanding mecha-
nistic constraints on predation, such as gape lim-
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itation, likely allows for more accurate estimates
of consumption and diet overlap and may inform
management practices.

Gape limitation is a key mechanism con-
trolling the size of prey a predator can consume
(Hill et al. 2004). In theory, the maximum size of
prey a predator can consume is based upon the
mouth dimensions of said predator (gape width)
and the body depth of said prey. Gape limits the
breadth of a predator’s foraging niche, and there-
fore influences competition for and consumption
of a prey base (Hambright 1991). A fish’s gape
is intrinsically linked to its size. Therefore, gape-
based estimates of prey vulnerability likely vary
through time depending on predator and prey
growth trajectories (DeVries et al. 1998; Krebs
and Turingan 2003). Gape limitation has been
shown to be more accurate at predicting con-
sumption relative to other morphometric com-
parisons between predators and prey (Dennerline
and Van Den Avyle 2000). Given its prior use and
ecological basis, gape limitation allows for bet-
ter management of sportfish as it provides insight
into potential exploitation and permits the estima-
tion of prey availability.

Gape width has been shown to predict
the maximum size of shad (Dorosoma spp.) con-
sumed by fishes belonging to the family Moroni-
dae (hereafter Moronids), offering an opportunity
for management application of gape-limitation
theory (Dennerline and Van Den Avyle 2000).
Moronids are some of the most widely pursued
sportfish in the United States, and members of
this family commonly rank in the top five har-
vested species within a given state or region
(Guy et al. 2002, Bulak et al. 2013). Striped Bass
(Morone saxatillis), White Bass (M. chrysops),
and Hybrid Striped Bass (M. chrysops x M. sax-
atilis) are sportfish of management interest in
Oklahoma (Miller and Robison 2004, Schultz et
al. 2013). Competition and resource partitioning
among these Moronids have been previously doc-
umented, and all three are known to prey upon
shad (Gilliland 1978, Rash 2003, Olson 2004).

The amount of food resource exploita-
tion between Moronids of management inter-
est (i.e., Striped Bass, White Bass, and Hybrid

41
Striped Bass) in Oklahoma reservoirs is unknown.
However, diet overlap, competition, and resource
partitioning among these species has been previ-
ously documented (e.g., Rash 2003, Olson 2004).
Moronids of management interest in Oklahoma
may be further threatened by the invasion of
non-native White Perch (M. americana; Irons et
al. 2002) and possible range expansion of Yellow
Bass (M. mississipiensis) in the southeastern por-
tion of the state (Snow and Porta 2020). To gain a
better understanding of diet overlap, competition,
and resource partitioning among these species,
the goal of our study was to determine potential
diet overlap between Oklahoma Moronids using
gape limitation theory and a common forage spe-
cies (Gizzard Shad; [Dorosoma cepedianum)).
Given the relation between growth and gape, we
compared Gizzard Shad gape vulnerability over
similar Moronid size ranges and their potential
annual growth trajectories. Specific objectives of
our study were to: 1. Develop equations to deter-
mine the proportion of Gizzard Shad vulnerable
by size and age to five species of Moronids in
Oklahoma. 2. Determine potential forage avail-
ability overlap among Moronids using gape lim-
itation theory. 3. Determine if advantages exist
for a particular species when accounting for prey
and predator annual growth trajectories. We then
reviewed our findings in the context of manag-
ing mixed-Moronid fisheries within the state of
Oklahoma.

Methods

Sampling

Fish were collected for this study from
nine Oklahoma reservoirs spaced across the state
(Table 1). Gizzard Shad were collected in the
fall via electrofishing (pulsed DC, high voltage,
7.5 GPP, Smith Root, Vancouver, Washington)
from 2018-2021. Moronid species were collect-
ed between 2019 and 2022 using experimental
gillnets (61 m long x 1.8 m deep and constructed
of eight 7.6-m panels [12.7-mm, 15.9-mm, 19.1-
mm, 25.4-mm, 38.1-mm, 50.8-mm, 63.5-mm,
and 76.2-mm bar mesh]). Gizzard Shad were col-
lected from all nine reservoirs to better estimate
variation in fish size and growth across Oklaho-
ma. Striped Bass, White Bass, and Hybrid Striped
Bass were collected from 3 of 9 reservoirs (Table
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1). Reservoirs for these species were selected
based on prior knowledge of growth variability
across the state (OFAT 2022). Yellow Bass and
White Perch were collected from New Spiro and
Sooner reservoirs, respectively (Table 1).

Following collection, fish were euth-
anized in a 1:1 ice water slurry (Blessing et al.
2010) and returned to the lab where they were
measured (TL; mm) and sagittal otoliths were
extracted for age estimation. For Moronids, a
150-mm digital caliper (PITTSBURGH 150 mm
Digital Caliper, Item #62569, Harbor Freight,
Calabasas, CA) was used to measure the horizon-
tal maxillary oral gape (Mihalitsis and Bellwood
2017 and Dennerline and Van Den Avyle 2000) of
each individual (0.01 mm).

Estimating Age

Otoliths were cleaned and placed into
individually numbered envelopes and allowed to
dry for at least 24 h prior to processing (Secor et
al. 1992). Sagittal otoliths from Moronid species
were broken in the transverse plane and polished
using 600-grit wet/dry sandpaper. Clayton and
Maceina (1999) suggested that whole otoliths
could accurately estimate age of Gizzard Shad
under 3 years old. Therefore, sagittal otoliths of

Table 1. Reservoirs where Moronid species (Hybrid Striped Bass

Gape-Vulnerability in Mixed-Moronid Fisheries

Gizzard Shad <3 years old were estimated from
whole otoliths and otoliths from older fish were
embedded in a 21-cell latex mold (12 mm x 5 mm
x 6 mm; Electron Microscopy Sciences, Hatfield,
Pennsylvania), immersed in West Systems epoxy
(105 resin and 206 harder; Gougeon Brothers
Inc., Bay City, Michigan), then cured for more
than 12 h. Otoliths were then cut in the sagittal
plane using a low-speed Buehler saw (127-mm x
0.4-mm diamond wafering blade; IsoMet®, Bue-
hler, Inc., Lake Bluff, Illinois) and polished using
2000-grit sandpaper (Maceina 1988).

To estimate ages, sectioned otoliths
from all species were positioned polished side
up in modeling clay and covered with water to
reduce glare. Whole otoliths were placed con-
cave side up on the clay. All otoliths were viewed
with a variable power stereomicroscope (capable
of 130x magnification) using a fiber-optic light
and a reflective light source when needed. Annuli
were counted to assign an age estimate to each
fish. Each otolith was evaluated in random order
by two independent readers (Hoff et al. 1997). If
there was a disagreement on an estimated age, a
concert reading was conducted by both readers
and a final age estimate was determined.

Morone saxatilis x M. chrysops

[HSB], Striped Bass M. saxatilis [STB], White Bass M. chrysops [WHB], White Perch M. americana
[WHP], Yellow Bass M. mississippiensis [YLB]) and Gizzard Shad Dorosoma cepedianum (GIS)
were collected, including size of reservoirs, sample size (ha), and ranges of TL, weight, gapes, and age
estimates. The composition of the Moronid fishery in each reservoir is given in the Moronids column.

i | Summary Statistics
Species Reservoir ‘ Size (ha) Moronids n TL (mm) | Weight (g) ‘ 8:1]1)1; (y‘:E:s) |
"HSB___ “Camton | 3201 HSB,STB,WHB | 161 | 212717 | 1205445 | 2989 19 _
! Sooner 2185 HSB, STB, WHB, WHP | 13 408-525 928-2088 46-60 2-7
ST Canton | 3201 HSB,STB,WHB 8 470659 11803220 = 6282 35
L Texoma | 35612 HSB,STB,WHB 76 194793 80-6080 17
| WHB Canton 3201 HSB, STB, WHB 1-11
| Texoma 35,612 HSB, STB, WHB 1-5
I Sooner 2185 HSB, STB, WHB, WHP 3 306-345 402-600 32-44 2-3
| WHP Sooner 2185 HSB, STB, WHB, WHP | 147 191-323 27-496 22-41 2-14
| YLB New Spiro 101 YLB 107 81-302 5-505 10-38 | 0.5-2.5
| GIS Canton 3201 HSB, STB, WHB 145 65-439 5-810 - 0-8
5 Carl Etling 64 HSB 198 45-338 2-280 - 0-12
,,,,,,,,,,,,, Fagle 17 HSB,WHB 34 125481 101450 - 07
Elmer | 15 - 110 138-319 10-360 - 1-7
_ GuthrieCity | 83 - 107 | 81298 5270 - 06
~ NewSpirot | o ~YiB Cd6l 108366 10530 - 16
,,,,,,,,,,,,,,,,,,,,,, Soonert | 2185 | HSB,STB, WHB,WHP | 76 | 127477 10-1210 | - = 0-12
Thunderbird 2176 HSB, WHB 127 108-257 10-155 - 0-9
i Texoma t 35,612 HSB, STB, WHB 65 121-471 10-155 - 1-5
| tThreadfin shad (Dorosoma petenense) also present
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Estimating Body Depth or Gape Width from TL

To estimate the mean body depth of each
Gizzard Shad present within our samples we used
the inverted form of an equation from Lawrence
(1957):

BD — (TL — 15.630)
- 3.405

where BD and TL represent the estimated mean
body depth and observed total length of a Giz-
zard Shad, respectively. Because this equation
is only representative of the mean body-depth
to TL relationship, the standard deviation of the
regression (SDR = 10.18) reported in Lawrence
(1957) was used to estimate the maximum and
minimum body-depth of each individual. This
was done by adding or subtracting the SDR from
the mean estimated body-depth. A small subset (n
= 17) of Gizzard Shad were used to graphically
validate that the equation from Lawrence (1957)
captured the variation in body-size to TL relation-
ship by confirming that our observed values fell
within the maximum and minimum body-depth
estimates.

Gape width to TL relationships were
determined independently for each Moronid spe-
cies. An information theoretic approach was used
to determine which of four common morpho-
metric equations best descripted the relationship
between gape-width and TL. We selected linear,
second-degree polynomial, exponential, and
power functions as the most likely morphometric
equations (Hill et al. 2004, Slaughter et al. 2008;
Dunic and Baum 2017). Morphometric equations
were ranked using Akaike’s information criterion
adjusted for small sample sizes (AICc; Hurvich
and Tsai 1989), where lower values of AICc indi-
cate more likely models (Burnham and Anderson
2002). Both root-mean-square error (RMSE) and
mean absolute error (MAE) were used to describe
the fit of each morphometric equation relative to
the data used to estimate the relationships. Be-
cause these equations were used to estimate
gape-vulnerability for these fishes and we wanted
to capture the full potential range of gapes possi-
ble at a given length, we also estimated predictive
intervals for each equation (o0 = 0.01).

Comparing Gape Vulnerability by TL

To estimate gape vulnerability by TL,
the mean, lower, and upper body-depth estimates
for Gizzard Shad were compared to the mean,
lower, and upper gape estimates for each Moro-
nid. If Gizzard Shad body depth was less than the
gape of the Moronid it was considered vulnera-
ble to that species and assigned a one. If it was
greater than the Moronid gape it was considered
invulnerable and assigned a zero. This resulted in
nine estimates of vulnerability for each mm of TL
for both the Moronid and Gizzard Shad. These
estimates (i.e., the ones and zeros) were averaged
to estimate the average vulnerability as a propor-
tion based on variation in shad body depth and
Moronid gape. All estimates were restricted to
the TLs observed for the shad population and the
specific Moronid.

To compare length-based gape-vulnera-
bility between Moronids, we used a binomially
distributed generalized linear model (GLM) with
a logit-link function. Our data had three catego-
ries (i.e., gape-vulnerability advantage for each
species being compared [2 categories], and equal
gape-vulnerability); however, a binomial model
has two categories, specifically “1” and “0”. To
facilitate this analysis, we grouped one of the
species gape-vulnerability advantages with equal
gape-vulnerability (scored “0’) and compared it
to the other species gape-vulnerability advantage
(scored “1”). To decide which Moronid to group
with equal gape-vulnerability, we grouped both
with equal and looked at the ratio of “1’s” and
“0’s” that resulted from each grouping scheme.
The grouping scheme that produced the most
even ratio of “1°s” and “0’s” was used for the
analysis. Predictive variables for the binomial
GLM were shad TL, Moronid TL, and the inter-
action between both lengths. This allowed us to
determine the relationship between gape advan-
tages for each Moronid species relative to the
potential size distribution of forage. All models
were restricted to the TLs for which average-vul-
nerability was estimated in each species (e.g.,
when Hybrid Striped Bass and Striped Bass were
compared, the model was restricted between 212
— 717 mm). McFadden’s pseudo R? estimates
were used to estimate the strength of the rela-
tionship, with p? = 0.20 used as the threshold for
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“excellent” model fit (McFadden 1974, 1979). A
Hosmer-Lemeshow Goodness of Fit test was also
used to determine if models appropriately fit the
data (o = 0.05).

Growth Modeling

The von Bertalanffy growth model
(VBGM) was used to estimate growth trajecto-
ries for Gizzard Shad and the five Moronids rep-
resented. To better estimate the growth trajectory
of each species within Oklahoma, the VBGM
was fit using TL measurements and age estimates
for each individual within our samples regardless
of waterbody. Once a baseline equation was es-
tablished from the nonlinear modeling function,
bootstrapping via second-order Taylor expansion
(Wang and Iyer 2005) was used to provide final
estimates of mean length at age for the species
along with 99% prediction intervals. Because
predictive intervals incorporate additional uncer-
tainty associated with the data point being esti-
mated they are inherently wider than a confidence
interval. In our application, this increased uncer-
tainty produced estimates that were statistically
appropriate but biologically impossible (e.g., the
lower 99% PI estimate of TL for an age-0 Giz-
zard Shad was -60mm). Due to this phenomena,
post hoc adjustments were made to nonsensical
or unlikely estimates based on available literature
data (see Growth Modeling results for specific
details).

Comparing Gape-Vulnerability by Age

To estimate the influence of growth on
gape-vulnerability comparisons, the same com-
parison process was used (i.e., Gizzard Shad
body-depth estimates were compared to Moronid
gape estimates). However, for this comparison
TL was based on the mean, lower, and upper es-
timates generated from the VBGM for each age.
These three TL estimates were then fed into ei-
ther the body-depth equation or the gape equa-
tion, resulting in nine estimates of either body-
depth or gape for each species. This generated 81
estimates of either vulnerable (1) or invulnerable
(0) for each Moronid-shad age group. Estimates
were averaged to determine vulnerability at each
age. For this analysis, ages were restricted from
age-0 to the maximum age observed for each spe-
cies.

Proc. Okla. Acad. Sci. 105: pp 40-57 (2025)

Once average vulnerabilities were at-
tained, we compared vulnerability-by-age be-
tween species using a Cochran-Mantel-Haenszel
Chi-Squared Test (CMH; a = 0.05; Cochran
1954, Mantel and Haenszel 1959). This test is an
extension of the Chi-Squared test, allowing for
comparisons in three dimensions if no three-way
interaction is present (Agresti 2002). Because
this test requires counts and not proportions, av-
erage vulnerabilities were multiplied by 81 (i.e.,
the number of original comparisons) to attain an
estimate of the frequency of vulnerability with-
in each Moronid-by-Moronid age class. Prior to
CMH analysis a log-linear model was fit to detect
the presence of a three-way interaction (o= 0.05).
Similar to ANOVA, the CMH test allowed us to
determine if there is a significant difference in
vulnerability within one dimension of our matrix.
Therefore, if the CMH test detected a significant
difference with our three-dimensional matrix a
groupwise post hoc test was used to test groups
two-dimensions at a time using a modified Chi-
squared test for independence (o = 0.05) with
p-values adjusted to minimize the false discov-
ery rate (Benjamini and Hochberg 1995). We first
compared vulnerability of shad at each age group
among the Moronids. If no significant differences
were detected, we determined if the significant
CMH test result was due to shad vulnerability
significantly varying by age within one of the
species. Because statistical significance is often
influenced by sample size, an adjusted estimate of
Cramer’s V (Bergsma 2013) was used to estimate
effect size for each comparison. Cramer’s V can
be interpreted categorically with V < 0.30 sug-
gesting “weak” effects, V > 0.30 being the thresh-
old for “moderate” effects, and V > 0.50 begin the
threshold for “large” effects (Cohen 1988).

Results

Fish collections for this study spanned
nine Oklahoma reservoirs ranging in size from 15
to 35,612 ha (Table 1). Hybrid Striped Bass were
the most widely distributed among the reservoirs,
with TL ranging from 212-717 mm, weights
ranging from 120-5,445 g, gape widths from
29-89 mm, and estimated ages up to 9 years old
(Table 1). Striped Bass exhibited the largest size
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range (194-793 mm TL), weighed up to 6,080 g,
and had a gape ranging from 23-93 mm. White
Bass were generally smaller (172-453 mm TL)
but longer lived (up to 11 years old). White Perch
were only sampled from Sooner Lake, ranged
191-323 mm TL, and lived up to 14 years old,
making them the longest-lived Moronid observed
(Table 1). Yellow Bass collected from New Spiro
Lake, were the smallest (81-302 mm TL) and
shortest-lived (< 2.5 years old). Gizzard Shad
were collected from nine reservoirs, with sizes
ranging from 45-477 mm TL, and age estimates
ranged from 0-12 years old.

Estimating Body-Depth and Gape-Width from
TL

The subset of Gizzard Shad used to
assess the inverted TL to body-depth equation
ranged in TL from 204 to 319 mm and in body
depths from 54 to 93 mm. All observed body

depths fell within the predicted mean, maximum,
and minimum body depths from the inverted
Lawrence (1957) equation, suggesting that the
equation yielded an appropriate approximation of
the variation present in shad body depths.

Gape-TL relationships appeared to vary
between species (Figure 1). The relationship be-
tween TL and gape for Striped Bass and White
Perch was best described by a power equation
(Table 2). Hybrid Striped Bass were best de-
scribed by an exponential equation, Yellow Bass
a 2nd-degree polynomial, and White Bass by a
linear model (Table 2). Competitive gape-based
advantages increased with Moronid size; among
species advantages varied based on the size of the
individual and variation in the Gape-TL relation-
ship within the species when compared graphi-
cally across the size range observed for each spe-
cies (Figure 2).

Table 2. Mean model parameter estimates, root-mean-square error (RMSE), mean absolute error
(MAE), Akaike information criterion adjusted for small sample sizes (AICc), and change in AICc
relative to the top ranked model (AAICc) for four models predicting the relationship between gape
(G) and total length (TL) for each Moronid species (Hybrid Striped Bass Morone saxatilis x M.
chrysops [HSB], Striped Bass M. saxatilis [STB], White Bass M. chrysops [WHB], White Perch
M. americana [WHP], Yellow Bass M. mississippiensis [YLB]). The top ranked model used to fit
gape-total length relationships has been bolded for interpretability. Mean parameter estimates with
values in the hundredths place are presented in reciprocal-power format where “E™” is equivalent
to “x10™” for uniformity and conciseness. Note: statistics (e.g., RMSE, AICc) are only comparable

within a species and should not be compared across species

| Species Model

RMSE MAE | AIC: | AAIC.

G = —40.75 + 58.34¢112E7°TL

296 | 2.39 §87940;

G = 01271
G =6.93 + 0.10TL

| G =13.03+ 1.13E~°TL + 2.50E*TL? |
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Figure 1. Mean (solid lines) and 99% predictive intervals for the gape-total length relationships ob-
served for Moronids (Hybrid Striped Bass Morone saxatilis x M. chrysops [HSB], Striped Bass M.
saxatilis [STB], White Bass M. chrysops [WHB], White Perch M. americana [WHP], Yellow Bass
M. mississippiensis [YLB]) across the sizes observed. Any lines fitted through data points in the
figure must be statistically significant and be supported by the mathematical equation and statistical
information (P-values and R2 or R values). Keys to the symbols, formulae and regression values can
be included in the figure itself or the caption, but not both. The minimum reduction for a figure may

be indicated.

Comparing Gape-Vulnerability by TL

This interaction was significant with-
in our binomial models (z range = 5.46-174.40,
all P < 0.05), therefore only the interaction was
interpreted. McFadden’s pseudo R? estimates for
all models were high (p? range = 0.20-0.64) in-
dicating strong relationships between gape-based
vulnerability and the size of Moronids and shad,
suggesting all models fit adequately. This was
confirmed by results of the Hosmer-Lemeshow
Goodness of Fit tests (X? range = 8,539-105,397,
df range = 23,815-101,559, all P> 0.05).

Several relationships were observed
within our binomially distributed GLMs (Figure

3). Our results suggest that small Gizzard Shad
Proc. Okla. Acad. Sci. 105: pp 40-57 (2025)

were more vulnerable to smaller Hybrid Striped
Bass than comparably sized Striped Bass, with
vulnerability becoming equal to that of mixed as
Moronid TL increased. This suggested that larger
Gizzard Shad become more vulnerable to Hybrid
Striped Bass than Striped Bass as TL increases.
However, this is an artifact of the model detect-
ing that Hybrid Striped Bass’s gape-advantage
increases to larger sized shad as they grow since
vulnerability of the largest Gizzard Shad (i.e., 481
mm TL) plotted was equal. Hybrid Striped Bass
had a slight competitive advantage for smaller
Gizzard Shad at smaller sizes when compared to
White Bass, Yellow Bass, and White Perch, al-
though this decreased with increasing TL. White
Bass appeared to have a slight gape advantage
over Striped Bass and White Perch for the small-
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Figure 2. Average gape-based vulnerability of Gizzard Shad (Dorosoma cepedianum) to each Moro-
nid (Hybrid Striped Bass Morone saxatilis x M. chrysops [HSB], Striped Bass M. saxatilis [STB],
White Bass M. chrysops [WHB], White Perch M. americana [WHP], Yellow Bass M. mississippi-

ensis [YLB]) predator across the sizes observed.

est Gizzard Shad sizes; however, this advantage
decreased with increasing TL. White Bass ap-
peared to have little competitive advantage over
Yellow Bass. White Perch had an advantage over
Striped Bass of similar size for the smallest sized
Gizzard Shad. Small Yellow Bass had a compet-
itive advantage over similarly sized Striped Bass
and White Perch when competing for the smallest
sized Gizzard Shad. Yellow Bass advantage ap-
pears to shift to shad of larger sizes (though still
small) as Moronid lengths increased.

Growth Modeling
To make growth trajectories biological-
ly reasonable (i.e., non-negative) the following

parameter estimates were adjusted: the lower
0.5% PI for size of an age-0 Yellow Bass was
adjusted to 25 mm TL (Burnham 1910), the low-
er 0.5% PI for size of an age-0 Striped Bass was
adjusted to 25 mm TL (Boynton et al. 1981), and
the lower 0.5% PI and mean estimated sizes of
an age-0 White Bass was adjusted to 46 mm and
51 mm TL, respectively (Bonn 1953). The lower
0.5% PI and mean estimated sizes of an age-0 and
age-1 Gizzard Shad were fixed at 25 and 29mm
TL (Miller 1960, Michaletz 1997), respectively.
Given these estimates were unrealistic, and they
impacted a total of 6 observations, we consid-
ered this appropriate. To keep growth trajecto-
ries feasible, the maximum size a Gizzard Shad

Proc. Okla. Acad. Sci. 105: pp 40-57 (2025)
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Figure 3. Predictive proportion of vulnerability of Gizzard Shad (Dorosoma cepedianum) to each
Moronid (Hybrid Striped Bass Morone saxatilis x M. chrysops [HSB], Striped Bass M. saxatilis
[STB], White Bass M. chrysops [WHB], White Perch M. americana [WHP], Yellow Bass M. mis-
sissippiensis [YLB]) predator across similar size ranges based on the gape-total length vulnerability
relationships. Moronids on the left of the > are scored a “1”” and Moronids on the right and equal vul-
nerability are scored a “0”. High estimates can be interpreted as advantages for the Moronid on the
left and low estimates can be interpreted as equal or greater advantage for the Moronid on the right.

could attain was set at 521 mm TL (the highest
TL ever recorded; Trautman 1981). This affected
the upper 99% PI estimates for age-10 to age-13
Gizzard Shad. Given fish of this size are almost
completely invulnerable to predation, this did not
influence our findings.

Bootstrapped growth trajectories for Giz-
Proc. Okla. Acad. Sci. 105: pp 40-57 (2025)

zard Shad and Moronids appeared to adequately
capture the growth trajectories present within our
populations, as observed size at age data primar-
ily fell within the estimated 99% PI (Figure 4).
Graphical interpretation of bootstrapped growth
distributions suggested that Striped Bass had
the fastest growth trajectory followed by Hybrid
Striped Bass; however, maximum size potential
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Figure 4. Mean (solid line) and 99% predictive intervals (grey shading) obtained from bootstrapping
for Von bertalanffy growth trajectories for each Moronid (Hybrid Striped Bass Morone saxatilis x
M. chrysops [HSB], Striped Bass M. saxatilis [STB], White Bass M. chrysops [WHB], White Perch
M. americana [WHP], Yellow Bass M. mississippiensis [YLB]) species. Points indicate individual

size at age observations from each population.

of Striped Bass was greater (Figure 2). Likewise,
White Bass appeared to have a similar growth
trajectory to Yellow Bass; however, they reached
a greater theoretical-maximum average length.
White Perch exhibited slower early growth and
appeared to attain the shortest theoretical maxi-
mum lengths of any Moronid.

Gape estimates from growth curve
modeling suggest that slow growth results in in-
creased overlap between Moronids, resulting in
reduced competitive advantages due to decreased
growth (Figure 5). As growth rate increases to
the mean rate and above, these estimates deviate
from one another. This results in varying compet-
itive advantages for each species based on their
growth trajectories. The annular growth of Mo-
ronids appeared to allow larger bodied fishes in-
creased access to older and larger shad (Figure 6).
For White Perch, and to some degree White Bass,
maximum body size appeared to limit access to

older and larger shad.

Comparing Gape-Vulnerability by Age

No three-way interactions were de-
tected by log-linear models (all P > 0.05). All
CMH tests indicated significant variation in the
vulnerability estimates of Gizzard Shad across
age groups and the age of any two Moronids we
compared (M? range = 39.2 — 290.7, df range =
20 — 132, all P <0.05). Post hoc analyses detect-
ed no significant difference in shad vulnerability
between ages for Striped Bass, White Bass, and
Hybrid Striped Bass (all P> 0.05). Likewise, post
hoc analyses detected no significant difference in
shad vulnerability between ages for Yellow Bass,
compared to either White Bass, Striped Bass, or
White Perch (all P> 0.05). In all the above cases,
it was confirmed that the significant result from
the CMH test was due to variation in shad vulner-
ability between ages within one of the species (all
P < 0.05). Hybrid Striped Bass had a gape-based

Proc. Okla. Acad. Sci. 105: pp 40-57 (2025)



50

- hybrid striped bass ‘- white bass -

- striped bass

Upper PI (o =0.01)

100 T
75{ e
‘.A!"...-o-o eooe
30 -'A'E'::.. eo 00000000
25 ‘:.*"‘.
0
Mean Prediction
100+
751 ‘z-;:b 1
50 ‘,.zftooooo-o °
.‘ .00 000000
25 J r:.._.-.
0
Lower PI (oo =0.01)
100
751 .
504 «**’

.““:'._..._._.....
25_}-' '. o0 @000 00004
b 8%

e ——
0 24 6 8101214

Gape-Vulnerability in Mixed-Moronid Fisheries

yellow bass

- white pearch

e

|1 adl

100 200 300 400 500

Figure 5. Mean (solid lines) and 99% predictive intervals for the gape-total length relationships
observed for Moronids (Hybrid Striped Bass Morone saxatilis x M. chrysops [HSB], Striped Bass
M. saxatilis [STB], White Bass M. chrysops [WHB], White Perch M. americana [WHP], Yellow
Bass M. mississippiensis [YLB]) based on the upper, lower, and mean estimates of growth from
bootstrapped Von bertalanfty growth trajectories. Comparisons are made based on ages (left) and
predicted total lengths (right) for each species to understand how overlap varies relative to growth.

advantage over Yellow Bass across all age rang-
es compared (all P < 0.05); however, this advan-
tage was always weak (V range = 0.18-0.20). We
also observed a gape-based advantage for Hybrid

Proc. Okla. Acad. Sci. 105: pp 40-57 (2025)

Striped Bass over White Perch from age-1 to age-
9 (all P < 0.05). No advantage was observed at
age-0 (P > 0.05), a significant but weak advan-
tage was observed from age-1 to age-3 (V =0.18-
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Figure 6. Average gape-based vulnerability of Gizzard Shad (Dorosoma cepedianum) to each
Moronid (Hybrid Striped Bass Morone saxatilis x M. chrysops [HSB], Striped Bass M. saxatilis
[STB], White Bass M. chrysops [WHB], White Perch M. americana [WHP], Yellow Bass M. mis-
sissippiensis [YLB]) predator across the range of age estimates observed.

0.28), and a moderate advantage was observed
from age-4 to age-9 (V range = 0.30-0.32), sug-
gesting Hybrid Striped Bass gain increased ad-
vantages over White Perch based on their growth
trajectories. White Bass also exhibited a varying
gape-based competitive advantage over White
Perch, with no significant advantage from age-
0 to age-2 (all P > 0.05) and a weak (V range
= 0.23-0.27) significant advantage thereafter to
age-11 (all P < 0.05). Age-0 and age-1 Striped
Bass had no competitive advantage over White
Perch (all P > 0.05), but a significant advantage

from age-3 on (all P <0.05). Their advantage was
weak at age-3 and age-4 (V range = 0.21-0.29),
then increased to moderate from age-5 on (V =
0.32).

Discussion

Our results collectively demonstrate that
gape/TL relationships, vulnerability estimates,
and growth trajectories interact to shape com-

petitive foraging advantages among Moronids.
Proc. Okla. Acad. Sci. 105: pp 40-57 (2025)
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Species differed substantially in their gape/TL
allometries, producing size-dependent shifts in
the relative vulnerability of Gizzard Shad to each
Moronid. GLM analyses showed that these differ-
ences translate into variable vulnerability across
the size spectrum of both predators and prey,
with small-bodied Moronids generally exhibiting
greater access to the smallest shad. Growth mod-
eling further revealed that faster-growing species
(e.g., Striped Bass, Hybrid Striped Bass) gain in-
creasing gape-based foraging advantages as they
age. In contrast, slower-growing or smaller-bod-
ied species (e.g., White Perch, Yellow Bass) are
progressively limited to younger, smaller shad.
Finally, age-based vulnerability analyses indi-
cated that these competitive hierarchies are rein-
forced across ontogeny, with some species gain-
ing moderate advantages only after several years
of growth. Together, these findings highlight the
importance of integrating gape allometry and
growth dynamics when evaluating potential diet
overlap and forage competition in mixed-Moro-
nid fisheries.

Contrasting results comparing gape-vul-
nerability suggests accounting for ecological
phenomena that confound direct comparisons
(e.g., growth trajectories) can better explain diet
overlap. Though we were unable to find a similar
example of this phenomenon within the Moro-
nid family, size mediated availability for forage
has been documented prior in Lepomis species,
with larger Lepomis having reduced niche over-
lap and likely reduced diet overlap for resources
(Mittelbach 1984). Growth-mediated diet overlap
appears to be occurring in Moronids, allowing
fishes who may not have a competitive advantage
at a similar length to reach larger sizes and obtain
a larger gape. This allows them to better compete
within the conspecifics of their genus. Given the
link between gape and forage size (Labropoulou
and Eleftheriou 1997, Mihalitsis and Bellwood
2017), these results suggest that growth rates
and the resulting size structure of species present
within a mixed-Moronid fishery are important in
mediating potential overlap in forage availability.

Perhaps most interesting is the advan-
tage of Moronids, which generally reach a small-
er maximum size (e.g., Yellow Bass) over those

Proc. Okla. Acad. Sci. 105: pp 40-57 (2025)

reaching a larger maximum size (e.g., Striped
Bass). Though theoretical in nature, the general
pattern in TL-gape relationships suggests that
smaller bodied Moronids appear to be predis-
posed to better exploit smaller bodied prey. Apart
from Hybrid Striped Bass that appear to inherit
the gape-based advantages of White Bass and the
growth-based advantages of Striped Bass, small-
er bodied Moronids appear to have larger gapes
at smaller sizes. This could influence diet over-
lap, especially in younger Moronids, and impact
recruitment, growth, and mortality of gamefish
populations (Miller 1960; Michaletz 1997). It is
important to note that we investigated the mecha-
nistic potential for diet overlap within these fishes
to gain a proper understanding of their ability to
exploit the forage base within these systems, and
diet studies would be required to measure actual
consumption.

Though forage-based competition be-
tween Moronids in Oklahoma reservoirs is pos-
sible, it can occur only when resources are lim-
ited (Polis and Winemiller 1996). By estimating
gape-vulnerability, we approximated a theoretical
foraging niche (Schoener 2009) for each species.
Though this has been documented previously
among Moronids (Irons et al. 2002, Olson 2004,
Feiner et al. 2013), it may not always occur if
species can partition resources among themselves
(e.g., Rash 2003). Within the context of our re-
sults, the available forage base appears to be a
key component of the successful management of
Moronids and mixed-Moronid fisheries in partic-
ular.

Across the US, Dorosoma spp. are
an important forage fish and a primary forage
source for mature individuals from each of the
above mentioned Moronid species (Matthews et
al. 1988, Hodson 1989, Bauer 2002, Guy et al.
2002). Large-bodied individuals of the Doroso-
ma genus are associated with negative impacts on
sportfish populations (Lyons et al. 2018). There-
fore, an inadequate abundance of appropriately
sized prey may require manipulation to main-
tain or enhance Moronid populations and mixed
Moronid fisheries. Though shad size structure
manipulation may be achieved through predator
stocking (Ostrand et al. 2001), abundance ap-
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pears to be regulated by abiotic factors (e.g., tem-
perature, precipitation, productivity; DiCenzo et
al. 1996, Bremigan and Stein 2001). Therefore,
it may be important to monitor alternative prey
sources used by Moronids (e.g., insects, Snow
and Porta 2020) or introduce new forage (e.g.,
threadfin shad [Dorosoma petenense], Maceina
and Sammons 2015) if it appears that diet overlap
is limiting growth or production. This is especial-
ly true at small sizes where gape overlap appears
greatest between Moronids.

Assuming that a proper forage base
is maintained, competition between Moronids
should be reduced; however, predation-based
competition is complex and intragenus predation
(i.e., the consumption of one Moronid by another;
Polis et al. 1989) may occur. For example, White
Perch have been documented to eat eggs of oth-
er species, which may influence recruitment
(Schaeffer and Margraf 1987). On the ecastern
coast of the United States Hybrid Striped Bass
have been hypothesized to compete with native
Striped Bass for food and habitat (Patrick and
Moser 2001). Therefore, when applying these
results, managers should note that competition
for food resources may not be the only axis along
which these species compete.

Gape based limitation offers manag-
ers another tool for managing Moronids and
mixed-Moronid fisheries. For example, our re-
sults suggest that further invasion of White Perch
and range expansion of Yellow Bass in Oklaho-
ma may induce increased forage overlap between
Moronids at smaller sizes. Diet compositions
from the literature for White Perch and Yellow
Bass suggest that White Perch are likely more
detrimental to other Moronids (Schaeffer and
Margraf 1987, Snow and Porta 2020).

Within our subset of study reservoirs
Sooner Lake and Lake Texoma offer a chance
to investigate this hypothesis, focusing on
mixed-Moronid relationships between Hybrid
Striped Bass, Striped Bass, and White Perch.
White Perch are established in Sooner Lake,
where growth rates of Hybrid Striped Bass are
reduced, and Striped Bass are large but in low
abundance. Comparatively, no White Perch are

present in Lake Texoma, and both Hybrid Striped
Bass and Striped Bass exhibit adequate growth
(OFAT 2022). Based on our modeled results, a
potential cause of these contrasting scenarios is
increased competition at smaller size classes by
invasive White Perch. Reduced growth potential
in Sooner Hybrid Striped Bass and larger sized
but low abundance Striped Bass may result from
faster growing individuals from each population
having higher survival due to reduced competi-
tion with White Perch. This may have allowed
faster growing Hybrid Striped Bass to mature
early, thus stunting the population through den-
sity dependent feedbacks (Ylikarjula et al. 1999).
The few Striped Bass that survive through this
multi-level competition would then be large, but
in lower abundance due to the increased biomass
of smaller Hybrid Striped Bass. Though diet
information would be needed to prove this hy-
pothesis, the lower productivity of Sooner Lake
relative to Lake Texoma makes it probable as
productivity is tied to Gizzard Shad abundance
(OWRB 2019).

We have shown that gape-vulnerability
of forage can be easily estimated and compared
between size or age structure for Moronids, al-
lowing fisheries managers another tool to assess
diet overlap within a system. We document-
ed gape-based advantages to growth rates, and
why they should be considered when managing
fisheries. This is important as growth effects on
competition, though extensively documented, are
poorly understood in the fisheries field (Mittel-
bach 1984; Reed et al. 2019). Given this strong
theoretical basis (Mihalitsis and Bellwood 2017;
Dennerline and Van Den Avyle 2000), managers
concerned with forage availability for Moronids
can use gape-based vulnerability to both estimate
forage availability and diet overlap between spe-
cies as well as gauge how growth mediates these
interactions. This being said, and caution against
blind application. Suppose forage is hypothesized
to be limited and exploitation appears likely, as
was the case for our Sooner Lake-Lake Texoma
comparison. In that case, managers should first
estimate diet overlap, prey abundance, and intra-
genus predation to determine if manipulation of
the forage base or Moronid population is warrant-
ed. If this is the case, we recommend following
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standardized fisheries methods (e.g., stocking
manipulation, Ostrand et al., 2001; forage intro-
duction, Maceina and Sammons, 2015) to deter-
mine whether the population can be manipulated
to meet management objectives.
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Abstract: Examination of four adult northern cottonmouths, Agkistrodon piscivorus collected from
western Arkansas for helminth parasites, yielded three, seven, 21, and 70 stomach nematodes, respec-
tively. The nematodes were identified as the anisakid, Neoterranova caballaeroi. Although the species
has been previously reported from A. piscivorus, this is the first time the nematode has been reported
from Arkansas. We document a new geographic record for the parasite and the first report of N. ca-

ballaeroi from west of the Mississippi River.

Introduction

The northern cottonmouth, Agkistrodon
piscivorus is a moderately large viperid snake
that ranges from extreme southern Illinois, west-
ern Kentucky, and southeastern Virginia west to
through Arkansas to southeastern Oklahoma and
southcentral Texas (Powell et al. 2016). In Arkan-
sas, A. piscivorus is found statewide in suitable
watersheds, including swamps and sloughs to
clear upland brooks (Trauth et al. 2004). Trauth
and McAllister (1995) reported that in Arkansas,
A. piscivorus feeds on fish, anurans, small mam-
mals, and snakes.

McAllister et al. (2023) recently sum-
marized reports of helminth parasites of this
snake from throughout its range and included

“Corresponding author: cmcallister@ntcc.edu
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data on parasites of eight specimens from Arkan-
sas. Those collected from that study harbored
three trematodes, two nematodes, an acantho-
cephalan, and pentastomid. However, in terms of
nematodes, only an unknown ascarid larvae and
Physaloptera abjecta Leidy, 1856 were found;
however, Detterline et al. (1984) reported an un-
identified nematode from a northern cottonmouth
from Alabama and Davis et al. (2016) document-
ed Capillaria colubra Pence, 1970 from A. pisciv-
orus from North Carolina. In addition, Scholz et
al. (2023) reported on tapeworms (Cestoda) of A.
piscivorus from Arkansas and Oklahoma, some
collected from McAllister et al. (2023), but not
reported therein. Here we document an additional
nematode from this snake in Arkansas as well as
report a new geographic distribution record for
the parasite.
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Materials and Methods

On 20 June 2024, 29 August 2025 (n =
2), and 27 September 2025, four adult 4. pisciv-
orus (mean + sd snout-vent length [SVL] = 526.8
+ 88.6, range 402-645 mm) were collected with
snake tong from the Ouachita Mountains Bio-
logical Station pond, Polk County, Arkansas, and
examined for helminth parasites. Snakes were eu-
thanized with a concentrated intraperitoneal in-
jection of tricaine-methanesulfonate solution and
a mid-ventral incision was made to expose their
gastrointestinal contents. The stomach and intes-
tinal organs were split lengthwise, rinsed with
normal saline (0.9% [v/v] NaCl-), placed in a Pe-
tri dish with fresh normal saline, and examined

under a stereomicroscope. Live nematodes were
observed in the stomach, removed, and fixed in
hot distilled water. Specimens were transferred
to vials containing 90% DNA grade ethanol.
They were later examined as temporary mounts
in glycerol.

Voucher specimens of hosts were de-
posited in the Northeast Texas Community Col-
lege Vertebrate Collection, Mt. Pleasant, Texas.
Voucher nematodes were deposited in the Harold
W. Manter Laboratory of Parasitology (HWML),
University of Nebraska, Lincoln, Nebraska.

Results and Discussion

Numerous anisakid nematodes (Fig. 1A)
were found in the stomach of all snakes. Detailed

Figure 1. Neoterranova caballaeroi from Agkistrodon piscivorus. (A) Massive infection showing
nematodes in dissected stomach. (B) Cephalic end showing two of three lips (L, arrows) of male
specimen. (C) Elongate ventriculus (V). (D) Intestinal caecum (C).

Proc. Okla. Acad. Sci. 105: pp 58-61 (2025)
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information on this infection is presented below
in annotated format.

Nematoda: Rhabditita: Anisakidae
Neoterranova caballaeroi Barus and Coy Ote-
ro, 1966 (Moravec and Justine, 2020)
(Figs. 1A-D)

Type host and locality: Cuban racer,
Cubophis canthigerus (Bibron); Paracoa, Cuba
(Barus and Coy Otero 1966)

Host: Northern cottonmouth, Agkistro-
don piscivorus (Lacépede), four adults, 402, 500,
560, and 645 mm snout-vent length (SVL), col-
lected 20 June 2024, 29 August 2025 (n =2), and
27 September 2025.

Locality: USA: Arkansas: Polk Coun-
ty, Ouachita Mountains Biological Station pond
(34°27°43.4484”N, -93°59°54.3264”W).

Deposited material: HWML 119237.

Prevalence: Three of 3.

Site of infection: Stomach.

Intensity: 25.5 + 26.5, range 3-70
worms; 3 in 402 mm SVL specimen; 8 in 560 mm
SVL specimen; 21 in 500 mm SVL specimen; 70
in 645 mm SVL specimen.

Other reported hosts and localities:
North American racer, Coluber constrictor L.,
Florida (Sprent 1979); eastern indigo snake, Dry-
marchon couperi (Holbrook) (Foster et al. 2000);
Mississippi green watersnake, Nerodia cyclo-
pion (Duméril, Bibron and Duméril), Louisiana
(Sprent 1979; Fontenot and Font 1996); eastern
hog-nosed snake, Heterodon platyrhinos La-
treille, broad-banded watersnake, Nerodia fascia-
ta confluens (Blanchard), diamond-backed water-
snake, Nerodia rhombifer (Hallowell), Midland
watersnake, Nerodia sipedon pleuralis (Cope),
brown watersnake, Nerodia taxispilota (Hol-
brook), A. piscivorus, Louisiana (Sprent 1979;
Fontenot and Font 1996).

Collins (1969) reported a Neoterranova
(=Terranova) sp. from plain-bellied watersnake,
Nerodia erythrogaster (Forster) from North Car-
olina that was, in all likehood, N. caballaeroi.
However, it was not identified to subgenus and
specimens were said to be damaged (Camp
1980). In addition, Camp (1980) reported a Ter-
ranova sp. from N. taxispilota from Georgia that
also most likely was N. caballaeroi.

Geographic range: USA: Arkansas
Proc. Okla. Acad. Sci. 105: pp 58-61 (2025)

(this report); Florida (Sprent 1979; Foster et al.
2000); Georgia? (Camp 1980); Louisiana (Sprent
1979; Fontenot and Font 1996); North Carolina?
(Collins 1969); Cuba (Sprent 1979).

Remarks

Barus and Coy Otero (1966) originally
described this nematode as Terranova caballaeroi
and Sprent (1979) followed this classification.
However, more recently, Moravec and Justine
(2020) assigned this nematode to the newly es-
tablished genus Neoterranova. The most import-
ant characters that distinguish the species are the
morphologies of the ventriculus and cecum (see
Figs. 1C-D).

In conclusion, examination of a small
sample of northern cottonmouths from Arkan-
sas yielded new distributional information on a
nematode parasite from the stomach. Additional
collection of A. piscivorus from the state as well
as other parts of its range for helminths in the
western extreme of its range in Texas (see Dixon
2013), a region where cottonmouths have not yet
been examined, may provide additional informa-
tion on its helminth parasites.

Acknowledgments

The Arkansas Game and Fish Com-
mission issued a Scientific Collecting Permit to
CTM. We thank Larry R. Raymond (Ouachita
Mountains Biological Station, Big Fork, Arkan-
sas) for providing gratis housing and laboratory
space, and J. Mike Kinsella, Missoula, Montana,
for providing some literature, photomicrographs,
and identifying the nematodes. We also thank
NTCC students Xenia Esparza and Estefani Gar-
cia for processing assistance. This study is in par-
tial fulfillment of the requirements of Biol. 2289
at NTCC for MJM.

References

Barus V, Coy Otero A. 1966. Nota sobre la hel-
minthofauna de los ofidios en Cuba.
Descripcion de tres especies nuevas de
nematddos. Poeyana, ser. A, no. 23. 16

p.
Camp CD. 1980. The helminth parasites of the



C.T. McAllister and M.J. Mejia 61

brown water snake, Nerodia taxispilo-
ta, from Kinchafoonee Creek, Georgia.
Proc Helminthol Soc Wash 47:276-277.

Collins RF. 1969. The helminths of Natrix spp.
and Agkistrodon piscivorus piscivorus
(Reptilia: Ophidia) in eastern North
Carolina. J Elisha Mitchell Sci Soc
85:141-144.

Davis E, Beane JC, Flowers JR. 2016. Helminth
parasites of pit vipers from North Caro-
lina. Southeast Nat 15:729-741.

Detterline JL, Jacob JJ, Wilhelm WE. 1984. A
comparison of helminth endoparasites
in the cottonmouth (Agkistrodon pisciv-
orus) and three species of water snakes
(Nerodia). Trans Amer Microsc Soc
103:137-143.

Dixon JR. 2013. Amphibians and reptiles of Tex-
as with keys, taxonomic synopses, bib-
liography, and distribution maps. Third
Edition. College Station (TX): Texas
A&M University Press. 437 p.

Fontenot LW, Font, WF. 1996. Helminth parasites
of four species of aquatic snakes from
two habitats in southeastern Louisiana. J
Helminthol Soc Wash 63:66-75.

Foster GW, Moler PE, Kinsella JM, Terrell SP,
Forrester DJ. 2000. Parasites of ecast-
ern indigo snakes (Drymarchon corais
couperi) from Florida, U.S.A. Comp
Parasitol 67:124-128.

McAllister CT, Bursey CR, Robison HW. 2023.
Helminth parasites of northern cotton-
mouth, Agkistrodon piscivorus (Ophid-
ia: Viperidae), from Arkansas. J Ark
Acad Sci 77:49-55.

Moravec F, Justine J-L. 2020. Erection of Euter-
ranova n. gen. and Neoterranova n. gen.
n. sp. and new records of two other ani-
sakid nematodes from sharks off New
Caledonia. Parasite 27:58. https://doi.
org/10/1051/parasites/2020053

Scholz T, de Chambrier A, McAllister CT, Tkach
VV, Kuchta R. 2023. Tapeworms (Ces-
toda, Ophiotaenia) from the northern
cottonmouth, Agkistrodon piscivorus. J
Parasitol 109:464-479.

Sprent JFA. 1979. Ascaridoid nematodes of am-
phibians and reptiles: Terranova. J Hel-
minthol 53:265-282.

Proc. Okla. Acad. Sci. 105: pp 58-61 (2025)



62

Correction: Kinosternon subrubrum hippocrepis

not Kinosternon flavescens from Latimer County,

Oklahoma

Chris T. McAllister*

Department of Natural Sciences, Northeast Texas Community College, 2886 FM
1735, Chapel Hill Road, Mt. Pleasant, TX 75455

Abstract: Examination of an originally identified adult yellow mud turtle, Kinosternon flavescens,
deposited in the Arkansas State University Museum of Zoology as a new county record from Latimer
County, Oklahoma, has been found to actually represent a Mississippi mud turtle, Kinosternon subru-
brum hippocrepis. Here, I document that correction.

The yellow mud turtle, Kinosternon fla-
vescens (Agassiz) in a medium-sized aquatic tur-
tle that ranges from Nebraska to southeastern Ar-
izona to the Gulf of México (Powell et al. 2016).
In Oklahoma, K. flavescens is primarily found in
the western part of the state with isolated records
from Mayes, Okmulgee, and Rogers counties
(Sievert and Sievert 2021). Here, I correct an
initial identification of a supposed K. flavescens
from the state.

An adult specimen of an originally
identified K. flavescens collected on 19 August
1988 from the vicinity of Gowen off US 270
(34.889171°N, 95.473471°W) in Latimer Coun-
ty by K. Shoemaker and deposited in the Arkan-
sas State University Museum of Zoology (no.
ASUMZ 33333) was thought to be a new county
record (McAllister 2015). However, it was found
to actually represent a Mississippi mud turtle,
Kinosternon subrubrum hippocrepis Gray based
on the fact that it didn’t possess the identification
character of a ninth marginal scute raised above
the margin of the eighth marginal scute as what
is present in K. flavescens (H, Eichelberger pers.
comm.). The identification is, therefore, corrected
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to K. s. hippocrepis for this individual.
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Abstract: Examination of the pelage of a dead-on-the-road woodchuck, Marmota monax, opportu-
nistically collected from western Arkansas for ectoparasites, yielded two fleas and two ticks. The two
ticks were both nymphs of Amblyomma americanum. One of the fleas was a female Ctenocephalides
felis and other was a male Pulex simulans. Although all three ectoparasites have been reported from
Arkansas hosts, we document C. felis from M. monax for the first time anywhere. We also provide a
summary of previously reported ectoparasites from this host.

Introduction

The woodchuck, Marmota monax (L.),
also commonly known as the groundhog or mar-
mot, is a large, heavy-bodied member of the or-
der Rodentia, family Sciuridae. In addition to
harboring numerous helminth parasites (Twitch-
ell 1939; Fleming et al. 1979), it has been report-
ed as a host of several ectoparasites (Whitaker
and Schmelz 1973), including lice (Olsen 1938),
mites (Whitaker and Wilson 1974), ticks (Cool-
ey and Kohls 1938; Twichell 1939; Ko 1972a,
1972b), and fleas (Baker 1904; Ewing and Fox
1943). Various studies on fleas, lice, ticks and

“Corresponding author: cmcallister@ntcc.edu

other mites, or a combination of ectoparasitic ar-
thropods, from mammals, in different localities
in North America, have also included records of
ectoparasites from M. monax.

More recently, McAllister et al. (2016,
2017) provided a summary of the hosts of ticks
and fleas of Arkansas, respectively, but M. monax
was not listed as a host. Here we provide new
host records one species of tick and two species
of fleas from M. monax from western Arkansas.
One of the flea records is the first of this species
reported from M. monax anywhere. In addition,
a summary of the ectoparasites of woodchucks
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is provided.
Methods

On 30 August 2025, a single M. monax
was found freshly dead on the road, apparently hit
by an automobile, and salvaged off St. Hwy. 8 at
Big Fork, Polk County, Arkansas (34°29°31.0”N,
93°58°21.0”W). The pelage was brushed vigor-
ously over a white enamel tray and ectoparasites
were collected and placed in individual vials of
95% (v/v) DNA grade ethanol. Samples were
shipped to Durden for processing and identifi-
cation. Fleas were cleared in 10% potassium hy-
droxide, dehydrated through an ethanol series,
further cleared in xylene, and slide-mounted in
Canada balsam (Price et al. 2003); ticks were ex-
amined in situ.

The host was deposited as a photo-
voucher (Fig. 1) in the Northeast Texas Commu-
nity College Vertebrate Collection, Mt. Pleasant,
Texas. Ectoparasites were deposited in the Gen-
eral Ectoparasite Collection in the Department
of Biology at Georgia Southern University,
Statesboro, Georgia, under accession lot number
L3981.

Figure 1. Photovoucher (DOR) host Marmota
monax from Polk County, Arkansas.

Results and Discussion

Two individual ticks and two individual
fleas were collected from M. monax. Data are pre-
sented below in an annotated format as follows:
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Arthropoda: Arachnida: Acari: Ixodida:
Ixodidae
Ambylomma americanum (L.)

Host: Woodchuck, Marmota monax (L.,
1758) adult, salvaged 30 September 2025 off the
road.

Locality: USA: Polk County, off St. Hwy.
8, Big Fork (34°29°31.0”N, 93°58°21.0”W).

Deposited material: 1L-3981.

Prevalence: 1 of 1.

Site of infection: Pelage

Intensity: 2 nymphs.

Other reported hosts in Arkansas of A.
americanum: domestic cattle, Bos taurus, domes-
tic dog, Canis lupus familiaris, domestic horse,
Equus caballus, domestic cat, Felis catus, human,
Homo sapiens, river otter, Lontra canadensis,
M. monax, eastern woodrat, Neotoma floridana,
whitetail deer, Odocoileus virginiana, domestic
sheep, Ovis aries, fox squirrel, Sciurus niger, and
cottontail rabbit, Sylvilagus floridanus (Tugwell
and Lancaster 1952; McAllister et al. 2016).

Geographic range of A. americanum:
USA: Arkansas (Tugwell and Lancaster 1952;
this report). Eastern and Central USA (Springer
etal. 2014).

Remarks

The Lone Star tick is one of the most
abundant tick species in the eastern United States
(Cooley and Kohls 1944) and on Arkansas hosts.
Tugwell and Lancaster (1962) previously report-
ed this tick from M. monax in Arkansas. There
are additional records of 4. americanum (mostly
nymphs) from this host in five other eastern states
(Table 1) but it does not appear to be common on
M. monax.

Insecta: Siphonaptera: Pulicidae
Ctenocephalides felis (Bouché, 1835)

Host: Woodchuck, Marmota monax (L.,
1758) adult, salvaged 30 September 2025 off the
road.

Locality: USA: Polk County,
off St. Hwy. 8, Big Fork (34°29°31.0”N,
93°58°21.0”W).

Deposited material: 1L-3981.

Prevalence: 1 of 1.
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Site of infection: Pelage

Intensity: 1 .

Other reported hosts in Arkansas of C.
felis: C. . familiaris, Virginia opossum, Didel-
phis virginiana, F. catus, striped skunk, Mephitis
mephitis, Norway rat, Rattus norvegicus, spotted
skunk, Spilogale putorius, and gray fox, Urocyon
cinereoargenteus (McAllister et al. 2016).

Geographic range of C. felis: Nearly
cosmopolitan. USA: Arkansas (this report).
Remarks

The common “cat flea” is a nuisance
biter of domestic cats and wild felids and is also
common on domestic dogs (Durden and Hinkle
2019), wild canids, and other mammals, includ-
ing, rodents and the Virginia opossum (Hastriter
2023). However, this is the first time it has been
reported from M. monax.

Pulex simulans Baker, 1895

Host: Woodchuck, Marmota monax (L.,
1758) adult, salvaged 30 September 2025 off the

road.

Locality: USA: Polk County,
off St. Hwy. 8, Big Fork (34°29°31.0”N,
-93°58721.0"W).

Deposited material: 1.-3981.

Prevalence: 1 of 1.

Site of infection: Pelage.

Intensity: 1 3.

Other reported hosts in Arkansas of P.
simulans: northern raccoon, Procyon lotor (Rich-
ardson et al. 1994; McAllister et al. 2016).

Geographic range of P. simulans: From
Canada to the southern regions of South America
(Hopla 1980; Hastriter 2023). USA: Arkansas
(this report).

Remarks

This flea is distributed widely in the
Western Hemisphere and has been confused with
the cosmopolitan species, Pulex irritans (L.). It is
an ectoparasite of carnivores and some other me-
dium-sized and large mammals. Hopla (1980) re-
corded P. simulans from yellow-bellied marmot,
Marmota flaviventris in a Table of host records
from Colorado, Montana, and Wyoming. The
only previous records of this flea from M. mo-
nax are from Alabama and Missouri (Palmer and
Wingo 1972; Sanford and Hays 1974).

Based on morphology, only male speci-
mens of Pulex simulans and Pulex irritans can be
reliably separated (Lewis and Eckerlin 2024). In
cleared, slide-mounted males, the genitalia of P,
simulans can be seen to have a broad dorsal ae-
deagal sclerite (d.a.s.) and a ventral crochet that is
narrow throughout, whereas P. irritans has a nar-
row d.a.s. and a crochet that is very broad apical-
ly. Baker (1895) described P. simulans as a new
species but Jordan and Rothschild (1908) syn-
onymyzed it with P. irritans, before Smit (1958)
reinstated P. simulans as a distinct species and
illustrated the morphological differences between
the male genitalia of these two species. Both spe-
cies are widespread in North America and have
been recorded from a variety of large and medi-
um-sized mammals plus a few species of birds
(Hopla 1980).

A summary of the ectoparasites reported
from M. monax from various Canadian provinces
and US states is listed in Table 1. Eight species
of ticks have been previously reported from M.
monax (Table 1); three have been reported from
various Arkansas hosts, but only one of them, 4.
americanum, from M. monax (Tugwell and Lan-
caster 1962; McAllister et al. 2016). The most
abundant and widespread species of tick parasit-
izing M. monax, especially in northeastern states,
and in Canada, is Ixodes cookei (Table 1). This
tick is sometimes referred to as the groundhog
tick but adults also parasitize various carnivores
(Keirans and Clifford 1978; Durden and Keirans
1996). Notably, I. cookei is the principal vector
of Powassan virus and groundhogs are a principal
reservoir host (Durden and Keirans 1996). Al-
though I cookei rarely attaches to humans (Hall
et al. 1991), this zoonotic diseases can cause Po-
wasaan encephalitis in humans which can be fatal
(Piantadosi and Solomon 2022).

Other ixodid ticks, including Derma-
centor variabilis (American dog tick), A. amer-
icanum and Ixodes scapularis (blacklegged tick)
have also been recorded from M. monax in east-
ern states (Table 1). All three of these generalist
tick species that can transmit medically import-
ant pathogens to humans (Cooney and Burgdor-
fer 1974; Durden and Keirans 1996; Cohen et al.
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2010; Kennedy et al. 2025). In addition to these
ticks, the non-native invasive Asian longhorned
tick, Haemaphysalis longicornis has been report-
ed from M. monax in some northreastern states
and there are one or two records of the rabbit tick
Haemaphysalis leporispalustris and of Ixodes
texanus and Ixodes robbinsi (previously treated
as Ixodes auritulus) from M. monax (Table 1).
Adults of 1. texanus mainly parasitize carnivores
and all active stages of 1. robbinsi parasitize birds
(Keirans and Clifford 1978; Durden and Keirans
1996; Apanaskevich et al. 2022) so these are un-
usual ectoparasite records from M. monax.

With the addition of one species report-
ed in this paper, 10 species of fleas have now been
recorded from M. monax (Table 1). Oropsylla
arctomys Baker is the most commonly reported
flea on this host especially in northern states and
Canada (Hamilton 1935; Fox 1968; Fleming et
al. 1979; Holland 1985; Poole and Gentilli 1986;
Hastriter 2023; Lewis and Eckerlin 2024). Not
surprisingly, O. arctomys has not been found on
any Arkansas hosts as it is from M. monax from
British Columbia, Canada, Alaska, Montana, and
northeastern and midwestern states (Lewis and
Eckerlin 2024) (Table 1). The other nine species
of fleas recorded from M. monax are typically as-
sociated with other mammal species and are acci-
dental parasites on groundhogs. One of these spe-
cies, Cediopsylla simplex (rabbit flea) has been
reported from swamp rabbit, Sylvilagus aquati-
cus, S. floridanus, black-tailed jackrabbit, Lepus
californicus, and U. cineroargenteus in Arkansas
(McAllister et al. 2016). Both species of fleas we
recorded on M. monax in Arkansas represent un-
usual host associations and one of them, C. felis,
has not been reported previously from this host
anywhere. However, Lewis and Eckerlin (2024)
state that C. felis has been recorded from more
host species than any other flea. The other spe-
cies, P. simulans has been reported previously
from several medium-sized to large mammals in
the Americas (Hopla 1980; Lewis and Eckerlin
2024) but only twice previously from M. mo-
nax (Palmer and Wingo 1972; Sanford and Hays
1974).

One species of sucking louse, Ender-
leinellus marmotae Ferris is a host-specific ecto-
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parasite of M. monax (Table 1) (Kim et al. 1986;
Durden and Musser 1994). This louse may par-
asitize M. monax throughout its range but it has
not been recorded from several states where the
host occurs, probably because it is a small ecto-
parasite (< 1 mm long as an adult) that may be
missed during host examinations.

None of the species of three species of
mesostigmatan mites or three species of chiggers
recorded from M. monax (Table 1) are host-spe-
cific but several collections of the chigger Eus-
choengastia marmotae Ewing are from this host
(Farrell 1956; Whitaker and Schmeltz 1973).

Overall, a variety of ectoparasites has
been reported from M. monax across its geo-
graphical range including one species of sucking
louse, 10 fleas, eight ticks, three mesostigmatan
mites and three chigger mites (Table 1). Some of
these fleas and ticks, especially the cat flea, C.
felis, and the groundhog tick, . cookei, are known
vectors of zoonotic pathogens. In this paper, we
have added one species of flea to the list of ecto-
parasites reported from M. monax anywhere, and
also documented, for the first time, another spe-
cies of flea and one species of tick from this host
in Arkansas.
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Table 1. Ectoparasites reported from Marmota monax.

Ectoparasites Localities References
SIPHONAPTERA (FLEAS)
Cediopsylla simplex Canada, Delaware MacCreary (1945): Holland (1985): Kennedy et al.

Ctenocephalides canis

Ctenocephalides felis*

Orchopeas howardi

Orchopeas leucopus
Opisocrostis bruneri
Opisodasys pseudarctomys

Oropsylla arctomys

Pulex simulans

Thrassis spenceri

ANOPLURA (SUCKING LICE){

Enderleinellus marmotae

ACARI (MITES OTHER THAN CHIGGERS)

Massachusetts

Arkansas

Indiana, Missouri, New York,
Rhode Island

Towa. New York

Wisconsin

Canada. New York

Canada, Alaska, Connecticut,

Delaware, Illinois, Indiana,

Maine, Massachusetts, Michigan,

Minnesota, Montana, New
Hampshire, New York, North
Dakota, Ohio, Pennsylvania,
Rhode Island, West Virginia,

Wisconsin, Vermont

Alabama, Arkansas, Missouri

Canada

Indiana, Maine, Maryland,
Minnesota, Missouri, New
Jersey. New York. North
Dakota, Ohio, Rhode Island,
South Carolina. Washington
DC)

(2024)

Fox (1968)

This report

Geary (1959): Wilson (1961)7: Mathewson and
Hyland (1964): Palmer and Wingo (1973)

Joyce and Eddy (1944): Geary (1959)

Amin (1976)

Geary (1959): Holland (1985)

Hamilton (1934); Hubbard (1935): Jellison (1945):
MacCreary (1945): Wilson (1957, 19617); Geary
(1959): Benton and Smiley (1963): Mathewson anc
Hyland (1964); Humphreys (1967): Holland and
Benton (1968): Benton et al. (1969); Main (1970,
1983): Haas and Wilson (1973); Whitaker and
Schmeltz (1973): Benton and Kelly (1975):

Amin (1976): Fleming et al. (1979): Benton (1980):
Scharf and Stewart (1980); Holland (1985); Cohn et
al. (1986): Poole and Gentlli (1986); Haas et al.
(1989); Farkas and Surgeoner (1990): Scharf et al.
(1990): Larson (1997); Eckerlin et al. (2008):
Eckerlin (2016): Eckerlin and Gardner (2021):
Hastriter (2023): Kennedy et al. (2024): Lewis and
Eckerlin (2024)

Palmer and Wingo (1972): Sanford and Hays
(1974): This report

Holland (1985)

Wilson (1961): Mathewson and Hyland (1962):
Whitaker and Schmeltz (1973); Fleming et al.
(1979): Kim et al. (1986): Reeves et al. (2004):
Nelder and Reeves (2015)
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Androlaelaps fahrenholzi

Macrocheles mesocthonius

Eulaelaps stabularis

TROMBICULIDAE (CHIGGER MITES)

Euschoengastia marmotae

Euschoengastia peromysci
Eutrombicula cinnabaris
IXODIDA (TICKS)

Ambylomma americanum

Dermacentor variabilis

Haemaphysalis leporispalustris
Haemaphysalis longicornis

Ixodes cookei

Canada, Indiana, Minnesota,

New York, North Carolina

Indiana

Canada, Indiana

Indiana, New Jersey,
Pennsylvania
Indiana

Indiana

Arkansas, Delaware, Kentucky,

Oklahoma, Tennessee, Virginia

Canada, Alabama, Arkansas,
Comnecticut, Delaware,
Indiana, Kansas, Kentucky,
Massachusetts, New York.,

North Carolina, Oklahoma,
Pennsylvania, Tennessee,

Virginia, Wisconsin

ArKkansas
Delaware, New Jersey, Virginia

Canada, Alabama. Arkansas,
Connecticut. Delaware, Illinois,
Indiana, Kansas, Kentucky,
Maine Maryland, Massachusetts

Michigan, Minnesota, Missouri.
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‘Whitaker and Schmeltz (1973); Fleming et al.
(1979): Cohn et al. (1986): Farkas and
Surgeoner (1990); Timm (1975): Reeves et al.
(2007)

Krantz and Whitaker (1988); Whitaker (1991)

Banks (1909); Wilson (1961)7: Whitaker and
Schmeltz (1973); Whitaker (1982)

Farrell (1956): Manischewitz (1966): Whitaker and
Schmeltz (1973)

‘Whitaker and Loomis (1979)

‘Whitaker and Schmeltz (1973)

Bishopp and Trembley (1945); Tugwell and
Lancaster (1962); Kokernot et al. (1969): Clymer et
al. (1970): Sonenshine et al. (1971); Cooney and
Burgdorfer (1974): Zimmerman et al. (1988); White

et al. (2020): Kennedy et al. (2025): This report
Bequaert (1945); Bishopp and Trembley (1945):
Wilson (1961)7: Tugwell and Lancaster (1962);
Sonenshine et al. (1965): Snetsinger (1968): Clymer
et al. (1970): Sonenshine et al. (1971): Cooney and
Hays (1972): Conney and Burgdorfer (1974);

Fleming et al. (1979): Whitaker and Schmeltz
(1973): Sonenshine (1979): Carey et al. (1980):
Zimmerman et al. (1988): Fish and Dowler (1989):
Brillhart et al. (1994): Reeves et al. (2007): Cohen
et al. (2010): Dergousoff et al. (2013): Lee et al.

(2019); White et al. (2020): Kennedy et al. (2025)

Tugwell and Lancaster (1962)
‘White et al. (2020): Kennedy et al. (2025)
Hamilton (1934); Twitchell (1939); Bequaert

(1945); Bishopp & Trembley (1945); Wilson
(1961): Tugwell and Lancaster (1962): Sonenshine
et al. (1965): Sonenshine and Stout (1971): Cooney

and Kays (1972); Ko (1972a, b): Whitaker and
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New Hampshire, New Jersey.
New York, North Carolina,
Ohio. Pennsylvania. Rhode
Island, Vermont, Virginia,

West Virginia, Wisconsin

Ixodes robbinsi (listed as
Ixodes auritulus) not listed)§

Ixodes scapularis

York, Virginia, Wisconsin

Ixodes texanus Missouri. Wisconsin

North America (State/Province

Connecticut, New Jersey. New

69

Schmeltz (1973): Keirans and Clifford (1978):
Sonenshine (1979): Fleming et al. (1979): Anderson
and Magnarelli (1980); Cohn et al. (1986): Fish and
Dowler (1989); Farkas and Surgeoner (1990);
Durden and Keirans (1996): Walker et al. (1998).
Reeves et al. (2007); Lee et al. (2019); White et al.
(2020): Kennedy et al. (2025)

Bishopp and Trembley (1945)

Fleming et al. (1979); Main et al. (1982): Fish and
Dowler (1989): Lee et al. (2019): White et al.
(2020)

Twichell (1939): Lee et al. (2019)

*New host record.

TUnpublished Ph.D. dissertation.

iKim et al. (1986) also listed the sucking lice Linognathoides marmotae and Linognathoides laeviusculus from M. monax but did not
provide details. Unfortunately. we cannot locate records of these sucking lice from M. monax. Linognathoides marmotae mainly
parasitizes yellow-bellied marmot, Marmota flaviventris in western North America whereas L. laeviusculus mainly parasitizes ground
squirrels (Sciuridae) in the Holarctic region (Durden and Musser, 1994).

§North American ticks previously assigned to Ixodes auritulus are currently treated as Ixodes robbinsi Apanaskevich and Edgy

(Apanaskevich et al. 2022).
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Abstract: Little is known about the helminth parasites of Baird’s pocket gopher, Geomys breviceps,
particularly from specimens collected and examined from northeastern Texas. Four adult pocket go-
phers collected from Lamar (» = 3) and Titus (n = 1) counties yielded a cyclophyllidean tapeworm,
Hymenolepis sp. in two (50%), and spirurid nematodes, Mastophorus muris in one (25%). These
tapeworms were the same morphologically but new information suggests significant difference in mi-
tochondrial sequences representative of a new species. The nematode represents a new geographic re-
cord and confirms our belief that there may be more than one species of M. muris present in the USA.

Introduction

Baird’s pocket gopher, Geomys brev-
iceps Baird, 1855 is native to eastern Texas,
western Louisiana, eastern Oklahoma, and south-
western Arkansas (Sulentich et al. 1991). There
are two subspecies: Geomys breviceps breviceps
Baird, 1855 (in far eastern Louisiana) and G. b.
sagittalis Merriam, 1895 (in Arkansas, Louisiana,
Oklahoma, and Texas). In Texas, G. breviceps oc-
curs in the eastern sector of the state (Schmidly
and Bradley 1994). This gopher, like others, is a
burrower that digs tunnels in sandy to loamy soils
and generally lives underground, except during
the rainy seasons.

In terms of previously reported en-
doparasites, G. breviceps has been reported with

“Corresponding author: cmcallister@ntcc.edu
Proc. Okla. Acad. Sci. 105: pp 74-78 (2025)

a coccidian, Eimeria geomydis Skidmore, 1929,
tapeworms, Monoecocestus anoplocephaloides
(Douthitt, 1915) and Hymenolepis spp., and nem-
atodes, Litomosoides westi Gardner and Schmidt,
1986, Protospirura ascaroidea Hall, 1916, and
Mastophorus muris (Gmelin, 1790) (Douthitt
1915; English 1932; Upton et al. 1992; Pitts et
al. 2000; Connior et al. 2017). The purpose of
the current study was to examine G. breviceps
from northeastern Texas for endoparasites and
report any new host and geographic distribution
records.

Methods

During December 2024 (n = 3) and Jan-
uary 2025 (n = 1), four adult G. breviceps (three
from Lamar County and one from Titus County),
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was collected with Victor® gopher traps and ex-
amined for helminth parasites. Four tapeworms
was removed from the small intestine and select
terminal proglottids were placed in 80% (v/v)
DNA grade ethanol for molecular analysis and
the remaining strobilae was fixed in hot 4% (v/v)
formalin. Specimens from formalin were dehy-
drated in an increasing series of ethanol, stained
in Semichon’s acetocarmine, cleared in meth-
yl salicylate, and mounted in Canada balsam.
A nematode from the stomach was fixed in hot
distilled water and transferred to DNA grade eth-
anol. It was examined as a temporary mount on a
microscopic slide in glycerol.

Voucher specimens of hosts (alcoholics)
were deposited in the Northeast Texas Commu-
nity College Vertebrate Collection, Mt. Pleasant,
Texas. Voucher parasites were deposited in the
Harold W. Manter Laboratory of Parasitology
(HWML), University of Nebraska, Lincoln, Ne-
braska

Results and Discussion

Four tapeworms (two each) were found in
the small intestine of two G. breviceps, and a sin-
gle nematode was in the stomach of one individ-
ual. Detailed information on these infections are
presented below in annotated format.

Cestoda: Cyclophyllidea: Hymenolepididae
Hymenolepis sp. Weinland, 1858
(Figs. 1A-D, 2)

Hosts: Baird’s pocket gopher, Geomys
breviceps (Baird, 1855), adult (total length 203,
tail length 51, hind foot 26, ear 3 mm), collect-
ed 3 December 2025; adult (total length 223, tail
length 49, hind foot 27, ear 6 mm), collected 5
January 2025.

Localities: USA: Texas: Titus Coun-
ty, Northeast Texas Community College cam-
pus  (34°27°43.4484”N,  93°59°54.3264”W);
Lamar County, northeast of Blossom off US 82
(33°39’55”N, 95°19°12”W).

Deposited material: HWML 218133
(photovoucher).

Prevalence: Two of 4 (50%).

Site of infection: Small intestine.

Intensity: Four worms, two in each host.

Other reported pocket gophers in the
Nearctic and northern Neotropical regions with
Hymenolepis s.str.: Volcan De Toluca pocket
gopher, Cratogeomys planiceps Merriam, plains
pocket gopher, Geomys bursarius (Shaw), Att-
water’s pocket gopher, Geomys attwateri Merri-
am, Sand Hills pocket gopher, Geomys lutescens
Merriam, Central Texas pocket gopher, Geomys
texensis Merriam, Camas pocket gopher, variable
pocket gopher, Heterogeomys heterodus (Peters),
Thomomys bulbivorus (Richardson), Botta’s
pocket gopher, Thomomys bottae (Eydoux and
Gervais), mountain pocket gopher, Thomomys
monticola (J.A. Allen), northern pocket gopher,
Thomomys  talpoides (Richardson), southern
pocket gopher, Thomomys umbrinus (Richard-
son) (Gardner et al. 2020; also see summary in
Dursahinhan et al. 2023).

Geographic range of Hymenolepis s.str.
in pocket gophers in the Nearctic and northern
Neotropical regions: USA: California, Colo-
rado, Illinois, Indiana, Minnesota, Nebraska
Oklahoma, Oregon, Utah, Washington (Douthitt
1915; English 1932; Gardner and Schmidt 1988;
Dursahinhan et al. 2023); Texas (English 1932;
LaBrasseur 2017 [unpublished]; this report).
Meéxico, State of Mexico, Tuluca (Gardner et
al. 2020). Costa Rica, Potrero Cerrado, Cartago
(Gardner et al. 2020).

Remarks

These Hymenolepis tapeworms from
both gophers from different county localities (87
km apart) were morphologically identical (Figs.
1A-D). Interestingly, their mitochondrial DNA
sequences did not match anything from GenBank
(VV Tkach, pers. comm.). It has been suggest-
ed (SL Gardner, pers. comm.) these specimens
are either Hymenolepis weldensis Gardner and
Schmidt, 1988 or Hymenolepis geomydis Gardner
and Schmidt, 1988 described from G. bursarius
from Nebraska (Gardner and Schmidt 1988). The
length of the medial hooks of the larvae is the
distinguishing morphological characteristic be-
tween these two taxa; otherwise, it is difficult to
differentiate them from one another. Various mul-
tivariate statistics of different measurements is
necessary to separate the two.

Proc. Okla. Acad. Sci. 105: pp 74-78 (2025)
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Figure 1. Hymenolepis sp. from Geomys breviceps. (A) Scolex (with rogue ovum). (B) Immature
proglottid. (C) Mature proglottid with numerous large testes and centrally located ovary. (D)
Gravid proglottid showing numerous ova (black dots).

Figure 2. Ovuam of Hymenolepis sp. showing
degree of development of hooks of embryo
with typical dimorphic hooks of the lateral
pairs and the monomorphic hooks of the cen-
tral pair in the larval embryophore.

Nematoda: Spiruroidea: Spirocercidae
Mastophorus muris (Gmelin, 1790)
Hosts: Baird’s pocket gopher, Geomys
breviceps (Baird, 1855), adult (total length 220,
tail length 65, hind foot 28, ear 5 mm), collected
5 January 2025.

Proc. Okla. Acad. Sci. 105: pp 74-78 (2025)

Localities: USA: Texas: Lamar County,
northeast of Blossom off US 82 (33°39’55”N,
95°19°12”W).

Deposited material: Retained for mo-
lecular analysis.

Prevalence: One of 4 (25%).

Site of infection: Stomach.

Intensity: One worm.

Other reported North American pocket
gopher hosts with M. muris: southeastern pocket
gopher, Geomys pinetis Rafinesque (Hubbell and
Goff 1939); G. breviceps (Connior et al. 2017).

Geographic range in North American
pocket gophers of M. muris: USA: Arkansas
(Connior et al. 2017), Florida (Hubball and Goff
1939); Texas (this report);

Remarks

Recently, Jost et al. (2024) recognized
two groups of M. muris without a change in
their formal taxonomy: one collection were from
specimens infecting house mice, Mus musculus
(L.) and the second group including various taxa
infecting non-Mus rodents. However, recovery
of the current specimen confirms our belief that
there may be more than one species of M. muris
present in the USA, and mitochondrial DNA se-
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quencing is ongoing (VV Tkach, pers. comm.).

Various specimens of M. muris from
western Texas are deposited in the Museum at
Texas Tech University Invertebrate Zoology
Collection from hispid cotton rats, Sigmodon
hispidis Say and Ord (https://www.gbif.org/oc-
currence/2556318850). However, this is the first
time, to our knowledge, that M. muris has been
documented from Texas in G. breviceps.

There are 10 species of Hymenolepis
s.str. known from North America (Rowan et al.
2022). They infect a wide range of rodents, in-
cluding arvicolines, geomyids, neotomines, and
sciurids (Makarikov et al. 2015; Hoberg et al.
2016; Gardner et al. 2020). The life cycle is in-
direct and transmission occurs by ingestion of in-
fected tissues of various intermediate hosts such
as coprophilic arthropods of three insect orders
(Coleoptera, Lepidoptera, and Siphonaptera).

Douthitt (1915) reported numerous in-
dividuals of eight different species of Hymenole-
pis from various gophers, including G. breviceps
collected in Oklahoma and Texas; however, he
did not indicate what species of tapeworm was
involved. Likewise, English (1932) only identi-
fied specimens as Hymenolepis sp. from Texas
G. bursarius. Burnham (1953) reported the rat
tapeworm, Hymenolepis diminuta (Rudolphi,
1819) from supposed Baird’s pocket gophers
from Marshall County, Oklahoma; however, both
G. bursarius and G. breviceps occur in that coun-
ty (Caire et al. 2024) so we will never be able to
know what species was the true host as vouchers
were not mentioned. In an unpublished thesis,
LeBrasseur (2017, his Fig. 4) reported Hymeno-
lepis spp. from G. attwateri, G. bursarius, and G.
texensis from Texas.

The tapeworms from our study were
found to be significantly different in mitochondri-
al sequences (VV Tkach, pers. comm., not shown)
from the closest sequenced species, Hymenolepis
ackerti Rowan, Hope and Jimenéz, 2022, recent-
ly described from symbiotype cotton rats, Sigmo-
don hispidus Say and Ord, and also reported in
eastern woodrats, Neotoma floridana (Ord), and
prairie voles, Microtus ochrogaster Wagner from

Kansas (Rowan et al. 2022). Examination of mu-
seum specimens, particularly from those previ-
ously described by Gardner and Schmidt (1988)
from different species of pocket gophers (Geomys
and Thomomys) in Colorado and Oregon should
be completed to help diagnose the current spe-
cies. However, unfortunately, there are no DNA
sequences to compare from those samples. Nev-
ertheless, we believe that our samples represent a
novel species to be described in a future separate

paper.

The nematode, Mastophorus muris, is
a cosmopolitan roundworm species primarily
infecting wild and urban rodents, from M. mus-
culus to rice rats (Oryzomys spp.), but also oth-
er less frequent mammalian hosts such as mar-
supials and carnivores, including canines and
felines (Baylis 1927; Smales 1995; Torres et al.
1998, 2001; Smith and Kinsella 2011) that uses
insects (Orthoptera, Dermaptera, Blattodea, and
Siphonaptera) as intermediate hosts in a euryx-
enous life cycle. In one study, several M. muris
was found in the stomach of two of eight (25%)
G. breviceps from Benton County, Arkansas
(Connior et al. 2017).

In conclusion, we document some new
geographic distributional records for two en-
doparasites of G. breviceps from northeastern
Texas. One noteworthy helminth, an unknown
species of tapeworm of the genus Hymenolepis
sp., may be a new species. Additional work is
necessary to completely sequence this parasite as
well as compare it to previously known Hymeno-
lepis spp. from pocket gophers.

Acknowledgments

This study helps fulfill the requirements
for Biol. 2389 at NTCC for IT (Independent
Study). We thank Drs. Scott L. Gardner and Ga-
bor R. Racz (HWML) for expert curatorial as-
sistance and comments on the tapeworm, Vasyl
V. Tkach (University of North Dakota, Grand
Forks, North Dakota) for identification, process-
ing the tapeworms, future sequencing, and pho-
tomicrographs, and J. Mike Kinsella (Missoula,
Montana) for help with the nematode. CTM was
issued a Scientific Collecting Permit by the Texas

Proc. Okla. Acad. Sci. 105: pp 74-78 (2025)



78
Parks & Wildlife Department.

References

Baylis HA. 1927. Some new parasitic nema-
todes from Australia. Ann Mag Nat Hist
20:215-225.

Burnham GL. 1953. A study of the helminth par-
asites of the pocket gophers of Woods,
Alfalfa, Grant, and Marshall counties,
Oklahoma. Proc Okla Acad Sci 34:59—
61.

Caire W, Loucks LS, Haynie ML. 2024. Mam-
mals of Oklahoma. Second edition.
Norman (OK): University of Oklahoma
Press. 650 p.

Connior MB, Durden LA, McAllister CT, Se-
ville RS, Bursey CR, Robison HW.
2017. New records of parasites (Api-
complexa, Nematoda, Acari, Anoplura)
from rodents in Arkansas. J Ark Acad
Sci 71:211-214.

Douthitt H. 1915. Studies on the family Anoplo-
cephalidae. 11l Biol Monogr 1:1-96.

English PF. 1932. Some habits of the pocket
gopher Geomys breviceps. J Mammal
13:126-132.

Gardner SL, Schmidt GD. 1988. Cestodes of the
genus Hymenolepis Weinland, 1858 sen-
sustricto from pocket gophers Geomys
and Thomomys spp. (Rodentia: Geomy-
idae) in Colorado and Oregon, with a
discriminant analysis of four species of
Hymenolepis. Can J Zool 66:896-903.

Gardner SL, Dursahinhan AT, Campbell ML,
Racz SE. 2020. A new genus and two
new species of unarmed hymenolepidid
cestodes (Cestoda: Hymenolepidiciae)
from geomyid rodents in Mexico and
Costa Rica. Zootaxa 4766:358-376.

Jost J, Hirzmann J, Dureje I, Maaz D, Martin P,
Stach T, Heitlinger E, Jarquin-Diaz VH.
2024. Dentition patterns and molecular
diversity of Mastophorus muris (Gmelin,
1790) (Nematoda: Spiruroidea) support
a host-associated subdivision. Parasitol
Res 123:237. doi: 10.1007/s00436-024-
08259-1.

LaBrasseur KM. 2017. Endoparasites of the di-
gestive systems of four species of pock-

Proc. Okla. Acad. Sci. 105: pp 74-78 (2025)

C.T. McAllister and I. Tresidder

et gophers (Genus: Geomys) in Texas.
[MSc thesis] San Angelo (TX): Angelo
State University. 36 p. Available from:
Texas Digital Library.

Pitts RM, Dronen NO, Bickham JW. 2000. Ad-
ditional occurrence of the filarioid nem-
atode, Litomosoides westi, in Geomys
spp. in Texas. Texas J Sci 52:69-71.

Rowen B, Hope, AG, Jiménez FA. 2023. Hyme-
nolepis ackertin. sp. (Eucestoda: Hyme-
nolepididae) infecting cricetid rodents
from the central Great Plains of North
America. Rev Mexicana Biodivers
94:3944927.  https://doi.org/10.22201/
ib.20078706¢.2023.94.4927.

Skidmore LV. 1929. Note on a new species of
coccidia from the pocket gopher (Geo-
mys bursarius) (Shaw). J Parasitol
15:183-184.

Smales LR. 1995. Mastophorus muris (Nemato-
da: Spirocercidae) from the musky rat-
kangaroo, Hypsiprymnodon moschatus.
Trans Roy Soc Sci Aust 119:95-96.

Smith JA, Kinsella JM. 2011. Gastric spiruridi-
asis caused by Mastophorus muris in a
captive population of striped possums
(Dactylopsila trivirgata) J Zoo Wildl
Med 42:357-359.

Torres J, Garcia-Perea R, Gisbert J, Feliu C. 1998.
Helminth fauna of the Iberian lynx, Lynx
pardinus. ] Helminthol 72:221-226.

Torres J, Miquel J, Motje M. 2001. Helminth
parasites of the Eurasian badger (Meles
meles L.) in Spain: a biogeographic ap-
proach. Parasitol Res 87:259-263.

Upton SJ, Pitts RM, McAllister CT, Hollander
RR. 1992. New host records for Eimeria
geomydis Skidmore, 1929, from Geo-
mys (Rodentia: Geomyidae) and rede-
scriptions of the oocysts from Geomys
bursarius. Texas J Sci 44:95-98.




79

New Host and Distributional Records for Hematozo-
an and Helminth Parasites of Midland
Watersnake, Nerodia sipedon pleuralis (Ophidia:

Natricidae), from Western Arkansas

Chris T. McAllister*
Department of Natural Sciences, Northeast Texas Community College, 2886 FM
1735, Chapel Hill Road, Mt. Pleasant, TX 75455

Charles R. Bursey
Department of Biology, Pennsylvania State University-Shenango Campus, Sharon,
PA 16146

Gracie J. Gray
College of Biomedical and Translational Sciences, University of North Texas
Health Science Center, Ft. Worth, TX 76107

Stephanie Hernandez
Division of Natural Sciences, Northeast Texas Community College, 2886 FM 1735,
Chapel Hill Road, Mt. Pleasant, TX 75455

Henry W. Robison
602 Big Creek Drive, Sherwood, AR 72120

Abstract: Four Midland watersnakes, Nerodia sipedon pleuralis, collected in June 2024 and May and
August 2025 from Polk County, Arkansas, were examined for hematozoan and helminth parasites. A
single snake was infected with an intraerythrocytic hematozoan, Hepatozoon sp., as well as the dige-
netic trematodes, Styphlodora magna Byrd and Denton, 1938, and Dasymetra conferta Nicoll, 1911.
Another harbored several helminths, including the digenetic trematodes, Renifer aniarum (Leidy,
1890) and Paralechriorchis natricis (Holl and Allison, 1935), a cestode, Mesocestoides sp., and a
nematode, Ophidascaris ashi Walton, 1927; one other snake was infected with only R. aniarum and
the other specimen was negative. We document some new host and geographic distributional records
for these parasites.

Introduction nessee, western Kentucky, Arkansas, eastern
Oklahoma, most of Mississippi and Alabama,

The Midland watersnake, Nerodia and eastward to Georgia and South Carolina
sipedon pleuralis (Cope) ranges from southern (Powell et al. 2016). In Arkansas, this snake oc-

Illinois and Indiana south through western Ten-  curs throughout the Interior Highlands and West
Gulf Coastal Plain with sporadic records from the
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of Nebraska-Lincoln. Host voucher specimens
were deposited in the Northeast Texas Commu-
nity College (NTCCVC) Vertebrate Collection,
Mt. Pleasant, Texas. Host common and scientific
names follow Nicholson (2025).

Mississippi Alluvial Plain (Trauth et al. 2004). It
feeds mostly on fish but the diet also includes am-
phibians (Ernst and Barbour 1989; Mount 1975).

Most of the information on hematozo-
ans (Fantham and Porter 1954; Hull and Camin
1960; Smith et al. 1994; Smith and Desser 1997)
and helminths (Ernst and Ernst 2006; Walley et
al. 2012) of N. sipedon is provided on the nomi-
nal subspecies, the northern watersnake, N. sipe-
don sipedon (L.) from Ohio, Ontario, and Qué-
bec, Canada. However, McAllister et al. (2017)
reported a hematozoan, Hepatozoon sp. from N.
s. pleuralis from Missouri, and Detterline et al.
(1984) documented helminths of N. s. pleuralis
from Alabama. Here, we report a hematozoan and
several helminths from a small sample of N. s.
pleuralis from western Arkansas.

Methods

On21-22 June 2024 (n=2),27 May 2025
(n=1), and 30 August 2025 (n = 1), four adult N.
s. pleuralis (mean =+ sd snout-vent length [SVL]
= 550 £ 76.8, range 460-670 mm) were collect-
ed from Butcherknife Creek at Big Fork off St.
Hwy 8, Polk County, Arkansas (34°28'5.109"N,
93°56'52.1772"W) (Fig. 1) with a snake tong or
in a baited minnow trap and examined for hel-
minth parasites. Specimens were euthanized with
an intraperitoneal injection of concentrated tric-
aine methanesulfonate (SIH 2004). We follow
McAllister et al. (2017) in processing snakes for
hematozoan parasites in the blood. The oral cav-
ity was examined for trematodes, and a mid-ven-
tral incision was made to expose the viscera. The
entire gastrointestinal tract was removed and
split lengthwise, rinsed in 0.9% (v/v) saline, and
examined as well as other organs, including the
heart, lungs, liver, and gonads. Trematodes and
cestodes were fixed in nearly boiling tap water
without coverslip pressure, stained with aceto-
carmine, dehydrated in a graded ethanol series,
cleared in methyl salicylate, and mounted in
Canada balsam. Nematodes were fixed in hot
tap water and studied as temporary mounts on a
microscopic slide in a drop of glycerol. Parasites
were either retained for future molecular studies
or deposited as vouchers in the Harold W. Manter
Laboratory of Parasitology (HWML), University

Proc. Okla. Acad. Sci. 105: pp 79-85 (2025)
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Figure 1. Habitat of Nerodia sipedon pleuralis

at Butcherknife Creek, Polk County, Arkan-
sas. Photo by CTM.

Results and Discussion

Three of four N. s. pleuralis harbored
parasites. A single N. s. pleuralis was infected
with an intraerythrocytic hematozoan parasite
as well as two trematodes. Two others harbored
helminth parasites as follows: one harbored mul-
tiple infection of two trematodes, a cestode, and a
nematode; another was infected with a trematode;
one specimen was negative. Detailed informa-
tion on each parasite is provided below in an an-
notated format.

APICOMPLEXA: ADELEINA: HEPATOZOIDAE
Hepatozoon sp. — one specimen, a 670

mm SVL individual collected from a minnow

trap on 30 August 2025 from the Butcherknife
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Creek site was found to harbor an intraeryth-
rocytic hematozoan of the genus Hepatozoon.
Intensity (parasitemia) was relatively high as
approximately 2-3% of the red blood cells con-
tained elongate-shaped and partially recurved
thin banana-shaped gamonts (Fig. 2). Interesting-
ly, McAllister et al. (2017) reported a Hepatozo-
on sp. from N. s. pleuralis from Missouri with
very similar morphologies (their Figs. 2A-C) but
with a much lower parasitemia of less than 0.5%.
In addition, Smith et al. (1994) reported Hepa-
tozoon sipedon Smith, Desser, and Martin, 1994
from N. s. sipedon from Ontario, Canada, with
a parasitemia of only 0.2%. All hemogregarines
from snakes are members of the genus Hepatozo-
on according to Smith (1996). However, without
complete life cycle data including developmental
stages from hematophagus invertebrates, specif-
ic identification of these hematozoans is difficult
(Jacobson 2007; Smith and Desser 1997). Al-
though the Midland watersnake has been previ-
ously reported as a host, albeit in Missouri, we
document a new distributional record for the par-
asite.

Figure 2. Hepatozoon sp. from Nerodia sipedon
pleuralis. (A) View showing infected red blood
cell (rbe, arrow). Scale bar = 25 pm. (B) Clos-
er microscopic view showing nucleus (n) of
infected rbc with banana-shaped gamont (g).

Scale bar =10 pm.

TREMATODA: DIGENEA: PLAGIORCHIIDA: RE-
NIFERIDAE

Dasymetra conferta Nicoll, 1911 — The
same specimen above harbored 15 specimens
(Fig. 3) in its oral cavity and esophagus/lungs.
Nicoll (1911) originally described this trema-
tode from northern diamond-backed watersnake,
Nerodia rhombifer rhombifer (Hallowell) from
an unknown North American locality. This di-
genean has been previously reported in various

81
natricines, including plain-bellied watersnake
N. e. erythrogaster (Forster), broad-banded wa-
tersnake, N. fasciata confluens (Blanchard) N.
r. rhombifer, and N. s. pleuralis from Alabama,
Missouri, Oklahoma, and Texas (see Ernst and
Ernst 2006; McAllister and Bursey 2012). We
document a new geographic record for D. con-
ferta.

Nt 3 g
Figure 3. Dasymetra conferta from Nerodia
sipedon pleuralis. (A) Whole mount showing
testes (T). Scale bar =500 pm. (B) Higher mag-
nification of anterior region of same specimen
showing oral sucker (OS) and pharynx (PH).
Scale bar = 125 pm.

Renifer aniarum (Leidy, 1891) — a 460
mm SVL N. s. pleuralis collected on 27 May 2025
was found to harbor two R. aniarum (HWML
119232) in its oral cavity. Another N. s. pleuralis
(660 mm SVL) collected on 21 June 2024 from
the same site had four specimens of R. aniarum
(Fig. 4) in its oral cavity. McAllister et al. (2008)
provided a summary of the North American hosts
of R. aniarum that included 23 species/subspe-
cies of snakes, including 12 species/subspecies
of natricines. This digenean has been previous-
ly reported from N. s. pleuralis from Alabama,
Arkansas (Washington County), North Caroli-
na, and Texas (Detterline et al. 1984; McAllister
and Bursey 2008; McAllister et al. 2025) and

Proc. Okla. Acad. Sci. 105: pp 79-85 (2025)
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N. s. sipedon from Michigan and Pennsylvania
(McAllister and Bursey 2008). It has been also
been reported previously from Lonoke Coun-
ty (Arkansas) in a yellow-bellied watersnake,
Nerodia erythrogaster transverva (Hallowell)
(McAllister and Bursey 2008). Interestingly, in-
troduced R. aniarum have been reported from
grass snakes, Natrix natrix (L.) from southern
Italy, which is thought to have originated from
translocated American bullfrogs, Rana catesbei-
ana (Santoro et al. 2011). The life cycle involves
first intermediate host snails (pulmonates) which
possess cercariae that penetrate second interme-
diate host anuran tadpoles, which then preyed on
by snakes (Schell 1985). This is the second time
the parasite has been reported from a Midland
watersnake from Arkansas, but the first record
from Polk County.

Paralechriorchis natricis (Holl and Al-
lison, 1935) Byrd and Denton, 1938 — the same
460 mm SVL specimen above harbored three
specimens (HWML 119231) of P. natricis in its
oral cavity. The original name Zeugorchis natri-
cis, proposed by Holl and Allison (1935), was for
trematodes found in the uterus of a V. s. sipedon
collected from Wolf Creek, Grove City, Mercer
County, Pennsylvania. Byrd and Denton (1938a)
later stated “we found it impossible to distinguish
between Z. natricis Holl and Allison, 1935, and
Lechriorchis secundus Canavan, 1937. Due to
this striking similarity of body plan and almost
identical size range for the various internal anat-
omy we feel justified in considering L. secundus
as a synonym of Z. natricis. Since Z. natricis pos-
sesses the characters of the genus Paralechri-
orchis we transfer it to that genus. The species
becomes Paralechriorchis natricis (Holl and
Allison. 1935).” In addition, Goodman (1951,
1952), in an unpublished dissertation, reported
the parasite with the name Dasymetra natricis,
but we do not accept it. This parasite has been
previously reported from eastern copperhead,
Agkistrodon contortrix (L.), N. erythrogaster, and
a Nerodia sp. from Illinois and Indiana (Ernst and
Ernst 2006). We document P. natricis from Ar-
kansas, and from N. s. pleuralis, for the first time.

Proc. Okla. Acad. Sci. 105: pp 79-85 (2025)

Figure 4. Renifer aniarum from Nerodia sipe-
don pleuralis. (A) Whole mount showing tes-
tes (T). Scale bar = 500 pm. (B) View of up-
per region of same specimen showing cirrus
sac (CS), oesophagus (OE), oral sucker (OS),
pharynx (PH), and vitellaria (VT). Scale bar
=250 pm.

PLAGIORCHIIDA: PLAGIORCHIIDAE

Styphlodora magna Byrd and Den-
ton, 1938 — eight specimens (Fig. 5) were taken
from the gallbladder of a single snake (670 mm
SVL) collected on 30 August 2025. This spe-
cies has similar species with their synonymies
needing clarification, but fortunately, in the cur-
rent case, the large difference in egg size was
sufficient for differentiation (VV Tkach, pers.
comm.). In fact, Ernst and Ernst (2006) list it in
synonomy as Ochetosoma magnum. Byrd and
Denton (1938b) originally described this dige-
nean from the gallbladder of NV. s. sipedon from
Georgia and Mississippi. McAllister et al. (2020,
2021, 2023) previously reported S. magna from
northern cottonmouths, Agkistrodon piscivorus
(Lacépede) from Arkansas and Oklahoma. In ad-
dition, McAllister et al. (2023) provided a sum-
mary of the ophidian hosts and localities of S.
magna, to include several species of North Amer-
ican watersnakes (Nerodia), A. piscivorus, North
American racer, Coluber constrictor L., and east-
ern ratsnake, Pantherophis alleghaniensis (Hol-
brook) from Florida, Louisiana, and North Caro-
lina. We document the first time this digenean has
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been reported from N. s. pleuralis.

P i

Fig. 5. Styphlodora magna from Nerodia sipe-
don pleuralis. (A) Whole mount showing testes.
Scale bar = 1.0 mm. (B) Higher magnification
of anterior region of same specimen showing
oesophagus (OE), oral sucker (OS), ovary
(OV), pharynx (PH), and ventral sucker (VS).
Scale bar =500 pm.
CEesTODA: CYCLOPHYLLIDEA: MESOCESTOID-
IDAE

Mesocestoides sp. — the 460 mm SVL
host was infected in its intestine with a single
tetrathyridial specimen (HWML 119230) of
Mesocestoides sp. The life cycle is an ongoing
enigma, yet to be solved, but may involve at least
three hosts, an arthropod first intermediate host,
a vertebrate second intermediate host, and a ver-
tebrate definitive host (Rausch 1994). However,
McAllister et al. (2018) recently suggested that
these tapeworms may develop through a simple
two-host life cycle. This tapeworm has been re-
ported from a variety of amphibians and reptiles,
including several snakes from the Nearctic realm
(Bursey et al. 2012; McAllister et al. 2013). In
Arkansas, Mesocestoides sp. has been reported
from various herpetofauna, including six species
of salamanders, five species of frogs and toads,
three species of lizards, and three species of
snakes (McAllister et al. 2013, 2014a, b). We are
unaware of reports of Mesocestoides sp. from any
species of North American watersnake, although
the genus has been documented in three species
of Natrix watersnakes from Myanmar and Italy
(see summary in McAllister et al. 1991).
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NEMATODA: ASCARIDIDA: ASCARIDIDAE

Ophidascaris ashi Walton, 1927 — a
single O. ashi (HWML 119229) was found in the
stomach of the same N. s. pleuralis above. This
nematode (as O. labiatopapillosa) has been re-
ported from several amphibians as adult worms
and encysted larval stages from Florida, and from
at least six species of snakes from Alabama, Flor-
ida, Louisiana, and Texas, including M. s. sipedon
from Michigan (see Baker 1987). Sprent (1988)
described O. ashi as a new species name for O.
labiatopapillosa in North American colubrids.
The life cycle of Ophidascaris spp. is indirect
with various snakes as definitive hosts (Sprent
1988). We document O. ashi from Arkansas, and
from N. s. pleuralis, for the first time.

In summary, we provide new records
for some helminths from a small sample of V. s.
pleuralis collected from western Arkansas. Sur-
veys on additional Midland watersnakes from
other parts of its range, where they have not yet
been examined, will likely yield new host and
distributional records for helminths.
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Abstract: The Brazilian Free-tailed bat, Tadarida brasiliensis, has small tubercles along the dorsal
leading edge of the ears. Ear tubercles may serve an aerodynamic function similar to the hydrodynam-
ic function of tubercles on the pectoral flippers of humpback whales. Descriptive morphology of 52
adult bats was examined and the average number of tubercles was nine for both ears, ranging from
five to twelve on each ear. Distances between tubercles and mean volumes are variable. Possible phys-
iological functions for tubercles include thermoregulation and thermosensory capability, in addition
to increased maneuverability during foraging bouts and enhanced control during cave entry and exit.

Introduction

Small tubercles along the outer anterior
edges of the Brazilian Free-tailed bat, Tadarida
brasiliensis, ears have been referenced in the liter-
ature (Wilkins 1989; Caire et al. 2024); however,
their external morphology has not been described
in detail nor have all the possible functions they
serve been examined. We describe the external
morphology of the ear tubercles, including the
number of tubercles, successive distances apart,
tubercle volume, and a scanning electron micro-
scopic (SEM) view of the tubercles. Based on the
external anatomy and other studies presented in
the literature we suggest possible functions of the
tubercles.

Methods and Results

Fifty-two (23 males, 29 females) adult
T. brasiliensis preserved in 70% ethanol and de-
posited in the University of Central Oklahoma
Museum of Natural History were used for the
external morphological descriptions. The general
location of the tubercles located across the lead-
ing edge of the bat ears is shown in Figure 1.
“Corresponding author: lloucks@uco.edu
Proc. Okla. Acad. Sci. 105: pp 86-95 (2025)

Figure 1. General location of tubercles along the
leading edge of Tadarida brasiliensis ear.

Left and right ears of each bat were pho-
tographed at 10x magnification with a Moticam
1000 1.3MP Live Resolution Microscope Camera
mounted on an Omano Microscope. The number
(minimum, maximum, mode, mean) of tubercles
on the left and right ears of each specimen were
counted through examination of the photographs.
For the 52 adult bats examined (sexes combined),
the number of tubercles on an ear ranged from
5-12 with a mode of 9 on left ear and 8 on right
ear (Table 1). The average was 9 tubercles for
both ears.
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Table 1. Minimum, maximum, mode, and mean number of tubercles on left and right ears of 52
Tadarida brasiliensis.

Minimum Maximum Mode Mean
Left Ear 5 12 9 9
Right Ear 5 11 8 9

Males had a mode and mean of 9 tubercles ranging from 6—12 on the left ear and a mode
of 8 and a mean of 9 tubercles ranging from 7—11 on the right ear (Table 2). Females had a mode
and mean of 8 tubercles ranging from 5—11 on the left ear and a mode of 8 and a mean of 9 tubercles
ranging from 5—-11 on the right ear (Table 2).

Table 2. Mode, mean and range of the number of tubercles counted on male (n=23) and female
(n=29) Tadarida brasiliensis ears.

Gender Mode Mean Range
Male Left Ear 9 9 6-12
Right Ear 8 9 7-11
Left Ear 8 8 5-11
Female
Right Ear 8 9 5-11

All the ears on the bats examined had the first 5 tubercles on the left and right ears (Table
3). However, the number of ears having each of the successive tubercles along the ear varied. On the
left ear of 51 bats, tubercle 6 was present; 48 possessed the 7%; 41 possessed the 8"; 28 possessed
the 9%; 12 possessed the 10"; 3 possessed the 11"; and 1 bat had a 12 tubercle. On the right ear of
50 bats, tubercles 6 and 7 were present; 44 possessed the 8%; 26 possessed the 9'; 16 possessed the
10"™; 4 possessed the 11'; and none of the bats had a 12 tubercle. The number of male and female
bats having each tubercle on the left and right ears are in Table 4.

Table 3. Number of bat (males and females combined n = 52) ears having each tubercle.

Tubercle 1 2 3 4 5 6 7 8 9 10 11 12
Left ear 52 52 52 52 52 51 48 41 28 12 3 1
Right ear 52 52 52 52 52 50 50 44 26 16 4 0

Table 4. Number of male (n = 23) and female (n = 29) bats having each tubercle.

Tubercle 1 2 3 4 5 6 7 8 9 10 11 12

Males  Left ear 23 23 23 23 23 23 22 18 16 8 2 1
Rightear 23 23 23 23 23 23 23 20 12 7 2 0
Females Left ear 29 29 29 29 29 28 26 23 12 4 1 0
Rightear 29 29 29 29 29 27 27 24 14 9 2 0

Proc. Okla. Acad. Sci. 105: pp 86-95 (2025)
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The Moticam Camera Motic Images Plus 2.0 MS Software was used to measure the dis-
tance between successive tubercles on the left and right ears. Measurements rounded to the near-
est one-hundredth micrometer (um) were made starting from the lateral edge of the most medial
tubercle to the medial edge of the next tubercle continuing along the ear distally until all distances
between each successive pair of tubercles were recorded. The minimum, maximum, and mean
distances between each tubercle on the left and right ears for the sexes combined are listed in Table 5
and for males and females separately in Table 6

Table 5. Number (n), minimum (min), maximum (max), and mean (X) distances (um) between
successive tubercles on left and right ears of Tadarida brasiliensis (males and females
combined).

Left Ear Right Ear

Tubercles n min max x n min max x
1-2 52 1176 14582  551.1 52 104.7 1137.1 576.8
2-3 52 2977 1176.6  686.4 52 2024 1367.3 616.3
354 52 88.7 1016.8  611.1 52 1234 1434.4  603.9
4-5 52 1089 15273  559.2 52 2705 1051.1  527.8
5-6 51 91.5 995.0 438.0 50 83.2 821.7 4419
6—-7 48 96.5 7752  373.6 50 74.4 776.2  331.8
7-8 41 88.7 575.0 2929 44 80.1 493.6  256.6
8—>9 28 90.6 4322 2717 26 80.1 5545 1877
910 12 74.4 4225 204.6 16 1158 307.0 1909
1011 3 1379 2312 1704 4 1234 213.0 176.7
11-12 1 4039 0
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Table 6. Distances (um) between successive left and right ear tubercles of male and female Tadarida
brasiliensis. The mean distance between successive tubercles, (number) of distances measured, and

[range] is presented for male and female left and right ears.

Male Female
Tubercles  Left Right Left Right
1-2 541 (23) 516 (23) 605 (29) 579 (29)
[131-1350] [178-1140] [118-1460] [105-1090]
7.3 620 (23) 554 (23) 739 (29) 665 (29)
[299-1120] [202-879] [298-1180] [364-1370]
3.4 629 (23) 627 (23) 597 (29) 586 (29)
[88.7-1020] [332-997] [213-886] [123-1430]
45 513 (23) 538 (23) 596 (29) 520 (29)
[161-869] [276-765] [109-1530] [271-1050]
5.6 418 (23) 420 (23) 455 (28) 461 (27)
[91.5-995] [83.2-690] [178-840] [122-822]
67 352 (22) 329 (23) 392 (26) 334 (27)
[108-748] [112-563] [96.5-775] [74.4-776]
7_8 316 (18) 212 (20) 275 (23) 293 (24)
[91.5-575] [87.9451] [88.7-496] [80.1-494]
g9 264 (16) 206 (12) 282 (12) 172 (14)
[112-432] [136-555] [90.6-432] [80.1-494]
910 193 (8) 193 (7) 227 4 189 (9)
[74.4-423] [137-307] [120-305] [116-265]
10-11 187 (2) 185 (2) 138 (1) 168 (2)
[142-231] [165-205] [123-213]
11-12 404 (1)

Using the Motic Images Plus 2.0 MS Software, the height (um?) and radius (um?) taken at
the base of each tubercle on the left and right ears were used to estimate tubercle volume (1/37nrh)
Table 7 contains the mean (X) of the estimated volumes (um?) of individual tubercles 112 on right
and left ears (males and females combined). Males and females are separated in Table 8. Tubercles
with the largest volumes were located at the medial edge of the ear closest to the head and the vol-
umes of the subsequent tubercles decreased toward the distal edge of the ear.
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Table 7. The number (n) of tubercles examined and the estimated mean volumes (X in um®) of indi-
vidual tubercles on left and right ears of Tadarida brasiliensis (males and females combined).

Left Ear Right Ear
Tubercle n x n x

1 52 1.56E+07 51 1.80E+07
2 52 9.80E+06 51 1.10E+07
3 52 7.80E+06 51 8.20E+06
4 52 7.40E+06 51 6.60E+06
5 52 7.50E+06 51 7.10E+06
6 51 5.80E+06 49 7.80E+06
7 48 5.50E+06 49 7.30E+06
8 41 6.40E+06 42 6.10E+06
9 28 5.40E+06 26 6.20E+06
10 13 4.20E+06 16 8.10E+06
11 4 4.80E+06 4 9.30E+06
12 | 7.00E+06 0

Table 8. The number (n) of tubercles examined and the estimated mean volume (X in pm?) of tuber-
cles of male and female Tadarida brasiliensis.

Estimated mean volume Estimated mean volume
Left Ear Right Ear Left Ear Right Ear
Tubercle n x n x n X n x

23 1.21x107 23 1.18x 107 29 1.72x 107 29 224x107

—

2 23 829x105 23  7.01x10° 29 1.10x 107 29 1.42 x 107
3 23 725x 106 23 627x10° 29 820x10° 29  9.69x106
4 23 586x10° 23  554x10° 29 8.66x10° 29 728x10¢
5 23 648x10° 23  579x10° 29 837x10° 29 8.06x10°
6 23 566x10° 23  536x10° 28 598x10° 27 9.78x10°
7 22 588x10¢ 23  577x105 26 521x10° 27  842x10°
8 19  657x10° 20 6.02x105 22 6.11x105% 24  6.34x10°
9 18  549x10° 13 5.13x10° 12 526x10° 14  6.88x10°
10 8 4.32x 10° 8 6.27 x 10° 4 4.25x 10° 9 9.14 x 10°
11 3 491 x 10° 3 1.02 x 107 1 432x10° 2 6.02 x 10°
12 1 7.00 x 10° 0 0 0 0
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A Zeiss DSM 960 scanning electron microscope (SEM) was used to provide a three-dimen-

sional high-resolution visualization of the tubercles across the bat ear and the surface
of a single tubercle. Figure 2 is a composite SEM photograph of the leading edge of the left bat ear
showing the relative position and shape of the ear tubercles. The topography of a single tubercle is
shown in SEM photographs in Fig. 3a, and the microtubercles on the tubercle and their arrangement

are shown in Fig. 3b.

Figure 2. Scanning electron microscope composite photograph of a Tadarida brasiliensis right ear
tubercles 1-9.

Figure 3. Scanning electron microscope of (a) a single tubercle and (b) the surface of a tubercle
showing arrangement of micro-tubercles across the tubercle surface.

Discussion

Fish and Battle (1995), Fish (2002), Fish
etal. (2011) and Miklosovic et al. (2004) describe
the leading-edge tubercles on humpback whale
(Megaptera novaeanglia) flippers. The tuber-
cles help delay the stall angle, decrease drag, and
maintain lift of the flippers at high angles of at-
tack, allowing for greater maneuverability. Thus,
the humpback whale can make more extreme
banking and turning maneuvers during its feed-
ing bouts in comparison to other whale species
(Jurasz and Jurasz 1979; Hain et al. 1982). Based

on the observed similarity between humpback
whale flippers and the Brazilian Free-tailed bat
tubercles, we propose that bat ear tubercles may
serve an aerodynamic function similar to the hy-
drodynamic function of tubercles on the pectoral
flippers of humpback whales.

The function of the leading-edge tuber-
cles on Tadarida ears during exit flights from
roosts, while foraging, and during steep returning
dives to roosts might increase our understanding
of Tadarida flight and morphological features.
Petrin et al. (2018) used flow visualization stud-
ies of the wake behind a model Tadarida brasil-
iensis ear with and without tubercles to demon-
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strate that tubercles influence lift and drag during
flight and suggested they serve a similar function
as tubercles on the leading edge of the pectoral
flippers (Fig. 4a.) of the humpback whale. The
tubercles seemingly allow bats to delay or stall
more gradually at higher angles of attack (Petrin
et al. 2018), as is the case with whales (Mikloso-
vic et al. 2004; van Nierop et al. 2008).

Figure 4. Leading edge tubercles (a) on the pec-
toral flipper of the humpback whale Megaptera
novaeangliae (Humpback Stellwagen by Whit
Welles, under a CC-BY 3.0) and (b) the ear of the
Brazilian Free-tailed Bat, Tadarida brasiliensis.

a.

The fastest flight speed recorded for
an animal in horizontal flight (up to 160 km/hr)
was documented in Tadarida brasiliensis in 2016
(McCracken et al. 2016). The long, narrow wings
of Tadarida are aerodynamically designed for
high wing loading and high aspect ratios, but do
not provide enough lift at slower speeds for the
bat to take off directly from a surface and fly to
foraging areas, sometimes as far as 50 km away
(Best and Geluso 2003). To begin flight, they usu-
ally drop from a high roosting site and freefall

Proc. Okla. Acad. Sci. 105: pp 86-95 (2025)

for several meters to build up speed before the
wings generate enough lift to pull out of the drop.
During these initial slower speeds, the ear tuber-
cles probably help generate lift until the bat gains
the speed necessary to produce sufficient lift via
the wings. Ground and radar tracking have docu-
mented 7. brasiliensis at altitudes up to 3,000 m
and covering 100 km in one night (Williams et al.
1973). Long, narrow wings are obviously import-
ant for rapid long-distance travel, but the pres-
ence of ear tubercles may also contribute to their
high flying, rapid flight adaptation. Martin (2017)
reported that 7. brasiliensis tubercles serve to
reduce drag at low angles of attack and increase
drag at high angles of attack. Also, airfoil models
revealed bat ear tubercles delayed stall, making
the ears the likely flow control structure during
free fall (Petrin et al. 2018).

Another flight behavior that probably
involves the ear tubercles are the tight counter-
clockwise circling turns (slower in speed in com-
parison to normal high-altitude flight) inside the
cave opening prior to exiting. Although the rea-
son for counterclockwise flight inside caves is not
well understood, the loops have a sharp turn radi-
us somewhat analogous to the tight feeding turns
and loops made by humpback whales during bub-
ble net feeding (Fish and Battle 1995, Fish 2002,
Fish et al. 2011, Miklosovic et al. 2004). After the
circling turns, the bats emerge from the roost and
usually climb to higher altitudes around 3,000 m
(Williams et al. 1973; McCracken et al. 2021).

The ear tubercles likely aid bats aerody-
namically during foraging flights for diverse prey
including fast-flying moths, beetles, and slow-
er-moving swarms (Easterla and Whitaker 1972;
Whitaker 1996; McWilliams 2005). Considerable
flight maneuverability which involves changes in
lift and drag is required to capture the prey.

In many situations 7adarida return from
foraging at high altitudes (Williams et al. 1973;
Horn and Kunz 2008) and perform steep re-entry
flights at close proximity to conspecifics (Wilkins
1989). They often drop perpendicular to the
ground from altitude (Pudlo and Kloepper 2019)
at speeds in excess of 128—158 km/h (Davis et al.
1962; Pudlo and Kloepper 2019) and make sharp
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turns to enter the roost (Kloepper and Kinniry
2018; Williams et al. 1973). The leading-edge
tubercles are probably associated with position-
al control and orientation during these returns to
the cave. This pattern of free-falling return flights
has been described in bats at Carlsbad Caverns,
New Mexico (Hill and Smith 1984). The bats
approach the cave at an altitude of 300400 m,
fold their wings and plummet to about 2 m off
the ground before reopening their wings and en-
tering the cave (Hill and Smith 1984). The bats
would need aerodynamic control of flight as they
near the roost opening and coordinate a sharp turn
to enter the roost while avoiding collision with
conspecifics (Theriault et al. 2010; Kloepper and
Kinniry 2018; Wilkins 1989). Hubel et al. (2012)
examined changes in kinematics and aerodynam-
ics of Tadarida over a range of speeds, but future
studies focused on the ear tubercles might help
understand this complex flight behavior during
re-entry or when flying close to conspecifics. Bats
can adjust echolocation calls during these high-
speed roost reentries (Pudlo and Kloepper 2019).

These various flight maneuvers em-
ployed by Tadarida are energetically costly.
Tadarida encounters a variety of thermal envi-
rons while transitioning from roost sites to high
altitudes and during returns. To help maintain a
stable body temperature, the bats regulate some
of the heat generated during flight via thermal
windows (Reichard et al. 2010; Reichard and
Fellows 2010; Reichard et al. 2012). The ear tu-
bercles increase the surface area of the bat and
might also aid in thermoregulation. A histological
examination of blood circulating to and from the
tubercles might reveal possible heat retention and
dissipation functions.

The microanatomy of microtubercles
and the apparent hexagonal arrangement on the
surface of the tubercles, visible in the electron
microscopic images (Fig. 3), has not been inves-
tigated nor has the possible functional signifi-
cance. In some vertebrates, skin cells appear to
have a packing geometry that has been described
as a flattened version of a 14-sided shape called a
tetrakaidecahedron (Yokouchi et al. 2016) which
allows cells to tightly interlock, providing a
strong cohesive barrier. Thus, the apparent geo-

metrical arrangement of the microtubercles (Fig.
3) on the Tadarida tubercles might provide dense
cell packing with minimal space between them
which could provide structural stability, prevent
water loss, and protect the bat from germicidal
substances.

The microtubercles on the bat ears also
have small hairs interspersed among them (Fig. 3)
which might serve as sensory hairs. Similar struc-
tures referred to as Merkel cell-containing domes
and hairs have been described on bat wings which
allow bats to sense and detect airflow across the
wing surface (Jones 2011; Marshall et al. 2015).
These would aid in better maneuverability during
flight, in capturing flying prey, and in navigating
complex environments. A histological examina-
tion of the ear tubercles might help in understand-
ing the function of the hairs and possible other
functions.

A survey of natural history museum
specimens and examination of closeup images
of bats in the Family Molossidae revealed ear
tubercles are present on some but not all species
of mollosid bats. Wilson and Mittermeier (2019)
recognized 22 genera comprised of 126 species in
Family Molossidae and of these, more than one
species in each of the following genera had ear
tubercles present: Chaerephon, Eumops, Mops,
Nyctinomops, Otomops, and Tadarida. Ear tuber-
cle functions may be similar among the species
having them and comparisons of roosting, forag-
ing, and flight behaviors of the species with and
without the tubercles could be insightful.
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Abstract: Scientific writing is essential for students’ future success in STEM careers, yet many chem-
istry and other science majors receive little formal instruction in writing. Scientific writing is a critical
skill for student success in STEM fields, yet formal instruction in writing remains limited across many
chemistry programs. To address this gap, a comprehensive writing support system—referred to here
as "writing scaffolding"—was instituted department-wide throughout the entire chemistry curriculum,
spanning from students’ first year through graduation and aligning with the degree plan as students
progress through their coursework. In this context, "writing scaffolding" refers to an integrated, multi-
course strategy that introduces, reinforces, and assesses scientific writing through structured support at
each curricular level. This initiative includes three key components: an introductory course schedule,
a shared departmental writing style guide, and standardized rubrics for major writing sections. The
formal rollout began with instructors taking responsibility for introducing different components of sci-
entific writing (such as abstracts, introductions, and discussions) and modeling disciplinary norms for
structure and tone. Students receive multiple rounds of feedback on newly introduced sections, while
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earlier writing skills are reinforced in later courses. This study assessed the effectiveness of the scaf-
folding effort midway through implementation, focusing on writing outcomes in Quantitative Chemi-
cal Analysis. Student work from before and after implementation was blindly reevaluated in triplicate
by faculty using the new rubrics. Rubric criteria included clarity of writing, appropriate structure, use
of scientific tone, and integration of data. Statistical analysis of the scores was used to determine the
impact of the writing scaffolding. Results showed a modest improvement, with average scores increas-
ing from 6.7 + 1.4 (n=65) to 8.1 + 1.0 (n=48) on a 10-point scale following implementation. The most
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notable improvements were in structural organization and clarity of discussion sections.

Introduction

Writing is a fundamental part of scien-
tific literacy, which encompasses the ability to
read, write, and speak about scientific concepts
in an informed, critical, and communicative
way (Howell and Brossard, 2021; Shaffer et al.,
2019). In chemistry education, however, writing
instruction is often underemphasized in favor of
content mastery and theoretical understanding
(Durst and Newell, 1989). Developing students’
linguistic and rhetorical skills—particularly
through reading and writing scientific texts—
can support deeper comprehension and critical
engagement with scientific material (Glynn and
Muth, 1994). Effective strategies to improve
student writing in chemistry have included peer
instruction (Golde et al., 2006), progressive writ-
ing assignments,(van de Pol et al., 2010) and sin-
gle-course scaffolding with peer review (Weaver
et al., 2014). More comprehensive approaches
that scaffold writing across the curriculum have
shown promise in chemistry and other STEM dis-
ciplines (Cohen and Williams, 2019; Klein and
Aller, 1998; Whitaker and Reimer, 2019).

Beyond academia, employers consis-
tently rank communication and critical thinking
among the top skills they seek in college grad-
uates (Ater Kranov and Khalaf, 2016; Morreale
et al., 2017; Stevens, 2005; Stevens et al., 2019).
These abilities are closely tied to scientific writ-
ing, which requires clarity, logical reasoning, and
the ability to synthesize and present information
(Paul and Elder, 2020). Yet, instruction in writ-
ing and peer review is often unstructured, incon-
sistently implemented, or overlooked entirely
in STEM curriculum (Cho and Schunn, 2007;
Kramer et al., 2022; Puntambekar and Hubscher,
2005). Kramer emphasizes the importance of tim-

ing and structure in peer review, showing that stu-
dents’ perception of authority and their capacity
for critical thinking evolve over time. Structured
feedback is more impactful when paired with in-
tentional, developmentally appropriate writing
assignments (Kramer et al., 2022).

In response to these needs, the Depart-
ment of Chemistry at the University of Central
Oklahoma (UCO) launched a curriculum-wide
scientific writing scaffolding initiative. The pro-
gram was designed to embed scientific writing
instruction consistently and progressively across
the chemistry major. Instructors were responsible
for introducing, modeling, and assessing different
sections of scholarly writing—such as abstracts,
methods, results, and discussions—throughout
the curriculum. A universal set of rubrics was de-
veloped to assess each section, helping to stan-
dardize expectations and reduce inconsistencies
in grading and feedback across courses (Cockett
and Jackson, 2018; Finkenstaedt-Quinn et al.,
2019; Weaver et al., 2014).

An introduction timeline to academic
writing has been established to align with the
most common student path through the chemis-
try curriculum. This timeline is designed to have
students producing full, journal-style reports by
their fifth semester in the department. Courses
involved in the scaffolding are required for the
chemistry major and include both traditional con-
tent/lab pairings—such as General Chemistry,
Organic Chemistry, and Physical Chemistry—as
well as department-specific offerings like Profes-
sionalism in Chemistry, Directed Research, and
Capstone.

Each course introduces specific sections
of scientific writing, with expectations build-
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ing as students advance. Early courses focus on
writing basic abstracts, tables, and results sec-
tions, while upper-division courses emphasize
full-length scientific papers, literature searches,
and oral/poster presentations. Students receive
guided feedback and complete multiple rounds
of revision, in line with departmental guidelines.
Instructors may structure this as three rounds of
feedback on a single assignment or one round of
feedback across three separate assignments.

All writing assignments are scored us-
ing department-wide rubrics developed collabo-
ratively by faculty and vetted by the curriculum
committee. These rubrics have helped standardize
instruction, reduce variability across instructors,
and minimize student confusion around expecta-
tions. Table 1 outlines the scaffolding sequence
and identifies the writing components introduced
in each course.

Individual chemistry courses are list-

Writing Scaffolding Introduction and Effectiveness Across Chemistry Curriculum

ed along with the writing sections introduced in
each. These sections were emphasized through-
out the semester with multiple rounds of feed-
back. Sections from previous semesters were also
included, though they may not have undergone
the same level of feedback in those courses.

A pilot of this program began the semes-
ter before full departmental implementation with
two sections of General Chemistry I Laboratory.
Full implementation of the writing scaffolding
program began in the following semester. After
three years, all required courses in the chemistry
major were participating in the initiative, and stu-
dents were consistently producing journal-style
writing and oral presentations by their junior
year.

While this scaffolding structure was car-
ried through to students’ final year—including
senior projects such as Capstone and Directed
Research—quantitative evaluation of senior-lev-

Table 1. Individual chemistry courses are found within each cell above. Writing sections listed
under the course are those which are introduced in the curriculum for that course. Courses
continue to practice skills taught in prior semesters in the table.

15 Semester General Chemistry 1 Lab
*Abstract

*Calculations/Tables

D" Semester  [General Chemistry 2 Lab

Professionalism in

*Results Chemistry 1
*Procedures *Literature Search
3@ Semester  [Quantitative Analysis Organic 1 Lab
*Equation Editor *Methods
*Discussion *Chem Draw/ Biovia
*Conclusions *Mechanisms
*Proper Lab Notebook *Discussions
*Oral Presentation *Proper Lab Notebook
4th Semester |Instrumental Analysis Organic 2 Lab Professionalism in
*Introduction *Introductions Chemistry 2
*Methods *Conclusions *Citations

*Poster Presentations

5™ Semester  [Experimental Physical Chem-

xperimental Bio- norganic Chemistry

*Qral Presentations

istry Lab chemistry Lab ILab
*Electronic Notebook *Full Reports *Full Reports
*Full Reports

6™ Semester  [Directed Research Capstone
*Full Report *Full Report

*Qral Presentation
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el writing has proven difficult due to variability in
project formats and the relatively small number of
students completing each course in a given year.
However, faculty have noted a clear improve-
ment in the overall quality and clarity of student
writing in these upper-division experiences. An-
ecdotally, the department believes that students
are graduating with stronger writing skills, better
rhetorical awareness, and greater confidence in
scientific communication.

This study presents a mid-program as-
sessment of the initiative, focusing on writing
outcomes in Quantitative Chemical Analysis
(CHEM 2104). The goal was to determine wheth-
er the scaffolded writing instruction had a mea-
surable impact on student writing and to identify
specific areas of strength or continued need.

Methods

This project evaluated the effectiveness
of a department-wide writing scaffolding initia-
tive by analyzing student laboratory reports from
the Quantitative Chemical Analysis Laboratory
course. While the scaffolding process was al-
ready embedded across the curriculum, this study
focused specifically on measuring its impact on
students’ writing performance.

Lab reports submitted prior to the im-
plementation of the scaffolded writing approach
were compared with those submitted post-im-
plementation. Because electronic submission of
lab reports has been standard for several years, a
substantial archive of student work was available
for analysis. These archived reports were deiden-
tified and randomly mixed with current reports
written under the scaffolding model to eliminate
potential reviewer bias. All feedback was scored
using department-approved rubrics, and reports
were anonymized prior to evaluation. This proj-
ect was reviewed and approved by the University
of Central Oklahoma Institutional Review Board
(IRB) as IRB Exempt, ensuring compliance with
ethical standards for research involving student
work.

A total of 136 lab reports were included
in the study. Each report was scored independent-
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ly by either three (n = 74) or four (n = 62) ran-
domly selected reviewers. Reviewers consisted
of UCO Chemistry Department faculty members
trained in using the department’s universal ru-
brics.

Each report was evaluated using a de-
tailed rubric that included ten subscores, each rat-
ed on a 1-5 scale, with 5 being the highest. The
rubric grouped scoring criteria into three primary
sections:

e Abstract: including Purpose, Gener-
al Methodology, and Major Results;

* Results and Discussion: including
Results Presentation, Data Tables,
Discussion of Logic Behind Cal-
culations, and Discussion of Data
Quality/Error Analysis;

e Formatting: including Appropriate
Length, Formatting, and Spelling
and Grammar.

In addition to the ten section scores,
each report also received one overall score rated
on a 1-10 scale, with 10 being the highest.

Each report received quadruplicate
scoring wherever possible, aligning with best
practices in multi-rater reliability (Rosenthal and
Rosnow, 2008). Scores for each section were av-
eraged, and both subsection scores and overall
scores were analyzed statistically. Independent
samples t-tests assuming unequal variances were
used to compare mean scores before and after im-
plementation of the writing scaffolding. Cohen’s
d was calculated to determine effect sizes, with
p-values < 0.05 considered statistically signif-
icant and d > 0.8 considered a large effect. All
statistical analysis was conducted using R version
4.2.0.

Results and Discussion

To assess the effectiveness of the depart-
ment-wide scientific writing scaffolding initia-
tive, student lab reports from the Quantitative
Chemical Analysis course were evaluated using
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a standardized rubric. These reports, collected Summary statistics are presented in Table 2, and
boxplots for subscores and overall scores are
shown in Figures 1 and 2.

before (n = 62) and after (n = 74) the implemen-
tation of the scaffolding program, were assessed

across ten rubric categories and an overall score.

Table 2. Comparison of mean lab report scores before and after implementation of the depart-
ment-wide writing scaffolding program. Scores represent averages across ten rubric categories
(each rated on a 1-5 scale) and one overall score (rated on a 1-10 scale). Statistically significant
improvements were observed in all categories post-implementation, with large effect sizes in

most cases (Cohen’s d > 0.8).

Before After
(n=62) (n=74)
Category mean (sd) mean (sd) t p-value effect size
Purpose 3.76 (0.62)  4.25(0.40) 5.38 <0.001 0.94
General Methodology 3 53 (0.75)  4.05(0.50)  4.66 <0.001  0.82
Major Results 3.63(0.76)  4.10 (0.45)  4.28 <0.001 0.75
Results 337(0.64)  4.14(0.43) 8.12 <0.001 1.42
Data Tables 3.63(0.64) 433(037) 7.0 <0.001 1.32
Discussion of Logic 3.14(0.72)  4.19(0.46)  9.88 <0.001 1.73
Discussion of Data Quality 3 4 (0.76)  3.94(0.51) 7.85 <0.001 1.37
Appropriate Length 3.36(0.70) 4.48 (0.28)  11.83 <0.001 2.10
Appropriate Formatting 3 54 (0.55) 430 (0.36) 9.27 <0.001 1.62
Spelling & Grammar 3.69(0.47)  4.09(0.43) 5.14 <0.001 0.89
Overall Score 6.74 (1.07)  8.02(0.74)  7.96 <0.001 1.39
b. ACS scores
Before After
(n=103) (n=82)
mean (sd) mean (sd) t p-value effect size
ACS Scores 23.8(5.85) 24.4(6.72) 0.6l 0.543 0.09
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Figure 2. Boxplots of overall scores

The analysis revealed statistically sig-
nificant improvements across all rubric catego-
ries. Post-scaffolding reports scored significant-
ly higher in all ten subscores and in the overall
score (p <0.001 for all comparisons). Effect sizes
(Cohen’s d) were large for all but one category,
suggesting the improvements were not only sta-
tistically significant but also educationally mean-
ingful.

One of the most striking trends was the

marked improvement in writing elements requir-
ing higher-order cognitive skills. The Discus-
sion of Logic (effect size d = 1.73), Appropriate
Formatting (d = 1.62), and Discussion of Data
Quality (d = 1.37) categories all showed large
gains. These areas are often the most challenging
for students and typically benefit the most from
repeated exposure, guided practice, and target-
ed feedback—all key features of the scaffolding
model. Students seemed to gain a better grasp of
how to explain their reasoning and address sourc-
es of error, indicating a deeper understanding of
experimental context and implications.

The Appropriate Length category
showed the single largest effect size (d = 2.10),
suggesting students became much more adept at
adhering to structural expectations. This likely
reflects the influence of department-wide for-
matting norms and clear expectations reinforced
consistently across courses. Similarly, improve-
ments in Spelling and Grammar (d = 0.89) and
Major Results (d = 0.75), though less dramatic,
still point to improved clarity and communication
over time.

The overall score increased from a mean
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of 6.74 (£1.07) before the curriculum change to
8.02 (+0.74) after implementation, with a large
effect size (d = 1.39). These findings suggest that
the writing scaffolding program has had a broad
and positive impact on student writing compe-
tency, particularly in their ability to structure and
articulate scientific arguments.

In contrast, the analysis of ACS An-
alytical Exam scores did not show a statistical-
ly significant difference between the pre- and
post-scaffolding groups (Table 2b; Figure 3). The
average scores rose slightly from 23.8 (£5.85) to
24.4 (£6.72), but the effect size was negligible (d
=0.09, p = 0.543). This outcome is not unexpect-
ed, as the ACS exam emphasizes chemistry con-
tent knowledge rather than communication skills.
The lack of change in ACS performance reinforc-
es that gains observed in writing were likely due
to the scaffolding initiative rather than a broader
shift in overall academic performance.

Although formal data collection in se-
nior-level courses was limited, anecdotal feed-
back from faculty indicates that writing quality
in capstone and research-based courses has im-
proved. In Capstone for Chemistry and Directed
Research courses, faculty have noted that stu-
dents enter with stronger foundational skills, are
better prepared to articulate their work in writing,
and require less remedial instruction in basic for-
matting and structure. The variability of senior
projects—ranging from experimental reports
to community outreach projects to literature re-
views—made systematic rubric scoring difficult.
However, the department’s collective impression
is that the scaffolding program has led to greater
consistency and confidence in student writing at
the senior level.

These anecdotal observations align well
with broader research on disciplinary writing de-
velopment. Studies have shown that peer review
and structured writing interventions benefit stu-
dents differently depending on their academic
maturity (Kramer et al., 2022). Lower-division
students tend to show the greatest gains in writ-
ing mechanics, while upper-division students de-
velop more advanced skills such as synthesis and
critical evaluation. Our results from the Quantita-
Proc. Okla. Acad. Sci. 105: pp 96-103 (2025)
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tive Chemical Analysis course reflect this pattern,
with middle-stage students showing significant
growth in both foundational and analytical writ-
ing dimensions

Overall, this project supports the value
of a consistent, department-wide writing scaffold.
By explicitly introducing different sections of
scientific writing across multiple courses, using
shared rubrics, and requiring multiple rounds of
revision, students are better equipped to engage
in scientific communication. Importantly, this ap-
proach appears to be effective without negatively
impacting other learning goals, such as content
knowledge.

Looking forward, the department plans
to continue refining rubric language, encouraging
faculty development around writing instruction,
and exploring ways to extend more structured
peer review into upper-division courses. With
time and consistent application, the scaffolding
initiative is expected to further close the gap
between novice and expert writers, ultimately
producing graduates who can communicate their
scientific knowledge with clarity and profession-
alism.
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Abstract: This paper discusses the relativistic Schrodinger differential wave equation for the hydro-
gen atom and hydrogen-like cations, which have measured ionization energies from hydrogen to the
Cu?* hydrogen-like cation. The analytical solution to the relativistic Schrodinger differential wave
equation correlates with experimental data if the angular momentum quantum number / >0. For
quantum levels with / = 0, the analytical solutions predict ionization energy values larger than that
measured for the hydrogen atom and hydrogen-like cations. Also, beyond the element erbium, Z >
68 for /=0 quantum states, the analytical solution yields energy values that are complex numbers.
This is similar for the Dirac relativistic differential wave equation which fails for nuclei that have an
atomic number larger than 137. Using measured 1s ionization energy values of hydrogen-like cations,
a numerical solution to the relativistic Schrodinger differential wave equation is possible since an
analytical one is not when the measured ionization energy is different from the analytical result. In ad-
dition, since the analytical solutions to the radial part of the relativistic Schrodinger differential wave
equation are complicated, normalized numerical solutions are less difficult to obtain using Microsoft
Excel. Most differential equations do not have analytical solutions, and, therefore, only numerical
solutions are possible utilizing boundary or initial conditions.

Classical Schrodinger Differential Wave Equation and Wave-Particle Duality in Quantum
Mechanics

The authors are a nuclear chemist and a plant physiologist, interested in the chemical phys-
ics of our natural world, with previous publications in this journal about similar topics (McNeill and
Bidlack, 2018; McNeill et al., 2021). This paper focuses on the subtle effects of the Special Theory
of Relativity (Einstein, 1905a; 1905b; 1905¢; 1905d) upon atomic structure. As such, the larger the
atomic number, Z, the greater the relativistic effect may be on how atoms exist.

The classical Hamiltonian for any particle in motion bound by a negative potential —U, such
as the negative gravitational potential between a planet orbiting the sun, has a constant mechanical
energy value E, less than zero (Kleppner and Kolenkow, 2014). In classical Newtonian physics for a
planet orbiting the sun, the total mechanical energy E,, is the kinetic energy KE = impvz, where my

is the rest mass of the moving planet in kilograms and v is the speed or magnitude in units of meters
per second of the planet’s velocity vector v orbiting the sun, plus the energy value of the negative
gravitational potential energy —U.

“Corresponding author: jbidlack@uco.edu
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GMSmp) _mgv? GMgm, p; GMgm,

1
KE + (-U) =5mp172+(— =E, <0 (1

T 2m, ro 2m, T
In Equation 1, the p] is the squared magnitude of the planet’s momentum vector p, = m,v, M; is
the rest mass of the sun in kilograms, 7 is the separation distance in meters from the center-of-mass of
the planet to that of the sun, and G is the gravitational constant which can only be measured to four
significant figures.

3

m
G =6673x 10711 m

e (Kleppner and Kolenkow, 2014) 2)

If the value of the mechanical energy E,, is equal to or greater than zero (E,, >0), the planet is unbound
and can escape from the negative potential of the sun’s gravitational force due to sufficient kinetic
energy of motion.

For the electron in the hydrogen atom, or hydrogen-like cations that have only one electron
and more than one proton in the atomic nucleus, the negative gravitational potential is replaced in
Equation 1 by the negative Coulomb potential between the negatively charged electron and the posi-
tively charged atomic nucleus.

P ! Zqz—E here th ti tential — Uis — U = 1 Ze 3)
o, dmeg 7 Dm where the negative potentia is = “dme r

In the above equation, m, is the measured mass of an electron at rest in kilograms

m, = 9.10938 x 10731 kilogram (Tipler and Llewellyn, 2012) 4)

And ¢ is the electrostatic permittivity of a vacuum which in MKS units is measured to be the numerical
value shown below.

Coulomb?second?

g, = 8.854187817 x 10712 (Tipler and Llewellyn, 2012) Q)

kilogram meter3

Z is the atomic number or number of protons in the atomic nucleus, and ¢ is the measured magnitude
of charge for both the electron and proton expressed in units of the Coulomb.

g = 1.602177 x 10~1° Coulomb (Tipler and Llewellyn, 2012) (6)

In addition, 7 is the distance between the centers-of-mass of the electron and atomic nucleus in meters,
analogous to the orbiting planet and sun in the gravitational potential.

In quantum mechanics, subatomic particles have wave-particle duality as photons of light

(Tipler and Llewellyn, 2012). The wavelength A, is directly proportional to the reciprocal of the
magnitude p = mv of the momentum vector p = mv for any subatomic particle or a photon of light
with Planck’s constant /4 as the measured proportionality constant (numerical value from Tipler and
Proc. Okla. Acad. Sci. 105: pp 104-131 (2025)
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Llewellyn, 2012).

2
in meters, kilograms and seconds (MKS)units (7)

h h ¢
A=—=— andh = 6.62607 x 1073 Joule seconds or £m
p mv se

For the above equation, mass is in kilograms, speed in meters per second, and wavelength in meters.
The time-independent wave function 1 for a freely moving subatomic particle or a photon of light is
the real part of the next equation.

. 2 h
Y =P(r) = e*" where k = 7” =5 mv= 2—, and i = o= 1.05457 x 10734 g ONalker etal.,2014) (8)

Therefore, the second derivative of the wave function yields the following equation for the vector dot
product of the momentum vector p  p = p? of such a moving particle displaying wave-particle duality.

L 2 4%y
z= "V SepY=-h'_7 )

Thus, using the expression 1 for the wave function of an electron in a hydrogen atom or a
hydrogen-like cation by the substitution of Equation 9 for the classical kinetic energy in Equation 3,
one arrives at the classical Schrodinger differential wave equation for the single electron in a hydrogen
atom or hydrogen-like cation.

h? 1 zg?

oV ¥ Gy ¥ = Emib (10)

In addition, the electron motion is a three-dimensional wave encircling the atomic nucleus, resulting
in taking the double derivative of the wave function ) with respect to each of the three rectangular
coordinates x, y, and z. In Equation 10, V2 is the following dot product of the vector operator V.

a_ 9 a_. @ %y %y 1/;
2 =V -V = |—% G4 — k. T T 4
V) =V VY [axx+6yY+az ] [ax yy 32 ]1/: EPe +ay + > (Walker et al., 2014) (11)

In the rectangular coordinate system with the center of the nucleus being at the origin, the magnitude
for the distance between centers-of-mass of the electron and the atomic nucleus can be expressed as

r=@2+y?+2z)Y2 = [x2+y2 + 22 (12)

It is necessary to transform the V2 operator into spherical-polar coordinates r, 6, and ¢ to obtain
an analytical solution. First, there is the position vector r, with a magnitude equal to the separation
distance from the center-of-mass of the atomic nucleus to the electron’s center-of-mass, given in the
next expression (Wangsness, 1986).
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r=rf=r[cos¢sinfdR+singsinb§+cosf8Z] =rcos¢sin@R+rsingsind§ +rcosb z (13)

In Equation 13, f*is a unit vector like the orthonormal unit vectors X, ¥, and Zin rectangular coordinates.
The angle between the z-axis and vector r is the spherical-polar coordinate 8. The angle between the
projection of vector r (rsinf) onto the xy-plane, at z=0, and the x-axis is ¢.

Using the chain rule in differential calculus, Vi is the following expression.

dpar oo pad). [dpdr Yoo dpod]. [Opdr o9 dpad].
Y = [arax+aeax+a¢ax] X+ 6r6y+696y+6¢6y]y+ araz+6962+6¢az] (14)

Table I displays the partial derivatives of each of the three spherical-polar coordinates with respect
to each of the three rectangular coordinates. In addition to unit vector £, there are two additional unit
vectors 6 and ¢ in spherical-polar coordinates, and all three are likewise orthonormal as X, §, and Z in
rectangular coordinates.

of ~ 1 or
1-=cosd)cosB)?+sin¢cosB§—sinBi ¢=m£=—sin¢)ﬁ+cos¢}7 (Wangsness, 1986)  (15)

Table I  Partial Derivatives of Spherical-Polar Coordinates with Respect to Rectangular Coordi-

nates
i} 0
é = a[(xZ +y? + 22| = cospsin®
ar
ay  dy [(x +y% +2%)"?] = singpsin g
d d
== 4y 4 2] = cosh
20 0 . d — Zcos ¢ cos 6
=% = 3y arccosine Gz +y2 12072 7 cos ¢ cos
3 0 ol z =y 0
3y = gy recosine |5 IR RSS v i —sin¢ cos
9 0 el z = —=sinf
5z = gz Arecosine [ vt 22172 T —sin
06 0 . x _ 1sing
S = 3% drceosine [(xz i y2)1/2] " T Tsing
3 P 1 cos
9 _9 arcsme[ Y ]:_ i .
3y~ ay (x2+y2)1/2]  rsing
a¢p 0 Yy _
=, "3 ——arcsine [m] N
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Using the chain rule with the partial derivatives displayed in Table I for Equation 14, Vi is the next
expression in spherical-polar coordinates, transformed from rectangular coordinate unit vectors into
spherical-polar coordinate unit vectors, after collection of terms that have rectangular coordinate unit
vectors comprising the spherical-polar coordinate unit vectors.

vy = [a X+ yer ]‘/’ [ar A:aae $ﬁ%}¢ (16)

The following vector dot product can then be used to transform Equation 11 from rectangular coordi-
nates to spherical-polar coordinates.

,,16 = Ala ~ 1 0
V=V = [6 r oo ¢rsm96¢] [ar T 06 ¢rsin9%¢ (a7)

In Equation 17, it is important to note that unit vectors i-and 6 are functions of 8 and ¢, as unit vector
$is a function of ¢ when performing the dot product of V-V (see Table II). It is necessary to take the
partial derivatives of these three spherical polar coordinate unit vectors while conducting this vector
dot product. After performing the vector dot-product in Equation 17 and algebraic rearrangement, one
has V%) transformed into spherical polar coordinates.

V2¢ [axz ay 622]¢ [rlz % (rz a%) + r2 slm 6 666 (smﬂ 669) rzsianH %] ¥ (18)
Table II  Partial Derivatives in Equation 17 not Equal to Zero

— =cospcos@RK+singpcosfy—sinfz==9

— = —cos¢sinfR—singsin@y —cosfz=—t

— = —sin¢sin@K +cos¢psinfy = (—sindx + cosPy)sind =sinf ¢

%z—sin(]bcosQﬁ—i—cosrpcoser: (—sing X+ cospy)cosh =cosh ¢
96
%z —cospX—sing§

The classical Schrodinger differential wave equation is appropriate when the electron in an atom never
approaches the speed of light. However, for large nuclei, such as lead (Pb) with an atomic number
of 82 or 82 protons, the electrons with the angular momentum quantum number [=0 approach the
speed of light as they come into close contact with the nucleus. Theoretically, electrons that have
angular momentum quantum number equal to zero, in classical physics, have linear oscillatory motion
(Walker et al., 2014) and penetrate through the atomic nucleus twice during each oscillation. Thus, it
is necessary to evaluate the relativistic Schrodinger differential wave equation for such large nuclei.
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Einstein’s Special Theory of Relativity and the Relativistic Schrodinger Differential Wave
Equation

By Einstein’s Special Theory of Relativity, kinetic energy, KE, is equal to the difference
between the relativistic mass m,., of an electron multiplied by the speed-of-light squared c¢? and the
electron rest mass m, times the speed-of-light squared.

KE = m,.c?* — m,c? (Tipler and Llewellyn, 2012) (19)

Concisely, the speed of light in units of meters per second is the following large integer number.

meters

c= 299,792,458m (Tipler and Llewellyn, 2012) (20)

And the relativistic mass m,, of the electron is equal to the electron rest mass m, divided by the

square-root of the quantity 1—v?2/c?, where v is the speed of the electron and c is the speed of light.
me

Tre T fi=vije | Q- v2/ct)fe

Therefore, the Hamiltonian, kinetic energy plus negative potential energy, for the electron in a hy-
drogen atom or hydrogen-like cation becomes the following expression when using Equation 19 to
express the kinetic energy of the electron.

(Tipler and Llewellyn, 2012) 1)

1 Zg?
2 _ 2y _ =
(Myec? —myc?) pr— En (22)

And Equation 22 can be rearranged into the following more convenient expression.

1 Zq®
m,ec? —E% =Ep+mec? =E; (23)
0

E, is the energy sum or sum of the electron rest mass energy m,.c? and the mechanical energy E,,.
E ,can only be a positive number and greater than zero (E;>0) when including angular momentum. If
the sum energy E,=0, then E,,=—m,c?, and the relativistic energy of the orbiting electron becomes
equal to the magnitude of the negative Coulomb potential.

1 Zq?
2=_— 21 24
Mre€ Amey T 24)
In classical physics, if an electron in a hydrogen-like cation has a perfectly circular orbit, the cen-
trifugal force for the relativistic electron in motion equals the magnitude of the Coulomb force of
attraction.

v? 1 Zq?
2 __- 2% (25)
Mre 2. 4me, 12

Next, multiply both sides of Equation 25 with distance r
,_ 1 Zq?

= ———— (= my.c? because v = c when E; = 0) (26)

v
Mre dey T
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Hence, when E ;=0 and the centrifugal force equals the magnitude of the attractive Coulomb force, the
relativistic electron moves at the speed-of-light with a relativistic mass equal to infinity, which would
only be possible if the electron and atomic nucleus were both point masses and separation distance
r=0. This is one explanation of why the sum energy E' is greater than zero, and the mechanical energy
E,. is greater than the negative electron rest mass energy (E,,>—m,c2). In addition, if one squares the
result in Equation 24

mZc* 1 zg?\?
1-vZ/cz = - (27)
1-v?/c 4mey T
Then Equation 27 can be rearranged into the next expression.
2\2 2 2\2
L za\ v (1 247) (28)
dmey T ) 2 dtey T
Afterwards, substitute the result of Equation 24 into Equation 28 to arrive at
"er“evzcz = prgecz = m%ec‘k - mﬁc‘* (29)

Where in Equation 29, p,. is the magnitude of the relativistic momentum p,,=m,,V of the electron in
motion such that

ey (Tipler and Llewellyn, 2012) (30)

Pre = 77—
" J1—v2/c?

The expression in Equation 29 is derived from the following famous equation in Einstein’s Special
Theory of Relativity.

2 2
E=myc?= MeC MMeC (Tipler and Llewellyn, 2012) (31

For energy levels with angular momentum, this is another explanation why the sum energy E; can only
be a positive number greater than zero and the mechanical energy E,, must be larger than the negative
electron rest mass energy.

If one adds the electron rest mass energy squared mzc* on both sides of Equation 29, and

then takes the square-root of both sides, the next expression is the result.

mpec? = [phect 4 mict = (phe? + mictyis (32)

This result of Equation 32 is then substituted in Equation 23 for the electron’s relativistic mass energy
2
My eC2.

(2 22 24 1 Zq*
2 .2 2,4 _ = 33
prec + mec 4‘7I£0 r ES ( )

To use the squared momentum operator in Equation 33 above, the Coulomb potential is added to both
sides of the equation, and then squaring both sides of the equation to obtain the next relation.

2 2
1 Zg? 1 Zg? 1 Zq?
2 2 2.4 _ — 52 34
Prec” +mzc (ES+4‘II£O r) Es +2E; dme, T + dmey T G4
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Then, subtract the square of the rest mass energy m2c* of the electron from both sides of Equation 34
and square the Coulomb potential to arrive at the next expression.

1 Zq2 1 Z%q*
47e, (4mey)? 12

P?ecz = (Esz - mgc4) + 2E; (35)

Now when using the dot product of the momentum operator VZ, the relativistic version of the
Schrodinger differential wave equation becomes the next differential expression.

1 Zq 1 Z%*
32,292 2 _m2ct 36
hecVay) = [(E mZc*) + 2E; pre + ne)? 12 L] (36)

After dividing Equation 36 by squared product /2¢? and rearranging this equation to equal zero
v —m2c* 2E, 1 Zg* N 1 q*| 0 (37)
¥ hzcz h2cZ4me, r @ KZc2(4meg)? 12 v=
The expression in Equation 37 can be further simplified by substitution of the following unitless term
a such that
q? (1.602177 x 10™*° Coulomb)?

~ hedme (1.05457 x 10-3¢ kg m?
sec

1
ZenrZ\ (38)
) (299 792 458—) an (8 854187817 x 10-12 C"lz‘é%) 137.036

to obtain the next expression.

2,2
vy — [ _r mec* | 2EZa Z'a ]¢ 0 (39)

2 hc T

The unitless numerical reciprocal of 137.036 in Equation 38 is calculated using the numerical values
with units given in Equations 2, 8, 9 and 20. The relativistic version of the Schrodinger differential
wave equation is now the following expression in terms of spherical-polar coordinates.

_izi( 6¢) ;_i(sm %)__;ﬂz_w_ Ef —mect | 2EZa Zaf] (40)
r2dr\ odr) r?sin6ao 20) 12%sin%6 d¢>? h2c? he r

Equation 40 is a linear, nonhomogeneous partial differential equation that may have an analytical
solution (Walker et al., 2014) by separation of variables 7, 8, and ¢ when setting (r,0,¢)=R(r)0(6)
®(¢p), the product of three separate different functions of the spherical-polar coordinates. It is obvious
that the analytical solution for the differential expression of 8 and ¢ are the same as in the classical

Schrodinger differential wave equation (Walker et al., 2014). The analytical solution for angle ¢ is the
following simple exponential function.

D(g) = etim® (41)

In Equation 41, m, is the magnetic quantum number whose values range from —I to +I. The analytical
solution for angle 8 is the following polynomial.

[yl

0@)=01- Zz)lnzl_l ddz Pi(z)and z = cos 6 (42)

In Equation 42, P,(z=cos#) are solutions to the homogeneous Legendre differential equation given
below.

% [(1 - zz)%] +1(L + )P, = 0 (Arfken and Weber, 2005) (43)
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Equation 42 instead is the analytical solution to the homogeneous associate Legendre differential
equation.

2
% [(1 —ZZ)ZZ] [l(l - ]e 0 (Arfken and Weber, 2005) (44)

In Equations 43 and 44, dz=—sinfd6 when z=cosf involving the angular momentum quantum
number [. Empirically, the squared quantized angular momentum is observed (Walker et al., 2014)
to be proportional to [(I+1) instead of {2 and this is in correlation with the Heisenbug uncertainty
principle of linear momentum.

The major difference between the relativistic Schrodinger differential wave equation and
the classical one is in the radial wave function R(r) when taking relativistic effects into account.
With reference to the analytical solutions of 8 and ¢ (Walker et al., 2014), equation 40 becomes the
following differential function of R.

1d dry 1 EZ —m2c* 2E,Za Z%a?
Ny (o Reckh B |25 T et [ 2EsE2R 27 Ip o (45)
rzdr(r dr)+rzl(l+1)R [ h2c2 + fic r + r2 k=0

Multiply —1 through Equation 45, take the derivatives with respect to r on the left-hand-
side of Equatlon 45, and substitute +[(E2 —m2c?)/ (hz 2)] with equivalent expression

—{-[2 - 4)/(712 )]}, Equation 45 becomes
2dR  d*R 2B Za, [ (B —mich|, Z*a®—l0+1)
rart @zt e o+ R [ rez R ;z R=0 (46)

Then use the following same relationship as in the classical Schrodinger differential wave equation for
the unitless parameter p (Walker et al., 2014) to have a dimensionless distance variable instead of .

p=2fr (47)

Where 2 is set equal to next expression for E values greater than zero and less than the electron rest
mass energy, since the mechanical energy E,, is a negative number greater than the negative rest mass
energy value of the electron.

EZ — 1
[32=—% e ZMmic*—EH >0  If0<E; <mec?and — mec? < Ep <0 (48)
Note that the units of 8 is 1/meter. Equation 46 is now transformed into units of p since 7 = % with
the substitution of g2 = —[(EZ —-m c4)/(h2 2)] into Equation 46
2dR 1E Za Z’a* - 1(+1) 49
2 24 2 2 2Z —
) dp+(23) Ot @) Fhep R-FR+ @B ——7——R=0 (49)
When one applies the following expression for deriving Equation 49.
BE;s 21
2p—— h 4ﬂ,8hc (2B) ,th (50)

Again, unitless parameter ¥ is used to obtain a nonhomogeneous associate Laguerre differential
equation as in the case of the classical Schrodinger differential wave equation (Walker et al., 2014),
and this time
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0<E;< 2 E, = Es
s <MeC e—mecz (51)

_EZa _ EZa EZa EZa _ EZa

y = —— = = =
Bhc m2c* —E2hc  m2c*—E? m,c?%/1—-E? 1-E?
yet —

C

In Equation 51, E, is in units of the electron rest mass energy. Rearrangement of Equation 51 will yield
the following equation with E as a positive square root function of y since 0<E <m,c?.

E - m,c? orE. — E, 1
s 722 ¢ mec? Z2q (52)
1+ 72 1+ v

After dividing Equation 49 through by (2/)2 and substituting in y, Equation 49 ends up in a similar
form as for the classical Schrodinger differential radial wave equation but with the addition of the Z2a2
term divided by p2.

2dR d*R 1 22a2—1(1+1)R_

S+ —4+-R--R+
pdp dp? p

i 2 0 (53)

And again, the analytical solution of Equation 53 will be very similar to the classical Schrodinger
differential radial wave equation (Walker et al., 2014) concerning radial function R(p), but what will
be different is the exponent s in the polynomial F(p).

R(p) =R = e #/*F(p) = e P/*F (54)

The negative exponential factor in Equation 54 is derived for large values of p where the expression
in Equation 53 becomes the following approximation.

d’R 1 . . _
PP 2R=0 (Analytical solution R = e™#/2.) (55)
After taking the first and second derivative of Equation 54 with respect to p, substituting them into
Equation 53, and dividing out e—*/2

2 2 dF -1 ZPa?—1(0+1
d—f+(——1)—+(y )F+ ¢ 2(+ dp—o (56)
dp*  \p dp p P

If one multiplies Equation 56 with p and then subtract the right-hand term on both sides of this equation,
one has the following result which is a nonhomogeneous associate Laguerre differential equation.

d*F dF I+ —-7%a*
Pd—pz‘F(Z—P)%‘FO’—l)F—f” (57)
The homogenous associate Laguerre differential equation is the following in terms of x and y.

2

d d
xd_x}; +(k+1—x) Ey +ny = 0 (Arfken, and Weber, 2005) (58)

In Equation 58, both x and 7 are integers with the following analytical series solution and coefficients.

_ X _ _ k—n
Y—Z“k" M=F1% MR TR DRk DA DX (59)

Apparently, the series solution in Equation 59 terminates when k=n. Compared to Equation 59, in
Equation 56 F=y, p=x, k=1 and n=y—1.
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Therefore, the analytical solution to the function F(p) is the following expansion series in
powers of p, as for the classical Schrodinger differential radial wave equation (Walker et al., 2014),
where a constant value s is added to the exponentials of p to match with the nonhomogeneous
differential equation given in Equation 57.

d dF <~ dF?  ~
F= Z agpt == Z(s +k)agpstet = Z(s +h)(s +k—Dagp*k2  (60)
k=0 p k=0 P k=0

However, this time s will not be equal to angular momentum quantum number [, and n=y—1is a
non-integer real number instead of an integer. If one performs the substitutions of the expressions in
Equation 60 into Equation 57, one has the following result.

K K K K
+k s k—1a S+k-1 2 s a S+k—-1 __ s+k _ s+k —
,;(S )(s + k= Dagp®* + kZ( +)ap ch(s+k)akp +0r 1);akp
K
[Ld+ 1) - Z%a?] Z agps k1 (61)
k=0
Then separate out terms of k=0 for the two series on the left-hand side of Equation 61, and the same
for the k=0 component of the series on the right-hand side of the equal sign.
K K K
[s(s — 1) + 2s]agps! + Z(s +k)(s+k—Dagpstk1+2 Z(s + k)agpsth1 — Z(s + K)agpstk +

k=1 k=0
K K

-1 Z aps* = [I(L+ 1) — Z2a?]agps~t + [I(L + 1) — Z2a?] Z P i (7))
k=0 k=1

Then reset the series on both sides of Equation 62 for terms pSt~1into ps*k by addition of one so to
have the initial value of k=0 instead of k=1, and collect like terms.

K K K
s(s + Daop™™ + Z [(s+k+1)(s + k) +2(s +k + 1)]ags1p°* — Z(s +R)apstt + ¢ — 1) Z apstk =
k=0 k=0 k=0
K
[LQd + 1) — Z2a2]agp~t + [I(L + 1) — Z2a?] Z Geanp®* (63)
k=0
In Equation 63 it is possible to evaluate s since a, cannot be equal to zero.
s(s+1)=I11+1)—Z%a%? or s®+s+[Z%a®>—-1(l+1)]=0 (64)

The quadratic formula below is used to evaluate s.

et V1Z+ 400+ 1) - Z2a2]

S O S B 3 J (l+1)2—22a2 (65)
2 2t 2t ' *2

Next, the following part of Equation 63 is rearranged and set equal to zero so to be able to evaluate y.

PNy

K K
Z{(s Fh+1)(s+k) +2(s + k + 1) + [Z2a2 — I(L + D)]}as1p* + Z[(y 1) - (s +R]ap™ =0 (66)
k=0 k=0
Thus, one has the following relationship between coefficients a, and a,,, ; from Equation 66 above
s+b)-G¢-1

Ul = kT DG+ + 26+ k+ D)+ [22a% — 1A+ D] (67)
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And the series terminates when the numerator in Equation 67 is equal to zero. Hence, y is the following
function in Equation 68 below noting that addition instead of subtraction in the analytical solution
given in Equation 65 is utilized, since theoretically a quantum number of any orbital must be positive
and greater than zero in value.
1 1\? 1 1\%
y=s+k+1 =-5% (l+§) —Zza2+(n—l)=n—(l+§)+ (l+§) —-Z%a2>0 (68)

The k+1=n—I[, as in the classical Schrodinger differential wave equation (Walker et al., 2014),
mandates that [,,,,,=n—1. Angular momentum quantum number [ is less than the principal quantum
number n. Substituting addition in Equation 65 for s and Equation 68 for y, Equation 67 becomes the
next expression.

k+l+1—n
Qg1 = (257

12
2(k+1) (z+7) —Zza2]+k2+2k+1

(69)

Another important fact is that values of y for the 1s orbitals of all 118 elements on the current Periodic
Table of Elements, beyond copper to element 118 (oganesson), are estimated to be greater than 1/2.

Two Problems of the Relativistic Schrodinger Differential Wave Equation for [=0 Quantum
Levels

There are two problems with the relativistic version of the Schrodinger differential wave
equation for quantum levels with angular momentum quantum number [=0. With regard to the first
problem, the value E, in units of the electron rest mass energy, calculated from the measured 1s
ionization energy of Cu**" (Table III) (Wikipedia: The Free Encyclopedia, 2025), is 0.9773612, greater
than the theoretical value 0.9762209 evaluated by the analytical solution of the relativistic Schrodinger
differential wave equation. Using Equation 68 to determine the value of y for Cu®" hydrogen-like
cation containing 29 protons in the copper nucleus with the single electron in the 1s orbital

=n l+1+ l+12 Z2g2 =1 0+1+ 0+12 202 1 09530073 (70)
v= ( 2) ( 2) = ( 2) ( 2) 1370362 O

And using this value of y from Equation 70 in Equation 52 yields the following theoretical E, value
for the s ionization energy in a Cu®®" hydrogen-like cation.

E 1 1
E,=—> = = = 0.9762209 (71)

=
mec 2
Z%a? 2L
1 29
j +t2 \/1+ 137.036

0.95300732

However, if one uses the measured 1s ionization energy /E for Cu®** (Table III), experimental E, is
greater than the number calculated in Equation 71.

IE 1 _ _ 1,116,105000 Joules 1 _ 09773612 (72)
Nymgc? 6.022141 X 1023 9.10938 X 10-3'kg(299782458 m/s)?>

Ee,Exp =1
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Table IIT Measured Ionization Energies for the 1s Electron in Hydrogen and Hydrogen-Like Cations

Atomic Number Element Cation Measured 1s Tonization Energy (k/mole)
| Hydrogen H 1,312.0
2 Helium He* 5,250.5
3 Lithium Li%* 11,815.0
4 Beryllium Be** 21,006.6
5 Boron B* 32,826.17
6 Carbon ct 47.277.0
7 Nitrogen N+ 64,360.
8 Oxygen or 84,078.0
9 Fluorine F&* 106,434.3

10 Neon Ne* 131,432
11 Sodium Nalo* 159,076
12 Magnesium Mgt 189,368
13 Aluminum A% 222316
14 Silicon Sit3* 257,923
15 Phosphorus pi+ 296,195
16 Sulfur Si5* 337,138
17 Chlorine Clis* 380,760
18 Argon Arl™ 427,066
19 Potassium K& 476,063
20 Calcium Cal?* 572,762
21 Scandium Sc20* 582,163
22 Titanium T2 639,294
23 Vanadium v 699,144
24 Chromium Cr¥* 761,733
25 Manganese Mn?#* 827,067
26 Iron Fe?* 895,161
27 Cobalt Co* 966,023
28 Nickel NiZ7* 1,039,668
29 Copper Cu?®* 1,116,105

In Equation 72, the numerical value of Avogadro’s number N, (Miessler et al., 2014) is in the
denominator since ionization energies are normally given in units of kilojoules per mole. The
calculated E, in Equation 72 from measured data is greater than the result in Equation 71, showing
that the theoretical value overestimates the actual ionization energy. Concerning the second problem,
this appears in Equations 65 and 68 for the hydrogen-like cation Tm®" when the angular momentum
quantum number [=0. For the Tm®" hydrogen-like cation, evaluation of s and y using Equations 65
and 68 both yield a complex number.

=n 0+1 + 0+12 692 ! =n 1+ L 692 L =n 1+'00594112 (73)
r= ( 2) ( 2) 137.0360002 2 |4 137.0360002 — 2T

To evaluate a numerical solution which matches experimental 1s ionization energy value for hydrogen-
like cation Cu?®", first compute YExp from evaluated E, gy, of Equation 72 after rearrangement of
Equation 52 to separate out ¥,
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Za

VYexp = Lepxp 77— (74)
1-E g,Exp

Since there is no analytical solution that matches measurement, a numerical solution is necessary. As
such, we first inserted the calculated value of yg,, from Equation 74 into Equation 53 and performed
a numerical analysis of the radial differential wave equation using the finite-difference technique
(LeVeque, 2017). This was performed by using Microsoft Excel (Microsoft, 2018) for the following
expression:
2dR d2R+yEpr 1 ZPaP -0+ 1)R _

pdp dp? T p AT ’ 7
After performing the next four steps, Equation 75 becomes the numerical expression in Equation 79
for the finite-difference technique used to perform a numerical integration.

In Step 1, use the following approximation in Equation 76 below for first and second
derivatives with respect to p while using the calculated y,, from experimentally measured ionization
energy.

2 Ryq—R RHZA_ RM_RHZ_Ri Z*a?-111+1) 1
. —R; a?—
i+1 iy o p n [yExp "

~2|Riy1 =0 76
pis1 Dp Ap Pis1 P 4] " (76)

In Step 2, note that the approximate second derivative with respect to p is simplified to the ratio on the
left-hand-side of Equation 77 given below.

Rivo—2Rini +R: 2 (Ris: —R; 2P -10+1) 1
Hz—gﬂur_(i‘“ ’)+ [y“” +a27()——] Riy1 =0 (77)
Ap Pi+1 Ap Pi+1 Pit1 4

For Step 3, collect all like terms in Equation 77 to arrive at the next expression.

Riyz Ri—2Ry, | 2 (Ri+1 - Ri) [YExp ZZa? -1+ 1) 1]

e — () + t——————Z|Ri1=0
Ap? bp2 T pu\ Bp Pit1 Pl 4| (78)
Afterwards, finally in Step 4 separate out the newly calculated R;,, value in Equation 79 as shown
below.

2

Riy2 =2Riy1 —Ri +Ap
Pi+1

1 I(+1)-2Z%? x
WrD-Za” ve ”] Ri+1 (79)

R; — Rip1) + Ap? |5 +
( +1) P [4 pr:2+1 Dir1
Then using the values of p;1, R;, and R;;1 with Ap value set equal to either +0.001 or —0.001,
depending upon the direction in the p-axis taken, to calculate the new value of R;, , in Equation 79.

For the 1s and other ns orbitals with angular momentum quantum number [=0, the
following modification of Equation 79 was found to be necessary by adding constant og-parameter to
dimensionless p when using the experimental value of yg,, evaluated from measured 1s ionization
energies of hydrogen-like cations.

2 1 Z%a? ¥YE
Risz = 2Rivs = R+ Bp—— R = Rivs) + 297 R (80)
i+

4 (pis1+ 02 (i1 t0)

Without this modification, the numerical plot of R as a function of p decreases in value within short
distances from the atomic nucleus (Figure 1), resulting in a negative minimum value at the center
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of the atomic nucleus rather than a positive maximum value. It is obvious that the small definite
volume of the atomic nucleus, as well as that of the electron, is modeled by the insertion of a constant
o-parameter. This constant o-parameter is set equal to an evaluated constant C equal to 3.71, such
that o is equal to 3.71 times an estimated nuclear radius (Table V). A logarithmic plot of Figure
2 was utilized in estimating the value of the constant C where near the estimated copper nucleus
radius the logarithmic plot becomes nonlinear and increases to a maximum value at the center of the
atomic nucleus. In units of meters, the nuclear radius is estimated (Wong, 1998) as 1.2x107 times
the atomic mass number A raised to the one-third power (r,,,=1.2x107*5A'% meter), but instead
for copper, the atomic weight listed on the Periodic Table of Elements is used for estimating the
radius of the copper nucleus due to two naturally occurring copper isotopes. Then, the calculation of
0=C(2X1,c) 1s employed to convert the value of g-parameter from meters into the dimensionless
p. The negative value of Ap=—0.001 is used instead of +0.001 since the maximum value of R is
unknown at the center of the atomic nucleus. One can initially set R to a very small value slightly
greater than or slightly less than zero at p1=>25.000, initial value of p; dependent upon the ns orbital
size, and then set the value of R, to a very small number slightly greater than or slightly less than Ry,
depending upon the shape of the radial wave function, at p,=p;+Ap. The initial values of R; and
R, are adjusted to have a normalized numerical plot of R(p) and a continuous numerical solution
for F(p). Afterwards, finish off evaluation of the radial wave function R using Equation 80, rather
than Equation 79, consistently up to p;;,=0 at the center-of-mass of the atomic nucleus. Figure 2
displays the normalized numerical evaluation of the radial wave function for the 1s electron in the
Cu®¥" hydrogen-like cation using the measured ionization energy of the 1s orbital and the inclusion of
the g-parameter. The maximum value at the center of the atomic nucleus at p=0 is a positive number.
With the inclusion of the g-parameter, the differential expression in Equation 75 becomes a differential
equation with no known analytical solution and only a numerical solution is possible using finite-
difference technique with initial boundary conditions. Thus, measured data is required along with a
numerical solution via the finite-difference technique. In addition, to obtain the smooth shape of the
numerical integration at the center of the atomic nucleus (p=0), the value of the constant C is varied
to determine the most appropriate value of the o-parameter in Equation 80.

0.6 Numerical Radial Function for 15 obital in Cu?® Hydrogen-Like
0.4 Cation without Inserted s-Parameter
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Figure 1 Normalized numerically calculated radial function R for the 1s orbital in the Cu*®*" hydrogen-
like cation with yg,,=0.9775719, factor f.,,=0.489570, and E, 5,,=0.9773612. For the
x-axis 7=0.912571 p in units of picometers (10> meters).
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0.8 Numerical Radial Function for 15 obital in Cu?®** Hvdrogen-Like
Cation with Inserted o-Parameter

0 5 10 15 20 25 30

Figure 2 Normalized numerically calculated radial function R for the 1s orbital in the Cu®®* hydrogen-
like cation with y£,=0.9775719, factor f,,=0.489570, and E, ;,,=0.9773612. For the
x-axis r=0.912571 p in units of picometers (107> meter) and ¢=0.0195 in units of p.

Table IV Evaluated o-Parameters for the Cu28+ Hydrogen-Like Cation in Unitless and Picometers

0= C2B X Tyyer = C2B x 1.2AWY? = €28 x 1.2 x 6353 = €2 x 4.79 femtometer (10~'° meter)
[ given in units of 1/picometers and 1 picometer = 10712 meter

Orbital B (1/pm) Constant C Thuct 10 unitless p o-Parameter in unitless p

1s 0.548 3.71 0.00525 0.0195

2s 0.276 371 0.00264 0.00979
3s 0.184 3.71 0.00176 0.00653
4s 0.138 3.71 0.00132 0.00490
5s 0.110 3.71 0.00105 0.00390
6s 0.0916 3.71 0.000877 0.00325
7s 0.0785 3.71 0.000752 0.00279

In addition, one can evaluate an experimental factor f,,, in Equation 81 below, by the calculated
YExp When using measured ionization energies of 1s electron in hydrogen-like cations for principal
quantum number n=1 and angular momentum quantum number [=0.

Vexp = 1_(0+%)+J(0+%)2—f5xpzzaz 1)
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Such that after separating out the factor f,, in Equation 81, one has the following expression.

2

fiep = T (82)
If one assumes that the value of factor f,, does not change with principal quantum number n, radial
functions for larger values of the principal quantum number n with angular momentum quantum number
[=0 can be determined numerically. However, it will again be necessary to insert the o-parameter in
Equation 80 to obtain continuous plots of both R(p) and F(p). Figure 3 displays the normalized
numerical radial wave function of the 2s electron in the Cu?3" cation which has a higher energy value,
and Table IV displays the evaluated o-parameters for the 1s to 7s orbitals in both unitless parameter
p and a constant value in femtometers (107'° meters) for the estimated radius of a copper nucleus.
For all the ns orbitals analyzed, the evaluated o-parameters are displayed at three significant figures.
In the numerical integration of Figure 3, the evaluated factor f.,, in Equation 82, from the measured
ionization energy of the 1s hydrogen-like cation Cu?¥", is used again by insertion in Equation 83
below for principal quantum number n=2 and angular momentum quantum number [=0.

1 1,2 ?
Yas=n—(0+5)+ [[04+2) = fer ZzazandEs=L (83)
2 2 i
Z2q?
Vo

Numerical Radial Function for 25 obital in Cu?®** Hydrogen-Like

08 | Cation with Inserted o-Parameter
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Figure 3 Normalized numerically calculated radial function R for the 2s orbital in the Cu?*
hydrogen-like cation using factor f,,,=0.489570 and y,,=1.977572, resulting in
E.,=0.9943230>0.9773612. For the x-axis r=1.814588 p in units of picometers (102
meter) and 0=0.00979 in units of p.

Proc. Okla. Acad. Sci. 105: pp 104-131 (2025)



J.H. McNeill and J.E. Bidlack 121

This computed value of ¥, is then used to calculate the energy level by Equation 52, and y,,, is then
inserted into Equation 80 to perform the numerical result with inclusion with the o-parameter. Note
that the radial wave function plot of the 2s electron in Figure 3 has a single node.

Theoretically, the ns electrons pass through the atomic nucleus in classical oscillations
because there is zero angular momentum of the electron in an atomic orbital that has the angular
momentum quantum number [=0. In classical physics (Walker et al., 2014), the electron inside the
atomic nucleus will experience a Coulomb force matching that of the classical harmonic oscillator
if the positive charge density of the atomic nucleus is constant, similar to an object falling through a
linear hole through the center of a planet for the force of gravity. It is important to note that subatomic
particles and the atomic nucleus as well are not point masses. Theoretically the electron, proton, and
neutron are spherical in shape. The radius of the proton and neutron are estimated to be as small as 1
femtometer (107" meters). Since the electron has a rest mass value nearly 1,800 times less than that
of a proton or neutron, the radius of the electron is around 1077 meter assuming the electron has the
same density as the proton or neutron. This may be the physical origin of the required g-parameter for
a numerical solution with lower ionization energy values as compared to the analytical solution of the
relativistic Schrodinger differential wave equation.

Yet, it is important to note that the evaluated o-parameter using experimental ionization
energy is slightly more than twice the estimated radius of the nucleus or diameter. If one inserts the
estimated radius of the atomic nucleus, the numerical value of the factor “f,” ends up lesser in value
than the experimental value fg,, and the calculated ionization energy will be larger in value than
observed experimentally. Since the differential expression in Equation 75 with the addition of the
o-parameter in the denominator has no analytical solution and only a numerical one, it is necessary,
therefore, to use experimental data in obtaining the most appropriate value of the o-parameter. Again,
due to the wave-particle duality of the electron and the atomic nucleus, this may help to explain why
the o-parameter is larger than the estimated diameter of the atomic nucleus.

The Relativistic Schrodinger Differential Wave Equation for [>0 Quantum Levels

When numerically displaying normalized radial wave functions for angular momentum
quantum numbers greater than zero, [>0, the differential is Ap=40.001, positive value since at p;=0,
R;=0. Theoretically, electrons with angular momentum [>0 are exterior of the atomic nucleus due to
having quantized value of angular momentum greater than zero. Initial value of R, at p,=0.001 is set
equal to a very small number slightly greater than zero, such that a normalized numerical plot for R(p)
is the result. When accomplishing a numerical plot for the radial wave function of angular momentum
quantum number greater than zero [>0, a varied factor f,; can be inserted into Equation 68

2 2 84
ynl=n—(l+%)+\](l+%) = fZ%a? andEs=% (84)

This calculated value y,,; can then be placed into Equation 79 instead of Equation 80 to conduct a
numerical plot with no added o-parameter (6=0). The factor f,; is varied until the numerical plot of
R approaches zero at p=>25.000 without any divergences, along with the numerical plot of function
F(p) being continuous. Afterwards, the final value of y,;; is determined by Equation 84 from the varied
factor f;, and this final value y,,; is used to calculate the energy level E by Equation 52. The factor
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fn values observed are all slightly greater than one (Table V), showing that the analytical solution is
appropriate for quantum states that have angular momentum quantum number [=1,2,3,... It is very
likely that numerical error is the result of the factor f,, being slightly greater than one. Yet, in the
numerical analysis for [>0 orbitals, one can set factor f,,;=1 and vary the o-parameter in Equation 80
instead to obtain similar results (Table V). This alternative version of numerical integration resulted
in o-parameter values less than the estimated nuclear radius or equal to zero. The requirement of
inserting the parameter o, for some of the orbitals with angular momentum quantum (>0, is again due
to the small quantity of error in a numerical integration when using the finite-difference technique. The
quantum energy E calculated from y,, values for factor f,;=1 are nearly equal in value with ones for
values of f, slightly greater than one (Table V).

Table V Evaluated f,; Values with =0, Determined ¢ values for f,;=1 for [>0 for Orbitals from
2p to 7p for Hydrogen-Like cation Cu®**, and Calculated Energy Levels in Units of Electron
Rest Mass Energy. Also, listed energy values do not include spin-orbit S-L coupling.

Orbital fu (6 =0) Energy E, o in unitless p (fi, = 1) Energy E,
2p 1.005583 0.9943645 0.000122 0.9943650
3p 1.017 0.9974959 0.000245 0.9974963
3d 1.0056 0.9975063 0.0000875 0.9975064
4p 1.017 0.9985927 0.000236 0.9985929
4d 1.008 0.9985971 0.000131 0.9985971
4f 1.008 0.9985989 0.000131 0.9985989
5p 1.017 0.9991000 0.000252 0.9991001
5d 1.008 0.9991023 0.000000 0.9991023
5f 1.008 0.9991032 0.000105 0.9991032
6p 1.017 0.9993754 0.000000 0.9993755
6d 1.008 0.9993767 0.000000 0.9993767
7p 1.017 0.9995413 0.000000 0.9995414

Figure 4 displays the numerical plot of the 2p orbital using the analytical solution for f,,;=1
with the very small value of the o-parameter equal to 0.000122 in dimensionless distance p with an
atomic nucleus radius estimated to be 0.00263 in dimensionless distance p. Also, one of the energy
values for the 2p quantum level, 2ps ,, is slightly higher in energy than the 2s, but the other one, 2p1 »,
is slightly less (Table VI), referred to as the Lamb shift (Lamb and Retherford, 1947), when taking
spin-orbit S-L coupling into account between the electron and atomic nucleus. Thus, relativistic effects
explain why quantum levels at the same principal quantum number n, but different angular quantum
number [, have slightly different energy values. Larger values of the angular momentum quantum
number [ results in slightly higher energy if spin-orbit S-L coupling is not taken into consideration.
In the classical Schrodinger differential wave equation (Walker et al., 2014), quantum levels with the
same principal quantum number n and different angular momentum quantum number [ are equal in
energy and thus degenerate when not including spin-orbit S-L coupling.

Proc. Okla. Acad. Sci. 105: pp 104-131 (2025)



J.H. McNeill and J.E. Bidlack 123

Table VI Energy Levels: Relativistic Schrodinger and Dirac Differential Wave Equations, including
Classical Schrodinger, for Cu*®*" Cation which Incorporate Spin-Orbit S-L Coupling for
Orbitals 1s to 4f
Energy values are given in units of the rest mass energy of the electron, and the numerical solutions of the relativistic

Schradinger differential wave equation used for listed energy values with listed factor f

Spin Level Relativistic Schrodinger  Factor fz,, and f,; Relativistic Dirac’ Classical Schrodinger®
1s (j =0 +%)(l =0) 0.9773612 0.489570 0.9773513 0.9776078
2s (j =0+ %)(l =0) 0.9943230 0.489570 0.9943217 0.9944020
2p (No S - L coupling)(l = 1) 0.9943650 1° 0.9944020
21 (j=1-HU=1) 0.9943216 1 0.9943217 0.9943602
2, (=1+90=1) 0.9943867 1 0.9943862 0.9944228
3s (] =0+ %)(l =0) 0.9974839 0.489570 0.9974835 0.9975120
3p (No S - L coupling)(! = 1) 0.9974963 1 0.9975120
3p1/2 (j =1 —%)(l =1) 0.9974834 1 0.9974835 0.9975058
3p3,2 (j =1 +§)(l =1) 0.9975028 1 0.9975026 0.9975151
3d (No S- L coupling)(l = 2) 0.9975064 1 0.9975120
3dss, (j=2-2)(=2) 0.9975026 1 0.9975026 0.99750832
3ds/2 (j =2 +§)(l =2) 0.9975089 1 0.9975089 0.9975145
4s (j =0+ %) (=0 0.9985877 0.489570 0.9983875 0.9986003
4p (No S - L coupling)(I = 1) 0.9985929 1 0.9986005
apy (j=1-D1=1) 0.9985875 1 0.9985875 0.9985953
Aps ((=1+9)1=1) 0.9985956 1 0.9985956 0.9986031
4d (No S - L coupling)(l = 2) 0.9985971 1 0.9986005
1ds;, (j=2-2)01=2) 0.9985956 1 0.9985956 0.99859892
4dsy, =2+ =2) 0.9985982 1 0.9985982 0.9986015
4f (No S - L coupling)(l = 3) 0.9985989 1 0.9986005
s, j=3-H=3) 0.9985982 1 0.9985982 0.99859972
Afr (=3+91U=3) 0.9985995 1 0.9985995 0.9986010

'The Dirac relativistic differential wave equation involving 4x4 Puli spin matrices take S-L coupling
into account, so there are no energy values for “No S-L coupling” in the solutions of the Dirac version.

For the classical Schrodinger differential wave equation, there is a problem with inclusion of S-L
coupling. The evaluated energy value of the 3d3,, is less than for the 3s, and the energy values of the
4d3/; and 4f 5, is less than that for the 4s. This is in contradiction to what is observed experimentally.

*For angular momentum quantum number [>0, the analytical solution of the relativistic Schrédinger
differential wave equation will not result in complex number for y until the number of protons is
greater than 205 for angular quantum number [=1, greater than 342 for quantum number [=2, and
greater than 479 for quantum number [=3. Thus, one can assume that factor f,,;=1 unlike the situation
for I=0 where it is necessary to evaluate the factor f,,.
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0.16 Numerical Radial Function for 2p Orbital in Cu?®* Hydrogen-Like Cation
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Figure 4 Normalized numerically calculated radial function R for the 2p orbital in the Cu*" hydrogen-
like cation using factor f ;=1 and y,,;,=1.984997, resulting in E,,=0.9943650>0.9943230.
For the x-axis r=1.821324 p in units of picometers (107> meter), and in units of p
0=0.000122<r,,,=0.00263.

Since the analytical solutions for the relativistic Schrédinger equation are quite complex
(Table VII), a normalized numerical solution is less tedious and nearly correct. The analytical solution
involves gamma-functions of real, non-integer values I'(s+k) since s is equal to non-integer value
by Equation 65, that result in irrational numbers evaluated numerically. The classical Schrodinger
differential wave equation has gamma-functions of integers [+k, involving the angular momentum
quantum number, such that '((+k)=(l+k—1)!, and less complicated negative exponential in the
radial wave function. Concerning quantum levels that have the angular momentum number /=1, the
square root functions in Equations 65 and 68 will not involve negative numbers unless the number of
protons is greater than 205.

142 3/2 3
(1 +§) — 720> =0o0r Z = % = 5 X 137.036000 = 205.554 (85)

With present day technology, element 118, oganesson, is the upper limit possible (Cook, 2010) for
producing larger nuclei. From an engineering perspective, it may be impossible as well as physically
impossible to produce a radioactive nucleus that has 206 protons due to the physics of the atomic
nucleus. In addition, from extrapolation of the experimental data plotted in Figure 5, calculated using
the measured data in Table I1I, one can estimate radial wave functions for hydrogen-like cations beyond
copper up to element 118. From the extrapolation of data in Figure 5, element 118 as hydrogen-like
cation Og''"" is estimated to have an 1s ionization energy E,=0.546868 in units of the electron rest
mass energy with y,,,=0.562458>1/2 and factor f,,,=0.331906.
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Table VII Coefficients as Functions of Atomic Number Z for the Analytical Solutions to the Relativistic

Schrédinger Differential Wave Equation for [ > 0 Series Expansion Exponents k = 1to k = 4
k+l+1-n

1)2 e
2(k+1)[J(1+5) 7202 |+k242k41

fory > 5 80 Gyy =

Value of k
1+l-n
1 a; = 270.0
2 ’(1+1) —Z%2a2+1
2
2+l-n 1+l-n
2 a; = — — ap
Z) —724,2 Z) 722
_4J(1+2) 22at+s, _2J(1+2) z2a+1)]
_ 3+l-n 2+l-n 1+l-n
3 as = — — ag
2 72,2 72,2 2) 72,2
_6J(l+2) 22a%+9 l+ a4 | J(l+2) Z2a%+1
_ 4+4l-n 3+l-n 2+l-n 1+l-n
4 a4 = — Qo
8J(l+5) ~z%a%+16 J 1+3) ~72a%+9) l+— —Z2g244 J 1+3) ® 720241

Exponential Function and Exponential in Series for 0 < E; < m,c?

- |m%c2-E2

Exponential Function e Pt=e" R

—%+ (l+%)2—22a2 +k

—-=+ l+ -Z2q2 +k
Exponential in Series pStk = [ mic2 — E2r
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Figure 5 Plot of ionization energies E, of hydrogen-like cations from He™ to Cu2®" with respect to the
rest mass energy of the electron m,c?. Black filled circles are from measured data and the
white circles are from the following polynomial fit to the data.

E.=1—(8.63884x10"13754+3.23529x10-1Z*—5.80965x107'1Z%4+2.66259%107°22—2.19743%x107°Z)
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Spin-Orbit S-L Coupling for the Relativistic Schrodinger Differential Wave Equation

The orbiting electron in the atom experiences a magnetic field B from the positively charged
atomic nucleus. Relative to the electron, the atomic nucleus is orbiting in the opposite direction
producing this magnetic field. Thus, there is the following torque T experienced by the electron which
has the magnetic dipole pg due to the intrinsic spin of the negatively charged electron.

sk
h

T=p XxB= ( )S X B (Walker et al., 2014) (86)

Concerning this torque in Equation 86, S is the angular momentum vector for the intrinsic spin of 1/2

of the electron. Also, Hp = 2q_me in Equation 86 is the Bohr magnetron for the electron, and g,=2
as determined by experimental results in the Stern-Gerlach experiment (Walker et al., 2014). The
negative sign for the magnetic dipole pg arises from the negative charge of the electron. Below in
Equation 87, the mathematical expression of this magnetic field B is shown as derived by the Biot-
Savart Law (Walker et al., 2014) since the tangential velocity is —v of the atomic nucleus relative to

the electron tangential velocity v in the opposite direction.

HoZqVXr 1 Zq 1/ 1 Zq 1
= — = _ X = —— X ‘Nh —p—
B 4 713 £okto (4-11’80 73 ) vxr c2 (41:50 3 ) vxr ere Eoklo = 77 (87)

And in Equation 87, y is the vacuum magnetic permeability which in MKS units is

Newton Newton

= X -7
2= Amx10 (Coulomb/second)

=4 X107 ——
Ho T Ampere

5 (Tipler and Llewellyn, 2012) (88)

This results in the energy splitting AE, referred to as spin-orbit S-L coupling, in the following expression
given in the vector dot product below after the substitution of Equation 87 for magnetic field B.

o B _(_Tst ._l(Lﬁ) ]__gsub .[l(LZ_‘?) ]
AE = —p, B = ( # )S c2 \4mey 13 vxr{=-=y S c2 \4mg,y 13 vxr (89)

In the frame of reference of the atomic nucleus at rest, there is the Thomas precession (Walker et al,
2014) arising from the relativistic transformation of velocities, so the spin-orbit interaction in Equation
89 is multiplied by 1/2.

—_lomg (1 1 29
AE = 7 R S [c2(4n£0r3)vxr] (90)

Then multiply the right-hand side of Equation 90 with the charge ratio %(: 1) hich will be useful for
incorporating the unitless parameter a.

B 1 Zq°

Since the electron orbital angular momentum vector L being equal to rxm,v, such that —L=m,vXr
because the cross product of two vectors anti-commute (AXB)+(BXA)=0 (Wangness, 1986),
Equation 91 becomes the following.

1 Isip 1 Zqz
== ——|S L

2 ghim,c? \4negy 13 92)
Proc. Okla. Acad. Sci. 105: pp 104-131 (2025)




J.H. McNeill and J.E. Bidlack 127

Since experimentally g has been observed to be equal to 2 and the Bohr magneton p,, of the electron
. qh . . .
is equal to up = P Equation 92 is the next expression.

e

1 (124,
2m c2\4mey 13 (93)

To determine what the vector dot product S-L is equal to, it is important to note that the total angular
momentum J is equal to the sum of the L and S quantized angular momenta, L the orbital angular
momentum vector and S the spin angular momentum vector of the electron.

J=L+S (94)

Performing the vector dot product J-J to obtain the following expression since vectors L and S are not
orthogonal

J' J=L'L+S-S+2S'L (95)
This shows the following.
J-J-L-L-S-S_J*—1*-5"

2 B 2
And since the magnitude of the dot products for each angular momentum vector J, L, and S with itself
are the following expressions (Tipler and Llewellen, 2012),

S:-L=

(96)

J-J=/2=jG+1DA? L-L=I2=I0+1)A*? S-S=52=s(s+1)h? 97)

Equation 93 becomes

2 2
AE=_R (%Zi)[j(j+1)—l(l+1)—5(5+1)] ©8)

4mzc? \4mey 13

Concerning Equation 98, for j =1+ %, AE is

h? 1 Zq 1 3 1 h? 1 Zq
AF = 4mjc? (47”-'0 3 ) [(l * ) (l +§) —i+h =5 (2 + 1)] 4mZc? (41150 r3 )l >0 ©9)

Andfor j =1- l, AE equals the following equation representing a lower energy state for [ — %

2 1 Zq 1 1 1,1 n? 1 Zq?
tlm,,c2 (4-1r£0 r3 ) [(l B E) (l * E) —l+D - 2 (§+ 1)] T amic? (41r£(, r_3) (t+1) <0 (100)
Now we have the expression in Equation 98 for the spin-orbit S- L coupling term that can be transformed
in units of electron rest mass energy m.c? as in Equations 52 for the quantum energy levels E of the

relativisticSchrodinger differential wave equation. First, transform 7 into unitless p, since r = 2 by

. . . . N 2
the following transformations of Equation 98 with substitution of a=_%_ _ _1 A
hcdmeg 137.036

AE =

f,—Z’U(f+1)—la+ 1) —s(s + 1] (101)

2h3
mec

3[1(J+1)—l(l+1)—5(5+1)] (102)
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Then substitute 2 form Equation 48 into 3=(2)3/2

AE =

3, 2.4_ 2
2 (%) PG+ D~ 10+ 1) 565 + 1] (103)

mZc
One then substitutes Equation 52 for E; and after performing some algebraic operations, Equation 103

becomes

2Za
3

Y 2

(1 + 221;2)

Then perform an integration, either numerlcally or use the analytical solutions for [>0 radial wave
functions, to obtain the expectation value (—) evaluate the expectation value (AE) of AE due to the
wave characteristics of an electron in the atom.

AE = m,c? D(]+1)—l(l+1)—s(s+1)]p (104)

1, 2 105
(p3> fo RG) L R@)pdp (105)
2Za
(AE) = m,c? E[](]+1)—l(l+1)—s(s+1)](— (106)
(1 +Zynl )2
(AE) 2Z . 1
(OE) = 5= ———[i(+ 1)~ L+ 1) ~s(s + D) (107)

(i)

Table VI displays the energy values including spin-orbit S-L coupling in the relativistic Schrodinger
differential wave equations and that from the Dirac relativistic differential wave equation. Table VI
also shows the experimentally observed Lamb shift (Lamb and Retherford, 1947) when using the
relativistic Schrodinger differential wave equation with spin-orbit S-L coupling, such that the 2p,,
orbital is slightly less in energy than the 2s, and the same for the 3p;, and 3s orbitals as well as for
the 4p4,, and 4s orbitals. The Dirac relativistic differential wave equation yields these two orbitals in
the n=2, n=3, and n=4 shells to be equal in energy.

The Dirac Relativistic Differential Wave Equation
In addition to the relativistic Schrodinger differential wave equation, Dirac developed

a Hamiltonian for the relativistic effects of the electron in the hydrogen atom and hydrogen-like
cations shown below.

_LZ_@Z_}_m C2 _le Ch Chj’
lpa (7') _ 4'7-[‘\":0 r ¢ T ; a T lpa(r) wa (T‘) -
lllb(?‘)] - R ok’ 1 762 B ¢b(r)] E by () (Dirac, 1930) (108)
S T

Dirac based this upon the 2x2 matrix due to the intrinsic spin of 1/2 in the electron. There are no
spherical harmonics involving spherical polar coordinates 6 and ¢ and in Equation 108, p, and j' are

the two following mathematic statements.
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d , 1 1y 1
= —ih— === ) 109
Dr lhdr j ]+2 (li2)+2 (109)
In Equation 109, j is the sum or difference of the angular quantum number [ and intrinsic spin quantum
number 1/2 for the electron in the atom. Instead of only one radial wave function, the Dirac relativistic
differential wave equation has two due to the Hamiltonian being a 2X2 matrix based upon the Pauli
spin matrixes of the electron intrinsic spin.
K

Vo) = eI () = Loy firk (110)

k=0

K
1 1
Yo () =5 eTog(r) = 2Ty grk
r r
= (111)

In Equations 110 and 111, a in both negative exponentials equals the following expression.

hc hc
a= j(mecz - Es) (mec2 + Es) (112)

And the coefficients in both Equations 110 and 111 are different and have terminating series which
yield the following equation for the sum energy levels E; of the electron, which is the total mechanical
energy E,, plus the rest mass energy m,c2 of the electron.

mec?

4 Z2q? ] (113)
G REOE

It is important to note that Equation 117 will result in a complex numhelzr when the atomic number
of a large nucleus has more than 137 protons for quantum number j = 3. In comparison, Table VI
displays the results by the Dirac’s relativistic differential wave equation for the 1s to 4f orbitals in the

hydrogen-like cation Cu** with that of the relativistic Schrodinger differential wave equations.

E; =

In addition, Table VI displays ionization energies of the hydrogen-like cation Cu®*" for the
1s to 4s orbitals calculated using the classical Schrodinger differential wave equation (Walker et al.,
2014). However, in the classical Schrodinger differential wave equation, quantum levels with different
angular momentum quantum number [ are degenerate that have the same principal quantum number n
when not taking spin-orbit S-L coupling into account. If one takes spin-orbit S-L coupling into account,
the resulting energy values do not agree with experimental results since it is relativistic effects which
cause the loss in degeneracy of the angular momentum quantum levels that have same principal
quantum number n.

Conclusion

Results are reported in this paper which can match experimental ionization energies for
hydrogen-like cations from numerical analyses of the relativistic Schrodinger differential wave
equation if incorporating experimental ionization energies for the 1s electron. The likely reason why
the theoretical relativistic Schrodinger differential wave equation and measurement of 1s ionization
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energies of hydrogen-like cations differ in value is that the subatomic particles are not point masses as
in the traditional treatment of wave-particle duality in quantum mechanics. For [=0 electron orbitals
at any principal quantum number n, the analytical solutions for both the relativistic Schrodinger
differential wave equation, assuming factor f,,=1, and Dirac relativistic differential wave equation
predict that the R(p) function goes to infinity at the center of the atomic nucleus. This cannot be the
real case since subatomic particles are not point masses but have very microscopic definite volumes.
Both plots in Figures 2 and 3 have limited maximum values when the electron is at the center of the
atomic nucleus.

This paper demonstrates the hyperfine anomalies seen in particularly large atoms which
have different ionization energies. Interestingly, the experimental data generated with a numerical
analysis in our work reveal the Lamb shift, which is not shown by the Dirac equation. For /=0, it is
important to take into consideration that the nucleus is not a point mass and only a numerical solution
with experimental data can be used to determine the shape of the orbital. While anomalies may seem
irrelevant, they may explain some of the mysterious phenomena encountered in nature, such as the
colors of copper and gold metals, the liquid state of mercury, and the malleability of lead. Perhaps
there are other consequences of unknown anomalies in nature, which might even explain why some
people see Bigfoot and others do not.
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A PRECIPITATION-DRIVEN MICROBIAL SHIFT: BACTERIAL VS FUNGAL COR-
RELATES OF CARBON STORAGE IN OKLAHOMA FORESTS

Rustem Fatih Albayrak, Oklahoma State University - Stillwater

Outstanding Graduate Poster

Forest soils constitute the largest terrestrial carbon reservoir, yet their stability under changing pre-
cipitation regimes remains a critical uncertainty in climate projections. While belowground microbial
communities regulate carbon cycling, how precipitation alters the relative importance of bacteria ver-
sus fungi as drivers of carbon storage is poorly understood. This study tests the hypothesis that precip-
itation regime determines whether bacterial or fungal communities are stronger predictors of total eco-
system carbon storage. We leverage Oklahoma’s pronounced precipitation gradient (400-1200 mm/yr)
across 50 forest plots representing major vegetation types. Bacterial (16S rRNA) and fungal (ITS2)
communities are being characterized through amplicon sequencing, while carbon stocks are quantified
through forest inventories and soil organic matter analysis. Using Structural Equation Modeling, we
are testing how precipitation moderates relationships between microbial diversity and carbon storage.
We predict a systematic shift from fungal-dominated carbon storage mechanisms in high-precipitation
eastern forests to bacterial-dominated mechanisms in low-precipitation western woodlands. This re-
search will provide crucial insights into climate-microbe-carbon interactions and inform climate-resil-
ient forest management strategies tailored to Oklahoma’s diverse precipitation regimes.
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MICROBIAL DARK OXYGEN PRODUCTION IN FRESHWATER AQUIFERS

Samikshya Giri, Adrienne Jones, Anna Rockwood, Todd Halihan, Lauren Haygood, and Sabri-
na Beckmann, Oklahoma State University - Stillwater

Microbial dark-oxygen production has recently been observed in marine and groundwater environ-
ments, carried out by ammonium-oxidizing archaca (AOA). These archaea oxidize ammonium to
nitrite to meet their energy needs and are abundant in environments with high, very low, or depleted
oxygen levels. Recent studies have shown that the ammonium-oxidizer Nitrosopumilus maritimus can
produce oxygen and dinitrogen in the dark (Kraft et al., Science, 2022). In this study, we examine the
microbiology, hydrology, and geochemistry of both a contaminated groundwater site and a non-con-
taminated site within the Arbuckle-Simpson Aquifer. The contaminated site exhibits varying levels
of contamination with chlorinated compounds. Electrical Resistivity Imaging (ERI) indicated low
bioactivity within the contaminated groundwater plume, which aligned with total cell counts ranging
from 1.1x10'6 to 9.1x10'7 cells/mL, similar to those in the non-contaminated control well (3.7x10'7
cells/mL). 16S rRNA sequencing and quantitative PCR (qPCR) targeting bacterial, archaeal, and de-
halogenase genes revealed that dehalogenating bacteria belonging to the phyla Chloroflexi and Del-
taproteobacteria are present at very low abundances, below 1% of the overall microbial community.
They are likely mostly inactive due to high oxygen levels and the groundwater’s redox potential.
Surprisingly, we detected an aerobic or facultatively anaerobic microbial community comprising bac-
teria and archaea, predominantly ammonium-oxidizing archaca (AOA). The microbial communities
were dominated by Nitrosopumilus and Nitrososphaera, with relative abundances of up to 65% and
21% of the community, respectively, consistent with high abundances of ammonium-oxidizing genes
(amoA). At the non-contaminated groundwater site, seven bacterial and archaeal species capable of
dark oxygen production were identified in the aquifer. The pathways for dark oxygen production are
not yet fully understood. Our results suggest that these microbes could raise the aquifer’s redox po-
tential, resulting in implications for the development of new electrode-monitoring systems and overall
aquifer assessment strategies.

DIVERGENCE IS SIK3 OF DROSOPHILA SPECIES

Jadie Brister!, Lainy Lewis!, Lindsey J. Long!, and Laura Reed? , 'Oklahoma Christian University;
2Genomics Education Program-University of Alabama

Outstanding Undergraduate Paper in Biological Sciences (Zoology)

This study investigated the evolutionary divergence of two genes, Salt-inducible kinase 3 (Sik3) and
rolled (rl), across five species of Drosophila, using D. melanogaster as the reference. Both genes are
part of the insulin/TOR signaling pathway, which regulates growth and metabolism. We hypothesized
that Sik3 would be more divergent due to its metabolic role and potentially fewer constraints on its
function. Gene annotation was performed using tools provided by the Genomics Education Partner-
ship to build gene models, analyze protein sequences, and examine genomic neighborhoods. While
Sik3 had lower sequence divergence scores, rl is considered functionally more conserved, likely due
to its central role in signal transduction and interaction with many other proteins. These results suggest
that gene conservation is influenced not just by how much a gene’s sequence changes, but also by how
critical its role is in cellular networks.
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FROM FEROCACTUS TO CORYPHATHA: THE COMPARATIVE ANATOMY OF EX-
TRAFLORAL NECTARIES IN THE TRIBE CACTEAE

Jackson Burkholder, Oklahoma State University - Stillwater

Extrafloral nectaries (EFNs) are specialized glands in plants that secrete an aqueous solution of sugars
and amino acids. Unlike floral nectaries, which function primarily in pollination, EFNs are typically
associated with plant defense, attracting invertebrates whose presence and activity can reduce her-
bivory. EFNs were first observed in the cactus family in 1837 and since the late 1890’s it has been
hypothesized that the EFNs of the tribe Cacteae represent highly modified secretory spines. Through-
out the 20th century anatomical studies have been conducted on a small number of species, but the
anatomy of these structures remains completely undocumented for many genera, and the comparative
anatomy of EFNs across every genus in the tribe in which they occur has never been investigated.
My study reaffirms the basic structure of these EFNs: a basal vascularized stalk filled with subnectary
parenchyma topped with a broad secretory head of nectary parenchyma cells which secrete nectar
through a ruptured cuticle. I provide additional evidence that they represent highly modified spines
by proposing a classification system that shows a gradient of more spinelike characteristics to those
that are more specialized for secretion. Ferocactus-type EFNs are the least specialized and have the
most spine like characteristics, including their close association with the spines of areoles, loosely
organized vascular tissue, and a secretory head that consists of fiber-like cells which elongate from
an intercalary meristem. Sclerocactus-type EFNs are also associated with the spines of the areole but
have a clavate secretory head devoid of fiber-like cells and a single ring of vascular tissue in the stalk.
Coryphantha-type EFNs are the most specialized as they have a strongly capitate secrertory head
without fiber-like cells, highly organized vascular tissue in a single ring of well-developed collateral
bundles and are associated with the axillary extent of dimorphic areoles.

STEPS TO SUCCESS: HOW WELLNESS DRIVES FLOURISHING

Duoduo Cai, Emily Walz, Ella Howard, Kennedy Seggelke, Chloe Winkler, Myra Bloom, Scar-
let Jost, Andrew Lang, Nancy Mankin, Philip Nelson, and Enrique Valderrama, Oral Roberts
University

Outstanding Undergraduate Paper in Math, Computer Science, & Statistics

At Oral Roberts University, whole-person education is not just a value, it’s a mission. Every student
participates in a comprehensive health and physical activity program designed to nurture spirit, mind,
and body. Over the past decade, our interdisciplinary undergraduate research group has investigated
how wellness behaviors, especially physical activity, relate to academic performance, retention, and
overall flourishing. Drawing on a large multi-year dataset, we find consistent evidence that students
who maintain active, healthy lifestyles achieve higher GPAs and persist at greater rates, independent
of background factors such as personality or socioeconomic status.
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EVALUATING SOIL PHYSICAL PROPERTIES ON OKLAHOMA SOILS: THE ROLE
OF BIOCHAR AMENDMENTS

MakKayla Friend, Jonathan Medellin, Nimalka Weerasuriya, and Benedicte Bachelot, Oklahoma
State University - Stillwater

Outstanding Undergraduate Paper in Environmental Sciences

Promoting soil health and stimulating natural soil processes that have been depleted over time are the
goal of current agriculture practices, including the use of organic amendments. Agricultural systems
also heavily rely on the use of biocides, which could indirectly alter soil health. My aims of this study
are (1) to evaluate the impacts of different biochar amendments on soil properties, and (2) to assess
the possible interaction between biochar amendments and the use of biocides on soil health. The study
was conducted at McPherson Prairie Preserve in the international BugNet experiment. The BugNet
experiment consists in three blocks of 8 5x5m plots which have been receiving one of 8 biocide treat-
ments for the last four years. In each subplot, two different feedstocks, spent brewer’s grain and poul-
try litter, were converted to biochar and applied to two of the three quadrants. Bulk density, soil poros-
ity, soil aggregate stability, soil respiration, root colonization, and infiltration rate will be assessed in
all three quadrants. I will use statistical testing to analyze the effect of biochar and biocide (with their
interaction) on soil physical properties using the experimental block as a random effect. We expect
the biochar/no biocide treatments to increase infiltration rate, soil respiration, root colonization, soil
stability, and porosity: and biochar/no biocide plots may decrease bulk and particle density. The bio-
cide with biochar treatments may reduce some soil physical and biological properties. My work will
provide insights into the benefits associated with the use of biochar for soil health and whether these
benefits hold when using biocides. My study will therefore serve as a bridge between soil health and
agriculture, which can lead to more restoration initiatives and funding to increase productivity in soils.

EFFECTS OF MAGNESIUM: PHOSPHORUS SUPPLY ON THE GROWTH OF PRIMA-
RY PRODUCERS AND PRIMARY CONSUMERS IN FRESHWATER ECOSYSTEMS

Parna Ghosh, Justin Scott, and Puni Jeyasingh, Oklahoma State University - Stillwater

The availability and interactions of ~25 elements influence growth and production. Carbon (~50%
of cellular dry mass), and nitrogen and phosphorus (building blocks of nucleic acids and proteins)
are abundant intracellular elements. Phosphorus is present in ribosomal RNA (~50% cellular P),
and in ATP, which are key molecules involved in protein synthesis and in energy transfer. Both in
rRNA and ATP, magnesium (Mg) stabilizes the negative charge of phosphorus (P) and Mg:P ratio in
these biomolecules is 1:2. Although Mg varies greatly in lakes from 100-8000 pg/L (nationally), and
3000-3700 pg/L across Oklahoma reservoirs, the role of Mg in eutrophication is poorly understood.
We predicted that the largest impact of Mg on phosphorus use efficiency (PUE) in freshwater algae
(Scenedesmus obliquus) and in their primary consumers (Daphnia), would align closest with the 1:2
Mg:P cellular requirement. We measured growth rate of Scenedesmus obliquus and Daphnia under a
Mg:P supply concentration gradient (0.375—12 molar). For both producer and consumer, the highest
growth rate was observed when Mg:P supply ratio was closer to 1:2 (1.5-4.5), indicating that biomass
produced per unit of P assimilated is affected by the availability of Mg. Our results indicate that P
loading in lakes is likely influenced by Mg availability and highlights the importance of understanding
the impacts of Mg on PUE and productivity to effectively predict eutrophication of lakes with varying
magnesium supplies.
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MECHANISMS OF HEME IRON ACQUISITION IN MYCOBACTERIUM TUBERCU-
LOSIS

Trevor Hensley, Taylor Menard, Emilyn Rainbolt, and Avishek Mitra, Oklahoma State University
- Stillwater

Outstanding Undergraduate Poster

Mycobacterium tuberculosis (Mtb), a human lung pathogen, is completely dependent on acquiring
iron from the host to survive and cause infections. Like most pathogens Mtb can acquire iron from
host heme, which stores >75% of the host iron. However, the importance of Hm iron acquisition to
Mtb virulence is unknown because we have a very limited understanding of Mtb HIA mechanisms.
In principle, there are three main steps to Hm uptake in diderm bacteria like Mtb. As majority of host
Hm is complexed with proteins like hemoglobin, the first step in bacterial Hm uptake invariably starts
with extracting Hm from the host hemoprotein. After Hm is extracted, it is then transported across the
outer membrane (OM) by a channel protein and then across the cytoplasmic membrane (CM) by an-
other channel protein. The Mitra lab has made crucial discoveries in identifying potential components
of this Hm uptake process in Mzb: 1) Deletion of rv0125 or rv0338c reduces growth of Mzb in the
presence of hemoglobin. We hypothesize that Rv0125 and Rv0338c are somehow required to extract
Hm from hemoglobin so that Hm can be used as an iron source. 2) Deletion of ppe60 reduces growth
of Mtb in the presence of Hm. PPE60 is a predicted outer membrane protein and we hypothesize that
it is required for Hm uptake in Mrb. The goals of this study are to determine how Rv0125, Rv0338¢c
and PPE60 contribute to Hm iron acquisition in Mzb. Specifically: 1) We will clone these genes into
an expression plasmid and then produce and purify these proteins from E. coli. 2) We will perform
binding experiments using isothermal titration calorimetry to determine if these proteins bind Hm. 3)
We will use Mtbh mutant strains to determine if absence of the genes affects Hm uptake into Mzb cells.

DANDELION SEED EXTRACT EXHIBITS BROAD-SPECTRUM, DOSE-DEPENDENT
CYTOTOXICITY ACROSS MULTIPLE CANCER CELL LINES

Christina Hendrickson, Oklahoma City University

Natural products such as Taraxacum officinale (dandelion) have gained attention for their potential
anticancer properties. This study evaluated the cytotoxic effects of Dandelion Seed Extract (DSE) on
five cancer cell lines, HeLa (cervical), A2780 (ovarian), Panc2 (pancreatic), 4T1 (murine breast), and
HT1376 (bladder). Cells were treated with increasing concentrations of DSE (0-2 mg/mL) for 24 h,
and viability was assessed using PrestoBlue HS assay. DSE significantly reduced viability in all tested
cell lines in a dose-dependent manner. Two-way ANOVA revealed significant main effects of both
DSE concentration (p = 7.8 x 107) and cell line (p = 2.2 x 107°), as well as a significant interaction
between the two factors (p = 6.1 x 10). Among all cell lines, 4T1 exhibited the greatest sensitiv-
ity, showing >50% viability reduction at 0.2 mg/mL. These findings demonstrate that DSE exerts
broad-spectrum, dose-dependent cytotoxic effects, with differential sensitivity across cancer types.
This study suggests DSE contains potent bioactive compounds that may warrant further mechanism
and in vivo investigation as potential anticancer agent.
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INVESTIGATING E. COLI MECHANISMS FOR POTENTIAL THERAPIES IN BLAD-
DER CANCER

Shane Holmes, Alejandro Lopez, and Janaki Iyer, Northeastern State University

Outstanding Undergraduate Paper in Microbiology

Bladder cancer remains a major health challenge, with an estimated 1 in 28 men and 1 in 89 women di-
agnosed during their lifetime. In 2025, the American Cancer Society projects nearly 85,000 new cases
and over 17,000 deaths from bladder cancer in the United States. There are many different treatments
methods, including surgery, immunotherapy, radiotherapy, and chemotherapy; however, there is a rap-
id rise in tumors developing resistance. This highlights the need for alternative therapeutic strategies.
We previously observed that bladder cancer cells exposed to uropathogenic Escherichia coli CFT073
(E. coli CFT) are severely damaged. To gain more insight on mechanistic aspects, we have focused
on studying interactions between the bacteria and host cells. We transformed E. coli CFT073 with a
plasmid encoding GFP that enabled fluorescence-based tracking of the bacteria. Since many uropatho-
genic E. coli are invasive, we hypothesize that this strain (E. coli CFT-GFP) will robustly interact with
5637 bladder cancer cells resulting in stress responses similar to those caused by the wild type. Flow
cytometry and fluorescence microscopy showed bacterial cells interact with bladder cells and induce
stress in a bacterial cell density dependent manner. These results support the idea that bacterial cell
interactions cause cell stress in bladder cancer cells. Future studies will investigate whether disruption
of interactions between 5637 bladder cancer cells and E. coli CFT can reduce the stress on bladder
cancer cells. These findings will aid us in our long-term goal of identifying the factor that the bacteria
synthesize to induce cell damage in bladder cells.

INVESTIGATING ACOUSTIC PROPERTIES OF OOBLECK

Chance Krueger, East Central University

Outstanding Undergraduate Paper in Physical Sciences

The non-Newtonian behavior of a cornstarch and water suspension (Oobleck) presents a unique chal-
lenge for acoustic characterization, as its viscosity and modulus change with applied shear stress. This
study investigates the acoustic properties of Oobleck, specifically the speed of sound and attenuation
coefficient, which are crucial for applications in fields such as sonification and biomechanics. Studies
will be analyzed by exporting A-scan data to a computer and processed using Python software. Oo-
bleck was prepared to a standard concentration and contained within a small container with a 38mm
width. Acoustic measurements were performed using a 4 MHz transducer in a pulse-echo setup. The
data were collected via the A-scan technique, which provides a single-dimensional view of the acous-
tic signal amplitude over time. The speed of sound was calculated from the known sample thickness
and the measured time-of-flight between echoes, while the attenuation coefficient (o) was derived
from the change in echo amplitude across the sample path. All measurements were performed under
static, low-shear conditions. After collecting all data the information was analyzed using Python to
complete tasks such as calculating attenuation coefficient, speed of sound, and running a linear regres-
sion model to find correlations between concentration and attenuation coefficients.Early analysis of
the data indicates that the Oobleck exhibits a heavy increase in the attenuation coefficient that shows
heavy correlation to concentration. The change in velocity of sound is minimal however still notice-
able.
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LABORATORY INVESTIGATION OF ENVIRONMENTAL EFFECTS ON COSMIC
RAY CASCADES

Elena Gregg, Pavel Navitski, Wesley Klehm, Gabriel Pendell, Kolby Mostrom, Prem Thannick-
al, and John McLaughlin, Oral Roberts University

Outstanding Undergraduate Paper in Engineering Sciences

The Advanced Physics course at Oral Roberts University integrates authentic research experiences
into undergraduate instruction to strengthen student understanding of experimental physics and scien-
tific inquiry. A central component of this course is a student-led investigation of cosmic ray cascades,
focusing on the detection and analysis of muons—massive elementary particles analogous to elec-
trons, produced by high-energy interactions between cosmic rays and atmospheric molecules. This
study represents the most recent phase of an ongoing research series conducted within the university
laboratory. Earlier phases optimized detector configurations by calibrating steel plate thickness and
mapping the angular distribution of muons under varied geometrical arrangements. Building on this
foundation, the current phase investigates how environmental factors influence cascade formation and
muon detection efficiency. Students employed an array of eleven steel plates inclined at 70° toward the
northern horizon to record muon flux data across diverse atmospheric conditions. Measurements were
systematically correlated with environmental parameters, including temperature, barometric pressure,
and weather variability. Preliminary analysis indicates that elevated atmospheric temperatures are
associated with reduced muon counts—consistent with higher meson decay altitudes—while lower
pressure conditions appear to enhance muon transmission to ground level. The project provides a
meaningful platform for undergraduate students to participate in hands-on particle physics research
while contributing empirical data to the broader understanding of environmental modulation in cosmic
ray cascades. This integration of experimental investigation with classroom instruction exemplifies
the effectiveness of research-based learning in fostering scientific literacy, technical competence, and
collaboration among emerging physicists.

ANOVELAPPROACH TO PRE-SERVICE TEACHER DEVELOPMENT: STEM CAMP
INTERN

Robin Roberson, East Central University

East Central University is home to the -DREAM grant (US Dept of Education) and the EdAPASS-H20
grant (USEPA). - DREAM’s goals are to provide support to pre-service and in-service teachers to
increase both the number entering the profession and the number retained in the profession. Ed-
PASS-H20’s goals are similar, but for the water profession (increase those entering and retained),
with the additional goal of increasing overall knowledge of water to produce better water consumers
and advocates in the future. To support its goals, the EAPASS grant provides partial funding for the
Human Water Cycle Academies which are offered through the OSRHE each summer. During summer
2025, I-DREAM provided a pre-service teacher intern for two of the Human Water Academies and
followed this with a 3-week internship in which four pre-service teachers and one current Oklahoma
middle school teacher developed and ran a 4-day STEM camp for 3rd-5th grade students at East Cen-
tral University. This presentation will discuss what the interns gained from these experiences.
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SURVEY OF THE ASSEMBLAGE OF DUNG BEETLES IN CIMARRON COUNTY,
OKLAHOMA AND THE EFFICACY OF TWO DUNG TYPES AS BAIT

Byron Ross!, Sue Fairbanks?, Mary Liz Jameson?®, and George Wang', 'East Central University;
2Oklahoma State University; *Wichita State University

Outstanding Undergraduate Paper in Applied Ecology & Conservation

Dung beetles (Coleoptera: Scarabacidae) provide important ecosystem services to agroecosystems,
yet native dung beetle populations are declining faster than most other insects. Services provided by
dung beetles include increased percolation and aeration of the soil, increased secondary seed dispersal,
increased nutrient cycling, and pest control. Dung beetles can control pests such as the endoparasitic
nematode Haemonchus contortus, an important parasite of pronghorn (Antilocarpa americana) trans-
mitted by fecal material. Oklahoma’s pronghorn population has also suffered declines in recent years,
with a high fawn mortality rate. In this study, we sampled beetles in Cimarron County, Oklahoma to
determine the species composition of the assemblage of dung beetles and their potential association
with pronghorn in the Oklahoma panhandle area. We set up two transects of pitfall traps (n = 10 each)
and baited them with either pronghorn dung or cattle dung. We recorded the arthropods collected in
the traps for two days. We compared the abundance and species richness of beetles in our samples
using negative binomial generalized linear models (NB-GLM). Pronghorn dung attracted significantly
more beetle individuals (z = 2.929, p = 0.0034), but there was no difference in beetle species richness
between the two types of bait (z = 0.910, p = 0.363). Our results suggest that dung beetles might be
attracted more to the dung of native wildlife than domestic animals.

ABUNDANCE GRADIENT OF INVASIVE BOTHRIOCHLOA ISCHAEMUM IN A
MIXED-GRASS PRAIRIE: VARYING IMPACTS ACROSS LEVELS OF ECOLOGICAL
ORGANIZATION

Emani Rust, Caitlin Hodges, Xiangming Xiao, Heather McCarthy, and Lara Souza, University
of Oklahoma

Outstanding Graduate Paper

Biological invasions are becoming more prevalent with the onset of climate change and anthropogenic
development, threatening the ecological stability of terrestrial ecosystems by altering microhabitats
and reducing native abundance and diversity. Grassland ecosystems are ubiquitous across space and
time, providing several key ecological and economic services while also experiencing one of the great-
est alterations to global changes, such as biological invasions. Here, we present results from a field
experiment in a mixed-grass prairie that measured the impacts of a natural gradient of invasive Both-
riochloa ischaemum on responses across levels of ecological organization. We found that increasing
invader abundance was negatively associated with percent cover of a dominant native species, Schi-
zachyrium scoparium. However, increasing invader abundance did not influence community structure
(plot-level biomass and diversity) nor ecosystem function (soil respiration). These results suggest that
B. ischaemum has competitive advantages over S. scoparium but is functionally redundant in mesic
mixed-grass prairies. Furthermore, this study observed that the influence of biological invasions is not
linear. Species-level responses may be the most sensitive to invasions, while community and ecosys-
tem-level responses are more robust. By extension, species-level responses may be irrevocably altered
by the time that responses in higher orders of ecological organization are detected.

Proc. Okla. Acad. Sci. 105: pp 132-144 (2025)



140

HOOKLETS AND NEMATODES: FEATHER MICROSTRUCTURE AND EUCOLEUS
DISPAR LESION SEVERITY IN SHARP-SHINNED HAWKS

Eden Ruth, Victoria Roper, Daniel Erikson, Briana Montgomery, Olivia Poplin, Jayna Vang,
and Mark Peaden, Rogers State University

In recent years, banders in the Northeast have noted oral lesions in migrating Sharp-shinned Hawks,
confirmed in New York (2016-2018) as Eucoleus dispar. Feather quality matters for flight, insulation,
and waterproofing, yet links to parasite burden in raptors are largely unknown. We asked whether
simple feather metrics track mouth-lesion severity so burden can be compared across seasons and
sites when recaptures are rare. In fall 2023 at the Cedar Grove Ornithological Research Station (Glen-
beulah, Wisconsin), banders scored oropharyngeal lesions (0-5) and collected two contour feathers
per hawk (right pectoral tract and back). From a fixed imaging window (Leica; micrometer-calibrat-
ed) we counted barbules and hooklets (hamuli), recorded fault bars (narrow, paler bands from brief
growth interruptions), and noted any longer thin zones in the vane. We then derived two metrics: a
Feather Microstructure Index (FMI) (higher with more intact barbules/hamuli) and a Feather Quality
Index (FQI) (feather mass per length). Body condition was estimated as mass relative to tarsus length
within age—sex classes. The vane closes when hamuli on one barb’s distal barbules catch the proximal
barbules of the neighboring barb like Velcro hooks finding a loop. If barbules/hamuli are missing or
misaligned, or if fault bars and thin zones occur, holes open in the vane. Air and water pass through
those holes, increasing power needed to fly, lowering insulation and waterproofing, and increasing
time spent preening—conditions linked to higher predation risk in songbirds. We related FMI and
FQI to lesion score with linear mixed-effects models (age, sex, fat, crop, date as covariates), modeled
fault-bar counts as counts, and tested body condition against FQI and lesion. Hypothesis: higher lesion
scores are linked to lower FMI and FQI, greater faulting/thinning, and poorer condition. Small struc-
tures can scale to population-level effects; this work provides a simple, noninvasive signal of burden
that banding stations.
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ROLE OF THE TRANSCRIPTION FACTOR ZUR IN METAL HOMEOSTASIS IN MY-
COBACTERIUM TUBERCULOSIS

Rashna Sharmeen Shama and Avishek Mitra, Oklahoma State University - Stillwater

Tuberculosis is caused by Mycobacterium tuberculosis (Mtb), a lung pathogen responsible for over
1.3 million deaths annually. To survive within the host, Mtb must tightly regulate metal homeostasis,
particularly for essential metals such as iron and zinc. Under metal-replete conditions, metal acquisi-
tion genes are repressed, whereas in metal-restrictive environments, they are strongly induced. This
balance is maintained by specialized transcriptional regulators that sense intracellular metal levels and
modulate gene expression. Zur, a zinc-responsive transcription factor, is a key regulator of zinc ho-
meostasis in Mtb. Recent evidence suggests that Zur also influences iron utilization, particularly heme
(Hm). We found that deletion of zur impairs Mtb’s ability to use ferric iron across all ferric citrate
concentrations. In the presence of Hm iron, the zur mutant shows a dose-dependent growth defect,
with increasing heme concentrations exacerbating the phenotype, indicating that Zur fine-tunes iron
acquisition under both ferric and heme iron conditions. Intracellular heme measurements revealed
heme accumulation in the zur mutant, likely contributing to growth inhibition at higher heme con-
centrations. To define Zur’s role in intracellular Hm levels, we will quantify mRNA levels of heme
uptake and biosynthesis genes. Beyond metal regulation, Zur supports stress adaptation: zur deletion
increases sensitivity to oxidative and membrane stress and disrupts biofilm formation. Biochemical
characterization shows Zur functions as a homodimer, similar to other Fur-like regulators. UV—visible
absorption spectroscopy confirms Zur-Hm interaction, suggesting Hm binding may modulate Zur’s
DNA-binding activity. Future work will examine how zinc homeostasis influences iron utilization in a
Zur-dependent manner and assess Zur’s role in virulence using macrophage infection models.

A PROBABLE NEW CARBONIFEROUS LAGERSTATTE IN NORTHEASTERN
OKLAHOMA

Christen Shelton',2, Kolby Dooling?, Troy Rasbury*, and Paul Northrup*, 'Rogers State Universi-
ty; 2New Jersey State Museum; *Oklahoma State University; “Stony Brook University

A newly discovered fossil site in northeastern Oklahoma reveals exceptional preservation of Penn-
sylvanian-aged biota, comparable to the Buckhorn Asphalt Lagerstitte of the Arbuckle Mountains.
The deposit, dated to approximately 310 million years ago, is embedded in hydrocarbon and urani-
um-rich sediments that may have helped facilitate the rare retention of original aragonite nacre layers
in fossilized mollusks. These microstructural features, typically lost during diagenesis, can provide
valuable insights into Paleozoic biomineralization and shell architecture. In addition to mineralized
tissues, some phosphate nodules found at the site contain preserved soft tissue elements such as shark
cartilage, skin, and brain endocasts, offering a rare anatomical perspective on Carboniferous life. Geo-
chemical and sedimentological analyses are still on going. This discovery expands the known range of
Late Carboniferous soft-tissue preservation and contributes significantly to our understanding of early
molluscan evolution and taphonomic processes.
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REGIONAL CLIMATE CHANGE BASED ON SALIX NIGRA HERBARIUM COLLEC-
TION

Michael Sherwood, Seth Brecheen, Denna Bussinger, Dakota Cao, Caden Elizalde, Amy How-
ard, Emree Hutchens, Grace Scott-Lang, and Elissa Yardy (East Central University)

Outstanding Undergraduate Paper in Biological Sciences (Botany)

Climate change has brought about and is predicted to bring about environmental changes such as a
global increase in CO2. A central theme in plant biology is how plants are likely to respond to these
predicted changes. One way to assess what changes to expect is by looking at the past. Herbaria record
past plant attributes and thus can be used to predict the future. If we assume that CO2 is changing at
the regional scale, then plants may be responding both plastically and adaptively. For example, it may
be that as CO2 increases, the number of leaf stomata for C3 plants declines. In the current study, Salix
nigra, housed at the East Central University Herbarium, were evaluated. Dates ranged from 1940 to
1989 with locations from the central Oklahoma region; additional regional samples were collected
October 2025. We analyze leaf stomata on both upper and lower epidermis and their ratio as a function
of collection year. If plants alter the number of stomata on leaf surfaces to reduce water loss while
maintaining carbon assimilation, then we predict that year and stomatal densities will be inversely
related. Future work will endeavor to tease apart confounding effects such as temperature and water
availability, also predicted to change according to current climate models.

BIOTHERAPEUTIC CHRISTENSENELLA SPP. FOR GUT MICROBIOTA MODULA-
TION

Shiny Talukder and Crystal Johnson, Oklahoma State University - Center for Health Sciences

The gut microbiome constitutes of a complex community of bacteria, archaea, and viruses that helps
maintain the balance between health and disease. Recently, Christensenella species have gained at-
tention as potential “next-generation probiotics” because they are linked to maintaining a lean body
type and supporting healthy metabolism. There are four species of Christensenellaceae that have been
isolated so far and among them Christensenella minuta has been shown to help regulate energy bal-
ance by producing short-chain fatty acids (SCFAs) and breaking down carbohydrates, suggesting it
could play a role in preventing obesity. Studies have also showed that it has a syntrophic relationship
with the archacon Methanobrevibacter smithii, likely through hydrogen gas exchange. In addition, C.
minuta produces bile salt hydrolase (BSH) and SCFAs like propionate, which are important for gut
and metabolic health. Other species such as Christensenella tenuis and Christensenella intestinihomi-
nis have been associated with lower cholesterol (LDL) and apolipoprotein levels, as well as lower
body mass index (BMI). These effects may be linked to its influence on appetite-regulating hormones
such as GLP-1 and PYY. In this research, we cultured four Christensenella spp. (C. minuta, C. tenuis,
C. intestinihominis and C. hongkongensis) using anaerobic techniques to observe their general growth
patterns. Understanding how these bacteria grow and interact with other organism and with each other
is an important step toward using them as live biotherapeutic candidates in future animal studies. Our
findings will help guide future research on how Christensenella species can be applied to improve
human metabolic health

Proc. Okla. Acad. Sci. 105: pp 132-144 (2025)



143

EXPOSURE TO ‘ALTERNATIVE’ FLAME RETARDANTS ALTERS RAT AORTIC
SMOOTH MUSCLE CELL FUNCTION IN VITRO AND DECREASES HEART RATE
IN OVO

Alex Webb, Melville Vaughan, Austin Aduddell, Matthew Roberts, and Christopher G. Good-
child, University of Central Oklahoma

Outstanding Undergraduate Paper in Biomedical Sciences

Flame retardants are routinely incorporated into common household items, including furniture, car
seats, and crib mattresses, to enhance fire safety. In 2004, concerns regarding the toxicity of tradition-
al flame retardants, such as polybrominated diphenyl ethers (PBDEs), led to their replacement with
‘alternative’ flame retardants. However, the potential toxicity of these alternatives remains largely
unknown. A particular concern is the risk of maternal transfer to the developing embryo, as these
flame retardants have been detected in breast milk and placental fluid of pregnant women. In utero
exposure to alternative flame retardants may lead to congenital defects, especially if exposure occurs
during early embryonic development, which involves sensitive processes. This study focused on the
potential effects of two alternative flame retardants, Triphenyl phosphate (TPP) and Tris 2-chloroethyl
phosphate (TCEP), on arterial wall development. We employed in vitro tests, including wound scrape
migration assays and microscopy, to assess cell migration and proliferation. To better understand ad-
verse outcomes on cardiac function, we conducted in ovo experiments with chicken embryos to ex-
amine the effects of TPP and TCEP on embryonic heart rate and organ mass. Our findings suggest that
TPP and TCEP may inhibit aortic smooth muscle cell function, which could potentially impact proper
heart development and function. These results underscore the importance of further investigation into
the safety of alternative flame retardants in household products.
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FUNGAL ESTROGENS: EXPLORING PHALLUS IMPUDICUS AS A NOVEL MODU-
LATOR OF ESTROGEN RECEPTOR SIGNALING

Anna Wilson, Oral Roberts University
Outstanding Overall Undergraduate Paper

Outstanding Undergraduate Paper in Biochemistry & Molecular Biology

Estrogen receptors (ERs) play a fundamental role in women’s health, regulating reproductive func-
tion, bone density, cardiovascular health, and neurological processes. While estradiol is the canonical
ligand, structurally diverse natural compounds are increasingly recognized for their ability to mimic
estrogenic activity. In this study, we investigated a novel mycoestrogen derived from the mushroom
Phallus impudicus (colloquially known as the common stinkhorn) for its ability to activate ER sig-
naling in T-47D breast cancer cells. To assess estrogenic potential, we compared the effects of the
mycoestrogen to estradiol using cell viability assays and quantitative PCR analysis of ER-respon-
sive gene expression. Treatment with the mycoestrogen elicited an upregulation of ER target genes,
demonstrating functional receptor activation. These findings highlight the ability of fungal metabolites
to influence human hormone receptor pathways, expanding our understanding of natural estrogen
mimetics. Importantly, this work also seeks to address a persistent gap in women’s health research.
By characterizing naturally derived alternatives to synthetic estradiol—which is widely prescribed for
contraceptive use and conditions such as endometriosis, PCOS, menopausal symptoms, osteoporosis,
and hormone replacement therapy—our study opens the possibility of developing safer, more diverse
treatment options. Our results position Phallus impudicus—derived compounds as promising new can-
didates for estrogen receptor modulation and as a step toward more inclusive research in women’s
health.

HOST-FEEDING BEHAVIOR OF MOSQUITOES IN CENTRAL OKLAHOMA

Maggie Wojan and Caio Franca, Southern Nazarene University

There is limited knowledge about the feeding habits of mosquito vectors of arboviruses in central
Oklahoma. This study aimed to identify blood meal sources of mosquitoes collected in the Oklahoma
City area to better understand potential transmission dynamics among vertebrate hosts. Blood meals
from 152 mosquitoes across eight species and four genera were analyzed using PCR assays targeting
the 12s rRNA gene. Amplificons 215-bp long successfully amplified from 73 individuals from which
65 were Sanger sequenced with raw reads visualized and trimmed in Geneious and taxonomically
identified using the Basic Local Alignment Search Tool (BLAST). The results showed that Aedes’
species fed primarily on mammals, including Odocoileus hemionus (white tail deer) and occasionally
feeding on passerine birds (i.e. Quiscalus quiscula, common grackle). Meanwhile, the Psorophora ge-
nus showed species-dependent preferences as Ps. ferox preferred mammals like Sylvilagus aquaticus
(swamp rabbit) and Ps. columbiae passerine birds. In contrast, Culex species, particularly Cx. tarsalis
fed on a broader range of hosts, including Sciurus niger (fox squirrels), Cardinalis cardinalis (north-
ern cardinal) and the common grackle. These findings suggest that while some mosquito species are
primarily ornithophilic, others are generalists in their feeding behavior particularly Cx. tarsalis. These
feeding behaviors support our understanding that some species can be infected by arboviruses yet are
not competent vectors, while others like Cx. farsalis and Cx. pipiens complex act as bridge vectors
between birds and mammals. These findings can be useful to improve our understanding of enzootic
transmission cycles of arboviruses in Oklahoma.
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OKLAHOMA ACADEMY OF SCIENCE
STATEMENT OF REVENUES COLLECTED AND EXPENSES PAID
FOR THE YEAR ENDED DECEMBER 31, 2024

REVENUES COLLECTED:
Membership Dues: $1,375.00
Investment Income: $9.01
Meetings: $12,905.61
Registration — Fall Field Meeting $4,126.08
Registration — Technical Meeting $8,779.53
Donations $65.00
POAS: $6285.38
Woody Plants: $0.00
Other Revenue: $65.92
Total Revenue Collected $20.705.92

EXPENSES PAID

Stipends and Other Compensation: $7,158.68
Stipends $6,141.24
Social Security & Medicare $1,017.44
Meeting Expenses: $7204.77
Fall Field Meeting $4,311.32
Technical Meeting $2,893.45
POAS: $5,320.50
Woody Plants: $0.00
Dues/Meetings of NAAS/AJAS/AAAS: $100.00
Other Expenditures: $222.63
Total Expenses Paid: $20.006.58
Revenues Collected Over Expenses Paid $699.34
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$699.34
$83.382.11
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Editorial Policies and Practices

The Proceedings of the Oklahoma
Academy of Science is published by the Oklahoma
Academy of Science. Its editorial policies are
established by the Editor and Associate Editors,
under the general authority of the Publications
Committee. The Editor is appointed by the
Executive Committee of the Academy; Associate
Editors are appointed by the Publications
Committee in consultation with the Editor. The
suitability for publication in the Proceedings of
submitted manuscripts is judged by the Editor
and the Associate Editors.

All manuscripts must be refereed
critically. The POAS Editors have an obligation
to the membership of the Academy and to the
scientific community to insure, as far as possible,
that the Proceedings is scientifically accurate.
Expert refereeing is a tested, effective method
by which the scientific community maintains
a standard of excellence. In addition, expert
refereeing frequently helps the author(s) to
present the results in a clear, concise form that
exceeds minimal standards.

The corresponding author is notified
of the receipt of a manuscript, and the Editor
sends the manuscript to at least two reviewers,
anonymous to the author(s). After the initial
review, the Editor either accepts the manuscript
for publication, returns it to the author for
clarification or revision, sends it to another referee
for further review, or declines the manuscript.

A declined manuscript will have had
at least two reviews, usually more. The Editors
examine such manuscripts very carefully and take
full responsibility. There are several grounds for
declining a manuscript: the substance of the paper
may not fall within the scope of the Proceedings;
the work may not meet the standards that the
Proceedings strives to maintain; the work may
not be complete; the experimental evidence may
not support the conclusion(s) that the author(s)
would like to draw; the experimental approach
may be equivocal; faulty design or technique
may vitiate the results; or the manuscript may
not make a sufficient contribution to the overall
understanding of the system being studied, even
though the quality of the experimental work is
not in question.

A combination of these reasons is also
possible grounds for declining to publish the MS.
In most cases, the Editors rely on the judgment of
the reviewers.

Reviewer’s Responsibilities

We thank the reviewers who contribute
so much to the quality of these Proceedings. They
must remain anonymous to assure their freedom
in making recommendations. The responsibilities
or obligations of these reviewers are:

*  Because science depends on peer-reviewed
publications, every scientist has an obligation
to do a fair share of reviewing.

e A reviewer who has a conflict of interest
or a schedule that will not allow rapid
completion of the review will quickly return
the manuscript; otherwise, the review will be
completed and returned promptly.

e A reviewer shall respect the intellectual
independence of the author(s). The review
shall be objective, based on scientific
merit alone, without regard to race,
religion, nationality, sex, seniority, or
institutional affiliation of the author(s).
However, the reviewer may take into
account the relationship of a manuscript
under consideration to others previously or
concurrently offered by the same author(s).

*  Areviewer should not evaluate a manuscript
by a person with whom the reviewer has a
personal or professional connection if the
relationship could reasonably be perceived
as influencing judgment of the manuscript.

*  The manuscript is a confidential document. If
the reviewer seeks an opinion or discusses the
manuscript with another, those consultations
shall be revealed to the Editor.

* Reviewers must not use or disclose
unpublished information, arguments, or
interpretations contained in a manuscript
under consideration, or in press, without the
written consent of the author.

* e« Reviewers should explain and support their
judgments and statements, so both the Editor
and the author(s) may understand the basis of
their comments.
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Brief Instructions to Authors

The instructions to authors wishing to publish
their research in the Proceedings of the Oklaho-
ma Academy of Science are listed below. We ask
the authors to recognize that the intent is not to
establish a set of restrictive, arbitrary rules, but
to provide a useful set of guidelines for authors,
guidelines that, in most cases, are also binding
on the Editors in their task of producing a sound
and respected scientific journal.

A. Submission Process.

Manuscripts for the Proceedings should be sub-
mitted electronically via electronic mail (email)
to:

poas@okstate.edu

Prospective authors should note carefully the
policy statement “Policies of the Proceedings”
on page ii. Complete instructions for manuscript
formatting requirements, as well as a template for
use may be found at:

https://ojs.library.okstate.edu/osu/index.php/
OAS/submit

The Editors review the MS and carefully select
other reviewers as described in “Editorial Pol-
icies and Practices” (see p. 167); all referce
and editorial opinions are anonymous. Send
a resubmitted and/ or revised manuscript and
a point-by-point response to the reviewers’/Edi-
tor’s comments.

All authors should approve all revisions (the cor-
responding author is responsible for insuring that
all authors agree to the changes). A revised pa-
per will retain its original date of receipt only if
the revision is received by the Editor within two
months after the date of the letter to the author(s).

B. Types of Manuscripts.

A manuscript may be a paper (report), review,
note (communication), a technical comment, or a

Proc. Okla. Acad. Sci. 105: pp 145-153 (2025)

letter to the editor. All manuscripts should be sub-
mitted as a Microsoft Word document, 10-point
Times New Roman font, single spaced, and in-
clude line numbers. Authors should carefully
consider page size when producing manuscripts.
The journal’s page size is roughly 7 by 10 inches,
portrait orientation, and does include margins.

Paper (a report; traditional research paper). A
Paper may be of any length that is required to de-
scribe and to explain adequately the experimental
observations.

Review. The Editor will usually solicit review
articles, but will consider unsolicited ones. The
prospective writer(s) of reviews should consult
the Editor; in general, the Editor needs a synopsis
of the area proposed for review and an outline of
the paper before deciding. Re- views are typically
peer- reviewed.

Note (Communication). The objective of a
Note is to provide an effective form for commu-
nicating new results and ideas and/ or describ-
ing small but complete pieces of research. Thus,
a Note is either a preliminary report or a complete
account of a small investigation. Nofes must not
exceed four printed pages including text, figures,
tables, and references. One journal page of stan-
dard text contains about 600 words; hence, there
is space for presentation of considerable experi-
mental detail. Notes are peer-reviewed.

Technical Comment. Technical comments (one
journal page) may criticize material published
in an earlier volume of POAS or may offer ad-
ditional useful information. The author(s) of the
original paper are asked for an opinion on the
comment and, if the comment is published, are
invited to reply in the same volume.

Letter to the Editor. Letters are selected for their
pertinence to materials published in POAS or be-
cause they discuss problems of general interest to
scientists and/or to Oklahomans. Letters pertain-
ing to material published in POAS may correct



errors, provide support or agreements, or offer
different points of view, clarifications, or addi-
tional information.

Abstract. You may submit an abstract of your pre-
sentation at the OAS Technical Meeting. For spe-
cific instructions, contact the Editor. Even though
abstracts are not peer-reviewed, they must align
with the policies and scope of the Proceedings.
The quality or relevance of work may not be in
question, but the printed material is still subject
to scientific accuracy.

The same guidelines that apply to manuscripts
and notes submitted for peer-review, also apply to
abstracts submitted for print. Just as manuscripts
and notes are subject to thorough testing, so are
comments written in abstracts (supported by
data). The Proceedings understands that all dis-
ciplines are in a search for a deeper understanding
of the world some of which are through creative
expression and personal interpretation. Science
is a system by which one discovers and records
physical phenomena, dealing with hypotheses
that are testable. The domain of “science” while
working within nature is restricted to the observ-
able world. There are many valid and important
questions to be answered but lie outside the realm
of science.

C. Manuscript Organization.
1. General organization.

For papers (reports), the subsections should typ-
ically include the following: Abstract, Introduc-
tion, Experimental Procedures (or Meth-
ods), Results, Discussion, Acknowledgments (if
any), and References. In the case of notes or
short papers, you may combine some headings,
for example, “Results and Discussion”:

1. The title should be short, clear, and infor-
mative; it should not exceed 150 characters
and spaces (three lines in the journal), and in-
clude the name of the organism, compound,
process, system, enzyme, etc., that is the ma-
jor object of the study.

II. Provide a running title of fewer than 60
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characters and spaces.

1. Spell out either the first or second given
name of each author. For example, Otis C.
Dermer, instead of O.C. Dermer, or H. Olin
Spivey, instead of H.O. Spivey.

IV. Every manuscript (including Notes) must
begin with a brief Abstract (up to 200 words)
that presents clearly the plan, procedure, and
significant results of the investigation. The
Abstract should be understandable alone and
should provide a comprehensive overview of
the entire research effort.

V. The Introduction should state the purpose
of the investigation and the relationship with
other work in the same field. It should not be
an extensive review of literature, but provide
appropriate literature to demonstrate the con-
text of the research.

VI. The Experimental Procedures (or Meth-
ods) section should be brief, but adequate for
repetition of the work by a qualified exper-
imenter. References to previously published
procedures can reduce the length of this
section. Refer to the original description of
a procedure and describe any modifications.

VII. You may present the Results in tables or
figures or both, but note that it is sometimes
simpler and clearer to state the observations
and the appropriate experimental values di-
rectly in the text. Present a given set of re-
sults in only one form: in a table, or figure,
or the text.

VIII. The Discussion section should inter-
pret the Results and how these observations
fit with the results of others. Sometimes the-
combination of Results and Discussion can
give a clearer, more compact presentation.

IX. Acknowledgments of financial support
and other aid are to be included.

X. References are discussed below.

2. References
Proc. Okla. Acad. Sci. 105: pp 145-153 (2025)
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POAS uses the name-year system for citing ref-
erences. Citations in the text, tables and figure
legends include the surname of the author or au-
thors of the cited document and the year of pub-
lication. The references are listed alphabetically
by authors’ surnames in the reference list found
at the end of the text of the article. Below are giv-
en several examples of correct formats for citing
journal articles, books, theses and web resources.
For Additional information regarding the name-
year system, consult the CBE Manual [Scientific
Style and Format: The CBE Manual for Authors,
Editors, and Publishers, 6th edition]. Abbreviate
journal names according to the International List
of Periodical Title Word Abbreviations.

If it is necessary to refer to a manuscript that has
been accepted for publication elsewhere but is not
yet published, use the format shown below, with
the volume and page numbers absent, the (esti-
mated) publication year included and followed
by the words in press for papers publications and
forthcoming for all other forms (CBE 30.68). If
the materials are published before the manuscript
with that reference is published in POAS, noti-
fy the Editor of the appropriate volume and page
numbers and make the changes as you revise.

Responsibility for the accuracy of bibliographic
references rests entirely with the author(s); con-
firm all references through comparison of the
final draft of the manuscript with the original
publications. We expect that the only changes in
galley proof will be for typographical errors. Any
mention of manuscript in preparation, unpub-
lished experiments, and personal communication
should be in parenthesis. Use of personal commu-
nication should be with written permission of the
communicator and should be entered only in the
text, not in the Reference list.

Examples of References in CBE Style and For-
mat

Journal Articles

Miller LF, Chance CJ. 1954. Fishing in the tail
waters of TVS dams. Prog Fish-Cult 16:3-9.

Proc. Okla. Acad. Sci. 105: pp 145-153 (2025)

Ortenburger Al, Hubbs CL. 1927. A report on
the fishes of Oklahoma, with descriptions of
new genera and species. Proc Okla Acad Sci
6:123-141.

Books
Book with Authors:

Miller RJ, Robison HW. 1980. The fishes of
Oklahoma. Stillwater (OK): Oklahoma State
University Press. 246 p.

Book with Editors:

Gilman AG, Rall TW, Nies AS, Taylor P, editors.
1990. The pharmacological basis of theraputics.
8th ed. New York: Pergamon. 1811 p.

Book with Organization as Author:

International Union of Pure and Applied
Chemistry, PhysicalChemistry Division. 1993.
Quantities, units, and symbols in physical
chemistry. 3rd. Oxford (UK): Blackwell
Science. 166 p.

Chapter in Book with Editors:

Hamilton K, Combs DL, Randolph JC. 1985.
Sportfishing changes related to hydro- power
generation and non-generation in the tailwater
of Keystone Reservoir, Oklahoma. In: Olsen
FW,White RG, Hamre RH, editors. Proceedings
of the symposium on small

hydropower and fisheries. Bethesda (MD): Amer-
ican Fisheries Society. p 145-152.

Theses: Knapp MM. 1985. Effects of exploita-
tion on crappie in a new reservoir [MSc thesis].
Stillwater (OK): Oklahoma State University. 84
p. Available from: OSU Library.

Internet: Oklahoma Climatological Survey. 2003.
Climate of Oklahoma [online]. Available from:
http://climate.ocs.ou.edu. (Accessed August 15,
2005).

D. Review Process.



The Editors review the MS and carefully select
reviewers for all submitted manuscripts. All ref-
eree and editorial opinions are anonymous. A de-
cision to accept, revise, or reject the manuscript
is made by the editor after careful consideration
of reviewers” comments and recommendations.
If a “revise” decision is reached, the authors will
be allowed to resubmit a revised version of the
manuscript within a given time window. The
authors are considered to address all reviewers’
comments and concerns, or provide compelling
reasons to explain why they chose not to do so.
A point- by-point rebuttal letter is required with
each revised manuscripts, which clearly indicates
the

nature and locations of corrections within the re-
vised manuscript. All authors should approve all
revisions, with the corresponding author being
responsible for insuring that all authors agree to
the changes.

E. Page Charges

The OAS will publish accepted MSs with the
implicit understanding that the author(s) will pay
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a charge per published page. Page charges are
billed at the cost per page for the given issue: cur-
rent rates of $90 per page for nonmembers of the
Academy and $45 for members. All authors are
expected to honor these page charges. Billing for
page charges and receipt of payment are handled
by the Business Manager, who is also the Execu-
tive Secretary and Treasurer for the
Academy.

Under exceptional circumstances, when no
source of grant funds or other support exists, the
author(s) may apply, at the time of submission,
for a waiver of page charges.

F. Copyright Transfer

Before publication, authors must transfer copy-
right to the Oklahoma Academy of Science. All
authors must sign, or the signing author must
hold permission to sign for any coauthors. Copy-
right for papers reporting research by U.S. Gov-
ernment employees as part of their official duties
will be transferred to the extent permitted by law.

Proc. Okla. Acad. Sci. 105: pp 145-153 (2025)



