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Abstract

This study reports the first cases of intersex (abnormal development of both male

and female reproductive tissues in a gonad) paddlefish Polyodon spathula, an

Acipenseriform species of large rivers in the central U.S. and in aquaculture world-

wide. Despite a large, multi-decadal data set in Oklahoma, Montana, and North

Dakota, intersex development was not observed until 2019, when two individuals

were harvested from the Grand Lake/Neosho River stock in Oklahoma. This suggests

that intersex development in mid-water, zooplanktivorous paddlefish is rarer than in

bottom-dwelling sturgeons for which intersex development is regularly observed.

Although contaminants are implicated in causing intersex development in other

Acipenseriformes, more investigation is needed.
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Intersex gonadal development (the presence of both male and female

gonadal tissue) has been observed and reported for diverse taxa of

fishes, including sturgeons (Acipenseridae: Feist et al., 2005). Intersex

development has been characterized both as a naturally occurring

phenomenon and as a pathological result of endocrine disruption

associated with various contaminants (Bizarro et al., 2014; Jobling

et al., 1998; Vajda et al., 2008; Vigano et al., 2001), though the litera-

ture often notes insufficient evidence to implicate direct causes of the

condition in wild stocks (Bahamonde et al., 2013).

Among Acipenseriform fishes, gonochorism is typical, with inter-

sex development “rare and unusual” (Van Eenennaam and Doro-

shov, 1998, p. 632). Several species of sturgeon have shown intersex

development, both in Eurasia (sterlet, Acipenser ruthenus: Williot

et al., 2005; Russian sturgeon, Acipenser gueldenstaedtii: Jackson

et al., 2006) and in North America (Atlantic sturgeon, Acipenser

oxyrinchus: Van Eenennaam and Doroshov, 1998; white sturgeon,

Acipenser transmontanus: Feist et al., 2005; shovelnose sturgeon,

Scaphirhynchus platorynchus: Columbo et al., 2007; June, 1977;

Moos, 1978; Schwarz et al., 2006).

In the Missouri and Mississippi River drainages of the central U.S.,

observations of intersex development of shovelnose sturgeon are

observed in low frequency within stocks but with some regularity

across different wild stocks and localities. Hamel et al. (2015) identi-

fied rates of intersex occurrence of 1.6%–7% for wild shovelnose

sturgeon. In their own field observations, they described intersex

development as “female gametes imbedded within testicular tissue”

(p. 601) in fish spatially restricted to one 6-km stretch of the Platte

River, Nebraska, where species abundance was high. Harshbarger

et al. (2000) found 29% of a small sample of shovelnose sturgeon in

the Mississippi River to be intersex, suggesting locally high levels of

organochlorine compounds as a likely cause. Similarly, Koch

et al. (2006) associated intersex development in shovelnose sturgeon

individuals caught from the middle Mississippi River with higher levels

of organochlorine compounds.

As the last survivor of the family Polyodontidae, with the declara-

tion of the Chinese paddlefish Psephurus gladius as extinct (Zhang

et al., 2020), a comparison of the American paddlefish Polyodon

spathula to its nearest sturgeon relatives within order

Acipenseriformes is the next logical step (Grande and Bemis, 1991). In

contrast to shovelnose sturgeon, intersex specimens have not been

reported for paddlefish, despite their greatly overlapping geographical

ranges, similar reproductive development and many similar life-history
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attributes such as potadromy, slow maturation and long lifespan (Rus-

sell, 1986; Keenlyne, 1997; Scarnecchia et al., 2007, 2011; Tripp

et al., 2009).

Sex and reproductive status, through measurements of gonad

and gonadal fat (fat deposits adjacent to the gonads of female and

male paddlefish) weights, is identified for each paddlefish as it is

processed as part of the free fish-cleaning service provided by the

Oklahoma Department of Wildlife Conservation's (ODWC) roe

donation programme at the Paddlefish Research Center (PRC) in

northeast Oklahoma. More than 12,000 male and 15,000 female

paddlefish harvested by anglers from Grand Lake O0 the Cherokees

(Grand Lake) and its headwaters during the period 2008–2019 have

provided data. In addition, ODWC has examined smaller numbers

of complete gonads of paddlefish from other Oklahoma reservoirs.

In all, more than 28,000 paddlefish were examined over the 11-

year period. Sampling this quantity of fish had resulted in the

observation of several uncommon reproductive anomalies, includ-

ing sterility, atresia, tumour-like growths and extreme asymmetry

in size of the ovaries or testes. Nonetheless, no intersex paddlefish

had been observed. The only comparable data set is from the Yel-

lowstone-Sakakawea stock of Montana and North Dakota, where,

since 1991, paddlefish gonads have been inspected and weighed

exactly as for the Oklahoma PRC fish. Of more than 50,000 fish

examined over that time, from fish often twice the age of Okla-

homa fish (Scarnecchia et al., 2007, 2011), no intersex fish were

observed (D. Scarnecchia, unpubl. data).

Two intersex paddlefish were observed in 2019, both of which

displayed testis-ova. On 26 March, the first fish was harvested by an

angler in upper Grand Lake and brought to the PRC. This fish (Fish

1862) was 108 cm in body length (front of eye to fork of caudal fin;

Ruelle and Hudson, 1977) and weighed 19.2 kg. The fish resembled a

male in body form, i.e., leaner and with a lower weight than a female

fish of the same length. It contained one testis of typical appearance

embedded in gonadal fat. Rupturing from the second testis, however,

was a small ovary with undersized eggs of approximately 1.5 mm

diameter (Figure 1a). Normal, mature roe of Grand Lake paddlefish

typically range 2.0–2.2 mm in diameter (ODWC, unpubl. data); none-

theless, it is not known whether the undersized roe were immature.

Roe colour was dark grey, the most common colour from the stock.

Viability of the roe was not determined, and no samples were

retained. The second testis appeared otherwise normal in density and

vascularization, although possibly undersized. The ovary was excised

F IGURE 1 Intersex gonads of two paddlefish
Polyodon spathula harvested from the Grand Lake,
Oklahoma, USA, stock in 2019. Pictured are
vascularized testicular tissues surrounded by
gonadal fat deposits with a small ovary rupturing
from one testis. Undersized ovum of intersex
paddlefish 1862 (a) is compared to a typical-sized
ovum from normal fish (indicated by the circle).
The much larger ovary of paddlefish 2205 (b) with
the testis-ova transitional area (c) and typical size
of ova (d) are also illustrated
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from the testis with surgical scissors prior to its manual separation

from attached gonadal fat for independent weight determination

(Table 1). Roe weight was unfortunately not recorded.

On 7 April, an angler harvested a second intersex paddlefish from

the Neosho River (a headwater river of Grand Lake). This fish (Fish

2205) measured 99.2 cm in body length and weighed 13.2 kg. As with

the first fish, the second fish contained one apparently normal testis.

Nonetheless, the ovary and roe rupturing out of the second testis

were more substantial in size than that of the first fish (Figure 1b,c).

The second testis appeared otherwise normal in density, vasculariza-

tion and size. Egg size (approximately 2.0 mm in diameter) and colour

(dark grey) were typical for Grand Lake paddlefish (Figure 1d). Roe

weight comprised 42% of total gonad weight (Table 1).

The dentary bone of each fish was collected, sectioned and the

ages estimated (Adams, 1942) as described in Scarnecchia et al. (2006).

Fish 1862 was estimated as 19 years (2000 cohort) and Fish 2205

estimated as 20 years (1999 cohort). As slight underestimation of ages

sometimes occurs with paddlefish of this age (Scarnecchia et al., 2006),

it is more likely that both fish were from the strong 1999 cohort,

which dominated the harvest over the period 2008–2018 (Scar-

necchia et al., 2011; Schooley et al., 2014).

Each fish appeared to have undersized ovaries rupturing from only

one testis. Therefore, they were compared to normal males. The calcu-

lated male gonado-somatic index (GSI = gonad weight/live weight) of

0.009 for Fish 1862 was lower than expected for the estimated age

(Table 1). In contrast, the GSI of 0.016 for Fish 2205 was higher than

expected for the estimated age (Table 1). The intersex ovaries of both

fish were diminutive in comparison to typical ovary size of normal

females of age 19 or 20 in the Grand Lake stock (Table 1). Gonadal fat

body weight (GFB = gonad fat weight/live weight) was 0.024 for Fish

1862 and 0.006 for Fish 2205; both were substantially lower than

expected for their respective ages (Table 1) which may indicate that the

intersex fish were investing resources to roe development instead of

gonadal fat reserves – consistent with lower gonadal fat weights of typi-

cal mature females in the stock (Scarnecchia et al., 2011).

The exact cause of these two intersex fish from Oklahoma

remains unknown. The rarity of the occurrence makes attributing any

specific cause problematic; nonetheless, one possibility is contami-

nants. Grand Lake is formed by the combined headwaters of the Neo-

sho, Spring and Elk Rivers (listed respectively by size from largest to

smallest). Tar Creek, a tributary to the Neosho River, drains the area

surrounding Picher, Oklahoma, a site of long-term zinc-lead mining

from the late 19th to mid-20th centuries (Gibson, 1972; Stewart and

Fields, 2016; Weidman, 1932). The area, now known as the Tar Creek

Superfund Site (Beattie et al., 2017; EPA, 2019b), has been highly

impacted by contaminants. The legacy has been documented contami-

nation of air, soil (Beattie et al., 2017), surface water and groundwater,

sediment, wells, and harm to terrestrial plants, fish (Oklahoma Depart-

ment of Environmental Quality, 2008), other aquatic life, birds (Beyer

et al., 2004), other wildlife and human health (Manders and

Aber, 2014; Suggs, 1986). Heavy metals have been associated with

endocrine disruption (e.g., Paschoalini et al., 2019) and intersex fish

(Grieshaber et al., 2018) of other fish species elsewhere, although

direct causal links are difficult to establish. Other contaminant prob-

lems have also occurred associated with Grand Lake in the preceding

decades, including industrial chemical spills in the Spring River near

Baxter Springs, Kansas (EPA, 2011). Water quality in the Elk River has

been primarily impacted through increases in agricultural land use,

industrial animal farming and the associated effluents (Smith

et al., 2007). All three headwater rivers have been listed as impaired

by the U.S. Environmental Protection Agency under the Clean Water

Act section 303(d) due to a variety of causes, including pathogens,

toxic compounds, pesticides, nutrients, metals (chromium, lead, thal-

lium, zinc) and pH (EPA, 2019a). In several cases, paddlefish reproduc-

tive development has been shown to be susceptible to environmental

factors such as water pollution or contamination with known endo-

crine disruptors, including dichlorodiphenyltrichloroethane (DDT) and

polychlorinated biphenyls (PCBs) (Adolfi et al., 2019; An and

Hu, 2006; Gundersen et al., 1998; Huang et al., 2003). If contaminants

are the cause of these intersex fish, it will be worthwhile to continue

monitoring the harvest for the presence of other intersex fish and any

increase in the frequency of occurrence. Paddlefish in Grand Lake are

known to utilize all three headwater rivers (Neosho, Spring and Elk

Rivers) opportunistically, based on hydrology (for spawning migra-

tions) and on forage availability (ODWC, unpubl. data). Therefore, ret-

rospectively associating a source river of these and other intersex fish

may only be possible through life-history reconstruction using dentary

or otolith microchemistry (Whitledge et al., 2019).

This is the first documentation on intersex development in pad-

dlefish. Its presence in only 2 of more than 78,000 paddlefish exam-

ined by Montana, North Dakota and Oklahoma suggests that it is

unlikely to be found in the small samples of paddlefish typically

inspected in most other studies. The rate of occurrence in paddle-

fish (<0.01%) is evidently considerably rarer than in shovelnose and

TABLE 1 Measured or mean values (with 95% C.I.) of reproductive characteristics, including gonado-somatic index (GSI) and gonadal fat
bodies (GFB)

Fish Roe weight (kg) Testes weight (kg) Fat weight (kg) GSI GFB

#1862 age 19 0.178 0.466 0.009 0.024

#2205 age 20 0.156 0.214 0.085 0.016 0.006

Females age 19–20 (n = 307) 5.868 (5.706–6.029) 0.123 (0.107–0.140) 0.237 (0.234–0.241) 0.005 (0.004–0.006)

Males age 19 (n = 254) 0.194 (0.176–0.212) 0.810 (0.729–0.890) 0.011 (0.010–0.012) 0.050 (0.044–0.056)

Males age 20 (n = 23) 0.261 (0.220–0.302) 1.554 (1.079–2.029) 0.012 (0.011–0.013) 0.071 (0.038–0.104)
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other sturgeons, where intersex fish have been found in frequencies

that are orders of magnitude greater than those for paddlefish

(2.1%: Lake Oahe, South Dakota: June 1977; 2%: middle Mississippi

River: Columbo et al., 2007; 7%: lower Missouri River: Wildhaber

et al., 2005). It is possible that the difference is related to life-his-

tory differences between sturgeons and paddlefish. Unlike shovel-

nose sturgeon (and other extant Acipenseriform species), which are

bottom-dwellers feeding suctorially (Hochleithner and Ges-

sner, 2012; Miller, 2004; Weisel, 1979), the paddlefish has evolved

(Grande and Bemis, 1991) into a zooplanktivore (Eddy and

Simer, 1929; Rosen and Hales, 1981) with a morphology adapted

for mid-water filter-feeding (Imms, 1904; Miller, 2004;

Weisel, 1979). Gupta et al. (2009) found that sediments in the Gan-

ges River accumulated heavy metals, particularly zinc and lead, and

noted that sedimentary (i.e., bottom-dwelling and feeding) fish spe-

cies exhibit higher levels of heavy metals than pelagic fishes. The

role of sediments in endocrine disruption chemicals in fish in field

situations is just beginning to be investigated (Müller et al., 2020).

The extreme rarity of intersex paddlefish observed within two

actively studied and heavily sampled harvest fisheries may render

these two observations of intersex paddlefish from Grand Lake of

only minimal concern to overall wild stock status. Koch et al. (2006)

reported that intersex development in shovelnose sturgeon was

influenced by organochlorine compounds (from pesticides) before

or during sexual differentiation. If intersex development is a result

of environmental influences at paddlefish early life stages, this con-

dition would likely be observed in more fish from Grand Lake than

what have been seen to date – especially for the 1999 cohort.

Alternatively, it may also be that only as the Grand Lake fish of the

strong 1999-year class have gotten older (i.e., about 20 years) has

the intersex condition manifested. If the intersex condition is an

artefact of old age or senescence in paddlefish, when reproductive

dysfunction may be more common (Reznick et al., 2002; Scar-

necchia et al., 2007), the decreasing dominance of the 1999 cohort

in the stock (from harvest and natural mortality) may create little

cause for concern about overall stock status as the older cohorts

are replaced by younger ones (Schooley et al., 2014). If intersex

gonadal condition is, in part, an artefact of senescence, then this

condition would be expected to increase in frequency within the

1999 cohort as it nears its maximum lifespan. In the Yellowstone-

Sakakawea stock, the great age of some paddlefish in this northern

stock (>50 years) relative to the Grand Lake stock (Scarnecchia

et al., 2007, 2011) would seem to allow considerable time for bio-

accumulation of contaminants. Yet no intersex fish have been

found there. Despite the rarity of intersex fish, however, its occur-

rence may be only one, perhaps more obvious, response of fish to

endocrine disruption. Other physiological effects (McMaster, 2001)

or behavioural changes (Söffker and Tyler, 2012) affecting repro-

duction associated with endocrine disruption may be more difficult

to detect with simple visual observations. Inasmuch as paddlefish

and other Acipenseriforms are most commonly recruitment limited

(Scarnecchia et al., 2019), any effects detrimental to successful

reproduction and recruitment are worth monitoring.

The abundance of the Grand Lake paddlefish also reduces any

potential effects of occasional intersex fish on stock status. In rare

species or in aquaculture, where intersex individuals may be more

abundant, self-fertilization may increase the frequency of intersex

development and decrease the reproductive output of the stock

(Hamel et al., 2015). Henne et al. (2006) found self-fertilization suc-

cess rate (9%) to be higher than that of cross-fertilization (2%) for

endangered, intersex shortnose sturgeon A. brevirostrum. Nonetheless,

fry survival was lower for self-fertilized offspring (1%) than for cross-

fertilized (11%), indicating a potential two-fold impact on wild recruit-

ment for this rare species when intersex individuals are present. In

rare stocks undergoing restoration, where genetic diversity is a con-

cern to managers, a risk of self-fertilization may be notable if intersex

fish were commonly observed. Nonetheless, paddlefish are generally

abundant in Oklahoma.

Additional information on intersex fish and sex determination

would benefit aquaculture activities. Based on the conservation value

of sturgeons as imperilled with simultaneous commercial value as a

source of caviar (Williamson, 2003), much ongoing research is related

to artificial and environmental cues for sex determination in captive

and wild stocks (Hassanzadeh et al., 2019; Keyvanshokooh and

Gharaei, 2010; Muller et al., 2018; Webb and Doroshov, 2011). In

paddlefish aquaculture, chromosomal manipulation to produce

females (for caviar production) has been successful using external and

chemical stimuli (Mims and Shelton, 1998; Shelton et al., 2019). Aqua-

culture of paddlefish in the U.S. is utilized for restoration

(Schwinghamer et al., 2019) and commercial (Shelton et al., 2019)

ends, whereas paddlefish aquaculture abroad in Europe (Jari�c

et al., 2019) is purely for commercial caviar and food production, and

production in China additionally supplies the aquarium trade (Ji and

Li, 2019).

More investigation and monitoring are needed to understand

paddlefish intersex development and its causes in the wild. Additional

observations of intersex paddlefish in Oklahoma or elsewhere will be

required before additional hypotheses could be formulated. Early

identification of intersex individuals by ODWC during the examina-

tion process may provide additional opportunities to collect blood

samples (for hormonal assays), genetic samples (for sex chromosome

analyses) or flesh and organ samples (for bioaccumulated

contaminants).
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