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Abstract. The reproductive cycle of male Notophthalmus viridescens from a high-elevation population in North Carolina, 
U.S.A., was outlined through histological examination of testes, sperm ducts, and secondary sexual characteristics (genial 
glands and collecting ducts of the kidneys). Similar to other populations of N. viridescens, proliferation of spermatogonia 
was a spring event with the meiotic stages of spermatogenesis restricted to the months of June through August (summer 
months). Spermiation immediately followed in September with sperm filling the Wolffian ducts. Spermiation continued 
until the following summer where mature sperm from the previous summer could still be found in cranial portions of testes 
while the more caudal portions of testes were undergoing meiosis to produce sperm for the subsequent season. This overlap 
of spermatogenic cycles was not observed in studies of N. viridescens from other populations. Sperm were found in Wolffian 
ducts until the following July, indicating potential for mating from September to July. Secretory granules filled epithelial cells 
of genial glands and kidney collecting ducts from September to July, providing support for this prolonged potential mating 
season. In other populations of N. viridescens, secondary sexual characteristics were atrophied for a longer window of time, 
at minimum July through August. In culmination, while the spermatogenic cycle of high-elevation North Carolina popula-
tions of N. viridescens was found to be similar to that of other populations, the mating season was potentially extended. Con-
sidering mating in N. viridescens was typically reported as a fall through spring event, the ecological factor most responsible 
for driving this extended mating window was potentially protracted exposure to cooler temperatures at higher elevations. 
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Introduction

The purpose of the current project is to assess the repro-
ductive cycle of male Eastern Newts (Notophthalmus viride­
scens, Salamandridae, Urodela) from a high-elevation pop-
ulation in North Carolina, U.S.A. Previously, the complete 
male reproductive cycle of N. viridescens was outlined from 
two other populations in Massachusetts (Adams 1940) and 
Missouri (Siegel et al. 2012). Whereas numerous studies 
on salamander reproductive cycles were conducted to bet-
ter understand their natural history and compare popula-
tions inter-specifically, we know of no previous study that 
compared the reproductive cycles between three distinct 
populations of the same species group. These types of com-
parisons are paramount to better understand the variation 
and drivers of reproductive cycle timing within a species. 

The reproductive cycle of male salamanders is com-
posed of two major events: spermatogenesis and mating 

(e.g., Adams 1940, Siegel et al. 2012). Besides in some 
tropical lineages (Houck 1977), these two events of the re-
productive cycle are typically separated temporally in sala-
manders, with sperm production occurring prior to mat-
ing (Alvino & Siegel 2017, Davenport et al. 2022, Siegel 
et al. 2012, 2020). During the height of spermatogenic ac-
tivity, testes of salamanders typically enlarge as spermato
gonia proliferate and transition to spermatocytes (sper-
matocytogenesis), spermatocytes divide meiotically to 
form spermatids (spermatidogenesis), and spermatids dif-
ferentiate into mature spermatozoa (spermiogenesis). Be-
cause male salamanders often communicate with females 
during the mating season with pheromones, pheromonal 
integumentary glands hypertrophy in males during mating 
activity; e.g., mental glands in plethodontid salamanders 
(Sever 1975) and genial glands in salamandrids (Siegel et 
al. 2012). Cyclical changes of primary (testis) and second-
ary (e.g., pheromone glands) sexual characteristics are pri-
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marily controlled by environment (e.g., temperature) and 
hormonal (e.g., hypothalamal-pituitary-gonadal axis) in-
terplay (Norris 2024). 

In a literature review of all the spermatogenic cycles of 
plethodontid salamanders, Siegel et al. (2014a) concluded 
that little variation exists between species across the entire-
ty of North America. With few exceptions (see Davenport 
et al. 2022, Ireland 1974, 1976), plethodontid salamanders 
undergo the major meiotic divisions of spermatogenesis in 
summer. In general, sperm production is a summer event, 
and mating is a fall through spring event, with females of-
ten storing sperm from multiple males from potentially 
early fall mating to late spring ovulation (Sever 2002). This 
same pattern was also reported for two populations of a 
salamandrid species, Notophthalmus viridescens, from cen-
tral Missouri (Siegel et al. 2012) and central Massachusetts 
(Adams 1940). The similarity of male reproductive cycle 
events across wide geographic areas between species may 
be evidence that reproductive cycle timing in salamanders 
lacks major geographic variation, even in disparate popu-
lations within a species.

The current study intends to examine this hypothesis 
further by outlining the timing of male reproductive cycle 
events in a population of Notophthalmus viridescens from 
the highest elevation population of newts recorded from the 
Appalachian Mountains of North Carolina, U.S.A. Mainly, 
are the timing of reproductive events from this high ele-
vation environment in North Carolina (Ashe County, ap-
proximate elevation 1,500 m a.s.l.) different from those of 
lower elevation populations of Missouri (Crawford Coun-
ty, approximate elevation 230 m a.s.l.) and Massachusetts 
(South Hadley, approximate elevation 82 m a.s.l.)? To do 
this, we assessed the testicular cycle to track spermatogenic 
activity throughout the year, and sperm transport and sec-
ondary sexual characteristic atrophy/hypertrophy to out-
line potential mating and non-mating seasons. 

Materials and methods

From March 2019 to February 2020, 23 aquatic adult male 
Notophthalmus viridescens were collected from ponds in 
Ashe County, North Carolina at Pond Mountain Game-
lands. This collection was composed of two adult males per 
month except for February, where only one adult male was 
obtained. After capture, all specimens were sacrificed in a 
lethal dose of MS-222 (Western Chemical, Inc., Ferndale, 
WA) and fixed in buffered formalin for histological exami-
nation. Specimen snout through vent length (SVL) ranged 
from 47.8 to 58.4 mm (mean = 51.35 mm, SD = 2.47). All 
specimens possessed easily observable testes, opaque Wolf-
fian ducts, and typical male secondary sexual characteris-
tics (e.g., enlarged, keratinized hind legs). 

The entire urogenital tract and integument of the cheek 
region were excised from every individual, rinsed in deion-
ized water, dehydrated, cleared in toluene, and embed-
ded in paraffin wax. A rotary microtome was used to col-
lect 8 µm frontal sections from testes and their associated 

Wolffian ducts, and transverse sections from cheek integu-
ment/kidneys. Sections were subsequently placed on albu-
menized slides and then stained with hematoxylin and eo-
sin for general histological examination. 

The spermatogenic cycle was assessed qualitatively. The 
presence/absence of testicular germ cells in different stages 
of spermatogenesis (following Uribe 2003) and the pres-
ence/absence of Wolffian duct sperm were recorded from 
each individual. These data were aggregated in a qualita-
tive chart to visualize the annual cyclicity of sperm produc-
tion and transport to compare to the spermatogenic/sperm 
transport cycles previously reported from N. viridescens by 
Adams (1940) and Siegel et al. (2012). 

To assess the seasonality of breeding gland activity, tu-
bular diameters were measured from 10 gland tubules from 
each excised tissue for every individual, and mean tubu-
lar diameter was calculated for every month. Glands in-
cluded genial glands that produce pheromones (Adams 
1940, Siegel et al. 2012) and kidney collecting ducts that 
currently have an unknown function but have been hy-
pothesized to be involved in mating because secretions 
from these glandular tubules mix with sperm in the cloaca 
during spermatophore formation (Alvino & Siegel 2017, 
Siegel et al. 2012, 2024). The tubular diameter of these 
glands increases when epithelial cells lining the tubules 
synthesize products and hypertrophy (Alvino & Siegel 
2017). These data were then graphed with month of cap-
ture on the x-axis and mean tubular diameter as a ratio to 
mean SVL on the y-axis to provide a seasonal visualization 
of hypertrophy and atrophy of glands involved in repro-
duction. These graphical depictions were then compared 
with those previously reported for N. viridescens by Adams 
(1940) and Siegel et al. (2012). 

Results

Similar to previous reports on Notophthalmus viridescens 
testes (e.g., Humphrey 1926), we found that many of the 
specimens possessed testes with multiple lobes. Testicular 
lobes ranged from one to four per individual testis (N = 
23, mean = 1.8, SD = 0.9), never varying by more than 
one between right and left, and testicular lobes of an in-
dividual were always in the same stage of spermatogen-
esis; i.e., the stage of developing sperm cysts in individual 
compartments of each lobe (lobules) were always repre-
sented when comparing between lobes. Nine individu-
als possessed single-lobed testes, seven possessed two, 
and two possessed three. Two individuals possessed three 
lobes of the right testis and two of the left, and two indi-
viduals possessed four lobes of the right testis and three 
of the left. Only one individual with differential testicular 
lobes between right and left testes possessed more lobes of 
the left testis than the right, and this individual possessed 
two lobes of the left testis and one of the right. Testicular 
lobes were connected by a narrow band of connective tis-
sue. Multiple testicular lobe number was previously linked 
to age in salamanders (e.g., Humphrey 1926, Sever 1974), 
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Figure 1. Representative sections detailing cystic stages from the lobules of Notophthalmus viridescens testes (hematoxylin and eosin). 
(A) A lobule is highlighted that consists entirely of primary spermatogonia (SgI) and their associated Sertoli cells (April specimen). 
(B) A lobule is highlighted that consists entirely of secondary spermatogonia (SgII) and their associated Sertoli cells (July specimen). 
(C) A lobular cyst is highlighted that consists entirely of primary spermatocytes (Psc) and associated Sertoli cells (July specimen). 
(D) Four cystic stages are highlighted from the same lobule (July specimen): cysts that consist entirely of primary spermatocytes (Psc) 
and associated Sertoli cells; primary spermatocytes undergoing meiosis I (MeI) and associated Sertoli cells; secondary spermatocytes 
undergoing meiosis II (MeII) and associated Sertoli cells; round spermatids (Rst) and associated Sertoli cells. (E) Two cystic stages 
are highlighted from the same lobule (July specimen): cysts that consist entirely of round spermatids (Rst) and associated Sertoli 
cells; elongating spermatids (Els) and associated Sertoli cells. (F) A lobular cyst is highlighted that consists entirely of mature sperm 
(Spm) and associated Sertoli cells (February specimen). (G) A spermiated lobule filled only with Sertoli cells at its border and a few 
remaining sperm (Spm; January specimen). (H) Sperm (Spm) packed into a cranial portion of a Wolffian duct (January specimen; 
scale bar = 100 mm, applies to A–H). 
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and we found a positive direct correlation between SVL 
and total testicular lobes (R² = 0.3069), supporting this 
previous assertation. 

From September to April, clumps of primary spermato-
gonia (Fig. 1A) and lobules containing cysts of secondary 
spermatogonia (Fig. 1B) were prominent features of N. viri­
descens testes from our collection, and these cell types were 
persistent at lower quantities in the testes the rest of the 
year. Primary spermatocytes (Fig. 1C) were first observable 
within cysts of testicular lobules of our specimens in April. 
Actively meiotic cells did not appear until June where pri-
mary and secondary spermatocytes progressing through 
meiosis I and II were first apparent (Fig. 1D). Round sper-
matids and elongating spermatids (Fig. 1E) were also first 
observable in June. These four germ cell stages persisted in 
lobules of testes until August, at which point testicular lob-
ules of specimens from subsequent months were primarily 
filled with cysts of mature-looking sperm (Fig. 1F). Lobules 
with mature-looking sperm decreased in number from 
September to July as the number of spermiated lobules 
(Fig. 1G) increased over this time. This increase in spermi-
ated lobules coincided with the appearance of sperm in 
Wolffian ducts (Fig. 1H). During months of spermiation, 
lobules in the caudal portion of testes contained only pri-
mary and/or secondary spermatogonia. Proliferation of 
spermatognia within lobular cysts occurred from Septem-
ber to April, at which point many germ cells within lobu-
lar cysts differentiated into primary spermatocytes to com-
mence meiosis for the subsequent season. A distinct pat-
tern of testicular architecture could be observed: i.e., germ 
cells in earlier stages of the spermatogenic cycle filled lob-
ules of more caudal regions of testes whereas the more cra-
nial regions of testes possessed germ cells in later stages of 
spermatogenesis (Fig. 2). The length of the spermatogenic 
cycle resulted in overlap of successive cycles between one 
season to the next where mature sperm were still present 
in the cranial regions of testes while a subsequent wave of 
meiosis through testes was occurring the following year. In 
essence, at no time were mature-looking sperm not found 
in testes of our specimens. This overlap of successive sper-
matogenic cycles resulted in only August specimens lack-
ing sperm in their Wolffian ducts. 

All secondary sexual structures followed a similar pat-
tern of annual hypertrophy/atrophy. Fall, winter, and 
spring specimens possessed highly hypertrophied breed-
ing glands (genial glands and sexual collecting ducts) 
where diameter was largest relative to body size. During 
August, breeding glands were at their lowest activity lev-
el with epithelia that stained weakly with eosin and secre-
tory material absence from lumina (Fig. 3A, C). During 
fall, winter, and spring, products of secretory epithelia of 
breeding glands were easily observed in their lumina, and 
epithelia stained more intensely with eosin, often revealing 
secretory granules (Fig. 3B, D). 

Taken together, the testicular cycle and annual hyper-
trophy/atrophy of secondary sexual structures indicated 
that males of Notophthalmus viridescens from our collec-
tion were in mating condition from September to possi-

bly July (Fig. 4); i.e., sperm were present in their Wolffian 
ducts, and breeding glands were actively synthesizing and 
releasing products. 

Figure 2. Representative section through the entire testis of No­
tophthalmus viridescens collected in April highlighting the over-
lap of successive spermatogenic cycles (hematoxylin and eosin). 
Mature sperm remain in the testis from the previous year’s sper-
matogenic cycle while the current year’s spermatogenic cycle has 
yet to reach meiosis. Scale bar = 300 mm. 
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Discussion

The testicular cycle of salamandrids is controlled exog-
enously by temperature and endogenously by hormones. 
Temperatures above 12 °C were demonstrated to induce 
spermatocyte formation and temperatures between 21–
25 °C stimulated spermiation in Notophthalmus virides­
cens (Ifft 1952). Follicle stimulating hormone (FSH) was 
shown to increase testicular weight (Tanaka et al. 2004) 
and stimulate the meiotic stages of spermatogenesis in Cy­
nops pyrrhogaster (Abe & Ji 1994) whereas testosterone 
was shown to have an inhibitory effect on spermatogenesis 
in N. viridescens (Scadding 1978). Luteinizing hormone 
(LH) stimulated spermiation in C. pyrrhogaster (Tanaka 
et al. 2004). The interplay between temperature and hor-

mone cycles has been studied sparingly in salamandrids 
(Norris 2024) but it has been demonstrated that FSH 
loses its effect at temperatures of 8 °C and below, and that 
the effects of LH were more potent at 8 °C than at higher 
temperatures (Tanaka et al. 2004). In culmination, sperm 
development in newts appears to require relatively higher 
environmental temperature, with lowering temperatures 
linked to spermiation of sperm into Wolffian ducts. 

Considering environmental factors (temperature) are 
involved in coordinating the testicular cycle of salaman-
drids, it is easy to predict that variation would be observed 
across the geographic range of a wide-ranging species; 
however, very little variation has been observed. Notoph­
thalmus viridescens from Massachusetts (Adams 1940), 
Missouri (Siegel et al. 2012), North Carolina (this study), 

Figure 3. Representative sections through secondary sexual structures of male Notophthalmus viridescens (hematoxylin and eosin). 
(A)  Genial gland tubules from an August specimen exhibiting no secretory activity of the genial gland epithelium (Gge) and no 
secretory material in the lumina (Lu) of the tubules. (B) Genial gland tubules from a December specimen exhibiting a highly secre-
tory genial gland epithelium (Gge) and secretory material (Sm) in the lumina of the tubules (scale bar = 62 mm for both A and B). 
(C) Collecting duct (CD) tubules from an August specimen exhibiting relatively low epithelial heights and tubule diameters, and no 
sperm in the lumen (Lu) of the Wolffian duct (Wd). (D) Collecting duct (CD) tubules from a December specimen with relatively high 
epithelial heights and tubule diameters, secretory material (Sm) in the collecting duct lumina, and abundant sperm in the lumen of 
the Wolffian duct (Wd; scale bar = 300 mm for both C and D).
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and apparently Connecticut (Ifft 1942; although no data 
were provided) all possess spermatogenic cycles that are 
practically identical: proliferation of spermatogonia and 
transition to spermatocytes in the spring, the meiotic stag-
es of spermatogenesis in the summer (specifically June, 
July, and August), and onset of spermiation in early fall 
(September). Whether this similarity is because of differ-
ential interplay between temperature and hormones in dif-
ferent environments or lack of resolution when sampling 
monthly is unknown; however, it is apparent that sala-
mandrids, and many other North American salamanders 
(Siegel et al. 2014a), are constrained to produce sperm 
during the summer. 

One area of variation in the testicular cycle between 
North Carolina N. viridescens and the other geographic ar-
eas is the presence of mature-looking sperm in the testis 
throughout the year. While new sperm are being produced 
in the summertime, sperm from the previous season are 
still found in the most cranial testicular regions. Whether 
or not this has any functional affect is not clear but may help 
with a potentially prolonged mating season of North Caro-
lina N. viridescens. Takahashi & Parris (2008) demon-
strated that sperm quality and quantity decreases with eve-
ry spermatophore deposited by male N. viridescens within 
a mating bout. Persistent maintenance of sperm in the tes-
tes may indicate that more sperm are produced to counter 

Figure 4. Seasonal summary of testicular cycle and secondary sexual structure hypertrophy/atrophy through histological examination 
of testes and breeding glands (genial glands, sexual collecting ducts of the kidneys, and cloacal glands) of male Notophthalmus viri­
descens respectively. Dashed lines in the testicular cycle portion of the summary for Wolffian duct sperm indicate that one specimen 
possessed sperm in the Wolffian ducts and one did not. 
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depletion, or potentially to maintain more viable sperm for 
longer periods of time, as sperm activation appears to oc-
cur in the Wolffian ducts (Siegel et al. 2014b). At present, 
it is not clear if North Carolina N. viridescens possess an 
extended mating season compared to other populations 
but sperm presence in Wolffian ducts from September to 
July in North Carolina versus September to May/June in 
Massachusetts/Missouri (Adams 1940, Siegel et al. 2012) 
provide support for this hypothesis. 

Evidence from secondary sexual structures also indicate 
that the North Carolina N. viridescens studied herein have 
an extended mating season compared to Massachusetts and 
Missouri populations studied previously. Although origi-
nally reported to be spring breeders with a “false” breed-
ing season in the fall (for review see Sever 2006), it is clear 
now that N. viridescens mate from fall, through winter, and 
until spring, in at least some populations. The “false” fall 
breeding season was inaccurately described because of the 
lack of understanding of female sperm storage until ovula-
tion (Sever 2006), and N. viridescens have been reported 
to mate during winter in South Carolina (e.g., Sever et al. 
1996) with adults captured in amplexus under 6+ inches of 
ice in January in Missouri (Siegel & True pers. comm.). 
Only in August were epithelial cells of genial glands that 
are involved in pheromone transfer to females during am-
plexus (Verrell 1982) devoid of secretory granules in our 
North Carolina sample. Collecting duct epithelial cells 
were never devoid of secretory granules. In Missouri, the 
lack of secretory granules in the genial gland epithelia was 
observed in July and August (Siegel et al. 2012) and June 
through August for collecting ducts in both Massachusetts 
and Missouri populations (Adams 1940, Siegel et al. 2012). 
The function of collecting duct secretions is currently un-
known but it is obvious that they serve in some role as a 
secondary sexual characteristic in many salamanders based 
on their hypertrophy during the mating season (Alvino & 
Siegel 2017, Aron 1924, Siegel et al. 2010, 2012) and mix-
ing with sperm during spermatophore formation (Siegel 
et al. 2024). Development of secondary sexual character-
istics in salamandrids has been linked to testosterone and 
dihydrotestosterone (Specker & Moore 1980), and high 
temperatures over 29 °C were previously shown to cause 
atrophy of secondary sexual characteristics (McReynolds 
1968); thus, dissimilar to spermatogenesis, high environ-
mental temperature is not as suitable for mating. 

In at least two of the main studies compared herein 
(Siegel et al. 2012; this study), adult N. viridescens were 
easily captured in ponds throughout the year. Although 
not mentioned, we presume that this was also the case for 
the Massachusetts collection by Adams (1940) because 
Healy (1974, 1975) noted that adult N. viridescens do not 
leave ponds in Massachusetts. This is not consistent across 
the entire geographic range of N. viridescens as some adults 
leave ponds during the summer, doubtlessly when the tes-
tes of adult males would be undergoing the meiotic stag-
es of spermatogenesis. In at least populations in Arkansas 
(Trauth & Siegel pers. comm.), South Carolina (Sever 
et al. 1996), and Virginia (Gill 1978, Massey 1990), adult 

N. viridescens leave ponds in the summer and sometimes 
do not return to ponds until the spring. Hurlbert (1969) 
noted that some N. viridescens even possess wandering be-
havior and move from aquatic to terrestrial habitats fre-
quently, sometimes changing ponds altogether. It is cur-
rently unknown how this geographic variation in life his-
tory affects the cyclicity of sperm development, hypertro-
phy of secondary sexual characteristics, or mating season. 

Obviously, the current study and Siegel et al. (2012) are 
male centric. This was mainly a product of collection limi-
tation by state agencies for the Missouri (20 individual per 
year permitted) and North Carolina (no females permit-
ted) collections. Of the three studies that completely out-
line the reproductive cycles of male N. viridescens in detail, 
only Adams (1940) provided data on the female reproduc-
tive cycle. Sever et al. (1996) also provided extensive data 
from females from October to June in a South Carolina 
population. These data indicated that vitellogenesis com-
menced in fall and ovulation occurred as early as April, 
continuing until June. Sperm in spermathecae were report-
ed as “especially abundant” in the fall and spring, which co-
incides with fall and spring mating seasons (Sever 2006), 
and the hypertrophy of male secondary sexual characteris-
tics (Adams 1940, Siegel et al. 2012, this study). Variation 
in female reproductive cycle events between populations is 
reasonable, considering variation was found between pop-
ulations in males. 
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