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Invasive species pose a major threat to global biodiversity. The effects of invasive species can be
strongly influenced and potentially mediated by their reproductive characteristics, such as fecundity,
egg production, and duration and number of reproductive events. Selection for smaller body size at
first reproduction can also play a role in their establishment, facilitating colonization and spread. The
American bullfrog, native to the eastern U.S. (Lithobates catesbeianus), is a species that has invaded
more than 40 countries across 4 continents. This species has become especially prevalent in the
western United States since its introduction in the early 1900s. This study characterized reproductive
characteristics of bullfrogs with emphasis on the minimum size at which males and females reach
sexual maturity in the Willamette Valley, Oregon, USA invasion range. We collected and dissected
121 individuals in 2013 and 2017, quantifying characteristics of sexual maturity including snout-vent
length, total length, sex, tympanum diameter, presence of distended oviducts or eggs for females,
and testes length and sperm activity in males. Our results showed that the minimum reproductive
size of both males and females was smaller relative to bullfrogs in their native range as well as in
populations across their invasive range. Reduction in size at reproductive maturity is likely impacting
the invasive success of American bullfrogs and this study gives us insight on management actions

to control the invasion. Applying this insight, managers can adjust their definition of reproductively
active adults, increasing the target population of culling and other control methods.

Biological invasions are a significant driver of global change in biodiversity'?. Intentional and unintentional spe-
cies introductions can result in degraded ecosystem function®*, changes in interspecific interactions>® and native
population declines”®. In addition to environmental impacts, changes to economic growth (i.e. agriculture’, and
human health!®) make invasive species one of the costlier disturbances on a global scale®!"!2. However, only a
relatively small proportion of exotic species succeed in establishing populations within novel regions'® or, after
becoming established, directly impact invaded ecosystems*. Therefore, it is important to understand and evaluate
the potential of introduced species to successfully establish. Yet, predicting invasiveness can be difficult as biotic
and abiotic factors both play a role determining the establishment of exotic populations®.

Trait-based inquiry can be useful when characterizing biological invaders'®. These include life history charac-
teristics such as growth and reproduction rates, home range size, and diet breadth!”. Although the strategies by
which invasive species establish and spread vary, reproductive traits, such as average clutch size and size at first
reproduction can disproportionally affect population dynamics'®. In particular, invasion potential can be strongly
impacted by body size at first reproduction. For example, lionfish (Pterois spp) and the brown tree snake (Boiga
irregularis) have larger body sizes in their invaded ranges, resulting in an increase in the number of offspring
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Location Coordinates Fish presence (Yes=Y/No=N) | Hydroperiod
William L. Finley National Wild- 44° 24" 47.0" N 123°19'38.0' W | N Mostly permanent, dry by man-
life refuge—Lower 22 agement
LCC wetlands 44°00'49.5"N 123°02'22.1"W | N Permanent

. . 44°01'13.07"N
Timberline 123° 08’ 52.07" W N Permanent

44°04'35.8"N

Barger 123° 12/ 147" W N Permanent
William L. Finley National wildlife | 44° 24’ 05.0" N v Mostly permanent, dry by man-
refuge—Cattail pond 123°19'27.8"W agement
Green Island 44°08'23.6"N 123°06' 144"W | Y Permanent

Table 1. Sampled locations for American bullfrogs (Lithobates catesbeianus) in the Willamette Valley.

released (i.e. propagule pressure)'®?’. As such, species-specific information on the relationship between body
size and reproductive capacity can be useful for management actions that target invasive species?'.

The unprecedented loss of amphibian biodiversity on a global scale’*?* contrasts with the fact that several
frog species are successful invaders?*~*". For example, American bullfrogs (Lithobates catesbeianus) have estab-
lished in over 40 countries across 4 continents and been implicated in the decline of native species across mul-
tiple taxonomic groups??*"*2, Trait-based research has largely attributed successful bullfrog invasions to initial
propagule pressure and biotic tolerance to varying climate regimes®"**-*. The ability to reproduce at a smaller
body size improves invasion and the range expansion potential of a newly established bullfrog population®°.
For example, in Brazil, established populations of American bullfrogs reproduce when males reach 7.6 cm and
females reach 6.5 cm snout-vent length (SVL)***!, which is smaller than the minimum sizes at reproduction of
8.5 cm and 12.3 cm in the eastern and western edges of the bullfrog’s native ranges, respectively*. Alternatively,
Govindarajulu et al.** reported reproductive sizes larger than those found in the northern extent of the bullfrog’s
Pacific Northwest range relative to native populations at similar latitudes*>**.

We evaluated the size at first reproduction in bullfrogs in the southern extent of their Pacific Northwest USA
invaded range and compared with other studies of invaded and native populations of this species. Bullfrogs
have become densely populated throughout the region’s low-elevation freshwater habitats after being introduced
during the early 1900s to establish farms for exporting frogs to international markets*. In areas where they have
been introduced, bullfrogs exist without the presence of their native predators, the lack of which can reduce the
number of anti-predator responses, potentially impacting their development* allowing for substantial energy
allocation for growth and reproduction. We hypothesized that the minimum reproductive size in the Willamette
Valley would be smaller than their size in populations at similar latitudes within their native range. Further, we
predicted minimum reproductive sizes would more closely match those of populations in Brazil than in their
native ranges, as a reduction in size at reproduction could positively affect the ability of bullfrogs to successfully
invade new territory, and the lack of native predators in both areas could result in similar developmental pat-
terns despite different abiotic conditions***. Observing smaller reproductive sizes in both Brazil and the Pacific
Northwest USA support bullfrogs as highly suited to colonizing habitat under a wide range of environmental
conditions, congruent with their observed spread throughout the globe.

Methods
We collected American bullfrogs (Lithobates catesbeianus) from six locations in Lane (43° 57’ 39.5994" N, 122°
39'42.4794" W) and Benton County (44° 37" 41.5194" N, 123° 23’ 14.6394" W) (Oregon) where no eradication
programs have been established. We sampled 4 ponds with no resident fish populations and two permanent ponds
with fish populations (Table 1). Using Visual Encounter Surveys*’, we sampled and collected metamorphosed
bullfrogs during spring and summer breeding seasons of 2013 and 2017 for 150 h. Bullfrogs with a maximum
size of approximately 9 cm SVL were targeted, as 8.3 cm is the lowest reported minimum size of reproductive
individuals throughout their native range®*. We collected individuals in this size (~9 cm) or that fell below this
size. Individuals were transported to Oregon State University where they were euthanized using MS-222 and pre-
served in 90% ethanol. We followed all institutional and national guidelines for the care and use of animals. This
study was approved by the Oregon State University- Institutional Animal Care and Use Committee review board.
Determination of sexual maturity is more rigorously done by examination of the gonads®, as relying only on
secondary sexual characteristics can be problematic. Yellow throat coloration and swollen nuptial pads in males
are indicators of sexual maturity, but are only present in males. Further, gender differences in tympanum size are
not obvious in young individuals. As such, we determined the stage of gonad development for both males and
females in addition to measured snout-vent length (SVL), total body length, eye and tympanum diameter, and
determined body mass for each individual. For males, we excised, measured and weighed testes with a preci-
sion of 0.001 g for mass (Ohaus Adventurer Pro, Pine Brook, NJ USA) and 0.01 mm for length (Marathon, New
Brunswick, NJ USA). The right gonad was macerated in 0.5 ml of Holtfreter’s solution 10% to count actively
motile sperm using a hemocytometer*” while the left gonad was preserved in 90% ethanol for microscopic
analysis*. Individuals with actively motile sperm were considered reproductively capable. We calculated the
male gonadosomatic index (GSI) as GSI = GM x 100/BM, where GM represents gonad mass and BM represents
body mass. The value obtained for the right gonad was multiplied by two following Costa et al.**. For females,
ovarian maturation stages were described following the protocol developed in Costa et al.*’. Ovarian maturation
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Figure 1. Minimum reproductive size for American bullfrogs (Lithobates catesbeianus) in native and invaded
ranges of distribution. Measures from reproductive males (left panel) and females (right panel) were compiled
from literature.

in female American bullfrogs was categorized into one of five distinct stages: (1) juvenile with thin ovaries, hya-
line to whitish and no oocytes distinguishable; (2) beginning of maturation with yellowish ovaries and deeper
invaginations, oocytes present; (3) intermediate maturation grayish ovaries with pigmented post-vitellogenic
oocytes; (4) advanced maturation high proportion of post-vitellogenic oocytes; and (5) spent ovaries: flaccid,
with reduced volume and atresic oocytes**.

The minimum reproductive size was determined as the minimum SVL when females presented convoluted
oviducts or ovaries with eggs inside their thoracic cavity (stages >2). Males minimum reproductive size was the
minimum SVL when they exhibited active sperm. We evaluated if body size of adults between the two sexes were
different by analyzing the SVL, total length measurement and body mass using a Student’s t-test with a Welch
correction. To evaluate the logistic regression accuracy to predict sexual maturity in males and females, we used
aROC (Receiving Operator Characteristic Curve). This representation shows the ability of the logistic regression
to correctly classify cases meeting certain condition (sexually maturity) and cases not meeting the condition of
interest. The estimated threshold indicates the point at which the prediction for values meeting the condition is
optimal; this is the point at which the sum of the false positives and false negatives is the least.

Results

We collected 121 L. catesbeianus: 60 females, 57 males, and 4 individuals that were of undetermined sex. Of
these, 22 were reproductively mature adult females and 41 were reproductively mature adult males. In all 60
females captured, including both reproductively mature and immature, SVL varied between 3.8 and 17.6 cm,
total length between 8.46 and 34 cm, and body mass ranged from 4.63 to 500 g. In males, SVL varied between
4.01 and 16.5 cm total length between 8.77 and 36 cm, and body mass ranged from 5.37 to 357 g. The minimum
reproductive size for females was 6.7 cm and for the males 6.6 cm (Fig. 1). Potentially reproductive males had
GSI values between 0.016 and 0.619 with a mean value of 0.147 +0.130 SD. For non-reproductive males, the GSI
values were between 0.014 and 0.184 with a mean value of 0.049 +0.184 SD. Ovarian maturation stages 1 and 2
were found on 38 non-mature females, 16 females were in stage 1, and 22 in stage 2. From the total number of
reproductive females (22), 7 females (~ 31%) were at intermediate maturity, 7 females (~ 31%) were at advanced
maturity, and 8 (~ 37%) females already reproduced.

For mature individuals we did not observe gender differences in size (SVL Welch t-test, t=—-1.22, df=41.3,
and p=0.22; mean + SD: males SVL=10.84+2.69 cm, and females SVL=11.75+2.85 cm), body mass (Welch
t-test, t=—0.97, df=35.87, and p=0.33; mean + SD: males BM =137.93+103 g, and females BM =169.06+ 128 g)
and total length (Welch t-test, t=—0.37, df=46.85, and p=0.71; mean + SD: males TL=26.09 +£5.94 cm, and
females TL =26.65+5.37 cm). Eye diameter was not different between males and females (Welch t-test, t=—0.78,
df=41.76, and p =0.43; mean+ SD: males ED=11.91 mm#2.73 g, and females ED=11.31+2.83 mm). On the
contrary, tympanum diameter was different between gender (Welch t-test, t=2.80, df=59.51, and p=0.006;
mean = SD: males TD =12.38 +4.71 mm, and females TD =9.83 +2.30 mm). The threshold at which ROC curves
estimated the accuracy of the logistic regression to predict sexual maturity in males and females as optimal was
0.69 and 0.39 respectively. The SVL value for these thresholds is around 8 cm in males and 10 cm for females
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Figure 2. Estimated values for the first maturation of males (top) and females (bottom) of American bullfrog
(L. catesbeianus) in an invaded range (Willamette Valley, OR). The horizontal line represents the threshold at
which males and females are sexually mature.

Location Country | Invasive population (Y-N) | Minimum reproductive size males (cm) | Minimum reproductive size females (cm) | References
Oregon USA Y 6.61 6.77 This study
State of Parana Brazil Y 7.6 6.5 i
Washington USA Y 10.5 11.5 52

State of Rio Grande Brazil Y 9.025 12.083 50

British Columbia Canada | Y Mean 14.8 Mean 14.7 3

State of Minas Gerais | Brazil Y 8.09 10.33 o

Quebec Canada N 9.5-11 9.5-11 42

Ontario Canada | N 9.1 11.3 s
Michigan USA N 9.5 10.8 51

New Jersey USA N Mean 15.12 Mean 14.03 78

Missouri USA N ND 12.3 7

ND USA N 8.5 8.9 80

New York USA N 8.5 11 81
Louisiana USA N ND 12.7 8Thesis unpublished
ND USA N ND 10.16 83

Table 2. Minimum reproductive size for American bullfrogs (Lithobates catesbeianus) in native and invaded
ranges of distribution (ND =no data).

(Fig. 2). At these thresholds, males and females were predicted to be sexually mature, with the minimum number
of false positives and false negatives.

Discussion

We found that the minimum reproductive size for male and female American bullfrogs in the southern Wil-
lamette Valley was 6.6 cm and 6.7 cm respectively, which is smaller relative to populations within the native range
at similar latitudes where, according to secondary sexual characteristics, males and females mature at 9.5 cm and
10.8 cm respectively>'. Our results highlight how using different type of characteristics can be useful to evaluate
reproductive status in an invasive species (Fig. 1 and Table 2). Further, the minimal reproductive size in our
study is smaller than those found in invasive bullfrog populations in Brazil, South America, where the minimum
reproductive size at sexual maturity was 7.6 cm for males and 6.5 cm for females*!. Minimum reproductive sizes
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in our study were smaller relative to other invaded ranges in the United States and Canada, including populations
from the northern extent of the Pacific Northwest invaded range (Washington and British Columbia; Table 2).
This reduction in minimum reproductive size is likely increasing the number of reproductive events for breeding
individuals, thus increasing the propagule pressure of invasive populations in Oregon*'. Reaching sexual maturity
at a smaller body size is likely enhancing invasion potential for populations within the Willamette Valley, Oregon,
with individuals reaching breeding age before secondary sexual characteristics are present.

The allocation of energy towards reproduction provides advantages to invading species. The reproductive cycle
of American bullfrogs in Oregon is mainly restricted to the summer season when individuals congregate in lentic
freshwater systems. Critical factors for breeding include calm water and air temperature above 20 °C>. In the
Willamette Valley, females can lay 6000-20,000 eggs with body size positively correlated with egg number®. In
warm water, hatching occurs in 2-5 days and tadpoles can take up to 2 years to reach metamorphosis. However,
tadpoles from some populations in the Pacific Northwest invaded range can metamorphose less than 4 months
after hatching®*®°. Males and females in the Willamette Valley may therefore reach their minimum reproductive
size less than 2 years after metamorphosis. This change in size may be explained by reaching metamorphosis
faster, resulting in smaller juvenile body sizes. Metamorphosing at smaller sizes often results in smaller adult
sizes and smaller sizes at maturation for ranids®. Alternatively, Bredeweg et al.”” found that Rana aurora tadpoles
that spent less time in the water emerged at smaller sizes, but subsequently had greater initial rates of growth. It
is possible that with an increase of post-emergence growth rates, the time to sexual maturity decreases.

The allocation of resources to reproductive traits can increase the rate of population growth, affecting dis-
persal and result in successful establishment®. Although our study did not evaluate range expansion in invasive
American bullfrogs, modifications in the allocation of resources to reproductive traits can increase population
growth, affecting range expansion and resulting in successful establishment of this species®”*’. Trade-offs between
reproduction and dispersal are critical to understanding the spread of invasive species®*’, and individual-based
spatial models predict trade-off outcomes. In amphibians, studies on cane toads (Rhinella marina) found that
individuals at the invasion front allocated resources to phenotypic traits that facilitate their locomotion while
individuals from areas previously colonized allocated resources toward reproduction. For example, toads at the
invasion front exhibited narrower heads and longer legs, with males exhibiting smaller testes and females repro-
ducing at lower rates than their conspecifics from interior, established populations****¢!. Similarly, a decrease in
the allocation of resources to reproduction at the periphery of the colonized range, is being reported in invasive
populations of the African clawed frog Xenopus laevis®® and the southern African toad Sclerophrys gutturalis®.

Life history characteristics that value adult survivorship over reproductive potential can also increase invasion
success®. This highlights the tradeoff between earlier sexual maturity and smaller juvenile body size in Oregon
bullfrog populations®. The estimated size thresholds for males and females to be sexually mature were similar
to measurements reported in an invaded range from Brazil*'. The estimated threshold was greater for females
(10 cm) which could indicate that the maturity rate for females is delayed relative to males. Similarly, females of
the African clawed frog (Xenopus laevis), another successful anuran invader, mature 6 months after metamor-
phosis at only 6.7 cm in length, providing an advantage in their invasive range®. We posit that bullfrog females
in the Willamette Valley are allocating energy to early maturation instead of growth®. Individuals may also be
capable of spawning multiple times during a breeding season with this multiple clutching potentially improving
the genetic diversity of the invading populations as one female’s eggs can be fertilized by multiple males®®.

American bullfrog populations are widespread in the Willamette Valley (OR, USA)*"**. They displace native
anurans via predation, competition, and alterations of microhabitat’. Interspecific differences in phenology
provide a competitive advantage for late-stage bullfrog larvae in comparison to small and early stage larvae of
native amphibian species to acquire limited food resources” and adult bullfrogs are gape-limited generalist
predators that can prey on other amphibians as well as other taxonomic groups®. In Oregon, bullfrogs have
been cited as one of the major threats in population declines of native frog species, including the threatened
northern red-legged frog (Rana aurora) and the extirpated Oregon spotted frog (Rana pretiosa) and they can
impact other native pond-breeding species in the region®*’2. Additionally, adult bullfrogs can play a critical role
as carriers of pathogens as ranaviruses, the chytrid fungus Batrachochytrium dendrobatidis as well as pathogenic
bacteria’~’¢. Research to understand traits explaining advantages of an invasive species can guide strategies to
prevent expansion of bullfrogs’ distribution into temporary and permanent habitats where native amphibians
and bullfrogs can co-occur®””.

Understanding key traits that predict or enhanced invasion success is critical for the implementation of
management and control actions®. Characterizing the reproductive activity of breeding bullfrog populations
in the Willamette Valley in connection with abiotic factors can be critical in managing the establishment of
new populations of this species. Our study identified a decrease in the minimum reproductive size of males
and females in invasive American bullfrogs in the Willamette Valley relative to native populations. This finding
indicates that we need to modify our view of what constitutes a mature bullfrog in the Willamette Valley, and
potentially in other invasion ranges. The results of this study will allow managers undertaking removal efforts
to ensure that they are targeting all animals that could possibly be reproductively mature. Figure 2 provides the
threshold at which males and females are sexually mature and serves as a guide to managers engaged in removal
efforts. Although smaller females can have limited reproductive output, the potential for longer reproductive
longevity both over ontogeny and within a breeding season could significantly increase the invasion potential
of this critical invasive species.

Received: 25 January 2020; Accepted: 26 June 2020
Published online: 01 October 2020

SCIENTIFIC REPORTS |

(2020) 10:16271 | https://doi.org/10.1038/s41598-020-73206-w



www.nature.com/scientificreports/

References

G W N =

[=2}

11.

12.

13.

14.

20.

21.

22.
23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

. Elton, C. The Ecology of Invasions by Animals and Plants (Methuen, London, 1958).

. Simberloff, D. Invasive Species: What Everyone Needs to Know (Oxford University Press, Oxford, 2013).

. Ehrenfeld, J. G. Ecosystem consequences of biological invasions. Annu. Rev. Ecol. Evol. Syst. 41, 59-80 (2010).

. Simberloff, D. How common are invasion-induced ecosystem impacts?. Biol. Invasions 13, 1255-1268 (2011).

. Simberloff, D. Invasional meltdown 6 years later: important phenomenon, unfortunate metaphor, or both?. Ecol. Lett. 9, 912-919

(2006).

. Fukami, T. et al. Above- and below-ground impacts of introduced predators in seabird-dominated island ecosystems. Ecol. Lett.

9, 1299-1307 (2006).

. Gibbons, . W. et al. The global decline of reptiles Deja Vu amphibians. Bioscience 50, 653-666 (2000).
. Blackburn, T. M., Cassey, P, Duncan, R. P, Evans, K. L. & Gaston, K. J. Avian extinction and mammalian introductions on oceanic

islands. Science 305, 1955 (2004).

. Paini, D. R. et al. Global threat to agriculture from invasive species. Proc. Natl. Acad. Sci. 113, 7575-7579 (2016).
. Juliano, S. A. & Lounibos, L. P. Ecology of invasive mosquitoes: effects on resident species and on human health. Ecol. Lett. 8,

558-574 (2005).

Pimentel, D., Lach, L., Zuniga, R. & Morrison, D. Environmental and economic costs of nonindigenous species in the United
States. Bioscience 50, 53-65 (2000).

Rogers, W. E. Invasive species. In Reference Module Earth Systems and Environmental Sciences (ed. Flow, E. S.) (Elsevier, Amsterdam,
2017).

Booth, B. D., Murphy, S. D. & Swanton, C. J. Weed Ecology in Natural and Agricultural Systems (CABI publishing, Wallingford,
2003).

White, E. M., Wilson, J. C. & Clarke, A. R. Biotic indirect effects: a neglected concept in invasion biology. Divers. Distrib. 12,
443-455 (2006).

. Hui, C. et al. Defining invasiveness and invasibility in ecological networks. Biol. Invasions 18, 971-983 (2016).
. Ricciardi, A., Hoopes, M. E, Marchetti, M. P. & Lockwood, J. L. Progress toward understanding the ecological impacts of nonnative

species. Ecol. Monogr. 83, 263-282 (2013).

. Kolar, C. S. & Lodge, D. M. Progress in invasion biology: predicting invaders. Trends Ecol. Evol. 16, 199-204 (2001).
. Lodge, D. M. Biological invasions: lessons for ecology. Trends Ecol. Evol. 8, 133-137 (1993).
. Savidge, J. A., Qualls, E. J. & Rodda, G. H. Reproductive biology of the brown tree snake, Boiga irregularis (Reptilia: Colubridae),

during colonization of Guam and comparison with that in their native range. Pac. Sci. 61, 191-199 (2007).

Gardner, P. G,, Frazer, T. K., Jacoby, C. A. & Yanong, R. P. E. Reproductive biology of invasive lionfish (Pterois spp.). Front. Mar.
Sci. 2,7 (2015).

Van Kleunen, M., Dawson, W., Schlaepfer, D., Jeschke, J. M. & Fischer, M. Are invaders different? A conceptual framework of
comparative approaches for assessing determinants of invasiveness. Ecol. Lett. 13, 947-958 (2010).

Barnosky, A. D. et al. Has the Earth/’s sixth mass extinction already arrived?. Nature 471, 51-57 (2011).

Ceballos, G. et al. Accelerated modern human-induced species losses: entering the sixth mass extinction. Sci. Adv. 1, €1400253
(2015).

Measey, G. J. et al. Ongoing invasions of the African clawed frog, Xenopus laevis: a global review. Biol. Invasions 14, 2255-2270
(2012).

Bucciarelli, G. M., Blaustein, A. R., Garcia, T. S. & Kats, L. B. Invasion complexities: the diverse impacts of nonnative species on
amphibians. Copeia 2014, 611-632 (2014).

Measey, G. J. et al. A global assessment of alien amphibian impacts in a formal framework. Divers. Distrib. 22, 970-981 (2016).
Kumschick, S. et al. Impact assessment with different scoring tools: how well do alien amphibian assessments match?. NeoBiota
33, 53-66 (2017).

Kraus, F Impacts from invasive reptiles and amphibians. Annu. Rev. Ecol. Evol. Syst. 46, 75-97 (2015).

Selechnik, D., Rollins, L. A., Brown, G. P, Kelehear, C. & Shine, R. The things they carried: the pathogenic effects of old and new
parasites following the intercontinental invasion of the Australian cane toad (Rhinella marina). Int. J. Parasitol. Parasites Wildl. 6,
375-385 (2017).

Shine, R. Invasive species as drivers of evolutionary change: cane toads in tropical Australia. Evol. Appl. 5,107-116 (2012).
Adams, M. J. & Pearl, C. A. Problems and opportunities managing invasive bullfrogs: is there any hope? In Biological Invaders in
Inland Waters: Profiles, Distribution, and Threats (ed. Gherardi, F.) 679-693 (Springer, Dordrecht, 2007).

Pili, A. N,, Supsup, C. E,, Sy, E. Y., Diesmos, M. L. L. & Diesmos, A. C. Spatial dynamics of invasion and distribution of alien frogs
in a biodiversity hotspot archipelago. In Island Invasives: Scaling Up to Meet the Challenge 337-347 (IUCN, 2019).

Pearl, C., Adams, M., Leuthold, N. & Bury, R. Amphibian occurrence and aquatic invaders in a changing landscape: implications
for wetland mitigation in the Willamette valley, Oregon, USA. Wetlands 25, 76-88 (2005).

Govindarajulu, P, Price, W. M. S. & Anholt, B. R. Introduced bullfrogs (Rana catesbeiana) in western Canada: has their ecology
diverged?. J. Herpetol. 40, 249-260 (2006).

Bai, C,, Liu, X., Fisher, M. C., Garner, T. W. ]. & Li, Y. Global and endemic Asian lineages of the emerging pathogenic fungus
Batrachochytrium dendrobatidis widely infect amphibians in China. Divers. Distrib. 18, 307-318 (2012).

Rago, A., While, G. M. & Uller, T. Introduction pathway and climate trump ecology and life history as predictors of establishment
success in alien frogs and toads. Ecol. Evol. 2, 1437-1445 (2012).

Xuan, L., Yiming, L. & McGarrity, M. Geographical variation in body size and sexual size dimorphism of introduced American
bullfrogs in southwestern China. Biol. Invasions 12, 2037-2047 (2010).

Both, C. et al. Widespread occurrence of the American Bullfrog, Lithobates catesbeianus (Shaw, 1802) (Anura: Ranidae) Brazil.
South Am. ]. Herpetol. 6, 127-134 (2011).

Bohn, T., Terje Sandlund, O., Amundsen, P.-A. & Primicerio, R. Rapidly changing life history during invasion. Oikos 106, 138-150
(2004).

Lima, S. L., Costa, C. L. S., Agostinho, C. A., Andrade, D. R. & Pereira, H. P. Estimate of bullfrog size at first sexual maturation,
Rana catesbeiana, in the intensive growing Anfigranja system. Rev. Bras. Zootec. Braz. J. Anim. Sci. 27, 416-420 (1998).

Leivas, P. T., Moura, M. O. & Favaro, L. E. The reproductive biology of the invasive Lithobates catesbeianus (Amphibia:Anura). J.
Herpetol. 46, 153-161 (2012).

Bruneau, M. & Magnin, E. Croissance, nutrition et reproduction des ouaouarons Rana catesbeiana Shaw (Amphibia Anura) des
Laurentides au nord de Montreal. Can. J. Zool. 58, 175-183 (1980).

Shirose, L. J., Brooks, R. J., Barta, J. R. & Desser, S. S. Intersexual differences in growth, mortality, and size at maturity in bullfrogs
in central Ontario. Can. J. Zool. 71, 2363-2369 (1993).

Jennings, M. R. & Hayes, M. P. Pre-1900 overharvest of California red-legged frogs (Rana aurora draytonii): the inducement for
Bullfrog (Rana catesbeiana) introduction. Herpetologica 41, 94-103 (1985).

Guariento, R. D., Carneiro, L. S., Jorge, J. S. & Caliman, A. Assessing the risk effects of native predators on the exotic American
bullfrog (Lithobates catesbeianus) and their indirect consequences to ecosystem function. Acta Oecologica 91, 50-56 (2018).

SCIENTIFIC REPORTS |

(2020) 10:16271 | https://doi.org/10.1038/s41598-020-73206-w



www.nature.com/scientificreports/

46.

47.

48.

49.

50.

Crump, M. L. & Scott, N. J. Jr. Chapter 2. Visual encounter surveys. In Measuring and Monitoring Biological Diversity: Standard
Methods for Amphibians (eds Heyer, W. R. et al.) 84-92 (Smithsonian Institution Press, Washington, 1994).

Browne, R. K. & Zippel, K. Reproduction and larval rearing of amphibians. ILAR J. 48, 214-234 (2007).

Costa, C. L. S., Lima, S. L., Andrade, D. R. & Agostinho, C. A. Morphological characterization of development stages of male
reproduction apparel of bullfrog, Rana catesbeiana, in the intensive Anfigranja system. Rev. Bras. Zootec. Braz. ]. Anim. Sci. 27,
651-657 (1998).

Costa, C. L. S,, Lima, S. L., Andrade, D. R. & Agostinho, C. A. Morphological characterization of the development stages of female
reproduction apparel of bullfrog, Rana catesbeiana, in the intensive Anfigranja systems. Rev. Bras. Zootec. Braz. J. Anim. Sci. 27,
642-650 (1998).

Kaefer, I. L., Boelter, R. A. & Cechin, S. Z. Reproductive biology of the invasive bullfrog Lithobates catesbeianus in southern Brazil.
Ann. Zool. Fenn. 44, 435-444 (2007).

51. Howard, R. D. Sexual dimorphism in bullfrogs. Ecology 62, 303-310 (1981).

52. Jones, L. L. C., Leonard, W. P. & Olson, D. H. Amphibians of the Pacific Northwest (Seattle Audubon Society, Seattle, 2005).

53. Nussbaum, R. A., Brodie, E. D. & Storm, R. M. Amphibians and Reptiles of the Pacific Northwest (University Press of Idaho, Moscow,
1983).

54. Govindarajulu, P, Altwegg, R. & Anholt, B. R. Matrix model investigation of invasive species control: bullfrogs on Vancouver
Island. Ecol. Appl. 15,2161-2170 (2005).

55. Cook, M. T, Heppell, S. S. & Garcia, T. S. Invasive bullfrog larvae lack developmental plasticity to changing hydroperiod. J. Wildl.
Manag. 77, 655-662 (2013).

56. Jennette, M. A., Snodgrass, ]. W. & Forester, D. C. Variation in age, body size, and reproductive traits among urban and rural
amphibian populations. Urban Ecosyst. 22, 137-147 (2019).

57. Bredeweg, E. M., Urbina, J., Morzillo, A. T. & Garcia, T. S. Starting on the right foot: carryover effects of larval hydroperiod and
terrain moisture on post-metamorphic frog movement behavior. Front. Ecol. Evol. 7, 97 (2019).

58. Burton, O. J., Phillips, B. L. & Travis, J. M. J. Trade-offs and the evolution of life-histories during range expansion. Ecol. Lett. 13,
1210-1220 (2010).

59. Chuang, A. & Peterson, C. R. Expanding population edges: theories, traits, and trade-offs. Glob. Change Biol. 22, 494-512 (2016).

60. Kelehear, C. & Shine, R. Tradeoffs between dispersal and reproduction at an invasion front of cane toads in tropical Australia. Sci.
Rep. 10, 486 (2020).

61. Hudson, C. M., Phillips, B. L., Brown, G. P. & Shine, R. Virgins in the vanguard: low reproductive frequency in invasion-front cane
toads. Biol. J. Linn. Soc. 116, 743-747 (2015).

62. Courant, ], Secondi, J., Bereiziat, V. & Herrel, A. Resources allocated to reproduction decrease at the range edge of an expanding
population of an invasive amphibian. Biol. J. Linn. Soc. 122, 157-165 (2017).

63. Vimercati, G., Davies, S. J. & Measey, J. Invasive toads adopt marked capital breeding when introduced to a cooler, more seasonal
environment. Biol. J. Linn. Soc. 128, 657-671 (2019).

64. Sol, D. et al. Unraveling the life history of successful invaders. Science 337, 580 (2012).

65. Descamps, S. & De Vocht, A. The sterile male release approach as a method to control invasive amphibian populations: a prelimi-
nary study on Lithobates catesbeianus. Manag. Biol. Invasions 8, 361-370 (2017).

66. McCoid, M. J. & Fritts, T. H. Growth and fatbody cycles in feral populations of the African clawed frog, Xenopus laevis (Pipidae),
in California with comments on reproduction. Southwest. Nat. 34, 499-505 (1989).

67. Werner, E. E. Amphibian metamorphosis: growth rate, predation risk, and the optimal size at transformation. Am. Nat. 128,
319-341 (1986).

68. Howard, R. D. Sexual selection and variation in reproductive success in a long-lived organism. Am. Nat. 122, 301-325 (1983).

69. Emlen, S. T. ‘Double clutching’ and its possible significance in the bullfrog. Copeia 1977, 749-751 (1977).

70. Kiesecker, J. M. & Blaustein, A. R. Effects of introduced bullfrogs and smallmouth bass on microhabitat use, growth, and survival
of native red-legged frogs (Rana aurora). Conserv. Biol. 12, 776-787 (1998).

71. Blaustein, A. R. & Kiesecker, J. M. Complexity in conservation: lessons from the global decline of amphibian populations. Ecol.
Lett. 5,597-608 (2002).

72. Rowe, J. C. et al. Disentangling effects of invasive species and habitat while accounting for observer error in a long-term amphibian
study. Ecosphere 10, 02674 (2019).

73. Sharifian-Fard, M. et al. Ranavirosis in invasive bullfrogs Belgium. Emerg. Infect. Dis. 17, 2371-2372 (2011).

74. Gervasi, S. S. et al. Experimental evidence for American bullfrog (Lithobates catesbeianus) susceptibility to chytrid fungus (Batra-
chochytrium dendrobatidis). EcoHealth 10, 166-171 (2013).

75. Martel, A. et al. Batrachochytrium salamandrivorans sp. nov. causes lethal chytridiomycosis in amphibians. Proc. Natl. Acad. Sci.
110, 15325 (2013).

76. Urbina, J., Bredeweg, E. M., Garcia, T. S. & Blaustein, A. R. Host-pathogen dynamics among the invasive American bullfrog
(Lithobates catesbeianus) and chytrid fungus (Batrachochytrium dendrobatidis). Hydrobiologia 817, 267-277 (2018).

77. Ficetola, G. F. et al. Pattern of distribution of the American bullfrog Rana catesbeiana in Europe. Biol. Invasions 9, 767-772 (2007).

78. Ryan, M. J. The reproductive behavior of the bullfrog (Rana catesbeiana). Copeia 1980, 108-114 (1980).

79. Willis, Y. L., Moyle, D. L. & Baskett, T. S. Emergence, breeding, hibernation, movements and transformation of the bullfrog, Rana
catesbeiana Missouri. Copeia 1956, 30-41 (1956).

80. Wright, A. & Wright, A. Handbook of Frogs and Toads of the United States and Canada (Comstock, London, 1949).

81. Raney, E. C. & Ingram, W. M. Growth of tagged frogs (Rana catesbeiana Shaw and Rana clamitans Daudin) under natural condi-
tions. Am. Midl. Nat. 26,201-206 (1941).

82. George, L. A study of the bullfrog, Rana catesbeiana Shaw, at Baton Rouge, Louisiana (University of Michigan, Ann Arbor, 1940).

83. Wright, A. Frogs: Their Natural History and Utilization. Series: Document (Bureau of Fisheries, United States) no. 888. (Govt. Print.
Off, Washington, 1920).

Acknowledgements

We thank A. Soken, S. Gervasi, J. Giarrizo, N. Salinas, D. Paoletti, T. Chestnut, C. Medellin, G. Xie, L. Thurman,
S. Selegos, D. Jones, T. Dang, S. Gregory, J. Doyle, J. Rowe for their invaluable help and company during sampling
events. We acknowledge R. Hanselmann and JM. Urbina for their help disentangling equations. A special thanks
to the Saavedra Lab for space and resources. Publication of this paper was supported, in part, by the Henry Mastin
Graduate Student Fund (Department of Fisheries and Wildlife, Oregon State University).

Author contributions
J.U,, EB., C.C. and T.G. gathered the data, ].U. and E.B. analysed the data, C.C. prepared figures, J.U., E.B., A.B.
and T.G. wrote the manuscript text. All authors reviewed the manuscript.

SCIENTIFIC REPORTS |

(2020) 10:16271 | https://doi.org/10.1038/s41598-020-73206-w



www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.U.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020)10:16271 | https://doi.org/10.1038/s41598-020-73206-w


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Reproductive characteristics of American bullfrogs (Lithobates catesbeianus) in their invasive range of the Pacific Northwest, USA
	Methods
	Results
	Discussion
	References
	Acknowledgements


