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Abstract

Amphibians may experience collateral effects if exposed to CFT Legumine (5% rotenone), a piscicide that is used
to remove invasive fish. A series of 48-h static toxicity tests assessed the acute effects of CFT Legumine on multi-aged
tadpoles of the federally listed Chiricahua leopard frog Lithobates chiricahuensis, the widespread northern leopard
frog L. pipiens, and the increasingly invasive American bullfrog L. catesbeianus. At the earliest Gosner stages (GS
21-25), Chiricahua leopard frogs were more sensitive to CFT Legumine (median lethal concentration [LCso] = 0.41—
0.58 mg/L) than American bullfrogs (LCs¢ = 0.63-0.69 mg/L) and northern leopard frogs (LCso=0.91 and 1.17 mg/L).
As tadpoles developed (i.e., increase in GS), their sensitivity to rotenone decreased. In a separate series of 48-h static
nonrenewal toxicity tests, tadpoles (GS 21-25 and GS 31-36) of all three species were exposed to piscicidal concen-
trations of CFT Legumine (0.5, 1.0, and 2.0 mg/L) to assess postexposure effects on metamorphosis. In survivors of all
three species at both life stages, the time to tail resorption was nearly doubled in comparison with that of controls. For
example, mid-age (GS 31-36) Chiricahua leopard frog tadpoles required 210.7 h to complete tail resorption, whereas
controls required 108.5 h. However, because tail resorption is a relatively short period in metamorphosis, the total
duration of development (days from posthatch to complete metamorphosis) and the final weight did not differ in
either age-group surviving nominal concentrations of 0.5-, 1.0-, and 2.0-mg/L CFT Legumine relative to controls. This
research demonstrates that the CFT Legumine concentrations commonly used in field applications to remove
unwanted fish could result in considerable mortality of the earliest stages of Lithobates species. In addition to acute
lethality, piscicide treatments may result in delayed tail resorption, which places the tadpoles at risk by increasing
their vulnerability to predation and pathogens.

Invasion by exotic species is currently the second leading environments, restoration of native fishes often requires the
cause of extinction (Cain et al. 2011) and is an important factor ~eradication of nonnative fishes by use of rotenone (Finlayson
in the decline of native salmonids (Kruse et al. 2013). In aquatic et al. 2000; Ling 2002; Hamilton et al. 2009). A commonly used
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liquid formulation, CFT Legumine (Envincio LLC, Cary, North
Carolina), contains 5% rotenone, an organic chemical regis-
tered by the Environmental Protection Agency (Registration
Number 75338-1; USEPA 2007). As a mitochondrial inhibitor,
rotenone’s target site of toxic action occurs in areas of the gill
lamellae that are high in mitochondria. While the acute and
postexposure effects of rotenone in fishes have been more
thoroughly reviewed (Ling 2002; McClay 2005), effects on
nontarget organisms such as amphibians are not fully under-
stood (Sparling et al. 2000; Knapp et al. 2007). Presumably,
amphibians will experience acute toxicity effects of mitochon-
drial inhibitors when relying on gill lamellae for respiration.
Amphibians often co-occur in aquatic habitats slated for native
fish restoration and may be affected by rotenone. Native amphi-
bians, however, may benefit from the removal of invasive non-
native fishes and amphibians (e.g., Knapp and Matthews 2000).

CFT Legumine concentrations as high as 4.0 mg/L, although
not common, can be used to eliminate nonnative fishes in lakes
and ponds (Finlayson et al. 2010). However, field applications
of much lower concentrations (1.0 mg/L) are more commonly
used and have resulted in local declines of larval Columbia
spotted frogs Rana luteiventris (Billman et al. 2012). In labora-
tory conditions, exposure to CFT Legumine at 1.0 mg/L for 96 h
resulted in 100% mortality of early age (Gosner stages [GS]
21-25; Gosner 1960) and mid-age (GS 30-35) Columbia
spotted frog tadpoles. Older (GS 40—45) tadpoles of the same
species experienced 6% mortality when exposed to 1.0-mg/L
CFT Legumine (Billman et al. 2011). In the same study, early
age (GS 21-25) tadpoles of the boreal toad Anaxyrus boreas
experienced 99% mortality when exposed to 1.0 mg/L, while
older (GS 30-35 and GS 40-45) boreal toad tadpoles experi-
enced 83-96% mortality (Billman et al. 2011).

For amphibians that survive rotenone applications, postexpo-
sure effects, such as developmental delay, may cause an untimely
migration from natal pools or ponds and increased mortality due
to pond desiccation or predation (Bervan 1990). Furthermore, a
delay in development can cause anurans to reach maturity at
smaller sizes and to have longer pre-reproductive periods and
smaller clutch sizes (Semlitsch et al. 1988). Conversely, anurans
that reach maturity at larger sizes are less susceptible to predation
and reproduce sooner (Semlitsch 1989).

Our primary objectives were to estimate the acute response
and postexposure effects of CFT Legumine on tadpoles of
three different ranids that could occur within areas slated for
piscicide application in New Mexico. An assessment of CFT
Legumine’s effects on larval amphibians will provide gui-
dance for management agencies on the timing of rotenone
application to reduce collateral effects in amphibians. For
example, the federally listed and New Mexico state-listed
Chiricahua leopard frog Lithobates chiricahuensis is critically
imperiled due to habitat loss and degradation and the pre-
sence of nonnative predators and competitors (Sredl and
Howland 1995; USOFR 2002; Hammerson et al. 2004).
Chiricahua leopard frogs can breed year-round, representing
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a longer breeding season compared to other ranids (Scott and
Jennings 1985). Tadpoles complete metamorphosis in 3-9
months after hatching and often overwinter before metamor-
phosing (Jennings 1988). By comparison, the northern leo-
pard frog L. pipiens, which is widespread in northern portions
of its range but declining and considered a “species of great-
est conservation need” in New Mexico (NMDGF 2006),
breeds during the spring (April-June) and completes meta-
morphosis in 3—6 months (Merrell 1977; Hinshaw 1992). The
range of the invasive (in New Mexico) American bullfrog L.
catesbeianus includes well-established populations in 10
states outside of its natural range and in 40 countries around
the world (McKercher and Gregorie 2016). Not surprisingly,
American bullfrog populations occur throughout low-eleva-
tion (900-2,100-m) freshwater habitats in New Mexico
(Degenhardt et al. 1996; Stebbins 2003). Across its range,
breeding of the American bullfrog occurs from May to July
in northern localities, whereas it occurs from February to
October in southern localities (e.g., New Mexico; Behler
and King 1979). Time to complete metamorphosis may vary
from a few months in the species’ southern distribution to 3
years in its northern range (Collins 1979). Since American
bullfrogs have invaded and negatively impacted native
Chiricahua leopard frog and plains leopard frog L. blairi
populations in New Mexico, a secondary objective of this
work was to determine whether American bullfrog larvae are
sensitive to and could be removed by an application of
rotenone. The current distributions of the three species
included in our study overlap with that of a southwestern
native trout species, the Rio Grande Cutthroat Trout
Oncorhynchus clarkii virginalis, which is subject to conser-
vation measures including rotenone treatment for removal of
nonnative Rainbow Trout O. mykiss that hybridize with the
native trout (Kruse et al. 2013). These three frog species were
also selected because they represent diversity in body size,
habitat use, and reproductive strategy that would provide
additional insights on ranid responses to rotenone exposure.

METHODS

Animal husbandry and testing conditions.—The stability of
rotenone is highly susceptible to photodegradation and
temperature (Cabras et al. 2002; Draper 2002). For example,
the half-life of rotenone was 13.9 h at 24°C and 83.9 h at 0°C in
ponds (Gilderhus et al. 1986; Finlayson et al. 2000) and 41.8 h
at 20-22°C and 84 h at 10-20°C in reservoirs (Finlayson et al.
2000). Thus, environmental variables, such as ambient
temperature and natural light, were incorporated into our
study design to more accurately assess the rotenone toxicity
thresholds for the three ranids. Studies evaluating the effects of
pesticides on amphibians are rarely performed under natural
conditions of photoperiod and diel temperature range (Boone
and James 2003, 2005; Boone et al. 2007). Laboratory studies
may overestimate or underestimate toxicological responses
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because toxicants in the environment are affected by a variety
of physical and chemical factors that are sometimes changed
under laboratory settings (Ritter and Bergstrom 2001; Gomez-
Mestre and Tejedo 2003; Brown 2010).

Toxicity tests were conducted in a greenhouse (9.1 x 29.3
m) to provide a seasonally relevant light: dark photoperiod.
An optimal water temperature range of 18-24°C for pond
amphibians (Wright and Whitaker 2001) in holding tanks
and testing aquaria was provided by using natural gas heating
and evaporative cooling systems, which were controlled by
digital sensors located throughout the greenhouse.
Experimental conditions in the greenhouse optimized the
experiments by providing environmentally relevant diel tem-
perature fluctuations. Temperatures at night were maintained
above 18°C, while temperatures during daylight were main-
tained below 24°C.

The largest remaining metapopulation of Chiricahua leo-
pard frogs in New Mexico resides on the Ladder Ranch in
Sierra County. The Ladder Ranch, in cooperation with the
U.S. Fish and Wildlife Service, actively conducts conservation
activities for the Chiricahua leopard frog, including a captive
propagation program (McCaffery and Phillips 2013). From
May 2013 to October 2014, six egg clutches from
Chiricahua leopard frogs were transported in thermally insu-
lated containers from the Ladder Ranch to the testing facility
at the Fabian Garcia Research Facility, New Mexico State
University (Dofla Ana County). Two egg clutches from north-
ern leopard frogs (NASCO, Fort Atkinson, Wisconsin) and
three egg clutches from American bullfrogs (Carolina
Biological Supply Company, Burlington, North Carolina)
were obtained from commercial suppliers.

Upon arrival at the testing facility, each clutch of eggs was
tempered in 30 L of aerated, dechlorinated municipal water and
was acclimatized for 24 h prior to transfer to holding tanks.
Sodium bisulfite was used to remove chlorine and to neutralize
heavy metals (ASTM 2014). Dissolved oxygen concentration
(mg/L), conductivity (uS/cm), and pH in the holding tanks and
test chambers were monitored daily by using a HACH HQ40d
meter (HACH Co., Loveland, Colorado). Ammonia (total N,
mg/L; HACH Method 8155) and nitrite (total N, mg/L; HACH
Method 8507) concentrations were monitored weekly using a
HACH DR2010 spectrophotometer. Temperature (°C) was con-
tinuously monitored with HOBO pendant temperature data
loggers (Model UA-001; Onset Computer Corp., Bourne,
Massachusetts). Dissolved oxygen (6.0-10.0 mg/L), conductiv-
ity (400-1,400 puS/cm), pH (7.5-8.3), ammonia (0.12—1.7 mg/
L), and nitrite (0.1-0.2 mg/L) levels in the holding tanks were
deemed acceptable as optimal water quality conditions for rear-
ing amphibians (Wright and Whitaker 2001; ASTM 2014).
Tadpoles were offered commercial flake and algae wafers
each day. Water quality conditions in the holding tanks were
maintained within the aforementioned ranges by 50% water
changes and siphoning of uneaten food and feces every
other day.
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Acute toxicity tests.—Static 48-h toxicity tests were
conducted in accordance with guidelines set forth by the
American Society for Testing and Materials (ASTM 2014). A
1.019-g/L. stock solution of CFT Legumine (5% rotenone)
dissolved in deionized water was diluted serially to obtain a
range of nominal test concentrations from 0.125 to 5.0 mg/L.
These concentrations included relevant field applications of CFT
Legumine (Finlayson et al. 2010). Preliminary tests were
conducted using a small number (8-12) of tadpoles of each
species within each targeted age-group to determine the range
of concentrations that would result in 100% survival and 100%
mortality. Thus, an additional test concentration of 5.0-mg/L
CFT Legumine was included to ensure that conditions met the
ASTM (2014) protocol of 100% lethality. Controls received
water with the same characteristics but without the toxicant.
Testing containers consisted of 0.946-L, wide-mouth jars
containing 900 mL of the CFT Legumine treatment
concentration or control water. After test and control solutions
were dispensed into pre-labeled jars, the jars were placed in a
water bath in a randomized block design. The water bath was
circulated via a small submersible pump. Water quality in jars
containing larvae was held within acceptable limits by
maintaining a density of not more than one tadpole per 100 mL
and by withholding feed for 24 h prior to each test (ASTM 2014).
Dissolved oxygen (5.0-8.0 mg/L), conductivity (400-1,400
uS/cm), pH (7.5-8.3), ammonia (total N; 0.12—1.7 mg/L), and
nitrite (0.1-0.2 mg/L) levels were within ranges deemed
acceptable for larval ranids in culture conditions (Wright and
Whitaker 2001).

The age of tadpoles selected for testing was confirmed by
using Gosner’s (1960) identification guidelines of development
for larval anurans and included four age-groups: GS 21-25
(complete jaw development), GS 26-30 (hind limb develop-
ment), GS 31-36 (toe differentiation of the hind limb), and GS
37-40 (forelimb development). For all tests, there were five
replicates per treatment (n = 5), five controls, and five tadpoles
in each replicate or control jar. Feed was withheld for 24 h prior
to testing and during the 48-h testing period; mortalities were
removed at 2, 4, 6, 12, 24, and 48 h (ASTM 2014).

Three clutches of Chiricahua leopard frog eggs were included
in the acute toxicity assessment, which allowed us to conduct
three separate tests for each of the four age-groups. Early age-
group (GS 21-25) and hind-limb age-group (GS 26-30) tadpoles
were exposed to CFT Legumine concentrations of 0.125, 0.25,
0.5, 1.0, and 2.0 mg/L. Similarly, mid-age (GS 31-36) tadpoles
were exposed to CFT Legumine concentrations of 0.5, 1.0, 1.5,
and 2.0 mg/L, and late-age (GS 37-40) tadpoles were exposed to
CFT Legumine at 1.0, 2.0, 3.0, 4.0, and 5.0 mg/L.

Northern leopard frog tadpoles of the early age-group (GS
21-25) and hind-limb age-group (GS 26-30) were exposed to
CFT Legumine concentrations of 0.25, 0.5, 1.0, 1.5, and 2.0
mg/L. Mid-age (GS 31-36) tadpoles were exposed to CFT
Legumine at 1.0, 2.0, 3.0, and 4.0 mg/L. Since only two egg
clutches were available for this species, two (instead of three)
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separate tests were conducted for each of the first three age-groups.
Fewer late-age (GS 37-40) tadpoles remained from the two egg
clutches; thus, only one test was conducted at CFT Legumine
concentrations of 2.0, 3.0, 4.0, and 5.0 mg/L to obtain an LCsg
relevant to field applications of rotenone (Finlayson et al. 2000).
Due to the seasonality in American bullfrog eggs and the
limited number of individuals available for testing upon hatch-
ing, only early age (GS 21-25) and mid-age (GS 31-36)
larvae were selected for testing. Preliminary range-finding
tests indicated that these age-groups were sensitive to envir-
onmentally relevant CFT Legumine concentrations, whereas
late-age (GS 37-40) tadpoles were not as sensitive. Early age
tadpoles of the American bullfrog were exposed to CFT
Legumine at 0.5, 1.0, 2.0, and 3.0 mg/L, while mid-age tad-
poles were exposed to concentrations of 1.0, 2.0, 3.0, and 4.0
mg/L; three separate tests were conducted for each age-group.
Postexposure effects.—For each species, separate 48-h
toxicity tests assessed postexposure effects on surviving
tadpoles. Tadpoles of the early age-group (GS 21-25) were
exposed to CFT Legumine concentrations of 0.5 and 1.0 mg/L,
while mid-age (GS 31-36) tadpoles were exposed to
concentrations of 0.5, 1.0, and 2.0 mg/L. Older-age (GS 37-40)
tadpoles were not part of the postexposure assessment because
their exposures would have occurred during the climax stage of
metamorphosis or well beyond the endpoints established in this
study. Additionally, treatment concentrations for late-age
tadpoles exceeded the field application levels commonly used in
rotenone treatments (Finlayson et al. 2000). Each treatment was
replicated three times (n = 3), with five tadpoles in each replicate.
At the end of the 48-h tests, survivors were individually
placed in labeled jars containing 900 mL of control water for
postexposure observation until they reached GS 42 (forelimb
emergence). Upon reaching forelimb emergence, each pre-
metamorph was isolated in a 19-L aquarium containing 4 L

of control water and a small plastic-grass pad to allow the
froglet to perch above the water level. Survival and the rate of
tail resorption (h) were monitored until the completion of
metamorphosis (i.e., when less than 2 mm of tail tissue
remained). Metamorphs were euthanized in a lethal concentra-
tion of tricaine methanesulfonate (MS-222; Sigma Chemical,
St. Louis, Missouri; ASTM 2014). Total duration of develop-
ment (number of days from hatching to complete tail resorp-
tion, or d posthatch [dph]) and wet weight (g) were recorded.

Statistical analysis—For each acute toxicity test, the
trimmed Spearman—Karber method was used to calculate the
median lethal concentration (LCsg; the concentration that was
lethal to 50% of the test population) and the associated 95%
confidence intervals (Hamilton et al. 1977). All LCs calculations
were performed by using available software (CEE Computer
Model Library, Old Dominion University, Norfolk, Virginia).
Normality was verified using an F-test, where residuals were
plotted. One-way ANOVA followed by Fisher’s least-significant-
difference test was used to determine postexposure effects in
tadpoles of all three species. Only tadpoles that completed
metamorphosis were included in the analysis, with mass (g),
total duration of development (dph), and duration of tail
resorption (h) as the response variables. Statistical significance
was determined at an o level of 0.05. Except for LCs
calculations, statistical analyses were conducted by using R
software (R Development Core Team 2007).

RESULTS

Acute Toxicity Tests

Throughout multiple clutches at the earliest stages (GS
21-25), Chiricahua leopard frogs were the most sensitive to
CFT Legumine (LCsy = 0.41-0.58 mg/L), followed by
American bullfrogs (LCsy = 0.63-0.69 mg/L) and northern

TABLE 1. CFT Legumine (5% rotenone) 48-h LCs, (median lethal concentration; mg/L) values (with 95% confidence intervals in parentheses) obtained from a
series of tests conducted on tadpoles at four Gosner stages (GS) for the Chiricahua leopard frog (3 tests per age-group) and northern leopard frog (2 tests per
age-group except the late age-group) and at two GSs for the American bullfrog (3 tests per age-group). Dashes indicate that no test was conducted due to the

limited number of available tadpoles.

GS Chiricahua leopard frog

Northern leopard frog American bullfrog

21-25 0.41 (0.36-0.45)
0.58 (0.51-0.66)
0.53 (0.29-0.99)
26-30 1.1 (1.04-1.24)

1.2 (1.10-1.24)
0.91 (0.79-1.04)

0.65 (0.57-0.75)
0.69 (0.50-1.0)
- 0.63 (0.50-1.0)
1.1 (0.90-1.34) -

1.2 (1.06-1.30)
0.89 (0.79-1.0)

31-36 1.2 (1.17-1.33)
1.3 (1.25-1.41)
1.4 (1.30-1.45)
37-40 3.2 (2.92-3.44)

3.1 (2.86-3.27)
3.4 (3.11-3.72)

1.2 (1.03-1.43)

1.1 (0.78-1.53)
1.1 (0.73-1.73)

3.6 (3.33-3.94)

2.2 (1.99-2.42)
2.0 (1.74-2.22)
2.0 (1.87-2.27)
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leopard frogs (LCsq = 0.91 and 1.17 mg/L; Table 1). As the
tadpoles developed (i.e., an increase in GS), their sensitivity to
CFT Legumine decreased. The 48-h LCs, values for the mid-
age (GS 26-30) tadpoles were 0.89—1.2 mg/L for Chiricahua
leopard frogs and 1.1-1.2 mg/L for northern leopard frogs. For
tadpoles tested at GS 31-36, Chiricahua leopard frogs (48-h
LCs0 = 1.2-1.4 mg/L) and northern leopard frogs (48-h LCs,
= 1.1 mg/L) exhibited similar sensitivities to CFT Legumine,
and both species were twice as sensitive as American bullfrogs
(48-h LCsg = 2.0-2.2 mg/L).

Complete mortality of Chiricahua leopard frogs (GS
21-25 and GS 31-36) was observed within 4 h of exposure
to 2.0-mg/L CFT Legumine (Figure 1). Likewise, complete
mortality in early age (GS 21-25) tadpoles of the northern
leopard frog was observed within 4 h of exposure to CFT
Legumine at 2.0 mg/L (Figure 2). In contrast, complete
mortality in early age (GS 21-25) tadpoles of the American
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FIGURE 1. Cumulative mortality of two age-groups (Gosner stages 21-25
and 31-36) of Chiricahua leopard frog tadpoles exposed to a range of CFT
Legumine (5% rotenone) concentrations (0.125-2.0 mg/L). Data displayed
represent the average of the three toxicity tests conducted for each age-group.
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FIGURE 2. Cumulative mortality of two age-groups (Gosner stages 21-25
and 31-36) of northern leopard frog tadpoles exposed to a range of CFT
Legumine (5% rotenone) concentrations (0.25-4.0 mg/L). Data displayed
represent the average of the two toxicity tests conducted for each age-group.

bullfrog was not observed until 48 h after exposure to 2.0-
mg/L CFT Legumine (Figure 3).

Postexposure Effects

Chiricahua leopard frog.—Fewer tadpoles of the Chiricahua
leopard frog across both age-groups and three egg clutches
completed metamorphosis after exposure to a CFT Legumine
concentration of 0.5 mg/L (13.0-26.7%) or 1.0 mg/L (0.0-
11.7%) compared to controls (36.7-60.0%; Table 2). It is
important to note that the postexposure studies were carried
out until the last tadpole either completed metamorphosis or
died. Thus, the percentage of tadpoles successfully
metamorphosing was less than 100% due to mortality, even
among the controls. The duration of tail resorption was nearly
twice as long in treated tadpoles (120.0-240.0 h) as in controls
(54.8-117.9 h) for both age-groups (Table 2). The duration of
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Lithobates catesbeianus
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FIGURE 3. Cumulative mortality of two age-groups (Gosner stages 21-25
and 31-36) of American bullfrog tadpoles exposed to a range of CFT
Legumine (5% rotenone) concentrations (0.5—4.0 mg/L) during 48-h LCsq
(median lethal concentration) toxicity tests. Data displayed represent the
average of the three toxicity tests conducted for each age-group.

development (dph) and final weight did not differ in either age-
group that survived CFT Legumine concentrations of 0.5 and
1.0 mg/L in comparison with the controls.

Northern leopard frog.—Across both age-groups and two
egg clutches, fewer northern leopard frog tadpoles completed
metamorphosis after exposure to CFT Legumine concentrations
of 0.5 mg/L (33%), 1.0 mg/L (20.0-23.3%), and 2.0 mg/L (0.0%)
compared with controls (50.0-53.3%; Table 3). The duration of
tail resorption was nearly twice as long in treated tadpoles of both
age-groups (110.4-185.1 h) as in controls (66.0-99.0 h; Table 3).
The duration of development and the final weight did not differ in
either age-group surviving 0.5-, 1.0-, and 2.0-mg/L CFT
Legumine relative to the controls.

American bullfrog.—Across both age-groups and three egg
clutches of American Bullfrogs, fewer tadpoles completed
metamorphosis after exposure to CFT Legumine concentrations
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of 0.5 mg/L (25.0-50.0%), 1.0 mg/L (5.0-58.0%), and 2.0 mg/L
(0.0%) compared with controls (50.0-78.0%; Table 4). The
duration of tail resorption in treated tadpoles of both age-
groups (112.6-192.0 h) was twice that in controls (42.5-90.5 h;
Table 4). The duration of development and the final weight did
not differ between the earlier age-group (GS 21-25) of tadpoles
surviving 0.5- and 1.0-mg/L CFT Legumine and the controls. In
contrast, within two of the three egg clutches, American bullfrog
tadpoles of the older age-group (GS 31-36) exposed to 1.0-mg/L
CFT Legumine experienced a longer duration to complete
development (106.6-113.6 d) than did the controls (94.6-104.3
d). These same tadpoles were also larger (1.88—1.91 g) than the
controls (1.65-1.73 g) by the end of the study.

DISCUSSION

Acute toxicity was greatest in the earliest larval stages (GS
21-25) of three Lithobates species that were exposed to a range of
environmentally relevant concentrations of CFT Legumine (5%
rotenone). In this study, CFT Legumine LCs, values for the
carliest larval stages were as low as 0.41 mg/L (21-pg/L rotenone)
in Chiricahua leopard frogs, 0.63 mg/L (32-ug/L rotenone) in
American bullfrogs, and 0.91 mg/L (46-ug/L rotenone) in north-
ern leopard frogs. Therefore, a CFT Legumine target concentra-
tion range of 1.0-2.0 mg/L, which is commonly used in field
applications to remove fish, could result in considerable mortality
of the earliest stages of these species. Parallel sensitivity of the
three species may be due to similarities in their physiology at
early life stages, when larval ranids, similar to fish, readily absorb
rotenone across their gill lamellae and thereby more effectively
deliver rotenone to the site of toxic action in the mitochondria. As
development proceeds, the young ranids reduce their reliance on
gills for breathing (McDiarmid and Altig 1999), which presum-
ably results in decreased rotenone toxicity due to limited uptake
and less toxicant reaching the site of toxic action. Our results
agree with those of Chandler and Marking (1982), who identified
the gill-breathing larval stage (GS 21) of the southern leopard frog
L. sphenocephalus (Crother 2012) as the stage most sensitive to
Noxfish (5% rotenone). Furthermore, similar research described
early age anurans as more sensitive to rotenone than later ages
(Grisak et al. 2007; Billman et al. 2011, 2012). It is worth noting
that for all life stages of our three study species, most of the
mortality occurred within the first 4 h of exposure. This was
similar to the work of Billman et al. (2011), who also observed
significant mortality of Columbia spotted frogs and boreal toads
within 4 h of exposure to a CFT Legumine concentration of 1.0
mg/L. While rotenone’s lethality over a short duration (i.e., 4 h)
may be due to its short half-life from photodegradation and
hydrolysis (Cabras et al. 2002; Draper 2002), our exposure con-
ditions eliminated variation that would be more commonly asso-
ciated with aquatic environments (see Bettoli and Maceina 1996).
Prevailing differences in water chemistry between experimental
and environmental settings will alter rotenone’s toxicity and
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TABLE 2. Average percentage of Chiricahua leopard frog tadpoles that completed metamorphosis at Gosner stage (GS) 47 after being exposed to CFT
Legumine (5% rotenone) concentrations of 0.5 and 1.0 mg/L for 48 h at GS 21-25 and GS 31-36 (NA = not available for analysis). For those tadpoles that
completed metamorphosis, mean values (+SE) for the time to tail resorption (h), total days of development (d posthatch [dph]), and weight (g) are presented.
Results of ANOVA (F-statistics and P-values) are also presented.

Treatment Metamorphosis (%) Tail resorption (h) Development (dph) Weight (g)
Egg clutch 1 (GS 21-25)
Control 60.0 £ 11.54 82.7 + 5.81 112.3 £ 1.11 1.03 £ 0.10
0.5 mg/L 13.3 £ 6.66 120.0 + 24.0 110.0 + 3.0 1.05 £ 0.15
1.0 mg/L 0.0+0.0 NA NA NA
ANOVA Fz, 6 = 16.75 Fl’ 9 = 5.72 Fl’ 9= 0.742 Fl’ 9= 0.004
P =0.003 P =0.040 P=0411 P =0.945
Egg clutch 2 (GS 21-25)
Control 46.7 £ 6.66 54.8 £4.42 114.1 £2.09 1.04 £ 0.05
0.5 mg/L 26.7 £ 13.33 144.0 £ 9.79 112.5 £2.95 0.87 £ 0.07
1.0 mg/L 0.0 = 0.00 NA NA NA
ANOVA Fy ¢=74 Fi 9=92.18 Fy 9=0213 Fy 9=3.49
P =10.024 P <0.001 P=0213 P =0.094
Egg clutch 3 (GS 21-25)
Control 46.7 £ 6.66 92.0 £ 7.37 119.2 +£3.78 1.05 +£0.09
0.5 mg/L 20.0 £ 0.00 184.0 + 21.16 120.3 + 4.48 0.96 £ 0.06
1.0 mg/L 0.0 £ 0.00 NA NA NA
ANOVA Fy =137 Fy ;=2742 Fy 7=0.034 F, ;=10302
P <0.001 P =0.001 P =0.857 P =0.599
Egg clutch 1 (GS 31-36)
Control 36.7 £ 3.33 101.4 + 7.22 116.4 £ 1.37 1.20 £ 0.03
0.5 mg/L 20.0 = 0.00 178.0 £ 8.0 117.4 £ 1.95 1.00 £ 0.05
1.0 mg/L 33+224 240.0 £ 24.0 140.0 = 8.00 1.45 £0.15
ANOVA FZ, 33 = 51.56 Fz’ 33 = 33.62 Fz’ 33 = 11.24 Fz, 33 — 8.45
P <0.001 P <0.001 P <0.001 P =0.001
Egg clutch 2 (GS 31-36)
Control 56.7 £3.33 117.9 £ 6.02 117.9 £ 0.93 1.01 £ 0.03
0.5 mg/L 26.7 £2.84 174.0 + 8.89 1249 £ 1.42 1.16 £ 0.11
1.0 mg/L 33+£224 180.0 £ 12.0 121.5 £ 7.50 1.35 £ 0.15
ANOVA Fz’ 33 = 88.45 Fz, 49 = 15.51 FQ’ 49 = 8.25 Fz’ 49 = 1.94
P <0.001 P <0.001 P <0.001 P=0.154
Egg clutch 3 (GS 31-36)
Control 433 £4.14 106.2 + 7.19 181.0 = 1.70 1.70 £ 0.04
0.5 mg/L 20.0 £ 4.26 184.0 + 12.29 184.7 +2.98 1.69 + 0.07
1.0 mg/L 11.7 £ 2.97 212.0 + 31.84 186.7 = 1.70 1.66 + 0.04
ANOVA FZ, 33 = 18.29 Fz’ 41 = 20.49 FZ, 41 = 1.37 Fz’ 41 = 0.067
P <0.001 P <0.001 P =10.263 P =10.934

should be carefully considered when assessing toxicity effects on

target and nontarget organisms.

Of those tadpoles that survived the acute effects of CFT
Legumine, rotenone prolonged the time for tail resorption,
which may have important ecological implications related to
mobility. A tadpole in mid-resorption of its tail has both a tail

and limbs, which results in poor mobility in water and on land

in comparison with metamorphosed froglets (Wassersug and

Sperry 1977) and increases the tadpole’s susceptibility to pre-
dation (Dudley et al. 1991). Poor mobility in water would
have negative consequences for the tadpole’s ability to exhibit
burst or fast-start movements. This type of swimming is used
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TABLE 3. Average percentage of northern leopard frog tadpoles that completed metamorphosis at Gosner stage (GS) 47 after being exposed to CFT Legumine
(5% rotenone) concentrations of 0.5, 1.0, and 2.0 mg/L for 48 h at GS 21-25 and GS 31-36 (NA = not available for analysis). For those tadpoles that completed
metamorphosis, mean values (£SE) for the time to tail resorption (h), total days of development (d posthatch [dph]), and weight (g) are presented. Results of

ANOVA (F-statistics and P-values) are also presented.

Treatment Metamorphosis (%) Resorption (h) Development (dph) Weight (g)
Egg clutch 1 (GS 21-25)
Control 53.3 £ 6.66 66.0 = 9.88 86.9 £0.76 1.71 +£ 0.04
0.5 mg/L 33.3 + 6.66 110.4 £ 5.87 85.4 £1.63 1.76 +£ 0.05
1.0 mg/L 20.0 = 0.00 112.0 £ 32.0 89.7 £ 1.76 1.86 + 0.06
ANOVA Fz, 6 — 9.50 Fz’ 13 = 4.28 Fz’ 13 = 2.12 Fz’ 13 = 1.80
P =0.013 P =0.037 P=0.159 P =0.203
Egg clutch 1 (GS 31-36)
Control 50.0 £ 4.47 72.0 £ 6.62 83.1 £0.78 1.70 + 0.04
1.0 mg/L 20.0 £ 0.00 172.0 £31.24 84.5 £ 1.36 1.75 £ 0.03
2.0 mg/L 0.0 = 0.00 NA NA NA
ANOVA Fz, 15 = 9.50 Fl, 19 = 21.15 Fl, 19 = 0.897 Fl, 19 = 0.360
P <0.001 P <0.001 P =0.355 P =0.555
Egg clutch 2 (GS 31-36)
Control 533 +4.21 90.0 + 6.00 83.7+£0.74 1.65 £ 0.05
1.0 mg/L 233 +£3.33 185.1 £ 6.85 84.3 £ 1.20 1.74 +£ 0.05
2.0 mg/L 0.0 £0.0 NA NA NA
ANOVA Fz’ 15 = 74.23 Fl, 21 = 87.20 Fl’ 21 = 0.189 Fl’ 21 = 0.962
P <0.001 P <0.001 P =0.667 P =0.337

by larval anurans to escape predators and as a behavioral
reflex referred to as “bobbing,” wherein tadpoles ventilate
the Iungs by moving quickly from the bottom of the pond to
the surface and back down (Wassersug 1992; Wong and Booth
1994). Tail resorption also represents a period of natural
immune suppression in tadpoles and thus increases their vul-
nerability to pathogens (Rollins-Smith 1998). Therefore, pro-
longed tail resorption due to rotenone exposure not only
extends the amount of time the tadpole may experience diffi-
culty in lung ventilation but may also increase its vulnerability
to predators and pathogens.

For all three Lithobates species, despite the delay in tail
resorption, the survivors of nominal CFT Legumine concen-
trations of 0.5 and 1.0 mg/L experienced only marginal delays
in the overall time to complete metamorphosis in comparison
with the controls. The total time for tail resorption is a brief,
albeit important, benchmark in metamorphosis. Surviving
Chiricahua leopard frog tadpoles experienced a marginally
longer time to complete metamorphosis and a concomitant
increase in weight. For example, control tadpoles weighed
1.23 g on average and completed metamorphosis within an
average of 132.6 d (n = 104), whereas tadpoles that survived
exposure to 1.0-mg/L CFT Legumine were 0.31 g heavier on
average than the controls and completed metamorphosis
within an average of 164.1 d (n = 9). Survivorship was highly
reduced and metamorphosis was variable among egg clutches;

therefore, the inferences to delay in metamorphosis and
weight-related effects should be viewed with caution.
However, Billman et al. (2011) also reported an average
increase in mass of 0.38 g upon completion of metamorphosis
in Columbia spotted frog tadpoles exposed to 1.0-mg/L CFT
Legumine compared with controls. Slower or delayed devel-
opment rates to achieve metamorphosis will increase the time
that tadpoles are susceptible to predation and drying events
(Semlitsch 1989; Goater et al. 1993; Rose 2005).

In the western United States, American bullfrog inva-
sions have contributed to the decline of the California red-
legged frog Rana draytonii (Lawler et al. 1999), foothill
yellow-legged frog R. boylii (Kupferberg 1997), northern
red-legged frog R. aurora (Kiesecker et al. 2001; Pearl
et al. 2004), Oregon spotted frog R. pretiosa (Pearl et al.
2004), and several other ranids of the leopard frog complex
(Clarkson and Rorabaugh 1989). Global trade and release of
the invasive American bullfrog have contributed to the
emergence of bullfrog invasions in Canada (Govindarajulu
et al. 2006), Uruguay (Laufer et al. 2008), Brazil (Schloegel
et al. 2010), Mexico (Luja and Rodriguez-Estrella 2010),
and China (Wang et al. 2007). In the current study, concen-
trations of CFT Legumine (1.0-2.0 mg/L) resulted in com-
plete mortality of the earliest life stage of American
bullfrogs. Thus, the same concentrations used to target
nonnative fishes could also serve to control invasive
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TABLE 4. Average percentage of American bullfrog tadpoles that completed metamorphosis at Gosner stage (GS) 47 after being exposed to CFT Legumine
(5% rotenone) concentrations of 0.5, 1.0, and 2.0 mg/L for 48 h at GS 21-25 and GS 31-36 (NA = not available for analysis). For those tadpoles that completed
metamorphosis, mean values (£SE) for the time to tail resorption (h), total days of development (d posthatch [dph]), and weight (g) are presented. Results of

ANOVA (F-statistics and P-values) are also presented.

Treatment Metamorphosis (%) Resorption (h) Development (dph) Weight (g)
Egg clutch 1 (GS 21-25)
Control 70.0 £ 5.77 78.4 £ 9.50 107.7 £ 1.06 1.76 + 0.04
0.5 mg/L 50.0 £5.77 129.6 £ 16.47 108.4 + 0.84 1.69 + 0.07
1.0 mg/L 5.0 £5.00 156.0 £ 12.0 111.5 £ 1.50 2.0 £0.05
ANOVA Fz, 9= 36.27 Fz’ 24 = 5.98 Fz’ 24 = 1.02 Fz’ 24 = 2.64
P <0.001 P =0.007 P=0.372 P =0.091
Egg clutch 2 (GS 21-25)
Control 58.3 £5.27 90.5 £5.53 108.9 + 0.88 1.73 £ 0.06
0.5 mg/L 33.3+5.27 156.0 £ 10.14 112.5 £ 1.90 1.93 £ 0.08
1.0 mg/L 8.3 £5.27 132.0 = 12.0 109.5 +£ 0.50 1.90 £ 0.00
ANOVA FZ, 15 = 22.5 Fz, 20 = 20.09 FZ, 20 — 1.98 FZ, 20 = 2.16
P <0.001 P <0.001 P =0.163 P =0.140
Egg clutch 3 (GS 21-25)
Control 50.0 £ 0.00 90.0 £5.22 110.0 £ 0.88 1.85 £ 0.06
0.5 mg/L 25.0 £ 6.45 148.0 + 7.37 115.5 £ 2.68 2.0 £0.08
1.0 mg/L 83 +£5.27 156.0 £ 12.0 110.5 + 1.50 2.0 £0.15
ANOVA Fzﬂ 15 = 19.0 FZ, 17 = 26.75 Fz, 17 = 3.26 Fz, 17 = 1.20
P <0.001 P <0.001 P =0.063 P =0.325
Egg clutch 1 (GS 31-36)
Control 78.0 £ 2.00 42.5+£2.85 94.6 £ 0.52 1.73 £ 0.03
1.0 mg/L 58.0 £ 2.00 112.6 £4.77 106.6 = 0.61 1.88 £ 0.04
2.0 mg/L 0.0 = 0.00 NA NA NA
ANOVA FZ, 27 = 615.5 Fl, 66 — 176.21 Fl, 66 — 218.75 Fl, 66 — 7.76
P <0.001 P <0.001 P <0.001 P =0.006
Egg clutch 2 (GS 31-36)
Control 50.0 + 6.45 88.0 £ 6.14 104.2 £ 0.83 1.68 £ 0.05
1.0 mg/L 29.2 £ 7.68 192.0 £ 21.9 108.2 +£2.92 1.81 £ 0.09
2.0 mg/L 0.0 £ 0.00 NA NA NA
ANOVA Fz’ 15 = 18.79 Fl’ 19 = 26.72 Fl’ 19 = 2.27 Fl’ 19 = 1.50
P <0.001 P <0.001 P=0.148 P =10.236
Egg clutch 3 (GS 31-36)
Control 542 £4.16 86.8 £ 5.11 104.3 £ 0.91 1.65 £ 0.05
1.0 mg/L 33.3+5.27 171.0 £ 15.33 113.6 £2.72 1.91 £0.12
2.0 mg/L 0.0 = 0.00 NA NA NA
ANOVA FZ, 15 = 49.61 Fl, 19 = 38.69 Fl, 19 = 14.94 Fl, 19 = 4.56
P <0.001 P <0.001 P =0.001 P =0.046

American bullfrogs by targeting sensitive life stages when
other susceptible ranids are not present.

This research documents the sensitivity of three sympatric
Lithobates species to rotenone and emphasizes the importance
of management guidelines that protect the federally listed
Chiricahua leopard frog and other amphibian species of

conservation need (e.g., the northern leopard frog in New

Mexico). These results complement a small but growing body

of evidence suggesting that early stage tadpoles of anuran
species are susceptible to commonly used field concentrations
of rotenone but that toxicity decreases rapidly with tadpole
maturation. Billman et al. (2011, 2012) provided useful
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management recommendations to reduce collateral effects on
species that have been identified in application areas. Typical
field applications follow a maximum application frequency that
could be offset to consider the timing of important life history
events, such as breeding, in nontarget organisms. Geographic
origin may contribute to variation in toxicity responses among
ranids, emphasizing a continued need for the description of
lethal concentrations as well as postexposure effects on these
nontarget organisms during fish removal. In addition, overlap in
breeding seasons of sympatric Lithobates species suggests that
comprehensive field surveys should be conducted prior to pis-
cicide applications. These surveys would not only identify the
prevalence of nontarget ranid species but also the presence of
sensitive life stages. From these surveys, managers would be
able to reduce collateral effects of piscicidal applications, which
remain an essential tool in the conservation and management of
native fishes.
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