


























APPENDIX 2.

Home range estimates for boreal toads
in the Henderson/Urad study area, 1998.
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APPENDIX 3.

Breeding site water quality
results for 1997 and 1998.
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106
138
82
198
34.2
342
48.6 4.8
59.4
616
82
298 -
426
104
174
242
28.2
174
228
384
448
35.0
198
304
58.2
130
18.2

EDTA
HARD.

31.0
816
324
49.6
57.2
454
19.0

338
36.8

263
30.2
36.0

98
17.2
208
10.6

298
127.20
127.20

200.2
1742
189.6

340
50.2
254

274
340
396
19.2

30.20
48.2
54.0

394
276
364
59.4

16.8
356

132
223
32
80
137
66
83
59
224
104
184
34710
442
145
254
176
72
74

2471
181
159
179
175

“103
419
127

611
21
150

87
290

52

343
204
200
20
24
27
28

132
18

152
58

<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10

18
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10

<10 .

<10
<10
<10
<10
<10
<10
<10

* <10

<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10

Cd

<0.20
<0.20
<0.20
<0.20
<0.20

0.21
<0.20
<0.20

0.33
<0.20
<0.20
13.38
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20

0.26

0.26

0.30
<0.20
<0.20

0.33
<0.20
<0.20
<0.20
<0.20

0.22
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20

0.41

<1.0
16
<1.0
1.8
103

Fe

1710
1096

760
395

192
2280
262

<10
1558
1302
2188
406
162
470
95
1441

1047
1415
102
265
1400

323
121
861
142
1355
437
253
2442

208
131
151

37

115
103
227
583
1356
120
151
299
410

262
2870
56.7
178
215
17.7
17.7
125
451
13.1
824
8850.7
106.0
1106
1223
159
37
165
34
382
2645
286.4
621.8
47
13.2
2254
21
58
82
24
143
101
94.4
17.9
122
243.7

63
10.0
38
4.1
64
133
71
133
489
122.2
9.2
30.2
183
61.0

Pb

<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0

5.7
<5.0
<5.0
§5.0
<50
<50
<5.0
<5.0
<5.0
<5.0
<5.0
<50
<5.0
<5.0
<5.0
<5.0
<50
<5.0
<5.0
<5.0
<50
<50
<50
<50
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
175
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<50
<5.0
<50
<5.0
<50

53

Se

<5.0
<50
<50
<50
<50
<5.0
<5.0
<50
<5.0
<5.0
<5.0

59
<50
<50
<5.0
<5.0
<5.0
<5.0
<5.0
<50
<5.0
<5.0
<5.0
<50
<5.0
<5.0
<5.0
<5.0
<50
<50
<50
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<50
<5.0
<50
<50
<50
<5.0
<5.0
<50

Zn

<50
52
<5.0
5.6
<5.0
<5.0
55
<50
26.7
<5.0
8.0
<5.0
<50
10.1
<50
54
<5.0
6.2
<50
212
<50
<50
<50
56
<5.0
72
6.4
<5.0
<5.0
<50
8.2
<5.0
73
11.0
69
6.0
<50
<50
5.0
<5.0
<5.0
<50
<5.0
<50
8.2
18.2
428
<50
<50
<50
2425



26

SITE

POLE CREEK #15

POLE CREEK #4

POND AT EGGELSTON

POND S OF MESA/DELTA LINE E65
SAYRES GULCH CHAFFEE CO
SAYRES GULCH CHAFFEE CO
SECOND POND ABOVE TRICK215GMI2
SNAKE RIVER SR2

SNAKE RIVER SR3

SODA CREEK

SOUTH COTTONWOOD CHAFFEE, CO
SOUTH COTTONWOOD CHAFFEE, CO
SOUTH COTTONWOOD WEST CHAFFEE
STRAIT CREEK

TRIANGLE PASS

TRIANGLE PASS

TRIANGLE PASS

TRIANGLE PASS

URAD HENDERSON ANN'S POND
URAD-HENDERSON 2 POND
URAD-HENDERSON 2 POND
URAD-HENDERSON ANN'S POND
URAD-HENDERSON ANN'S POND
URAD-HENDERSON DONUT
URAD-HENDERSON DONUT
URAD-HENDERSON ERIN'S POND
URAD-HENDERSON HESBO
URAD-HENDERSON HESBO
URAD-HENDERSON HESBO
URAD-HENDERSON JS POND (STMNT)
URAD-HENDERSON POWER ALLEY
URAD-HENDERSON POWER ALLEY
URAD-HENDERSON POWER ALLEY
URAD-HENDERSON TREATMENT
URAD-HENDERSON TREATMENT
URAD-HENDERSON UPPER URAD
URAD-HENDERSON UPPER URAD
VINTAGE BELOW HEND CLEAR CREEK

DATE

06/15/197
06/09/97
08/03/98
08/04/98
09/06/97
09/13/98

07/27/98
08/24/98
09/30/98
06/10197
05/14/97
07/22/98
05/27198
07/08/98
05/27/98
07/07/98
05/15/97
05/15/97
05/28/98
07/21/98
07/22/98
05/15/97
05/28/98
07/08/98
05/28/98
07/08/98
06/25/197
07/08/98
05/15/97

TEMP.

212
125
125
105

13.2

215

11.2
12.0

14.2
109
123
10.8
133

115
143
14.2

1.1
13.1
1.7
132

154

COND.

61
742
174

92

1124
385

20
109.7
106.1

234
29.0
405
55.1

1128
1813
1128

39.7
57.1
57.1

307

1026
100.0
1813

1026

58.8
100.0
100.0

100.0
135

PH

7.10
827
7.87

74

7.66

717

8.39
7.56

7.68
7.20

58
7.04
7.28
7.19
7.04
1.72
745
6.94
7.20
7.79
7.40
6.98
723
6.75

6.66
741

BG PHTH

ALK.

28.6
424

8.8
574

176

74

5.0
3.6

268.0
51.2
56
14.0
48
15.8
14.0
228
444
99.4
51.2
2,04
206
256
358
97.2

11.8
202

ALK,

59.2

576
55.6

6.2
11.2
19.8
286

EDTA
HARD.

31.2
440
196
62.0
766
236

144
69.2
70.0

18.4
19.2
29.2
358

365.0
448
228
254
342
326

208.6
49.2
69.4

1464

181.3

328
372
253.22
503.0

633.2
470

Al
225
117

67

40

13 -

14
174

137

67
2553
311

2856
537
372
212

1492
421
106
284
262

1112
142

23
176

553
390
267

As

<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10

Cd

<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
<0.20
221
1.89
0.78
7.28
0.26
0.72
<0.20
0.93
<0.20
<0.20
<0.20
033
<0.20
<0.20
<0.20
0.35
1.27
1.14
0.62
0.43

(o]
c

ﬂNN—L—l—LAN—I-l—l
bahMwomooo=wn

A
w22
Noo

<1.
14
16
1.6
13.2
54
3.1
202
8.0
32
29
9.8
15
1.8
36
175
24
24
20
56
86
6.1
59
35

Fe

286
301
100
122

203

Mn

245
15.0
108
114

1.7
19.2
211
18.0
159

95

5.7

109.5
103
47
193
232
173
1264.6
<1.0
1484.2
43445
2788
1549.6
148.1
26126
2444
258.1
23979
34379
49.0
55.7
150.3
279.0
2662.7
<1.0
<1.0
2189

Pb

<50
<50
<50
<50
<50
<5.0
<50
<50

<50 -

<5.0
<50
<50
<5.0
<5.0
<50
<50
<50
<5.0
57.8

7.7
<50
14.6
205

6.1
<50
12.0
<5.0
<5.0
<5.0

5.7
<5.0
<5.0
<5.0
<5.0
<50
<50

9
<50

Se

<50
<5.0
<50
<5.0
<5.0
<50
<5.0
<5.0
<5.0
<5.0
<50
<5.0
<50
<50
<50
<50
<5.0
<50
<50

63
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<50
<50
<5.0
<5.0
<5.0
<50
<50
<5.0
<5.0
10.7
<50

Zn

<5.0
<5.0
<5.0
6.6
<5.0
<5.0
<5.0
10.8
110.9
7.4
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
<5.0
6.9
4125
1284.6
2258
12255
485
185.3
410
330.5
8.2
9.7
384
32.1
286
303
32.1
249
523
468.2
426.9
1448



SITE , DATE CALC. EXCEEDS METAL
HARD. STANDARDS

ABOVE TRICKLE PARK RES 215GM1 08/03/98 61 Fe
BEAVER POND 215 GM2 08/03/98 74 AlFe
DENNY CREEK 08/23/97 23 Al,Cu,Fe,Pb
DIAMOND PARK 06/27/97 27 Al

ECLAIR URAD DONUT AREA 10/02/97 104 Al,Cd,Cu,Pb,Mn
FOUR MILE CREEK CHAFFEE, CO 08/19/97 21 AlFe
FOUR MILE CREEK CHAFFEE, CO 08/04/98 20 CuFe
FOUR MILE CREEK CHAFFEE, CO 09/19/98 24 AlFe
GUNNISON TRIANGLE PASS 06/19/98 6 Al,Cu
HARTENSTEIN LAKE 07/13/98 6 Cu
HERMAN GULCH 05/28/97 18 Al,CuFe
HERMAN GULCH 06/24/97 200 Al
HERMAN GULCH 05/20/98 179 AlFe
HERMAN GULCH 05/20/98 116 AlFe
HERMAN GULCH 07/23/98 6 Al,Cu
HERMAN GULCH (RUT) 06/24/97 168 AlFe
HOLY CROSS S UPPER POOL EAGLE 07/31/98 5 Cu
JUMPER CREEK 05/21/98 25 Al
KROENKE LAKE 08/29/97 12 Cd,Cu

LILY PAD LAKES TRAIL 07/01/98 35 Fe

LOST LAKE BOULDER, CO 08/22/97 20 AlLCu
MORGANS GULCH CHAFFEE, CO 09/06/97 58 Fe

MOUNT BETHEL 06/02/97 18 Al

MOUNT BETHEL 06/16/97 22 Al,Cu,Pb
MOUNT BETHEL 05720198 24 Al

N. TEN MILE UPPER LITTLE POND 06723197 50 Fe

NORTH WILLOW CREEK 07/09/98 11 AL,Cu
PERU CREEK 07/15/97 28 Cu,Pb,Zn
PERU CREEK 06/25/98 31 Cu,Zn
PINGREE PARK TWIN LAKES U POND 07/24/98 10 Al,Cu,Fe
POLE CREEK #15 06/15/97 28 Al

POLE CREEK #4 06/09/97 26 Al

POND S OF MESA/DELTA LINE E65 08/04/98 7 Cu

SNAKE RIVER SR3 06/25/98 43 Zn

SODA CREEK 06/09/97 6 Al,Cu
SOUTH COTTONWOOD WEST CHAFFEE 08/30/98 106 Fe

URAD HENDERSON ANN'S POND 06/10/97 30 Al,Cd,Cu,Fe,Pb,Zn,Mn
URAD-HENDERSON 2 POND 05114197 313 AlFe,Zn
URAD-HENDERSON 2 POND ‘ 07/22/98 93 AlL,ZnMn
URAD-HENDERSON ANN'S POND 05/27/98 44 AL,Cd,Cu,Pb,Zn,Mn
URAD-HENDERSON ANN'S POND 07/08/98 19 Al,Cu,Pb,Zn
URAD-HENDERSON DONUT 05/27/98 27 Al,Cd,Pb,ZnMn
URAD-HENDERSON DONUT 07/07/98 27T A .
URAD-HENDERSON ERIN'S POND 05/15/97 173 ALPb,Zn,Mn
URAD-HENDERSON HESBO 05/15/97 38 Al
URAD-HENDERSON HESBO 07121198 143 AlMn
URAD-HENDERSON JS POND (STMNT) 07/22/98 180 AlLMn
URAD-HENDERSON POWER ALLEY 05/15197 27 A
URAD-HENDERSON TREATMENT 05/28/98 254 Al
URAD-HENDERSON UPPER URAD 06/25/97 218 Al,Zn
URAD-HENDERSON UPPER URAD 07/08/98 450 Al Zn
VINTAGE BELOW HEND CLEAR CREEK 05/15/197 42 ALZn

The above samples exceed Colorado's aquatic life water quality standards for the listed metals.
This does not imply that tadpoles are affected by metals at these sites.

These standards are applied to water samples filtered through a 0.4 micron fitter.

Samples containing suspended solids are likely to cause elevated levels of metals.
Furthermore, these standards are designed to protect the most sensitive species.

Tadpoles may be able tolerate much higher levels of metals without harm.
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ABSTRACT

I studied aquatic predators of tadpoles in 25 montane ponds along the Front Range
of Colorado, including six ponds with current or historical records of breeding by boreal
toads (Bufo boreas). Pond temperatures were positively correlated both with diversity of
animals and with expected impact from predators of tadpole. Ponds used as boreal toad
breeding sites had significantly fewer predaceous diving beetles (Dytiscus sp.) and tiger
salamanders (4mbystoma tigrinum) than ponds without records of boreal toad
reproduction. These findings suggest that successful boreal toad reproduction is
dependent on sites that are sufficiently warm but that do not include abundant populations
of important predators of tadpoles. :
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INTRODUCTION

Within the past 20 years, boreal toads (Bufo boreas) have undergone unexplained
population declines in distribution and abundance in Colorado (Corn et al., 1989; Carey, 1993).
Because of these declines, the Colorado Division of Wildlife listed this species as endangered in
1993 (Goettl, 1997). Surveys in 1994-1995 along the Front Range of Colorado documented
boreal toads at sites that range in elevation from 2390 m to 3640 m, a range similar to historical
elevation range (Livo and Yackley, 1997). In contrast, the current elevation range of breeding
sites (2840 to 3280 m) may be somewhat contracted relative to the historical elevation range of
breeding sites (2630 to 3350 m) (Livo and Yackley, 1997).

Boreal toad distribution was recently studied in Rocky Mountain National Park, Colorado
(Corn et al., 1997). For sites occupied by at least one amphibian species, they found no significant
differences between sites occupied by toads versus sites not occupied by toads in terms of
physical habitat parameters, including elevation, pond pH, pond area, and pond structural and
vegetation characteristics. These findings suggest that one or more biotic factors, such as the
presence of particular predators, may be important in shaping the current distribution of occupied
boreal toad sites. Although predation on eggs, tadpoles, or metamorphosed toads has not been
suggested as a direct cause of population declines in this species in Colorado, with the reduced
abundance of boreal toads, natural predation events now may be a threat to small remnant
populations (Corn, 1993).

My surveys and others conducted by the Colorado Division of Wildlife of boreal toad
breeding sites frequently revealed sharp declines in boreal toad tadpole numbers prior to
metamorphosis. Because of noxious compounds in the skin, tadpoles in the genus Bufo are
generally regarded as unpalatable to many predators (Voris and Bacon, 1966; Kruse and Stone,
1984; Hews and Blaustein, 1985; Peterson and Blaustein, 1991). However, in laboratory trials,
several aquatic predators consumed boreal toad tadpoles: predaceous diving beetle larvae
(Dytiscus sp.), various adult diving beetles (Dyfiscus dauricus, Agabus tristis, Rhantus binotatus,
and Graphoderus occidentalis), medium and large dragonfly larvae (family Aeshnidae), and tiger
salamander larvae (4dmbystoma tigrinum) (Livo, 1998; Jones et al., in press). Backswimmers
(Notonectidae) were noted as predators of boreal toad tadpoles in the Pacific Northwest
(Kiesecker et al., 1996).

Two aquatic predators, Dytiscus sp. and Ambystoma tigrinum, are of particular interest.
In laboratory experiments, boreal toad tadpoles were significantly more vulnerable to predation by
Dytiscus larvae than were chorus frog (Pseudacris triseriata) tadpoles, a hylid anuran broadly
sympatric with Bufo boreas in the southern Rocky Mountains but which shows little evidence of
population declines (Livo, 1998; Comn et al., 1989; Corn et al., 1997). Similarly, Bufo boreas
tadpoles were significantly more vulnerable to predation by Dytiscus larvae than tadpoles of
another hylid anuran, Pseudacris regilla (Peterson and Blaustein, 1992). Dyfiscus larvae consume
boreal toad tadpoles at several boreal toad breeding sites (pers. obs.), and Bufo boreas tadpoles
reared in sections of pools with greater densities of Dyfiscus larvae metamorphose at smaller body
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sizes than do tadpoles in sections of pools with reduced densities of Dytiscus larvae (Livo,
unpublished data).

The second predator, Ambystoma tigrinum larvae, readily consumes Bufo boreas tadpoles
in a laboratory setting. Its geographic range overlaps broadly with that of Bufo boreas (Livo,
1998) and there are historical records of Ambystoma tigrinum larvae present at the same site as
Bufo boreas larvae. Within the past 10 years, however, there have been no reports in Colorado of
these two species reproducing in the same pond at the same time despite this broad overlap of
geographic ranges. It is demonstrated by the lack of evidence of decline of Ambystoma tigrinum,
and regular surveys of Bufo boreas breeding sites (Corn et al., 1989; Corn et al., 1997) (Colorado
Division of Wildlife, unpublished data).

Boreal toad tadpoles must reach metamorphosis in a single season and do not over winter
as tadpoles (Fetkavich and Livo, 1998). Consequently, the thermal environment probably excludes
successful reproduction by boreal toads at cold ponds. Cold pond temperatures are also expected
to limit occupation by predators of boreal toad tadpoles.

If temperature and predator gradients have a role in determining which ponds can be
occupied successfully by boreal toads, then there may be detectable differences between ponds
currently occupied by boreal toads and those not occupied by boreal toads. In particular, all other
things being equal, sites with current boreal toad populations may contain lower densities of
important tadpole predators compared to sites that lack boreal toads.

The purpose of this study was to test the following hypothesis. Within the elevation
ranges occupied by boreal toads, there is a predator gradient associated with pond temperatures,
and that successful boreal toad reproduction is excluded both from ponds that are too cold as well
as from ponds with high potential impact from aquatic predators. If trapping data and selected
physical parameters from a series of montane ponds can be used to discriminate between ponds
used as breeding sites by boreal toads from those without records of breeding activities, then
logistic regression procedures may serve to identify ponds that could be considered for use as
boreal toad restoration sites. -

MATERIALS AND METHODS

Between 25 June and 31 August 1998, I sampled aquatic predator communities in 26
montane ponds in Boulder, Clear Creek, Gilpin, and Larimer counties, Colorado (Figure 1).
Ponds ranged in elevation between 2450 and 3180 meters. Each pond was sampled twice, first in
late June or July, and a second time in August. Geographically proximate ponds were grouped
together and sampled on the same dates. Sampling dates for proximate groups of ponds were
randomly assigned. Results were pooled for the two sampling periods. One shallow pond was
discarded from the analysis because a strong wind on the second sampling date blew several of the
traps out of the water.
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Figure 1. Study sites; circles represent Bufo boreas breeding sites and
triangles represent sites with no record of Bufo boreas
breeding.

For each sample, I placed eight aquatic traps around the perimeter of the pond. The traps
were Ranger Products 25 x 25 x 43-cm collapsible funnel traps with 3-cm openings and 1.6-mm
mesh. To minimize trap mortality, I positioned each trap so that the openings were submerged but
at least part of the upper surface of the trap was above water. Non-baited traps remained in place
for 24 hours to collect both diurnal and nocturnal animals. I made the following assumptions
regarding the trapping: 1) traps sampled non-overlapping areas of a pond, 2) organisms already
present in the traps had no effect on the likelihood that subsequent organisms would enter the
trap, 3) organisms small enough to escape through the trap mesh are not important tadpole
predators, and 4) the trap openings were sufficiently large to allow passage of the largest of
aquatic tadpole predators. A Stowaway Boxcar® temperature logger collected temperature data

at 15-minute intervals; these data were used to calculate mean pond temperature for the 24-hour
period.

Tused U.S. Geological Survey 1:24,000 topographic maps to determine pond elevations;
measurements in English units were converted to metric prior to use in the analysis. I estimated
pond length and width with a rangefinder; for ponds with one or more axis >75 m, I measured
pond length and width from a USGS 1:24,000 topographic map. Pond perimeter was calculated
as an elipse with the length and width estimating the major and minor axes.



Trap contents were emptied into plastic containers for sorting. I identified trap contents to
a minimum of family level. Vertebrates caught in the traps were measured and released.
Coleoptera larvae and adults were preserved in the field with alcohol, as were selected voucher
specimens of other invertebrate taxa. Specimens were deposited in the C. P. Gillette Museum of
Arthropod Diversity, Colorado State University, Ft. Collins, Colorado.

I estimated diversity at the family level for each pond using the Shannon-Wiener diversity
index (Smith, 1974), but excluded any trapped Bufo boreas tadpoles from these calculations.
Previous laboratory trials indicated that different predator groups differed in their likely impact on
boreal toad tadpole populations (Livo, 1998; Jones et al., in press). To obtain an estimate of the
potential effect of predators in a pond, I tallied predators by group (such as Dytiscus larvae,
Notonectidae, and so on), then multiplied these numbers by a daily consumption rate factor for
that group (Table 1). This variable was termed “predator impact.” Except for notonectids, I based
consumption rates on the mean number of tadpoles consumed per predator per day from
laboratory trials (Livo, 1998; Livo, unpubl. data). Notonectid consumption rates were estimated
from another study (Cronin and Travis, 1986). All other animals (excluding Bufo boreas tadpoles)
in the traps were tallied as non-predators.

Table 1. Estimated daily rates of consumption of Bufo boreas tadpoles

by selected predators.

Predator group Estimated
consumption
rates

Dytiscus larvae 6.4

Dytiscid (non-Dyfiscus) larvae 0.25

Small adult Coleoptera 0.25

Medium and large adult Coleoptera 0.5

Anisoptera larvae 4.0

Notonectidae v - 37

Ambystoma tigrinum 6.3

I used the SAS logistic regression procedure to discriminate between two classes of
ponds: those with current or historical records of breeding by boreal toads, and those with no
such record.



RESULTS

The five variables were used in the logistic regression procedure were, elevation in meters
(mean = 2779 + S.E. 41 m, n = 25), mean pond temperature (mean=153 C+SE. 0.6 C,n=
25), diversity (mean = 22 + S.E. 3, n =25), total number of Dyfiscus sp. (mean=6.4+2.1,n=
25), and total number of Ambystoma tigrinum (mean = 7.6 £ 4.0, n = 25).

Compared to other logistic regression analyses with different and/or more variables, this
analysis produced among the best categorization of sites with among the lowest scores for the
Akaike’s Information Criterion (AIC = 29.554 for Intercept Only, = 21.718 for Intercept and
Covariates). Using these variables, the logistic regression procedure correctly classified 23 of the
25 ponds (92 percent). One of six “breeding” sites was incorrectly classified as a “no record” site,
whereas one of 19 “no record” sites was classified as a “breeding” site. In #-tests comparing the
variables used in the logistic regression procedure, only elevation differed significantly between
ponds with boreal toad breeding and those without records of breeding (Table 2). Figure 2
illustrates the distribution of predicted probabilities that specific ponds are boreal toad breeding
sites versus those predicted to have no record of boreal toad breeding.

Table 2. Variable means, associated Chi Square values, and comparison between boreal toad
breeding sites and sites without record of boreal toad breeding.

Predictor Parameter x2 Breeding (means, | Non-breeding T
estimate n=19) (xSE) (means, n = 6)
(x SE) (&SE)
Dytiscus -0.18+0.20 0.5 467+2.12 6.95+2.64 0.46
Ambystoma tigrinum | -0.11£0.15 | 049 0.50 £ 0.50 9.79+5.20 1.78
Mean temperature 1.79+284 | 2.85 17.13 £ 0.60 1475 +£0.78 -1.64
Elevation 0.01+0.01 3.23 2930 + 84 2731+ 42 -2.26*
Diversity -0.047+0.09 | 0.27 246+53 21.2+3.87 -0.44
Overall model %2 =17.836,df=5, p <0.01
*p<0.05 '
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Figure 2. Distribution of predicted probabilities for pond status (ponds with a probability
- score > 0.5 are expected to be boreal toad breeding sites, whereas ponds with
a probability score < 0.5 are expected to have no record of boreal toad
breeding). Pond numbers are displayed along the x-axis.

There was a highly significant correlation between mean pond temperature and total
diversity (r = 0.641, p <0.001, df = 23). However, there was no significant correlation among
other variables used in the logistic regression (Table 3). '

Although predator impact scores were not used in the logistic regression, there was a
significant correlation between mean pond temperature and predator impact score (r = 0.464, p <
0.05, df = 23). With respect to correlation’s between pond perimeter and tallies of individual
predators, only the number of odonate larvae was significantly correlated (r = 0.477, p < 0.05, df
= 23). Correlation’s approached significance for the tally of large Coleoptera (r = 0.392, p =
0.053, df = 23) and Notonectids (r = 0.390, p = 0.055, df = 23).

Excluding the six coldest ponds (all with mean pond temperatures < 14.5 C), I compared
the total number of individuals of Dyfiscus sp. plus Ambystoma tigrinum in Bufo boreas breeding
ponds versus those ponds with no record of breeding. In this comparison, Bufo boreas breeding
ponds had significantly fewer of these predators (mean total in breeding ponds = 5.167 + 4.792
S.E., mean total in non-breeding ponds = 24.462 + 25.644 SE,, f=2.616,df= 17, p < 0.05)
(Figure 3). However, there was no significant difference between boreal toad breeding ponds and
ponds without record of boreal toad breeding when these ponds were compared with the
generalized predator impact scores (mean predator impact score for breeding ponds = 82.69 +
124.38 S.E., mean predator impact score in non-breeding ponds = 168.87 + 168.87 SE., t =
0.763, df =17, p > 0.05).
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Table 3. Correlation matrix for variables used in logistic regression (probabilities in parentheses).

o

(=] o (=]

(=]

Pond status (0=no record; 1=breeding)

Mean pond | Elevation | Number of | Number of Total
temperature (m) Dytiscus sp. | Ambystoma | diversity
tigrinum
Mean pond 1.00 00.12 0.365 0.108 0.641***
temperature (0.580) (0.072) (0.609) (0.0006)
Elevation (m) 1.00 -0.011 -0.093 -0.345
(0.958) (0.659) (0.091)
Number of Dytiscus 1.00 -0.114 0.179
Sp. (0.586) (0.392)
Number of Ambystoma 1.00 0.192
tigrinum (0.358)
Total diversity 1.00
***p <0.001
70
60 +
1 mAmbystoma
> 50 ‘uDytiscus
8 40 4
g
g 30 +
20 +
10 +
0o 4

Figure 3. Comparison of total numbers of Ambystoma tigrinum and Dystiscus

larvae and adults in boreal toad breeding ponds (pond status = 1) and
ponds with no record of boreal toad breeding (pond status = 0).
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DISCUSSION

Although predation has not been suggested as a cause of the widespread geographic
decline in boreal toad populations, the results of this study indicate that predator communities do
play a role in shaping the distribution of breeding sites for boreal toads. The logistic regression
procedure served to successfully discriminate between most ponds considered boreal toad
breeding sites and ponds without record of breeding by boreal toads. With respect to the
abundance of Dytiscus sp. and Ambystoma tigrinum, when cold ponds were excluded, ponds with
current or historical records of breeding by boreal toad had significantly lower scores for these
predators than ponds that lacked current records.

Some caution is necessary in interpreting the results of this study because of uncertainty
with the historic record. There were insufficient sites to have a third category comprised entirely
of historical sites, so these sites were grouped with sites having current breeding reports. Because
boreal toad populations have declined, some ponds identified in this study as having no record of
boreal toad breeding may have been used in the past by toads. Tadpoles tend to be difficult to
identify to species, and there was little pressure for biologists in past decades to make
comprehensive notes concerning the presence or identity of tadpoles at various sites.
Consequently, the distribution of ponds used as breeding sites by boreal toads is certainly
underrepresented compared to the distribution of adult toads as documented through both
museum specimens and literature reports. Further, other ponds identified as having record of
occupation by boreal toads in the past may now have altered thermal or biotic characteristics.
Finally, at least two of the ponds currently used as breeding sites by boreal toads are of recent
anthropogenic origin, so predator populations may be artificially low at these sites.

Tadpole vulnerability to predation is not constant through time, and at large body sizes,
tadpoles may escape predation by some gape-limited predators such as notonectids. However,
larger tadpoles may represent preferred prey items by other predators such as birds, which were
not considered in this analysis. Further, some predators may persist in a pond for relatively short
periods of time, whereas others are present throughout the time tadpoles are present.

Predator abundance, noted for boreal toad breeding sites in this study, might actually
represent the higher end of the spectrum. Boreal toads in Colorado often select temporary pools
and other ephemeral sites in which to breed, and these sites may have especially low predator
abundance. However, the traps used in this study require a minimum pond depth of approximately
18 cm, resulting in the exclusion from this study of several small, shallow pools used as breeding
sites by boreal toads.

Finally, the results of this study may enhance the ability of wildlife mangers to assess a
series of potential restoration sites and identify those with the highest probability of successful
survival of tadpoles. The logistic regression procedure identified a pond (Bald Mountain Spring,
pond 14) without record of boreal toad breeding as a predicted breeding site. Compared to the
other ponds without boreal toad breeding records, this pond might represent a suitable restoration
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site for boreal toads, although other features of the local environment must be considered (e.g.,
hibernacula may not be available, predators of metamorphosed toads may be limiting, and so on).
Aquatic trapping programs such as those conducted for this study could be implemented in areas
being considered for restoration efforts, such as Grand Mesa in western Colorado. Most habitat
evaluations associated with reintroduction efforts concentrate on features important to the
survival of adult animals. Adult survival obviously remains an important consideration. However,
this study emphasizes the need to consider habitats from the tadpoles’ point of view, because any
successful reestablishment of a species requires adequate survival of all stages in its life history.
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ABSTRACT

Phylogenetic relationships within and among Bufo boreas of the Southern Rocky
Mountain region (SRM,; central Colorado and southeastern Wyoming), Utah and Idaho were
examined using both mitochondrial DNA (control region sequences) and nuclear DNA (AFLP
restriction site data). All toads in the SRM region were found in the same clade or cluster and
both data sets identified toads in the SRM group as having significantly different gene frequencies
from toads in the surrounding regions. Despite the geographic isolation of the SRM group,
neither data set identified the toads in the SRM group as monophyletic (mtDNA data) or as
having exclusive genetic clusters (AFLP data). MtDNA data identified several toads from
northern Utah, which had retained genes found within the SRM region. Nuclear data identified
genes from toads in southeastern Idaho, which fell within the same cluster as all toads in the SRM
group. Support for speciation of the SRM group lies in the highly significant frequency
differences, and the geographic isolation of the group.
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INTRODUCTION

Previous studies of mtDNA described the mitochondrial DNA divergence of Bufo boreas
boreas in the Southern Rocky Mountain (SRM) region (Goebel, 1996) raising the possibility that
B. b. boreas in Colorado is a distinct species. Recent declines (Cary, 1993; Corn, 1994) of toads
in this region indicated that strong conservation efforts were warranted and the toad was listed as
Endangered by the State of Colorado. Evidence of speciation from genetic studies may provide
further support for ongoing conservation efforts (Loeffler, 1998).

In order to examine the phylogenetic relationships of toads in the SRM region further, two
related studies were undertaken. The first was to examine mtDNA of toads in regions
geographically closest to those in the Southern Rocky Mountains, including Utah and southern
Idaho (toads from northwestern Wyoming were examined previously). The second was to
examine nuclear DNA markers from toads in the Southern Rocky Mountains as well as the
geographically close regions examined with mtDNA.

MATERIALS AND METHODS

Samples were collected from localities throughout Colorado (N=203) as well as the
surrounding regions in Wyoming (N=3), Utah (N=55), northeastern Nevada (N=3), southeastern
Idaho (N=10), and central Idaho (N=35). Tissue collected included animals found dead in the
field, blood from juveniles or adults, tadpoles, newly metamorphosed toads, and egg tissue.

Mitochondrial DNA was analyzed using sequence data from the control region obtained
by direct sequencing, restriction site analyses, and analyses of Single-Stranded Conformational
Polymorphisms (SSCPs). Detailed methods for analyzing mtDNA are elsewhere (Goebel, 1996;
Goebel et al., 1998; Goebel, 1997). '

Nuclear DNA was examined using Amplified Fragment Length Polymorphisms (AFLPs;
Vos et al., 1995). Unlike other PCR-based fingerprinting methods (e. g., RAPD: random
amplified polymorphic DNA; DAF:amplification fingerprinting; AP-PCR:arbitrarily primed PCR),
AFLP methods are based on ligating known DNA fragments to genomic DNA and using the
ligated fragments as primer sites. Thus, primer sites are perfect matches. This reduces sensitivity
to reaction conditions, DNA quality, and PCR temperature profiles, all of which limit the utility of
other methods (Vos et al., 1995). A reduced sensitivity was critical for this project, because

collected samples were frequently from very small amounts of varied tissues and often were
decayed.

AFLP analyses followed the methods detailed in Vos et al., (1995) with minor
modifications from Rosendahl and Taylor (1997), Lin and Kuo (1995), Life Technologies AFLP
Instruction Manual (1997), and Janssen et al., (1996). About 200 samples from the eastern
portion of the range were analyzed along with 10 samples from the Northwest and Southwest
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mtDNA clades (clades described in Goebel, 1996). The latter were used as outgroups. Data
were collected from five independent primer pair combinations and 107 parsimony informative
characters were identified for each sample.

Parsimony methods (Swofford, 1993) were used to hypothesize relationships among
haplotypes identified from mtDNA. Neighbor-Joining methods (Saitou and Nei, 1987) were used
to hypothesize phylogenetic relationships based on AFLP site data. Further analyses of both data
sets among populations within the Southern Rocky Mountain group will be provided in the final
report.

RESULTS
Mitochondrial DNA

Parsimony analyses (Figure 1) identified three major clades previously described (Goebel,
1996) including the Southern Utah Clade (Kane County), Northwest Clade (northwest Wyoming,
Montana, Central and northern Idaho, and most of Oregon, Washington, coastal British Columbia
and Alaska), and the Southwest Clade (California and western Nevada). All newly analyzed
samples from central Idaho were found in the Northwest clade. Two samples from northern Utah
were also found in the Northwest Clade. Samples from northeast Nevada were found in both the
Northwest Clade and the Eastern Clade (described below).

The Eastern clade comprised most samples from southeast Idaho, northern and central
Utah, and the geographically disjunct group found in central Colorado, southeast Wyoming and
northern New Mexico (the Southern Rocky Mountain Group, SRM). Several minor clades were
found within the Eastern Clade. Most samples from northern Utah (Box Elder, Rich, and Summit
Counties) and northeastern Nevada (Elko County) were found in the basal clade identified as
Northern Utah (Figure 1). However, some samples from northern Utah were found within a clade
comprising all samples from the SRM group. Samples from southeastern Idaho clustered
together and were basal to the clade containing all samples in the SRM group. Samples from
central Utah (Piute County) formed a clade. This clade was found within the clade that included
all SRM toads, but this relationship was not strongly supported. Samples from the SRM group
did not form a monophyletic clade; samples from northern and central Utah (Piute County) were
found to be closely related to those in the Southern Rocky Mountains. All samples from
southeastern Wyoming (Albany County) were found to be closely related to those in Colorado.
No samples from New Mexico were analyzed.

~ AFLP nuclear data
AFLP data provided characters useful for examining relationships at a wide level of

genetic divergences. Many characters were shared among all samples analyzed (including the
outgroups) suggesting that these data might be useful in identifying relationships among more
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divergent taxa. In addition, characters unique to many individuals were identified also, suggesting
that these data might be useful at very low levels, including parental testing.

Phylogenetic analysis (Figure 2) identified clades previously described (Goebel 1996) as
the Southern Utah Clade (Kane County) as well as the Northwest and Southwest Clades (not
shown). Nuclear data were similar to mitochondrial data in that they identified clusters for toads
in central Utah (Piute Co.), Northern Utah, S. E. Idaho (Caribou Co.) and a large cluster of toads
which included all samples from the SRM group. Both sets of data showed substantial differences
among populations within the Southern Rocky Mountain group (preliminary analyses not shown).
Nuclear data differed from mitochondrial data in the hypothesized relationships among some
groups. Nuclear data suggested that toads in central Utah (Piute Co.) were more closely related
to toads in northern Utah, while mtDNA identified them as most closely related to mtDNA
haplotypes in the SRM group. Mitochondrial data suggested that toads in S. E. Idaho were basal
to those in the SRM group, while the nuclear data placed the same toads within the SRM group.

DISCUSSION

The most significant finding of both mitochondrial and nuclear data sets was that all toads
in the SRM group (over 125-200 toads analyzed with nuclear and mtDNA data respectively) fall
within the same clade. The clade identified with mtDNA data was not monophyletic in that
haplotypes from northern and central Utah were also found within this clade. The cluster
identified with nuclear data did not include DNA from northern or central Utah toads, but did
include DNA from toads in southeastern Idaho. Both sets of data reflect close historical
relationships to regions in central and northern Utah as well as southeast Idaho. However toads
from these different regions do not comprise a common gene pool, due to present-day geographic
barriers. Lack of strict concordance between mtDNA and nuclear DNA has been seen in a variety
of species and this conflict reflects different gene histories and the random nature of gene loss
throughout the region. The combined data sets suggest that toad populations in the SRM region
have ancestors in both central Utah as well as southeastern Idaho. The lack of monophyly or
gene exclusivity of toads in the Southern Rocky Mountain region suggests that toads have been
recently isolated (recent in evolutionary times) if a constant rate of evolution is assumed.

Evidence for speciation of the Southern Rocky Mountain group lies in the highly
significant frequency differences of genes found in this region, and the geographic isolation of the
group. Due to a variety of accepted species concepts, any delineation of species in this group will
be controversial. However the genetic data, combined with the geographic isolation identify the
Southern Rocky Mountain group as an independently evolving unit.  This unit may be
considered a Management Unit by some biologists, and a species by others. However, the
independent evolution of the SRM group strongly supports an independent conservation effort for
toads in this region.
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Figure 1. PHYLOGENY OF THE BUFO BOREAS SPECIES GROUP BASED ON MITOCHONDRIAL DNA
DATA. Single most parsimonious tree. Branches are drawn proportional to their length. Clade names and
localities are identified within the tree. Sample sizes are based only on samples for which complete control
region sequences were available. Many more samples were analyzed for each clade. For example, partial
data that identified major clades were obtained for over 200 samples from the Southern Rocky Mountain

group.
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Figure 2. PHYLOGENY OF EASTERN BUFO BOREAS BASED ON NUCLEAR AFLP DATA.
Neighbor-joining tree. Localities are identified to the right of the tree. Individual samples that
were found in alternate localities are identified within the tree.
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