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Abstract.-We examined features of the habitat 
for the California red-legged frog and foothill yellow- 
legged frog from the Central Valley of California. 
Limited overlap exists in habitat use between each 
frog species and introduced aquatic macrofaunal 
predators. Temporal data implicate aquatic preda- 
tors that restrict red-legged frogs to intermittent 
stream habitats as explaining limited overlap. Identi- 
fication of responsible predators is currently pre- 
vented because the alternative of limited overlap 
simply due to differential habitat use between frogs 
and any one putative predator cannot be rejected. 
Until the predators causing the negative effects are 
identified, efforts should be made to isolate these 
frogs from likely predators and minimize alteration of 
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key features in frog habitat. 

The application of habitat 
analysis to management has a 
long, complex history. The Greek 
philosopher Aristotle inferred that 
seasonal variation in the distribu- 
tion of certain commercially ex- 
ploited fishes was related to changes 
in their food resources and habitat 
temperatures (Cresswell 1862). In the 
13th century, the Mongol emperor 
Kublai Khan encouraged the gather- 
ing of data on foraging patterns of 
sport-hunted birds to facilitate ma- 
nipulating their populations (Leo- 
pold 1931). Since these efforts, many 
individuals have used diverse habitat 
data to help understand factors that 
influence the distribution and success 
of various species. Most often, such 
data have been used to address com- 
mercially important or game species, 
usually to identify management al- 
ternatives intended to enhance exist- 
ing populations or avert population 
declines (Bailey 1984, Leopold 1933). 
This emphasis has resulted in most 
studies addressing selected birds, 
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fishes, and large mammals. In con- 
trast, species historically having lim- 
ited economic importance (i.e., "non- 
game" species) have been largely ne- 
glected (Bury 1975; Bury et al. 1980a, 
b; Pister 1976). Only over the last 15 
years has an appreciation been 
broadly realized that non-game spe- 
cies are also in need of management. 
Non-game species are often linked to 
economically important ones, and as 
such, provide significant direct and 
indirect benefits to humans (Kellert 
1985, Neil1 1974). Although this ap- 
preciation has led to greater empha- 
sis in their study (Bury et al. 1980a, 
Pister 19761, a broader understand- 
ing of the biology of non-game spe- 
cies is increasingly urgent because of 
widespread habitat modification in- 
fluencing declines among ever-great- 
er numbers of such species (Dodd 
1978, Hayes and Jennings 1986, Hine 
et al. 1981, Honegger 1981). 

Amphibians are prominent among 
groups of organisms given a non- 
game label (Bury et al. 1980a). For 
ranid frogs, among the most familiar 
of amphibian groups, non-game is 
really a misnomer (Brocke 1979) be- 
cause they have a history of human 
exploitation which has its roots in 
European and aboriginal cultural tra- 
ditions (Honegger 1981, Zahl1967) 
and has included significant com- 
mercial enterprises (Abdulali 1985, 
Chamberlain 1898, Husain and Rah- 
man 1978, Jennings and Hayes 1985, 

Wright 1920). Despite this history of 
exploitation, few attempts have been 
made to link species-specific habitat 
requirements of ranid frogs to their 
management (but see McAuliffe 
1978; Treanor 1975a, b; Treanor and 
Nicola 1972). Most "management" 
literature has either simply reviewed 
the biology of selected ranid frog 
species or indicated vulnerable life 
history stages needing study (Baker 
1942, Bury and Whelan 1984, Storer 
1933, Willis et al. 1956, Wright 1920). 

In this report, we examine the 
habitat features of two "non-game" 
species, the California red-legged 
frog (Ram aurora draytonii) and the 
foothill yellow-legged frog (Rana 
boylii), two ranid frogs found in low- 
land California. Each species has dis- 
appeared from sizable areas of its 
historic range (Hayes and Jennings 
1986, Sweet 1983). Although histori- 
cal disappearance of red-legged frogs 
has been linked to its exploitation as 
food (Jennings and Hayes 1985), 
causal factors in the continuing de- 
cline of both species remain poorly 
understood. Insufficient documenta- 
tion of the habitat requirements of 
each species has especially impeded 
identification of the causes of decline 
(Hayes and Jennings 1986). In this 
report, we reduce this gap by identi- 
fying the habitat requirements that 
characterize each frog. We then use 
these data to suggest the direction 
for management of these two species 
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until experiments can identify the 
causes of decline. 

METHODS 

Our analysis draws upon two data 
sets, one addressing R. a. draytonii 
and the other, R. boylii. The former is 
based on all known occurrences of R. 
a. draytonii (n = 143) from the Central 
Valley of California, which we define 
as the collective drainage area of the 
Kaweah, Kern, Sacramento-San 
Joaquin (to Carquinez Strait), and 
Tule River systems. We assembled 
these data from museum records and 

field notes or direct observations of 
the many investigators listed in the 
acknowledgments or whose data are 
cited in Childs and Howard (1955), 
Cowan (19791, Fitch (1949), Grinnell 
and Storer (19241, Grinnell et al. 
(1930), Hallowell (1854,1859), Ingles 
(1932a, b; 1933; 19361, Storer (19251, 
Walker (1946), Williamson (1855), 
and Wright and Wright (1949). We 
used records not authenticated by 
museum specimens if they were cor- 
roborated by at least two sources. 
We then determined the subset (n = 
131) of records that could be both 
mapped (i.e., where we could iden- 
tify the aquatic system likely to be 

the site of origin of the source popu- 
lation upon which the record was 
based), and identified as being from 
different "point" localities (20.4 km 
apart). Although our data set was 
developed primarily from this sub- 
set, we used a few data from the re- 
maining 12 localities for the habitat 
variables described below. We used 
this additional data because they 
were either available with the origi- 
nal records or could be determined 
independent of accurate mapping. 

For each locality, we recorded as 
many of 12 habitat variables as pos- 
sible (table I). For aquatic habitat 
type, we used the term "stream" for 
localities with both a well-defined 
drainage inflow and outflow, 
whereas we used "pond" for locali- 
ties lacking a well-defined inflow and 
little or no outflow. Temporal status 
of the aquatic habitat was scored as 
perennial or intermittent based on 
7.5'and 15' United States Geological 
Survey (USGS) topographic maps, 
but the status of some localities was 
modified based on field reconnais- 
sance or data provided by other in- 
vestigators. For many localities, lack 
of change in the temporal status of 
the aquatic habitat during the time R. 
a. draytonii was recorded was veri- 
fied by examining USGS topographic 
maps bracketing the frog record 
date(s1. We used the designation 
intermittent to describe the interrup- 
tion of surface flow in streams or 
complete dry-down in ponds, either 
occurring at least once seasonally. 
Drainage area indicates the size of 
the hydrographic basin influencing 
the recorded locality. The drainage 
area, local gradient, and stream or- 
der were largely estimated from 7.5' 
USGS topographic maps. We esti- 
mated large drainage areas (>I30 
km2) by extrapolation to the recorded 
locality on topographic maps from 
either the drainage area for the near- 
est upstream gauging station (United 
States Geological Survey 1970a, b) or 
section counts on United States For- 
est Service and county maps. Local 
gradient was estimated from map 



distances of 0.5-1.0 km across the re- 
corded locality except in the few 
cases where pronounced local relief 
required reduction of this distance 
for an accurate estimate. 

Data for the remaining variables 
(water depth, vegetation matrix, na- 
tive and introduced fishes, intro- 
duced bullfrogs [Xana catesbeianal, 
substrate alteration, and vegetation 
reduction) were obtained for subsets 
of the larger data set from the 
sources indicated earlier supple- 
mented by Leidy (1984), Moyle and 
Nichols (1973), Moyle et al. (1982), 
and Rutter (1908). The exact values 
used to partition water depth and 
vegetation matrix variables are arbi- 
trary. However, we chose their gen- 
eral dimensions with the intent of 
identifying whether the habitat re- 
quirements of red-legged frogs sug- 
gested by anecdotal data (moderately 
deep water associated with dense 
vegetation; see Hayes and Jennings 
1986) were supported by this data 
set. Variation in the collective data 
set required scoring the fish and in- 
troduced bullfrog data as presence/ 
absence, but we also used available 
data on which fish species were pres- 
ent to interpret the habitat require- 
ments of red-legged frogs. Substrate 
alteration and vegetation reduction 
variables indicate alteration of 
aquatic habitats that was, directly or 
indirectly, human-effected. We 
scored substrate alteration as present 
if evidence existed that the shoreline 
or substrate topography of the 
aquatic habitat had been markedly 
altered (e.g., dams, rip-rap, bank- 
trampling by cattle). Marked altera- 
tion meant that at least 25% of the 
area of substrate of a locality ap- 
peared altered. We scored vegetation 
as being reduced when data indi- 
cated that at least 25% of pre-existing 
shoreline or emergent vegetation had 
been removed. 

We also gathered current data on 
a subset of the described localities 
through field reconnaissance and 
some information provided by others 
(data gathered during the interval 

1980-1 987 represented "current" 
data). We used these data to help 
identify temporal changes that may 
have occurred at sites or in drainage 
systems for which we had historical 
data. For this analysis, we used 
"drainage system" to mean only the 
primary and highest-order (fide 
Strahler 1957) secondary tributaries 
of the Sacramento-San Joaquin drain- 
age system. These data were particu- 
larly important for indicating where 
red-legged frogs were probably ex- 
tinct. 

The data set addressing R. boylii 
consists of data published by Moyle 
(1973) and Moyle and Nichols (1973) 
from which we re-examined selected 
elements. Collection methods for 
these data are thoroughly described 
therein. Our reanalysis used most of 
the variables described by Moyle 
(1973) with some modifications. We 
used the original estimates of the 
numbers of each fish species rather 
than the coded values; the numbers 
of yellow-legged frogs and bullfrogs 
remained coded because the original 
data were recorded as coded. 
Moyle's stream type variable was 
reduced to two categories by com- 
bining his three intermittent and 
three perennial stream categories. 
We also added two variables, one 
which combines Moyle's cobble and 
boulder/bedrock substrate catego- 
ries. The other describes the stream 
morphology category designated in 
Moyle's original data as smooth wa- 
ter and fits the definition of a run 
(Armour et al. 1983). For correlations 
between yellow-legged frogs and 
other species, we used only the sub- 
set of localities where either or both 
of yellow-legged frogs and the spe- 
cies being compared was present. 

We re-examined these data for 
four reasons. First, Moyle (1973) 
summarized data from only some of 
the sites where yellow-legged frogs 
were not found. We were equally 
interested in habitat variation among 
all sites sampled where yellow- 
legged frogs had not been found as 
well as sites where they were found. 

Second, Moyle (1973) found that the 
collective abundance of all fish spe- 
cies was inversely correlated with 
that of yellow-legged frogs, but also 
commented that yellow-legged frogs 
were most abundant where native 
fishes were present. Because original 
estimates of the numbers of each fish 
species were available and an inverse 
relationship between the abundance 
of native frogs and introduced fishes 
had already been identified (Hayes 
and Jennings 1986), we were espe- 
cially interested in relationships be- 
tween the abundance of specific na- 
tive and introduced fishes and that of 
yellow-legged frogs. Third, Moyle 
(1973) coded fish abundance when 
the data, as originally recorded, per- 
mit at least ranking, so, where pos- 
sible, we analyzed the original data 
directly to minimize bias that can re- 
sult from coding (Sokal and Rohlf 
1981). Lastly, the fish abundance data 
displayed skewed distributions for 
several species, so we used non-par- 
ametric analyses to avoid having to 
make any assumptions about sample 
distributions. 

Statistical treatments used are de- 
scribed in Sokal and Rohlf (1981) and 
Zar (1974). All contingency table 
comparisons performed had one de- 
gree of freedom (df), so all Chi- 
square values were calculated with 
the correction for continuity (XZC). For 
those analyses that required more 
than one comparison using some of 
the data, alpha (a) was evaluated 
based on the number of comparisons 
to a level equivalent to 0.05 using Si- 
dak's multiplicative inequality (Sokal 
and Rohlf 1981). 

RESULTS 

California Red-Legged Frog 

Ram aurora draytonii was recorded 
primarily from aquatic habitats that 
were intermittent streams which in- 
cluded some area with water at least 
0.7 meters deep, had a largely intact 
emergent or shoreline vegetation, 



and lacked introduced bullfrogs 
(table 2). We found descriptions ade- 
quate to characterize vegetation for 
77% (33) of sites where the emergent 
or shoreline vegetation variable 
could be scored. With three excep- 
tions, descriptions indicated that ei- 
ther, or both of, an emergent vegeta- 
tion of cattails (Typha spp.) or tules 
(Scirpus spp.), or a shoreline vegeta- 
tion of willows (Salix spp.) were 
present. Shrubby willows were re- 
corded at 67% (22) of the sites with 
vegetative descriptions, and were 
identified as arroyo willow (Salix la- 
siolepis) in the eight instances where a 
species name was provided. Only 
juvenile frogs were recorded at five 
of the six sites where a limited emer- 
gent vegetation was present and at 
the only site that lacked a water 
depth greater than 0.7 m. We found 
no significant difference in the num- 
bers of intermittent versus perennial 
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Table 3.4requency of fish species co-occurrence with Rana aurora dray- ' 
fonli. Percentage is the number of sites respective fish species were re- 
corded as a function of all sites where fishes were recorded as co-occur- 
ring with R. a. druyfonii. An asterisk (*) indicates introduced species. 

Co-occurrence Percentage 
Species (n =) (O/O) 

sites with red-legged frogs that had a 
dense vegetation and a water depth 
of 0 . 7  m (X2= = 0.338, p = 0.561, for 

vegetation; X2c = 0.017, p = 0.897, for 
water depth; X2 ,,,,_,, = 5.024 for 
both). 

Rana aurora draytonii was also 
more frequently recorded at sites 
with native fishes and with substrate 
alteration, but less frequently re- 
corded at sites with introduced 
fishes. Fishes were present at 69% (40 
of 58) of sites where data as to their 
occurrence were recorded; 26 sites 
had only native fishes, seven had 
only introduced fishes, and seven 
had both. Only four fish species, 
California roach (Lavinia symmet- 
ricus), hitch (Lavinia exilicauda), green 
sunfish (Lepomis cyanellus), and 
mosquitofish (Gambusia affinis), were 
recorded as co-occurring with R. a. 
draytonii at more than three sites 
(table 31, and only California roach 
was recorded at more than 25% (10) 
of sites. Sixty of the 70 sites described 
as being substrate-altered at the time 
R. a. draytonii was recorded were 
small impoundments. 

California red-legged frogs were 
also most frequently recorded at sites 
influenced by a small drainage area, 
having a low local gradient, and in 
streams having a low stream order. 
Drainage areas of sites from which R. 
a. draytonii was recorded vary from 
0.02 km2 to over 9000 km2, but two- 



thirds (n = 83) are from localities 
with drainage areas 540 km2 (fig. 1). 
Local gradient (slope) at California 
red-legged frog localities varies from 
0.04" to 12.8" from horizontal, al- 
though 87% (n = 100) occur at sites 
with slopes 52 ". California red- 
legged frogs have been recorded in 
1st to 6th order streams, but 94% (n = 
119) of these localities are 4th- or 
lesser-order streams and 42% are 1st- 
order streams (fig. 2). 

Based on the subset for which cur- 
rent data were available (n = 1201, 
California red-legged frogs are 
probably extinct at >25% of the lo- 
calities where they were historically 
recorded. When clustered into a 
sample representing drainage sys- 
tems (n = 43; see methods), this sub- 
set indicates that California red- 
legged frogs are probably extinct in 
over 50% of the drainage systems in 
the Central Valley area. Three habitat 
variables (temporal status of aquatic 
habitat, drainage area, and intro- 
duced bullfrogs) showed a signifi- 
cant relationship to the probability of 
survival of local populations of Cali- 
fornia red-legged frogs (table 4). We 
found that R. a. draytonii is likely ex- 
tant at 82% (n = 70) of localities with 
an intermittent aquatic habitat, 
whereas it is probably extinct at 71 % 
(n = 22) of the sites with a perennial 
aquatic habitat. Grouping localities 
based on drainage area, R. a. dray- 
tonii is probably extant at 83% (n = 

Figure 1 .-Frequency distribution of locali- 
ties where Rana aurora draytonii has been 
recorded in the Central Valley, California 
based on drainage area. The inset details 
the frequency distribution of localities with 
drainage areas < 280 km2. 

85) of sites influenced by a small 
( ~ 3 0 0  km2) drainage area, whereas it 
is probably extinct at all recorded 
localities (n = 11) influenced by a 
large b300 km2) drainage area. 
Moreover, available data indicate 
that R. a. draytonii is extinct at all re- 
corded localities on the Central Val- 
ley floor, which includes all localities 
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Figure 2.-Frequency distribution of locali- 
ties where Rana aurora draytonii has been 
recorded in the Central Valley, California 
based on stream order. 

affected by the largest drainage areas 
(n = 10). Similarly, R. a. draytonii is 
probably extant at 81% (n = 70) of 
localities lacking introduced bull- 
frogs and is probably extinct at all 
localities (n = 10) where it has been 
recorded with bullfrogs. Remaining 
variables either failed to show a sig- 
nificant relationship to the probabil- 
ity of California red-legged frog sur- 
vival (table 4), or one of the variable 
categories was so rare that this analy- 
sis was not applicable (see table 2). 

Foothill Yellow-Legged Frog 

Rana boylii was recorded primarily 
from shallow, partly shaded stream 
sites with riffles and at least a cobble- 
sized substrate. All 29 stream sites at 
which either post-metamorphic or 
larval R. boylii were recorded were 
~ 0 . 6  m in average water depth (fig. 3) 
A 

and had at least some shading (fig. 
4). Rana boylii was recorded more 



frequently at sites with a stream area 
that was >20% shaded than at sites 
with 120% shading. Only one of 29 R. 
boylii sites lacked riffle habitat and R. 
b&lii was recorded significantly 
more frequently at sites with >40% 
riffle area than at sites with a riffle 
area of 4 0 %  [X2c = 8.680, p = 0.003, 
X2, ,,,= ,, = 5.024; fig. 51. Only four 
of 29 R. boylii sites lacked at least a 
cobble-sized substrate and R. boylii 
was recorded most frequently (20 of 
29) at sites with >40% of the sub- 
strate that was at least cobble-sized 
(fig. 6). Few other patterns could be 
identified from among the environ- 
mental variables that we re-analyzed. 
Rana boylii was recorded more fre- 
quently from perennial streams (n = 
19) than from intermittent ones (n = 
101, but the difference was not sig- 
nificant when compared to the total 
number of perennial (n = 71) and 
intermittent (n = 59) stream sites 
sampled [X2' = 1.268, p = 0.260, 
X2, ,,,a (u=o.ox = 5.0241. Of 13 environ- 
mental variables that we re-exam- 
ined, only the percentage of stream 
area in riffles was significantly corre- 
lated with the abundance of R. boylii 
(table 5). 

Rana boylii occurred with 1-5 Cx = 
2.5) of the vertebrate members of the 
aquatic macrofauna at 26 of the 29 
localities where it was recorded. 

Figure 3.-Histogram of the proportion of 
sites in stream depth categories where 
Rana boylii has been recorded in the Sierra 
Nevada foothills, California. Sample sizes as 
a function of the total sample in each 
stream depth category are: ~0.20 (n=8/24), 
0.2 1 =0.40 (n=9/43), 0.41 -0.60 (n=12/57), and 
>Oh0 (n=0/18). 

Figure 5.-Histogram of the proportion of 
sites In riffle categories where Rana boylil 
has been recorded In the Sierra Nevada 
foothills, California. Sample sizes as a func- 
tion of the total sample in each riffle cate- 
gory are: 0% (n= 1/36), 1-20% (n=5/31), 2 1 - 
40% (n=4/21), 41 -60% (n=11/28), 61 -80% 
(n=7/19), and 81 -1 00% (n=2/6). 

Foothill yellow-legged frogs were 
recorded as occurring with 12 differ- 
ent species, but co-occurrence, ex- 
pressed as the percentage of total 
sites at which either R. boylii or the 
co-occurring species were recorded, 
did not exceed 31% (table 6). Intro- 
duced species (n = 6) occurred with 
R. boylii less frequentlylx = 2,l-3) 
than native species F = 9.3,l-17) and 
native species had a significantly 
higher percentage of co-occurrence 
(3-31%,i = 16.5%) than introduced 
species [n = 6; 2-9%, 2= 3.7%; Mann- 
Whitney test, U' = 32.5, p = 0.0275, 
U,,aL,,=a, = 31 1. Only four native 

Figure 4.-Histogram of the proportion of 
sites in stream shading categories where 
Rana boylii has been recorded in the Sierra 
Nevada foothills, California. Sample sizes as 
a function of the total sample in each 
stream shading category are: 0% (n=0/5), 
1 -20% (n=3/37), 2 1 -40% (n=7/38), 41 -60% 
(n=8/30), 6 1 -80% (n=9/23), and 8 1 - 100% 
(n=2/8). 

Figure &-Histogram of the proportion of 
sites in substrate categories where Rana 
boy111 has been recorded In the Sierra Ne- 
vada foothills, Culifornia. Sample sizes as a 
function of the total sample in each sub- 
strate category are: OYo (n=4/19), 1 -20% 
(n=3/32), 2 1 -40% (n=2/23), 41 -60% (n=7/29), 
61 -80% (n=9/26), and 8 1 - 100% (nd/l2). 

fishes, California roach, Sacramento 
sucker (Catostornus occidentalis), Sac- 
ramen to squaw fish (Ptychocheilus 
grandis), and rainbow trout (Salrno 
gairdnerii), occurred with R. boylii at 
more than three of the 29 sites where 
the latter was recorded, and of these, 
only California roach occurred with 
R. boylii at more than 50% of the sites 
where R. boylii was recorded. Only 
one species assemblage, that consist- 
ing of California roach, Sacramento 
squawfish, and Sacramento sucker, 
occurred with R. boylii more often 
than expected by chance alone (table 
7). Correlation analysis indicated that 
the abundance of 10 of the 12 co-oc- 
curring species was significantly in- 
versely correlated with the abun- 
dance of R. boylii (table 8). 

DISCUSSION 

Habitat Variation 

California Red-Legged Frog 

A dense vegetation close to water 
level and shading water of moderate 
depth are habitat features that ap- 
pear especially important to Califor- 
nia red-legged frogs. Previous au- 
thors have suggested or implied the 
occurrence of at least one of these 
habitat features. Storer (1925) noted 



that R. a. draytonii in streams was re- 
stricted to large pools, which implies 
a moderate water depth. Stebbins 
(1 966,1985) emphasized vegetative 
cover as important to red-legged 
frogs, but his comments confound 
habitat characteristics that may be 
attributable to northern versus Cali- 
fornia (southern) red-legged frogs; 
data on these two forms should re- 
main partitioned until it is well-es- 
tablished that they are not different 
species (Hayes and Miyamoto 1984, 
Hayes and Krempels 1986). Zweifel 
(1955) coupled the water depth and 
vegetation features of California red- 
legged frog habitat, but he empha- 
sizes a herbaceous shoreline vegeta- 
tion. Our data indicate that a more 
complex vegetation is a feature of 
sites where R. a. draytonii occurs. 
Cattails, bulrushes, and shrubby wil- 



lows, the plants comprising emergent 
and shoreline vegetation at such 
sites, typically shade a substantial 
surface area of water with a dense 
matrix at or near water level. Califor- 
nia red-legged frogs appear sensitive 
to the presence of such a vegetation 
structure because most sites from 
which frogs were recorded lacked 
significant alteration of emergent or 
shoreline vegetation (see table 2). 
Moreover, because only juvenile 
frogs were recorded from most sites 
with limited shoreline or emergent 
vegetation, a minimum amount of 
such vegetation appears to be needed 
for survival of adults. Parallel argu- 
ments apply to water depth. Previ- 
ous authors have characterized R. a. 
draytonii as a pool- or ponddwelling 
species (Stebbins 1966,1985; Storer 
1925; Zweifel1955) and descriptions 
corresponding to that characteriza- 
tion were recorded for this frog at 
most sites. Yet, we found that using 
minimum water depth was a more 
encompassing habitat descriptor be- 

cause it included canals and stream 
sites where adult frogs were de- 
scribed as being common and that 
had the minimum water depth re- 
quirement, but could not be de- 
scribed as either ponds or stream 
pools. Available description of such 
sites indicates that they fit the defini- 
tion of a run (Armour et al. 1983), 
although data upon which part of the 
definition is based (the rate of water 
flow) are lacking. 

We believe that California red- 
legged frogs occur primarily in 
streams because alternative sites 
(ponds) that have suitable water 
depth and vegetation characteristics 
were historically rare outside of 
stream habitats rather than because 
red-legged frogs are somehow pre- 
adapted for survival in streams. His- 
torically, pond habitats below 1500 m 
in the Central Valley were mostly 
vernal pools, a habitat too shallow 
and ephemeral to develop the mac- 
rovegetation found associated with 
R. a. draytonii (see Holland 1973, Jain 

1976). Even the only two exceptions 
to R. a. draytonii not occurring in ver- 
nal pools support this hypothesis. A 
large vernal pool in San Obispo 
County, California is known to have 
a population of California red-legged 
frogs (D. C. Holland, pers. comm.). 
However, this vernal pool is atypical 
because it possesses significant mac- 
rovegetation and water depth. These 
features appear to be present because 
this large (ca. 20 ha) pool does not 
dry down each year. The second ex- 
ception is a vernal pool in coastal 
southern California in which two 
frogs with abnormal numbers of legs 
were found (Cunningham 1955). 
Cunningham thought that the defects 
were induced by exposure to high 
temperatures during early develop- 
ment, a condition facilitated by the 
limited vegetative cover that was 
present. His speculation may be 
valid if California red-legged frog 
embryos have a low critical thermal 
maximum (Hayes and Jennings 
1986). Storer (1925) thought that R. a. 
draytonii was excluded from tempo- 
rary (vernal) pools because its larval 
period is relatively long, but the 
more likely mechanism is that frogs 
immigrating to such pools were un- 
able to establish because suitable 
habitat was lacking. The latter hy- 
pothesis is supported because Cali- 
fornia red-legged frogs are not re- 
corded from the many vernal pools 
that hold water for intervals longer 
than the minimum time required by 
R. a. draytonii to complete metamor- 
phosis (10 weeks; Hayes, unpubl. 
data; see also Jain 1976, Zedler 1987). 

Ram a. draytonii also appears to 
have responded to the creation of 
habitat with the appropriate vegeta- 
tion and water depth characteristics. 
A significant aspect of the changes in 
aquatic habitats that have occurred 
in the Central Valley below 1500 m is 
an increase in the number of perma- 
nent ponds (Moyle 1973). Storer 
(1925) reported that R. a. draytonii 
occurred in a number of water stor- 
age reservoirs and artificial ponds, 
but the habitat features of those sites 



were not described. Thus, it was of 
special interest to find that no signifi- 
cant difference could be identified 
between the probability of extinction 
of R. a. draytonii at substrate-altered 
sites (mostly small impoundments) 
and at sites lacking such alteration. 
Moyle (1973) concluded that the de- 
cline of R. a. draytonii was related in 
part to human-induced a1 teration, 
including creation of impoundments. 
Our data suggest that human-in- 
duced alteration creating small im- 
poundments cannot be related di- 
rectly to the disappearance of Cali- 
fornia red-legged frogs. We empha- 
size that these data do not exclude 
the alternative, discussed later, 
which indicates that the creation of 
small impoundments is likely to have 
an indirect negative effect on R. a. 
draytonii by facilitating the dispersal 
of introduced aquatic predators. 

Besides features of habitat struc- 
ture associated with R. a,  draytonii, its 
isolation from one or more aquatic 
macrofaunal predators is the other 
key element suggested by these data. 
No significant variation was found in 
the features of habitat structure im- 
portant to R. a. draytonii between 
intermittent and perennial aquatic 
sites, so differences in habitat struc- 
ture cannot explain why R. a. dray- 
tonii is recorded most frequently 
from intermittent aquatic sites. We 
believe that California red-legged 
frogs were recorded most frequently 
from intermittent sites because the 
likelihood of extinction at perennial 
sites is now higher than at intermit- 
tent sites (see table 4) and few his- 
torical data are available from when 
frogs were often found at perennial 
sites. 

California red-legged frogs are 
now extinct from all sites on the Cen- 
tral Valley floor, all of which were 
perennial and, except for one, were 
recorded prior to 1950. We believe 
that the disadvantage associated 
with perennial sites and the advan- 
tage associated with intermittent 
sites is the degree to which the for- 
mer allow, and the latter restrict, the 

access of aquatic macrofaunal preda- 
tors. 

The remaining variation in fea- 
tures of R, a. draytonii habitat we 
have identified can be directly, or 
indirectly, linked to a hypothesis in- 
voking the influence of one or more 
aquatic macrofaunal predators. The 
significantly lower likelihood of ex- 
tinction at sites with small drainage 
areas (table 4) and R. a. draytonii 
being recorded from a greater num- 
ber of localities with smaller drain- 
age areas (fig. 1) and lower stream 
orders (fig. 2), are probably unrelated 
to either drainage area or stream or- 
der effects per se. Rather, they are a 
function of both the bias against re- 
cording historical data and the fact 
that sites with smaller drainages or 
lower stream orders have a higher 
probability of being intermittent 
aquatic habitats, which have a higher 
probability of excluding aquatic 
predators. Limited co-occurrence 
with aquatic predators, namely bull- 
frogs and predatory fishes, and a sig- 
nificantly higher likelihood of extinc- 
tion at sites where bullfrogs were re- 
corded (table 4) may indicate a nega- 
tive interaction with one or more of 
these species. Rana a. draytonii did 
not co-occur with any fish species 
frequently. It co-occurred most often 
with California roach, a small, om- 
nivorous native fish that is thought 
to have declined, in part, due to pre- 
dation by introduced fishes (Moyle 
and Nichols 1974, Moyle 1976). We 
did not detect a significantly higher 
likelihood of extinction at sites with 
introduced fishes. However, the 
sample was too small to partition to 
permit testing individual fish species, 
the level at which we believe such an 
effect is most likely. 

While we are reasonably con- 
vinced that the greater restriction of 
R. a. draytonii to intermittent aquatic 
habitats is an effect due to novel 
aquatic predators, we emphasize that 
these data cannot identify which are 
the aquatic predators producing such 
an effect. The inability to identify the 
responsible predators is complicated 

by the condition of limited overlap 
between each potential predator and 
R. a. drayfonii. That condition pre- 
vents excluding the alternative that 
different habitat requirements rather 
than any predatory interaction may 
explain the limited overlap in habitat 
use between each putative predator 
and California red-legged frogs 
(compare Moyle 1973 for bullfrogs 
and Moyle and Nichols (1973) for 
various fishes, but especially mosqui- 
tofish and green sunfish; see also 
Hayes and Jennings 1986 for a dis- 
cussion). It is this fact and the appar- 
ent intolerance of R. a. draytonii to 
unshaded habitat that leads us to 
suggest that some a1 teration of ripar- 
ian vegetation may be necessary to 
create the conditions for a negative 
interaction. 

Foothill Yellow-Legged Frog 

Partly shaded, shallow streams and 
riffles with a rocky substrate that is 
at least cobble-sized are the habitat 
features that appear to be important 
to foothill yellow-legged frogs. Previ- 
ous authors agree that R, boylii oc- 
curs in streams (Moyle 1973; Stebbins 
1966,1985; Storer 1925; Zweifel 
19551, but variation exists in the fea- 
tures of streams associated with 
these frogs. Of environmental vari- 
ables that appear important to R. 
boylii, the percentage of stream area 
in riffles is the only one we were able 
to correlate significantly, albeit 
weakly, with its abundance. Moyle 
(1973) obtained a similar positive 
correlation in his original analysis of 
the same data, and Stebbins (1966, 
1985) also emphasized riffles as one 
of the key aspects of R. boylii habitat. 
The reason for the weak correlation 
we found is uncertain, but one or 
more of three factors probably pro- 
duced that result. First, as intermit- 
tent streams lose surface flow during 
late summer, riffles disappear, and R. 
boylii can then be found associated 
with stream pools (Fitch 1938, Slevin 
1928, Storer 1925, Zweifel1955). 



Moyle's data were collected in late 
summer and 10 of the 29 stream sites 
at which R. boylii was recorded were 
intermittent, so data from these sites 
may have diluted the correlation. 
Second, riffle area may be correlated 
with the abundance of R. boylii only 
above or below certain values (see 
fig. 5). Lastly, R. boylii has been re- 
ported from sites with little or no 
riffle habitat unrelated to seasonal 
patterns (Fitch 1938, Zweifel1955). 

Apart from riffles, our reanalysis 
of environmental variables differs 
from that of Moyle (19731, who 
found that five of the other variables 
that we re-examined were either 
positively (i.e., shading and boulder/ 
bedrock; compare table 1 in Moyle 
[I9731 and our table 5) or negatively 
(i.e., rooted vegetation [= our aquatic 
vegetation], pools, man modified [= 
our human alteration]) significantly 
correlated with the abundance of R. 
boylii. We attribute this difference, in 
part, to our analysis being more con- 
servative because we adjusted a for 
the experimentwise error rate, our 
analysis was not restricted to locali- 
ties where only frogs were found, 
and we used non-parametric tests. 
Some of the correlations that Moyle 
(1973) observed with R. boylii abun- 
dance may have been significant due 
to one or more of these differences. 
We must emphasize, however, that 
several of the variables that Moyle 
found correlated with R. boylii abun- 
dance vary differentially in their oc- 
currence between riffles and pools 
(e.g., boulder/bedrock; see Moyle 
[I9731 and Moyle and Nichols 
[1973]). Those variables are also sus- 
ceptible to the seasonal correlation- 
altering effects discussed for the riffle 
variable. Thus, a conservative analy- 
sis, like ours, is less likely to detect 
variables related to frog abundance 
within such a data set. 

Nevertheless, variables identified 
as important to R. boylii need not be 
correlated to its abundance. Stream 
depth, shading, and substrate type 
may represent such variables. Our 
reanalysis of Moyle's data suggests 

that sites with a shallow average 
stream depth are somehow advanta- 
geous (see fig. 3). Moyle (1973) found 
no significant correlation between the 
abundance of R. boylii and stream 
depth, and he did not discuss stream 
depth with respect to foothill yellow- 
legged frogs in any other context. 
Zweifel(1955) noted that streams in 
which R, boylii occurred were seldom 
more than 0.3 m deep, and Fitch 
(1936), Storer (1925), and Wright and 
Wright (1949) found that R. boylii 
usually lays eggs in shallow water. 
Still, overall importance of stream 
depth to R. boylii remains unclear. 
Our reanalysis also suggests that 
some advantage is linked to in- 
creased shade up to some intermedi- 
ate level (see fig. 4). Zweifel(1955) 
described shading in typical R. boylii 
habitat as interrupted, whereas 
Moyle (1973) reported a positive cor- 
relation between frog abundance and 
the degree of shading. 

Some workers have emphasized 
the degree of openness or insolation 
in R. boylii habitat, rather than ad- 
dressing shading (Fitch 1938; Steb- 
bins 1966,1985). Nevertheless, even 
the latter imply that some shading is 
present. Fitch's (1938) suggestion that 
yellow-legged frogs are excluded by 
dense canopy may be supported by 
Moyle's data because he recorded no 
R. boylii at sites with >90% shading 
(see also fig. 4). Our reanalysis also 
suggests that some advantage is as- 
sociated with sites possessing at least 
a cobble-sized substrate (see fig. 6). 
Although workers have most fre- 
quently emphasized the rocky aspect 
of R. boylii habitat (Fitch 1936,1938; 
Moyle 1973; Stebbins 1966,1985; 
Storer 19251, substrate descriptions 
of that habitat are probably as varied 
as any other single variable. Moyle 
(1973) identified a positive correla- 
tion between the percentage of 
stream area with bedrock and boul- 
ders and the abundance of R. boylii, 
yet sites with gravely (Gordon 1939), 
sandy (Zweifel1955), or muddy sub- 
strates have also been recorded 
(Fitch 1938, S torer 1925). Because 

Moyle's data do not provide frog 
age, we could not determine whether 
sites having a substrate that was less 
than cobble-sized were simply mar- 
ginal habitat with juvenile R. boylii 
(see Zweifel1955), or whether they 
represented real variation in habitat 
used by established populations. 

Fitch (1938) and Zweifel(1955) re- 
ported on a few sites with adult frogs 
that lacked a substrate that was 
cobblesized or larger and appeared 
to have few predators. They sug- 
gested that yellow-legged frogs are 
rarely recorded from such sites be- 
cause their predators may access the 
"atypical" habitat more easily. Nev- 
ertheless, data on the aforementioned 
variables reinforce the conclusion al- 
ready arrived at with R. a. draytonii: 
Existing data cannot distinguish hy- 
potheses explaining the differential 
occurrence of R. boylii among habitat 
categories due to mechanistic or 
physiological restriction (i.e., "habi- 
tat preference") from hypotheses in- 
voking habitat restriction because of 
some novel predator (Hayes and Jen- 
nings 1986). The data for R. boylii dif- 
fer from that of R. a. draytonii in that 
we cannot confidently reject the al- 
ternative that no restriction is occur- 
ring. For example, it remains unclear 
whether earlier reports of "atypical" 
habitat use by R. boylii were simply 
rare occurrences, or whether those 
instances actually reflect a general 
pattern of broader habitat use in 
years prior to when Moyle (1973) ob- 
tained his data, indicating that habi- 
tat restriction had occurred. 

Management Implications 

Both R. a. draytonii and R. boylii need 
immediate management considera- 
tion if many remaining populations 
are to survive into the next century. 
Ram a. draytonii is extinct on the 
floor of the Central Valley, and is 
probably extinct from over half of the 
drainage systems in the Central Val- 
ley from where it was historically re- 
corded. We consider many of the 



remaining populations at risk since 
over half of the localities are within 
areas projected to be flooded by res- 
ervoirs proposed for the Coast Range 
slope of the Central Valley (Wernette 
et al. 1980; C. J. Brown, Jr., pers. 
comrn.). Populations at an additional 
10 localities are at an unknown, but 
probably high level of risk. Although 
these additional localities will not be 
flooded by the proposed reservoirs, 
flooding will isolate the frogs present 
in small ( 4 0  km2) drainage basins 
upstream of the reservoirs. We lack 
data on how isolation in very small 
drainage basins may increase the 
probability of extinction (see Fritz 
1979), but the only four localities iso- 
lated by reservoirs for which data 
exist now lack red-legged frogs 
(Hayes, unpubl. data). California 
red-legged frogs were recorded at 
each of the latter sites up to 20 years 
ago, between one and five years after 
flooding of the adjacent reservoir 
had taken place. Comparable data on 
the decline of R. boylii in the Central 
Valley are lacking, but observations 
by experienced workers indicate that 
R. boylii no longer occurs at many 
localities in the Central Valley drain- 
age basin where it was historically 
recorded (Moyle 1973; R. Hansen, D. 
Holland, S. Sweet, D. Wake, pers. 
comm.; Jennings, unpubl. data). 

Modal habitat requirements for 
both frog species suggested by exist- 
ing data should be given special at- 
tention in any management attempt. 
Since our comments here are based 
on data for both species in the Cen- 
tral Valley of California, attempts to 
apply the management recommenda- 
tions we make to other areas within 
the geographic range of each species 
should be done cautiously. We can- 
not overemphasize that preservation 
of what appears to be the preferred 
(modal) habitat condition for either 
species should be stressed where it is 
ambiguous whether restriction is due 
either to the negative impact of the 
introduced aquatic macrofauna, or to 
intrinsic mechanical or physiological 
limitations. Preservation of non-mo- 

dal habitat is not only likely to incur 
a greater cost to ensure frog survival, 
but more importantly, it may still not 
allow survival if the worst-case sce- 
nario (restriction of habitat by the 
introduced aquatic macrofauna) is 
true. 

The modal habitat features of R. a. 
draytonii and R. boylii are similar in 
two ways. First, the aquatic habitat 
of each has some shading. Yet, shad- 
ing associated with California red- 
legged frogs differs because of the 
apparently crucial aspect of having 
dense vegetation at or near water 
level. We lack details on just how the 
streams Moyle (1973) sampled were 
shaded, but knowledge of some of 
the species providing shade suggests 
that a higher overstory was typical. 
Rana a. draytonii will always be at 
greater risk than R. boylii where al- 
teration of riparian vegetation is a 
problem simply because of its shade 
requirement; even altered stream en- 
vironments may retain some shad- 
ing, but a lesser probability will al- 
ways exist that the shading that re- 
mains will have the structure needed 
by R. a. draytonii. Second, each spe- 
cies occurs most frequently in the ab- 
sence of any aquatic macrofauna, 
and both species have probably expe- 
rienced some habitat restriction due 
to introduced aquatic predators. 
Only one small native minnow co- 
occurs at over one-third the sites 
where each frog species was re- 
corded, and even that species was 
not positively correlated with frog 
abundance. For R. a. draytonii, the 
data are reasonably convincing that 
restriction has occurred away from 
perennial aquatic sites, For R, boylii, 
data do not clearly indicate habitat 
restriction. Still, the fact that R. boylii 
was found at fewer intermittent sites 
leads us to believe that if habitat re- 
striction has taken place, it has oc- 
curred away from intermittent 
aquatic sites. We reason that since 
riffles disappear seasonally in inter- 
mittent streams, such streams lack 
the condition found in perennial 
streams that may be an advantage if 

riffle habitat is a refuge, i.e., that per- 
ennial streams have riffle habitat 
year-round. 

Our analysis indicates that at- 
tempts at management of these two 
frogs should address at least three 
other habitat variables: water depth, 
stream morphology, and substrate 
type. Ram boylii appears to require a 
shallow water depth of ~ 0 . 6  m, 
whereas R. a. draytonii seems to re- 
quire some water -0.7 m deep. Data 
on stream morphology and substrate 
type, which were recorded only for 
R. boylii, suggest that both of a per- 
centage of riffle area and at least 
cobble-sized substrate of greater than 
40% best suit this species. Parallel 
data for R. a. draytonii are lacking, 
but since data on other habitat para- 
meters measured for R. a. draytonii 
are largely "reciprocals" of the corre- 
lates of riffle habitat associated with 
R, boylii, we anticipate that some re- 
lationship to the more lentic water 
stream morphology categories (i.e., 
pools and runs) and their associated 
finer substrate categories (i.e., silt 
and sand) will be demonstrated for 
R. a. drayfonii. 

Experiments may ultimately iden- 
tify the introduced aquatic predators 
likely responsible for the declines of 
these frogs, but management based 
on current knowledge should ad- 
dress no less than the worst-case sce- 
nario; i.e., that any member of the 
introduced aquatic macrofauna pres- 
ents a risk to the survival of popula- 
tions of R. a. draytonii and R. boylii. 
Thus, the sound management deci- 
sion is to implement measures that 
will maximize the degree of isolation 
between existing populations of each 
frog species and any members of the 
introduced aquatic macrofauna. Just 
how isolation should be maintained 
will vary depending on the site con- 
sidered, but some general sugges- 
tions can be made. First, passive 
measures promoting isolation are 
preferable because they are less 
costly and are less likely to affect 
non-target species. Simply avoiding 
habitat modification where the mo- 



dal habitat features for each frog spe- 
cies already exist is a passive meas- 
ure that will provide some degree of 
within-habitat isolation since mem- 
bers of the introduced aquatic 
macrofauna show little overlap in 
their habitat requirements with each 
frog. Yet, populations of either frog 
species currently coexisting in a habi- 
tat mosaic with members of the in- 
troduced aquatic macrofauna may 
still be doomed. This possibility 
leads us to suggest that most efforts 
at management should be spent on 
frog populations at sites that cur- 
rently lack introduced aquatic preda- 
tors. We consider protection of the 
entire hydrographic basins of drain- 
age systems tributaries (see methods 
for definition) an important part of 
such management attempts because 
intrusion by introduced aquatic 
predators is probably most easily 
controlled if the only natural access 
route is via upstream movement. To 
our knowledge, no locality within the 
Central Valley drainage area having 
an extant California red-legged frog 
population has its entire hydro- 
graphic basin protected. Moreover, 
only two California red-legged frog 
populations within this area occur at 
sites where the habitat is currently 
offered some protection. Second, iso- 
lation strategies may differ depend- 
ing on whether proximate popula- 
tions of introduced aquatic predators 
are bullfrogs or fishes or both. Apart 
from being physically transported, 
fishes are effectively prevented from 
moving upstream by a barrier (see 
Hayes and Jennings 1986), whereas 
bullfrogs, capable of overland move- 
ment under wet conditions (Hayes 
and Warner 1985), are less likely to 
be barrier-limited. We indicated ear- 
lier that creation of small impound- 
ments may enhance the ability of R. 
a. draytonii to establish at certain sites 
through the creation of features 
found in its habitat, but attention to 
the positioning of such impound- 
ments is an equally important con- 
sideration. If impoundments are 
close enough that bullfrogs reach 

them from an adjacent source popu- 
lation, such sites can also act as local 
refuges at which new bullfrog popu- 
lations can become established, and 
can serve as new focal points from 
which to disperse. Moreover, new 
impoundments probably favor the 
establishment of bullfrogs simply be- 
cause their unvegetated condition 
more closely matches the habitat re- 
corded for bullfrogs (Moyle 1973). 
These arguments simply indicate that 
particular attention should be given 
to avoiding the creation of "step- 
ping-stone" pathways, i.e., provision 
of access into currently isolated 
drainages by the positioning of im- 
poundments that permit introduced 
predators, like bullfrogs, to encroach 
progressively by dispersal. 

The limits of our analysis indicate 
that significant aspects of habitat 
variation for both frog species re- 
main to be understood. In particular, 
an understanding is needed as to 
how key variables influence repro- 
duction and refuge sites. Although 
available data on oviposition pat- 
terns suggest a link between R. a. 
draytonii and the presence of emer- 
gent vegetation (Hayes and 
Miyamoto 1984), and R. boylii and a 
rocky substrate (Fitch 1936,1938; 
Storer 1925; Zweifel 1955), it is un- 
clear for either species to what de- 
gree the substrate can vary before 
oviposition may be prevented and 
also how aspects of reproduction be- 
sides oviposition may be linked to 
habitat variation. Perhaps the most 
crucial gap is a lack of understanding 
of what aspects of habitat variation 
are related to frog refuge sites, in- 
cluding the often temporary refuges 
used as an escape from predators as 
well as those refuges used during the 
season of inactivity. The former type 
of refuge site may be related to the 
deep-water and dense vegetation 
habitat associated with R. a. draytonii, 
and the riffle habitat associated with 
R. boylii, but what aspects of those 
habitat features really comprise the 
refuge and to what degree they may 
vary before they are no longer a ref- 

uge is unknown. A understanding of 
the latter is pivotal to the identifica- 
tion of predator-induced habitat re- 
striction. Most importantly, an 
understanding of how reproduction 
and refuge sites are related to habitat 
variation for these two frogs is essen- 
tial if management is to ever be re- 
fined to a level where habitat vari- 
ables, either individually or in con- 
cert, may be manipulated. Finally, if 
habitat manipulations are attempted,, 
they will have to be implemented 
with caution in aquatic system 
where both R. a. draytonii and R. 
buylii co-occur; differences in habitat 
characteristics between each species 
suggest that whatever way one or 
more of several habitat variables are 
manipulated, they will probably re- 
sult in a tradeoff between habitat 
losses and habitat gains for R. a. dray- 
tonii versus R. boylii. 

In summary, habitat analysis for 
the two ranid frogs, R. a. draytonii 
and R. boylii, indicates that each spe- 
cies is most frequently associated 
with discernibly different aquatic 
habitats, the former with densely 
vegetated, deep water and the latter 
with rocky, shallow-water riffles in 
streams. The species are similar in 
that they infrequently co-occur with 
any aquatic vertebrates, especially 
the introduced aquatic macrofauna. 
Low levels of co-occurrence between 
frogs and the introduced aquatic 
macrofauna have two confounded 
explanations: I )  preferential use ~f 
different habitats between the intro- 
duced aquatic macrofauna and frogs, 
and 2) habitat restriction because 
frogs and their life stages are preyed 
upon by the introduced aquatic 
macrofauna. However, even though 
it is presently impossible to identify 
the responsible predator, temporal 
data strongly suggest that R. a. dray- 
tonii has been restricted by same in- 
troduced aquatic predator and the 
same possibility cannot be excluded 
for R. boylii. For both species, a man- 
agement scheme is necessary to avert 
existing trends of decline, and ulti- 
mately, extinction. A management 



scheme that minimizes the risk of ex- 
tinction based on current data must 
address the worst-case scenario 
among the alternatives implicated in 
limiting frog distributions. To ad- 
dress anything less increases the risk 
of extinction if that alternative is 
true. Since that alternative is habitat 
restriction by an introduced aquatic 
macrofauna, management should 
strive to isolate both frog species 
from the introduced aquatic macro- 
fauna. Moreover, available data indi- 
cate that preservation of modal con- 
ditions for habitat variables identi- 
fied as associated with each species is 
a suitable interim strategy, since it is 
more likely to promote isolation. Sig- 
nificant refinements of this manage- 
ment scheme will require a thorough 
understanding of how habitat vari- 
ables associated with each frog spe- 
cies are linked to their refuge re- 
quirements and their reproductive 
patterns. 
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