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TRICHOPTERA AND OTHER MACROINVERTEBRATES IN SPRINGS
OF THE GREAT BASIN: SPECIES COMPOSITION,
RICHNESS, AND DISTRIBUTION
Marilyn J. Myers1,2 and Vincent H. Resh1
ABSTRACT.—Detailed surveys of aquatic invertebrates in 28 springs along the western border of the Great Basin
were made using pan traps, emergence traps, black lights, and benthic sampling devices from 1994 to 1998. Although all
macroinvertebrate groups were collected, caddisflies (Insecta: Trichoptera) were sampled most intensively. Fifty-eight
species of caddisflies were collected from the 28 springs, with up to 18 species from a single spring. Although several
springs had very similar physicochemical characteristics, none had identical trichopteran species composition. Using
Ward’s minimum variance clustering technique, and with all macroinvertebrates identified to the lowest possible level,
we found 3 taxa assemblages. These assemblages occurred in springs with the following physical conditions: (1) warm
water (15.9°C), low elevation (1794 m); (2) cold water (8.5°C), mid-elevation (2334 m); and (3) cold water (6.6°C), high
elevation (1794 m). Although the warm water group had a distinct assemblage of invertebrates (amphipods, gastropods,
Trichoptera), distinct assemblages did not separate the 2 cold water groups. Discriminant analysis indicated that temperature, conductivity, alkalinity, and elevation were most responsible for discriminating group 1 from groups 2 and 3;
temperature and elevation distinguished the latter 2 groups. Spring permanence, lack of disturbance, and cold water
temperatures were the factors most responsible for explaining higher species richness of Trichoptera.
Key words: desert springs, endemic species, caddisflies, amphipods, Plecoptera.

were published (e.g., Bruns and Minckley 1980,
Meffe and Marsh 1983). Not until the last
decade has research interest on desert springs
been renewed (e.g., Cushing and Gaines 1989,
Gaines et al. 1989, Shepard 1992, Hovingh
1993, Cushing 1996, Larsen and Olson 1997,
Shepard and Threloff 1997, Thomas et al. 1997).
Little research has been directed specifically at Trichoptera in desert springs with the
exception of the work by Colburn (1984), who
examined the life history of Limnephilus
assimilis in Death Valley. Erman and Erman
(1990) did extensive work on Trichoptera in
springs of the Sierra Nevada, many of which
are located on the east side of the range and
are on the western border of the Great Basin.
Faunal surveys of springs in the Great Basin
conducted for land management agencies
(Herbst 1992, 1996, Sada and Nachlinger
1996, 1998) have included Trichoptera in their
collections. However, these surveys usually
consisted of one visit to a site and were limited to benthic collections. So, while useful,
they usually provide only generic level identifications and are incomplete inventories of the
caddisflies. Trichoptera also were collected in

From both evolutionary and ecological perspectives, springs are noteworthy habitats for
study (Hynes 1970, Odum 1971, Glazier 1998,
Williams and Williams 1998). Desert springs
in particular are especially important scientifically because they form a specialized subset of
springs characterized by the following properties: (1) they are often the only source of water
available, which makes them critical habitat
not only for aquatic fauna but also for amphibians, birds, and mammals; (2) the aquatic habitat
is an isolated patch and is not interconnected
in a network to downstream aquatic habitats
as are most temperate headwater streams; and
(3) many springs and spring streams were connected during the Pleistocene so that the effect
of natural habitat fragmentation on population
distributions, population genetics, and speciation that occurred over time can be observed.
Studies on desert springs in North America
began with the research of Brues (1928, 1932)
on invertebrates of hot springs, La Rivers (1948,
1950, 1953) on Hemiptera of the Great Basin,
and Noel (1954) on the ecology of a New Mexico
spring brook. For the next 4 decades, few articles on aquatic invertebrates in desert springs
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the work of Gaines et al. (1989) and Anderson
and Anderson (1995) in desert springs of Washington and Oregon, respectively, but these
studies also relied on benthic collections.
This research examined the aquatic invertebrate communities of desert springs on the
western border of the Great Basin. The objectives were (1) to document the trichopteran
species composition of the springs in this area;
(2) to determine if distinct Trichoptera assemblages were present in relation to physical
habitat conditions; (3) to determine if other
selected invertebrates showed the same pattern as Trichoptera; and (4) to determine what
physical factors are important in determining
species richness at a site.
METHODS
Study Area
Located in the rain shadow of the Sierra
Nevada range, the Great Basin receives limited precipitation and is the largest desert
region in the United States (Rumney 1987).
Estimated annual precipitation over the entire
region averages about 27.9 cm (Eakin et al.
1976), with about 10–15 cm of rain occurring
in the basins and 40–150 cm of snow in the
mountain ranges. Most precipitation falls from
November through March and is associated
with cyclonic fronts. However, thunderstorms
in the summer can produce intense downpours in localized areas. Evaporation greatly
exceeds precipitation in the Great Basin. For
example, in Reno, Nevada, annual precipitation averages 17.8 cm, but the evaporation
rate equals 61 cm, creating a 44-cm deficit
(Planert and Williams 1995). Streams within
the Great Basin are endorheic; i.e., they terminate by infiltrating back into the groundwater
through evaporation or by flowing into an
inland (often saline) lake.
We visited and sampled 170 springs over a
5-year period. Of these, we used the results
from 28 (Table 1) in the analysis of spring
assemblages and Trichoptera species richness.
These 28 springs were visited repeatedly, and
multiple collection techniques were used to
assure as complete a sampling effort as possible. These springs were selected because they
were reasonably accessible, equipment could
be left at the site, and the habitat appeared to
be undisturbed. Springs that were not used
were too inaccessible to sample regularly, were
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dry or clearly temporary, were so disturbed
from grazing activities that few invertebrates
remained, had been impacted severely by
water diversion or recreational activities, or
were hot springs (temperatures >40°C).
Physical-Chemical
Measurements
All physical and chemical measurements
were taken at the spring source unless the
riparian vegetation was so impenetrable that
access to the source was impossible. This situation occurred at 3 springs (Marble Canyon
hillside, Graham Ranch, Barrel), and measurements for these springs were made at access
points some distance (50–200 m) below the
source. Water temperature and conductivity
were measured using a Hach portable meter
(model 44600), pH with an Oakton pHTestr2,
dissolved oxygen using a YSI portable meter
(model 55), and alkalinity and hardness with
digital titration using a Hach DREL/2000
portable laboratory. Water temperature, conductivity, and dissolved oxygen were measured
each time we visited the spring. Alkalinity and
hardness, which are highly correlated with
conductivity, were measured less frequently.
Using a tape measure, we measured width
(±5 cm) approximately every 10 m from the
source downstream 50–200 m. At the location
of the width measurement, depth was measured to the nearest cm either 3 or 4 times at
equidistant points across the stream using a
metal meter stick. Length of the spring was
measured directly with a hip chain. Discharge
was measured using one of several methods:
direct capture of flow into a container of
known volume (for springs that exited from a
pipe source); capture of the flow into a large,
heavy-duty plastic bag that was then emptied
into a calibrated bucket (for flows between 0.5
and 7 L ⋅ s–1); a portable flume (useful when
substrate was soft and channel was not filled
with riparian vegetation); or a pygmy flow meter
and the velocity-area method for the largest
springs. Discharge was measured several times
at each spring.
Biological Sampling
Benthic sampling was accomplished through
a variety of methods, depending on the site
and conditions. A primary consideration was
to minimize disturbance to the habitat, especially in the case of small springs. Samplers

Alpers Canyon
Antelope Spring (DS)
Baxter Canyon
Barrel Spring
Black Canyon
Boulder Spring
Cave Fork
Corral
Dry Creek (east source)
East Fork (west source)
Glass Mountain 1
Glass Mountain 2
Graham Ranch
Green Monster (1)
Joe’s Spring
Layton Spring
Marble Canyon 1
Marble Canyon hillside
Montenegro
Middle Trib to North Cyn
N Fork Crooked Cr 3
Owen’s Gorge
River Springs
Sawmill Meadow
South Fork Cottonwood
Taylor Canyon 1st source
Taylor Canyon 2nd source
Taylor Canyon 4th source

AlC
AnS4
BaC1
BaS1
BlC1
BoS1
CaF
Cor
DCE
EaF
GM1
GM2
Gra
GrM1
JoS
LS1
MaC
MaChil
Mon1
MTN1
NFC3
OwG1
RivS
SaM
SoF
TaC1
TaC2
TaC4

13
6
10
10
6
5
5
9
17
14
14
14
10
19
6
9
7
6
6
10
5
6
4
6
9
15
11
10

#a

103
490
129
401
284
96
128
384
57
103
67
83
547
207
470
311
570
526
385
104
217
275
171
51
315
71
71
72

Conductivity
(µS ⋅ cm–1)
8.7
16.5
11.5
14.2
10.1
6.3
6.3
18.2
6
9.3
5.1
5
17
5.8
15.3
21.3
12
12.8
12.8
9.3
5.8
15
16.2
5
9.5
7.6
7.6
7.9

Temp
(C)
4.8
4.4
2.1
6.8
5.7
3.3
3.2
2
7.4
4.1
7.5
7.5
7.5
6.4
3.4
2.5
4.8
6.4
5.8
3.5
4.3
4.6
2.8
4.6
5.7
7.2
7.2
7.2

Dissolved
oxygen
(mg ⋅ L–1)

a# = species richness of Trichoptera.
b1= open meadow, 2 = mid-story present, 3 = mid- and overstory riparian vegetation present.
c1 = spring stream flows into another stream, 2 = spring flows into ground.

Spring full name

Spring
code
7.1
7.8
8.5
8.4
7.8
7
8
8.4
7
7.6
7.7
7.4
8.6
7.5
7.7
8.4
7.6
7.5
7.7
7.6
7.7
7.5
8.4
6.7
7.1
8.2
7.9
8.1

pH
46
140
38
156
102
32
38
124
19
29
26
31
125
44
134
95
162
165
124
30
70
74
60
16
103
26
27
26

Alkalinity
(mg ⋅ L–1)
45
238
38
198
135
33
43
82
7
30
15
25
211
79
216
39
253
221
187
32
90
76
29
5
145
15
16
16

Hardness
(mg ⋅ L–1)
2.5
2.3
6
6.9
6.1
0.3
4.7
5.2
1.5
3.5
12
1.5
6
12
7
80
0.7
2
1.2
2
5
30
4
0.1
60
11
9
5

Q
(L ⋅ s–1)

TABLE 1. Physical-chemical characteristics of 28 springs from eastern Inyo and Mono counties, California.

2226
1707
2341
1402
2561
3049
3049
1512
2366
2439
2732
2732
1402
2439
1830
2073
2050
2040
2165
2439
3018
1829
1976
2805
2878
2268
2268
2256

Elev
(m)
82
108
92
61
125
32
48
391
97
136
52
58
117
103
62
123
29
300
220
107
50
228
100
31
142
82
183
99

Mean
width
(cm)
6.8
2.4
4.3
1.9
3.4
2.2
6.0
3.4
6.7
3.9
7.9
3.8
3.9
5.3
4.5
16.9
1.7
5.5
4.4
2.5
17.0
10.8
12.0
1.4
19.3
8.8
4.6
3.5

Mean
depth
(cm)
11
7
10
4
7
9
16
9
11
8
15
7
11
10
11
28
6
10
17
7
25
19
17
2.5
30
20
10
8

Max
depth
(cm)
1600
765
40
800
2200
180
105
800
85
185
300
165
2500
150
260
500
50
250
140
75
135
170
1500
40
325
300
130
10

Length
(m)
3
3
2
3
2
1
1
1
3
3
1
1
3
3
3
1
1
2
2
3
1
2
1
3
1
3
3
3

Vegb
2
2
1
2
2
1
1
2
1
1
1
1
2
2
2
1
2
2
2
1
1
1
2
2
1
1
1
1

Conc

37°46 17
37°20 05
37°52 56
36°53 20
37°21 50
37°29 08
37°30 06
37°16 30
37°50 37
37°51 06
37°46 17
37°46 17
37°11 25
37°44 54
37°21 24
37°38 08
37°17 40
37°17 40
37°17 40
37°51 38
37°30 00
37°33 06
37°56 21
37°46 36
37°31 56
37°49 55
37°49 55
37°50 00

Latitude
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typically used to collect aquatic invertebrates
(Surber sampler, Hess sampler, D-frame net)
were used infrequently and only in the largest
of the spring systems. The overall small size of
the springs, insufficient flow over the lip of
the sampling device to carry the invertebrates
into the collecting bag, or a thick growth of
macrophytes (Nasturtium or Mimulus) all limited the use of conventional sampling devices.
Because no single quantitative benthic sampling technique could be applied evenly across
all spring types, we used a combination of
techniques to document the benthic invertebrates: (1) hand-picking invertebrates from leaf
packs, off rocks, or from aquatic vegetation;
(2) inserting a 4-inch- (10.2-cm-) diameter PVC
pipe into the substrate to a depth of 3–5 cm,
from which we scooped out the substrate into
a D-frame net; (3) using an aquarium net (25 ×
18-cm frame) to take a miniature kick sample;
and (4) scooping substrate directly into a Dframe net, rinsing it, and bagging it. Samples
were usually taken within 20 m of the source
except where the source was inaccessible (as
noted above), when the total length of the
spring was <200 m, or when the flow was so
great (i.e., Layton Spring, South Fork Cottonwood) that the temperature was constant for a
greater distance downstream. All samples
were preserved in 70% ethanol. Invertebrates
were picked from the substrate in the laboratory using a dissecting microscope.
To catch adult insects, we used black lights,
pan traps, and emergence traps (Myers and
Resh 1999). In addition, we used a D-frame
net to capture adult insects from beneath
undercut banks (Myers and Resh 2000), used
a sweep net, and caught them by hand. Larvae
and pupae of caddisflies were brought back to
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the lab alive, to rear out adults when needed
for species-level identification.
All invertebrates were identified to the lowest taxonomic level possible. Most specimens
are deposited in the Essig Museum of Entomology, UC Berkeley, but specimens of some
Plecoptera are at the Monte L. Bean Museum
at Provo, Utah.
Data Analysis
Physical characteristics of the springs were
summarized and the correlation among the
variables was calculated. Presence/absence of
141 taxa at 28 sites was used in a Ward’s minimum variance clustering technique (Euclidian
distance) to determine if there were distinct
assemblages of invertebrates. The same technique was applied to caddisflies alone to determine if the same assemblage patterns were
present in this group. To determine which
physical factors were important in distinguishing among the groups, discriminant analysis
was used. Multiple regression was used to
determine which physical factors were most
responsible for caddisfly species richness at
the springs. When multiple spring sources
joined downstream (i.e., Taylor Canyon), data
from only one source were used in the regression analysis. For the discriminant analysis
and multiple regression, physical factors were
transformed (log10) to normalize the variables.
RESULTS
Physical-Chemical
Characteristics
Among the physical and chemical characteristics of the springs (Table 1), conductivity,
alkalinity, and hardness were highly, positively

TABLE 2. Correlation of physical and chemical characteristics at 28 springs. Q = discharge, DO = dissolved oxygen.

Conductivity
Water temp
DO
pH
Alkalinity
Hardness
Discharge
Elevation
Mean width
Mean depth
Max depth
Length

Cond

Temp

DO

pH

—
0.74
–0.10
0.29
0.96
0.93
0.15
–0.64
0.44
0.02
0.04
0.39

—
–0.42
0.56
0.72
0.53
0.37
–0.79
0.48
0.13
0.14
0.42

—
–0.12
–0.10
0.04
–0.14
–0.01
–0.10
–0.12
–0.08
0.04

—
0.28
0.14
0.10
–0.55
0.19
0.02
0.13
0.33

Alkalinity Hard

—
0.92
0.15
–0.62
0.45
0.03
0.03
0.38

—
–0.01
–0.51
0.27
–0.08
–0.06
0.35

Q

Elev

Width

Depth

Max

Length

—
0.00
0.09
0.73
0.71
–0.05

—
–0.47
0.21
0.19
–0.42

—
0.00
0.05
0.05

—
0.91
–0.04

—
–0.10

—
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correlated (Table 2), and temperature and elevation were inversely correlated. Springs at
lower elevations had higher temperatures and
higher conductivities. The pH was circumneutral and varied within a relatively narrow
range (6.7–8.6). Discharge was highly variable
among springs and ranged from <1 L ⋅ s–1 to
about 80 L ⋅ s–1. Alkalinity at a site varied
more than hardness, but this was probably
more a reflection of the test (i.e, judging a tritation endpoint) than true variability. A comparison of alkalinity and conductivity between
the springs of this study and those of Erman
and Erman (1990) and Glazier and Gooch
(1987) indicates 3 distinct regression lines
(Fig. 1).
Biological Characteristics
INVERTEBRATE ASSEMBLAGES AND DISTRIBUTIONS.—We collected, counted, and identified
76,683 invertebrates. Of these, 29,019 (38%)
were caddisflies. Approximately 90 taxa (excluding Trichoptera) were identified from the
springs (Table 3). Because only Plecoptera and
elmid beetles were identified to species level,
the actual number of species present in the
springs is much higher. In addition, because
we focused our collection efforts on Trichoptera, no other groups were collected as intensively, and therefore collections for taxa other
than Trichoptera are most certainly incomplete.
Using Ward’s minimum variance clustering
technique and identifying all macroinvertebrates to the lowest possible level, we found 3
taxa assemblages. These can be distinguished
as warm, low elevation (group 1); cold, midelevation (group 2); and cold, high elevation
(group 3; Fig. 2). Discriminant analysis indicated that water temperature, conductivity,
alkalinity, and elevation were the physical factors most responsible for group discrimination. All 4 factors were significantly different
between group 1 and groups 2 and 3 (Table 4).
Groups 2 and 3 were significantly different
from each other only in water temperature
and elevation (Table 4).
Group 1 (warm, low elevation) springs were
distinguished from the cold springs (groups 2
and 3) by several invertebrate groups. Amphipods (Gammarus or Hyallela) and gastropods
(hydrobiid and physid snails) were 2 of the
most dominant groups in warm springs but
were usually absent from cold springs. Warm

Fig. 1. Comparison of alkalinity and conductivity measurements for springs from 3 locations: X = eastern Inyo
and Mono counties, California (this study);  = eastern
Sierra (Erman and Erman 1990); Y = Pennsylvania
(Glazier and Gooch 1987).

springs were also characterized by several
commonly occurring caddisflies (next section),
while Rhyacophila occurred only in cold
springs. Other groups of insects that had representatives in either group 1 or groups 2 and
3 were Coleoptera and Plecoptera. The elmid
Heterlimnius occurred in cold springs, whereas
Optioservus divergens was found in several
warm springs. Microcylloepus was only in the
warmest spring surveyed, Layton Spring (21°C).
While the majority of Plecoptera were found
in springs of groups 2 and 3, two species, Isoperla mormona and Malenka biloba, were found
in group 1 springs.
No distinct faunal assemblage distinguished
the various groups of the cold springs. Neighboring springs (that had a fluvial connection)
were more closely related to each other than
to other springs (i.e., the 3 sources in Taylor
Canyon; Fig. 2). Physical characteristics between the groups of cold springs were also
very similar. While warm springs were significantly different from cold springs for several
characteristics (Table 4), the 2 groups of cold
springs were significantly different from each
other in only 2 categories, elevation (2800 m
vs. 2335 m) and temperature (6.6°C vs. 8.5°C).
Because of the lack of faunal distinction, it
appears that these physical differences between
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TABLE 3. Invertebrates collected from springs in the western Great Basin, excluding Trichoptera.
Amphipoda
Hyallela sp.
Stygobromus n. sp.
Gammarus sp.
Gastropoda
Helisoma sp.
Hydrobiidae
Lymnaeidae
Physella sp.
Valvata sp.
Hirudinea
Hydracarina
Nematoda
Nematomorph
Oligochaeta
Pelecypoda
Turbellaria
Insecta
Ephemeroptera
Ameletus sp.
Baetis sp.
Baetidae
Caudatella sp.
Cinygma sp.
Cinygmula sp.
Drunella sp.
Ephemerellidae
Heptageniidae
Ironodes sp.
Paraleptophlebia
Rhithrogena sp.
Serratella sp.
Tricorythodes sp.

Hemiptera
Gerridae
Saldidae
Lepidoptera
Petrophila sp.
Odonata
Cordulegaster sp.
Aeshna sp.
Anax sp.
Argia sp.
Libellulidae
Libellula sp.
Plecoptera
Capnia mono
Doroneuria baumanni
Haploperla chilnualna
Hesperoperla pacifica
Isoperla sp.
Isoperla mormona
Isoperla sordida
Kogotus nonus
Malenka biloba
Malenka californica
Moselia infuscata
Paraleuctra vershina
Suwallia sp.
Sweltsa resima
Yoraperla brevis
Zapada cinctipes
Zapada oregonensis

Coleoptera
Agabetes sp.
Agabinus sp.
Agabus sp.
Ametor sp.
Crenitis sp.
Dytiscidae
Helophorus sp.
Heterlimnius corpulentus
Hydrophilus sp.
Lara sp.
Microcylloepus similis
Narpus concolor
Narpus sp.
Optioservus divergens
Peltodytes sp.
Scirtidae
Tropisternus sp.

Diptera
Antocha sp.
Atrichopogon sp.
Ceratopogonidae
Chelifera sp.
Chironomidae
Culicidae
Dicranota sp.
Dixidae
Empididae
Ephydridae
Forcipomyia sp.
Hexatoma sp.
Holorusia sp.
Limnophora sp.
Meringodixa sp.
Muscidae
Odontomyia sp.
Oreogeton sp.
Pelecorhynchidae
Pericoma sp.
Prinocera sp.
Psychodidae
Ptycopteridae
Simuliidae
Stratiomyidae
Tabanidae
Thaumaleidae
Tipulidae
Tipula sp.

group 2 and group 3 springs do not translate
into meaningful biological differences.
Trichoptera

Fig. 2. Cluster analysis of springs based on presence/
absence data for 141 taxa of benthic macroinvertebrates
using Ward’s minimum variance. Group 1: water temperature = 15.9°C, elevation = 1794 m; group 2: water temperature = 8.5°C, elevation = 2334 m; group 3: water
temperature = 6.6°C, elevation = 2799 m. Spring codes
given in Table 1.

We collected a total of 58 different species
in 14 different families of caddisflies (Table 5).
Four to 18 species were found in a spring.
Several springs had very similar physicochemical characteristics; however, none had identical trichopteran composition. Although Lepidostoma cascadense and Rhyacophila brunnea
were restricted to cold springs, they were collected from the most springs (12 each). Lepidostoma rayneri, L. roafi, and L. unicolor were
also frequently collected (10, 8, and 7 springs,
respectively). Across the region (including all
170 springs surveyed), Hesperophylax designatus was the most commonly encountered
caddisfly. It was found in temporary springs,
springs impacted by grazing, very cold springs
at high elevations, and a few of the warmer
(14°C), low-elevation springs. Of the 28 springs
intensively studied, it was present in 11.
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TABLE 4. Mean and (standard deviation) of physical factors most responsible for distinguishing among the 3 invertebrate assemblages, based on discriminant analysis. Asterisk (*) shows that there were significant differences (P < 0.001)
between the group marked and the other groups.
Conductivity (µS ⋅
Temperature (°C)
Alkalinity (mg ⋅ L–1)
Elevation (m)

cm–1)

Group 1

Group 2

Group 3

396* (118)
15.9* (2.5)
119.7* (33.8)
1793.6* (280)

107 (45)
8.5* (1.7)
33 (8.2)
2334.5* (92)

144 (101)
6.6* (1.9)
48 (34)
2798.9* (232)

TABLE 5. Trichoptera collected from springs in the western portion of the Great Basin.
TRICHOPTERA
Glossosomatidae
Anagapetus chandleri Ross
Glossosma califica Denning
Rhyacophilidae
Rhyacophila brunnea Banks
R. harmstoni Ross
R. oreta Ross
R. pellisa Ross
R. tucula Ross
R. vaccua Milne
R. vao Milne
R. verrula Milne
Hydroptilidae
Hydroptila arctia Ross
H. rono Ross
H. xera Ross
Hydroptila sp.
Ochrotrichia argentea Flint & Blickle
O. arizonica Denning & Blickle
O. lometa (Ross)
Ochrotrichia new species
Oxyethira dualis Morton
Neotrichia okapa Ross
Hydropsychidae
Hydropsyche californica Banks
H. cockerelli Banks
H. occidentalis Banks
H. oslari Banks
Parapsyche almota Ross
P. elsis Milne
Philopotamidae
Wormaldia gabriella (Banks)
Dolophilodes novusamericanus (Ling)
Psychomyiidae
Tinodes provo Ross and Merkley
Apataniidae
Aptania sorex (Ross)
Pedomoecus sierra Ross

Using Ward’s minimum variance clustering
technique and only Trichoptera individuals,
we found the springs of one assemblage
(group 1, warm springs) were identical to the
warm springs group that was formed when all
invertebrates were used (Fig. 3). However, the
cold springs did not clearly break into 2
groups for the Trichoptera as they did for all

Brachycentridae
Micrasema bactro Ross
Helicopsychidae
Helicopsyche borealis (Hagen)
Lepidostomatidae
Lepidostoma cascadense (Milne)
L. castalianum Weaver and Myers
L. cinereum (Banks)
L. ojanum Weaver and Myers
L. rayneri Ross
L. roafi (Milne)
L. unicolor (Banks)
Leptoceridae
Ylodes frontalis (Banks)
Limnephilidae
Chyranda centralis (Banks)
Dicosmoecus pallicornis Banks
Desmona bethula Denning
Ecclisomyia sp.
Ecclisomyia maculosa Banks
Hesperophylax designatus (Walker)
Homophylax adriana Denning
H. nevadensis Banks
Limnephilus acula Ross & Merkley
L. bucketti Denning
L. morrisoni Banks
L. peltus Denning
L. spinatus Banks
Onocosmoecus unicolor Banks
Psychoglypha sp.
Sericostomatidae
Gumaga griseola (McLachlan)
Uenoidae
Neophylax splendens Denning
Oligophlebodes sierra Ross

invertebrates; and the groups that formed
appeared to be more closely associated with
geographic location (Fig. 3). One consistent
characteristic was that Lepidostoma castalianum was found only in the mid-elevation
cold springs and not in the higher, colder
springs. Gumaga griseola, Helicopsyche borealis, Tinodes provo, Lepidostoma ojanum,
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TABLE 6. Results of the multiple regression model that
best explained species richness of Trichoptera at 24
springs. R2 = 0.62, R2 adjusted = 0.54.

Log alkalinity
Log discharge
Log dissolved O2
Elevation

Fig. 3. Cluster analysis of springs based on Trichoptera
alone. Geographic associations among the cold springs are
shown. GM = Glass Mountains, W = White Mountains.
Spring codes given in Table 1.

Ochrotrichia arizonica, and Wormaldia gabriella formed a core group that commonly
occurred in the warm springs. Within the family Hydropsychidae, 1 or more of 4 species of
Hydropsyche occurred in the warm springs
while 1 of 2 species of Parapsyche occurred in
the cold springs.
In the 28 springs examined in this study, multiple regression showed that species richness
of Trichoptera was inversely related to alkalinity and elevation and positively related to discharge and dissolved oxygen (R2 = 0.62; Table
6). However, when discharge and species richness alone were used in the regression, there
was not a significant relationship between them
(F ratio = 1.6, P = 0.21).
DISCUSSION
Physical-Chemical
Results of the physical-chemical analysis of
the Great Basin springs can be compared with
2 other regional studies of springs: Erman and
Erman (1990) in the Sierra Nevada of California and Glazier and Gooch (1987) in Pennsylvania. Unlike the results of Erman and Erman
(1990), who found spring source water to be
fully saturated, dissolved oxygen in the springs
studied in this research varied from as low as
2.0 mg ⋅ L–1 to fully saturated. The dissolved
oxygen in the 20 springs that Glazier and
Gooch studied ranged from a low of 5.3 mg ⋅
L–1 to fully saturated. The 3 studies produced
3 distinct regression lines for the relationship
between alkalinity and conductivity (Fig. 1).
The Sierra Nevada, which is dominated by

F ratio

Prob > F

Relationship

18.4
8.0
8.1
6.2

0.0004
0.011
0.010
0.022

negative
positive
positive
negative

granitic rocks, has springs and streams that
typically have low dissolved solids, which is
reflected in the conductivities (all <185 µS ⋅
cm–1) found by Erman and Erman (1990). In
contrast, the springs Glazier and Gooch (1987)
studied were primarily limestone in origin,
and the conductivities of their springs ranged
much higher (18–380 µS ⋅ cm–1). Springs in
this research had their origins in a variety of
parent materials including granite (Glass Mountains), metamorphics (Black Canyon, White
Mountains), and limestone (Marble Canyon,
White Mountains). The variability in parent
material is reflected in the range of conductivities (51–570 µS ⋅ cm–1) and alkalinities
(16–165 mg ⋅ L–1) recorded.
The pH of the 3 groups of springs also
showed distinct differences; those in Pennsylvania had the lowest mean pH (6.8) and
included individual springs with relatively low
pH values (5.2–5.5). The average pH in the
Sierra Nevada study was 6.9, but no springs
had a pH of less than 6.1. In this research the
average pH of the springs was 7.8, and only
one spring had a pH of less than 7.0. Also the
water temperature of the Sierra Nevada
springs was very cold (mean = 6.3°C; Erman
and Erman 1990), whereas that in Pennsylvania was several degrees warmer (mean =
10.8°C; Glazier and Gooch 1987). In this
research the mean temperature of all springs
was 10.5°C, but mean water temperatures for
the 3 assemblage groups (based on all invertebrates) were 6.6°, 8.5°, and 15.9°C.
Biological Characteristics
INVERTEBRATE ASSEMBLAGES AND DISTRIBUTIONS.—This research focused on caddisflies;
if an equal effort had been made for any other
group, species richness likely would have
been much higher. For example, in a study of
7 springs in Illinois, oligochaetes were found
to be the most diverse taxon (24 species; Webb
et al. 1995). In a recent study at Montezuma

2002]

TRICHOPTERA OF THE GREAT BASIN

Well, Arizona, 10 species of oligochaetes were
found (Wetzel et al. 1999). Diptera were found
to be the most diverse group collected from
springs in semiarid rangeland in Oregon
(Anderson and Anderson 1995), and chironomids are often particularly diverse in springs
(Blackwood et al. 1995, Lindegaard 1995).
As has been observed elsewhere (Hynes
1976), many Plecoptera collected from spring
sources were brachypterous. This was true for
Sweltsa resima (South Fork Cottonwood) and
for Hesperoperla pacifica (Black Canyon). As
reduction in dispersal ability has been related
to permanence of habitats (Hynes 1970, Travis
and Dytham 1999), presence of brachypterous
forms may be an indication that these springs
have been present for a long period of time.
Although some Plecoptera were widespread
and commonly encountered (e.g., Malenka sp.,
S. resima, Yoraperla brevis, Hesperoperla pacifica), many occurred only at one spring and
often only one or a few individuals were collected (e.g., Suwallia sp., Doroneuria baumanni,
Moselia infuscata, Paraleuctra vershina, Isoperla sordida, I. mormona). Plecoptera were
found primarily in the cold springs (groups 2
and 3), but 2 species, Isoperla mormona and
Malenka biloba, were found in the warmer
springs (group 1).
Three different genera of amphipods were
found in the 28 springs: Hyallela, Gammarus,
and Stygobromus. Of the 3 genera, Hyallela
occurred in the most springs and was the only
amphipod found in the Glass Mountains (3
springs). Gammarus was found only in Owens
Valley Gorge spring. It is unknown what factors determine whether Gammarus or Hyallela
will occupy a spring. An undescribed species
of Stygobromus was discovered at 3 sites: Marble Canyon hillside spring, Black Canyon, and
Log Spring in the Sylvania Mountains, Nevada.
At Marble Canyon and Black Canyon, Stygobromus was found in samples taken at or near
the source. At Log Spring they were found in
a patch of watercress directly below a pipe
that was tapping the groundwater. While Marble Canyon and Black Canyon are in reasonably close proximity, and both are on the western slope of the White Mountains, Log Spring
is 45 km to the east. The wide separation between populations indicates either that there
is a viable underground connection between
the populations (e.g., via groundwater) or that
perhaps the species was once more widespread
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and has become isolated as aquatic habitats
have become fragmented. Genetic analysis
could determine the degree of isolation between these populations.
Glazier (1991) argued that peracardians
(amphipods and asselids), molluscs, and triclads dominate in hardwater limestone springs
whereas insects dominate in acidic softwater
springs. If 25 mg ⋅ L–1 CaCO3 is used to represent hardwater (Glazier did not specify a
cutoff point), 27 of 28 springs in the present
survey would be considered hardwater. Twentyseven springs also had a pH of 7.0 or higher,
and so they would not be considered “acidic.”
According to Glazier’s hypothesis, all of these
springs should be dominated by non-insects.
However, only 10 of the springs had amphipods, only 9 had gastropods, asselids were not
found at any of the 28 springs examined, and
turbellarians were ubiquitous. The latter group
is not a good assemblage indicator because of
its widespread distribution. Of the 16 springs
that did not have either amphipods or gastropods, their absence in at least 2 springs can
be explained by disturbance ( Joe’s Spring,
Marble Canyon 1). However, in the remaining
springs there is no obvious explanation for
their absence. It may be that prior disturbance
eliminated populations; however, the presence
of turbellarians, nematodes, and other poorly
dispersing invertebrates in these springs suggests these springs have been permanent and
undisturbed for reasonably long periods of
time. A 2nd explanation is that perhaps the
springs were never colonized by these invertebrates. At any rate, it appears that a generalization about the dominance of non-insects in
hardwater springs is not appropriate for Great
Basin springs, nor was it for those surveyed by
Erman (1998) in the Sierra Nevada or Williams
and Williams (1998) in Canada.
TRICHOPTERA.—The regional trichopteran
fauna of springs has been studied intensively
in 4 locations: Italy (Cianficconi et al. 1998),
Canada (Williams 1991), the Sierra Nevada of
California (Erman and Erman 1990), and now
the western Great Basin (Table 7). In all these
studies the genus Rhyacophila was represented by the most species (14 in Italy, 8 in
each California study, 6 in Canada). In the
same studies the genus Lepidostoma was the
next richest. In the current research 7 species
of Lepidostoma were found; however, 5 species
(L. cascadense, L. roafi, L. cinereum, L. unicolor,
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TABLE 7. Number of trichopteran species found in springs of diverse locations.
Location
Italy
Canada
USA
Sierra Nevada
Great Basin

# of springs surveyed

# of species found

397
25

136
46

21
28

36
58

and L. rayneri) are widespread and not restricted to springs. Only 2 species appear to
be endemic to springs of this area (L. ojanum
and L. castalianum).
Sixteen species of Trichoptera collected in
this research project were also found by
Erman and Erman (1990). Of these 16, they
considered 5 species to be spring specialists
(Hesperophylax designatus, Homophylax nevadensis, Limnephilus peltus, Rhyacophila oreta,
and R. verrula). Hesperophylax designatus,
Chyranda centralis, Rhyacophila brunnea, R.
verrula, and R. vaccua were common to springs
studied in Canada, the Sierra Nevada, and the
Great Basin. Although many of the trichopteran species present in springs can be considered habitat generalists and are found in other
lotic habitats as well, the 4 studies have all discovered undescribed species of caddisflies
(e.g., Weaver and Myers 1998) that are apparently endemic to springs.
In the 28 springs examined in this study,
species richness of Trichoptera was inversely
related to alkalinity and elevation and positively related to discharge and dissolved oxygen. This result is biologically intuitive because
the springs that were at lower elevations had
higher water temperatures and lower dissolved
oxygen levels. Because the source water was
quickly oxygenated by turbulence, it is more
likely that warm temperatures limited species
richness. Springs within the warm group assemblage (group 1) had a lower mean species richness of caddisflies (7.2) than the cold springs
(10.8).
Discharge can be considered an indicator
of “island” size; one nearly universal biological
trait is that larger islands have greater species
richness (MacArthur and Wilson 1967). However, the relationship between species richness and discharge was weak, and many of the
smaller springs were very species rich. Erman
and Erman (1995) found a positive relationship between species richness and alkalinity

Author
Cianficconi et al. 1998
Williams 1991
Erman and Erman 1990
Myers and Resh

and concluded that alkalinity is a proxy for
spring permanence. In the springs examined
here, the opposite relationship with alkalinity
was found. It is clear that habitat permanence
is very important to species richness. However, permanence must be evaluated by some
other means in this region.
The mean number of caddisfly species per
spring in the Sierra Nevada (8.7) was similar
to that in the current study (9.1), but much
higher than that reported by Williams (1991)
in Canada (3.9). However, this is most likely a
reflection of the intensity of sampling effort in
the California studies rather than the result of
true differences in species number. Williams
(1991) made one visit to a site and took only
benthic samples. Sampling in the California
studies involved a variety of methods and
included the collection of adults.
Cluster analysis grouped the Trichoptera
into 3 assemblages (Fig. 3). Group 1, the warm
water group, had several members that
occurred repeatedly in these springs: Gumaga
griseola, Helicopsyche borealis, Tinodes provo,
Lepidostoma ojanum, Ochrotrichia arizonica,
and Wormaldia gabriella. Several different
species of Hydropsyche (H. occidentalis, H.
oslari, H. cockerelli, H. californica) also occurred
in group 1. At some springs 2 different Hydropsyche species coexisted. There was no clear
pattern to the occurrence of Hydropsyche
species in the various springs of group 1,
although H. occidentalis tended to be in the
warmest springs of the group. The genus
Hydropsyche is widespread across California;
the species that occur(s) in a spring may
depend on which species initially colonized
the spring.
Cold springs were characterized by the
presence of Rhyacophila spp. and by the substitution of Parapsyche almota or P. elsis for
Hydropsyche spp. Lepidostoma castalianum
was found only in the mid-elevation cold
springs, but that was one of the few patterns
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discernible. Using different methods, Erman
and Erman (1990) concluded that species
assemblages could not be detected among the
cold springs they surveyed. While warm springs
had a core of species that occurred repeatedly,
cold springs did not have a consistent core
group and fauna of the springs tended to be
very individualistic. Whether the unique species
assemblages are caused by the stochastic
nature of colonization, past disturbances, or
biotic factors such as competition is unknown.
CONCLUSION
Although all macroinvertebrates clustered
into 3 groups, functionally it appears that
there were 2 primary categories: warm and
cold springs. Warm springs were characterized by a core group of caddisflies, hydrobiid
snails, and amphipods. In contrast, cold springs
did not have a consistent core group of species;
one of the most remarkable characteristics of
the fauna was the uniqueness of assemblages
at each spring. Springs that share a common
fluvial connection have more similar faunas
(e.g., GM1/GM2 and the 3 sources at Taylor
Canyon), and, perhaps with an even longer
and more intensive sampling effort, the species
composition would be found to be the same
in these neighboring springs. However, each
spring clearly has its own history, its own
physical and chemical characteristics, and its
own pattern of colonization that creates a
unique assemblage. Unique assemblages of
aquatic invertebrates have been found in other
stable aquatic systems in which the physical
and chemical characteristics among sites are
similar (e.g., Erman and Erman 1990, Death
1995, Death and Winterbourn 1995).
Although there was a positive relationship
between species richness and discharge (a surrogate for “island” size), this relationship was
weak, and some of the smallest springs (e.g.,
Dry Creek and GM2, discharge = 1.5 L ⋅ s–1)
had the most species of caddisflies (17 and 14
species, respectively). This points to the
importance of protecting these small islands of
biodiversity. For example, Montenegro Spring,
which is quite small (Q = 1.2 L ⋅ s–1, length =
140 m), has only 6 species of caddisflies. However, one of these is an endemic species of
Lepidostoma (Weaver and Myers 1998).
Two factors important in species richness
are habitat permanence and stability (Death
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1995, Death and Winterbourn 1995, Erman
and Erman 1995). Although desert springs are
assumed to be stable, constant environments,
they are subjected to both natural (i.e., flooding, drying) and anthropogenic (i.e., water
extraction, mining, livestock grazing) disturbance. It is clear that permanence and stability are critical for species richness in these
springs as well. Disturbed springs have fewer
species (Myers 2000). While it is possible to
detect evidence of past disturbance at some
sites, at others the physical habitat has recovered to the extent that past disturbances are
difficult to discern visually. Past land use can
have long-term effects on invertebrate biodiversity (Harding et al 1998). Unfortunately,
tracking the history of these isolated springs is
not an easy task.
Erman and Erman (1995) found that species
richness is strongly linked with spring permanence and that alkalinity levels are a proxy for
permanence. This relationship between alkalinity and richness (permanence) did not hold
true for this group of springs in the Great Basin.
Presence of nonvagile invertebrates (e.g., snails,
amphipods, flatworms) and species richness
may be better indicators of stable, nondisturbed
springs. Even though springs that appeared to
be in the least disturbed condition were selected
for this research, current and past disturbances
(e.g., livestock grazing) are known to have
occurred in these study sites. This problem is
analogous to the difficulties in finding “reference” streams for impact assessments (Reynoldson et al. 1997). In the desert it is difficult to
find springs that have not been impacted by
mining, water diversion, water extraction,
homesteads, or grazing from nonnative ungulates (livestock, burros, wild horses). The magnitude of these past impacts on current biodiversity of aquatic invertebrates is unknown.
This research provides baseline information
on the current species composition of aquatic
invertebrates of selected springs. The effects
of future disturbances, recoveries, and additional spring faunal inventories can be compared with the results of this survey.
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EFFECT OF SOIL MICROTOPOGRAPHY ON SEED BANK
DISTRIBUTION IN THE SHRUB-STEPPE
Jere A. Boudell1, Steven O. Link2, and Jeffrey R. Johansen3
ABSTRACT.—The relationship between soil surface cryptogamic crusts and seed banks was investigated in the shrubsteppe in the Lower Columbia Basin. Seventy-four percent of the seeds in a disturbed bunchgrass community were
found in crevices bordering cryptogamic crust polygons. In a sagebrush/bunchgrass community, 89% of the seeds were
found in crevices. In a disturbed bunchgrass community, Bromus tectorum seeds were found in both the seed bank and
aboveground vegetation communities. Bromus tectorum seeds were located in the seed bank of a sagebrush/bunchgrass
community, although it had a minor presence in the aboveground community. Seeds of Artemisia tridentata Nutt. were
not found in either the bunchgrass or sagebrush/bunchgrass communities. The high number of seeds found in crevices
bordering the cryptogamic crust suggests that crevices play a role in determining the small-scale distributional pattern
of shrub-steppe plants at the Fitzner-Eberhardt Arid Lands Ecology Reserve.
Key words: cryptogamic crusts, seed banks, shrub-steppe, Bromus tectorum, Artemisia tridentata.

the seed bank. They concluded that compact
diaspores (seeds or fruits) and some diaspores
that are both elongated and compact, which
also weigh less than 3 mg, would persist in the
seed bank. Seeds that are relatively large and
those with appendages tend to become part of
the transient seed bank as burial in the soil is
hindered (Thompson and Grime 1979, Baskin
and Baskin 1999).
There has been little investigation concerning the role of cryptogamic crusts on seed
banks or seedling establishment. In undisturbed
shrub-steppe communities, cryptogamic crusts
are common and are composed of water-stable
surface soil aggregates bound by algae, fungi,
lichens, and mosses (Johansen 1993). St. Clair
et al. (1984) concluded that an intact cryptogamic crust enhances seedling establishment in arid ecosystems in Utah. Others have
found that crusts decrease seedling emergence (Schlatterer and Tisdale 1969). Belnap
(1994) reviewed the potential role of cryptogamic soil crusts in semiarid rangelands, concluding that the presence of intact crusts
enhances seedling establishment compared
with uncrusted areas. In these studies the
relationship between cryptogamic crusts and
seeding establishment was investigated in a
comparative manner with disturbed areas
without crusts. These studies did not attempt

Seed banks and their relationship to plant
population dynamics are crucial to understanding the development of plant communities
of desert ecosystems (Kemp 1989). Seedling
establishment is the primary means of plant
recruitment for many semiarid shrub-steppe
ecosystems of western North America (Young
1988). Seed banks in semiarid and arid ecosystems exhibit a high degree of spatial heterogeneity, often containing a highly clustered
distribution of seeds (Nelson and Chew 1977,
Reichman 1979, Kemp 1989). The litter and
upper 2 cm of soil contain 80–90% of the seeds
present within soil seed banks of these arid
ecosystems (Childs and Goodall 1973, Reichman 1975, Kemp 1989).
Seed banks contain both transient and persistent components. The transient component
contains seeds dispersed during the current
year that will not be viable at the onset of the
2nd growing season (Baskin and Baskin 1999).
Current-year seeds that will be viable at the
onset of the 2nd growing season, as well as
viable seeds dispersed in previous years, are
stored in the persistent component of the seed
bank (Baskin and Baskin 1999). Seed size has
been found to affect dispersal of seeds into the
seed bank (Thompson et al. 1993, Baskin and
Baskin 1999). Thompson et al. (1993) investigated seed size as a predictor of persistence in

1Department of Plant Biology, Arizona State University, Tempe, AZ 85287.
2Biology Program, Washington State University at Tri-Cities, Richland, WA 99352.
3Department of Biology, John Carroll University, Cleveland, OH 44118.
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to determine the role of crevices bordering
crust polygons on seed bank size.
The impact of crusts on penetration of
seeds into the soil, seed residence in seed
banks, and their eventual germination and
establishment are probably dependent on the
nature of the cryptogamic crust. The crusts at
the Fitzner-Eberhardt Arid Lands Ecology
(ALE) Reserve in Washington are typical of
basin soils throughout the Basin and Range
Province, including both the Columbia and
Great basins. Some soils, typically those with a
Montmorillonite clay component, demonstrate
shrink-swell properties, which commonly establish a vesicular crust with a flattened or roughened surface that forms polygonal crusts upon
drying. When the soil is moist, the polygons
are not evident. These are the types of cryptogamic crusts that generally have been shown
to be beneficial to seedling establishment of
some species, such as the perennial grasses
Agropyron elongatum and Elymus junceus and
the annual forb Ranunculus testiculatus (St.
Clair et al. 1984). Crevices in such crusts appear
to facilitate the establishment of Atriplex seedlings, as one of us ( Johansen) has seen on
numerous occasions in the Great Basin. However, vesicular crusts have been reported to
hinder the establishment of Artemisia tridentata (Eckert et al. 1986). Mack and Thompson
(1982) suggested that the destruction of cryptogamic crust in the shrub-steppe, due to
trampling by large ungulates, has created conditions that are favorable for the establishment
of exotic grasses such as Bromus tectorum.
Schlatterer and Tisdale (1969) found that litter
from the moss Tortula inhibited the germination of Agropyron spicatum but had no such
effects on Stipa thurberiana and Sitanion
hystrix. Zaady et al. (1997) demonstrated that
3 disturbance species, Plantago coronopus,
Reboudia pinnata, and Carrichtera annua, were
all inhibited to some extent by intact cryptogamic crusts in Israel.
Cryptogamic crusts of other regions of the
western United States are very different in
their physical properties and likely affect seed
penetration and seedling germination in very
different ways. The pedicled crusts of the Colorado Plateau and canyon country of Colorado, Utah, and northern Arizona and New
Mexico do not form crevices. Rather, they form
an uninterrupted barrier to seeds, although
the microtopography is considerably more
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irregular and may serve to provide lodging
sites for some seeds (see Johansen 1993, Figures 6, 7). Crusts of the Mojave Desert in
southern California and Nevada are thin, lack
both crevices and microtopography, and frequently subtend a desert pavement of coarse
sands and pea gravel. The crusts we have
observed in the Chihuahuan Desert in southern New Mexico are thin and flattened, lack
crevices, and overtop finer soils high in clay.
The crusts illustrated by Fletcher and Martin
(1948, Figure 1) from the Sonoran Desert in
Arizona are thin, flattened, but more consolidated than those of the Mojave and Chihuahuan deserts, and reportedly peel up in dry
weather, providing potential germination sites
for vascular plant seeds, which show considerable diversity in size and morphology. The
complexity of the interactions between vascular plants and cryptogamic crusts appears to
be greater than early workers realized, and
further work is certainly needed before a
coherent picture will be obtained.
There has been very little investigation concerning the role of crevices bordering cryptogamic crust polygons on seed banks. Eckert
et al. (1986) investigated the role of cryptogamic crust characteristics on seedling establishment in shrub-steppe communities in
Nevada and found varying results depending
on crust characteristics. In big sagebrush communities in Nevada, Artemisia tridentata ssp.
wyomingensis (Beetle) was found to have
greater emergence and survival in crevices
and in heavily trampled crusts of smooth crust
(Eckert et al. 1986). Their findings indicate
that crevices bordering cryptogamic polygons
provide a favorable site for the establishment
of seedlings in a shrub-steppe ecosystem.
Johansen (1993) suggests that crevices in dry
algal crusts confer an advantage to seeds that
fall into such cracks by increasing seedling
establishment as noted by McIlvanie (1942).
While establishment experiments have been
performed, there have been no studies on the
relative numbers of seeds in crevices and
under crust surfaces in shrub-steppe communities. If there are significantly more seeds in
crevices than below adjacent crust surfaces,
then increases in establishment in crevices are
likely caused both by increased numbers of
seeds and the favorability of the site.
The purpose of this study was to test the
hypothesis that the number of seeds present
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in crevices is greater than that under crusts.
The number of seeds in crevices was compared to those under crusts in a fire-disturbed
bunchgrass community and in an adjacent less
disturbed sagebrush/bunchgrass community.
An additional comparison was made between
the communities with respect to the seed
banks of Bromus tectorum (cheatgrass), perennial grasses, and forbs.
SITE DESCRIPTION
The study site (46°39′N, 119°54′W, 390
masl) is on the Fitzner-Eberhardt Arid Lands
Ecology (ALE) Reserve at the Hanford Reservation in southeastern Washington (Fig. 1).
Southeastern Washington has cool, wet winters and hot, dry summers. Most of the precipitation occurs in the fall and winter, with an
annual average of 230 mm at the study site
(Thorp and Hinds 1977, Link et al. 1990).
Soils at the study site are a Ritzville Silt Loam
(19.4% sand, 56.6% silt, 23.8% clay) with a pH
of 6.5 ( Johansen et al. 1993). The fine and
coarse clay is dominated by Montmorillonite
that can form an inorganic, mineral crust
(Wildung and Garland 1988). The soil is covered with a cryptogamic crust composed primarily of lichens, mosses, and algae.
The 2 study areas, designated as bunchgrass and sagebrush/bunchgrass sites, abut
each other. Vegetation of the bunchgrass site is
dominated by Pseudoroegneria spicata (bluebunch wheatgrass), Bromus tectorum, Poa sandbergii (Sandberg’s bluegrass), and Crepis atribarba (slender hawksbeard). The sagebrush
site is dominated by Artemisia tridentata Nutt.
(big sagebrush) shrubs and the grasses Pseudoroegneria spicata and Poa sandbergii. Most of
these species disperse their seeds from July
through August except P. sandbergii, which
disperses its seeds from May through June,
and A. tridentata, which disperses from November through December (Rickard and Vaughan
1988).
Cryptogamic crust covers most interspaces
between plants (Figs. 2, 3). In the bunchgrass
site the cryptogamic crust is predominantly
smooth with some rough features present. The
sagebrush/bunchgrass site has both smooth
and roughened polygonal crusts (Figs. 2, 3).
The study sites are identical to the ones used
by Johansen et al. (1993) in their investigation
of the effects of range fire on cryptogamic crusts
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and their recovery. The investigation revealed
that both the unburned and burned study sites
have a very high algal species diversity, with
82 and 74 taxa, respectively ( Johansen et al.
1993). Chlorophytes (green algae) dominated
the algal component of the crust, with Cyanophytes (blue-green algae) also contributing
significantly ( Johansen et al. 1993). The unburned sagebrush/bunchgrass site was found
to have a higher number of Cyanophytes and
Xanthopytes than the burned bunchgrass site
(Johansen et al. 1993).
Several types of disturbances account for
the differences between study sites. Fire eliminated Artemisia tridentata from most of the
study area during August 1984 (Rogers and
Rickard 1988). The soil was mechanically disturbed in places during fire-fighting. Where
A. tridentata previously dominated both sites
before the fire, bunchgrasses now dominate
with islands of A. tridentata intermixed. As a
result of these disturbances, Bromus tectorum
borders and exists in bands in the bunchgrass
and sagebrush/bunchgrass sites. Cattle grazing
has not occurred at ALE since the 1960s.
MATERIALS AND METHODS
The study site is 40 m × 20 m, half of which
is the previously burned bunchgrass community and the other half the unburned big sagebrush/bunchgrass community. We used a random numbers table to select 12 plots (1 m2)
within each community. Within each plot, we
randomly selected a polygon site within the
interspaces between plants by tossing a pen.
Crevices define the boundaries of the crust
polygon. The crust core was also randomly
selected by tossing a pen into the crust polygon. A crevice bordering each crust polygon
was chosen for paired comparisons between
crust center and crust crevice. The section of
the crevice located closest to the crust core
was sampled.
We collected litter and soil samples in 1994
on 7 and 11 July, respectively. Although most
of the common species had dispersed their
seeds, the seeds had not yet germinated. Sampling at this time of year captured both transient and persistent species contained within
the seed banks of the study sites.
The day before the soil samples were extracted, we dampened the soil to help maintain sample integrity. After clearing the soil
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Fig. 1. Map of the Hanford study area.

surface of any potential seed contaminants, we
extracted soil cores using a 2-cm-diameter soil
probe. The core diameter was determined to
be the correct size to capture crust crevice
samples. Four soil cores were taken in each
plot, 2 in the crust and 2 in crevices. Cores
were taken from depths of 0–1 cm and 1–3
cm. Samples were stored in a freezer until we
could process them.
Seeds from each of the litter samples were
tallied and identified separately. Seeds of
species located at the study site were collected
from plants on ALE to aid in identification of
seeds in the seed bank. It was very difficult to
identify some forb and grass species from seed

specimens. However, Bromus tectorum seeds
were easily identified, and grass seeds were
easily distinguished from forb seeds. For data
analysis, we grouped seeds into forb, grass, or
B. tectorum categories. Artemisia tridentata
was the only woody species present on the
study sites. Seed bank samples did not contain
sagebrush seeds; therefore, we did not include
a woody species category. Specimens are stored
at the U.S. Department of Energy’s Hanford
Reservation on ALE.
Seeds were separated from the soil cores
using the extraction method of Malone (1967).
Malone’s solution was prepared for samples
ranging from 100 to 500 g. A salt solution con-
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Fig. 2. Cryptogamic crust at the sagebrush/bunchgrass site.

taining 3.25 g sodium hexametaphosphate,
1.625 g sodium bicarbonate, and 8.125 g magnesium sulphate was used to extract each core
sample 3 times. To extract the heaviest soil
sample (18 g), we found it necessary to use 65
mL of salt solution. After extraction onto filter
paper, seeds were tallied and identified. Partially decomposed seeds were discarded. The
extraction method, tested with known numbers of seeds mixed in soil, recovered 70% of

the seeds. Corrections were not made on the
data collected.
Data were analyzed using an analysis of
variance (ANOVA) model:
Yijklm = Ai + C(i)j + Tk + Dl + ATik + ADil +
CT(i)jk + CD(i)jk + CTD(i)jkl + E(ijkl)m, (1)

where Y is the number of seeds cm–2, A is the
area (sagebrush/bunchgrass, bunchgrass), C is
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Fig. 3. Cryptogamic crust at the bunchgrass site.

crust nested in area, T is treatment (crevice,
crust), D is depth (0, 0–1, 1–3 cm), and E is
error. The surface area of the soil core is 3.14
cm2.
To determine if a significant difference
existed between paired crust and crevice samples, we combined depth data within each plot
and tested the difference between mean numbers of seeds cm–2.
Data were analyzed using JMP version

2.0.2 software (Sall and Hecht 1991). Hypotheses were tested at the α = 0.05 level using
ANOVA and both paired and Student’s t tests.
RESULTS
The full ANOVA model given in equation 1
was tested and insignificant interactions and
main effects eliminated, yielding the reduced
model:
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Yiklm = Ai + Tk + Dl + ADil + E(ikl)m, (2)

described in Table 1. The area, treatment,
depth, and interaction between area and depth
were all significant sources of variation.
With respect to area, 70% of the total seeds
found in both seed bank sites were located in
the burned bunchgrass site. We found an average of 4902 seeds m–2 in the bunchgrass site
and 1799 seeds m–2 in the sagebrush/bunchgrass site. Variability was high, with a range of
0–14 seeds and 0–5 seeds per 6.3 cm2 sampled
in the bunchgrass and sagebrush/bunchgrass
sites, respectively.
We found a significant difference (P =
0.004) in seed density between crevices and
crusts in the sagebrush/bunchgrass site (paired
Student’s t test, Table 2). Eighty-four percent
(27/32) of seeds in the seed bank at the sagebrush/bunchgrass site were found in crevices.
There was not a significant difference (P =
0.09) in seed density between crevices and
crusts in the bunchgrass site (Table 2). Seventy-five percent (56/75) of seeds in the seed
bank at the bunchgrass site were found in
crevices. In the bunchgrass site, variability
was high (sx– = 0.53) compared with that in the
sagebrush/bunchgrass site (sx– = 0.16). This
variability is due to 2 observations in the
bunchgrass data where differences in seed
density between the paired crusts and crevices
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were large. The 2 observations impacted the
outcome of the data analysis considerably, and
we could not detect a significant difference.
The litter and 1st cm of soil contained over
80% of the seeds at both the sagebrush/bunchgrass and bunchgrass sites. The relationship
between depth and seed density is given for
crusts and crevices in the sagebrush/ bunchgrass site and the bunchgrass site in Figures 4
and 5, respectively. There was little effect of
soil depth on seed density in both crusts and
crevices at the sagebrush/bunchgrass site (Fig.
4). However, there was a decrease in seed
density with increasing depth in crevices at
the bunchgrass site, with an average of 0.9
seeds cm–2 in the litter layer, 0.5 seeds cm–2 at
0–1 cm, and 0.1 seeds cm–2 at 1–3 cm in depth
(Fig. 5).
When seeds were grouped into categories
of Bromus tectorum, perennial grasses, and
forbs, we observed significant differences between the bunchgrass and sagebrush/bunchgrass sites. In this analysis seed numbers in
crust and crevice locations were averaged to
provide one value for each of 12 plots in the 2
sites. Seed density of B. tectorum was significantly greater (P = 0.04) in the bunchgrass
site than in the sagebrush/bunchgrass site
(Fig. 6). There was no significant difference (P
= 0.26) in perennial grass seed density
between sites. There were significantly (P =

TABLE 1. Analysis of variance of the effect of area, treatment, depth, and the interaction of area and depth on the number of seeds cm–2.
Source

df

Sum of squares

Mean squares

F ratio

Prob > F

Model
Error
C Total

4
123
127

6.88
36.03
42.92

1.72
0.29

5.88

0.0002

df

Sum of squares

F ratio

Prob

2.84
2.76
1.27
1.40

9.69
9.41
4.33
4.77

0.0023
0.0027
0.0396
0.0308

EFFECTS
Source
Area
Treatment
Depth
Area * Depth

1
1
1
1

TABLE 2. Mean number of seeds cm–2 in paired crevice and crust samples, the mean of the difference between the
two, and the probability of the difference being significant. The error term is 1 standard error of the mean (n = 12).
Area
Bunchgrass
Sagebrush/Bunchgrass

Crevice

Crust

Crevice-Crust

Prob

1.49 ± 0.36
0.72 ± 0.15

0.50 ± 0.34
0.13 ± 0.06

0.98 ± 0.53
0.58 ± 0.16

0.088
0.004
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Fig. 4. Mean seed density as a function of depth under
crust surfaces and in crevices in the sagebrush/bunchgrass
site. Each dot represents 12 samples. Error bars are 1
standard error of the mean.

Fig. 5. Mean seed density as a function of depth under
crust surfaces and in crevices in the bunchgrass site. Each
dot represents 12 samples. Error bars are 1 standard of
the mean.

0.04) more forb seeds in the bunchgrass site
than in the sagebrush/bunchgrass site (Fig. 6).
Most B. tectorum seeds were found in crevices
in both the sagebrush/bunchgrass (88%) and
bunchgrass (84%) sites (Fig. 7). Ninety percent
of perennial grass seeds were found in
crevices in the sagebrush/bunchgrass site;
none were found in crevices in the bunchgrass
site (Fig. 7). At least 65% of forb seeds were
found in crevices in both the sagebrush/bunchgrass and bunchgrass sites (Fig. 7). There were
no Artemisia tridentata seeds in either bunchgrass or sagebrush/bunchgrass site seed banks.
Common vascular plant species and categories
represented in the seed banks of both areas
were B. tectorum, Erigeron species, Poa species,
unknown forbs, and unknown grasses. Achillea
millefolium was common in the bunchgrass
site, but absent in the sagebrush/bunchgrass
site.

some seedlings, including A. tridentata, regularly establish in crevices bordering cryptogamic crust polygons (Eckert et al. 1986,
Harper and Marble 1988, Young 1988). The
patchiness of desert vegetation may be due to
the clumped distribution of seeds (Kemp 1989).
Crevices are partially responsible for the
clumped distribution of seeds in the desert
seed banks at ALE.
The higher quantity of seeds in crevices, as
opposed to the smaller quantity of seeds found
in the seed bank beneath the cryptogamic
crust, could be due to the nature of crusts.
Cryptogamic crust provides little opportunity
for seedling establishment, as the crust can act
as a barrier (Harris et al. 1987, Harper and
Marble 1988). Results of our investigation
support the hypothesis that crevices bordering
cryptogamic crust polygons function as a collection site for seeds.
The majority of seeds found in the seed
bank, regardless of crevice or crust location,
were found within the litter and 1st cm of soil.
This pattern concurs with findings of other
investigations of desert seed banks (Childs
and Goodall 1973, Reichman 1979). The average number of seeds m–2 found in both bunchgrass and sagebrush/bunchgrass sites is lower
than that found in hot deserts, but it is higher
than the average number of seeds m–2 found
in a study conducted in a Great Basin desert

DISCUSSION
One main finding of this study was that
most seeds were found in crevices. The larger
quantity of seeds found in crevices of both
bunchgrass and sagebrush/bunchgrass sites suggests that crevices play a role in determining
the small-scale distributional pattern of desert
vegetation at ALE. Although we found no
Artemisia tridentata seeds in the seed bank,
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Fig. 6. Mean seed density as a function of seed type for
the 2 sites. Error bars are 1 standard error of the mean.
Means with differing letters within each seed type category are significantly different.

Fig. 7. Percent Bromus tectorum, perennial grasses, and
forbs located in crevices at the sagebrush/bunchgrass and
bunchgrass sites.

in Utah (Hassan and West 1986, Leck et al.
1989). Perhaps the lower seed density in the
seed bank is due to fewer numbers of annuals
in Great Basin Desert ecosystems (Kemp 1989).
The seed bank at the burned bunchgrass
site contained a higher quantity of seeds than
the relatively unburned sagebrush/bunchgrass
site. More forb seeds were found in the bunchgrass seed bank, with most seeds located in
crevices. The few perennial grass seeds that
were found in the seed bank were located
under the crust. Bromus tectorum dominated
the bunchgrass seed bank, with over 60% of
the seeds, a common outcome in shrub-steppe
seed bank studies (Young and Evans 1975,
Hassan and West 1986, Crist and MacMahon
1992). This investigation found that the majority of B. tectorum seeds were found within
crevices surrounding cryptogamic crust polygons. Bromus tectorum also had a significant
presence in the aboveground community at
the study site. Fire disturbance of the bunchgrass site could explain the higher quantity of
seeds, and specifically the high abundance of
B. tectorum in the seed bank. The crust is
patchy in this area, allowing opportunistic plants
to establish in the interspaces between crust
patches (Rickard and Vaughan 1988). Seeds
from these plants might find their way into the
seed bank of crusted areas in the bunchgrass
site through zoochory (animal vectors).

Most forb and perennial grass seeds were
located in crevices in the bunchgrass/sagebrush site. Bromus tectorum dominated the
seed bank of the sagebrush/bunchgrass site,
although it had a minor presence in the aboveground community. The dispersal of B. tectorum seeds into the sagebrush/bunchgrass site,
most likely from neighboring bunchgrass communities, may explain the large presence of B.
tectorum in the seed bank of this site. Over
90% of the seeds were found within crevices
surrounding the cryptogamic crust polygons.
This pattern supports the hypothesis that a
well-developed crust could prevent the exotic
B. tectorum from dominating aboveground
shrub-steppe communities (Mack and Thompson 1982). Seeds of B. tectorum have awns and
are slightly elliptical, which are traits that
characterize transient seeds (Thompson and
Grime 1979, Davis 1993, Baskin and Baskin
1999). In field studies B. tectorum seeds have
been found to be short-lived (Mack and Pyke
1983). However, with a source population
nearby and a strong presence in the transient
seed bank, if the sagebrush/bunchgrass site
were to experience a significant disturbance,
destroying the cryptogamic crust, the opportunity would exist for B. tectorum to establish
and eventually dominate the community.
The absence of Artemisia tridentata seed
from the seed banks in both bunchgrass and
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the sagebrush/bunchgrass sites suggest its seeds
are transient in nature (Crist and MacMahon
1992). Hassan and West (1986) also observed
few seeds of A. tridentata in the seed bank
despite the relative high cover of the species
at their study site in Utah. Artemisia tridentata
seeds disperse in December at a time when
the seed bank is virtually devoid of A. tridentata seed (Young 1988). It is possible that A.
tridentata seeds germinated, decomposed, were
eaten, or were killed by fungal pathogens before July when we sampled (Crist and Friese
1993). The lack of A. tridentata seed in the
seed bank may help to explain its slow rate of
reestablishment after fire.
CONCLUSIONS
We found more seeds in crevices than
under crusts. This suggests that the smallscale distributional pattern of desert plants at
ALE is, in part, a function of surface soil/cryptogamic patterns. A well-developed cryptogamic crust with crevices will provide sites for
seeds to collect and may encourage a higher
germination success rate compared with areas
without crevices. Intact, relatively undisturbed
cryptogamic crust may also help prevent the
establishment of Bromus tectorum.
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THREE NATURALLY OCCURRING PENSTEMON HYBRIDS
Paul Wilson1 and Michael Valenzuela1
ABSTRACT.—Three wild Penstemon hybrids are documented herein: Penstemon clevelandii × spectabilis, P. centranthifolius × spectabilis, and P. centranthifolius × eatonii. Each putative hybrid was compared to its respective parental
species using manifold floral and vegetative characters for which the parents differed. For each hybrid hypothesis, characters were counted as being intermediate or not intermediate. There were significantly more intermediate characters
in all 3 cases (one-sided sign tests, P < 0.05). These Penstemon species evidently do hybridize naturally, and for nearly
all characters the hybrids are consistent with the view that the parents differ largely by additive genetic effects.
Key words: character-count method, hybridization, Penstemon.

scatterplots that combine characters before
assessing intermediacy; this does not allow the
reader to judge whether a pattern of morphological intermediacy arose through hybridization (“a reticulate series” sensu Wilson 1992)
or, for instance, through one species giving rise
to a 2nd species that then gave rise to a 3rd
species (“a phyletic series” sensu Wilson 1992).
In the former case the hybrid would be expected to be intermediate in character after
character. In the latter case the intermediate
entity would be expected to resemble the
species that gave rise to it in some characters
and the species that it gave rise to in other
characters. The character-count procedure of
Wilson (1992) provides a statistical method for
assessing the likelihood of hybridity.
The purpose of the present article is to document 3 cases of natural hybridization in the
genus Penstemon (Scrophulariaceae). Penstemon hybrids have often been noted in passing.
Keck (1937) described the case of Penstemon
centranthifolius × spectabilis, also known as P.
× parishii, which we will also analyze. Straw
(1955, 1956b) formulated hypotheses about
the diploid hybrid origins of several Penstemon species. Crosswhite (1965) compiled several reports of other Penstemon hybrids: Penstemon barbatus × virgatus (Keck 1960) was
reported from the north side of the Grand
Canyon; P. barbatus × comarrhenus (Bennet
1959) was collected from Segi Canyon, Arizona; P. barbatus × glaber (Viehmeyer 1958)
was found near Flathead Lake, Montana; and

One would think that hybridization in the
wild should be limited in one way or another.
If interspecific promiscuity were rampant, distinctions between the species involved would
dissolve into continuous variation, and there
would be no basis for recognizing them as distinct. Limited hybridization, nevertheless, is a
widespread phenomenon in some groups of
organisms. Among vascular plants, Rieseberg
(1997) estimated the frequency of hybrid combinations to be about 11%. These hybrids are
highly concentrated taxonomically in certain
families and genera (Ellstrand et al. 1996).
They are especially concentrated among perennials with outcrossing breeding systems (Grant
1981). Although a small amount of hybridization occurs between a great many species, it
should be emphasized that even in groups that
are prone to hybridization, one typically finds
hybrid individuals at rates of one in thousands.
There are, however, 2 types of situations in
which hybrid swarms are more extensive: (1) in
narrow transition zones where 2 species meet
along a steep ecological gradient (e.g., an elevational gradient), and (2) in unusually disturbed sites where species meet that have
been previously kept apart due to differences
in ecology (e.g., in clear cuts).
Reportings of hybrids vary greatly in the
amount of evidence presented for hybridity.
Often no data are given, or only a brief typological description is provided. Furthermore,
when the data are extensive, they are often
summarized as hybrid indices or ordination

1Department of Biology, California State University, Northridge, CA 93110-8303.
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P. barbatus × strictus (Welsh and Erdman
1964) was collected from Mesa Verde, Colorado. In all cases the number of hybrid individuals reported was very modest. The single
case we know of with more extensive hybridization between Penstemon species is where
the high-elevation Penstemon davidsonii meets
various mid-elevation species (P. newberryi, P.
rupicola, P. cardwellii) in many sites near timberline throughout the Sierra Nevada and
Cascade mountain ranges (Clausen et al. 1940,
S. Datwyler unpublished data, P. Wilson and
S. Kimball personal observation).
MATERIALS, METHODS, AND RESULTS
We found the following putative hybrids in
several locales in southern California. There
were only a few individuals found of each type
of hybrid among hundreds of parental individuals.
A. Two individuals of Penstemon clevelandii × spectabilis (Fig. 1A) were found
on rocky outcrops surrounded by chaparral, mixed in a P. clevelandii population, where P. spectabilis inhabit the
roadside nearby (33:35N 116:31W, 4000
m, 6 June 1998, Valenzuela 74).
B. Penstemon centranthifolius × spectabilis
(Fig. 1B) were found in several sites.
Three individuals were located in the
Santa Monica Mountains near Mulholland Highway in a recently burned site
(34:06N 118:42W, 400 m, 27 April 1998,
Wilson 3520). Seven individuals were
found along California State Route 74
in Riverside County, also on a recently
burned hillside (33:37N 116:32W, 4000
m, 6 June 1998, Valenzuela 75).
C. One individual of Penstemon centranthifolius × eatonii (Fig. 1C) was found
growing along a dry wash among a
large population of P. eatonii with a few
scattered P. centranthifolius individuals
near Burns Canyon Road in the San
Bernardino National Forest (34:12N
116:34W, 4500 m, 7 June 1998, Valenzuela 79).
We tested these hypotheses of hybridity
using the character-count procedure of Wilson
(1992). First, for each putative hybrid we listed
vegetative and floral characters by which the
parents differed (Tables 1–3). Up to 50 indi-
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viduals of each parental form were scored, as
were as many hybrids as we found. For quantitative characters we measured several flowers
on the small number of hybrid plants that we
found, which was admittedly an act of pseudoreplication. For all characters the question was
asked, “Is the hybrid intermediate between
the 2 parental extremes?” For each putative
hybrid the number of intermediate characters
was significantly more than the number of
non-intermediate characters (P < 0.05); thus,
we reject the null hypotheses that the pattern
of diversity arose through a series of phyletic
steps. For P. centranthifolius × eatonii, we included differences in the anther morphology
of the parents. Figures 2A–C show how the
hybrid’s anthers open to an intermediate
degree. In addition, the pollen of this intersubgeneric hybrid was poorly developed (Fig.
2D): 42% of 577 grains from the hybrid plant
were smaller than normal and football shaped,
compared to 8% of 310 grains from P. centranthifolius and 0% of 299 grains from P. eatonii.
Notice that by the character-count procedure, one’s sample size is the number of characters, not the number of plants. The number
of plants may affect one’s accuracy in evaluating the characters. For instance, if more hybrids
had been measured, the average for mouth
asymmetry in Table 1 might have been intermediate. On the other hand, maybe it would
have remained non-intermediate. Regardless,
significance is judged based on the number of
characters that are and are not intermediate. A
related concern about the character-count
procedure might be that we judged intermediacy as simply “+” or “–” when clearly error
variance might allow for a sample’s + to belie
a large population’s –. This is justified on the
assumption of the null hypothesis that such
sampling error is likely to give as many +’s as
–’s; the possibility of a false + in one character
is canceled out by the equal possibility of a
false – in another character. On average, such
sampling errors count against the type II error
rate, not the type I error rate. A final assumption of the procedure is that the characters are
free to behave independently as would be the
case if they were mainly determined by separate genetic elements. Although we know nothing about pleiotropy among the characters we
used, we tried to avoid characters that seemed
to be redundant aspects of some more inclusive character. For example, we did not use
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Fig. 1. Putative hybrids and parents: A, Penstemon clevelandii × spectabilis; B, Penstemon centranthifolius ×
spectabilis; C, Penstemon centrathifolius × eatonii (traced from photographs).
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TABLE 1. Count of characters as intermediate (+) or not (–) for hybridity hypothesis A. Means ± standard errors (sample size). L-U = difference between the upper and lower semi-circumferences at the mouth. W/L = anther width/
anther length. L-S = difference in length between a long and a short stamen.
Character
Pedicel length
Sepal shape (W/L)
Flower color
Corolla length
Mouth asymmetry (L-U)
Circumference at 3/4
of corolla
Stamens (L-S)
Staminode vestiture
Staminode length

P. clevelandii × spectabilis

P. spectabilis

Intermediate?

7.724 ± 0.378
0.609 ± 0.016 (48)
reddish purple
17.592 ± 0.190 (48)
0.860 ± 0.088 (48)

(17)a
(4)a

9.129 ± 0.500
0.690 ± 0.014
magenta
19.50 ± 0.540 (4)a
1.00 ± 0.408 (4)a

13.752 ± 1.10
0.898 ± 0.017 (50)
blue-purple
22.072 ± 0.217 (50)
0.542 ± 0.149 (50)

+
+
+
+
–

15.033 ± 0.326 (48)
2.583 ± 0.103 (48)
hairy
10.283 ± 0.220 (48)

20.725 ± 2.072 (4)a
2.750 ± 0.250 (4)a
sparsely hairy
12.12 ± 0.663 (5)a

23.185 ± 0.248 (50)
5.425 ± 0.127 (50)
glabrous
17.537 ± 0.255 (49)

+
+
+
+
______
8:1
(P < 0.05)

P. clevelandii
(15)a

(14)a

aFlower measurements pseudoreplicated by examining several flowers within fewer plants.

TABLE 2. Count of characters as intermediate (+) or not (–) for hybridity hypothesis B. Means ± standard errors (sample size). L-U = difference between the upper and lower semi-circumferences at the mouth. W/L = anther width/
anther length. L-S = difference in length between a long and a short stamen.
Character

P. centranthifolius

P. centranthifolius × spectabilis

P. spectabilis

Intermediate?

Leaf margin
Foliage surface
Outer corolla color
Inner corolla color

entire
strongly glaucous
deep red
red
glabrous

coarsely toothed
not glaucous
blue-purple
white with purple
veins
glandular
puberulent

+
+
+

Outer corolla and calyx
vestiture
Circumference at 3/4
of corolla
Mouth asymmetry (L-U)
Stamens (L-S)
Anther shape (W/L)
Staminode length

few small teeth
weakly glaucous
magenta
rose with magenta
veins
sparsely glandular
puberulent
16.300 ± 0.249 (30)a
1.759 ± 0.199 (30)a
3.759 ± 0.410 (30)a
0.481 ± 0.019 (28)a
14.583 ± 0.294 (30)a

23.185 ± 0.248 (50)
0.542 ± 0.149 (50)
5.425 ± 0.127 (50)
0.378 ± 0.008 (48)
17.537 ± 0.255 (49)

11.124 ± 0.198 (9)
2.616 ± 0.097 (50)
2.070 ± 0.148 (50)
1.063 ± 0.029 (50)
13.110 ± 0.246 (48)

+
+
+
+
+
+
+
______
10:0
(P < 0.05)

aFlower measurements pseudoreplicated by examining several flowers within fewer plants.

multiple lengths of various flower parts, since
these might all be aspects of floral tube length.
DISCUSSION
The main purpose of this paper has been to
give the morphological evidence supporting
our interpretation of 3 kinds of hybrids found
in the wild. In each case the pattern of intermediacy was what one would expect of F1 or
F1-like hybrids with little or no dominance for
the characters studied. Because the hybrids
we studied are of some further interest, we
will continue by discussing hypotheses concerning the genetic basis for species differences in Penstemon, a scenario by which a few

F1 hybrids might go on to form an independent species that retains its F1-like characters
such as has been suggested for the origin of P.
clevelandii, and the mechanisms that might
limit hybridization between the parental species
that we studied.
We found morphological intermediacy in
27 of 30 characters. Such an abundance of
intermediate characters is contrary to Rieseberg’s (1995) summarization that hybrids are
no more likely to display intermediate character
states than parental ones. Rieseberg said that
hybrids are a mosaic of parental (dominant), intermediate (underdominant), and extreme (overdominant) characters, but our results suggest
that in Penstemon morphological divergence is
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TABLE 3. Count of characters as intermediate (+) or not (–) for hybridity hypothesis C. Means ± standard errors (sample size). L-U = difference between the upper and lower semi-circumferences at the mouth. W/L = anther width/
anther length. L-S = difference in length between a long and a short stamen.
Character

P. centranthifolius

P. centranthifolius × eatonii

P. eatonii

Intermediate?

Basal leaves
Pedicel length
Sepal shape (W/L)
Flower color
Circumference at 3/4
of corolla
Mouth asymmetry (L-U)
Shape of anther (W/L)
Extent of anther
dehiscence
Toothing along anther
opening
Staminode length
Difference in lower and
upper lips

few
14.548 ± 0.880 (24)a
0.872 ± 0.021 (50)
deep red

intermediate
8.943 ± 0.499 (15)a
0.720 ± 0.037 (4)a
red

dense
4.698 ± 0.286 (22)a
0.495 ± 0.020 (6)
red-orange

+
+
+
+

7.594 ± 0.223 (9)
2.616 ± 0.097 (50)
1.063 ± 0.029 (50)
entirely dehisced
(100%)

7.123 ± 0.095 (4)a
1.825 ± 0.118 (4)a
0.404 ± 0.004 (4)a
distal
~83%

13.885 ± 0.506 (6)
3.040 ± 0.341 (6)
0.359 ± 0.010 (6)
distal
75%

–
–
+

none
13.110 ± 0.246 (48)

occasional toothing
14.575 ± 0.697 (4)a

papillate-toothed
15.958 ± 0.581 (6)

+
+

0.348 ± 0.143 (9)

–0.580 ± 0.259 (4)a

–1.937 ± 0.274 (6)

+
______
9:2
(P < 0.05)

+

aFlower measurements pseudoreplicated by examining several flowers within fewer plants.

largely by additive alleles. We use “additive”
in the sense of a quantitative geneticist to
mean with neither dominance nor epistasis
(Falconer and Mackay 1996). In F1s the strictly
additive value would be the average of the
parental values. This is not precisely the case
for many of our characters, but given the small
number of hybrid flowers that we measured,
much of the deviation from the mid-parent
values might be due to error variance. Having
studied only a few hybrids without their individual pedigrees, we cannot be conclusive in
our suggestion that the parents differ mainly
by additive factors. It is possible that the characters are polygenic, with some loci dominant
for one parent and other loci dominant for the
other parent. Also, there could be epistatic differences that might show themselves in subsequent F2s and backcrosses. We are currently
in the process of artificially producing various
crosses to further assess the genetic basis for
differences between P. centranthifolius and P.
spectabilis. As of this writing, the simplest
interpretation of our results is that we found
F1s and the parents differ largely in terms of
additive genetic elements.
There is some additional evidence that
divergence in Penstemon is by many genes of
equal additive effect (cf. Mimulus; Bradshaw
et al. 1995). In 1955, Straw suggested that P.
clevelandii might have originated through the
stabilization of P. centranthifolius × spectabilis.

Straw thought that distinct ecological preferences arose through independent segregation,
and so these ecological characters would have
a non-additive genetic basis; nevertheless,
Straw’s reason for thinking that P. clevelandii
was of hybrid origin was its intermediacy in
morphology. For a number of characters, this
morphological intermediacy holds up to statistical analysis (P. Wilson and G. Aldridge unpublished data). Moreover, Wolfe et al. (1998a,
1998b) have reported that P. clevelandii shows
complementarity of molecular markers, that it
is positioned between its putative parents in
terms of genetic distance, and that it is somewhat deplete of private alleles. If P. clevelandii
is really the stabilized hybrid derivative of P.
centranthifolius × spectabilis, then the morphological differences between the parents that
remain intermediate in P. clevelandii must be
based on many genes of nearly equal additive
effect; otherwise, when some loci became fixed
for one parent and others fixed for the other, P.
clevelandii would have come to resemble one
parent in some characters and the other parent in other characters or else would have
taken on a novel morphology as the result of
novel gene combinations (as in Grant 1966,
Rieseberg et al. 1996).
Penstemon clevelandii’s derivation through
hybridization would have involved a series of
rare events. We have studied Penstemon for 4
field seasons, and the individuals reported on
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Fig. 2. Scanning electron micrographs of anthers and pollen: A, Penstemon centranthifolius; B, Penstemon eatonii; C,
the putative hybrid; D, pollen of the putative hybrid with many small undeveloped grains.

herein are all the hybrids we have found
except for those involving P. davidsonii. When
F1s do form, one would expect the vast majority of subsequent breeding would be with the
parental species; i.e., they would backcross.
These backcrossed individuals would themselves mostly backcross. Introgression of genes
might proceed, as has been suggested for transfer of chloroplasts and nuclear genes from P.
centranthifolius to other species in the section
Peltanthera (Wolfe and Elisens 1994), but only
very rarely would F1s be isolated and allowed
to breed into a pure species like P. clevelandii.
This raises the mechanistic question of why
Penstemon hybrids are so rare. In the case of P.
centranthifolius and P. spectabilis, reproductive
isolation is compounded by several factors.
Straw (1956a, 1956b) thought it was mainly a
difference in pollinators. Hummingbirds visit

the red tubular flowers of P. centranthifolius,
while bees and wasps visit the blue-flowered
P. spectabilis (Thomson et al. 2000). George
(1974) confirmed that P. centranthifolius and P.
spectabilis have different primary pollinators;
however, she emphasized that there was considerable opportunity for interbreeding via inconstant pollinations. This suggests that there
must be other isolating barriers besides pollinator specificity. Chari and Wilson (2001) found
additional barriers to interbreeding in the
form of pollen-stylar incompatibility, poor interspecific seed set, a slight infertility of F1s, and
a small amount of hybrid breakdown. The
cumulative effect of all these barriers is considerable, although still not enough to account
for the rarity of P. × parishii; thus, other factors may also be involved. The other 2 pairs of
parental species that we studied each share a
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common type of pollinator, but they rarely
occur together. In the case of P. clevelandii
and P. spectabilis, it is probably because of
ecological differences, P. clevelandii being
more of a desert species. In the case of P. centranthifolius and P. eatonii, habitat differences
may also be important; in addition, the
hybrids are probably largely sterile judging
from the shrunken pollen grains we found.
Thus, an array of isolating mechanisms may
act together in maintaining the integrity of the
parental species.
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ECOLOGICAL GENETICS AND THE TRANSLOCATION OF NATIVE FISHES:
EMERGING EXPERIMENTAL APPROACHES
Craig A. Stockwell1 and Paul L. Leberg2
ABSTRACT.—Conservation biologists often use translocations to augment small populations, establish “refuge” populations, or reestablish populations into historic habitat. For reasons that are poorly understood, translocations often fail.
Further, translocations have both short- and long-term consequences for the evolutionary ecology of the targeted taxa.
Unfortunately, most information on translocations has been derived from descriptive studies. Recent experimental
approaches have provided new data to address a variety of topics associated with translocations, including inbreeding,
outbreeding, the relationship between heterozygosity and fitness, and rapid evolution in populations established by
translocation. We focus on genetic and ecological aspects of translocations but recognize that contributions from other
fields will be essential for the long-term success of many translocation programs. Ongoing research regarding host-parasite interactions points out the need for extensive ecological data as well as genetic data to make informed decisions
regarding translocations. Hypotheses derived from this field are ripe for rigorous experimental examination.
Key words: rapid evolution, adaptive management, reintroduction, inbreeding, outbreeding, local adaptation, genetic
bottleneck.

Translocating animals has become a widely
used tool in the conservation of rare and
endangered species (Williams et al. 1988, Griffith et al. 1989); this is especially true for
desert fishes (Hendrickson and Brooks 1991,
Minckley 1995). Historically, translocations
were often conducted in an emergency context
to save a rare species from extinction (Miller
and Pister 1971, Minckley et al. 1991, Minckley
1995). However, translocations are now used
in a more deliberate manner. Typically, they
occur in 4 contexts: to mitigate effects of proposed economic development, to augment
established populations, to create refuge populations, and to reestablish historic populations. Following Wolf et al. (1996), we consider
translocations to include the intentional release
of either wild caught or captively reared individuals.
Translocations will probably continue to
occur in the management of rare species. More
than 80% of recovery plans for endangered
and threatened fishes call for some form of
translocation (Williams et al. 1988). However,
translocation programs typically have low success rates, and factors associated with translocation failure are poorly understood (Hendrickson and Brooks 1991).

Our objective is to discuss recent research
approaches that should prove useful in understanding factors affecting success of translocation. Experimental manipulations of populations together with new analytical techniques
can provide important insights into how genetic
and ecological processes affect translocation
success. We focus on small fishes because they
can be experimentally manipulated more easily than other vertebrates and because numerous fish species have been the subject of past
translocations (Hendrickson and Brooks 1991,
Fuller et al. 1999). The results of both manipulative and management translocation experiments involving fish populations will have
management implications for not only this
important group but also many other vertebrate taxa.
Traditional translocation research has emphasized genetics (Turner 1984, Vrijenhoek et
al. 1985, Allendorf and Ryman 1987, Quattro
and Vrijenhoek 1989, Echelle 1991, Leberg
1991, Ellsworth et al. 1994, Leberg et al. 1994,
Hedrick 1995, Stockwell et al. 1996, Leberg
and Ellsworth 1999), but these data are best interpreted in an ecological context. Most translocation research has been descriptive; however, recent studies have applied experimental

1Department of Zoology, Stevens Hall, North Dakota State University, Fargo, ND 58105.
2Department of Biology, University of Louisiana, Lafayette, LA 70504.
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approaches to address a variety of translocation
topics, including effects of inbreeding (Leberg
1990a), outbreeding (Philipp 1991, Leberg
1993), relationship between heterozygosity
and fitness (Quattro and Vrijenhoek 1989,
Sheffer et al. 1997), and evolution in recently
established populations (Reznick et al. 1990,
Stockwell and Mulvey 1998, Stockwell and
Weeks 1999).
EXPERIMENTAL ASSESSMENTS OF
CONSEQUENCES OF GENETIC VARIATION
Populations established by translocation
often exhibit reduced genetic variability (Allendorf and Ryman 1987, Leberg 1992, Stockwell
et al. 1996, but see Turner 1984). Leberg
(1990a) established experimental populations
of eastern mosquitofish (Gambusia holbrooki)
that differed in levels of genetic variation.
Populations founded by small numbers of individuals had reduced genetic variation and
lower population growth rates (Leberg 1990a).
This work supported the basis for suggestions
that a minimum number of individuals be
used to found new populations (Allendorf and
Ryman 1987). However, even when numerous
individuals are translocated, bottlenecks may
occur early in population establishment, leading to reduced genetic diversity (Stockwell et
al. 1996). Such effects occur in an ecological
context; reductions in population size and consequent reductions in genetic diversity may
be due to novel ecological conditions.
Gene flow from parental populations to
refuge populations is one solution to minimize
loss of genetic variability in refuge populations
(Stockwell et al. 1996). Further, populations
established by translocation should be periodically surveyed for genetic diversity (Allendorf
and Ryman 1987, Stockwell et al. 1996). To
detect changes in genetic diversity, large numbers of polymorphic loci and alleles should be
used (Leberg 1992, Richards and Leberg 1996);
thus, highly polymorphic microsatellite loci may
prove useful as a monitoring tool. For instance,
by using microsatellites, Parker et al. (1999)
detected genetic structure in the Gila topminnow (Poeciliopsis occidentalis occidentalis) that
was not observed with either allozymes or
mtDNA. Spencer et al. (2000) found levels of
microsatellite variation to be highly correlated
to founder number in experimental populations of Gambusia affinis.
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Genetic variability has been considered an
important criterion in selecting stock for reintroduction efforts with the Gila topminnow
(Vrijenhoek et al. 1985, Quattro and Vrijenhoek 1989, Quattro et al. 1996). Quattro and
Vrijenhoek (1989) raised fish from 3 populations of the Gila topminnow under commongarden conditions to assess fitness-related
characters. They found that the stock with the
highest heterozygosity (Sharp Spring) had
higher survival, higher fecundity, and higher
developmental stability as measured by fluctuating asymmetry (FA) than did the less heterozygous Monkey Spring population (Quattro
and Vrijenhoek 1989). Recently, Sheffer et al.
(1997) repeated this experiment and found no
difference in stock performance. This discordance may reflect differences in laboratory
conditions. For instance, 12-week survivorship
was substantially lower in the first study
(45–56%) than in the latter study (93–96%).
The difference in survivorship suggests that
the first study included relatively stressful
environmental conditions compared to the
second study. Thus, it is possible that stock
differences may appear only during suboptimal conditions. This suggests a need for additional ecological work to assess the interaction
between environmental conditions and genetic
background on fitness.
One means to increase genetic variability
would be to proliferate outcrossing among
populations, thereby increasing genetic diversity and possibly stock performance (Vrijenhoek et al. 1985, Meffe and Vrijenhoek 1988,
Hedrick 1995). Leberg (1993) experimentally
examined outcrossing effects by crossing populations of eastern mosquitofish from the same
river drainage. For a pair of populations separated by 10 km, and with similar allele frequencies, there were no positive or detrimental effects on the growth of outcrossed populations. Population growth rates were lower for
outcrossed groups than for pure stocks when
the 2 parental stocks were separated by 100
km and had statistically significant differences
in allele frequencies. This outbreeding depression of growth rates may affect population
viability of small or recently established populations (Leberg 1993). Philipp (1991) also
conducted experimental work to examine
the role of outbreeding between subspecies
of largemouth bass (Micropterus salmoides).
This experiment also suggested outbreeding
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depression, which was interpreted as a disruption of locally adapted gene-complexes
(Philipp 1991). Future research should consider the relationship between genetic differentiation and outbreeding depression. This
information is especially relevant to the design
of translocation programs.
Locally adapted gene complexes are of particular interest because they illustrate the interplay between local selective regime and genetic
architecture. Local adaptation is likely to involve quantitative traits such as behavior, morphology, or life history characters, but our
knowledge of how translocations may influence quantitative traits has received little
attention. Further, such traits are subject to
natural selection (Lynch 1996) and may evolve
in response to novel environmental conditions
in refuge habitats (see Stockwell and Weeks
1999).
The issue of locally adapted gene-complexes is also pertinent for remnant populations of species formerly occurring over large
spatial scales. For instance, genetic surveys of
the razorback sucker (Xyrauchen texanus) suggest a lack of genetic structure, and yet concern regarding potential outcrossing effects
has stalled efforts to reintroduce fish into their
former range (Dowling et al. 1996). This concern may be valid. Lack of genetic structure
for neutral markers does not necessarily represent a lack of local adaptation at structural or
regulatory loci (Allendorf 1983). More experimental research is needed to assess the effects
of outbreeding depression resulting from mixing populations with different levels of genetic
differentiation and geographic isolation. Such
information will aid in the assessment of management risks associated with outcrossing.
RAPID EVOLUTION IN
TRANSLOCATED POPULATIONS
Another evolutionary consequence of translocations involves rapid phenotypic shifts in
introduced populations. Stockwell and Weeks
(1999) reported rapid life history evolution in
recently established populations of western
mosquitofish (Gambusia affinis). A commongarden experiment confirmed a genetic basis
for 2 life history traits shown to vary among 4
populations derived from the same population
in the late 1930s (Stockwell and Weeks 1999,
Stockwell and Vinyard 2000). Thus, these
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recently established populations had undergone rapid evolutionary divergence. A recent
analysis suggested this case of evolution may
have occurred over a 4-year period (12–16
generations; Stockwell and Vinyard 2000).
A variety of other studies have documented
rapid evolution for fishes introduced to new
localities (Stearns 1983, Reznick et al. 1990,
Hendry et al. 1998, Kinnison et al. 1998, Stockwell and Mulvey 1998); however, identifying
the selective factor(s) associated with such
evolution can be difficult. For example, Reznick
et al. (1990) originally assumed that size-selective predation was responsible for rapid life
history evolution in a population of Trinidadian guppies introduced to a site with novel
predation pressure. However, new data on this
system suggest that although predation probably plays a primary role, the specific mechanism remains uncertain (Reznick et al. 1996).
This demonstrates the difficulty of predicting
how translocated populations may respond to
novel ecological conditions, even in well-studied systems.
Rapid evolution is of particular concern
when target populations have been established
as “genetic replicates” for an endangered species
(Stockwell and Weeks 1999). For instance,
concern for the Devil’s Hole pupfish (Cyprinodon diabolis) led to establishment of refuge
populations to provide stock for reintroduction if the native population was extirpated
(Williams 1977). Pupfish from one refuge site
differed morphologically from Devil’s Hole
pupfish (Williams 1977). Unfortunately, extirpation of this refuge population precluded
assessment of whether the change was due to
developmental plasticity or rapid evolution.
Rapid evolutionary divergence is most likely
when refuge habitats are not well matched to
the ecology of the native habitat. Even under
“best case” scenarios, one or more ecological
factors are likely to differ between the native
site and the refuge site, which could potentially lead to rapid evolution in the refuge site.
Ulimately, rapid evolutionary divergence may
result in refuge populations that are maladapted to their original native habitat. One
solution may be to provide artificial gene flow
between native and refuge populations to retard
evolutionary shifts in the refuge population.
However, such a strategy could render the
refuge population less viable. Additional data

2002]

EXPERIMENTAL APPROACHES TO TRANSLOCATIONS

are necessary to assess how managed migration
rates may influence population divergence.
TRANSLOCATIONS AND PARASITE
EXPOSURE HISTORY
Translocations may alter important ecological relationships for target taxa. For instance,
translocations can alter the relationship between rare species and parasites in 4 ways.
First, parasites novel to the introduction site
may be introduced along with the targeted
taxon (Hoffman and Schubert 1984). Second,
translocated populations may encounter parasites that did not occur in the native habitat
(Sakanari and Moser 1990). Third, introduced
populations may escape historic parasites as a
result of conditions unfavorable to the parasite
in the refuge habitat. Finally, inadequate sampling may result in loss of parasites during
translocation. Parasites are typically over-dispersed; thus, if the founding population is small,
the entire parasite community is unlikely to be
established.
These problems are especially likely for
species occupying a diversity of habitat types.
For example, rainbow trout (Oncorhynchus
mykiss) populations vary in resistance to the
myxosporidean Ceratomyxa shasta, presumably
as a result of their history of exposure to this
parasite (Bartholomew et al. 1992). Resistance
to this parasite has a genetic basis, and hybrids
between resistant and nonresistant strains show
intermediate resistance (Ibarra et al. 1992).
This has proven important in one situation
where introgression has occurred between nonresistant hatchery stock and a resistant native
population (Currens et al. 1997).
Recent work on the White Sands pupfish
(Cyprinodon tularosa) demonstrates how translocations may alter historic host-parasite associations. This state-listed threatened species
occupies 4 isolated localities in southern New
Mexico: Malpais Spring, Salt Creek, Mound
Spring, and Lost River. The latter 2 populations were derived by translocation from the
Salt Creek population in the 1970s (Stockwell
et al. 1998). These historic translocations resulted in altered parasite communities for the
introduced populations (Stockwell and Collyer
unpublished data). Altered parasite communities are of most importance if parasitism is
shown to be costly. Recent experimental work
has shown that parasitism has both lethal and
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sublethal effects on White Sands pupfish (Collyer 2000). Future work in this system will
focus on the genetics of host response to parasitism.
In other systems genetics play a role in the
physiological responsiveness of individuals to
parasites. For example, experiments have shown
genetic variation for resistance to the parasite
Gyrodactylus in topminnows (Poeciliopsis) and
guppies (Poecilia recticulata; Madhavi and
Anderson 1985, Leberg and Vrijenhoek 1994).
There is only limited knowledge of the genetic
basis for differences in parasite susceptibility,
but candidate loci include the major histocompatibility complex (MHC). Hedrick and Parker
(1998) have found substantial MHC variation
among populations of the endangered Gila
topminnow. If this variation is associated with
genotypic differences in response to parasite
infection, then genetic surveys of source stocks
might allow managers to design translocation
programs to restore populations in the face of
threats from pathogens.
These examples demonstrate how a broad
research perspective is necessary to develop
successful translocation programs for endangered species. We believe that many advances
will be made as interdisciplinary approaches
are applied. For example, many of the genetic
studies we have discussed involve assessment
of phenotypic and genetic responses of populations to novel ecological conditions in the
new habitat.
TRANSLOCATIONS AS MANAGEMENT
EXPERIMENTS
The experimental nonessential clause in
the Endangered Species Act (section10j) allows
for the experimental establishment of populations. This ruling has been used extensively to
establish populations under politically adverse
conditions (Hendrickson and Brooks 1991).
However, in our opinion the vast majority of
such stockings do not qualify as “experimental” in a scientific sense, and we are unaware
of any efforts to conduct replicated experimental translocations with rare taxa. This is unfortunate because much can be learned when
populations are transferred to new environments (sensu Reznick et al. 1990, 1996, Stockwell and Weeks 1999).
One potential approach is to establish populations in artificial habitats where experimental
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control can be achieved. This would allow
managers to create refuge populations for
endangered species while addressing critical
questions relevant to translocation biology. We
recognize that complete replication of native
ecological conditions will not be achieved, but
such an approach allows more experimental
control. Further, this approach has an additional benefit of avoiding conflicts with taxa
native to refuge sites.
In addition to the formal experiments discussed above, translocations can be viewed as
management experiments (Leberg 1990b).
Translocations provide unique opportunities
to further explore ecological requirements of
targeted taxa. Application of information resulting from management activities such as
translocations is the essence of adaptive management (Holling 1978, Walters 1986). Prior to
the release of individuals, tissue samples should
be collected from translocated individuals, as
well as from members of the species already
present at the release site. For researchers to
fully benefit from experiences, translocation
attempts should be carefully documented
(Minckley 1995). In many cases monitoring
has not been undertaken following the translocation of fish (Hendrickson and Brooks 1991).
When monitoring is included, techniques and
definitions of success vary widely (Hendrickson and Brooks 1991), and efforts often go
unrecorded in the peer-reviewed literature
(Minckley 1995). These problems make it difficult to assess broad patterns associated with
translocation failure (Hendrickson and Brooks
1991, Minckley 1995). Others have pleaded for
better documentation of translocations (Hendrickson and Brooks 1991, Minckley 1995),
but data on translocations would be more useful if archived in a central database; for a similar database see Fuller et al. (1999). Therefore,
we recommend the creation of a web-site
database for archiving translocation data in a
standardized format. Others have assessed factors associated with translocation success by
analysis of data obtained from resource agencies (Griffith et al. 1989, Wolf et al. 1996). A
centralized database would facilitate such
analyses and help to standardize monitoring
efforts and definitions of translocation success.
Translocation is a common tool in the conservation of rare species, and yet many questions remain as to the long-term effects of this
strategy. Much of the recent experimental
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research has focused on “model systems,” but
we suggest that similar experimental approaches
be used with target taxa. It is striking that
despite the widespread use of translocations,
very few translocations have been conducted
in an experimental context (but see Vrijenhoek
1989). The experimental opportunities associated with translocated populations are an untapped resource.
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MORPHOMETRIC CHANGES IN YELLOW-HEADED BLACKBIRDS
DURING SUMMER IN CENTRAL NORTH DAKOTA
Daniel J. Twedt1 and George M. Linz2
ABSTRACT.—Temporal stability of morphometric measurements is desirable when using avian morphology as a predictor of geographic origin. Therefore, to assess their temporal stability, we examined changes in morphology of Yellowheaded Blackbirds (Xanthocephalus xanthocephalus) from central North Dakota during summer. Measurements differed
among age classes and between sexes. As expected, due to growth and maturation, measurements on hatching-year birds
increased over summer. Measurements of adult plumage fluctuated with prebasic molt and exhibited age-specific discontinuities. Body mass of adult birds increased over summer, whereas both culmen length and skull length decreased.
Only body length and length of internal skeletal elements were temporally stable in adult Yellow-headed Blackbirds.
Key words: mass, molt, morphology, North Dakota, trend analysis, Xanthocephalus xanthocephalus, yellow-headed
blackbird.

counties). We recorded external measurements
(mass, total length, wing chord, and lengths of
primary feathers, tail, and culmen) for all birds.
Additionally, we recorded skull width, skull
length, keel length, and tibiotarsus length from
all second-year (SY) males, all after-secondyear (ASY) males, all after-hatching-year (AHY)
males, a subset of 100 hatching year (HY) males,
and a subset of 56 AHY females. Because of
the contribution of humerus and femur lengths
to a discriminant model that differentiated
female Yellow-headed Blackbirds breeding in
the USA from those breeding in Canada (Twedt
1990), we also recorded these morphometric
variables for all AHY females. Body length, for
both females and males, was derived as the
difference between total length and tail length.
Yellow-headed blackbirds were aged by plumage characteristics (Pyle 1997), except after prebasic molt was complete, when we aged females
by their bursa of Fabricius.
Recommendations of Baldwin et al. (1931)
and Baumel et al. (1979) for morphometric
measurements were followed. We recorded
mass to the nearest 0.1 g. Wing chord, primary
feather lengths, tail length, and total length
were recorded to the nearest 1.0 mm, and all
other measurements to the nearest 0.01 mm.
Molt (loss and regrowth) of all primary feathers was similar, occurring sequentially from
the 1st (innermost) primary (P1) through the

Morphometric measurements have been
used to discriminate sex and distinguish age of
several avian species (e.g., Bortolotti 1984,
Gilliland and Ankney 1992), and morphometric techniques have been employed to assess
geographic variation in birds (e.g., Zink and
Remsen 1986, Aldrich and James 1991). Additionally, morphometric data have been used to
describe subspecific differences (Benitez-Diaz
1993) and to suggest breeding locations of
species encountered on wintering grounds
(Ramos and Warner 1980) or during migration
( James et al. 1984, Atwood 1989, Linz et al.
1993). For efficacy in detecting meaningful
differences among the particular subgroups
being compared, however, the morphometric
characteristics used to distinguish individuals
must be immutable over the time span during
which specimens are obtained. We assessed
temporal trends and discontinuities of selected
morphometric characteristics of Yellow-headed
Blackbirds from central North Dakota during
summer to ascertain the suitability of these
measurements for studies of geographic variation.
METHODS
From 28 May to 18 September 1987 and
from 2 June to 18 September 1988, we collected Yellow-headed Blackbirds within central North Dakota (Benson, Ramsey, and Wells

1USGS Patuxent Wildlife Research Center, 2524 South Frontage Road, Vicksburg, MS 39180.
2U.S. Department of Agriculture, National Wildlife Research Center, Great Plains Field Station, 2110 Miriam Circle, Suite B, Bismark, ND 58501.
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9th primary (P9). For brevity, and because the
9th primary represents the termination of primary molt, we present data only for P9. Skeletal preparation followed Twedt (1990).
To test the null hypothesis that morphometric measurements were temporally stable, we
used Kendall’s rank correlation (τ) between
each morphometric measurement and Julian
date to detect monotonic trends through time
(Kendall and Ord 1990). Lack of significant
monotonic trend does not necessarily imply
that the morphometric character is temporally
stable. Indeed, a short-term trend may be followed by a similar, albeit reversed, short-term
trend that results in the appearance of longterm stability of the morphometric characteristic. The discontinuities that result from reversal
of short-term trends are indicative of morphometric characteristics that are temporally
dynamic and therefore may be unsuitable for
use in studies of geographic variation. To
detect these discontinuities, we first estimated
and removed significant linear trends in the
data using 5-day moving averages (Kendall
and Ord 1990). We subsequently used Webster’s method (Webster 1973) to detect discontinuities in detrended morphometric data. To
increase the likelihood of detecting all discontinuities, we used α = 0.10 for Webster’s tests.
RESULTS
We collected 730 AHY females, 99 SY males,
723 ASY males, and 609 AHY males. After
completion of prebasic molt (near the end of
July), SY males were indistinguishable from
ASY males; therefore, both were subsequently
classified as AHY males. Although ASY males
were significantly larger than SY males, morphometric data from both age classes exhibited similar trends over time (Fig. 1A). Therefore, we combined data from all adult males
(AHY, ASY, SY) before trend analysis. Additionally, we collected 319 HY females and 518
HY males from late June, after they had
fledged (Grimm 1968), until mid-September.
Collections of all birds were dispersed
throughout the summer, but peak numbers
were collected from late July through August.
Adults
Body mass of AHY males exhibited a significant increasing trend (τ = 0.278, P < 0.01) due
primarily to mass gains during August and
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Fig. 1. A, Mean and 5-day running average of body
mass for after-hatching-year (AHY) male Yellow-headed
Blackbirds and 5-day running averages for second-year
(SY) and after-second-year (ASY) males; B, mean (± sx–)
and 5-day running average of body mass for AHY female
Yellow-headed Blackbirds. All birds were collected in
central North Dakota during 1987 and 1988.

September (Fig. 1A). Similarly, AHY females
exhibited an increasing trend (τ = 0.473,
P < 0.01) despite loss of mass during June
(Fig. 1B).
Because of feather loss and regrowth during prebasic molt, tail length was highly correlated (r = 0.85) with total length. We detected
significant increasing trends over the summer
for total length of AHY females (τ = 0.252,
P < 0.01) and total length of AHY males
(τ = 0.243, P < 0.01; Fig. 2A). However, prebasic molt resulted in declines in both tail
length and total length during July, whereas
these measurements increased as tails regrew
during August and September. After removing
significant trends, the detrended data for AHY
males revealed 2 significant (t ≥ 1.97, P ≤ 0.07)
discontinuities on 19 and 26 July (Fig. 2A). For
AHY females, only a single discontinuity on 19
July was identified for detrended total length
(t = 1.69, P = 0.09). When tail length was
removed from total length, the remaining body
length was temporally stable for both AHY
females (τ = 0.105, P = 0.22) and AHY males
(τ = –0.031, P = 0.75).
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Fig. 2. A, Mean (± sx–) and 5-day running average for
total length of after-hatching-year (AHY) male Yellowheaded Blackbirds; B, mean and 5-day running average of
length of 9th primary feather for AHY male Yellowheaded Blackbirds and 5-day running averages for second-year (SY) and after-second-year (ASY) males. All birds
were collected in central North Dakota during 1987 and
1988.

Although wing chord exhibited no significant trend over summer for either adult males
(τ ≤ 0.131, P = 0.10) or females (τ ≤ 0.107,
P > 0.20), both wing chord and length of the
9th primary had marked seasonal changes
associated with prebasic molt. After these data
were detrended, significant discontinuities
were detected for females (t ≥ 2.04, P ≤ 0.06)
on 26 July and 14 August and for males
(t ≥ 1.80, P ≤ 0.08) on 29 July and 7 August
(Fig. 2B).
Culmen length exhibited a significant decreasing trend (Fig. 3A) for both AHY females
(τ = –0.218, P = 0.01) and for AHY males
(τ = –0.358, P < 0.01). As culmen length was
significantly correlated with skull length
(r = 0.84), the decrease in culmen length over
summer was mirrored by a significant
decrease in skull length for males (τ = –0.289,
P < 0.01).
In AHY females, no skeletal measurement
exhibited a significant trend over summer:
skull width (τ = 0.091, P = 0.70), femur
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Fig. 3. A, Mean (± sx–) and 5-day running average for
culmen length of after-hatching-year (AHY) male Yellowheaded Blackbirds; B, mean (± sx–) and 5-day running
average for femur length of AHY female Yellow-headed
Blackbirds. All birds were collected in central North
Dakota during 1987 and 1988.

(τ = 0.051, P = 0.54), humerus (τ = 0.045,
P = 0.60), tibiotarsus (τ = 0.127, P = 0.59),
and keel length (τ = 0.091 P = 0.69). Similarly, we detected no trends over summer for
skeletal measurements of AHY males: skull
width (τ = 0.001, P = 0.99), tibiotarsus (τ
= 0.048, P = 0.55), and keel length (τ = 0.106,
P = 0.43). The consistency of skeletal measurements over time is illustrated by femur
length of AHY females (Fig. 3B).
Juveniles
As expected for growing birds, both HY
females (τ = 0.671, P < 0.01) and HY males
(τ = 0.543, P < 0.01) exhibited significant
increasing trends in body mass. These nearly
linear trends represented an increase of 0.09
± 0.01 g ⋅ day–1 for females and 0.11 ± 0.01 g ⋅
day–1 for males.
Because HY birds do not molt flight feathers during summer, measurements associated
with plumage were not subject to midsummer
discontinuities. Rather, these morphometric
characteristics exhibited increasing trends due
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primarily to sharp increases during early summer as juvenile plumage completed growth.
Even so, only HY males exhibited a significant
increase in total length (τ = 0.398, P < 0.01).
However, as juvenile birds were not fully
grown, body length of HY males also had an
increasing trend over the summer (τ = 0.225,
P = 0.03).
As in AHY birds, wing chord in HY birds
was correlated with the length of the 9th primary (r = 0.7). For HY males, the length of
the 9th primary (τ = 0.475, P < 0.01) and wing
chord (τ = 0.431, P < 0.01) increased over
summer. However, nearly all this increase was
in early summer, and plumage measurements
were stable after July.
DISCUSSION
For adult Yellow-headed Blackbirds, the
temporal dynamics of external measurements
involving plumage are the consequence of
prebasic molt, which begins in early July and
culminates during early August (Twedt 1990).
Thus, as feathers are lost in July, morphometric measurements decrease but then increase
as new plumage grows. Comparison of the discontinuities found within detrended data on
length of the 9th primary for AHY males with
age-specific data on length of 9th primary
indicates that these discontinuities are associated with age-specific differences in the timing of prebasic molt (Fig. 2B). That is, the peak
of molt in SY males is approximately 7 days
ahead of the peak of molt in ASY males.
Although we did not differentiate between SY
and ASY females, the presence of 2 similarly
spaced discontinuities in the detrended data
for length of 9th primary in AHY females suggests that an age-specific difference in molt is
present and more pronounced in females.
For adult (AHY) birds, all skeletal measurements, other than skull length, were temporally stable. Body length of adults, both male
and female, was also stable over summer. The
decrease in culmen length and skull length
over summer may have been associated with
increased wear as birds shift from an insectivorous diet during spring to a predominantly
granivorous diet during summer (Twedt et al.
1992). Alternatively, this decline in culmen
length may be associated with protein shortages as nutrients are diverted from the culmen
to feather growth during molt (Heitmeyer 1988).
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For adult males and females, total body
mass varied over summer. Initial mass loss by
AHY females during June probably reflected
the collective impacts of nesting and brood
rearing. By the end of June, most young were
fledged (Grimm 1968); therefore, the increased
mass of AHY females in July corresponded
with decreased parental responsibility. Marked
deposition of premigratory fat, in both females
and males, accounts for most of the mass gain
during August and September. However, because birds that breed in Canada are, on average, larger ( 97.4 g;  59.3 g) than birds
that breed in North Dakota ( 94.5 g; 
55.3 g; Twedt et al. 1994), arrival of early
migrant Yellow-headed Blackbirds from Canada
could have exacerbated our observed increases
in mass and length. Unfortunately, we were
unable to reliably determine the geographic
origin of individual Yellow-headed Blackbirds
(Twedt 1990) so that we could eliminate this
potential source of error.
Flight feather growth of most HY birds was
completed by the end of July, whereas most
AHY birds completed prebasic molt during
mid-August. Thus, both adult and juvenile Yellow-headed Blackbirds were physically prepared for migration by mid-August. Therefore,
the apparent decline in wing chord and length
of 9th primary exhibited by females during
September may have been the result of emigration of birds that completed molt, leaving
only late-molting birds within the study area
for collection and measurement.
Despite completed molt, the continued increases in body mass through the end of August
suggested that these birds may not have been
physiologically ready for long-distance migration until the last week of August, which is
when most Yellow-headed Blackbirds begin to
migrate from central North Dakota. This speculation on migratory preparedness is supported
by banding returns (Royall et al. 1971) and by
our observations on numbers of Yellow-headed
Blackbirds within central North Dakota. These
birds declined precipitously in numbers during August and early September such that by
mid-September nearly all Yellow-headed Blackbirds had departed. Conversely, Red-winged
Blackbirds (Agelaius phoeniceus) and Common Grackles (Quiscalus quiscula), with which
Yellow-headed Blackbirds formed feeding
associations and communal roosts, remained in
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relative abundance within central North Dakota
through September.
The temporal instability of most external
morphometric measurements, including skull
length and culmen length, indicate that when
using these measurements in comparative
studies, consideration must be given not only
to age and sex of the specimen but also to time
of year in which birds are sampled. Accordingly, discrimination among different subgroups using temporally dynamic morphometric data may be confounded when subgroups
being compared are collected during different
seasons. Conversely, skeletal measurements
were relatively stable over the duration of our
study. Thus, only these temporally stable measurements are suitable for development of
morphometric models that can be used
throughout the summer.
ACKNOWLEDGMENTS
We are grateful to W.J. Bleier for his support
throughout this study. Additionally, we thank
J.L. Cummings, J.E. Davis, C.E. Knittle, J.
Lindlauf, B. Mautz, and B. Osborne for their
assistance. We are grateful to numerous private landowners for granting access to their
lands, and we thank state and federal wildlife
agencies for their support. Financial support
was provided by Denver Wildlife Research
Center, Colorado Cooperative Fish and Wildlife Research Unit, and North Dakota State
University. A.R. Stickley, Jr., B.A. Varin, and
B.W. Smith reviewed early drafts of this manuscript.
LITERATURE CITED
ALDRICH, J.W., AND F.C. JAMES. 1991. Ecogeographic variation in the American Robin (Turdus migratorious).
Auk 108:230–249
ATWOOD, J.A. 1989. Inferred destinations of spring migrant
Common Yellowthroats based on plumage and morphology. Pages 377–383 in J.M. Hagan III and D.W.
Johnston, editors, Ecology and conservation of Neotropical migratory landbirds.
BALDWIN, S.P., H.C. OBERHOLSER, AND L.G. WORLEY. 1931.
Measurements of birds. Volume 2. Scientific Publication, Cleveland Museum Natural History.

43

BAUMEL, J.J., A.S. KING, A.M. LUCAS, J.E. BREAZILE, AND
H.E. EVANS. 1979. Nomina anatomica avium. Academic Press, New York. 165 pp.
BENITEZ-DIAZ, H. 1993. Geographic variation in coloration
and morphology of the Acorn Woodpecker. Condor
95:63–71.
BORTOLOTTI, G.R. 1984. Criteria for determining age and
sex of nestling Bald Eagles. Journal of Field Ornithology 55:467–481.
GILLILAND, S.G., AND C.D. ANKNEY. 1992. Estimating age
of young birds with a multivariate measure of body
size. Auk 109:444–450.
GRIMM, L.H. 1968. Breeding success of the Yellow-headed
Blackbird in Barnes County, North Dakota. Master’s
thesis, North Dakota State University, Fargo.
HEITMEYER, M.E. 1988. Protein costs of the prebasic molt
of female mallards. Condor 90:263–266.
JAMES, F.C., R.T. ENGSTROM, C. NESMITH, AND R. LAYBOURNE. 1984. Inferences about population movements of Red-winged Blackbirds from morphological data. American Midland Naturalist 111:319–331.
KENDALL, M.G., AND J.K. ORD. 1990. Time series. 3rd edition. Edward Arnold, Sevenoaks, Kent, England.
296 pp.
LINZ, G.M., L.J. LINZ, J.M. THOMPSON, AND W.J. BLEIER.
1993. Using geographic variation to predict breeding
locales of migrating Red-winged Blackbirds. Prairie
Naturalist 25:127–133.
PYLE, P. 1997. Identification guide to North American
birds. Part I. Slate Creek Press, Bolinas, CA.
RAMOS, M.A., AND D.W. WARNER. 1980. Analysis of North
American subspecies of migrant birds wintering
in Los Tuxtlas, southern Veracruz, Mexico. Pages
173–180 in A. Keast and E.S. Morton, editors,
Migrant birds in the Neotropics: ecology, behavior,
distribution and conservation. Smithsonian Institution Press, Washington, DC.
ROYALL, W.C., JR., J.W. DEGRAZIO, J.L. GUARINO, AND A.
GAMMELL. 1971. Migration of banded Yellow-headed
Blackbirds. Condor 73:100–106.
TWEDT, D.J. 1990. Diet, molt, and geographic variation in
Yellow-headed Blackbirds, Xanthocephalus xanthocephalus. Doctoral dissertation, North Dakota State
University, Fargo.
TWEDT, D.J., W.J. BLEIER, AND G.M. LINZ. 1992. Geographic and temporal variation in the diet of Yellowheaded Blackbirds. Condor 93:975–986.
______. 1994. Geographic variation in Yellow-headed
Blackbirds (Xanthocephalus xanthocephalus) from
the northern Great Plains. Condor 96:1030–1036.
WEBSTER, R. 1973. Automatic soil-boundary location from
transect data. Mathematical Geology 5:27–37.
ZINK, R.M., AND J.V. REMSEN. 1986. Evolutionary processes
and patterns of geographic variation in birds. Current
Ornithology 4:1–69.
Received 9 February 2000
Accepted 16 October 2000

Western North American Naturalist 62(1), © 2002, pp. 44–58

INVISIBLE INVASION: POTENTIAL CONTAMINATION OF
YELLOWSTONE HOT SPRINGS BY HUMAN ACTIVITY 1
Robert F. Lindstrom2, Robert F. Ramaley3, and Richard L. Weiss Bizzoco4
ABSTRACT.—This report establishes a baseline inventory of microorganisms in acidic hot springs of Yellowstone
National Park (YNP). The analysis is based on observations carried out over the past 25 years using light microscopy,
DNA staining, and electron microscopy of environmental samples. The inventory, while incomplete in that not all organisms have been cultured or examined using genetic approaches, represents a study of several solfatara (acid sulfate)
geyser basins in YNP. We found that the types of microorganisms in flowing springs had changed over time. In contrast,
no such changes occurred in mixing pools. We solicited opinions of prominent YNP microbiologists to address the issue
of change in the context of human cross-contamination of springs and to suggest sampling protocols. While the consensus is that research has not introduced exotic species, this explanation is always uncertain. The issues related to this
uncertainty, including human cross-contamination, are discussed, and sampling methods designed to best preserve the
springs for future investigations are described.
Key words: hot spring, sulfur, acid, contamination, microorganism, microbe, Yellowstone National Park.

Discovery of life at high temperature
(Brock 1978) led to advances in biotechnology
made possible by Thermus aquaticus (Taq),
which was isolated in Yellowstone National
Park (YNP; Brock and Freeze 1969). Since Taq
polymerase chain reaction (PCR) became a
patented process for in vitro amplification of
DNA, PCR has generated significant scientific
advances in biotechnology and substantial revenues (Brock 1994) for the patent holder. The
commercial success of T. aquaticus led to an
increase in collection activity and research in
the Yellowstone geothermal ecosystem. Scientists seeking other utilitarian, heat-stable enzymes in the protected, mostly unexplored hot
spring habitats generated dozens of research
permits in the 1990s, allowing microbial exploration in YNP.
Only a small number of organisms from the
hot springs in YNP have been isolated (Lindstrom 1997). As a result, there is no existing
microbial inventory to evaluate whether investigators who visit a series of springs inadvertently introduce exotic microbes via sampling
equipment or mud carried from one spring to
another. Hence, without a historic baseline
inventory, we cannot determine whether a

newly isolated species is an exotic microbe.
Such an issue arose in the acid sulfate habitat
of Sulfolobus acidocaldarius (Brock et al. 1972).
This organism was the first species known to
grow in this habitat. Then several new species
were reported, Metallosphaera sedula, Sulfolobus metallicus, S. solfataricus, Acidianus brierleyi, A. infernus, Acidobacillus fibrocaldarius,
Lobobacillus acidocaldarius (Zillig et al. 1980,
Segerer et al. 1986, Huber et al. 1989, Huber
and Stetter 1991, Weiss Bizzoco 1999). It was
not known whether they were newcomers to
the acid sulfate habitat or were always present,
but due to advances in isolation technology,
only recently identified and reported
One approach to this question was pursued
by Susan Barns and Norman Pace (Barns et al.
1994), who developed a complete inventory of
a mineral rich hot spring known as Jim’s Black
Pool using PCR-based DNA fingerprinting of
the small subunit rRNA. This classic study
produced a grouping of the archaeal domain
into 2 kingdoms, Crenarchaeota and Korarchaeota. This would not have been possible using
traditional enrichment culture techniques, since
most of the microbes cannot be cultured.

1This article was originally presented as part of the 5th Biennial Scientific Conference on the Greater Yellowstone Ecosystem held at Yellowstone National
Park in October 1999. The conference was entitled “Exotic Organisms in Greater Yellowstone: Native Biodiversity Under Siege.” The July 2001 issue of the
WESTERN NORTH AMERICAN NATURALIST (Volume 61, No. 3) published presentations and papers from the conference.
2National Park Service, PO Box 168, Yellowstone National Park, WY 82190.
3Department of Biochemistry and Molecular Biology, University of Nebraska Medical Center, Omaha, NE 68198.
4Corresponding author. Department of Biology, San Diego State University, San Diego, CA 92182.
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We report herein a baseline inventory of
organisms in the acid sulfate habitat based on
both historical and recent study. Then we present the opinions of prominent Yellowstone
researchers on the possibility of introduction
of exotic species of microbes from human
(including human researcher) activity.
STUDY SITES
We examined 2 types of acid hot springs in
YNP, flowing springs and mixing pools. These
thermal habitats are further distinguished by
their chemical and physical characteristics.
Among flowing springs, the south end of Roaring Mountain is the hottest acid spring (pH
2.1) in YNP, with a site temperature at the origin of 93°C. This compares with the western
end of the Amphitheater basin, springs 2 and 3
(pH 2.3), with an origin temperature of 81°C.
However, these springs have heavy deposits of
sulfur that begin a few centimeters away from
the origin. Phenotypically interesting organisms
are associated with sulfur deposited along outflow channels (Amphitheater Springs and Norris Junction). No such deposits occur at Roaring Mountain.
In 1971 Norris Junction and Amphitheater
Springs were similar in that both sites had
flowing springs with sulfur deposits in the outflow channels. Over the years since 1971 at
Norris Junction, both temperature and water
flow have decreased. The main spring at Norris Junction still has heavy deposits of elemental sulfur. However, the spring is now a mixing
pool with a much lower temperature (70°C)
than that measured in 1971 (80°C).
We examined several mixing pools in the
Norris Geyser Basin: Congress, Vermillion,
Locomotive, and Growler (defunct in 1975).
We also visited several sites in the Sylvan
Springs complex (Gibbon Geyser Basin).
Another spring we studied, Frying Pan Spring,
lies north of Norris Junction along the road to
Mammoth. In the Mud Volcano area we studied
Sulfur Caldron and Moose Pool. We examined
a series of springs in Hayden Valley located in
Crater Hills. These springs are mixing pools;
one with a visibly high content of elemental
sulfur is known as Great Sulfur Spring.
METHODS
Organisms in flowing springs were examined by immersing cleaned, one end–frosted
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glass slides in a spring as described previously
(Weiss 1973). The slides (RITE-ON, Clay
Adams, NY) were cleaned with ethanol
(ETOH), rinsed with water, air-dried, and
placed in outflow channels of springs. Organisms were allowed to attach and grow for
selected periods of time; the slides were then
removed, placed in a screw-cap Coplin jar or a
small plastic slide carrying case (Cell Path,
Hemel Hempstead, UK) filled with spring
water, and returned to the laboratory.
For DNA staining, a stock solution of 4′, 6diamidino-2-phenylindole, HCl (DAPI) stain
(10 µg mL–1) was prepared in 0.1 M 2-(Nmorpholino) ethanesulfonic acid, MES buffer,
pH 6.8, 1 mM ethyleneglycol-bis-(ß-aminoethyl ether) N,N′-tetraacetic acid, (EGTA), 0.5
mM MgCl2 ⋅ 6H2O. Samples were mixed with
an equal volume of stain on a slide to deliver a
final concentration of 5 µg mL–1 DAPI. In
some experiments cells were concentrated
before staining by centrifugation at 10,000 g
for 15 minutes at 23°C.
Samples were observed and photographed
with a Leitz Dialux 20 phase contrast epifluorescence (A filter block) microscope equipped
with a Wild MPS 55 automatic camera. Images
were recorded using Kodak T-MAX 400 film
and T-MAX developer.
Electron microscope samples from flowing
acid hot springs were taken in the channel
center. Samples of sediment were collected
with an inverted sterile 10-mL pipette with a
tip broken to accommodate a pipet pump.
Samples from pools were collected in a 1-L
Nalgene beaker attached to a telescoping 8foot paint roller pole. The samples were transferred into 140-mL plastic bottles.
For electron microscopy, we cooled environmental samples in the field to ambient
temperature, ~25°C. Glutaraldehyde (4%) in
4 mM KPO4 buffer, pH 7.0, with 0.1 mM
CaCl2 ⋅ 2H2O and 0.1 mM MgCl2 ⋅ 7H20 was
added to an equal sample volume to obtain a
final concentration of 2% V/V glutaraldehyde.
After fixation for 2 hours at ~25°C, the cells
were centrifuged at 8000 g for 15 minutes,
washed in buffer, and fixed in 1% OsO4 in 50
mM cacodylate-HCl buffer, pH 7, for 1 hour
at 25°C, cooled on ice, and fixed for 4 hours
longer. Fixed cells were dehydrated for 10
minutes each in 25, 50, 75, and 100% acetone
and embedded in Spurr’s epoxy resin. Ultrathin
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sections cut on a Reichert OMU 2 ultramicrotome with a diamond knife were stained with
uranyl acetate and lead citrate.
For negative staining, we placed a small
drop of cells on a Formvar plastic-coated grid.
Organisms were allowed to attach for 5 minutes. The cells were stained with 2% W/V
aqueous uranyl acetate and dried with filter
paper. Samples were examined with a Philips
400 transmission electron microscope.
Scanning electron microscope (SEM) samples were prepared on 13-mm-diameter cover
glasses. Cells and sulfur attached to cover
glasses coated with a thin layer of poly-l-lysine
to increase binding of sulfur and cells. Cells
were fixed for 1 hour or longer on the cover
glass with 1% OsO4 in 50 mM Na cacodylate,
pH 7.2. After dehydration for 5 minutes each
in 25, 50, 75, and 100% ETOH, samples were
dried by the critical-point method using a
semiautomatic Tousimis samdri 790 drier and
then sputter-coated with Au-Pd on a Hummer
VI. Cells were photographed in a Hitachi
model 2700 SEM equipped with a Princeton
Gamma Tech IMIX X-ray microanalyzer. Sulfur
was identified in the SEM on Au-Pd–coated
samples attached to aluminum stubs.
Sampling of YNP
Thermobiologists
An abstract was prepared for a conference
talk to be presented at the 5th Biennial Scientific Conference on the Greater Yellowstone
Ecosystem entitled, “Exotic organisms in greater
Yellowstone: native biodiversity under siege.”
The abstract on potential contamination of
YNP thermal springs by human activity was
sent (by e-mail) to a selected list of researchers
known to be experts in their field and active in
YNP microbial research. The e-mail requested
comments and opinion on the question for
inclusion in the present paper.
Information on sampling methods from one
investigator, Karl O. Stetter, was adapted from
a video tape (Films for the Humanities and
Science 1993) with the approval of the investigator.
RESULTS
Microbial Inventory
HISTORICAL STUDIES.—In the 1970s, Sulfolobus was the predominant organism at temperatures above 70°C at Norris Junction and
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Amphitheater Springs 1 and 2. It could be
isolated easily from most sites in both areas
either on sulfur as an autotroph or on yeast
extract as a heterotroph. It usually took about
a week to isolate new strains, sometimes
slightly longer, from most sites. At our Roaring
Mountain sites, it was the only organism we
saw. Here, we define Sulfolobus as Sulfolobuslike, meaning that the organism was a lobed
sphere. It is important to note that at this time
we had not yet described it as a genus. We
were just beginning to write up the work,
which was initially submitted in July 1971
(Brock et al. 1972).
On all of our slide immersion studies,
whether at Roaring Mountain, Norris Junction,
or Amphitheater Springs, we found roughly
equal numbers of attached rods and Sulfolobus
spheres around 70–75°C. Above 75°C the
main organism was Sulfolobus; few if any rods
were seen. Below 70°C rod-shaped cells began
to appear in very high numbers at sites along
thermal gradients at Norris and Amphitheater,
but not at Roaring Mountain, where we saw
principally Sulfolobus. Investigators Carl Fliermans and David Smith found metabolic activity in the soils of Roaring Mountain due to both
Sulfolobus and rods (perhaps Thiobacillus).
The highest temperature at which they observed rods was about 60°C.
In 1997–98 we surprisingly found mainly
rod-shaped cells in the samples from Amphitheater Spring 2. We found many more types
than the few we had observed earlier in our
1970–1973 thin-section and negative-stain electron microscopy. In the early samples we saw
only 2 different rods at Amphitheater. The first
had a Sulfolobus-like subunit cell wall, and the
second, a long filament, had a layered, bacterial-like cell wall. With so much diversity apparent, it became difficult for us to characterize
all the different types of organisms (rod shaped)
that were present. When the samples at Amphitheater Springs were prepared and examined
by electron microscopy, some Sulfolobus-like
spheres appeared. But the striking difference
was the ratio of rods to spheres at temperatures up to 75°C. Whereas previously there
had been about a 1:1 ratio, now the ratio was
on the order of 10:1 rods to spheres. We have
not yet found a suitable explanation for these
dynamics, but the sites have undergone many
changes over the years.
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We also did slide immersion studies in the
same spring in 1997–98 and found no colonies
of Sulfolobus-like cells at temperatures of
70–80°C but significant attachment of rodshaped cells. The slides immersed in springs
had many elongated, thin filaments (0.4 × 20
µm), rods of medium thickness and length
(~0.6 × 6 µm), and smaller rods (~0.5 × 2 µm).
Here again, this differed significantly from our
earlier observation that Sulfolobus-like and
rod-shaped cells were present in about equal
numbers, but above 75°C Sulfolobus-like cells
usually outgrew rods on immersed slides and
developed into colonies. The slide immersion
studies usually correlate well with phase contrast microscopic observations of samples
taken from the same habitat.
RECENT STUDIES.—Two other features of
these early observations are worth noting. (1)
Sulfolobus, when it did occur within the deposits of sulfur at Amphitheater Springs 1 and
2, was present in large numbers in microhabitats. (2) It was not seen at every sample site.
This compares with rods that were the dominant type in our recent observations. Amphitheater Spring 3 (summer 1997), with unusual
dark deposits at the origin and elemental sulfur, had almost totally Sulfolobus-like cells and
only a few rods. The deposits (perhaps iron)
were bound tightly to the siliceous bottom of
the spring. Sulfur deposits begin at the origin,
and extensive deposits occur further down the
thermal gradient.
This difference (rods vs. spheres) is particularly evident when cells are examined by DAPI
staining (Fig. 1). Samples taken at 78°C at
Amphitheater Spring 2 compared with those
from nearby Spring 3, 75–78°C (Fig. 2), emphasize the difference in colonization of sulfurrich habitats by rods and Sulfolobus-like cells.
The sulfur crystal structure (c) is particularly
evident as are the differences in morphology
of the microbes attached to sulfur. The individual rod and spherical shapes can readily be
seen by DAPI staining and phase contrast
microscopy.
More detail can be observed when cells
attached to sulfur are processed for negative
staining (Fig. 3). Here, the 2 different cell types
and their relative sizes are evident. The Sulfolobus-like cell is a lobed sphere ~1 µm in
diameter with several thin filaments, termed
pili, extending from the cell surface. The thin
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filaments possibly play a role in attachment of
cells to sulfur. The wall structure is formed
from subunits arranged in a 2-dimensional
array. The rod-shaped cell has a somewhat different cell wall, with small, circular units
arranged in rows that form a regular 2-dimensional array. The cell is about 0.45 × 2.6 µm,
uniform in width, and has rounded ends. It
has no thin filaments or other obvious surface
structures. We made an interesting observation on other cells: flagella bearing wings of
unknown function. Commonly, 2 of these are
arranged opposite each other (180° apart)
along the flagellum. They extend from the surface of the flagellum as featherlike rows that
run as a helix along the full length of the flagellum (Weiss Bizzoco et al. 2000).
Samples from Amphitheater Spring 2 taken
at 70°C, 74°C, and 78°C sites were examined
by SEM. The high-temperature (78°C) sample
is shown in Figure 4. Here, rod-shaped cells
(R) and spherical, Sulfolobus-like cells (S)
appear in about equal numbers. Both cell
types are attached to the surface of crystals.
Because there are many different minerals
present in hot springs, some of which are crystalline, we examined individual crystals with
attached cells. X-ray microanalysis reveals that
sulfur (S) is a major component of the crystal
to which microbes are attached (Fig. 5). At
temperatures of 70°C and 74°C, rod-shaped
cells appear by the thousands, while Sulfolobus-like cells are seen less frequently in samples examined in the SEM.
Frying Pan Spring is a large pool, pH 2.4,
with a temperature of 75°C (vs. 77°C in 1971).
In 1971 at Frying Pan Spring, a mixing pool,
we saw only rod-shaped microorganisms. One
was a long, slender filament just visible by
phase contrast microscopy, and the other was
a short, sausage-shaped rod. In 1997 when we
examined control cells from this spring without the addition of DAPI using fluorescence
microscopy, we found no autofluorescence.
DAPI staining identifies DNA in several morphological kinds of rod-shaped cells (Fig. 6).
The observed DAPI fluorescence coincides
with the DNA of cells visualized in phase contrast images of cells. Thin filaments and
sausage-shaped cells exhibit DAPI fluorescence with different intensities (Fig. 6). Some
cells showed small, intensely fluorescent sites,
suggesting they are undergoing cell division.
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Fig. 1. DAPI-stained Sulfolobus-like control sample. Sulfur crystal (c) with attached spherical cells was collected from
a flowing spring. A, Phase contrast; B, DAPI stain. DNA is seen as uniform DAPI fluorescence. Amphitheater Spring 3:
75°C, pH 2.3. X1300.

A

B

c

Fig. 2. DAPI-stained, rod-shaped cells associated with sulfur crystals (c) in a flowing spring. Cells attach to crystal (c)
and extend from the surface. A, Phase contrast; B, DAPI stain. DNA appears as uniform DAPI fluorescence. Amphitheater Spring 2: 74°C, pH 2.3. X1300.

In contrast, other cells had low levels of fluorescence, suggesting the cells are in the stationary or death phase of the growth cycle. We
also fixed cells, prepared thin sections, and
examined the resulting cells by electron microscopy. We found thin, microbial filaments and
sausage-shaped cells resembling those seen in
the light microscope (Fig. 7, cf. Fig. 6). Examination of these by negative staining revealed
several different types of flagellated cells (data
not shown). Some flagella on these cells lack

any obvious substructure, while others are
unique in comprising units with a linear substructure. In this sense they are reminiscent of
the winged flagella at Amphitheater Spring 2
that also have a linear substructure.
In mixing pools we found 2 distinct populations of cells. In 2 sites there was nearly a
pure culture of Sulfolobus-like cells. This
occurred at Moose Pool and Great Sulfur
Spring. Sulfur Caldron, Locomotive, Growler,
and several of the springs in the Sylvan
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Fig. 3. Microbes attached to sulfur in a flowing spring: A, Sulfolobus-like cell is a lobed sphere about 1 µm in diameter. Cell bears thin filaments intertwined with nearby filaments. Cell wall is formed of subunits arranged in a regular
pattern over the surface. B, Rod-shaped cell with surface subunits arranged in rows forming a patterned array. Cell
shown measures ~0.65 × 2.6 µm. No filaments appear on the cell shown here. A, B, Amphitheater Spring 2: 74°C, pH
2.3. Negative stain electron micrographs, X30,000.

Springs area had a mixture of rods and Sulfolobus-like cells. In contrast, only rod-shaped
cells were observed at Frying Pan Spring,
although it is known to contain Thermoplasma
(Segerer et al. 1988), a spherical organism.
From 1971 to 1999 there was a significant
change in 2 springs, Evening Primrose and
Growler. In 1995 Evening Primrose (Sylvan
Springs, see Fig. 6.7b, Brock 1978) caved in.
When we visited it in 1997, the temperature
had dropped from 89°C (1971) to 33°C.
Whereas previously it had been a Sulfolobus
habitat, it now contained mainly algae and
no Sulfolobus-like cells. The second spring,
Growler, had collapsed earlier (1975), and above
(northeast) it a new spring, Sulfur Spring,
appeared. From 1997 to 1998 Sulfur Spring
changed in temperature from 88°C to 74°C.
Despite such changes, the microbial populations of most mixing pools remained relatively
stable over the period from 1971 to 1999. Our
most recent microbial survey of these springs
is presented in Table 1.

Human-vectored Contamination:
Perspectives of Yellowstone
Microbiologists
Thomas D. Brock
E.B. Fred Professor Emeritus, Department of
Bacteriology, University of Wisconsin, Madison. Area of study: Thermophiles
Although human cross-contamination could occur,
it seems to me that this process would occur much
more often via wild animals in the area, or via airborne contamination. Sorting out human from nonhuman contamination experimentally would be difficult.

Craig J. Oberg,
Department of Microbiology, Weber State University, Ogden, UT. Area of study: Metabolism
and genetics of thermophiles
Lower temperature acidic and photosynthetic
environments are continually inoculated by environmental biota and are thereby probably immune
to xenic species contamination. Hyperthermophilic
habitats, although refractory to most species, are
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Fig. 4. Rod-shaped (R) and Sulfolobus-like (S) cells
attached to sulfur in a flowing spring. Amphitheater
Spring 2: 78°C, pH 2.3. Scanning electron micrograph,
X2300.

not often visited by natural vectors and may be
inoculated only by contaminated human probes.

Richard W. Castenholz
Department of Biology, University of Oregon,
Eugene. Area of study: Yellowstone photosynthetic thermophiles
With present practices I do not believe there is
a real danger of introducing exotic microorganisms
into Yellowstone hot springs. First of all, most thermophilic microorganisms from far distant hot
spring clusters (which are by their nature disjunct)
would be rarely transported in sufficient inoculum
size to become established in a hot spring community (usually of different chemistry). It is a “principle” of ecology that established native communities
rarely become displaced by exotics unless the
recipient community is disturbed. This may also
apply to hot springs communities. Sufficient inoculum may come frequently enough from hot springs
in the same cluster (e.g., the springs of Yellowstone), by insects for example, but this would be
expected and constitute natural dispersal. Although
thermobiologists are probably the most likely vectors of viable cells from one geothermal area to
another (e.g., Oregon to Yellowstone), the amount
of inoculum would be essentially inconsequential,
i.e., some old mud on boots, unwashed collecting
equipment, etc., unless of course there is a purposeful mass inoculation. Nevertheless, I have
always made it a practice to use new materials or
sterilized old. Scrubbing boots and/or steam sterilizing them or simply using a new pair is a good idea
if collectors have been in a distant hot spring area. I
am sure that transferring boats from one lake or
temperate stream to another constitutes a much
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greater risk (well documented) of introducing exotic
species than in the refractory habitat of hot springs.
The natural photosynthetic populations of alkaline
and acid hot springs and their patterns in Yellowstone have not changed in any apparent way during
the past 33 years of my studies, but of course this
does not include the more recent studies using
molecular methods. As for the shift in dominant
species in various springs, there are well-documented changes in the chemistry, temperature, and
flow in many springs in Yellowstone, especially in
unstable areas such as Mammoth and Norris. I have
observed many pH and temperature changes in
springs over these years, and these changes correlated with some changes in microorganisms. As for
the “possible” shift from Sulfolobus to Acidianus in
some acid springs, the latter genus was unknown
earlier and would not have been recognized at that
time in the 1970s when Sulfolobus was discovered.
Even if such a shift has taken place, in order to
understand it, studies of correlative changes in temperature, pH, and chemistry should have been
made in order to find possible causes. The introduction of Acidianus by collectors or human vectors of
any type seems (by orders of magnitude) the least
likely scenario.
As far as other impacts of hot spring collectors
are concerned, taking an occasional thimbleful or
even 100 mL of water and mat/sediment is not
going to affect in any way the integrity of the hot
spring community of microorganisms. However,
trampling of soil and plants surrounding certain
heavily used hot springs (e.g., Octopus Spring)
should be discouraged as much as possible. There
are many springs similar to Octopus that could be
used by collectors.

Norman R. Pace
Department of Molecular, Cellular, and Developmental Biology, University of Colorado,
Boulder. Area of study: Biodiversity—PCRbased DNA fingerprinting
I’m in full concurrence with Brock and Castenholz about this. I’m not too concerned about contamination (of Octopus Spring or Obsidian Pool)
because the mats are so rich in biomass. We always
try to use aseptic technique and are less concerned
about contaminating the site than the sample.

Carl R. Woese
Department of Microbiology, University of
Illinois, Urbana. Area of study: Gene isolation
techniques
Although the direct gene isolation method now
fails us by not identifying the actual phenotype of
the organism from which the gene has come, the
approach more than compensates for this by (1)
telling us that phenotypically characterized organisms are related to unisolated ones; (2) allowing us to
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Fig. 5. X-ray spectrum of crystal sampled at Amphitheater Spring 2: 78°C, pH 2.3. Sulfur (S) is a major component.
The gold-palladium (Au-Pd) peaks represent the surface coating deposited on the crystal during sample preparation.
Also evident are aluminum (Al) from the sample stub and carbon (C) from cells. Chromium (Cr) and silicon (Si) are present in the sample as minor components.

design probes and primers to aid in efforts to isolate
the organism in question by enrichment culturing;
(3) best of all, having the potential of a complete
accounting of microbial species occurring in a
niche, complementing enrichment culturing.
Together, the 2 approaches give microbiologists the
power to define, understand, and reveal the full
richness of the microbial world.

Francisco F. Roberto
Department of Biotechnology, Idaho National
Engineering and Environmental Laboratory,
U.S. Department of Energy, Idaho Falls, ID.
Area of study: PCR-based Yellowstone microbial extremophile diversity
On Acidianus brierleyi, I don’t believe it’s an
alien species, but actually it has probably been
there all the time. It’s likely that it was in Brock’s
original enrichments, as it’s virtually indistinguishable from Sulfolobus acidocaldarius under a microscope. I’m not surprised by Brock being cool to the
idea. I saw the call for papers and also think that
rather than introducing new microbial species, the
biggest effect of man is altering the environment,
leading to the succession and dominance of “nonnative” species, which have probably always been
around in small numbers, but not had the right
environments to proliferate.

Karl O. Stetter
Department of Microbiology, University of
Regensburg, Regensburg, Germany. Area of
study: Hyperthermophilic microbes
I define hyperthermophilic microbes as those
growing fastest above 80°C. I isolate hyperthermophiles from many terrestrial, subterranean, and
abyssal and shallow submarine areas all over the
world. From Yellowstone (I have had a collecting
permit for about 15 years), my co-workers and I
have cultivated and described (1) Thermoplasma
volcanium, the first Thermoplasma (wall-less
microbe) in YNP; (2) Thermosphaera aggregans,
from Obsidian Pool; (3) Thermocrinis ruber, Brock’s
“pink filaments,” from Octopus Spring. For sampling and storage of samples, I always use glass bottles to avoid diffusion of oxygen into samples. This
would occur with plastic bottles.
Like other Yellowstone investigators, Karl Stetter samples hot springs in a temperature range
from 70°C to boiling water. In addition to Yellowstone, Solfatara Crater near Pozzuoli, Italy, is one of
his choice hot habitats; it is laden with sulfur. Sampling here at extreme temperatures, he is most concerned with keeping the organisms happy. To sample an inaccessible spring, he uses a long, 2-piece
pole with a small 250-mL stainless cup attached to
one end. He fills up the cup by sampling in the
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Fig. 6. DAPI-stained cells from a mixing pool. A, Phase
contrast; B, DAPI fluorescence. DNA appears as bright
spots or less intense thin lines of DAPI fluorescence. Frying Pan Spring: 75°C, pH 2. X1300.

middle of a spring and transfers the sample to a
glass sample bottle that he fills to the top without
introducing bubbles during pouring. In springs that
are easy to sample, he uses a 50-mL plastic syringe
to withdraw samples. Here again, he fills up a glass
bottle to the top to exclude oxygen. Then he may
add sodium dithionite to the sample. He notes,
“There is one important thing, there is practically
no oxygen here. With a powerful oxygen killer,
sodium dithionite, the organisms will be very
happy” (Films for the Humanities and Science
1993).

Robert F. Ramaley
Department of Biochemistry and Molecular
Biology, University of Nebraska Medical Center, Omaha. Area of study: Thermus species
As of this point, I don’t know if we have any
hard data that “native microbial populations” in Yellowstone have been displaced by either “native”
transfer (wildlife) or any evidence that investigators
themselves could be contributing to displacement
from any use of nonsterile collecting equipment.
This is a constant worry, especially when you see
investigators doing physical sampling of hot springs
for released gases, etc., much as I observed on 16
July 1999 at Octopus Spring by Gavin Chan and
other students from Washington University in St.
Louis during their detailed mapping of the outflow
channels of Octopus Spring (Web site http://
epsc.wustl.edu). I have been very careful to always
use sterile materials (wrapped sterile sampling
material) and suggest that approach for other individuals or investigators to avoid or minimize any
direct contamination problems.

Fig. 7. Thin filaments and wide, curved rod coexist with
other cell types in a mixing pool. Figures 6 and 7 may be
compared. Frying Pan Spring: 75°C, pH 2. Thin-section
electron micrograph, X10,000.

Perry Walker Russell
Department of Biology, Cumberland College,
Williamsburg, KY. Area of study: Sampling
protocol
A sampling protocol needs to be established that
will preserve these sites as much as possible. Since
my background is in pathogenic bacteriology, I
have always as a habit used techniques that are as
close to “sterile technique” as possible. (1) I use a
telescoping golf ball retriever with a glass beaker
attached to the end for gathering my samples and a
thermometer hanging from the end of the retriever
shaft. (2) Before collecting a sample, I sterilize the
end of the retriever, the beaker, and the thermometer with alcohol. (3) When actually collecting the
sample, I never stand in the water and, in fact, like
to stand back a little way. Of course, for really hot
or dangerously weak crustal areas, standing back is
a necessity, but I also like to stay back a couple of
feet from more easily accessible and cooler runoff
streams. After all, I don’t need to be stomping
around with my Kentucky microflora–laden boots
in Yellowstone thermal springs. (4) Upon retrieving
a sample in the beaker, I first check the temperature reading and then pour the sample into an individually wrapped sterile polypropylene tube
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TABLE 1. Microorganisms in acid thermal habitats in Yellowstone National Park.
Location

°C

pH

Amphitheater Spring 2

78

2.0

74

2.0

70

2.0

88
83.5
79
85.5
86

1.5
2.0
2.3
2.6
2.1

Norris Junction

72

1.5

Frying Pan Spring

75

2.4

Thin filaments, medium length rods,
long rods, short curved wide rods

88
80

2.2
2.2

Sulfolobus-like, long thin filaments
Sulfolobus-like, short rods

70

1.5

69

1.8

Sulfolobus-like, Lobobacillus, long
thin rods, short thick curved rods,
short thin rods
Sulfolobus-like, thin filaments, very
thin rods, wide rods

86

2.1

Norris Geyser Basin
Sulfur Spring above Growler
Locomotive
Vermillion
Congress
Small Triangular Pool

Roaring Mountain
(southern effluent)
Mud Volcano area
Sulfur Caldron

Moose Pool
Crater Hills
Great Sulfur Spring

Microbesa
Sulfolobus-like, thin filaments,
short wide rods, flagellated rods
Sulfolobus-like, long curved rods, thin
rods, one enlarged end, short rods,
winged flagella
short wide rods
long rods, short rods, thin rods
Sulfolobus-like, short rods
Sulfolobus-like, short rods, thin rods
short rods
Sulfolobus-like, thin rods, wide rods,
curved rods
Sulfolobus-like, thin rods, wide rods,
long, irregular curved rods, long rods

Sulfolobus-like, a few short thin rods

aSampling period was 1997–1999.

(maybe 8–10 mL). The residual in the beaker I pour
out into the dirt or sand (not back into the water).
(5) I can now take a pH reading of my sample by
quickly putting a drop or two from my sample tube
onto pH paper. (I tend to prefer this method over
sticking a probe end into the spring or the sample
because of the potential for contamination plus I
have always found my pH test strips to be accurate
enough for my purposes.) (6) Before moving to the
next site, I record my site data (temperature, pH,
location, and elevation) and sterilize the end of the
retriever, the beaker, and the thermometer with
alcohol again.
Hopefully by using this protocol, I am not contaminating any sampling site with bugs from Kentucky or cross-contaminating springs with other
thermophiles. My only worry lies in the fact that
while alcohol should destroy any bacterial contaminants, it may not eliminate all bacteriophage contaminants.

DISCUSSION
Several kinds of experimental approaches
provide a microbial inventory of hot spring

ecosystems. These include (1) PCR-based
methods to amplify rRNA gene sequences
(ribosomal DNAs), (2) DNA staining with
DAPI to distinguish microbes from minerals,
and (3) electron microscopic analysis to identify microbes and their phenotype. Small subunit rRNA sequence-based analysis provides
the most complete inventory of microbial populations. While this method does not assess
the microbial growth phase or phenotype of
unknown microbes, as do DAPI staining and
electron microscopy, it provides an elegant
method to gain information on microbes that
can be seen microscopically, but not cultured.
Such approaches are strengthened by microbial culture and an analysis of phenotypes to
reveal the presence of new characteristics
such as the “winged” flagellum (Weiss Bizzoco
et al. 2000).
Our observations of Sulfolobus-like cells in
pools ranging in temperature from 68°C to
88°C and in a flowing spring at Amphitheater
(79°C) indicate that in many acid habitats this
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is the dominant morphological type of organism. It is also clear from our results that population dynamics in mixing pools have not
changed substantially since 1971 when cells of
environmental samples were first observed by
means of electron microscopy. It seems clear
from our results of the past 3 years that a morphologically diverse collection of rod-shaped
microbes exists at 70–89°C, pH 2–2.4. This
temperature range is substantially higher than
that reported for most rod-shaped thermophiles in comparable habitats below pH 3.
The exceptions perhaps are Thermofilum and
Thermoproteus, which grow anaerobically
(70–97°C, pH 2.5–6.5) and share Sulfolobus
habitats (Stetter 1986).
Our studies show that in one flowing spring
at Amphitheater a substantial change has taken
place. Whereas our earlier study (Weiss 1973)
showed that at temperatures above 75°C Sulfolobus-like cells were the predominant cell
type, we have demonstrated here that rodshaped microbes significantly outnumber Sulfolobus-like cells at all temperatures above
65°C in Amphitheater Spring 2. Our light and
electron micrographs indicate that in this
spring there may be significant interactions
among phenotypically diverse rod-shaped
cells as well as between the rod-shaped cells
and spherical Sulfolobus-like cells. Such cellcell interactions may allow survival of the
associated cell types and appear to involve
direct attachment by cell walls or short surface
pili. One feature of considerable interest is
that whether cells attach to sulfur directly, as
with rod-shaped organisms, or by pili, as with
Sulfolobus-like cells, the majority of the attached
cluster remains separated from the sulfur crystal surface. Sulfolobus-like cells accomplish
this by means of long pili, whereas rods attach
to each other, forming elongated cell groups
that extend away from the sulfur crystal. The
significance of this separation distance for the
oxidation of sulfur and the long-term survival
of the microbial community remains to be
determined.
The finding that Sulfolobus-like cells no
longer represent the dominant organism at
Amphitheater Spring 2 indicates that a change
in population dynamics has occurred. We note
with interest that it is still the most abundant
microbe in nearby spring 3 in the Amphitheater group. At another flowing spring, Roaring
Mountain, changes are not as obvious because
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of lower cell numbers and the absence of sulfur. This type of microbial community change
has been considered by Yellowstone microbiologists who generally believe that other organisms have always been present along with Sulfolobus, and that a shift in the dominant
species does not result from research activities
but instead represents natural succession within
native microbial communities. In keeping with
that opinion, it seems unlikely that the change
represents an “invasion” or exotic microbes. It
is also unlikely that this habitat has been intentionally disturbed by research or other human
activity. The pH and temperature of this site
have been rather stable over the years. However, changes such as flow rate, chemistry of
the spring, or nutrients entering from the algal
mat above the spring may all be factors contributing to microbial changes.
Human-vectored
Contamination
This study shows that microbial community
changes have occurred over a period of time
in the acid hot spring habitat. An important
question is whether such changes might be
expected to occur naturally over time within
an established community or whether they
might be the result of human research activities. We will consider below 5 points related
to this question, i.e., human-vectored contamination.
(1) The argument is given that human and
animal contamination would be hard to
separate.
While this is most likely correct, animal
cross-contamination might be more easily dismissed. Although animals such as moose and
bison range in the area of acidic hot springs
and pools and might step into a spring, transfer of acquired microbes seems more likely
limited to nearby springs which themselves
have already been exposed, possibly through
abiotic processes, to these same organisms.
With springs that are more distant, say miles
apart, it could take many hours for the animal
to travel to the next spring, and the microbes
might die or be removed during transit time
from the first to the second spring.
The time interval for springs several miles
apart would be so great that such cross-contamination is less likely. Insect-mediated contamination may have a shorter interval for the
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longer distances, but insects for the most part
would likely be limited to the cooler surfaces
of algal mats below 55°C. Furthermore, microbial communities in these mats have long
been exposed to insect foraging activities, particularly ephydrid flies that carry out their life
cycle year-round in algal mats. Possible dispersal of microbes in these lower temperature
ranges seems to be part of the biotic activities
to which springs and microbial communities
have already been exposed. At the lower temperature ranges, there is a complex community structure. Algae constitute a food source
for these herbivores (Brock 1978), but at higher
temperatures insects do not seem to visit the
springs to any great extent.
On the other hand, investigators travel by
automobile from one site many miles to the
next, within minutes. The general mobility of
investigators who can travel rapidly from site
to site and the presence of inexperienced investigators such as graduate students or assistants represent unknowns that could impact
hot spring habitats. While researchers are well
aware of and concerned about exotic species,
the current awareness was not a major concern
with microbes one or more decades ago.
We should note that even if mud from an
investigator’s boot were to enter a new system
accidentally, most of it would be carried downstream in a flowing spring like Amphitheater,
leaving only a small and likely inconsequential
amount of inoculum. In pools this could vary a
bit where there might not be an outflow channel. Most pools are sampled with some type of
extension device so that investigators stay further away from the edge of a pool than they
would a flowing spring. Despite the lack of
past attention to possible contamination, microbial investigators have always been careful to
try to minimize input in hot springs and pools
and in most cases use sampling methods and
devices that would avoid any but the smallest
possible input into a system. The fairly sizeable flow rate of spring water in pools and the
continuous turnover of the contained water
(Brock 1978) would likely remove the introduced inoculum.
(2) Microbial researchers are very careful to
avoid contamination of their samples, but
in the past they may not have been thinking about mud or soil that was on their
feet.
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Moreover, investigators taking hot spring
samples to analyze physical or chemical properties may not have been as careful as microbiologists. So, both seem to be likely potential
vectors.
Although this concern introduces an
unknown, it is diminished somewhat because
acid hot springs provide a hostile environment, perhaps even for the resident microbes.
This is seen by our DAPI staining results where
most cells in the springs are in a stationary
phase and are not growing and rapidly dividing. Very few organisms present have been
isolated in culture. This is usually consistent
with stringent nutrient (or oxygen) requirements. As pointed out by Stetter (Films for the
Humanities and Science 1993), many acid hot
spring organisms utilize hydrogen and are
inhibited or killed by oxygen. This implies
that exotic organisms have complex growth
requirements that likely will not be met in
most new habitats.
(3) Castenholz argues that exotic species tend
to establish only in disturbed habitats, and
since these hot spring habitats are thought
to be undisturbed, it is unlikely that any of
the established species are introduced.
This is said despite the fact that some
changes in communities have been observed
over the years. While it seems clear that disturbance facilitates establishment of exotics,
this system of hot springs is much more like a
series of islands than vast tracts of continental
land. In islands dispersal is a rare event, and
unique and interesting species arise through
adaptive radiation due to the large number of
unfilled niches. Islands are prone to exotic
species damage even when very undisturbed.
When exotic species, e.g., rats, enter a Pacific
island, they rapidly establish and decimate the
local species, both competitors and local flora.
It is easy to imagine that acid hot springs can
have very unusual and unique species, but
that an introduced bacterium from another
pond will not have the bacteriophage load and
may actually be better adapted. There might
be underadapted species that are susceptible
to competitive exclusion by introduced species.
Islands can possess underadapted species
because of the absence of introduced competitors and predators.
If bacteriophage in cells of the native community were lysogenic, their presence proba-
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bly would not alter the ability of native cells to
compete effectively with an introduced
species. On the other hand, if bacteriophage
are thought of as a means for keeping microbial populations in check, then a phage-free
introduced organism could gain an advantage.
If bacteriophage kill off the dominant species
(by lysis), this might allow the introduced
microbe to gain a competitive advantage and
become established in the new ecosystem,
assuming all other things are equal.
Although the existence of bacteriophage
introduces some uncertainty, it is less of a concern than it might seem. So far, only 2 genera
have been recognized as having bacteriophage
or viruslike particles (Stetter and Zillig 1985).
While this might seem to be a low number of
organisms with bacteriophage, recall that we
have examined a very large number of springs
by electron microscopy of thin sections and
whole mounts and find this to be consistent
with our results. As for the 2 genera we know
about, each has elements that decrease the
possible problem. The bacteriophage of Thermoproteus cause cell lysis when the sulfur
supply is exhausted; clearly, this might be
cause for concern, but this organism is a strict
anaerobe. This considerably reduces the concern because anaerobic contaminants are not
likely to survive transfer via a human vector.
Viruslike particles in Sulfolobus do not appear
to affect active growth of this organism. The
crystalline particle arrays seen in Sulfolobus
are not known to cause cell lysis without an
induction mechanism such as UV irradiation
(Stetter and Zillig 1985); this required stimulus would not likely be encountered in the
natural habitat.
Certainly a case can be made that underadapted species exist within acid hot springs
because there is electron microscopic evidence for the existence of a rich diversity, and
yet many cells are present in low number. It is
easy to imagine that an exotic species might be
better adapted than the underadapted species.
This introduces some uncertainty, but the
niche of the underadapted species would
likely be small since they are few in number.
So, the introduced species, even if successful,
would likely be insignificant.
(4) One researcher stated that alcohol cleaning would not eliminate bacteriophage
contaminants.
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Introduced bacteriophage could be a
major disturbance in these systems. Bacteriophage are strongly resistant, perhaps even to
attempts at sterilization by ETOH. Bacteriophage in the acid sulfate habitat likely follow
the general rule that those with a wide range
of species are more rare than those with
species or strain specificity. Phage would have
to make specific contact with sensitive cells.
This might be difficult in a flowing spring with
continuously moving water. In a mixing pool
bacteriophage could be removed by nonspecific adsorption to a surface such as a mineral
particle. Even direct contact with a suitable
host would not assure a productive infection.
We mentioned that most organisms in these
habitats are not actively growing and dividing.
Thus, while these considerations (a narrow
host range and a quiescent microbial host population) certainly do not eliminate the potential for bacteriophage to disturb the system,
the problem is diminished to some extent
from a conceptual point of view because the
more abundant the bacteriophage might be,
the less likely they are to interact effectively
with the existing microbial population. In
keeping with this idea, viruslike structures in
thermoacidophilic cells from natural samples
or cultures were seen only rarely (Weiss Bizzoco 1999) in many hundreds of samples
examined by electron microscopy. Thus, even
if bacteriophage present in these springs are
vectored by humans, their activity is likely to
be at a low level.
(5) Although we have stated that these systems do not vary, several springs show
minor temperature changes or major
changes induced by cave-ins.
Castenholz mentions documented natural
changes in many springs in YNP, especially in
unstable areas such as Mammoth and Norris.
These natural changes could be the source of
disturbance that would enhance the chance
for success of introduced exotic microbes.
While solfatara basins such as Norris or
Amphitheater Springs seem fundamentally
unchanged and stable, individual springs can
and do undergo alterations. Far from being
unusual, changes of this type, both minor and
major, are normal events in solfatara areas.
Such natural changes as water flow, temperature, pH, and chemistry all conceivably could
enhance or reduce chances for success of
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human-introduced species. Several arguments
should be considered in evaluating which possibility is more likely. First, with present microbiological methods, numbers of any introduced
organisms would be small. The likelihood of
their becoming established seems low because
they would have to undergo an abrupt, and
not necessarily favorable, change in chemistry
compared to their native habitat. One possible
result is that introduced organisms would be
washed away or die from these changes. Second, organisms may be introduced to a habitat,
but, if not optimally adapted, their numbers
will remain low or insignificant. The chances
that a few introduced microbes will land in an
acid hot spring may be great, but the likelihood of landing in a spring, whether disturbed
or not, to which they are optimally adapted in
temperature, pH, and flow or chemistry seems
minimal. Third, the physiological state of these
organisms is an important consideration that is
usually overlooked. Most cells in springs are
in the stationary growth phase and potentially
quiescent. As a result, they are not necessarily
going to grow, even if exposed to an appropriate and favorable environment. Fourth, organisms in acid hot springs are exposed to extremes
of temperature, pH, and redox potential. Low
redox potentials (anaerobic habitats) exist in
these springs. Because of the low solubility of
oxygen at high temperature and the presence
of reducing gases like hydrogen sulfide, most
of the organisms are anaerobes. Oxygen is toxic
to these exotic organisms, particularly during
transfer between springs. This toxicity would
likely reduce their ability to displace native
microbes or even survive. Fifth, many respondents in this paper are long-time thermobiologists, some with decades of experience. Over
the years of attempting to grow organisms seen
microscopically in samples, experienced investigators know it may be extremely difficult to
duplicate conditions required for growth. This
suggests that the organisms have complex nutritional requirements or interactions in their
natural habitats. The fastidious nature of these
microbes is not particularly evident in native
communities where these organisms coexist in
large numbers. Introduced organisms with
unique nutritional requirements might survive
in a new habitat for a prolonged period of
time, but it is much less likely that they would
displace native residents, even in the face of
natural changes or disturbances in a spring.
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Taken together, these 5 points on humanvectored contamination introduce some unknowns that may be cause for concern.
Although some human-vectored species might
survive, if introduced into springs, our rebuttal arguments favor the view that exotic
species are likely to have a low probability of
displacing native microbial communities, even
with the present level of research activities in
the acid hot springs of YNP. Because unknowns exist, the use of sound microbiological
technique in sampling acid thermal habitats
seems absolutely essential to provide the most
protection for the unique native microbes.
CONCLUSIONS
Results of this study suggest that the microbial flora in YNP has changed in some cases,
and some things not seen in the 1970s may
now be present in the system. Whether this is
a result of biotic or abiotic processes, including successional change, or introduction of
new exotic species (human-vectored contamination) cannot be determined from the results
presented here. While the consensus of prominent YNP microbiologists is that research
activities have not produced human-vectored
contamination, the question has not been
studied in detail (using PCR-based analysis),
and uncertainty on the issue remains. It will
serve the long-term stability of YNP hot springs
as well as other similar resources if all investigators (both beginning and experienced) are
aware of the possible introduction of exotic
species into the springs and thermal sites that
are being studied. With care and consideration on the part of investigators, undisturbed
hot spring microbial populations will have the
best chance to exist for the benefit of future
generations. Significant contributions already
made include the discovery of life at high temperatures, the invention of PCR (Saiki et al.
1988), and establishing the Archaea as one
of the primary lines of evolutionary descent
(Woese et al. 1990). That YNP has fostered
these contributions suggests that microbial
research represents an important activity.
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BENTHOS RECOVERY AFTER AN EPISODIC SEDIMENT RELEASE INTO
A COLORADO ROCKY MOUNTAIN RIVER
Robert E. Zuellig1,3, Boris C. Kondratieff 1, and Howard A. Rhodes2
ABSTRACT.—During late September 1996, approximately 7000 m3 of clay- to gravel-sized sediment was flushed from
Halligan Reservoir, Larimer County, Colorado, into the North Fork Cache la Poudre River during dam inspections.
Approximately 9.6 km of this river was partially or completely affected by this episodic sediment release. Pools up to 3.2
km downstream from the dam lost 50% of their volume. Hess samples taken from October 1996 to September 1997, 100
m downstream from the dam (site 1) and 3.2 km downstream (site 2), revealed effects of sediment on recovery patterns
of benthic communities. A 2-way ANOVA was used to determine significant interactions using site and date as main factors. Pairwise differences were then compared using least squares means to determine significant dates within and
between sites. Ten days after the sediment release, both density and taxa richness at site 1 (55 organisms per m2, 5 taxa)
were significantly lower (P < 0.05) than site 2 (1156 organisms per m2, 25 taxa). These differences remained until June
when species richness and densities increased. Plecoptera and Trichoptera colonized from June to September after
being eliminated at site 1 and reduced at site 2. No permanently flowing tributaries exist within the study area; therefore, passive downstream drift from such inputs apparently did not influence recovery. Increased densities of taxa such
as Baetidae, Hydroptilidae, Hydropsychidae, Chironomidae, Simuliidae, and Oligochaeta occurred plausibly by rapid
reproduction. Based on pre-event data, community function completely changed at site 2 from a scraper community to
one dominated by collector-gatherers.
Key words: sediment, recovery, benthic, macroinvertebrate, North Fork Cache la Poudre River, Colorado.

Bed and suspended load sediments can
affect stream ecosystems by increasing turbidity and filling streambed pools, which may
reduce or eliminate benthic and fish productivity. Small amounts of sediment can reduce
the density and diversity of benthic macroinvertebrates, and greater amounts of sediment
can significantly alter benthic macroinvertebrate function and structure (Lenat et al. 1979).
Episodic sediment transport events are considered temporary in duration. This type of
sedimentary transport event can reduce densities of benthic macroinvertebrate communities
up to 80% or even eliminate them completely
(Waters 1995). Recovery from episodic releases
of sediment is often rapid after the source
input is ceased (Tsui and McCart 1981, Cline
et al. 1982, DeWalt and Olive 1988). Knighton
(1998) and Thorne et al. (1987) provide an
extensive explanation of sediment transport in
rivers, and Beschta et al. (1981) describe a sediment transport event during a controlled reservoir release. The length of time required for
flushing large amounts of deposited sediment

due to reservoir release and the temporal
impact and recovery from those sediments on
downstream macroinvertebrate-producing riffles have seldom been evaluated (Waters 1995).
During the last week of September 1996,
Halligan Reservoir, a 150-ha agricultural water
storage reservoir in northeastern Colorado,
was drained for a dam inspection. Water released from the bottom of the dam transported
approximately 7000 m3 of clay- to gravel-sized
sediment along 12 km of the North Fork
Cache la Poudre River (Wohl and Cenderelli
2000). Approximately 2447 m3 of silt and sand
were deposited along the first 366 m of river
below the dam. Most of the initial sediment
deposition occurred in pools (Wohl and Cenderelli 2000). The first large pool downstream
of the dam was completely filled by 3 vertical
meters of silt and fine sediment. Pools up to
3.2 km downstream from the dam lost as much
as 50% of their volume, and pools as far as 5
km downstream lost up to 30% of their volume
(Wohl and Cenderelli 2000). Most of the
suspended sediment load transport occurred

1Colorado State University, Department of Bioagricultural Sciences and Pest Management, Fort Collins, CO 80523.
2USDA Forest Service, Rocky Mountain Research Station, 222 South 22nd Street, Laramie, WY 82070.
3Present address: Colorado State University, Department of Fishery and Wilklife Biology, Fort Collins, CO 80523.
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in April at both sites, whereas bedload sediment transport varied (see Wohl and Cenderelli 2000 for a detailed description of this
episodic sediment transport event). Based on
previous fish population studies (K.D. Fausch,
Colorado State University, unpublished data),
an estimated 4000 rainbow (Oncorhynchus
mykiss) and brown trout (Salmo trutta) were
killed by the sediment release.
This study describes the first year’s temporal recovery of benthic macroinvertebrate
communities along the North Fork Cache la
Poudre River from Halligan Reservoir downstream 3.2 km. This episodic release of sediment provided a unique opportunity to follow
the benthic macroinvertebrate recolonization
of the riffle communities of this stream. Understanding temporal recovery patterns will aid
managers in making better decisions about the
timing of, and recovery from, future sediment
releases. Limited pre-event data on benthic
macroinvertebrate community structure and
function were available, providing a comparison
of pre- and post-event community dynamics.
STUDY AREA
The North Fork basin drains 1500 km2 with
110 km of stream including tributaries that
drain into Halligan Reservoir (Black et al.
1959). This basin, underlain by Precambrian
silver plume granite (Tweto 1979), has an average annual precipitation estimated at 40.6 cm
and a mean elevation of 2374 m (Black et al.
1959). The dam at Halligan Reservoir was constructed in 1910 and is located on the North
Fork of the Cache la Poudre River 14 km
upstream from County Road 80c in the north
central portion of Larimer County, Colorado
(T11N R71W, sec34, NE1/4 of the SW1/4; Fig.
1). At full pool this reservoir covers 150 ha and
has a storage capacity of 8 million m3. The
North Fork flows through a bedrock canyon
below Halligan Reservoir, and no permanently
flowing tributaries exist within the study area
that could influence the recovery of benthic
communities. Water release is controlled by
the operation of Halligan Reservoir, which has
a single outlet valve with the capacity of 3.93
m3 ⋅ s–1. Water spills over the dam when the
outlet valve capacity is exceeded during each
snowmelt season. Typically, the reservoir release
hydrograph follows a snowmelt pattern, with
peak flows in late May–early June followed by
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low late fall and winter base flows (Wohl and
Cenderelli 2000).
MATERIALS AND METHODS
Two sampling sites were established on the
North Fork of the Cache la Poudre River below
Halligan Reservoir. Site 1 was 100 m below
Halligan Reservoir, and site 2 was 3.2 km
downstream from the dam within The Nature
Conservancy’s Phantom Canyon Preserve. We
took 3 subsamples twice per month from
October 1996 to September 1997 at each site
except in December, January, February, June,
and September, when subsamples were taken
monthly. High-water discharge during April
prevented sampling, and samples taken on 31
January and 22 May 1997 were excluded from
the analysis because of extreme low- and highwater conditions. We collected samples with a
Hess bottom sampler with 500-µm mesh in
riffle areas (Platts et al. 1983).
The structure and function of the benthic
communities at both sites were evaluated using
density (/m2), total number of taxa (T), cumulative Ephemeroptera, Plecoptera, and Trichoptera taxa (EPT), Shannon’s diversity (H) and
Shannon’s evenness ( J) indices, and relative
abundance of functional feeding guilds. The
formulas presented by Washington (1984) were
used to calculate H and J. Although ecological
indices are controversial (Washington 1984),
the Shannon diversity index has been widely
applied and continues to be used as a data
analysis tool (e.g., Reiners 1992). A sample was
considered the combined total of 3 Hess subsamples taken at each site and date. T and
EPT were calculated as the number of new
taxa found in each subsample; H and J values
were calculated using the combined total of
each sample. Density values were calculated
from the mean density of individuals /m2 from
the 3 Hess subsamples taken at each site and
date. Using a balanced 2-way ANOVA, we
compared density means with site and date as
main factors. Pairwise differences were then
calculated using least squares means to determine significance within and between sites.
Density values were Log10 +1 transformed
before analysis (Norris and Georges 1993),
which validated the assumptions of homogeneity of variances and normality. Statistical analysis was performed using a PC version of Statistical Analysis System (SAS® 1985). Following
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Fig. 1. Halligan Reservoir, the North Fork of the Cache la Poudre River, Larimer Co., Colorado, and study sites.

Merritt and Cummins (1996) and Thorp and
Covich (1991), we assigned individuals to feeding guilds and then calculated the percentage
of each guild in each sample. Community
structure and feeding guild comparisons were
made at site 2 with data collected at this same
location by J.V. Ward and B.C. Kondratieff in
1990 in part of a report to The Nature Conservancy. These pre-event samples were represented by 3 Surber samples taken on 3 dates
in 1990 (20 June, 19 July, 22 August) and were
compared with our samples taken on similar
dates in 1997 (28 June, 26 July, and 30 August).

At site 2 community structure during the
same time period was 56% Diptera, 4% Ephemeroptera, 14% Trichoptera, and 26% remaining taxa (Fig. 2). Ephemeroptera and Plecoptera
began to increase in June 1997, Diptera and
remaining taxa decreased, and the proportion
of Trichoptera remained unchanged (17%; Fig.
2). The macroinvertebrate community for the
entire sampling period at site 1 and site 2 primarily comprised Diptera and Ephemeroptera
(Fig. 2). However, Diptera had a greater percentage representation at site 1, whereas Trichoptera and other remaining taxa were important at site 2 (Fig. 2).

RESULTS

Total Number of Taxa (T) and
Ephemeroptera, Plecoptera,
Trichoptera Taxa (EPT)

Community Structure
H, J, T, EPT, density means, and sx– are
summarized for sites 1 and 2 in Table 1. At site
1 the macroinvertebrate community from October 1996 to May 1997 was 91% Diptera, 1%
each for Ephemeroptera and Plecoptera, and
7% remaining taxa which include the groups
Oligochaeta, Nematoda, Gastropoda, Hydrocarina, and Turbellaria (Fig. 2). Ephemeroptera
recolonized, making up 40% of the community
from June to September, while Diptera continued to be abundant (55%) at site 1 (Fig. 2).
Trichoptera increased to 2%, and remaining
taxa decreased to 3%.

Changes that occurred in T and EPT are
described in Figure 3 using median, interquartile range, and extreme values. At site 1, T
ranged from 4 in February to 33 in September.
T began to increase substantially from the
beginning of May to the end of June (Table 1).
Only 2 EPT taxa were collected on any given
date until May at site 1, and both of these
were represented by only a few individuals.
The number of EPT taxa increased in June and
continued to increase throughout the remainder of the study period at both sites (Fig. 3).
Four stonefly taxa at site 1, including early
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Fig. 2. Community structure data collected from the North Fork of the Cache la Poudre River from October 1996 to
September 1997 after an episodic sediment release below Halligan Reservoir. Changes in community structure are
shown as cumulative changes at sites 1 and 2 from October through May and from June through September. Ephem =
Ephemeroptera, Plec = Plecoptera, Tric = Trichoptera, Dipt = Diptera, R/T = remaining taxa (Oligochaeta, Nematoda, Gastropoda, Hydracarina, and Turbellaria).

TABLE 1. Shannon diversity (H), Shannon evenness (J), total taxa (T), EPT taxa (EPT), and density values calculated
for site 1 / site 2 data collected from the North Fork of the Cache la Poudre River below Halligan Reservoir, Larimer
Co., Colorado. H and J indices were calculated from the cumulative number of individuals from each sample. T and
EPT values were calculated from new taxa represented in n = 3 subsamples collected from October 1996 through September 1997. Estimated density values are reported means of n = 3 samples in individuals per m2 ± sx–.
Date
12-Oct-96
28-Oct-96
08-Nov-96
20-Nov-96
13-Dec-96
17-Feb-97
07-Mar-97
28-Mar-97
02-May-97
28-Jun-97
09-Jul-97
26-Jul-97
09-Aug-97
30-Aug-97
26-Sept-97

H

J

T

EPT

Density (/m2) ± sx–

1.10 / 2.51
0.54 / 2.54
0.64 / 2.72
1.11 / 2.59
0.98 / 2.68
0.91 / 2.62
1.18 / 2.01
1.24 / 2.48
1.10 / 2.37
2.02 / 2.46
1.79 / 2.35
1.68 / 2.31
2.17 / 2.57
2.50 / 2.76
2.47 / 2.80

0.68 / 0.78
0.28 / 0.73
0.33 / 0.82
0.50 / 0.76
0.47 / 0.91
0.66 / 0.85
0.66 / 0.80
0.69 / 0.75
0.50 / 0.74
0.63 / 0.63
0.61 / 0.65
0.52 / 0.63
0.69 / 0.71
0.74 / 0.77
0.71 / 0.70

5 / 25
7 / 33
7 / 28
9 / 31
8 / 19
4 / 22
6 / 12
6 / 27
9 / 25
25 / 38
19 / 37
26 / 40
23 / 36
30 / 36
33 / 55

1/7
1 / 14
2 / 13
2 / 10
1/7
0/9
1/4
1/7
2/7
11 / 19
9 / 18
10 / 19
11 / 16
12 / 17
15 / 25

55 ± 17 / 1156 ± 138
794 ± 250 / 3446 ± 662
736 ± 327 / 1795 ± 114
518 ± 259 / 3391 ± 2095
805 ± 578 / 1389 ± 409
82 ± 31 / 529 ± 328
152 ± 20 / 276 ± 68
183 ± 96 / 1452 ± 232
1211 ± 292 / 2963 ± 462
8328 ± 4150 / 9219 ± 1499
8737 ± 1905 / 3730 ± 836
8277 ± 1020 / 3648 ± 821
5525 ± 766 / 2231 ± 644
3726 ± 411 / 1565 ± 495
5693 ± 1219 / 13,977 ± 2610

instars of Chloroperlidae, early instars of Perlodidae, Isoperla quinquepunctata, and Triznaka
signata, and 4 caddisfly taxa, Cheumatopsyche
pettiti, Oecetis sp., Hydroptila sp., and Leucotrichia pictipes, were represented in September samples. Only early size classes of

semivoltine and univoltine Plecoptera were
represented at site 1 a year later, suggesting
that most stoneflies were eliminated by the
initial sediment release. Baetis tricaudatus, B.
flavistriga, Serratella micheneri, Nixe criddlei,
Paraleptophlebia sp., and Tricorythodes minutus
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Fig. 3. EPT taxa (EPT) and total number of taxa (T) plotted using the median, interquartile range, and extreme values
where n = 3 on all sample occasions. Data collected from the North Fork Cache la Poudre River downstream from Halligan Reservoir, Larimer Co., Colorado, at site 1 and site 2 from October 1996 through September 1997.

became common in samples from June through
September at both sites.
At site 2, T ranged from 12 in March to 55
in September (Table 1). T increased by the
end of October and remained relatively constant, decreased during the winter months,
and then increased in early spring and early
summer. A substantial increase occurred between August and September when T increased

from 36 to 55. EPT taxa ranged from a low of
4 in March to 25 in September (Table 1).
Mayflies and caddisflies were represented in
all samples collected at site 2. Several stonefly
taxa began to appear in June at site 2. Again,
only early size classes of semivoltine and univoltine Plecoptera were represented. EPT and
T showed similar increasing and decreasing
patterns at both sites (Fig. 3).
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TABLE 2. Pairwise differences using least means square calculated from estimated density Log10 data where n = 3 on
River after an episodic sediment transport event below Halligan Reservoir, Larimer Co., Colorado. Significant values
Sample period
______________________________________________________________________________
Oct
Oct
Nov
Nov
Dec
Feb
Mar
Within site 1
Within site 2

—
—

< 0.01
0.07

0.55
0.29

0.71
0.65

0.81
0.39

< 0.01
< 0.01

0.21
0.81

Between sites

< 0.01

< 0.01

0.03

< 0.01

0.11

0.05

0.34

Shannon Diversity (H) and
Shannon Evenness (J)
Macroinvertebrate communities of unpolluted waters typically exhibit H values above
3.0, whereas severely polluted streams have
values less than 1.0 (Wilhm 1970). H values for
Rocky Mountain streams generally approach
or exceed 3.0 (Platts et al. 1983). At site 1, H
values ranged from 0.54 to 2.50 but did not
consistently exceed 1.00 until March and did
not consistently exceed 2.0 until August (Table
1). J values at site 1 ranged from 0.28 to 0.74
(Table 1). They fluctuated at site 1 throughout
the sampling period and yet stayed below the
normal range (0.6–0.8) for unpolluted streams
in the United States. In unpolluted streams in
the United States, J values normally range from
0.6 to 0.8, whereas even mild levels of organic
wastes generally depress values below 0.3. At
site 2, H values ranged from 2.01 in March
to 2.80 in September, approaching normal H
values for Rocky Mountain streams (Table 1).
J values fluctuated within the normal range
for unpolluted streams in the United States
throughout the sampling period at site 2.
Density
A balanced 2-way ANOVA revealed significant interactions between site and date (P <
0.05). We calculated least means squares values using Log10 +1 density data; results are
presented in Table 2 for sites 1 and 2 and
describe significant interactions within and
between sites. Significant density site and date
interactions are shown using the median, interquartile range, and extreme values in Figure 4.
Estimated monthly taxa densities are presented in Appendix 1. Mean density at site 1
ranged from 55 ± 17 individuals per m2 in
early October to 8737 ± 1905 individuals per
m2 in July. The first significant increase in
density occurred in early October from 55 ±
17 individuals per m2 to 794 ± 250 individuals

per m2 in late October (P < 0.05). This increase was primarily made up of Diamesa spp.
midges. Densities significantly increased again
in March from 183 ± 96 individuals per m2 to
1211 ± 292 individuals per m2 in early May
and then to 8328 ± 4150 individuals per m2 in
June (P < 0.05). Diamesa spp. and Eukiefferiella spp. midges represented the majority of
this density increase. Significant decreases
also occurred from December to February (P
< 0.05; Table 1). Standard error of mean density (sx–) expressed as a relative percentage of
mean density ranged from 11% in August to
72% in December at site 1 (Table 1).
Mean density values at site 2 ranged from
529 ± 328 individuals per m2 in February to
13,977 ± 2610 individuals per m2 in September.
The first significant increase began in early
October from 1156 ± 138 individuals per m2
to 3446 ± 662 individuals per m2 at the end of
October (P < 0.05). This increase was primarily
made up of midges and oligochaetes. Density
increased significantly again in March, from
1452 ± 232 individuals per m2 to 2963 individuals per m2 in early May and then to 9219 ±
462 individuals per m2 in June (P < 0.05).
Diamesa spp., Eukiefferiella spp., Orthocladius
spp., and Cricotopus spp. midges made up the
majority of this increase. Significant increases
in density at site 2 also occurred between
August (1565 ± 495 individuals per m2) and
September (13,977 ± 2610 individuals per m2;
P < 0.05). Most of this increase was represented
by the mayflies Acentrella insignificans, early
instars of Baetis spp., Ephemerella infrequens,
and Paraleptophlebia sp.; the stonefly Claassenia sabulosa; the caddisflies Ceratopsyche cockerelli, Hydropsyche sp., and L. pictipes; and
the midges Diamesa spp., Eukiefferiella spp.,
and Orthocladius spp. Significant decreases also
occurred at site 2 from November to December and June to July (P < 0.05). Significant
between-site differences almost continuously
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each sampling occasion. Data collected from October 1996 through September 1997 from the North Fork Cache la Poudre
are in bold (P ≤ 0.05).
Sample period
__________________________________________________________________________________________________
Mar
May
Jun
July
July
Aug
Aug
Sept
0.92
< 0.01

< 0.01
0.22

< 0.01
< 0.01

0.66
0.02

0.98
0.95

0.47
0.35

0.52
0.53

0.50
< 0.01

< 0.01

0.11

0.19

0.15

0.14

0.09

0.09

0.12

Fig. 4. Estimated density per m2 values plotted using the median, interquartile range, and extreme values where n =
3 on all sampling occasions. Data collected from the North Fork of the Cache la Poudre River below Halligan Reservoir
at site 1 and site 2 from October 1996 through September 1997. * indicates significance within a site and + indicates
significance between sites (P < 0.05).

occurred from October through March (P <
0.05). Standard error of mean (sx–) density
expressed as a relative percentage of mean
density ranged from 6% in early November to
62% in late November at site 2 (Table 2).
Feeding Guilds
Feeding guild percentages for sites 1 and 2
are summarized in Table 3. At site 1 collectorgatherers (C/G) dominated all samples except
those taken in July, when collector-filterers
(C/F; Simulium sp.) dominated. C/G were represented in all samples where percentages

ranged from 40% in June to 98% in October at
site 1. C/F were represented in all samples
except early October. C/F percentages ranged
from 1% in late October to 54% in late July.
Shredders (SH) were represented as small percentages in June, July, and September. Scrapers (SC) were represented in early October
but did not reappear until June, when they
were represented in the remainder of samples.
SC percentages ranged from 1% in November,
late June, and September to 14% in early
August. Predators (PR) were represented by
small percentages in all samples except early
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TABLE 3. Feeding guild comparison calculated from samples for site 1 / site 2 data collected from the North Fork of
the Cache la Poudre River below Halligan Reservoir, Larimer Co., Colorado, from October 1996 to September 1997. C/G
= collector-gatherer, C/F = collector-filterer, SH = shredder, SC = scraper, PR = predator, P/H = piercer-herbivore,
and Number sum = total number of individuals collected in a sample.
Sample

C/G %

C/F %

SH %

SC %

PR %

P/H %

Number sum

12-Oct-96
28-Oct-96
08-Nov-96
20-Nov-96
13-Dec-96
17-Feb-97
07-Mar-97
28-Mar-97
02-May-97
28-Jun-97
09-Jul-97
26-Jul-97
09-Aug-97
30-Aug-97
26-Sep-97

76 / 55
98 / 74
97 / 61
91 / 60
87 / 64
90 / 72
87 / 66
87 / 80
95 / 90
66 / 87
43 / 81
40 / 78
59 / 72
75 / 81
73 / 51

0 / 10
1/4
2/6
6/1
10 / 8
10 / 5
10 / 7
13 / 4
3/0
30 / 2
47 / 2
54 / 7
25 / 2
13 / 10
15 / 31

0/2
0/1
0/3
0/1
0/0
0/4
0/0
0/0
0/0
1/0
1/1
0/0
0/2
0/0
3/1

8 / 15
0/8
1 / 17
0 / 20
0/8
0/1
0/6
0/4
0/0
1/7
4/9
4/4
14 / 16
8/3
1 / 11

16 / 18
1 / 13
0 / 12
3 / 18
3 / 17
0 / 18
3 / 21
0 / 11
2 / 10
2/4
1/7
1 / 11
2/8
3/6
8/6

0/0
0/0
0/1
0/1
0/3
0/0
0/0
0/1
0/0
0/0
4/0
1/0
0/0
1/0
0/0

12 / 293
199 / 871
169 / 436
117 / 824
206 / 133
21 / 129
39 / 70
31 / 347
299 / 658
1876 / 2188
2122 / 857
2068 / 946
997 / 533
865 / 385
1398 / 3406

November, February, and late March by the
deer fly Chrysops sp.; the midges Thienemannimyia group and Cardiocladius spp.; the
dipteran Atherix pachypus; the stoneflies
T. signata, I. quinquepunctata, early instars of
Chloroperlidae, and early instars of Perlodidae; the dragonfly Ophiogomphus severus; and
by water mites, flatworms, and nematodes. PR
percentages ranged from 1% in late October
and July to 8% in September. Piercer-herbivores (P/H) were represented in July and
August by hydroptilid caddisflies. Percentages
ranged from 1% in late July to 4% in August.
At site 2, C/G dominated all samples, with
percentages ranging from 51% in September
to 90% in early May. C/F, represented in all
samples except in May, had percentages of 1%
in November to 31% in late September. SH,
represented by Cricotopus spp. and Polypedilum spp., appeared in about half the samples;
SH percentages ranged from 1% to 4%. SC
were represented in all samples except January and May; percentages ranged from 1% in
February to 20% in November. PR were represented in all samples at site 2 and ranged
from 4% in June to 21% in early March. P/H
were represented only in November, December, and March samples and ranged from 1%
to 3%. Hydroptila sp., Agraylea multipunctata,
and Sigara sp. represented P/H taxa.
Pre- and Post-disturbance
at Site 2
Pre-event data are unfortunately limited,
and therefore only qualitative comparisons of

community structure and functional feeding
guilds are made. A community structure comparison was made based on the data collected
from July samples (Fig. 5). In 1990 Ephemeroptera made up 75% of the community, with
2% Plecoptera, 12% Trichoptera, 9% Diptera,
and 2% remaining taxa groups. After the sediment transport event in 1997, Ephemeroptera
decreased to 65%, Plecoptera were the same
at 2%, Trichoptera decreased to 2%, and Diptera
increased to 27%, while remaining taxa slightly increased to 3%. Epeorus albertae, Choroterpes inornata, I. quinquepunctata, Suwallia sp.,
Helicopsyche borealis, Nectopsyche sp., Oecetis
sp., Chimarra utahensis, and Lepidostoma sp.
were extirpated from post-disturbance samples
(Appendix). Nixe criddlei, Hesperoperla pacifica,
T. signata, Perlesta decipiens, and Psychomyia
flavida invaded after the sediment release. A
feeding guild comparison was based on data
collected from July samples (Fig. 5). In 1990,
SC made up 67% of the community, with 30%
C/G, 2% PR, and 1% C/F. After the event in
1997, C/G increased to 78%, PR increased to
11%, C/F increased to 7%, and SC decreased
to 4% of the community.
DISCUSSION
Presumed effects of suspended load sediments on aquatic insects are loss of visual efficiency in feeding, interference in food gathering by filterers, abrasive action, and increased
invertebrate drift (Waters 1995). Direct cause of
increased invertebrate drift due to suspended
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Fig. 5. EPT taxa, community structure, and feeding
guild comparison of pre- and post-event data collected 3.2
km below Halligan Reservoir on the North Fork of the
Cache la Poudre River at site 2. Pre-event data were collected in June, July, and August 1990. Post-event data
were collected in June, July, and August 1997. Ephem =
Ephemeroptera, Plec = Plecoptera, Tric = Trichoptera,
Dipt = Diptera, R/T = remaining taxa (Oligochaeta,
Nematoda, Gastropoda, Hydracarina, and Turbellaria), PR
= predator, SC = scraper, C/G = collector gatherer, C/F
= collector-filterer.

sediment is not known; however, White and
Gammon (1977) and Rosenberg and Wiens
(1978) found that suspended sediment indirectly increases drift by decreasing available
light. Sediment transport can decrease primary
productivity by reducing light and/or by abrading or suffocating periphyton and associated
macrophytes (Waters 1995). The episodic sediment release from Halligan Reservoir during
the last week of September 1996 eliminated
the majority of the benthic macroinvertebrate
community at site 1. Significant differences in
density occurred between sites from October
through March, suggesting that the benthic
community closest to the sediment release (site
1) was most strongly affected. While Diptera
dominated the community at both sites, rapid
recolonization by Baetidae and Hydropsychidae
began after flows increased during the snowmelt portion of the hydrograph (Wohl and Cenderelli 2000). Though the community showed
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high resilience at both sites, a complete alteration occurred in community function at site
2, changing from an SC-dominated community (heptageniid mayflies) to one dominated
by C/G (midges and baetid mayflies). Hesse
and Newcomb (1982) investigated a similar
situation on the Niobrara River in Nebraska
and found comparable intense short-term
effects on the macroinvertebrate community.
In our study the initial sediment deposition
occurred in pools, creating storage sites that
permitted continual sediment transport (Wohl
and Cenderelli 2000), which may help explain
decreases in density throughout the study
period at site 2. On the other hand, these density differences may be attributed to life history traits of the taxa present. The function of
the community may not return to pre-event
conditions until the sediment stored in pools
is moved through the system. Gradient, discharge, and current velocity control the rate of
sediment removal, which can facilitate the rate
of recolonization (Waters 1995). Higher-thanaverage spring–summer flows in 1997 recovered
50% of the original pool volumes (Wohl and
Cenderelli 2000), which may have enhanced
recolonization. Recolonization can occur laterally, from upstream or downstream, from within
the substrate, or through oviposition (Williams
and Hynes 1976). Rapid recolonization can also
occur by passive downstream drift from unaffected upstream reaches (Barton 1977, Chrisholm and Downs 1978, Williams 1980, DeWalt
and Olive 1988). However, no permanently
flowing tributaries exist within the study reach;
therefore, passive downstream drift from such
inputs had apparently no influence on recovery. Additionally, the large reservoir probably
prevented successful drift of rheophilic taxa
from areas upstream of the reservoir. Recolonization can often be attributed to immigration
from less disturbed areas such as hyporheic or
upstream larvae movement (Plecoptera), egg
laying by aerial-dispersing adults (midges,
caddisflies), survival of more resistant stages
(eggs and pupae), and rapid reproduction (Sheldon 1984). Macroinvertebrate stream communities most likely to recover quickly after disturbance are often dominated by baetid mayflies, taxa with multivoltine life histories, and
filter-feeding hydropsychid caddisflies (Mackay
1992). Rapid recolonization occurred by Baetidae, Hydroptilidae and Hydropsychidae,
Chironomidae, Simuliidae and Oligochaeta.
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Additionally, this episodic event occurred late
in the season, when many species of this geographic region are adapted to overwintering as
early instars or eggs, which may help explain
the differential recolonization of certain taxa.
Reference sites or streams were not available for comparison; therefore, natural variability of the structure and function of the
benthic macroinvertebrate community may be
incompletely known. However, this study
clearly indicates rapid recolonization of certain taxa directly below Halligan Dam after
the episodic sediment transport event. Sediment stored in the reservoir is periodically
released during dam inspection procedures
(Wohl and Cenderelli 2000). We suggest that
these releases occur either in late fall or early
spring if adequate flushing flows are available.
An episodic event of this magnitude may have
greater long-term effects on the benthic community during late spring or summer because
of regional species biologies (Ward and Kondratieff 1992). Additionally, we suggest releasing sediment at more frequent intervals to reduce the magnitude of sediment entering the
North Fork downstream of Halligan Reservoir
during sediment flushing operations.
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Oct-96 / 96

Site 1 / 2
n=6/6

2/0
—
0/2
—
0/4
0/5
—
—
—
0 / 16
—
0/9
—

—
—
0/1
—
—
—
0/3
—
0/1

0/3
0/3
0/2
0 / 52
0/6
—
—
—
—
1 / 105

Sample date

Site sampled
Number of samples per site

Taxa list
EPHEMEROPTERA
Baetis sp.
B. flavistriga
B. tricaudatus
Acentrella insignificans
Ephemerella infrequens
Serratella micheneri
Epeorus albertae
Heptagenia sp.
Nixe criddlei
Paraleptophlebia sp.
Choroterpes sp.
Tricorythodes minutus
Caenis sp.

PLECOPTERA
Chloroperlidae
Suwallia sp.
Triznaka signata
Skwala americana
Perlodidae
Isoperla quinquepunctata
Claassenia sabulosa
Perlesta decepiens
Hesperoperla pacifica

TRICHOPTERA
Brachycentrus americanus
Helicopsyche borealis
Agapetus boulderensis
Hydropsyche sp.
Ceratopsyche cockerelli
Cheumatopsyche pettiti
Chimarra sp.
Hydroptila sp.
Agraylea multipunctata
Leucotrichia pictipes
—
—
—
0 / 16
0 / 23
—
—
0 / 16
—
0 / 39

—
—
0 / 12
—
—
—
—
—
—

8/0
—
—
—
0 / 23
—
—
—
—
0 / 12
—
—
—

Site 1 / 2
n=3/3

Dec-96 / 96

—
—
—
—
0/4
—
—
—
—
—

—
—
—
—
—
—
—
—
—

—
—
0/4
—
0/4
—
—
—
—
—
—
0/4
—

Site 1 / 2
n=3/3

Jan-97 / 97

—
—
—
0/8
0 / 12
—
—
—
—
0/4

—
—
0/4
—
—
—
0/8
—
—

—
—
—
—
0/4
—
—
—
—
0 / 27
—
—
—

Site 1 / 2
n=3/3

Feb-97 / 97

6/0
0/4
—
6/0
0/5
—
—
0/2
—
0 / 12

—
—
—
—
—
—
—
—
—

—
—
0/9
—
—
—
—
—
—
0/3
—
—
—

Site 1 / 2
n=6/6

Mar-97 / 97

—
—
—
—
0/1
—
—
1/0
—
—

—
—
7/0
—
—
0 / 10
—
—
—

9/0
0/2
0 / 30
—
0/2
—
—
—
—
0/1
—
0/1
—

Site 1 / 2
n=3/3

May-97 / 97

—
0 / 0 / 29
—
0 / 12 / 22
0/4/0
—
—
23 / 8 / 0
8/0/0
—

0/4/0
0/0/4
0 / 12 / 0
0 / 12 / 0
0/4/0
0 / 0 / 18
—
0/4/0
—

241 / 1382 / 643
1273 / 1791 / +
214 / 1168 / +
0 / 175 / 0
0 / 19 / 65
128 / 1090 / 0
0 / 0 / 223
23 / 202 / 14
47 / 105 / 0
167 / 51 / 32
—
35 / 19 / 0
—

Site 1 / 2 / 2
n=6/6/3

Jun-97 / 97 / 90

—
0/0/4
—
2 / 9 / 11
0/5/0
—
—
18 / 0 / 0
0/1/0
0 / 10 / 0

—
—
0/5/0
0 / 32 / 22
—
—
0/6/0
0 / 55 / 0
0/3/0

12 / 92 / 183
327 / 316 / +
3 / 179 / +
0 / 61 / 0
0 / 14 / 0
216 / 604 / 25
0 / 0 / 25
10 / 9 / 1332
66 / 62 / 0
28 / 5 / 104
0 / 0 / 11
134 / 28 / 251
—

Site 1 / 2 / 2
n=6/6/3

Jul-97 / 97 / 90

—
—
—
12 / 25 / 510
—
0/3/0
0/0/7
2/2/0
—
3/9/4

—
—
0/3/0
0 / 6 / 61
—
4/0/0
0 / 21 / 4
0/9/0
—

146 / 79 / 854
443 / 57 / +
54 / 48 / +
2 / 52 / 0
0/2/0
191 / 137 / 4
0 / 0 / 39
16 / 4 / 50
176 / 12 / 0
88 / 15 / 4
0 / 0 / 118
135 / 95 / 18
0/1/0

Site 1 / 2 / 2
n=6/6/3

Aug-97 / 97 / 90

—
0/4
—
160 / 2234
0 / 1301
12 / 32
—
—
—
12 / 1419

8/0
—
4 / 32
0 / 24
8 / 28
4/8
0 / 178
0/4
—

712 / 2095
39 / 20
674 / 973
0 / 352
0 / 613
23 / 20
—
0 / 12
8
144 / 383
—
234 / 75
0/4

Site 1 / 2
n=3/3

Sep-97 / 97
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—
0/1
0/5
1 / 18
0 / 14
—
—
0/3
—
1 / 228

—
—
0/1
—
—
—
0/3
—
—

—
—
0 / 28
—
2/2
—
—
0/1
—
0 / 20
—
1/5
—

Site 1 / 2
n=6/6

Nov-96 / 96

APPENDIX. Estimated monthly taxa density collected from the North Fork of the Cache la Poudre River below Halligan Reservoir 100 m downstream from the dam (site 1) and 3.2 km
downstream from the dam (site 2) after an episodic sediment release and at site 2 in 1990 before the release. Data represent average density /m2 per month and are reported as site 1
(1996–97) / site 2 (1996–97) and / site 2 (1990). N = the number of samples taken per month at a given site. Solid lines indicate that the taxon was not detected. + denotes taxa that
were identified at different taxonomic resolutions for post-event samples.
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—
—

0/1

0/1

—

ODONATA
Zygoptera
Ophiogomphus severus

LEPIDOPTERA
Petrophilia avernalis

HEMIPTERA
Aquarius remigis

COLLEMBOLA
Collembola

—
1 / 115
—
0/4
—
—
—
2/0
—
1/0
—
—
—
—
—
—
—
7/4

—
—
1/8
0 / 247
0 / 32
—

COLEOPTERA
Agabus sp.
Elimdae
Heterlimnius corpulentus
Optiservus sp.
Zaitzevia parvula
Narpus sp.

DIPTERA
Dolichopodidae
Atherix pachypus
Tipulidae
Antocha sp.
Dicranota sp.
Hexatoma sp.
Tipula sp.
Simulium sp.
Simulium pupae
Ceratopogonidae
Empididae
Clinocera sp.
Maruina pennaki
Deuterophlebia coloradensis
D. coloradoensis pupae
Chrysops sp.
Chironomidae
Chironomidae pupa

0/1
—
0/5
—
—
0/1

Ochrotrichia sp.
Dolophilodes aequalis
Lepidostoma sp.
Nectopsyche sp.
Oecetis sp.
Psychomyia flavida

—
1 / 137
—
0/1
1/0
—
0/1
9/0
—
—
—
—
—
—
—
—
—
35 / 42

—

—

0/1

—
—

—
—
2/6
0 / 169
0 / 24
—

—
—
0 / 25
—
0/1
—

—
0 / 66
—
—
—
—
—
78 / 0
—
—
16 / 0
—
—
—
—
—
—
16 / 66

—

—

—

—
—

—
—
—
0 / 90
0 / 27
—

—
—
—
—
—
—

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
8/0

—

—

—

—
—

—
—
—
—
—
—

—
—
0/4
—
—
—

—
0 / 74
—
—
—
—
—
8/8
—
—
—
—
—
—
—
—
—
—

—

—

—

—
—

—
—
—
0 / 74
0 / 16
—

—
—
0 / 12
—
—
0/4

—
0 / 37
—
—
—
—
—
41 / 14
—
—
—
—
—
—
—
—
—
0/6

—

—

0/1

—
—

—
—
6/0
0 / 50
0/3
—

—
—
—
—
—
0/3

—
0 / 28
—
—
—
—
—
8/0
—
—
—
—
—
—
—
1/0
—
24 / 0

2/0

—

—

—
—

—
—
—
0 / 18
0/1
—

—
—
—
—
—
0/1

—
0/8/0
+ / + / 39
+
+
+
+
2172 / 144 / 11
300 / 12 / —
—
0/0/4
—
—
0 / 179 / 11
0 / 93 / 0
—
+ / + / 11
666 / 639 / —

—

—

—

—
—

0/8/0
+/+/4
0/4/+
0 / 19 / +
—
—

—
4/0/0
0 / 0 / 25
0/0/4
0 / 0 / 18
0 / 31 / 0

—
0 / 16 / 0
+/+/7
0/6/+
+
0/1/+
+
1085 / 65 / 18
45 / 1 / —
—
—
—
—
0 / 26 / 0
0 / 10 / 0
—
+ / + / 11
3/2/—

—

—

—

0/0/4
—

—
+/+/7
0/3/+
0 / 21 / +
0/3/+
—

—
—
—
—
0/0/4
0/8/0

—
0 / 13 / 183
+ / + / 72
0/2/+
+
0/1/+
+
339 / 19 / 72
16 / 1 / —
—
—
0/1/0
—
0/1/0
0/2/0
—
+ / + / 68
9 / 18 / —

—

—

1/0/0

—
2/1/0

—
+ / + / 36
0/6/+
0 / 17 / +
0/2/+
0/1/+

—
—
—
—
—
0 / 10 / 0

0/4
4 / 253
—
0 / 162
—
4/8
0/8
1398 / 573
0 / 12
—
—
0 / 146
0/4
—
—
—
—
183 / 217

—

—

16 / 4

—
—

—
—
47 / 32
0 / 316
0 / 28
0/4

—
—
0 / 67
—
4 / 24
0 / 297
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Oct-96 / 96

Site 1 / 2
n=6/6

—
0/6
175 / 6
1/2
—
—
0 / 17
—
0/3
0/2
0 / 220
0 / 70
—
—
0 / 12
—
0 / 11
—
—
—
0/2
—
0/6
—
—
—
—

19 / 125
—
—
—
—
1 / 24
0/2

Site sampled
Number of samples per site

Taxa list
DIPTERA (continued)
Nilotanypus sp.
Thienemannimyia group
Diamesa sp.
Pseudodiamesa sp.
Pagastia sp.
Potthastia sp.
Orthocladinae
Brillia sp.
Cardiocladius sp.
Cricotopus sp.
Ortho/Cricotopus sp.
Eukiefferiella sp.
Lopescladius sp.
Nanocladius sp.
Parametriocnemus sp.
Synorthocladius sp.
Tvetenia sp.
Chironomus sp.
Demicryptochironomus sp.
Microtendipes sp.
Parachironomus sp.
Phaenopsectra sp.
Polypedilum sp.
Tribelos sp.
Tanytarsini
Micropsectra sp.
Zavrelia sp.

REMAINING TAXA
Oligochaeta
Nematoda
Gastropoda
Physella sp.
Ferrissia sp.
Hydrocarina
Dugesia dorotocephala

APPENDIX 1. Continued.

Sample date

97 / 16
8/0
—
—
—
—
—

—
4/0
592 / 90
—
—
0/8
—
—
0 / 12
—
—
0 / 51
—
—
0/8
—
0 / 12
—
—
—
—
—
—
—
—
—
—

Site 1 / 2
n=3/3

Dec-96 / 96

—
—
—
—
—
—
—

—
—
4 / 16
—
—
—
—
—
—
—
—
0 / 82
—
—
—
—
0 / 12
—
—
—
—
—
—
—
—
—
—

Site 1 / 2
n=3/3

Jan-97 / 97

8 / 93
—
—
—
—
—
—

—
—
8 / 55
—
—
0/8
—
—
0/4
—
—
58 / 47
—
—
0 / 16
—
0 / 19
—
—
—
—
—
0/8
—
—
—
—

Site 1 / 2
n=3/3

Feb-97 / 97

6 / 35
0/2
—
0/1
—
6/0
—

—
0/8
175 / 82
0/1
—
0/4
0/5
—
0/5
—
0/5
164 / 89
0/2
—
0/1
—
0 / 28
—
—
—
—
—
—
—
—
—
—

Site 1 / 2
n=6/6

Mar-97 / 97

11 / 53
0/9
—
1/1
—
—
2/0

—
0 / 15
113 / 0
—
—
0 / 14
0 / 50
—
0/9
—
0 / 193
270 / 99
—
—
0 / 18
0 / 13
—
—
—
—
0/3
—
—
—
—
—
—

Site 1 / 2
n=3/3

May-97 / 97

82 / 58 / 29
19 / 117 / 0
+/+/4
+
+
0 / 19 / —
4/4/—

+
101 / 8 / +
0 / 580 / +
+
+
+
+
+
0 / 152 / +
+
179 / 1036 / +
2515 / 0 / +
+
+
+
+
+
4/0/+
0/4/+
+
+
+
55 / 0 / +
+
+
4/0/+
—

Site 1 / 2 / 2
n=6/6/3

Jun-97 / 97 / 90

0 / 21 / 18
0 / 29 / 0
+/+/4
+
+
0/4/—
—

1/0/+
0/1/+
18 / 0 / +
+
0/1/+
1/0/+
+
+
0/8/+
+
1 / 12 / +
34 / 7 / +
+
+
+
2/2/+
+
+
+
+
5/1/+
2/0/+
1/7/+
+
0/4/+
0/2/+
+

Site 1 / 2 / 2
n=6/6/3

Jul-97 / 97 / 90

47 / 26 / 4
24 / 0 / 0
+/+/4
11 / 0 / +
+
1/0/—
—

1/0/+
3 / 10 / +
+
+
+
+
+
+
3/0/+
+
31 / 78 / +
22 / 42 / +
0/2/+
2/0/+
0/2/+
31 / 1 / +
+
+
+
+
9/0/+
0/1/+
2 / 12 / +
8/0/+
+
+
+

Site 1 / 2 / 2
n=6/6/3

Aug-97 / 97 / 90

206 / 67
0 / 59
—
27 / 0
0 / 12
8 / 36
23 / 12

—
4/0
—
—
—
—
—
0 / 12
4/0
136 / 0
409 / 727
685 / 747
4/0
0 / 12
—
121 / 12
—
—
—
0/4
308 / 0
—
0 / 24
—
—
0/4
0/1

Site 1 / 2
n=3/3

Sep-97 / 97
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18 / 63
1/0
—
0/1
0/1
0 / 34
—

—
0/4
242 / 53
—
—
—
0 / 10
—
0 / 11
—
0 / 52
0 / 161
—
—
0 / 10
0/2
0 / 110
—
—
—
—
—
—
—
—
—
—

Site 1 / 2
n=6/6

Nov-96 / 96
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SPECIES RICHNESS AND CALIFORNIA VOLES IN AN ANNUAL
AND A PERENNIAL GRASSLAND
Jeffrey S. Fehmi1,2 and James W. Bartolome1
ABSTRACT.—Populations of a common burrowing rodent, Microtus californicus (the California vole), thrive in
ungrazed or lightly grazed grasslands in coastal California. Two sites ungrazed by livestock, one dominated by native
perennial grasses and another dominated by invasive annuals, were evaluated over 2 consecutive years for the relationship between plant species richness and location of M. californicus burrow entrances (burrows). Plant species and burrows were sampled as present or absent in contiguous 1-m2 quadrats on a 100-m2 grid. Quadrats with burrows averaged
significantly more plant species than quadrats without them (11.3 vs. 9.9 species, P < 0.001). Burrows found in 1996
were not correlated with species richness in 1995, suggesting that voles affect richness rather than seek it out. Vole burrow locations showed significant clumping on the annual site and trended toward clumping on the perennial site in both
1995 and 1996. Because voles seem to create a clumped pattern with their burrow entrances, the associated increase in
plant species richness may have a strong effect on the overall structure of the plant community. A quantitative comparison of the 2 sites showed that the plant matrix of the perennial site contained flora of the annual site. This similarity in
plant species composition may allow for similar treatment of our 2 types of sites and potentially other California grasslands. Undetected increases in vole populations with livestock grazing reduction may account for the erratic results
from grasslands management research and the inconsistent success of derived management practices.
Key words: Microtus californicus, California, native grasses, plant community comparison, grassland management.

of other, less obvious herbivorous animals.
This is despite the fact that grazing, especially
by livestock, and its partial or full cessation
have a substantial effect on non-domesticated
animals and other ecosystem processes in
grasslands (Lidicker 1989, Jones and Longland
1999). We wanted to evaluate the impact of
one of these covert grazers on plant species
richness in coastal California.
Microtus californicus (the California vole), a
common burrowing rodent in California grasslands, has the potential to interact with grazing and strongly affect plant species richness.
This generally hidden species, which primarily eats the green shoots of emerging grasses
during the wet winter season and grass seeds
during the dry summer season (Batzli 1986),
thrives in higher cover levels (Ostfeld and
Klosterman 1986, Ostfeld et al. 1986) characteristic of ungrazed or lightly grazed sites
(Borchert and Jain 1978). Cessation or reduction of grazing by livestock benefits M. californicus primarily by reducing predation, though
food sources may also increase (Ostfeld and
Klosterman 1986). Voles are known to affect
some plant species in the California grasslands

Plant species composition and richness
respond variably to livestock grazing on California grasslands (Bartolome et al. 1980, Bartolome and McClaren 1992, Hatch et al. 1999).
In other studies of grasslands, both North
American (Waser and Price 1981, Harnett et
al. 1996, Stohlgren et al. 1999) and worldwide
(Pandey and Singh 1991, Belsky 1992, NoyMeir 1995), grazing or its cessation inconsistently influenced species richness. Proulx and
Mazumder (1998) reviewed much of the current research on the relationship between
grazing (by all types of animals) and species
richness. They concluded that research in this
area had significant potential for improving
management, but that nutrient-rich plant communities responded unpredictably to grazing.
We believe that the relationship between
grazing and plant species richness could be
masked by the interaction between primary
grazers and other herbivores within the study
systems. Most terrestrial grazing studies
attribute main effects to livestock, large mammalian herbivores, or other species that make
obvious disturbances (e.g., gopher mounds)
without specific consideration of the impacts

1ESPM Division of Ecosystem Sciences, University of California, 151 Hilgard Hall, Berkeley, CA 95723-3110.
2Correspondence author. Present address: U.S. Army ERDC, Construction Engineering Research Laboratory, 2902 Newmark Dr., Champaign, IL 61821.
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(Batzli and Pitelka 1970, Borchert and Jain
1978, Cockburn and Lidicker 1983, Lidicker
1989) and seem likely to impact plant species
richness. However, this impact of voles on
plant species richness has not been tested.
Because the direct effects of grazing seem
more likely to be the dominant forces in heavily grazed sites, and because voles are primarily active only in sites with low livestock grazing pressure, we were interested in the impact
of voles in ungrazed exclosures within the extensive grazed landscape. Our main null hypothesis was that the presence of M. californicus burrow entrances (burrows) would not be
associated with a change in species richness
nor be affiliated with any particular plant
species. We also hypothesized that burrow
entrances would have a random distribution
across the study area. This hypothesis was
designed to identify the scale of any impact of
voles. In addition, we hypothesized that an
annual- and a perennial-dominated site (the
main types in this system) would have similar
associations with voles and similar plant
species richness and composition.
STUDY SITE
In 1995 we established 2 permanent 100m2 (10 × 10 m) sites in an East Bay Municipal
Utility District watershed, 25 km northeast of
San Francisco, California. The sites were
within ungrazed and unburned exclosures of
about 1000 m2 each. The exclosures were
established in 1991 as part of a grazing study
and separated by about 100 m (Fehmi 1998).
The sites have an elevation of 128 m, 60–70
cm of average annual (generally winter) rainfall, and frequent fog. The area was grazed
moderately (half or less of the forage was used)
year-round for at least 70 years before establishment of the exclosures. Prior to that time,
heavy grazing probably took place episodically
(R. Tripp unpublished data). The soil on both
sites is a fine-loamy, mixed, mesic typic argixeroll (Los Gatos Loam; Welch 1977). The
annual site has a slope of 31%, the perennial
site a slope of 27%; they both have similar
northwest aspects (309° and 303°, respectively). While we did not physically observe M.
californicus, their burrows and characteristic
aboveground runways are common in these
ungrazed paddocks.
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Three native perennial grasses (Bartolome
and Gemmill 1981, Bartolome et al. 1986) dominated one site: Nassella (Stipa) pulchra (A.
Hitchc.) Barkworth, Nassella (Stipa) lepida (A.
Hitchc.) Barkworth, and Danthonia californica
Bolander (the perennial site; Fig. 1). The other
site was entirely without native perennial
grasses and dominated by a mix of the annual
grasses Lolium multiflorum Lam., Bromus hordeaceus L., and Bromus diandrus Roth (the
annual site; Fig. 1). Distinct patches dominated
by native perennial grasses are not unusual in
the otherwise introduced annual landscape of
California’s coastal prairie (White 1967, Elliot
and Wehausen 1974, Stromberg and Griffin
1996). However, these perennial patches are
prized because of their native status (Bartolome and Gemmill 1981, Bartolome et al. 1986,
Heady et al. 1991) and may be protected and
managed differently from the annual-dominated grasslands (Heady et al. 1991, Hatch et
al. 1999).
METHODS
Each site was gridded into series of square
quadrats measuring 1 m2. This allowed the
presence/absence of plant species and the
presence of vole burrows showing active use
to be recorded in contiguous quadrats covering the entire area of each 100-m2 site. This
intensive sampling protocol, the need to sample while the plants were flowering (for positive identification), and our available resources
restricted us to monitoring 2 sites. Sampling
took place between late April and mid-June in
both 1995 and 1996. An ANOVA was calculated to evaluate significant differences in
plant species richness between quadrats with
and without vole burrows, and to look at differences between years and site types. Because
the individual quadrats within a site could be
spatially autocorrelated, we used a 1000-iteration bootstrap technique to calculate the significance of the ANOVA terms (Venables and
Ripley 1994). We also report significance at P
< 0.01 to make the tests more conservative.
To determine how the effects of voles were
distributed across the sites, we evaluated locations of vole burrows on both sites for distribution patterns departing from complete spatial randomness using Ripley’s K-function (L(t)
values) on each of the contiguous grids (Fehmi
1998). The K-function is a 2nd-order method
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Fig. 1. Venn diagram of the average plant species composition for both years of the study. Native plants are in bold
and the size of the dot adjacent to the name indicates the actual percent frequency of that plant species in 1-m2 quadrats
averaged over 1995 and 1996. The dot to the left of the name represents data for the annual site, and the dot to the right
represents data for the perennial site. Species in the area overlapped by the 2 circles are represented on both sites.
Names are the first 2 letters of the Latin binomial for each species as follows:
Aica, Aira caryophyllea
Lomu, Lolium multiflorum
Anar, Anagllis arvensis
Lubi, Lupinus bicolor
Avba, Avena barbata
Luz, Luzula sp.
Brmi, Briza minor
Mael, Madia elegans
Brdi, Bromus diandrus
Mepo, Medicago polymorpha
Brho, Bromus hordeaceus
Nale, Nassella lepida
Brma, Bromus madritensis
Napu, Nassella pulchra
Casu, Calystegia subacaulis
Piec, Picris echioides
Capy, Carduus pycnocephalus
Plla, Plantago lanceolata
Coar, Convolvulus arvensis
Raoc, Ranunculus occidentalis
Cyec, Cynosurus echinatus
Ruac, Rumex acetosella
Daca, Danthonia californica
Rucr, Rumex crispus
Epbr, Epilobium brachycarpum
Siga, Silene gallica
Erbo, Erodium botrys
Sibe, Sisyrinchium bellum
Gapa, Galium parisience
Tono, Torilis nodosa
Gedi, Geranium dissectum
Trla, Triteleia laxa
Heco, Hemizonia congesta
Visa, Vicia sativa
Homu, Hordeum murinum
Vubr, Vulia bromiodes
Hovi, Holocarpha virgata

relying on the variance between all point-topoint distances (reviewed in Haase 1995). The
center of each quadrat formed the proxy location for all individuals present in the quadrat.
A 95% confidence interval for each L(t) value
was calculated using 1000 Monte Carlo simulations of data on a grid.
Spatial dependence between plant species
and vole burrows was tested using 2-way contingency tables and chi-square statistics. Marginal totals were used to compute the expected
values in the chi-square test. This indicates
whether a plant species was found with, or
away from, burrow entrances more often than
expected. An odds ratio was calculated to

show the direction of the association between
burrows and plants (positive or negative,
Selvin 1995), and probabilities (P) were Bonferroni corrected as required (Selvin 1995). SPlus 3.3 (Venables and Ripley 1994) was used
for all calculations and simulations.
To quantify the differences between the
sites, we used 2 separate types of measures.
Simpson’s and Shannon’s equitability indices
(as described in Begon et al. 1990) combine
richness and abundance, giving measures of
the evenness with which individuals are distributed among the species. The coefficient of
community (CC; Jongman et al. 1995) uses only
species richness to measure the difference
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between sites. For the sites to be considered
different, both the equitability and the community measures should show the sites are
different. Simpson’s and Shannon’s calculations
used the average relative frequencies of plants
at each site from the quadrat data from both
years. Relative frequency was calculated by
dividing the observed frequency of a species
by total frequency of all plants. A test for similarity was created with a 1000-iteration bootstrap of the Simpson’s and Shannon’s equitability indices. They were calculated with the frequency for each of 28 species randomly chosen
from all observed frequencies.
The CC was calculated from species richness data of the 2 sites. To test the possibility
of getting any particular value by chance, we
again used a 1000-iteration bootstrap procedure to generate the distribution of the CC.
First, 3 values for species richness of the surrounding hectare (an area that would include
both sites) were estimated for the pool of
available species. The available richness data
were combined into different plot sizes (1, 4,
16, 25, and 100 quadrats), and regression was
used to estimate the expected species richness
of a hectare. The procedure was repeated 3
times: first using only the richest combination
stratified by site and year, then using all the
data, and finally using only the least rich combination. This resulted in high, middle, and low
estimates of species richness of the hectare
(the species pool). The simulation procedure
drew 2 sets of species from the pool and calculated the CC 1000 times. The size of the sets
of species matched those observed from the
sites in this study.
RESULTS
Vole burrows on the annual site were found
in 18% of the quadrats in 1995 (Fig. 2a) and
29% in 1996 (Fig. 2b). They were less common
on the perennial site, occupying 5% of the
quadrats in 1995 (Fig. 2c) and 14% in 1996
(Fig. 2d). Overall, plant species richness per
quadrat varied between 5 and 17 species (Fig.
3), and quadrats with burrow entrances averaged significantly more species than quadrats
without them (11.3 vs. 9.9 species, P < 0.001).
Quadrats in 1996 were significantly more
species rich than in 1995 (11.2 vs. 9.1 species,
P < 0.001). There were no significant differences in species richness between the peren-
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nial and annual sites (10.4 vs. 9.9 species, P =
0.207), and no significant interactions were
detected. Burrow locations in 1996 were not
associated with species richness in 1995 (P =
0.542), and there was no detectable relationship between richness in 1995 and in 1996 (P
= 0.600). While 7 burrows were observed in
the same quadrats both years, the location of
burrows between years was not significantly
correlated (P = 0.269).
Burrow entrances were significantly associated with 2 plant species in the quadrats in
1996. Positive association was found with Carduus pycnocephalus (P < 0.001) on the annual
site, and a negative association was found with
Plantago lanceolata (P = 0.001) on the perennial site. Galium parisiense trended toward a
positive association on the annual site also in
1996 (P = 0.049). The spatial pattern of burrow entrances showed significant clumping on
the annual site at distances between 1.5 and
3.0 m in 1995 (Fig. 4a) and between 1.0 and
4.0 m in 1996 (Fig. 4b). Although they were
visibly clumped in 1995 (Fig. 2c) on the perennial site, there were too few burrows for statistical testing. The pattern of burrows on the
perennial site in 1996 showed a nonsignificant
trend toward clumping (Fig. 4c).
The sites had 22 species in common (Fig.
1), with 30 on the perennial site and 27 on the
annual site. Eight natives were found only on
the perennial site, and species other than the
3 native perennial grasses were infrequent.
One native occurred only on the annual site
and 3 occurred on both sites. When sites were
evaluated for relative frequency of native plants,
the annual site contained 20% natives vs. 22%
in the perennial site.
Simpson’s equitability index was 0.54 for
the annual and 0.44 for the perennial site.
With the bootstrapped standard deviation of
0.063, these sites did not differ significantly (P
= 0.11). Shannon’s equitability index was 0.87
for the annual site and 0.82 for the perennial
site. The bootstrapped standard deviation was
0.030, so again the sites were not significantly
different (P = 0.09). The CC for these 2 sites
was 0.77. This can also be expressed as a 77%
similarity for these 2 sites. Species richness of
the hectare enclosing the 2 sites was estimated
as being between 50 and 80, with a likely richness of 63. The probability of getting a CC as
high as 0.77 by chance from a pool of 50
species (the most conservative test) was very
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Fig. 2. Shaded squares showing Microtus californicus burrow entrance locations for each site in each year: (a) locations in 1995 on the annual site, (b) locations in the annual site in 1996, (c) locations in the perennial site in 1995, and
(d) locations in the perennial site in 1996. Entrances were located as present or absent in 1-m2 quadrats on a 100-m2
square grid.

low (P < 0.001), with the probability decreasing as size of the pool increased. The CC
expected for 2 sites with this pool of source
species was 0.45 (s = 0.069), indicating that
the 2 sites evaluated here are much more similar than could be expected by chance. With
these commonly available community comparison metrics, we could quantify no significant
differences in plant composition between the
2 sites other than the species they do not have
in common.
DISCUSSION
Within our livestock exclosures, vole activity was associated with an increase in species
richness of the plant community. There are 2
possible explanations for this association. Voles
were correlated with the cause of (or themselves
caused) species richness or they moved to areas
with higher species richness. Because there
were no observed relationships between plant

species richness in the same quadrats in 1995
and 1996, and because high richness sites in
1995 had no significant correlation with burrow locations in 1996, we feel that voles did
not move to high richness sites between years.
Instead, the results suggest that voles were
associated with causes of higher richness.
While concluding that voles directly caused
these changes is premature, our data nonetheless suggest that voles may be a significant force
in structuring plant communities on our site
and potentially other California grasslands.
While specific vole activities potentially influencing plants are unknown, the observed
positive and negative association of particular
plants with rodent activity may result from
several processes. There was more available
light and less competing vegetation around vole
burrows, and burrowing brings deeper soils to
the surface. This might have presented a small,
open soil patch that offered an advantage for
some plants such as Carduus pycnocephalus
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(a)

Fig. 3. Species richness of 1-m2 quadrats by year and site. The number of quadrats for each level of species richness
was divided by the number of quadrats (n) to give percent representation on the annual site in 1995 (a) and 1996 (b)
along with the perennial site in 1995 (c) and 1996 (d).

(Stromberg and Griffin 1996) and the smallstatured Galium parisiense. There also could
have been fecal and urine deposits around
these openings, changing the soil’s nutritive
value and adding seeds. Other studies have
shown higher nutrient levels associated with
rodent activity (Hobbs and Mooney 1995), but
at least one study has shown lower levels due
to microbial immobilization (Bradshaw and Goldberg 1989). Voles may have brought seeds near
burrows either unintentionally or through
stockpiling food sources (Batzli and Pitelka
1970). Carduus seeds may have blown on disturbed areas of the site, such as the area near
vole burrows, in a manner similar to that of
other members of the family Asteraceae, noted
by Robinson and Quinn (1988). Borchert and
Jain (1978) also noted vole activity associated
with thistles (Centauria), but their assumption

was that voles preferred thistles as habitat. A
further analysis of our data showed no significant correlation (P = 0.748) between thistle
locations in 1995 and burrow locations in
1996. This offers support for the idea that thistles located in the burrow entrances rather
than the converse, though some combination
of both may have occurred.
Vole burrows were negatively associated
with Plantago lanceolata on the perennial site.
Plants or seeds can be grazed preferentially
near burrows (Batzli and Pitelka 1970). The
loss of up to half the annual seed production of
grasses has been attributed to rodents, particularly voles (Batzli and Pitelka 1970, Gulmon
1979). Vole seed preferences may structure
the grasslands during years with large vole
populations (Borchert and Jain 1978, Cockburn and Lidicker 1983), and the disturbance
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Fig. 4. Analysis of the Microtus californicus burrow
entrance spatial patterns. Solid lines represent Ripley’s
L(t) for each site; dashed lines represent the 95% upper
confidence interval estimated from 1000 simulation runs.
When the solid line is above the dashed line, significant
clumping is present. (a) Annual site in 1995, (b) annual
site in 1996, (c) perennial site in 1996. For actual locations,
see Figure 2.

of burrows or tunnels may be detrimental to
plants. Voles can destroy substantial amounts
of vegetation through construction of aboveground runways (Ford and Pitelka 1984). They
also mediate the effect of other animals since
they are associated with reduced arthropod
numbers (Batzli and Pitelka 1970). Despite
substantial research into voles, they have not
been routinely considered in comparisons of
livestock grazing and plant species richness.
Given the burrow clumping and associated
increased species richness in our data, we
looked at other studies on grassland species
richness to see which procedures might be
expected to detect our high richness areas.
Our sites did not have a homogeneous distri-
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bution, with vole-impacted patches of up to 4
m2 comprising only about 16% of the area
sampled. Detection of this type of patchy distribution requires a different sampling approach
than acceptable for more homogenous distributions. Our levels and distribution of richness
would likely have been detected with the plant
species richness sampling procedure of Waser
and Price (1981), who used sixty-five 0.25-m2
quadrats. They certainly would have been included in Stohlgren et al.’s 100-m2 and 1000m2 quadrats. Procedures of other studies, such
as Harnett et al.’s (1996) use of subsampling
within four 1-m2 quadrats, Belsky’s (1992) 2-m2
quadrats, or Stohlgren et al.’s (1999) ten 1-m2
and two 10-m2 quadrats, may not have included
high species richness plots similar to ours.
Our data suggest that well-distributed smaller
samples are more likely to capture species
richness variability than the same sampling area
consolidated. Furthermore, sampling intensities in sites with fewer voles, such as our perennial site, need to be higher than on sites
with more voles, such as our annual site.
The annual and perennial sites were more
similar than expected. The species of the
annual site were the main constituents of the
matrix between perennial grasses in the perennial site, and both sites had similar species
richness with vole-associated increases. The
similarity in plant species composition also
belies the use of the term relict (e.g., Heady et
al. 1991) to describe patches dominated by
native perennial grasses because on our site
perennials seemed to be integrated into the
annual grassland matrix. Vole use of both types
of grassland, combined with other similarities
between the two, may allow some reintegration of annual and perennial site management.
For annual site restoration or perennial site
conservation, voles could be the episodic disturbance hypothesized as important for the
recruitment of perennial grasses such as Nassella pulchra, N. lepida, and Danthonia californica (Bartolome and Gemmill 1981, Fehmi
1998). As discussed above, voles may impact
3- to 4-m2 areas and have highly dynamic population fluctuations (Garsd and Howard 1981,
Salvioni and Lidicker 1995). Together this
implies a substantial episodic disturbance in
this system. This idea finds further support
from Hobbs and Mooney (1985, 1995), who
found that time since disturbance by Thomomys bottae, the western pocket gopher, is
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correlated with observed patterns of plant
abundance in a California serpentine grassland. They further determined that most of
the site is disturbed every 3–5 years by gopher
activity, and that perennial grasses decrease
after the exclusion of T. bottae. While the
activity of voles is different from gophers, we
believe these native rodents could create disturbances that could foster perennial recruitment.
While the inference space of this study is
quite small, it implies that research done to
date on the restoration, conversion, and conservation of California grasslands may have
incorrectly interpreted the role of grazing
management as a determinant of vegetation
structure. Experimental treatments in these
studies may have inadvertently combined the
direct impact of livestock with an indirect
response of voles. In the control or ungrazed
treatments of livestock studies, the increased
biomass and cover of vegetation greatly enrich
vole habitat and allow vole populations to
increase. Thus, the interacting effects of cattle
and voles might explain the inconsistent results
from grazing experiments and their derived
management practices (Hatch et al. 1999),
including seasonal grazing practices designed
to maintain and enhance native perennial
grasses (Dyer et al. 1996). Our conclusion is
that grazing studies which control only livestock may not answer important questions about
the forces that structure plant communities.
Future studies need to better document the
relationship between the plant community
and vole activity, especially with experiments
directly manipulating vole numbers.
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STATUS OF THE PRESTON WHITE RIVER SPRINGFISH
(CRENICHTHYS BAILEYI ALBIVALLIS)
G. Gary Scoppettone1 and Peter H. Rissler1
ABSTRACT.—We determined the distribution and estimated population number of Preston White River springfish
(Crenichthys baileyi albivallis) in summer 1998 and winter 1999. The total population was <5000 fish persisting in only
4 of 6 spring systems from which it had been previously captured. To improve its status, we recommend conservation
measures.
Key words: Crenichthys, Goodeidae, Empetrichthyidae, springfish, warm springs, White River, Colorado River, population estimate.

and extinctions. Three taxa of Empetrichthys
are extinct (E. merriami, E. latos concavus, and
E. latos pahrump), and another (E. latos latos)
has been extirpated from its native habitat and
exists only in refuges (U.S. Fish and Wildlife
Service 1980). Of the 2 extant Crenichthys
species (C. baileyi and C. nevadensis), C. nevadensis is federally listed as threatened and the
5 subspecies of C. baileyi are federally listed
as endangered (C. b. baileyi and C. b. grandis;
U.S. Fish and Wildlife Service 1985) or have
been considered for listing (C. b. albivallis, C.
b. thermophis, and C. b. moapae; U.S. Fish and
Wildlife Service 1994).
When described in 1981, C. b. albivallis was
reported from 6 spring systems (Williams and
Wilde 1981), but numbers were sufficiently
low that there was concern for its persistence
(Courtenay et al. 1985, Williams et al. 1985). In
1991 C. b. albivallis was found in only 4 spring
systems (Scoppettone and Rissler unpublished);
this decline stimulated the U.S. Fish and Wildlife Service to review its status. However, except
for an early estimate of the C. b. albivallis population in 1 spring system (Deacon et al. 1980),
there has not been a published account of C.
b. albivallis population size. In this study we
estimated the population size, demographics,
and distribution of Preston White River springfish in springs where it was last known to
occur. This information is intended to aid regulatory agencies in monitoring the status of C.
b. albivallis to ensure against further decline
or extinction.

Preston White River springfish (Crenichthys baileyi albivallis) is endemic to the White
River system, White Pine County, Nevada. It
is 1 of 5 subspecies of White River springfish
(Crenichthys baileyi) inhabiting warm water
springs extending from east central Nevada to
the Colorado River system (Williams and Wilde
1981). The subspecies’ distribution has been
used as zoogeographic evidence that a prehistoric tributary (pluvial White River) flowed
from east central Nevada south to the Virgin
River and then to the Colorado River (Hubbs
and Miller 1948, Minckley et al. 1986). Of the
White River springfish subspecies, the Preston White River springfish is located farthest
north.
Crenichthys baileyi is a member of an unusual taxonomic group (Empetrichthyidae)
comprising the genera Crenichthys and
Empetrichthys, both endemic to Nevada. Its
closest relatives are of the family Goodeidae,
found more than 1500 km to the south in central Mexico. Parenti (1981) identified the
Nevada group as belonging to the family
Goodeidae by virtue of its osteology, but considered it primitive because it is oviparous
while all other goodeids are viviparous. Miller
and Smith (1986), in agreement with Jordan et
al. (1930), argued that oviparity and isolation
of these genera distinguish them as the family
Empetrichthyidae. All members of Crenichthys
and Empetrichthys have been impacted by
habitat alteration and introduction of nonnative species leading to population declines

1Biological Resources Division, U.S. Geological Survey, 1340 Financial Blvd., Suite 161, Reno, NV 89502.
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DESCRIPTION OF AREA
The White River is situated in White Pine
and Nye counties in east central Nevada. The
source of the White River is warm and cool
water springs as well as seasonal snowmelt
from the White Pine Mountains (Eakin 1966).
Spring systems have been altered to irrigate
pastures and hay crops.
Springs with C. b. albivallis (Preston Big,
Indian, Arnoldson, and Nicholas) are within a
2-km radius (Fig. 1) and have a constant water
temperature of about 21°C. Of those, Preston
Big Spring is the northernmost and has the
greatest discharge, 0.11 m3 ⋅ s–1 (Garside and
Schilling 1979). It flows south 524 m in an
earthen ditch before entering a pipe. The
upstream reach is slow and wide, the downstream shallow and fast. The banks are lined
with big sage (Artemesia tridentata).
Indian Spring, about 0.6 km southwest of
Preston Big Spring, issues at 0.02 m3 ⋅ s–1. It
flows more than 500 m southeast in an excavated channel before discharging into a shallow reservoir. The channel is choked with bulrush (Scirpus sp.) along most of its course.
The outflow of Arnoldson Spring travels
128 m southeast before entering a pipe. Its
discharge is about 0.04 m3 ⋅ s–1, and several
cottonwoods (Populus sp.) border the channel.
Nicholas Spring has the least amount of
habitat available to C. b. albivallis; it flows only
10 m before entering a pipe. Its flow is frequently manipulated, and its character fluctuates
from pool to riffle. A large willow tree (Salix
sp.) shades much of this reach, and discharge
from the spring source is about 0.03 m3 ⋅ s–1.
Cold and Lund Town springs are 2 systems
from which C. b. albivallis has recently been
extirpated. Cold Spring flows at 0.02 m3 ⋅ s–1.
Lund Town Spring, which flows at 0.15 m3 ⋅
s–1, is the southernmost and coolest (18.9°C;
Maxey and Eakin 1949) of the springs C. b.
albivallis has been documented to inhabit.
Except for Lund Town Spring, springs that
support or have supported C. b. albivallis have
water temperatures ranging from 21°C to
22°C.
Hubbs and Miller (1948) reported 4 native
fish species from the White River system: C.
baileyi, Lepidomeda albivallis, Rhinichthys
osculus, and Catostomus clarki. In the White
River valley, C. baileyi is represented by 2 sub-

Fig. 1. Map showing study area in relationship to the
course of the pluvial White River and springs in which
Crenichthys baileyi albivallis was known to occur.

species (C. b. albivallis and C.b. thermophilus;
Williams and Wilde 1981). Crenichthys baileyi
thermophilus inhabits springs with water temperatures of approximately 33–37°C in the
southern end of the White River, and C. b.
albivallis inhabits springs of 21–22°C in the
northern valley. There are no cohabiting native
fish species with C. b. thermophilis, presumably because the water that it inhabits is too
warm. When surveyed by Hubbs and Miller
(1948), C. b. albivallis co-occurred with L. albivallis, R. osculus, and C. clarki. Now it co-occurs
only with R. osculus (Preston Big, Indian, and
Arnoldson springs). Several nonnative fishes
have been introduced into the White River
system, but only Poecilia reticulata (guppy) cooccurs with C. b. albivallis in Arnoldson and
Nicholas springs (Scoppettone and Rissler
unpublished). Poecilia reticulata also inhabits
Lund Town and Cold springs, systems from
which C. b. albivallis has just been extirpated.
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In summer 1998 we used mark and recapture and snorkel counts to estimate the extant
populations of C. b. albivallis, and in winter
1999 only mark and recapture was used. The
snorkel count method was used only in the
outflow of Preston Big Spring. Because of sufficient cover, fish were difficult to enumerate
and the method was abandoned during the
winter sampling. Baited minnow traps lined
with 1-mm-mesh screen were used for mark
and recapture. We fished them overnight for
12–16 hours. Captured fish were measured,
given an upper caudal fin clip, and released
midway between traps. Traps were reset and
fished overnight; marked and unmarked fish
were enumerated. Using a modified Petersen
estimator, we estimated population size, and
95% confidence intervals were calculated from
the standard error of the estimate (Begon
1979). Summing the estimated population for
each of the 4 springs gave us the total number
of C. b. albivallis, while summing the variance
of the estimated population of each of the 4
springs gave us the total variance. From these
we calculated standard error and then 95%
confidence interval (Bart et al. 1998).
The number of R. osculus and P. reticulata
co-occurring with C. b. albivallis was not estimated because there were too few recaptures
to establish confidence intervals. However, we
noted whether they were abundant, common,
or rare.
Sampling was conducted from 28 July to 12
August 1998 and from 5 to 12 January 1999. In
the wider springhead region of Indian and
Preston Big springs and the entire 10-m length

[Volume 62

of Nicholas Spring, we spaced minnow traps
approximately 4 m apart in length and width.
In the outflows of Indian, Preston Big, and
Arnoldson springs, traps were set at 4-m intervals along the length. In summer 1998, using
mask and snorkel, we counted fish in the 524m-long outflow of Preston Big Spring; inasmuch as the upstream-most 64 m was a broad
spring pool, mark and recapture was employed.
Lund Town Spring was sampled to further
confirm C. b. albivallis extirpation from that
system, but we were unable to contact the
landowner to further confirm its extirpation
from Cold Springs. Twenty minnow traps
were set approximately equidistance apart
around the Lund Town spring pool. Minnow
traps were fished 28–31 July 1998 and checked
at 8- to 10-hour intervals. Also, the spring pool
and outflow were snorkeled on 31 July 1998.
RESULTS
We estimated that <5000 C. b. albivallis
exist in known habitats (Table 1). Indian
Spring had the greatest number, followed by
Preston Big, Arnoldson, and then Nicholas
springs. There was not a substantial difference
in abundance between summer and winter.
There was a greater number of fish during the
summer in Arnoldson, but more in winter in
Indian and Nicholas. We could not contrast
the difference in numbers between the 2 seasons for Preston Big Spring because of the different counting methods (snorkel and mark/
recapture) used.
The range and mean size of fish were fairly
consistent between seasons. Fish were generally smallest in Arnoldson Spring, with a mean

TABLE 1. Crenichthys baileyi albivallis population estimates in 4 White River valley spring systems. Confidence interval is 95%. Values in parentheses incorporate estimates from mark and recapture of Preston Big Spring pool and snorkel
count of outflow.
Spring
name

July–August
1998

Confidence
interval

January
1999

Confidence
interval

91
1175
1096a
(1205)
1736
4098b
(4207)

±40
±99
±80

162
901
1668

±52
±98
±177

±73
±152

2128
4858

±107
±235

Nicholas Spring
Arnoldson Spring
Preston Big Spring
Indian Spring
TOTAL
aSpring pool only.
bDoes not include Preston Big Spring outflow.
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Fig. 2. Length frequency distribution of Crenichthys bailyei albivallis for summer 1998 and winter 1999 at 4 spring
systems.

size of 39 mm FL in the summer and 38 mm
FL in the winter (Fig. 2). Nicholas Spring had
the largest mean size (50 mm FL in summer
and winter) with few subadults (≤ 35 mm FL)
captured. Range and mean size of fish were
most similar for Indian and Preston Big springs.
No C. b. albivallis was captured or sighted
in Lund Town Spring, but Catostomus clarki
(desert sucker) was rare, R. osculus common,
and P. reticulata abundant. Rhinichthys osculus was abundant in Preston Big Spring and
Indian Spring and common in Arnoldson

Spring. Poecilia reticulata was abundant in
Arnoldson and Nicholas springs.
DISCUSSION
Crenichthys baileyi albivallis persisted in 4
spring systems, but it was not numerous in
any one of them. This subspecies has been
known to stay near spring sources where water
temperatures remain nearly constant (Sumner
and Sargent 1940, La Rivers 1962). The fact
that C. b. albivallis persisted in the outflows of
Preston Big, Arnoldson, and Nicholas springs
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just prior to entering pipes suggests that water
temperature was constant, but that useable
habitat is currently less than historical conditions.
In Nicholas and Arnoldson springs, C. b.
albivallis was subjected to habitat alteration
and the nonnative P. reticulata. Poecilia reticulata is an effective larvae predator (Courtenay
and Meffe 1989), and such larvorous species
have been documented to replace natives
(Meffe 1985).
The cause of extirpation of C. b. albivallis
from Lund Town and Cold springs can only be
speculated. Lund Town Spring is the coldest
spring (18.9°C; Maxey and Eakin 1949) that C.
b. albivallis is known to have inhabited, which
may have contributed to the rarity noted by
Williams and Wilde (1981) and Courtenay et
al. (1985). Of the 5 subspecies, C. b. albivallis
inhabits the coolest springs (21.0–22.0°C); the
others inhabit warmer waters (26.0–37.0°C);
Sumner and Sargent 1940, La Rivers 1962,
Williams and Wilde 1981). The Lund Town
Spring population was extirpated after the system was disconnected (outflow had been
diverted into pipe) from other C. b. albivallis
springs, possibly from chronic exposure to
cooler water temperature (James Deacon, University of Nevada, Las Vegas, personal communication). Crenichthys baileyi albivallis was
reportedly abundant in Cold Spring in 1979
(Williams and Wilde 1981), but by 1991 it had
been reported extirpated (Scoppettone and
Rissler unpublished), with only P. reticulata
remaining. The spring system had been greatly
altered with only 10 m of outflow remaining
before entering a pipe.
Our winter 1999 estimate for the Preston
outflow is probably more reliable than that
from summer 1998. Data for the latter survey
were gathered by snorkeling, and habitat complexity made it difficult to see the fish. Consequently, our snorkel counts were lower than
numbers actually present. Because the Preston
outflow consists primarily of fast water that C.
baileyi generally avoids, we would not expect
it to accommodate more adults than were present in the winter estimate (about 500 adults).
The actual number of C. b. albivallis was probably similar for both seasons. Our reliable estimate (1668 ± 177) was close to Deacon et al.’s
(1980) estimate (1674 ± 240), suggesting no
decline in the Preston Big Spring population
in almost 20 years.
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Freshwater fish tend to scale in size to the
water volume inhabited (Smith 1981). Preston
Big and Indian springs had the greatest depth
and breadth of the 4 remaining spring habitats, and C. b. albivallis individuals were generally longer than the fish in Arnoldson (Fig.
2). Although Nicholas Spring had a low water
volume, its C. b. albivallis had the greatest
mean size. The population was skewed toward
large adults, indicating little recruitment. During the irrigation season the spring outflow is
manipulated, changing habitat from a spring
pool to a shallow stream, and this may lead to
drying of eggs.
Survival of C. b. albivallis depends, at a
minimum, on maintaining existing habitat, and
conservation will require enhancing native
fish habitats. Locally, this will require cooperation by management agencies, farmers, and
the local irrigation district. For example, the
excavated channel of Indian Spring is clogged
with bulrush, causing water to overflow and
the channel to lose its efficacy as a means of
water conveyance. Conservation will require
designing and improving a stream channel
that will convey water for irrigation while protecting habitat for native fishes. This must be
done by averting the need for intermittent
channel dredging or resorting to piping the
water. Habitat improvement should also be
studied and implemented for Preston Big,
Arnoldson, Nicholas, and Cold springs. Because
springfish thrive in spring pools and slow
water habitat (La Rivers 1962), especially those
free of nonnative fishes, a proactive effort to
improve and create this habitat type could lead
to an increase in population range and abundance and thus secure the future of C. b. albivallis. The population should be monitored
annually to gauge success.
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FERTILE ISLAND DEVELOPMENT AROUND PERENNIAL SHRUBS
ACROSS A MOJAVE DESERT CHRONOSEQUENCE
John D. Bolling1,2 and Lawrence R. Walker1
ABSTRACT.—Spatial heterogeneity has been examined only recently as a factor in studies of ecosystem processes.
The effect of this factor on desert organisms is exemplified in the “fertile island”—a concentration of essential soil nutrients under perennial shrubs. In this study we examined fertile island patterns in undisturbed desert areas and on abandoned roadways to see at what rate and magnitude these fertile patches reappeared after disturbance. Small-scale examination of patterns of soil P, organic matter, moisture, and bulk density showed that soils beneath Larrea tridentata (DC.)
Cov. shrubs on the roads lacked the tight circular gradient in these variables that was characteristic of soils beneath control shrubs, even 88 years after road abandonment. The nature of the initial soil disturbance altered both spatial patterns
of soil N and temporal patterns of fertile island development. Fertile island patterns for total soil N, available P, and
organic matter were more circular than patterns for bulk density, texture, or pH. We suggest that patterns of soil heterogeneity may develop first for elements that may be limiting to desert shrub growth (N, P, organic matter), followed by
spatial development in other less limiting soil factors (bulk density, texture, pH).
Key words: disturbance, Larrea tridentata, revegetation, soil recovery, succession.

The realization of the important role of spatial heterogeneity in the study of ecosystem
processes has been a fairly recent development
(Armesto et al. 1991, Dutilleul and Legendre
1993, Schlesinger et al. 1996). One example of
spatial heterogeneity is differences in soil factors adjacent to shrubs in desert ecosystems.
The abrupt change in soil factors such as
nitrogen (N), phosphorus (P), and organic matter from beneath perennial shrub canopies to
intershrub spaces is called the “fertile island”
effect (García-Moya and McKell 1970). Fertile
island formation is primarily a biological process
(Garner and Steinberger 1989) whereby plants
and animals concentrate mineral nutrients
from a wide area to the island and into plant
biomass (Binet 1981).
Soil properties of fertile islands are well
documented. Organic matter and pH are spatially variable because of fertile islands (Jackson and Caldwell 1993a), and the availability
of N and P increases under shrubs (Romney et
al. 1980, Skujinš 1981). These changes are
especially important because N and P are the
elements considered most limiting to plant
growth in arid regions (Schlesinger et al. 1996).
On a microscale, soil conditions can change
drastically within centimeters. For example,

heterogeneity for N at small scales can be
expected because of the susceptibility of NH4
and NO3 to local microbial transformations
(Jackson and Caldwell 1993b). The highest level
of microbial activity in deserts occurs around
plant roots (Vollmer et al. 1973, Binet 1981).
Ecologists generally agree that the consideration of spatial heterogeneity is critical in
studies of pattern and process at many scales.
The functional significance of spatial heterogeneity is not well understood, however. A
clear grasp of spatial heterogeneity can contribute to the understanding of some of the
mechanisms behind apparent successional
changes (Armesto et al. 1991). Spatial heterogeneity, or the lack thereof, likely has a strong
impact on vegetation development through
time.
Plant succession has not been thoroughly
examined in desert ecosystems. Most previous
studies have dealt only with plant community
recovery after a single disturbance event (Wells
1961, Webb and Wilshire 1980, Prose et al.
1987), and aside from studies of compaction,
no attempt has been made to study mechanisms of desert succession. The slow rate of
vegetation development in deserts suggests that
the general dogma about successional trends,

1University of Nevada, Las Vegas, Department of Biological Sciences, 4505 Maryland Parkway, Box 454004, Las Vegas, NV 89154-4004.
2Present address: 956 E. 42nd Ave., Spokane, WA 99203.
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such as an increase in nutrient availability
through time, may not hold in this system.
Difficulties in applying successional theories
to deserts may also be due to the extreme
nature of the desert environment. Plant life is
overwhelmingly influenced by drought. Soil
structure can be fragile and is very slow (on a
human time scale) to recover after disturbance.
Soil development processes are on the order
of centuries to millennia (McAuliffe 1991,
McAuliffe and McDonald 1995, Bolling and
Walker 2000), not decades as in more mesic
systems.
The study of desert succession is further
confounded by the question of how to study
such a heterogeneous system. The effect of
disturbance on these spatially heterogeneous
patterns has been examined only recently
(Schlesinger et al. 1996). In general, disturbances can either increase or decrease the
heterogeneity of the landscape (Risser 1987).
The nature of the disturbance is likely to have
some effect on rates of recovery of natural patterns of spatial heterogeneity.
The purpose of this study was to examine
the development of spatial patterns in soil factors around Larrea tridentata (DC.) Cov.
shrubs using geostatistical techniques. Larrea,
a dominant species in the Mojave Desert
scrub community, has obvious spatial effects
on soil properties (fertile islands) and has a
very long life span (Vasek 1980), which makes
the presence of this species indicative of longterm recovery from disturbance. Larrea growth
is supposedly limited by N in this system
(Fisher et al. 1988, Sharifi et al. 1988) but may
not be limited by P (Lajtha 1987).
Our study examined 3 abandoned road sites
along a chronosequence of 21–87 years and
was conducted in the context of soil and plant
community restoration efforts being done by
the National Park Service. Restoration efforts
have been under way for some time in this
region, but none has yet proven successful on
a time scale measurable by a single researcher.
For this reason it is important to examine natural patterns of vegetation recovery following
disturbance.
In this paper we seek to ascertain whether
fertile islands appear on disturbed roads in the
Mojave Desert and, if so, how long they take
to develop. Finally, we seek to determine how
spatial scale affects nutrient heterogeneity.

89

METHODS
Three unpaved roads, abandoned in 1907,
1940, and 1974, were chosen for this study.
The roads are located within the Cottonwood
Valley (35°N, 115°W; 240–450 m elevation),
adjacent to Lake Mohave in the Lake Mead
National Recreation Area in southern Nevada
and western Arizona, USA (Fig. 1). We selected
3 roads within the same watershed in an attempt
to minimize geological, climatic, and elevational differences among the roads. Records of
National Park Service land acquisitions and
reports from National Park Service personnel
(Jim Riley, Bill Burke) were used to determine
the time since road abandonment. Road 1 (21
years since abandonment) was “bladed”; i.e.,
topsoil was removed by a bulldozer, and the
road was characterized by the presence of lateral berms. Road 2 (55 years since abandonment) was a track-type road, impacted only by
surface vehicular traffic and with a characteristic raised center berm. This road may have
had intermittent use since its nominal abandonment date. Road 3 (88 years since abandonment) was a railroad bed that had ties and
track removed before abandonment. Thus, it
was similar to road 1 where surface soils had
been pushed to the sides to form lateral berms.
All sites in the study are located on loamy
sand alluvium derived from basalt (Volbroth
1973, Anderson 1978) that is classified as a
shallow, hyperthermic aridisol (Soil Conservation Service 1993). All soils are underlain by a
layer of hardpan caliche at 1–2 m depth. The
climate is typical of the Mojave Desert, with
hot summers, cool winters, and low episodic
rainfall (Ehleringer 1985). Most precipitation
occurs in the winter; the mean yearly precipitation at Cottonwood Cove is 10.9 cm (Soil
Conservation Service 1993). Variance around
this mean is extraordinarily high, with small
and spatially heterogeneous summer rainstorms. Mean monthly temperatures at Cottonwood Cove range from 10.1°C in January to
33.4°C in July (Soil Conservation Service 1993).
Small-scale Spatial Analysis
During 1994 we subjectively chose 1 individual Larrea shrub in the center of each of
the 3 roads and in adjacent control areas for
analysis of the small-scale structure of fertile
islands. Paired control shrubs were chosen from
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Fig. 1. Cottonwood Valley region, Lake Mead National Recreation Area, Nevada and Arizona, with road locations.

the adjacent undisturbed desert; these shrubs
were similar in area and volume to road
shrubs (P > 0.05; data not shown). Control
shrubs were all located within 50 m of the
road shrub, but at least 30 m away from the
road. The longest canopy radius of each shrub
was doubled to define the boundaries of a

square plot in which we obtained soil samples
from a grid (Fig. 2; n = 36 points ⋅ shrub–1).
After removing surface litter, we collected
soils from 2 depths (0–7.5 cm and 7.5–15 cm).
Moisture, organic matter, pH, and total N were
determined for each soil sample, as described
under laboratory methods.
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Medium-scale Spatial Analysis
For the more extensive portion of this study,
all Larrea shrubs on each road were identified, and 10 shrubs per road were selected
based on location (no shrubs in gullies were
chosen) and size (no shrubs <10 cm height).
Only 9 were available on road 3. Paired control shrubs were again chosen in the adjacent,
undisturbed desert as described above. Soils
were sampled from 3 positions: directly under
the shrub and at the canopy edge in July 1995,
and in the intershrub spaces in May 1995. All
soil sampling sites were located on 2 sides of
the shrub in the directions paralleling the
road. After removing surface litter, we collected soils from 2 depths (0–7.5 cm and
7.5–15 cm; n = 2 samples per position per
shrub) at the under shrub and canopy edge
positions, and then composited the samples
per position after passage through a 2-mm
sieve. This yielded 4 samples per shrub not
counting the intershrub space sampling. A
subsample of the thoroughly mixed composite
sample was placed in a sealed soil tin and
refrigerated at 5°C prior to analysis within 72
hours. For each soil sample, we determined
moisture, organic matter, pH, total N, particle
size, bulk density, available N, and available P
as described under laboratory methods. The
shrub-standardized design allowed comparisons of spatial heterogeneity of soil factors
due to shrub processes alone, regardless of
shrub size.
Large-scale Spatial Analysis
Large-scale spatial analysis involved examining and manipulating data collected in the
previous section. Values for each parameter
were pooled and means for each shrub combined to reveal a mean and variance value
across all 3 roads.
Laboratory Methods
After removing 20 g of fresh soil for analysis of KCl extractable N, we weighed the soils
from the medium-scale spatial analysis, dried
them in a 105°C oven until they reached a
constant mass, and reweighed them to determine fine soil bulk density and soil moisture
content. Soil pH was determined with a glass
electrode on a 5-g sample of dry soil saturated
with 5 mL deionized H2O (McLean 1982).
After oven-drying, a 0.5-g sample of each soil
was digested in sulfuric acid with a mercuric

Fig. 2. Depiction of sampling grid for small-scale spatial
heterogeneity work. Sampling points were established at
each line intersection (n = 36 points per shrub). Samples
were collected at 2 depths (0–7.5 cm and 7.5–15 cm) for a
total of 72 samples per shrub. This figure depicts an example shrub that measures 110 cm across.

oxide catalyst, then analyzed colorimetrically
for total Kjeldahl nitrogen using an automated
salicylate procedure (U.S. EPA 1984). Particle
size determinations were done on a subset of
samples (3 shrubs per road) using the Bouyoucos hydrometer method (Day 1982). We
determined organic matter content of ovendried soils by mass loss after ignition at 550°C
for 4 hours (Black 1965).
The available nitrogen pool was determined
on 10 g of fresh soil after extraction in 100 mL
of 2M KCl for 4 hours on a benchtop shaker.
The supernatant was analyzed for inorganic N
(Keeney and Nelson 1982) using an automated
Cd reduction procedure (NO2 and NO3) and
an automated phenol procedure (NH4; Alpkem 1991). An additional 10 g of fresh soil was
placed into a 40-mL tube that was then filled
with distilled H2O and placed in a 40°C oven
for 1 week, after which NH4 levels were again
determined. Nitrogen mineralization was then
calculated as the difference between postincubation and preincubation NH4+NO2+NO3
concentrations (Keeney 1982, Lober and Reeder
1993) and reported as molecular N.
Phosphorus availability was assessed using
3 g of bicarbonate-treated Dowex 1-X8 anion
exchange resin enclosed in a nylon mesh bag
(Sibbesen 1978, Lajtha 1988). This procedure
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is a measure of only the most biologically
available forms of phosphorus (Lajtha and
Schlesinger 1988).
Statistical Analyses
Data to assess spatial variability on a microscale were examined visually because attempts
to use Kriging—a method of assessing structure
in spatially arranged data (Fry 1993)—resulted
in flat semi-variograms (an indication that
variation did not increase with distance). For
the medium-scale spatial analysis data, we
used a principal components analysis (PCA;
SAS Institute 1987) to compare fertile island
structure around shrubs from the 3 roads. Five
soil variables (bulk density, available P, total N,
organic matter, and pH) at 3 positions (under
shrub, canopy edge, intershrub space) were
used for this analysis.
Particle size data were excluded from this
analysis due to incomplete data (soils around
only 3 shrubs per road examined for this), and
moisture and N mineralization were excluded
due to different collection times; levels of
moisture and N mineralization likely changed
between May and July 1995. For each observation and each principal component (PC)
score, we subtracted road values from paired
control values, and these differences were
subjected to a multiple analysis of variance
(MANOVA), with road number and position as
main effects (StatSoft, Inc. 1995). This type of
analysis allows the comparison of fertile island
structure across roads given any background
structural differences in control fertile islands.
The MANOVA analyses of soil factors were
run on the 2 depths separately.
Soil variables not included in the PCA
(moisture, N mineralization, sand, clay) were
individually subjected to a 3-way analysis of
variance (ANOVA), with treatment (road, control), road number (1–3) and position (1–3) as
main effects (StatSoft, Inc. 1995). Sand and
clay values were compared across all 3 positions, but for moisture and N mineralization,
only the under shrub and canopy edge positions were compared.
Coefficients of variation were examined for
all soil factors on the medium-scale data, pooling all positions (under shrub, canopy edge,
intershrub space) per shrub. Spatial variance
in total soil nitrogen was examined at small (36
points around individual shrubs), medium
(within each road; all points around each shrub
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pooled), and broad (across roads; poolings of
each shrub pooled per road) scales. Statistical
comparisons of variance across the scales
could not be performed for these data because
n = 1 value of variance per group.
RESULTS
Concentrations of total soil N showed more
pronounced patterns around shrubs (Figs. 3,
4) than any other soil parameter. Kriging was
successful on the road 1 control shrub, showing autocorrelation at a distance of approximately 1 m (data not shown). Fertile island
structure around the single shrub where it
could be properly examined was thus similar
to the structure found by Schlesinger et al.
(1996), who found autocorrelation at distances
of 1–3 m for soil N around Larrea shrubs. We
expect that decreases in autocorrelation distance occur as fertile patches form in this
region.
Patterns of total soil N differed visually
among roads, but there were no clear temporal patterns. In general, control shrubs appeared
to show a more pronounced island effect in
soil N than road shrubs (tighter circular gradients; Figs. 3, 4). Only the fertile island around
the road 2 (intermediate age) shrub showed a
pattern of soil N that was more pronounced
than its paired control shrub (Figs. 3c, 3d).
The road 3 shrub unexpectedly showed a lack
of development of a natural soil N fertile
island pattern altogether, despite its being the
oldest road.
The PCA of soil factors showed very even
component loadings for PC axis 1 (Table 1).
This axis was not heavily dependent on the
levels of any single soil parameter, but rather
was defined by an even combination of all
parameters. Changes in fertile island structure
thus involve changes in a complex combination of the soil factors measured in this study.
PC2, on the other hand, showed a strong
dependence on the level of available soil phosphorus (high PO4 = high PC2 levels). Individual variables did emerge as influential for PC
axes 3–5, but these axes each expressed <10%
of the total variance in the data set. PC axes 1
and 2 expressed 54% and 20% of the variance,
respectively.
No significant road or treatment effects were
seen in the MANOVA analyses of PC score
differences for depth 1 (0–7.5 cm; Table 2). A
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Fig. 3. Small-scale total soil nitrogen patterns (%) around individual Larrea shrubs (0–7.5 cm depth). Labels indicate
sampling locations; shrub base is in exact center of plot (a = road 1; b = road 1 control; c = road 2; d = road 2 control; e
= road 3; f = road 3 control). Road age increased with road number.

significant road-by-position interaction was
seen for this depth, however. This shows that
overall fertile island structure varies across the
roads in terms of these variables at 0–7.5 cm
depth. Both a road effect and a road-by-position
interaction were found for depth 2 (7.5–15 cm;
Table 2). The effects seen here were not unidirectional across time, however, yielding no
meaningful successional relationship.
The presence of road-by-treatment interactions led us to examine PCs on a one-by-one
basis. PC2 emerged as the most important factor to explain differences in road and position
for both depths. This factor was dominated by

the levels of soil PO4 (Table 1). Road 2 (55 years
since abandonment) was the only site where a
positional difference in the control PC2 minus
road PC2 value was found for 0–7.5 cm depth
(Fig. 5a). At 7.5–15 cm depth, this was true
only for road 3 (Fig. 5b).
Soil factors not included in the PCA (soil
moisture content, N mineralization, percent
sand, and percent clay content) were subjected to a 3-way ANOVA, which showed no
significant trends with time or treatment. The
comparisons of coefficients of variation across
all sites and treatment types showed that total
N, available P, and soil organic matter had
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Fig. 4. Small-scale total soil nitrogen patterns (%) around individual Larrea shrubs (7.5–15 cm depth). Labels indicate
sampling locations; shrub base is in exact center of plot (a = road 1; b = road 1 control; c = road 2; d = road 2 control; e
= road 3; f = road 3 control). Road age increased with road number.

TABLE 1. Eigenvectors for principal component analysis of soil variables.
Variable
Percent variance
Bulk density
Total N
Available P
pH
Organic matter

PC1

PC2

PC3

PC4

PC5

54
–0.451
0.494
0.192
–0.499
0.517

20
0.292
0.200
0.914
0.147
–0.133

8
0.755
–0.167
–0.071
–0.541
0.322

7
0.362
0.826
–0.350
0.216
–0.136

5
0.101
–0.082
–0.002
0.625
0.770

higher levels of spatial variation than the other
soil parameters measured (excluding N mineralization and soil moisture that may measure
temporal variability as well; Tables 3A, 3B).

Soil clay content also had relatively high variation. Fertile island structure was therefore
based mostly on changes in the most variable
parameters.
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TABLE 2. P levels for MANOVA effects: principal components 1 through 5.
Effect

0–7.5 cm

7.5–15 cm

Road
Position
Road * position

0.122
0.23555
0.000545

0.000244a
0.541221
0.000002

aSignificant effects are in boldface type.

Spatial variation across different scales was
compared by examining total soil N around
individual shrubs (small scale), across 10 shrubs
on one road (medium scale), and across all roads
(large scale). Successional trends were apparent at the 0–7.5 cm depth only, with variance
decreasing as time since road abandonment
increased (Fig. 6). Although samples were collected during different months, levels of total
soil N are not subject to broad annual fluctuations (Wallace et al. 1978); thus, this comparison is based solely on spatial variation rather
than on spatial and temporal variance combination. Control soils across the region also differed, with the highest variance in soil N seen
at the control sites for road 1 in 3 of 4 comparisons. At the medium scale of depth 2 (7.5–15
cm), control soils for road 3 had higher variance for soil N than any other area. Trends in
depth 2 are difficult to explain. The variance
did not tend to decrease as spatial scale
increased, as depth 1 showed (Fig. 6).
DISCUSSION
We did not find significant chronosequence
trends in fertile island development. These
results confirm the findings of a broader study
which found no apparent successional changes
in a range of soil variables across 8 roads
(Bolling and Walker 2000). Total soil N levels,
and thus fertile island magnitude, were higher
and more spatially distinct under road 2
shrubs than either of the other 2 roads. Roads
1 and 3 were initially disturbed by blading,
which removed surface soils and destroyed
vegetation. Road 2, however, was subjected
only to surface vehicular traffic, leaving a characteristic “center berm.” This center berm was
where all perennial vegetation on the road was
later found. Surface soils and fertile island
structure thus were likely preserved, and Larrea individuals may have resprouted from root
crowns after removal of aboveground structures.

Fig. 5. PC2 differences for (a) 0–7.5 cm depth and (b)
7.5–15 cm depth as a result of MANOVA analysis. PC2 is
defined primarily by the level of available soil phosphorus. Values above the dashed line have higher PC2 levels
in control soils than road soils, and vice versa. Values are
means of 10 samples ⋅ road–1 for roads 1 and 2, and 9 samples for road 3. Pairwise differences between means are
not significant (P < 0.05) when preceded by the same letter.

Application type is more influential than
time in determining spatial patterns and concentrations of available soil P and organic matter content, both of which were higher on
road 2 than on the other 2 roads. The raised
center berm on road 2 may have facilitated the
aeolian deposition of organic materials on center berms (as described by Allen 1988). The
effect of the central berm might also have had
an impact on soil water relationships and
nutrient content, as microtopography can have
strong effects on water infiltration and runoff
on desert watersheds (Schlesinger and Jones
1984).
In the medium-scale examination of 10
shrubs per road, road 2 had higher available P
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TABLE 3. Coefficients of all soil parameters.

Parameter
units

Road number
___________________________________________________________________
1
2
3
__________________
___________________
__________________
na

Road

Control

Road

Control

Road

Control

A 0–7.5 cm depthb
Total N (%)
30
66.0
66.2
56.8
46.5
50.1
63.0
Available P
(µg ⋅ g–1 soil)
30
44.2
57.6
88.2
40.0
34.0
43.7
Organic matter
(%)
30
40.7
38.5
15.8
16.2
42.6
26.7
Bulk density
(g ⋅ cm–3)
30
10.3
10.2
6.3
7.7
9.8
7.0
Clay (%)
9
21.4
25.9
22.5
26.7
11.4
23.6
Sand (%)
9
5.4
15.4
9.2
17.3
4.9
9.1
pH
30
2.4
2.0
1.7
1.4
1.9
1.6
....................................................................................................
Moisture (%)
30
77.4
91.0
69.7
73.1
60.7
46.2
N mineralization
30
264.9
209.9
–264.5
–5544.3
–145.9
–182.1
(µg ⋅ g–1 ⋅ wk–1)
aAll

positions (under shrub, canopy edge, intershrub space) combined. Negative values for N mineralization are due to net immobilization. Intershrub soils data
collected 5/95; canopy edge and under shrub soils collected 7/95. Therefore, moisture and N mineralization data measure temporal variability as well as spatial
and should be interpreted with caution.
bFor all data except sand and clay, r = 27 for road 3 and road 3 controls.

than paired controls. This was true for both
depths, although only significant for the shallow depth (Figs. 5a, 5b; PC2 is dominated by
the levels of PO4 [see Table 1]). Phosphorus
acquisition and cycling were thus more efficient in the road 2 shrubs than in paired controls. Road 3, in contrast, showed the opposite
pattern: fertile island soils on roads had less
available P than their paired controls, whereas
intershrub samples had more. This pattern
was observed again for both depths, although
significant only for the deeper soils (Figs. 5a,
5b). This result may have been caused by
reduced P uptake on road 3 because of less
belowground biomass. An examination of belowground processes (water movement, annual and
perennial root dynamics) may help explain
these results.
Total N, available P, and organic matter
have higher coefficients of spatial variation
than the other soil parameters (Tables 3A, 3B).
Jackson and Caldwell (1993a) found similar
patterns in southern Utah. The ultimate causes
of fertile island formation are biological (Garner and Steinberger 1989) and are affected by
shrub processes (growth and abscission of
roots and shoots), decomposition, and physical
transport of organic materials by animals.
Proximate causes might include changes in
soil texture and aeolian effects. It is reasonable
to expect biologically important soil nutrients

to be more spatially dependent than less limiting factors.
Successional trends were found in the
analysis of variance of total soil N. However,
variance in total soil N decreased as time since
road abandonment increased (Fig. 6). This was
most apparent at the smallest scale and at the
shallower depth. Variance in soil N also changed
across control sites, indicating that soils in this
region are inherently different. Variance also
tended to decrease as spatial scale increased,
showing general convergence of patterns at
larger scales. This result exemplifies the importance of small-scale spatial heterogeneity
(i.e., around individual shrubs) in the Mojave
Desert ecosystem.
Whether soil heterogeneity is caused by
shrubs, or shrub occurrence is controlled by
soil heterogeneity is a matter of speculation.
Some aridland species (e.g., Artemisia tridentata ssp. vaseyana [Rydb.] Beetle and Agropyron desertorum [Fisch. ex Link] Schult.) can
effectively exploit preexisting fertile patches
(Caldwell et al. 1985), while others (e.g., Larrea) can clearly affect the soils around them.
There is a need for future studies to address
the issue of spatial resource heterogeneity in
the Mojave Desert.
Broad temporal fluctuations in nutrient
mineralization and moisture were apparent in
this study. The climate in this region is charac-
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TABLE 3. Continued.

Parameter
units

Road number
___________________________________________________________________
1
2
3
__________________
___________________
__________________
na

Road

Control

Road

Control

Road

Control

B 7.5–15 cm depthb
Total N (%)
30
54.8
47.8
57.0
33.1
45.5
82.8
Available P
(µg ⋅ g–1 soil)
30
48.6
61.2
67.3
46.6
38.6
60.9
Organic matter
(%)
30
25.8
20.6
19.4
18.3
20.8
30.7
Bulk density
(g ⋅ cm–3)
30
6.3
7.1
5.4
4.0
9.9
8.2
Clay (%)
9
26.7
20.6
19.2
25.0
19.4
13.0
Sand (%)
9
5.9
11.9
6.1
14.9
7.6
4.4
pH
30
1.4
1.3
2.2
1.6
1.5
1.7
....................................................................................................
Moisture (%)
30
44.9
67.1
95.1
83.3
39.6
58.4
N mineralization
30
–1068.2
274.1
–210.8
–280.9
–138.4
–139.0
(µg ⋅ g–1 ⋅ wk–1)

terized by long, dry periods punctuated by
short and spatially heterogeneous rainstorm
events. This likely causes a release of mineralized nutrients from organic matter, followed
by rapid uptake and immobilization (Skujinš
1981). This immobilization was shown in soils
collected in May 1995 but not July 1995. The
appearance of broad fluctuations in N mineralization exemplifies the importance of sampling over a short time span to make valid
comparisons among sites in terms of spatial
patterns.
The importance of patterns of heterogeneity in soil factors turned out to be critical to
interpreting our observations. Schlesinger et
al. (1996) found that, over the last century, the
effects of desertification on New Mexico desert
soils included an increase in soil N under Larrea shrubs compared to open spaces. A grassland system showed an increase in nutrient
heterogeneity, but on a smaller scale than the
desert ecosystem. These results and our study
suggest that patterns of heterogeneity may
develop first for elements limiting to desert
shrub growth, followed by spatial development
in other abiotic factors. The development time
of these patches will vary with location, climate, and initial disturbance type.
In a 12-year study of succession in the sagebrush steppe, McLendon and Redente (1990)
found that type of disturbance affected the
direction of succession, but suggested that
over a longer time frame successional pathways might converge. Convergence did not

occur during the 88 years of this study. Longterm change was noted by McAuliffe (1991) on
Sonoran Desert bajadas formed between 500
and 4000 years ago. Over millennia, Mojave
Desert communities can also be expected to
change from sites dominated by short-lived
ruderal species to long-lived perennials. Another
possibility is that succession may never be
“completed”; instead, community evolution
may continue indefinitely (Vasek 1979/80).
These changes will be difficult to examine in
the scale of human lifetimes, and longer time
scales involve broader issues such as climate
change. Experimental studies will have to carefully address issues of temporal heterogeneity
in climate to successfully describe small-scale
changes in soil factors.
Studies of natural patterns of establishment
of desert plants can guide restoration efforts
following disturbance. The soil factors of critical interest to restoration in this system include soil N, P, and organic matter. Because of
their critical effects on desert plants, mycorrhizal fungi probably play a significant role as
well. “Ripping” of compacted soils (Kay and
Graves 1983) and subsequent stabilization with
annual plants would be a useful first step to
community restoration (Marble 1985). Once
erosional gullies form on unstable ground,
they are difficult to redirect. Without restoration efforts, successional trajectories will be
permanently altered after severe anthropogenic
disturbance because of changes in surface
hydrology and soil fragility (Marble 1985).
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on individual sites or through careful comparative studies of chronosequences on individual
watersheds. This will be necessary to reduce
the overriding influence of spatial and temporal heterogeneity seen in this study.
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West, and J. Skujinš, editors, Nitrogen in desert
ecosystems. US/IBP Synthesis Series 9. Dowden,
Hutchinson and Ross, Stroudsburg, PA.
WEBB, R.H., AND H.G. WILSHIRE. 1980. Recovery of soils
and vegetation in a Mojave Desert ghost town,
Nevada. Journal of Arid Environments 3:291–303.

[Volume 62

WELLS, P.V. 1961. Succession in desert vegetation on streets
of a Nevada ghost town. Science 134:670–671.
Received 8 October 1999
Accepted 6 June 2000

Western North American Naturalist 62(1), © 2002, pp. 101–105

IMPROVING SEED GERMINATION OF SALICORNIA RUBRA
(CHENOPODIACEAE) UNDER SALINE CONDITIONS USING
GERMINATION-REGULATING CHEMICALS
M. Ajmal Khan1,2, Bilquees Gul1,2, and Darrell J. Weber1,3
ABSTRACT.—Salicornia rubra Nels. (Chenopodiaceae) is a salt-tolerant annual species occurring in salt playas of the
Great Basin desert in western United States. It forms pioneer communities on the most saline location of an inland salt
playa at Goshen, Utah. Seeds of Salicornia rubra are capable of germinating at 1000 mM NaCl at 25–35°C alternating
temperature regime. Dormancy-regulating chemicals were evaluated for their ability to alleviate the innate and salinityenforced dormancy in seeds of Salicornia rubra. Betaine, GA3, kinetin, fusicoccin, ethephon, thiourea, proline, and
nitrate had no effect in alleviating primary dormancy. Increases in NaCl concentration progressively inhibited germination of Salicornia rubra seeds. Ethephon, fusicoccin, GA3, kinetin, thiourea, and nitrate promoted germination under
low saline conditions. At high salinity fusicoccin had no effect, whereas GA3, kinetin, and ethephon substantially alleviated salinity effects. Application of these dormancy-regulating compounds could be of practical value in seeding a saline
area for restoration purposes, particularly under high saline conditions.
Key words: gibberellic acid, ethephon, fusicoccin, halophytes, kinetin, seed dormancy, Salicornia rubra, thiourea.

Salicornia rubra Nels. (Chenopodiaceae) is
a salt-tolerant annual species occurring in salt
playas of the Great Basin desert of western
United States (Ungar 1965, 1974). Salicornia
rubra is found in pure stands on the most
saline location of an inland salt playa at Goshen,
Utah, and is associated with S. utahensis, Allenrolfea occidentalis, and Distichlis spicata (Khan
et al. 2000). Salicornia rubra is capable of germinating at 1000 mM NaCl at 25–35°C alternating temperature regime, but in a previous
study a decrease in temperature inhibited germination (Khan et al. 2000). Most salt marsh
and salt desert halophytes have physiological
dormancy (Baskin and Baskin 1998). Dormancy,
which is enforced by high salt concentrations,
is probably controlled by the change in balance of endogenous growth regulators. If halophytes are used as restoration plants in areas
of saline soils, it is important to understand
conditions that can break seed dormancy. Germination under saline conditions is stimulated
by applying dormancy-relieving compounds,
which counteract the negative change in growth
regulator balance in seeds when they are exposed to salt stress.
Dormancy-alleviating compounds like proline, betaine, fusicoccin, GA3, kinetin, nitrate,

thiourea, and ethephon are known to alleviate
the effect of salinity on the germination of
halophytes (Ungar 1977, 1982, 1984, Okusanya and Ungar 1984, Khan and Ungar 1985,
1997, 1998, Khan and Weber 1986, Khan and
Rizvi 1994, Gul and Weber 1998, Khan et al.
1998). Nitrogenous compounds like nitrate
and thiourea stimulate seed germination of
halophytes (Mayer and Poljakoff-Mayber 1975).
Thiourea alleviated high salt stress or high
temperature-enforced germination inhibition
(Esashi et al. 1979, Bewley and Black 1994, Gul
and Weber 1998, Khan et al. 1998). Nitrate
ions enhanced germination in controlled experiments when combined with other factors
such as alternating temperatures, chilling, light,
or plant growth regulators (Vincent and Roberts
1977, Bewley and Black 1994, Gul and Weber
1998). Compatible osmotica-like proline and
betaine appeared to alleviate seed dormancy
in many halophytes (Poljakoff-Mayber et al.
1994, Khan and Ungar 1997, Khan et al. 1998,
Gul 1999). Both proline and betaine were
effective in alleviating primary dormancy in
Kotzeltskya virginica, Arthrocnemum indicum,
and Zygophyllum simplex (Poljakoff-Mayber et
al. 1994, Khan and Ungar 1997, Khan et al.
1998), while salinity-induced dormancy was

1Department of Botany and Range Science, Brigham Young University, Provo, UT 84602 USA.
2Present address: Department of Botany, University of Karachi, Karachi-75270, Pakistan.
3Corresponding author.
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partially alleviated in Allenrolfea occidentalis
seeds (Gul and Weber 1998). Fusicoccin
markedly stimulates germination, growth, and
several physiological processes (Marre 1979,
Ballio and Scalorbi 1981) and acts like
cytokinins and gibberellins to affect seed germination (Marre 1979). Fusicoccin completely
reversed the effect of salinity on the germination of Zygophyllum qatarensis, Z. simplex,
and Allenrolfea occidentalis (Ismail 1990, Gul
and Weber 1998). Ethylene is able to break
dormancy of seeds of several species and
appears to have a regulatory role in determining germination (Esashi and Leopold 1969,
Gul and Weber 1998). Ethylene is formed
soon after the start of imbibition and is perhaps capable of stimulating germination (Toole
et al. 1964, Esashi and Leopold 1969, Ketring
and Morgan 1969). Salt-enforced dormancy in
Allenrolfea occidentalis, Atriplex griffithii, and
Atriplex prostrata was partially alleviated by
application of ethephon (ethylene compound;
Gul and Weber 1998). The role of gibberellic
acid and kinetin in breaking dormancy is well
known (Bewley and Black 1985, Kabar and
Beltepe 1990, Ungar 1991). GA3 and kinetin
have been found to alleviate dormancy induced
by salinity in a number of halophytes (Ungar
1977, Khan and Ungar 1985, 1998, Khan and
Weber 1986, Kabar 1987, Khan and Rizvi 1994).
Maintaining salt playa areas generally requires seed germination of the halophytes.
Often this involves breaking dormancy in the
presence of high salinity. It is of interest to
evaluate the relationship between dormancyregulating compounds and salinity in maintaining the salt playa or restoring saline areas
with halophytes. The present study was designed to determine the role of dormancy-regulating chemicals in alleviating the innate and
salinity-enforced dormancy in Salicornia rubra.
METHODS
During fall 1994 we collected seeds of Salicornia rubra from salt flats situated at Goshen,
Utah, USA. Seeds were separated from the
inflorescence and stored at 4°C. They were
surface sterilized using the fungicide Phygon
(2,3 dichloro-1,4-naphthoquinone). Germination was carried out in 50 × 9-mm tight-fitting
plastic petri dishes with 5 mL of test solution.
As an added precaution against loss of water
by evaporation, we placed each dish in a 10-cm-
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diameter plastic petri dish. Four replicates of
25 seeds each were used for each treatment.
When the radicle emerged (2 mm), we considered seeds to be germinated.
Seeds were germinated in a growth chamber at an alternating temperature regime of
25–35°C, where the higher temperature coincided with the 12-hour light period (cool
white fluorescent lamps, 110 µmol photons
m–2 ⋅ s–1, 400–750 nm) and the lower temperature coincided with the 12-hour dark period.
Nitrate concentrations of 20 mM, thiourea
concentration of 10 mM, ethephon concentration of 10 mM, fusicoccin concentration of 5
µM, gibberellic acid concentration of 3 mM,
kinetin concentration of 0.05 mM, and NaCl
concentration of 0, 300 (–1.38MPa), 600 (–2.76
MPa), and 900 (–4.14 MPa) mM were used.
Percent germination was recorded every alternate day for 20 days. We estimated the rate of
germination by using a modified Timson index
of germination velocity = ∑G/t, where G is
percentage of seed germination at 2-day intervals, and t is total germination period (Khan
and Ungar 1985). The maximum value possible using this index with our data was 50 (i.e.,
1000 ÷ 20). The higher the value, the more
rapid the rate of germination.
Germination data were transformed (arcsine) before statistical analysis. We used an
ANOVA analysis to determine if significant
differences were present among means and a
Bonferroni test to determine if significant (P
< 0.05) differences occurred between individual treatments (SPSS 1996).
RESULTS
In distilled water, 66% of the seeds germinated. Proline, betaine, GA3, kinetin, thiourea,
nitrate, fusicoccin, and ethephon had no effect
in alleviating primary dormancy of the seeds
(Table 1). Fusicoccin treatment increased the
germination rate and produced up to 80% germination compared to 66% in distilled water
(P > 0.05; Table 2).
Increase in NaCl concentration in the
medium progressively inhibited germination
of Salicornia rubra seeds. A maximum of 66%
germination was obtained in distilled water,
and no seed germinated at 900 mM NaCl
(Table 1). Inclusion of ethephon partially alleviated (P < 0.01) salinity-enforced germination inhibition (Table 1). Fusicoccin alleviated
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TABLE 1. Percentage of Salicornia rubra seeds that germinated under various salinities and germination-regulating
chemicals. Values in the same column (i.e., each dormancy-regulating chemical) followed by the same letter are not significantly different (P > 0.05) from each other (Bonferroni test).
Germination-regulating chemicals
_____________________________________________________________________________________________
NaCl Water
Proline
Betaine
GA3
Kinetin
Thiourea
Nitrate
Fusicoccin Ethephon
(mM)
0
300
600
900

66 ± 4.1a
22 ± 2.1b
4 ± 1.9c
0 ± 0d

62 ± 6.1a
30 ± 3.1b
10 ± 3.2c
4 ± 0.8d

52 ± 3.9a
25 ± 1.9b
5 ± 0.9c
3 ± 0.8c

63 ± 2.3a
28 ± 2.4b
34 ± 6.4b
8 ± 4.1c

62 ± 4.0a
41 ± 3.6b
33 ± 6.4c
8 ± 4.1d

74 ± 6.0a
60 ± 3.9b
8 ± 2.0c
7 ± 0.9c

65 ± 4.0a
36 ± 3.2b
13 ± 4.0c
5 ± 2.7d

80 ± 4.0a
38 ± 3.0b
17 ± 5.6c
0 ± 0d

72 ± 5.9a
40 ± 7.1b
16 ± 2.8c
14 ± 1.0c

TABLE 2. Rate of seed germination of Salicornia rubra seeds under various salinities and germination-regulating
chemicals. Values in the same column (i.e., each dormancy-regulating chemical) followed by the same letter are not significantly different (P > 0.05) from each other (Bonferroni test).

NaCl
(mM)
0
300
600
900

Germination-regulating chemicals
_____________________________________________________________________________________________
Water
Proline
Betaine
GA3
Kinetin
Thiourea
Nitrate
Fusicoccin Ethephon
27 ± 2.2a
13 ± 2.3b
5 ± 1.4c
2 ± 0.7d

24 ± 3.5a
12 ± 0.7b
3 ± 0.5c
2 ± 0.5d

29 ± 1.3a
17 ± 0.9b
15 ± 3.4b
4 ± 1.8c

29 ± 1.52a
18 ± 1.4b
15 ± 3.4b
4 ± 1.5c

(P < 0.01) seed germination at low NaCl treatment (Table 1). Gibberellic acid and kinetin
both were ineffective in promoting germination in nonsaline treatments, while both compounds significantly (P < 0.01) alleviated salinity effects on germination (Table 1). Nitrogenous compounds (thiourea and nitrate) promoted germination under low saline conditions. At 300 mM NaCl treatment, application
of thiourea substantially alleviated germination from 22% in control to about 60%. In the
presence of nitrate and thiourea, some germination was reported at 900 mM NaCl (Table
1). Proline and betaine did not alter germination under saline and nonsaline conditions
(Table 1). At low salinity (300 mM NaCl) all
the chemicals promoted the rate of germination as compared to high salinity (Table 2).
DISCUSSION
Salicornia rubra grows in the most saline
region of inland salt playas, but seed germination in natural conditions takes place during
the early spring when spring rains and runoff
from mountains considerably reduce playa
salinity. Salinity progressively increases during late spring and early summer, and few
seeds germinate during these periods. Seeds

32 ± 2.8a
25 ± 1.9b
4 ± 0.7c
3 ± 0.3c

28 ± 1.8a
17 ± 5.9b
6 ± 2.0c
2 ± 1.2d

36 ± 2.7a
16 ± 1.2b
8 ± 2.4c
0 ± 0d

33 ± 3.0a
18 ± 5.3b
8 ± 1.3c
7 ± 0.6c

29 ± 1.9a
10 ± 1.1b
1.9 ± 0.7c
0 ± 0d

of S. rubra showed a partial dormancy (66%
germination) in nonsaline control under laboratory conditions. This dormancy could not be
alleviated with the application of proline,
betaine, gibberellic acid, kinetin, ethylene,
thiourea, and nitrate, while fusicoccin had
some promoting effect. Seed germination in S.
rubra was inhibited with an increase in salinity, and no seed germinated at 900 mM NaCl.
Fusicoccin, ethephon, GA3, kinetin, nitrate,
and thiourea partially alleviated the inhibitory
effects of salinity on germination whereas proline or betaine showed little effect.
Compatible osmotica-like proline and betaine are reported to partially alleviate innate
dormancy in Zygophyllum simplex, Atriplex
griffithii, Halopyrum mucronatum, and Arthrocnemum indicum (Khan and Ungar 1997, Khan
et al. 1998, Khan and Ungar unpublished data).
Khan et al. (1998) showed that proline and
betaine did not relieve salinity-induced dormancy in Arthrocnemum indicum. Similar
results are reported for Kosteletzkya virginica
and Halopyrum mucronatum (Poljakoff-Mayber et al. 1994). Both proline and betaine alleviated the innate dormancy of Zygophyllum
simplex seeds, but neither was effective at
high salinities (Khan and Ungar 1996). Gul
(1998), however, reported that proline and
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betaine both alleviated high salinity effects in
Allenrolfea occidentalis. Our results with S.
rubra showed that proline and betaine failed
to alleviate both innate and salinity-induced
dormancy.
Seed dormancy enforced by low salinity
was partially alleviated by fusicoccin in S.
rubra, and there was no significant effect on
high salinity treatments. This alleviation may
be due to the stimulation of ATPase during the
early phases of germination to facilitate proton
extrusion and K+ uptake (Marre 1979, Stout
1988). A stimulation of germination by fusicoccin in various kinds of seeds has been observed (Lado et al. 1974, Ismail 1990, Gul and
Weber 1998). Fusicoccin has the ability to
remove the inhibitory effect of abscisic acid on
germination of normal seeds and on embryo
growth of decoated seeds (Lado et al. 1975). It
is more likely that abscisic acid production
due to salinity stress could be counteracted by
fusicoccin and thus alleviate the inhibitory
effect of salinity.
Dormancy in seeds of numerous species is
reported to be relieved by applying ethephon
(Ketring 1977, Bewley and Black 1985), which
reverses the inhibitory effect of abscisic acid
and osmotic stress (Karssen 1976, Schonbeck
and Egley 1981). Applying ethephon to S. rubra
seeds stimulated germination under nonsaline
and saline conditions.
Thiourea and nitrate both stimulated the
germination of S. rubra seeds under saline
conditions. The alleviating effect of thiourea
on osmoinhibition gradually decreases with an
increase in salinity. Salicornia rubra showed a
full recovery from the low salinity effects and
partial alleviation of the inhibitory effect of
high salinities. GA3 and kinetin both alleviated the salinity effect on the germination of S.
rubra seeds. GA3 and kinetin are known to
alleviate the salinity effect in some halophytic
seeds (Khan and Ungar 1996, 2000, Khan et
al. 1998), while it was ineffective in other halophytes such as Suaeda fruticosa and Haloxylon
recurvum (Khan and Ungar unpublished data).
Salicornia rubra produces numerous seeds
at the end of autumn and beginning of winter.
Most of the seeds (65%) readily germinate if
proper conditions are provided. Seeds in their
natural environment are prevented from germinating due to very cold temperatures. Seeds
begin germinating very early during spring,
but germination decreases with increased
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salinity. For restoration of saline areas, seeds
of S. Rubra could be scattered prior to spring
rains. In highly saline soil areas, treatment of
the seeds with GA3 or kinetin prior to scattering would increase the germination rate.
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RAZORBACK SUCKER MOVEMENTS AND HABITAT USE IN THE
SAN JUAN RIVER INFLOW, LAKE POWELL, UTAH, 1995–1997
Catherine A. Karp1 and Gordon Mueller2
ABSTRACT.—Seventeen subadult, hatchery-reared razorback suckers (Xyrauchen texanus; (x– = 456 mm total length)
were implanted with sonic transmitters and tracked for 23 months in the lower 89.6 km of the San Juan River (San Juan
arm of Lake Powell, Utah). Fish were released at 2 sites, and 9 made extensive up- and downstream movements (x– =
47.8 km; contact was lost with 4, and 4 others presumably died or lost their transmitters). The San Juan arm is primarily
inundated canyon; however, most fish contacts occurred in shallow coves and shoreline with thick stands of flooded salt
cedar in the upper inflow area. Eight fish frequented the Piute Farms river/lake mixing zone, and at least 4 moved
upstream into the San Juan River. Seven fish were found in 2 aggregations in spring (3 fish in Neskahi Bay in 1996 and 4
fish just downstream of Piute Farms in 1997), and these may have been associated with spawning activity. Continued
presence of razorback suckers in the Piute Farms area and lower San Juan River suggests the San Juan inflow to Lake
Powell could be used as an alternate stocking site for reintroduction efforts.
Key words: razorback sucker, Xyrauchen texanus, San Juan River inflow.

The razorback sucker (Xyrauchen texanus)
is endemic to the Colorado River and is considered to be in danger of extinction (USFWS
1991). Although the fish was once abundant
and widespread in the larger river systems,
remnant populations occur only in isolated
reaches of the Green, Colorado, and San Juan
rivers and in several lower basin reservoirs in
Arizona, Nevada, and California (USFWS
1998). Extant razorback sucker populations
consist mostly of older adults with little or no
recruitment (Minckley et al. 1991, reviewed in
USFWS 1998). The razorback sucker was
given federal protection in 1991, and critical
habitat was designated in 1994 (USFWS 1991,
1994).
Razorback sucker movements and habitat
use have been studied in rivers and reservoirs
throughout the Colorado River basin (summarized in USFWS 1998), but few studies have
been done in river inflows to reservoirs (see
Minckley et al. 1991 for summary). Distribution and abundance of razorback sucker in the
San Juan River and inflow to Lake Powell (San
Juan arm) are not well known. The first documented razorback sucker capture occurred in
1976 in a gravel pit adjacent to the river near
Bluff, Utah (USBLM 1981). Since then, fewer
than 25 wild fish have been captured, and the

majority of these were found in the upper
inflow area (Minckley et al. 1991, Platania et
al. 1991). In 1995 we developed a biotelemetry study to track a group of subadult hatchery
razorback sucker stocked into the upper San
Juan River inflow (i.e., the inundated lower
89.6 km of the San Juan River; Fig. 1). Our objectives were to evaluate movements and habitat use to help guide future stocking efforts.
METHODS
We used sonic rather than radio telemetry
to track the fish because much of the study
area is deep, inundated canyon (to 100 m).
Tracking equipment (receiver and directional
hydrophones) and transmitters (theoretical life
of 14 months; 22 g in air, 65 mm × 16 mm;
72–79 kHz) were obtained from Sonotronics,
Tucson, Arizona.
Three-year-old razorback suckers of San
Juan River stock were provided by Wahweap
Warmwater Fish Hatchery, Page, Arizona. On
1 November 1995 fish were transported by
truck (14.4°C water) to Piute Farms Wash and
immediately taken downstream by boat to the
release sites where they were tempered to
river water (16.1°C) and placed in holding
pens. Surgical procedures were similar to

1Bureau of Reclamation, Fisheries Applications Research Group, PO Box 25007, Denver, CO 80225.
2United States Geological Survey, D-8220, PO Box 25007, Denver, CO 80225.
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Fig. 1. Map of Lake Powell, Utah, showing San Juan arm study area.

those of Winter (1983) and Tyus (1987). Fish
were anesthetized using MS222 (tricaine
methanesulfonate, 80–100 mg ⋅ L–1), weighed
(to the nearest 10 g), measured (total length,
TL), and placed in the tagging cradle for
abdominal tag implantation. Following surgery,
fish were held for 30 minutes before being
released. We checked each transmitter prior
to and immediately following release. Seventeen fish (x– = 456 mm TL) were implanted
and released (Table 1). Two release sites in the
upper inflow area, Neskahi Wash (river kilometer, RK 38.4) and Zahn Bay (RK 68.5), were
selected because they offered some sheltered
side canyon and cove habitat (Fig. 1).
Portable and fixed tracking systems were
used to monitor fish movements. The fixed listening station was installed upstream of the
Zahn Bay release site to detect upstream movements. This system was checked and data
downloaded monthly until March 1996, when
the station was vandalized and not replaced.
Tracking efforts focused on the lower 89.6
km of the San Juan arm (i.e., from Clayhills
Crossing to the confluence). We searched for
tagged fish the first 2 days following release
and approximately monthly for the next 2
years. Surveys were conducted by boat using a
directional hydrophone, and we listened for
fish in mid-channel and along both shorelines
where possible. Transmitter signals that could

not be moved were presumed to be either
expelled tags or dead fish. Tracking in 1997
occurred in association with another study
(Mueller and Marsh 1998) wherein effort was
concentrated in and above Piute Farms. The
main body of Lake Powell (from Friendship
Cove area upstream to Hite Marina including
the Escalante River and all side canyons) was
extensively surveyed (about 500 locations) in
April 1996. The San Juan River above Clayhills Crossing was surveyed in June (Mexican
Hat, Utah, to the Clayhills Crossing) and
October (Bluff, Utah, to Piute Farms Wash)
1996. Our fish location estimates were based
on RK 0 being the buoy marker at the historic
mouth of the San Juan River. Thus, for example, Neskahi Wash, RK 38.4, was 38.4 km
upstream of the confluence.
RESULTS
Movements
Nine of the 17 study fish were contacted 59
times over the 23-month study period (contact
was lost with 4 fish, and another 4 fish either
died or expelled the transmitters; Table 2).
The nine fish averaged 47.8 km, up- and downstream movements combined (range 20.5–103.5
km; Table 1). All contacts occurred in or upstream of Neskahi Bay (Fig. 1), including Piute
Canyon (RK 33.6), Neskahi Wash (RK 38.4),
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TABLE 1. Summary of razorback suckers released with sonic transmitters in the inflow area of the lower San Juan
River, November 1995. Weight is to the nearest 10 g.
Transmitter

Total length (mm)

Weight (gm)

Distance moveda (km)

NESKAHI WASH RELEASE SITEa
2246
2273
2336
2354
2363
2453
2525
3335

457
471
464
445
449
457
458
454

1050
1050
1000
1000
1000
1100
1100
1100

0.3
6.4
0
103.5
0
12.8
3.6
4.8

ZAHN BAY RELEASE SITEb
2237
2255
2264
2327
2345
2426
2435
2543
2633

442
463
440
495
463
444
467
434
448

900
1100
940
1240
1050
1020
1020
960
1000

76
38.7
20.5
39.7
23.3
76.5
1.1
25.3
26.7

aDistance moved is the sum of up- and downstream movements.
bNeskahi Wash is about 38.4 km and Zahn Bay about 68.8 km upstream of the San Juan River buoy marker in Lake Powell.

Nokai Canyon (RK 69.6), and the Piute Farms
to Clayhills Crossing reach (RK 81.6–89.6). In
addition, 3 fish were detected 16–40 km upstream of Clayhills Crossing in the San Juan
River.
Seven fish left the Neskahi Wash site during the first few days following release (Table
2). Three fish moved downstream 4.8 km into
Piute Canyon the first winter, 1 moved into
Neskahi Bay and later died or lost its transmitter, and 3 fish quickly disappeared. One of the
Piute Canyon fish overwintered and then
moved 16 km above Clayhills Crossing (RK
105.6) by June 1996. This fish was later contacted in the Piute Farms area (RK 83.2–84.8).
A second fish also overwintered in Piute
Canyon and then was found on the southeast
shore of Neskahi Bay in April 1996 (about RK
41.6). This fish and another razorback sucker
(no sonic signal) were observed swimming
together in flooded salt cedar (1.5–4 m depth)
for several minutes. We had no further contact
with the study fish after this sighting. One fish
that moved into Piute Canyon either died or
lost its transmitter. Total distance moved by
the Neskahi fish ranged from zero to about
103.5 km (Table 1).
Of the fish released at Zahn Bay (RK 68.5),
one was detected 20 km downstream 10 days
after release but not encountered again. Two
fish moved downstream 30.1 km to Neskahi

Wash during the first winter–spring (Table 2).
One of these fish was contacted at several
locations within Neskahi Bay, then lost for several months, and later found upstream in Piute
Farms during summer 1997. After the downstream movement during winter–spring 1996,
the second fish moved upstream to Piute
Farms where it was contacted several times in
stands of flooded salt cedar. Four Zahn Bay
releases moved 1 km upstream into Nokai
Canyon (RK 69.6) during winter and spring
1996 (Table 2). One fish was presumed dead
(or tag expelled). Two fish remained in the
canyon for a short time and later were located
in the Piute Farms/Clayhills Crossing reach.
The fourth fish moved back and forth between
Nokai Canyon and Piute Farms, but contact
was lost after January 1997. The remaining
2 fish left the release site after the first week.
One was found in the Piute Farms area
throughout the study, but the other was not
detected for 1.5 years, when it was also
located in Piute Farms. Total distance moved
by the Zahn Bay fish ranged from 1.1 to about
77 km (Table 1).
Habitat Use
Razorback suckers were most often located
in shallow, flooded stands of salt cedar and, in
some cases, cobbled shorelines. We rarely
contacted any fish in the main channel and

11/95

38.4
38.4
38.4
38.4
38.4
38.4
38.4–40
38.4

68.5–41.6
68.5–75.2
68.5
65.6–70.4
68.5
68.5–68.2
68.5–68.8
68.5
68.5

Tag #

2246
2273
2336
2354
2363
2453
2525
3335

2237
2255
2264
2327
2345
2426
2435
2543
2633

78.4
48

38.1
44.8

12/95

69.6

69.6

38.4
69.6

69.6

40–41.6

33.6
40
33.6

33.6
40
33.6

40.5

38.4
33.6

3/96

38.4
33.6

2/96

69.6

41

38.4

1/96

69.6
77.6

69.6

69.6

40
33.6

38.4
33.6

40
33.6

38.4

8/96

40

37.3

10/96

11/96

84.8

84.8
84.8
84.8

84.8

84.8
69.6

84.8

84.8

69.6

69.3
84.8
69.6

69.3

Zahn Bay release site (RK 68.5)

40

38.4
105.6

6/96

Neskahi Wash release site (RK 38.4)
5/96

69.6

38.4

41.6
39.2
33.6

38.4
33.6

4/96

67.2

68.8

40

38.4

1/97

38.4

3/97

81.2

81.2

81.2

5/97

89.6

83

6/97

86.4
85.1

84.8
84.8

81.6
85.3–86.4

83.2–84.8

7/97

85.4
84.3–85.3

83.8–84.6
84.5

85.1

83.5–84.2

8/97

88

89.6

83.5

9/97

TABLE 2. Summary of razorback sucker contacts in the San Juan River inflow November 1995–September 1997. Data are fish locations in river kilometer, RK (RK 0 is the San Juan
River buoy marker in Lake Powell).
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located none during the April 1996 reservoir
survey. The tagged fish frequented 3 locations:
Neskahi Bay, Nokai Canyon, and the Piute
Farms to Clayhills Crossing reach. These areas
are unique in that they contain some shallow
shorelines with large expanses of flooded and
emergent salt cedar.
DISCUSSION
At least 9 fish exhibited relatively long-distance movements over the 23-month study
period (i.e., over 20 km). Long-distance movements by adult razorback sucker have also
been reported in other river and reservoir systems and often are associated with spawning
migrations (Tyus 1987, Tyus and Karp 1990,
Modde and Irving 1998, Mueller et al. 2000,
Ryden 2000). Our fish generally moved upstream above the upper release site and
remained upstream (3 fish moved downstream
shortly after release; of these, 1 was lost, and
the remaining 2 moved back upstream for the
duration of the study). However, other studies
have noted a general downstream movement
after release, followed by fish sometimes returning at least to the release site (Burdick and
Bonar 1997, Foster and Mueller 1999, Irving
2000). We cannot explain why our fish moved
up while similar-sized, hatchery-raised fish in
other studies moved down, except perhaps our
fish were released in sheltered, protected areas
and therefore had more time to acclimate to
lake/river conditions.
All contacts with known study fish occurred
from Neskahi Bay (including Piute Canyon)
upstream to Whirlwind Draw (16 km upstream
of Clayhills Crossing). The fish primarily used
shallow (up to 5 m), vegetated habitats in side
canyons and open bays (Piute Farms) in the
upper arm. These unique areas represent a
small portion of available habitat in Lake Powell (<1%) but are similar to habitats used by
adult razorback sucker in the Colorado River
basin (USFWS 1998, Bradford and Gurtin
2000). No fish were located downstream of
Neskahi Bay where there is no shallow vegetated or cobbled shoreline.
Eight fish used the Piute Farms area during
the study; of these, we were in contact with at
least 7 fish for 23 months (Table 2). Contact was
lost with 1 fish after 15 months, presumably to
tag failure. The Piute Farms to Clayhills Crossing reach is the transition zone between river
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and lake influences, although we observed
muddy inflows 15 km downstream. The upper
end of Piute Farms includes a natural sandstone dam (and waterfall) that at times may be
a barrier to fish moving up into the river
(Ryden and Ahlm 1996). However, at least 4 of
our fish (including the 2 unidentified sonic
transmitter signals detected 30–40 km upstream
of Clayhills Crossing) moved above the falls,
indicating that the sandstone dam is not a barrier to subadult/adult razorback sucker.
We had no contact with 4 transmitters after
the first few weeks. We presume that these
missing fish either quickly left the release area
and moved down into Lake Powell (the transmitters were not detected by the remote listening station situated above the release sites)
or died and washed up on shore. Alternatively,
the transmitters may have failed. Large fluctuations in lake level (9.1 m) significantly altered
the shallow habitats, and we believe some of
the lost transmitters may have been fish that
moved into the shallows, became stranded, and
died. The shoreline of Lake Powell is mostly
steep-walled and barren of shallow, vegetated
areas, unlike other large reservoirs in the system, and we believe few if any fish successfully acclimated to the deep, flooded canyons
in the main body of the lake. However, tracking conditions were not ideal and some fish
may have moved into Lake Powell beyond the
San Juan arm.
We looked for tagged fish in the spring of
both years in an attempt to locate spawning
habitat. Three razorback suckers (2 implanted
and 1 probable Wahweap release) were observed in a shoreline cove in Neskahi Bay (RK
41.6) in March–April 1996, and 4 implanted
fish were located above a gravel bar in the
upper inflow (RK 81.2) in May 1997. Although
we did not try to confirm spawning activity, it
is possible that these fish were either staging
or seeking suitable spawning habitat. Ripe
razorback suckers have been captured in the
Piute Farms area in the past (Platania et al.
1991), but we were unable to successfully track
there in the spring because of high flows and
associated turbulence from San Juan River
runoff.
At least 8 of 17 released hatchery-reared
razorback suckers survived handling and
transportation and successfully acclimated to
river inflow conditions. Their concentration in
the Piute Farms–Clayhills Crossing area for 23
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months suggests this area was the most preferred razorback sucker habitat. Although historic records are scant, captures of wild fish
(Platania et al. 1991) and recent captures of
hatchery fish in the same area support our
findings. Razorback sucker recruitment is suffering basin-wide, suggesting that optimal
habitats may no longer exist in the presently
altered system. Thus, suboptimal habitats such
as the San Juan River inflow (and possibly
other reservoir inflow areas) may be needed
for recovery and should be considered useable
habitat for razorback sucker reintroduction
efforts. River inflow areas may allow stocked
fish an opportunity to acclimate to the wild
system without flow forcing them downstream.
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NEST-SITE CHARACTERISTICS OF BURROWING OWLS
(ATHENE CUNICULARIA) IN THE SNAKE RIVER BIRDS OF PREY
NATIONAL CONSERVATION AREA, IDAHO, AND
APPLICATIONS TO ARTIFICIAL BURROW INSTALLATION
James R. Belthoff1 and R. Andrew King1,2
ABSTRACT.—Burrowing Owl (Athene cunicularia) populations are declining in many portions of their range, and
research and management efforts into stemming declines are underway. One tool with promise is the artificial burrow,
which can supplement nesting opportunities and play a role in research, mitigation, translocation, and reintroduction
studies. However, few studies directly assess important burrow and surrounding topographic features upon which owls
choose sites and then construct and install artificial burrows accordingly. In this study we (1) measure physical, vegetative, and topographic characteristics of Burrowing Owl nest sites in the Snake River Birds of Prey National Conservation Area (SRBPNCA); (2) compare used and unused burrows to determine features important in nest-site selection; and
(3) use this information to help guide current and future construction and placement of artificial burrows in the SRBPNCA. Owls nested in abandoned American badger (Taxidea taxus) burrows in areas with more than one burrow, close to
roads and irrigated agricultural fields, and characterized by sparse and low vegetation dominated by nonnative plant
species. Only one feature studied, tunnel entrance angle, corresponded with choice by owls; odds of burrow use
decreased 17% with each 1° increase in slope of the tunnel entrance. Owls nesting near irrigated agricultural fields also
had higher productivity. We discuss applications of our results to construction and placement of artificial burrows in the
SRBPNCA and similar shrub-steppe environs in western North America.
Key words: Burrowing Owl, Athene cunicularia, nest-site selection, artificial burrows, southwestern Idaho, Snake
River Birds of Prey National Conservation Area.

Burrowing Owl (Athene cunicularia) populations are declining in many portions of their
range (Wellicome et al. 1997, Kirk and Hyslop
1998, Clayton and Schmutz 1999), including
western North America (James and Espie 1997,
Sheffield 1997). These declines are attributed
to control measures aimed at burrowing mammals; loss of habitat to cultivation, development, and other land use activities; predation;
human persecution; and other factors (Rich
1986, Haug et al. 1993, Sheffield 1997). Because
of declines, resource agencies in the United
States and Canada determined Burrowing
Owls require management or special attention
(James and Espie 1997).
Artificial burrows are one promising management technique (Collins and Landry 1997).
These structures enhance nesting opportunities in areas where natural burrows are limited
(Trulio 1995, Botelho and Arrowood 1998) and
allow accurate assessment of reproductive
output (e.g., Olenick 1990, Wellicome 1997,
Wellicome et al. 1997). They also are useful for

relocation of nesting owls when nesting Burrowing Owls conflict with human developments (Trulio 1995, 1997, Delevoryas 1997,
Feeney 1997, Smith and Belthoff 2001) and in
owl transplant programs (Martell 1990). However, few studies have directly assessed natural
nest burrow features or surrounding vegetation
in an attempt to determine owl preferences
prior to construction and proper placement of
the artificial burrows thereafter. Thus, our
objectives in the present study were threefold:
(1) to measure physical, vegetative, and topographic characteristics of Burrowing Owl nest
sites in the Snake River Birds of Prey National
Conservation Area (SRBPNCA); (2) to determine potentially important features for
nest-site selection by Burrowing Owls in the
SRBPNCA by comparing features of used and
unused burrows; and (3) to use this information to help guide future construction and
placement of artificial burrows within the rangelands in and near the SRBPNCA. We also
assessed relationships between productivity

1Department of Biology and Raptor Research Center, Boise State University, Boise, ID 83725.
2Present address: USFWS, Bloomington Field Office, 620 S. Walker Street, Bloomington, IN 47403-2102.
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(number of fledglings) and attributes of the
burrow, surrounding vegetation, and topography to gain insight into features important for
successful reproduction.
METHODS
Study Area
We studied Burrowing Owls nesting in and
near the SRBPNCA located in southwestern
Idaho (Ada and Elmore counties; May–September 1996 for this analysis). The SRBPNCA
(formerly Snake River Birds of Prey Area) is
more than 196,000 ha in size and was established to provide conservation, protection, and
enhancement of raptor populations and habitats. The Bureau of Land Management (BLM)
currently manages the SRBPNCA. Despite
diverse land uses (ranching, row crop and hay
production, recreation, military training, residential, and power generation), the area contains an exceptionally high diversity of raptors.
Fifteen species, including Burrowing Owls, nest
in the Snake River Canyon or in surrounding
uplands, while another 10 species use the area
during migration or in winter (U.S. Department of the Interior 1996). Burrowing Owls in
the SRBPNCA are annual migrants (personal
observation); they generally arrive in early
March and leave by October (often earlier) of
each year, although a few owls of unknown
origin winter in the area as well.
The SRBNCA is characterized by a mosaic
of big sagebrush (Artemisia tridentata) and
other shrublands, and disturbed grasslands
dominated by cheatgrass (Bromus tectorum),
tumble mustard (Sisymbrium altissimum), and
other nonnative plant species. Surrounding
areas contain irrigated agricultural fields (primarily alfalfa, mint, and sugar beets); sparsely
scattered residential homes; dirt, gravel, and
paved roads; rangelands (grazed primarily by
cattle and sheep); and several dairy farms. The
topography of the area is flat to slightly rolling
with a few isolated buttes and rock outcroppings. A relatively high density of burrows
excavated (mainly) by American badgers (Taxidea taxus) exists in the area in which Burrowing Owls nested, cached prey, or sought shelter throughout the breeding season.
Capturing and Monitoring
Burrowing Owls
Owls were captured at each nest using
Havahart® traps, noose rods and carpets, and

113

one-way door traps as described in Belthoff et
al. (1995) and King (1996). Most trapping
occurred between 1600 and 0200 hours MST,
and we attempted to capture both adults and
each of their young. After capture, we fitted
each owl with a U.S. Geological Survey aluminum leg band and 3 plastic, colored leg
bands for future identification.
During a minimum of 2–3 follow-up visits
per week, we recorded number of young owls
of fledging age (~30 days) observed at entrances to nest burrows, from which we calculated number of young produced. Because of
the subterranean nature of nests, some young
may go undetected in natural burrows despite
intensive observation; thus, we considered
maximum number of young observed at the
entrance to a burrow as the minimum number
of young that nesting pairs produced. Because
juveniles have been observed moving on foot
to other nest burrows (e.g., Henny and Blus
1981, Johnson 1997), there is a chance that an
estimate of reproductive output for a pair misrepresents its genetic contribution. However,
we never observed color-banded owls in a nest
of another pair in this study, even when we
banded them as early as 12 days after hatching.
Nesting Habitat
Quantification
To determine features upon which owls
selected nest sites, we recorded physical
attributes and surrounding vegetation for nest
burrows and the nearest, seemingly suitable
(unobstructed entrances and tunnels, suitably
sized openings), unused burrow within 200 m.
This distance is within the range adult owls fly
when flushed from their nests (personal observation), and our observations suggest that owls
are keenly aware of burrow locations within
their immediate home range (i.e., within this
distance). Thus, owls likely could have selected
these comparison burrows as nests but apparently rejected them; therefore, differences between nest and comparison burrows may give
clues to features important for nest site selection. A comparison burrow within 200 m of
one nest was unavailable, thus accounting for
the lower sample size for unused burrows in
results.
BURROW CHARACTERISTICS.—We measured
tunnel entrance height and width, mound height
near the burrow entrance (mounds form by
excavated dirt and/or accumulation of nesting
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debris; measured from level ground to highest
point of mound), angle of burrow entrance
(deviation from horizontal; the larger the
angle, the steeper the entrance tunnel, Fig. 1),
number of apparently suitable burrows within
10 m, and compass orientation of en- trance of
each burrow (nest and comparison burrows).
We reasoned that each feature (or combinations of them) could influence site choice as
follows. Entrance height and width could
affect access to burrows by either owls or
potential nest predators. Entrance angle may
alter the ease with which owls can move in or
out of nests to feed young or seek cover from
predators. Compass orientation of en- trance,
height of mound, and entrance angle also
could affect exposure to climatic elements.
Finally, number of suitable burrows within 10
m affects access to satellite burrows in which
owls cache prey, roost, or seek cover during
both the breeding and post-fledging dispersal
periods (King and Belthoff 2001). Importantly,
these variables, if desired, can be manipulated
when placing artificial burrows for management purposes.
SURROUNDING VEGETATION.—We also measured surrounding vegetation and topographic
features of nests and comparison burrows. To
determine if cover type is important for site
selection, we estimated relative proportion of
the following cover types within a circle (100m diameter) centered on the nests or comparison burrows: (1) cheatgrass, (2) rabbitbrush
(Chrysothamnus sp.), (3) irrigated agriculture,
(4) tumble mustard, (5) rock, (6) annual wheatgrass (Eremopyrum triticeum), (7) sagebrush,
(8) bare ground, (9) clasping pepperweed (Lipidium perfoliatum), and (10) all others.
We measured vegetation within 2 m of the
burrow entrance to determine vegetation height
near burrows. Burrowing Owls often nest in
areas with sparse or low vegetation (MacCracken et al. 1985, Rich 1986, Green and
Anthony 1989). We measured distance to nearest road and irrigated agriculture to determine
if owls avoided roads because of potential
vehicular disturbance (Plumpton and Lutz 1993)
or nested nearer irrigated agriculture because
of abundant prey, for example (Rich 1986, Leptich 1994). Finally, because owls frequently
use perches near nests (personal observation),
and taller perches may afford increased visibility and early detection of predators (e.g.,
Green and Anthony 1989), we recorded dis-
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Fig. 1. Illustration depicting tunnel entrance angle and
its measurement, i.e., deviation (in degrees) from horizontal.

tances to and height of the nearest perch for
nest and comparison burrows.
Data Analyses
We divided analyses into tests of (1) burrow
characteristics, which provide information
useful for artificial burrow construction, and
(2) vegetation/topographic measurements,
which will help guide future placement of artificial burrows. We used multivariate analysis
of variance (MANOVA) to examine differences
between types of burrow and to determine if
cover classes differed between used and comparison burrows; when significant effects
existed, we examined results of univariate
(ANOVA) analyses to determine variables contributing to differences. Percentage data from
cover type measurments were arcsine transformed prior to analysis (Zar 1999), and this
MANOVA included only the first 9 categories
of cover, because the 10th was not independent of the first 9 (i.e., knowing the percentages of the first 9 categories would determine
the 10th). We also modeled burrow use with
logistic regression, which calculated odds of
use of a site in relation to burrow or vegetation/topographic parameters entered into the
model. Finally, we explored whether burrow
or vegetation/topographic characteristics were
related to productivity (maximum number of
fledging-age young at burrow entrance) using
Spearman’s rank correlation analyses. Data
derived from circular distributions (burrow
entrance orientation) were analyzed separately
using circular statistics following Zar (1999).
We used SAS® (Version 6.12, SAS Institute,
Inc., Cary, NC) for all statistical analyses except
circular statistics, which were performed using
Oriana (Version 1.0, Kovach Computing, Anglesey, Wales). We present means as x– ± sx– and
considered results significant when P < 0.05.
Finally, a range fire burned areas surrounding
2 nest sites before we measured some variables, which explains sample size differences
for some variables.
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RESULTS
Productivity of Nesting Pairs

Of 32 Burrowing Owl nests studied, all but
2 produced fledglings (93.8% successful). Successful nests produced 5.1 ± 0.3 young (range:
2–10). We were unable to determine cause for
nest failures.
Nest-Site Habitat
Burrow and habitat features were measured at 32 nests and 31 comparison burrows.
Distances between nest and comparison burrows averaged 15.8 ± 3.3 m (range: 2–64 m, n
= 31).
BURROW CHARACTERISTICS.—There was a
significant difference between nest and comparison burrows when considering burrow
characteristics (MANOVA: Wilks’ λ = 0.808,
F5,57 = 2.70, P = 0.029). Examination of univariate results (Table 1) indicates that only
tunnel angle differed significantly; comparison
burrows had tunnels with greater slopes than
nest burrows. We also rejected the null hypothesis that all explanatory variables in the logis-
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tic regression of burrow features had coefficients equal to zero (χ2 = 13.83, df = 5, P =
0.017), and tunnel angle was the only significant explanatory variable in this analysis. For
each 1° increase in slope of tunnel angle, there
was a 17% reduction in odds of use by nesting
Burrowing Owls (Table 2). None of the burrow
characteristics was correlated with productivity (Table 1). Directions of burrow openings
were not significantly oriented for either nest
(74.7 ± 47.0°, r = 0.15, Rayleigh’s test of uniformity, P = 0.48) or comparison burrows (5.2
± 50.4°, r = 0.08, Rayleigh’s test, P = 0.81).
Burrow opening direction did not differ
between used and comparison burrows (Watson-Williams test: F1,61 = 3.37, P = 0.07).
VEGETATION AND TOPOGRAPHIC CHARACTERISTICS.—Vegetation height and topographic
measurements (distance to nearest perch,
perch height, distance to irrigated agriculture
and roads) did not differ significantly between
nest and comparison sites (MANOVA: Wilks’
λ = 0.991, F5,53 = 0.10, P = 0.992; Table 1).
We also could not reject the null hypothesis
that all explanatory variables had coefficients

TABLE 1. Characteristics (x– ± sx–) of Burrowing Owl nest burrows and nearest, apparently suitable unoccupied (Comparison) burrows in the Snake River Birds of Prey National Conservation Area, Idaho, and results of univariate
(ANOVA) comparisons. See text for results of MANOVAs. Also indicated is the correlation between attributes and productivity at nest burrows.
Attribute
Burrow characteristics
Entrance angle (degrees)
Entrance height (cm)
Entrance width (cm)
Height of mound (cm)
Number of burrows within 10 m
Vegetation/Topographic characteristics
Vegetation height 2 m from burrow (cm)
Distance to perch (m)
Height of perch (m)
Distance to irrigated agriculture (m)
Distance to road (m)

Nest burrows
(Range)

Comparison burrows
(Range)

27.4 ± 1.1
(20–41)
14.8 ± 0.7
(8–24)
20.2 ± 0.5
(12–28)
8.4 ± 0.9
(0–20)
2.1 ± 0.4
(0–11)

32.3 ± 1.1
(12–50)
14.2 ± 0.7
(9–25)
19.7 ± 0.6
(13–28)
8.0 ± 0.9
(0–22)
2.3 ± 0.4
(0–7)

38.9 ± 3.1
(16–70)
26.1 ± 4.4
(0.5–115)
99.5 ± 7.7
(0.5–145)
165.0 ± 29.8
(36.5–580)
95.9 ± 26.2
(8.4–600)

39.6 ± 3.1
(16–70)
24.2 ± 4.4
(1.5–67)
92.5 ± 7.9
(10–70)
169.5 ± 30.3
(25–601)
94.9 ± 26.6
(5–603)

Fa

P

9.80

0.003

0.39

0.535

0.32

0.573

0.10

0.749

0.09

0.763

0.02

0.888

0.10

0.757

0.40

0.530

0.01

0.916

0.01

0.978

a1,61 dfs for ANOVAs related to burrow characteristics; 1,57 dfs for ANOVAS related to vegetation/topographic characteristics.
bSpearman rank correlation coefficient; n = 32 except number of burrows where n = 31 because no comparison burrow within

height where n = 30 because range fire precluded measurement (see text).

rsb
(P)
–0.146
0.424
–0.253
0.162
–0.276
0.126
–0.071
0.699
0.097
0.604

0.034
0.859
0.284
0.114
0.223
0.220
–0.387
0.028
0.161
0.378

200 m of nest, and vegetation
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TABLE 2. Results of logistic regression analyses of (A) burrow characteristics (n = 32 and 31 for nests and comparison
burrows, respectively) and (B) surrounding vegetation/topographic (n = 30 and 29) features of Burrowing Owl nest and
comparison burrows in the Snake River Birds of Prey National Conservation Area, Idaho. See Table 1 for variable names
and units of measurement.
Variable

df

Parameter
estimate

sx–

Wald χ2

P

Odds
ratio

(A) Burrow characteristics
Intercept
Angle
Height
Width
Mound height
No. of burrows

1
1
1
1
1
1

2.313
–0.179
0.116
0.071
0.021
–0.092

1.981
0.058
0.095
0.108
0.060
0.130

1.36
9.41
1.49
0.43
0.12
0.49

0.243
0.002
0.222
0.513
0.731
0.480

0.836
1.123
1.073
1.021
0.912

–0.199
–0.005
–0.002
0.005
–0.001
0.001

0.965
0.020
0.014
0.008
0.002
0.003

0.04
0.05
0.01
0.43
0.07
0.05

0.836
0.815
0.896
0.511
0.791
0.823

0.995
0.998
1.005
1.000
1.000

(B) Vegetation/Topographic characteristics
Intercept
1
Vegetation height 2 m
1
Distance to perch
1
Height of perch
1
Distance to perch
1
Distance to road
1

equal to zero in the logistic regression analysis
that examined predictors of nest and comparison burrows (χ2 = 0.55, df = 5, P = 0.990;
Table 2). However, despite similarities between
nest and comparison burrows, productivity
was significantly related to distance from agriculture (Table 1); owls nesting closer to irrigated fields had greater productivity. Among
the other vegetation and topographic features
we measured, productivity was most closely
related to distance to perch (Table 1).
VEGETATION TYPES SURROUNDING BURROWS.—The most common vegetation around
Burrowing Owl nests included cheatgrass,
tumble mustard, and annual wheatgrass (Fig.
2). No difference in cover classes between nest
and comparison burrows existed (MANOVA:
Wilks’ λ = 0.899, F9,51 = 0.64, P = 0.762).
DISCUSSION
Vegetation and topographic variables differed little between used and comparison burrows in the SRBPNCA. Some of these similarities may have occurred as a result of the sampling protocol, in that comparison burrows
generally were in close proximity to nest burrows. Nonetheless, other studies have produced similar results. For example, Schmutz
(1997) found no differences among a small
suite of microhabitat variables near Burrowing
Owl nests and unoccupied sites in Alberta,
Canada. Others report differences between

only a few variables (Rich 1986, Green and
Anthony 1989, Plumpton and Lutz 1993), although experimental designs differed from our
study. Similarities in aboveground features suggest that owls may be keying on belowground
characteristics of burrows (e.g., chamber/tunnel configuration and dimensions) during nestsite selection, although we know of no studies
that have compared underground features of
used and unused burrows. Tunnel angle was
the only variable that differed significantly
between used and comparison burrows in our
study, but this feature and productivity were
not significantly related.
Relationships Between
Nest-site Characteristics
and Productivity
Previous studies found relationships between nest locations and perch distances or
height (Fehler 1998). Additionally, perch height
was one of the important variables discriminating occupied and potential nest sites in cheatgrass habitats in Oregon (Green and Anthony
1989). Apparently, taller perches increase visibility and predator detection. We found a weak
positive relationship between productivity and
distance to perch. However, there was a stronger
(negative) relationship between productivity
and distance to irrigated agriculture. Associations with irrigated agriculture apparently
provide increased access to montane voles
(Microtus montanus), an important prey item
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Fig. 2. Mean (±sx–) percentage of 10 cover types within 50-m radius of used (n = 31) and comparison burrows (n = 30)
for Burrowing Owls in the Snake River Birds of Prey National Conservation Area, Idaho (see text for plant scientific
names).

(Rich 1986, personal observation). An untested
alternative hypothesis is that greater productivity near farmland may result from
decreased predation, perhaps as a result of
higher densities of nesting owls and the
increased vigilance that results ( J. Belthoff
unpublished; but see Haug et al. 1993 for areas
with intensive agriculture).
Applications to Artificial
Burrow Construction
and Placement
Artificial burrow systems have been widely
used for reintroduction, translocation, relocation, research, and management studies of
Burrowing Owls (e.g., Martell 1990, Olenick
1990, Dyer 1991, Trulio 1995, Delevoryas 1997,
Wellicome 1997, Botelho and Arrowood 1998).
However, few studies systematically determined prior to installation how to correctly
configure and place the artificial structures so
that they meet the requirements or preferences of nesting Burrowing Owls. Our results
suggest placement of nest burrows generally
near agriculture and open areas like those

near gravel and paved roads, and in areas with
low shrub cover and short vegetation. Artificial
burrows placed in disturbed grassland/shrub
interspersed with irrigated agricultural areas
would attract nesting owls and perhaps result
in greater reproduction. However, increased
exposure to pesticides ( James and Fox 1987,
Gervais et al. 2000) may be one drawback of
the latter protocol. For example, we suspect
pesticide poisoning in at least one recent owl
death in the SRBPNCA ( J. Belthoff unpublished). Moreover, Haug et al. (1993) note that
intensive agriculture results in loss of burrows, loss of foraging habitat, creation of suboptimal nesting habitat, and increased vulnerability to predation. Therefore, care should be
taken to place burrows in areas where irrigated
agriculture comprises only a small component
of the landscape.
Data from the present study suggest that
odds of nest burrow use decrease with each 1°
increase in tunnel angle. Thus, tunnel angle of
the entrance on artificial burrows should be
limited to gradual slopes (occupied burrows
averaged 27°). Opening sizes of used burrows
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were variable enough to suggest that tunnels
of various sizes (e.g., heights of 8–24 cm)
would be used. Recent studies indicate that
tunnels nearer the smaller end of the range
(10 cm) are actually preferred by owls when
nesting in artificial burrows (Smith 1999).
Finally, because owls routinely use refuge
(satellite) burrows both during the nesting and
dispersal periods (e.g., King and Belthoff, 2001),
more than one artificial burrow should be
installed in an owl’s range.
In conclusion, we measured attributes of
Burrowing Owl nests in the SRBPNCA to
determine features owls use when selecting
nest sites. This information is intended to
guide future artificial burrow construction and
placement. Areas harboring nesting owls generally had abundant burrows (e.g., an average
of 2.2 burrows within 10 m) and were close to
roads and irrigated agricultural fields. Vegetation was characteristically sparse and dominated by nonnative plant species, such as
cheatgrass, tumble mustard, and annual wheatgrass. We are planning to use and are using
artificial burrows (constructed using specifications suggested here) in agricultural and nonagricultural areas, which will test some of the
notions we raised here.
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NEW RECORDS OF THE MOGOLLON VOLE, MICROTUS MOGOLLONENSIS
(MEARNS 1890), IN SOUTHWESTERN COLORADO
Jennifer K. Frey1, J. Jeffrey Root2, Cheri A. Jones3,
Charles H. Calisher2, and Barry J. Beaty2
Key words: Microtus mogollonensis, Microtus mexicanus, Mogollon vole, Mexican vole, distribution, Colorado.

Little is known about the biology of the
Mogollon vole, Microtus mogollonensis (Mearns
1890), in Colorado (Fitzgerald et al. 1994). This
species was originally described from the
Mogollon Mountains in central Arizona (Mearns
1890). Despite previous work indicating its
distinctiveness (e.g., Bailey 1900), Bailey (1931
[=1932]) subsequently recognized mogollonensis as a subspecies of the Mexican vole,
Microtus mexicanus (de Saussure 1861), although he provided no justification for this
classification. Consequently, all subsequent
reports of this form from Colorado (and other
states in the U.S.) have applied the name Microtus mexicanus. Recent studies, however, reaffirm that members of this species group from
the U.S. are distinct from those in Mexico (Judd
1980, Modi 1987, Frey 1989). Thus, the name
Microtus mogollonensis has been reapplied to
populations in the U.S. (e.g., Frey and LaRue
1993, Frey 1999), while the name Microtus
mexicanus refers only to populations in Mexico.
In Colorado the Mogollon vole was first
reported from Mesa Verde National Park,
Montezuma County, in the southwestern corner of the state (Rodeck and Anderson 1956,
Anderson 1961). Subsequently, it was documented from Las Animas County in southeastern Colorado at Spanish Peaks State Wildlife
Area (Mellott and Choate 1984 [erroneously
reported as Microtus montanus, see Finley et
al. 1986], Mellott et al. 1987), in the vicinity of
Raton Pass (Finley et al. 1986) and, in 1996, at
Lake Dorothey State Wildlife Area (C.A. Jones
unpublished data). At present these represent
the only 2 counties from which this species
has been documented in Colorado (Saldaña-

DeLeon and Jones 1998). Herein we report
new records of Microtus mogollonensis from
La Plata County in southwestern Colorado
(Fig. 1).
During the initial investigation of hantaviruses in the southwestern U.S., the U.S.
Centers for Disease Control and Prevention
collected a specimen of Microtus mogollonensis of undetermined sex near Hesperus in La
Plata County, Colorado, on 1 June 1993, and 3
additional specimens (2 females, 1 male) from
this locality on 7 and 8 July 1993. These specimens were deposited in the Museum of Southwestern Biology at the University of New
Mexico (catalog numbers MSB 68633–68635,
MSB 68838). Identification to species was
made by Frey on the basis of external, cranial,
and dental features.
In June 1994 a study of small mammal ecology and hantaviruses was initiated at the 6300acre Colorado State University San Juan Basin
Research Center (SJBRC), located approximately 7 km south of Hesperus (La Plata County,
Colorado; 37°13′30.9″N, 108°10′51.1″W, elev. =
2438 m). At the SJBRC, Microtus mogollonensis was first encountered 18–20 August 1998,
during which time 3 females and 2 males were
captured. One of the females was a juvenile,
suggesting that breeding had occurred on or
near the study plots. However, none of the
specimens appeared to be reproductively active
at time of capture. The remaining specimens
were considered to be adults or young adults.
An additional adult female was captured on
1 October 1998.
Field identification of M. mogollonensis
was determined based on characteristics in

1Eastern New Mexico University Natural History Museum, Department of Biology, Eastern New Mexico University, Portales, NM 88130.
2Arthropod-borne and Infectious Diseases Laboratory, Department of Microbiology, College of Veterinary Medicine and Biomedical Sciences,

State University, Fort Collins, CO 80523.
3Department of Zoology, Denver Museum of Nature and Science, 2001 Colorado Boulevard, Denver, CO 80205.
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Fig. 1. Distribution of Microtus mogollonensis in southwestern Colorado. Dots indicate previous localities of record
on Mesa Verde, Montezuma Co., while the star indicates new localities in the vicinity of Hesperus, La Plata Co. Shaded
areas are above the 2286-m contour interval.

Fitzgerald et al. (1994). Females, which we
examined in fresh condition, had only 2 pairs
of mammae; other arvicolines in Colorado typically have 2 or more pairs (Fitzgerald et al.
1994). Measurements of the SJBRC specimens (Table 1) are consistent with the ranges
provided by Fitzgerald et al. (1994). Two inadvertent trap mortalities (1 adult male and 1
adult female) were collected and deposited at
the Denver Museum of Natural History
(DMNH 9622 and DMNH 9623, respectively),
and Jones confirmed species identifications
based on external and dental characteristics.
On the basis of geographic range, specimens
from southwestern Colorado are referable to
the subspecies Microtus mogollonensis navaho
Benson 1934. This follows the arrangements
of Hoffmann and Koepple (1985) and Frey
(1989).
Calisher et al. (1999) provided a detailed
summary of the natural history of the SJBRC.
Briefly, the biotic community of the study site
is a Great Basin montane shrubland dominated by Gambel oak (Quercus gambeli), an
occasional ponderosa pine (Pinus ponderosa),
western wheatgrass (Agropyron smithii), Idaho
fescue (Festuca idahoensis), and timothy (Phleum pratense). Groundcover of grass and forbs
is seasonally variable, but during the time of
capture grass cover was nearly 30%. This habi-

tat association is consistent with other observations that M. mogollonensis is primarily
associated with grassy areas within the ponderosa pine zone (Findley et al. 1975, Hoffmeister 1986, Frey and LaRue 1993). For
example, Meaney (1990) determined that the
dominant vegetation type associated with other
localities of record of M. mogollonesis in Colorado is ponderosa pine with junipers ( Juniperus spp.), antelope bitterbrush (Purshia tridentata), mountain mahogany (Cercocarpus spp.),
common snowberry (Symphoricarpos albus),
fescues (Festuca spp.), and side-oats grama
(Bouteloua curtipendula). Consistent with the
biotic community at the study site, the small
mammal community is dominated by the deer
mouse (Peromyscus maniculatus), least chipmunk (Tamias minimus), Mogollon vole, and
montane vole (Microtus montanus) in order of
decreasing abundance. Sympatry between M.
montanus and M. mogollonensis was previously known only from the vicinity of the White
Mountains complex in east central Arizona
and adjacent New Mexico (Hubbard et al. 1983,
Hoffmeister 1986, Frey et al. 1995) and at Mesa
Verde in southwestern Colorado (Anderson
1961).
Records of M. mogollonensis in southern
Colorado mark the known northern extent of
the species range. It has been suggested that
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TABLE 1. Measurements of 6 Microtus mogollonensis captured at the San Juan Basin Research Center, La Plata Co.,
Colorado.
Deposition
DMNHa
DMNHa
Released
Released
Released
Released

9622
9623

Age

Sex

Total

Tail

Hindfoot

Ear

Mass

Adult
Adult
Adult
Adult
Adult
Juvenile

Male
Female
Male
Female
Female
Female

130
127
136
134
142
111

29
25
26
22
27
25

17
16
18
18
18
16

12
14
13
14
13
11

24
31
26
30
30
14

aTrap mortalities were deposited in the Denver Museum of Nature and Science (DMNH).

other recently discovered populations of this
species in northern Arizona, northeastern New
Mexico, and southeastern Colorado represent
recent northward range expansions through
natural dispersal (Davis and Callahan 1992,
Brown and Davis 1994). This scenario could
apply to the new localities reported herein if
one accepts the hypothesis of recent dispersal
and range expansion. The new localities are
from upland habitats associated with the La
Plata River valley (Fig. 1). This drainage abuts
the Mancos River basin that drains Mesa
Verde. In addition to proximity of the 2 localities of occurrence, the level valleys in the
region are heavily utilized for irrigated production of alfalfa and other agricultural crops.
Mellott et al. (1987) suggested that forestmeadow ecotonal areas adjacent to alfalfa fields
might be optimal habitat for this species at the
Spanish Peaks Wildlife Area in southeast Colorado. Thus, these habitats could have favored
the Mogollon vole and facilitated its dispersal
to the La Plata River valley. It is also possible,
however, that the Mogollon vole had historically occupied the La Plata River valley but
had not been detected. With the exception of
Mesa Verde, there has been very little systematic survey work of small mammals in the relatively arid, lower-elevation region south of the
San Juan Mountains in southwestern Colorado.
For example, studies of small mammals had
not been conducted on the SJBRC prior to the
initiation of the study in 1994. Thus, despite
the possibility of a recent range expansion, the
most parsimonious explanation is that the
Mogollon vole is a historic component of the
small mammal fauna of the La Plata River
drainage. Morphologic and genetic data indicate that other populations that were suggested
to have resulted from recent range expansion
are highly diverged (Frey 1989, Frey unpublished data). These data support the hypothesis that many of the northern populations are

historic components of the local faunas (although
they remained undetected until recently) and
did not result from recent dispersal.
Although Microtus mogollonensis may represent a historical (but previously undetected)
member of the small mammal community in
the vicinity of the La Plata Valley, August 1998
was the first time it was captured in more than
4 years and 17,980 trap-nights of effort at the
SJBRC. Periodic population fluctuations are
common among most arvicoline rodents (Krebs
1966). However, little is known about population fluctuations in M. mogollonensis. The only
published population study of this species
occurred over a 2-year period in optimal habitat in the Sacramento Mountains, New Mexico, and resulted in population densities ranging from 10 to 50 ha–1 (Conley 1976). In contrast, at SJBRC, population densities ranged
from 0 to 0.86 ha–1. Although specific studies
of source-sink dynamics have not been investigated for this species, it has been observed to
frequently appear and disappear at specific
sites, particularly in marginal habitat (J.K. Frey
personal observation). Thus, the initial failure
to capture this species may not have been due
to low population densities on the study site,
but to the use of this study site as a sink during population peaks.
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OBSERVATIONS OF SWARMING BY BATS AND BAND RECOVERIES
IN COLORADO
Kirk W. Navo1, Susanna Goad Henry2, and Thomas E. Ingersoll3
Key words: swarming, caves, banding, longevity, Myotis.

Swarming behavior of bats is an activity
that is well documented in eastern North
America (Davis 1964, Davis and Hitchcock
1965, Hall and Brenner 1968, Fenton 1969,
Humphrey and Cope 1976, Kurta 1980,
Whitaker and Rissler 1992). While Myotis
lucifugus is most prevalent in swarming documentation, other species exhibiting this activity include M. sodalis, M. leibii, M. septentrionalis, Eptesicus fuscus, and Pipistrellus subflavus. The purpose of swarming is not well
established, but suggested functions include
familiarizing young bats with potential hibernacula (Davis and Hitchcock 1965, Fenton
1969) and serving as a rendezvous point for
groups of bats in migration (Fenton 1969). The
swarming period is believed to start soon after
females and young have dispersed from
maternity colonies (Fenton 1969, Humphrey
and Cope 1976), although some studies report
an underrepresentation of females in both
swarming and hibernating populations at these
sites (Humphrey and Cope 1976, Thomas et al.
1979). Common characteristics of reported fall
swarming include high levels of bat activity
throughout the night, with most bats arriving
from elsewhere (Davis and Hitchcock 1965,
Fenton 1969, Humphrey and Cope 1976,
Whitaker and Rissler 1992, Kurta et al. 1997),
a preponderance of males (Hall and Brenner
1968, Humphrey and Cope 1976, Schowalter
1980, Whitaker and Rissler 1992, Kurta et al.
1997) and late-season juvenile bats (Fenton
1969, Thomas et al. 1979, Schowalter 1980),
reproductive activity (Fenton 1969, Thomas et
al. 1979, Kurta et al. 1997), and multiple species
participation (Davis 1964, Davis and Hitchcock 1965, Hall and Brenner 1968, Fenton

1969, Humphrey and Cope 1976, Thomas et
al. 1979, Whitaker and Rissler 1992, Kurta et al.
1997). Considerable variation in activity levels
from one night to the next is reported (Humphrey and Cope 1976). Some studies report a
change in the composition of sex ratios and
age classes over the swarming period, with
more males early and juveniles of both sexes
most represented later in the swarming season
(Fenton 1969, Humphrey and Cope 1976,
Thomas et al. 1979).
Swarming of bats in western North America has not been well documented. Schowalter
(1980) found that in Alberta, Canada, M. lucifugus, M. septentrionalis, and M. volans exhibited swarming behavior like that described in
eastern populations. Schowalter (1980) first
documented the swarming of M. volans in highelevation caves, above 1800 m. As in the East
(Davis and Hitchcock 1965, Fenton 1969), most
bats swarming early at this site were males.
In Colorado bat activity has been monitored periodically at a cave (3048 m) on the
White River Plateau (Goad 1982). Bats were
banded during initial surveys on 2 July–8
August 1981 and 25 June–16 July 1982. While
high levels of activity were documented, the
bats were thought to be night roosting at the
cave (Goad 1982). Subsequent surveys by
Ingersoll (11 September 1993 and 26 July
1997) at the cave documented bat activity levels that suggested swarming. On 3 September
1997, a survey was conducted at the cave in an
attempt to document this behavior.
A harp trap was set at the entrance to the
cave from sunset until 0130 hours. Activity
began at dusk, when the first bats emerged
from inside the cave. Soon, many bats began

1Colorado Division of Wildlife, 722 S. Rd 1E, Monte Vista, CO 81144 and Denver Museum of Natural History, Denver, CO 80205.
24757 W. County 14th St., Somerton, AZ 85350.
3University of Colorado Museum, Boulder, CO 80309.
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arriving at the cave, exhibiting the in-and-out
flight activity characteristic of swarming (Fenton 1969). Activity remained high throughout
the survey, despite a thunderstorm that passed
through the canyon at about 2200 hours. Most
bats appeared to be using a smaller entrance
about 9 m above the large entrance where our
harp trap was set. Adult bats and more agile
species may have favored the smaller entrance.
Nonetheless, we believe our captures reflect
the general species composition that night.
Sex, age, and weight were recorded for most
captured bats, and some were banded. Adult
males were distinguished from juveniles by
examination of the finger epiphyses, tooth wear,
and condition of testicular and epididymal development (Fenton 1969, Anthony 1988, Racey
1988).
A total of 143 bats (Table 1), representing 4
species, were captured: Myotis volans (86), M.
lucifugus (26), M. yumanensis (18), and M. evotis (13). Most (89%) of the bats captured and
examined were males (113 of 127, 16 not classified), which is characteristic of late-season
swarming in other areas. Most (90%) of the
bats were nonbreeding and juveniles (114 of
127). We conservatively estimate that several
thousand bats were active at the cave entrance
and outside the cave within the portion of the
canyon visible to our lights. The large number
of bats, predominance of males, diversity of
species, age composition, and flight behavior
all indicate that swarming was occurring at the
cave. Results of earlier survey efforts at the
cave support this determination.
Previous surveys at the cave on 11 September 1993 and 26 July 1997 documented 34 and
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29 bats, respectively (Table 1). Species included
M. volans, M. lucifugus, M. evotis, and Corynorhinus townsendii in 1993, and M. volans,
M. lucifugus, M. evotis, M. yumanensis, and M.
ciliolabrum in July 1997. Surveys conducted
by Goad (1982) from 2 July to 8 August 1981
and 25 June to 16 July 1982 documented most
of the same species at the cave (Table 1). Captures included M. volans, M. lucifugus, M.
evotis, and M. ciliolabrum in 1981, and M.
lucifugus and M. evotis in 1982. M. volans outnumbered M. lucifugus in September surveys,
but not in our July 1997 survey. Goad’s (1982)
results indicate that, as in Schowalter’s study,
most early season surveys comprised mainly
M. lucifugus. Sex ratios were similar in these
earlier surveys, with males predominating (92%
in 1981–82, 85% in 1993, and 96% in 1997). It
is encouraging to note that species richness
exhibited at the cave in 1981 and 1982 remains
the same, and bats are present in similar, if not
larger, numbers.
BAND RECOVERIES.—In total, 5 male bats
originally banded as adults (August 1981 and
July 1982) were recaptured during surveys
conducted in 1997 (Table 1). Four of these bats
(2 M. lucifugus, 1 M. volans, and 1 M. evotis)
were captured during the September 1997
survey, and 2 M. lucifugus were captured in
the July 1997 survey. One banded M. lucifugus
was recaptured at the cave in July and September. The M. evotis was also recaptured on
11 September 1993. In addition, another M.
evotis, originally banded on 2 July 1982, was
recaptured at the cave during the 11 September 1993 survey. Thus, 6 bats banded in 1981
and 1982 were recaptured at the cave more

TABLE 1. Number of bats captured at Groaning Cave from 1981 to 1997. Numbers in parentheses indicate band numbers of individual bats recaptured during surveys. Original year of banding was 1981 except for the individual marked
with an asterisk (*), which was banded in 1982. All recaptured banded bats were males.

Species
Myotis volans
Myotis lucifugus
Myotis evotis
Myotis yumanensis
Myotis ciliolabrum
Corynorhinus townsendii
TOTALS

Date of capture
__________________________________________________________________________
3 September
26 July
11 September
25 June–16 July
2 July–8 August
1997
1997
1993
1982
1981
86 (#58)
26 (#43)
(#53)
13 (#108)

14
7 (#43)
(#67)
4

18
—
—
143

3
1
—
29

17
12

—
20

23
46

3 (#108)
(#113)*
—
—
2
34

4 (#108)

8

—
—
—
24

—
5
—
82

126

WESTERN NORTH AMERICAN NATURALIST

than 11 years later. These captures suggest ages
of at least 16 years for M. volans, M. evotis,
and M. lucifugus. The 5 recaptured bats demonstrate not only the longevity of M. volans,
M. evotis, and M. lucifugus, but also the fidelity
of these bats to this location. Longevity records
for these species are 21, 22, and 33 years,
respectively (Tuttle and Stevenson 1982, Davis
and Hitchcock 1994).
Our study documents for the first time the
presence of M. evotis and M. yumanensis at a
swarming site. Additionally, M. yumanensis captures document the highest elevation records
for this species in Colorado (Armstrong et al.
1994). The cave has received increasing summer visitation from recreational cavers since
its discovery in 1969, and such activity can
cause bats to abandon sites as roosts (Mohr
1972). While not conclusive, records compiled
by local caving organizations from 1980 to
1997 indicate that in general visitation increased
from 128 in 1980 to a peak of 397 in 1991 (L.
Fish, Colorado Cave Survey, personal communication). Visitation in 1993 was recorded at
346 people. The large number of bats still
using the cave suggests that recreational activity may not interfere with the swarming activity
of the bats at this location. Perhaps because
most bats arrive from other locations, and the
swarming activity takes place primarily after
most people have left the cave, impacts are
minimized. Additionally, bats may be day roosting in some of the other more inaccessible
caves in the area. While swarming is typically
associated with hibernacula, because this cave
is largely inaccessible during the winter, it
remains unclear whether bats hibernate here
in any significant numbers. However, these
results suggest the possibility that both M.
yumanensis and M. evotis hibernate in the
area, an event that has not yet been documented in the state.
Thanks to V. Allured, V. Anthony, L. Bonewell, D. Bullock, V. Dalton, D. Davis, J. Dee,
G. Ferguson, J. Goodyear, L. Green, J. Grode,
J. Gore, L. Hancock, S. Hancock, M. Hermann,
M. Jacobs, S. Littlefield, C. Mosch, R. Smith,
C. Wilkey, and R. Wolfert for assistance in the
field and insights into the issues. We thank V.
Dalton and J. Gore for review and particularly
helpful suggestions on earlier drafts of the
manuscript. M.A. Bogan and B.L. Cypher provided valuable comments on a revision of the
manuscript.
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NOTEWORTHY RECORD OF THE KIT FOX (MAMMALIA: CANIDAE:
VULPES VELOX MACROTIS) IN VIZCAINO DESERT,
BAJA CALIFORNIA SUR, MÉXICO
Sergio Ticul Alvarez-Castañeda1
Key words: kit fox, Vulpes velox, Baja California Sur.

Kit foxes, identified as Vulpes velox devia
and V. v. tenuirostris, have been recorded for
the peninsula of Baja California (Nelson and
Goldman 1909, 1931). Both subspecies are
known only by the type specimens (AlvarezCastañeda 2000). The type localities are Llano
de Yrais, opposite Magdalena Island, Baja California Sur, and Trinidad Valley, northwest
base of San Pedro Martir Mountains, state of
Baja California, for the 2 races, respectively.
Dragoo et al. (1990) and Waithman and Roest
(1977) determined that these subspecies are
junior synonyms of V. m. mutica. Herein, I
report the finding of 2 additional specimens
from Baja California.
On 16 February 2000, I was given 1 adult
female kit fox by a local resident. He obtained
it at 15 km S, 55 km W of Vizcaino, in the Biosphere Reserve of Vizcaino Desert, Baja California Sur, México (27°23′43″N, 114°03′25″W).
A 2nd individual was observed 17 February
2000 near a pond at 0700 hours at 8 km S,
30 km W of Vizcaino, Baja California Sur
(27°27′02″N, 113°54′14″W). These locations
are 385 km northwest of Llano de Yrais in Baja
California Sur and 525 km southeast of Trinidad
Valley in the state of Baja California. The habitat of this area is dominated by scrub vegetation: saladilla (Frankenia palmeri), palo adan
(Fouquieria diguetii), incienso (Encelia sp.),
copalquin (Pachycormus discolor), and sangregrado (Euphorbia misera). The climate is warm
and dry in summer with rainfall occurring in
winter; mean annual temperature is 20°C.
The skin, skull, and skeleton of the female
are on deposit in the Centro de Investigaciones Biológicas del Noroeste (CIB 5000).
Dimensions recorded (in mm) are: total length,

720; tail length, 270; hind foot length, 117; ear
length, 82; total length of the skull, 111.2;
basal length, 108.1; interorbital breadth, 23.2;
postorbital breadth, 21.0; nasal length, 34.8;
nasal breadth, 8.9; maxillary toothrow length,
51.2; mandibular toothrow length, 56.8. Examination of the specimen showed neither pigmented sites of implantation nor development
of the nipples.
Although no formal studies of Vulpes velox
were conducted on the peninsula of Baja California, and habitats and fauna on most of the
peninsula are protected within a Biosphere
Reserve, the Mexican government listed the
species as threatened (Norma Oficial Mexicana 1994). I believe more research should be
conducted on kit foxes to determine their status in Baja California.
I thank Leslie N. Carraway and B.J. Verts for
comments on the manuscript; Victor Sánchez
Sotomayor, director of the Biosphere Reserve
of the Vizcaino Desert; E. Glazier for editing
the English-language text; and the Consejo
Nacional de Ciencia y Tecnología ( J28319-N)
for financial support.
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