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Abstract

Gradients of physicochemistry, aquatic vegetation, and macroinvertebrates were inves
tigated along the longitudinal profile of a pristine stream from alpine tundra to plains. 
Rhithron characteristics were maintained over nearly the entire stream coursé, with an abrupt 
transition to potamon thermal conditions in lower reaches. Aquatic angiosperms, absent from 
mountain sites, were abundant in the plains stream. Epilithon biomass exhibited a bimodal 
pattern with maxima in the headwaters (bryophytes) and plains (chlorophytes);u Abundant 
species of epilithic algae.were either euryzonal, or restricted to upper or lower sites. Total 
zoobenthos density and biomass exhibited three-fold and six-fold increases, respectively, 
from tundra to plains. The downstream increase iii species diversity exhibited a sigmoid 
pattern. Zoobenthic species distributions are categorized into four major altitudinal patterns. 
A faunal discontinuity between the lower foothills and plains corresponds to the transition 
from rhithron to potamon conditions. Temperature, food, aquatic plants, and possibly biotic 
interactions appear important in structuring faunal patterns.
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1. Introduction

The gradient of environmental conditions that occurs as a function of altitude 
offers excellent opportunities to investigate factors which influence the diversity," 
composition, and abundance of stream organisms. Altitudinal stream zonation 
patterns have been extensively studied in Europe since T h ienem an n ’s work early 
in this century (Thienem ann  1912, 1925). Illies  & B otosaneanu  (1963), and 
more recently H ynes (1970) and H awkes (1975), have reviewed the zonation 
schemes resulting from investigations of longitudinal changes in the biotic and 
abiotic components of running waters. The river continuum concept (Vannote  et 
al. 1980), developed in North America, perceives river systems as continuous 
resource gradients and therefore considers longitudinal changes as clinal rather 
than zonal.

The majority of longitudinal studies of running waters encompass onlyfsmall 
elevation gradients (e. g., B erg  et al. 1948), are limited in taxonomic scope (e. g .I 
D ecamps 1967) or study duration (e.g., E lgm o rk  &  Saether  1970), or present 
difficulties in interpretation because of the confounding effects of impoundment 
(e.g., G aufin  1959) or pollution (e.g., B onazzi &  G hetti 1977). Only a few 
investigators have conducted studies over large (>1000 m) elevation gradients that 
deal with the entire benthic fauna and give at least minimal consideration to down
stream changes in environmental conditions (H arrison  &  E lsw orth  1958, O liff 
1960, Illies  1964, W illiam s &  H ynes 1971, K ownacka &  K ownacki 1972* 
B rodsky 1980, Starm üh ln er  1984).

The St. Vrain River system in the Rocky Mountains of Colorado has ideal 
attributes for examining the longitudinal patterns of physicochemical conditions, 
flora, and fauna. The stream has a marked elevation gradient, dropping nearly 
2000 meters in little more than 50 kilometers. Essentially pristine conditions prevail 
from its glacier-fed source in alpine tundra to the plains. The upper portion of the 
watershed is protected by its relative inaccessibility and its designation as a National 
Wilderness Area. A national forest, extending nearly to the plains, provides 
additional protection. Even the plains study location features a rocky substratum* 
high dissolved oxygen, and low nutrient levels, and contains a rich fauna providing 
no indication of adverse conditions. In addition, the stream remains free-flowing* 
having excaped the proliferation of dams that severely disrupt the natural long
itudinal patterns in most lotic systems (Ward &  Stanford  1983). The lakes of 
the region have been described in detail (Pennak 1958), and Ward (1975) examined
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bottom fauna-substratum relationships at a single location on a major tributary 
(North St.Vrain Creek). '

Remarkably little previous research on stream zonation has been conducted in 
Colorado. D odds and H isaw ’s (1925) pioneering study of the Ephemeroptera, 
Plecoptera, and Trichoptera of South Boulder Creek did not include other faunal 
components or aquatic plants, employed only qualitative sampling techniques, and 
did not include physical and chemical measurements (except temperature), and was 
limited to the period late June to early September. E lgm o rk  &  Sa eth er  (1970) 
studied the invertebrates of the upper section of North Boulder Creek (above tree
line), but their field collections were limited to four days in mid-July with no 
physical or chemical data other than temperature. K n ig h t  &; G a u fin ’s (1966) 
altitudinal distribution study of a Colorado Western Slope drainage was limited 
to Plecoptera. A lla n ’s (1975) study of the upper portion of a Western Slope stream 
was limited to the June through August period and did not include dipterans or 
non-insects. M ec o m ’s (1972) investigation of an Eastern Slope drainage was limited 
to Trichoptera and employed only qualitative sampling.

Prior to the present investigation, a comprehensive study of the altitudinal 
zonation of a free-flowing stream from its glacier-fed source to the plains, including 
examination of physicochemical variables, macrophytes and epilithic algae, organic 
and inorganic sediment, and detailed analysis of the macroinvertebrate community, 
had not been conducted in North America. Documentation of ecological conditions 
as a function of altitude in a relatively undisturbed drainage will allow future 
assessment of the effects of pollution, stream regulation, and land use practices, as 
well as provide basic data of heuristic value.

The ensuing material begins with brief descriptions of the geological setting, 
terrestrial vegetation, and climate in order to place the study area in a watershed 
context. The primary purpose of the study is to examine the longitudinal gradients 
of biotic and abiotic factors, with special emphasis on the patterns of abundance, 
composition, and diversity exhibited by the macroinvertebrate community.

2. Geological setting, vegetation, and climate

The Rocky Mountains of yrestern North America form an approximately 
5,000 km long portion of the Cordilleran chain. The southern Rocky Mountain 
physiographic province, which includes all of the Colorado Rockies, contains 
numerous peaks which exceed elevations of 4,000 m (Rocky Mt. Assoc. Geol. 
1972). The Front Range, in which the study stream is located, forms the easternmost 
unit of the Rocky Mountains. The Front Range was formed by the Laramide 
Orogeny of late Cretaceous and early Tertiary age. The present topography at 
upper elevations is due to stream incision in the late Tertiary and mountain 
glaciation processes during the Pleistocene, resulting in exposed Precambrian 
crystalline rocks (schists, gneisses, and granites). The lower foothills are primarily
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composed of sedimentary rocks of late Paleozoic and Mesozoic age. Sandstones, 
shales, and limestones underlie the Great Plains, the western edge of which is 
located at about 1,700 m elevation.

The Great Plains are dominated by grasslands with trees generally restricted 
to river valleys. M arr  (1967) recognizes the following four climatic-climax 
vegetation regions on the Eastern Slope: (1) an open ponderosa pine (Pinus ponde- 
rosa) forest in the lower montane region (1800—2350 m; the foothills zone of other 
authors), (2) a more dense Douglas fir (Pseudotsuga menziesii)-ponderosa pine 
complex in the upper montane (2450—2750 m), (3) a dense spruce-fir (Picea engel- 
mannii-Abies lasiocarpa) subalpine forest (2850—3350), and (4) an alpine tundra 
climax region of Kobresia meadows above about 3400 m. Ecotonal conditions 
characterize the gaps in elevation between climatic-climax regions. M arr  defined 
the climatic-climax region by the conspicuous species occurring on sites of moderate 
exposure. North-facing and south-facing slopes as well as valley bottoms may have 
quite different species composition and densities. Stands of lodgepole pine (Pinus 
contorta) and aspen (Populus tremuloides) which may occur from about 2,600 m 
to over 3,050 m are successional stages following lumbering and fire. Descriptions 
of riparian vegetation at stream study sites are presented in the following section.

Annual precipitation averages 31 cm on the plains (1,509 m). At climatic-climax 
sites, M arr  (1967) reported annual precipitation values of 51 cm for the lower 
montane, 53 cm in the upper montane, and 66 cm at subalpine and alpine sites. 
Mean annual air temperatures are 9°G on the plains, 8°C in the lower montane, 
6°C in the upper montane, 1°C for the subalpine, and —4°C for the alpine tundra.

Pleistocene glaciers extended from present-day cirques to about 2,440 m 
elevation (R ich m o n d  1960). There were at least three Pleistocene glaciations; the 
last major glacial recession occurred about 7,000 years B. P. (Pennak 1963). Using 
stratigraphic evidence from lake and bog cores, Pennak determined that the 
present terrestrial vegetation has prevailed for the last 3,000 years during the 
Neoglaciation.

3. The study area

Middle St.Vrain Creek begins near the St.Vrain glaciers, which are tiny relicts 
of the Neoglaciation occupying the heads walls of cirques on the east side of the 
Continental Divide in northern Colorado. The stream originates at Lake Gibraltar, 
a cirque lake at 3,414 m elevation, and drops 1,870 m over a distance of 54 km. 
It begins as a first-order brook in alpine tundra, and is a fifth-order river in the 
lower reaches. No lakes or impoundments impede the stream’s passage from tundra 
to plains. The highest gradient sections occur in the headwaters and in the lower 
foothills below the downstream extent of Pleistocene glaciation (Fig.l). The upper 
three sites, in the high-gradient headwater region, were located within Pennak ’s 
(1958) alpine limnological zone. Three sites were within the montane limnological
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K ILO M E TE R S  FRO M  SOURCE

Fig. 1. Longitudinal profile of the St. Vrain River, Colorado, indicating confluence points of 
all second-order and larger streams. Arabic numerals indicate sampling sites. Limnological 
zones are based on P e n n a k  (1958), Big and Little Narrows are regions where the stream 

valley is constricted by steep canyon walls.

zone; four were in the foothills limnological zone; and the lowest site was within 
the plains limnological zone.

In the site descriptions that follow, a modification of the stream order system 
(Str a h ler  1957) has been adopted to account for tributaries of a lower stream 
order (which do not increase the stream order designation)®or every tributary of 
lesser order, a superscript is added. If, for example, a first-order tributary enters 
the third-order stream, the designation is "31*” ; if a second-order stream (or two 
first-order streams) then enters^! the designation becomes This system
essentially combines the widely used concept of stream order with the advantages 
conferred by link magnitude, which is the sum of all first-order streams (Shreve 
1966). First-order streams are those shown as permanent streams without tributaries 
on 7.5 minute topographic maps (scale 1124000). ~

The upper five sites were reached on foot from the St. Vrain Glacier trail. 
The remaining sampling locations were accessible by road.

Site 1 (3,414 m a.s.l.; stream order 1) was located in alpine tundra on a north
facing slope above the upper limit of the krummholz (tree islands) ecotone region. 
True treeline lies at about 3,325 m elevation. The stream originates from the out
flow of Lake Gibraltar, a cold monomictic cirque lake fed by the St.Vrain Glaciers 
(Fig. 2). During the first summer of the study approximately one-third of the lake
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Fig. 2. Lake Gibraltar, the source of Middle St. Vrain Creek, and the Continental Divide.

was still ice covered on 7 August. The next year there was only a bare remnant 
of ice on 20 July. Snowfields extend a short distance into the water at all times. 
The outflow stream trickles through a talus slope of angular rock fragments for 
several meters before surfacing to coalesce into a well-defined channel. The stream 
at Site 1 was 60 cm wide and averaged 20 cm in depth. Width and depth measure
ments were determined in mid-September 1976, a relativelp^ low water period.

The substratum at Site 1 was composed of bedrock, boulders, and angular 
rubble. Relatively few finer particles (gravel, sand, etc.) were present. Some glacial 
flour occurred in the fine fraction (see discussion under “ Substratum”), but the 
glaciers are not active and the stream was extremely clear.

Dense stands of grasses, forbs, and low willow shrubs (Salix spp.). occurred 
along the edges of the stream, forming a nearly complete low canopy in most areas 
during summer.

Site 2 (3,304 m a.s.l.; stream order 21) was located a short distance below 
treeline. Stream width was about 3 m; depth averaged 14 cm. The substratum 
consisted of boulders and large angular rubble with little finer material. Subalpine 
fir and Englemann spruce grew on the stream banks, as did shrub willows, mosses, 
forbs, and grasses.

Site 3 (3,219 m a.s.l.; stream order 21) was located in a broad valley, and the 
stream was less shaded than at Sites 2 or 4. The stream was larger (6 m wide, 9 cm 
deep) than at Site 2, despite the same stream order designation, because of entering
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snowmelt carried by many small trickles not indicated on topographic maps. The 
substratum was primarily rubble (less angular than at upper sites) with sand, gravel, 
and some silt. The site was located in the spruce-fir forest (Fig. 3). Riparian 
vegetation consisted of a juniper shrub (Juniperus communis) , . typical subalpine 
forbs, grasses, and sedges.

Fig. 3. Middle St. Vrain Creek during July at a location upstream from Site 3.

Site 4 (3,109 m a.s.l.; stream order 22) was located in spruce-fir forest within 
a high gradient section of a valley constricted by landslides from the precipitous 
faces of the mountains paralleling the stream. Conifer trees grew on the stream 
banks, although they did not form a complete canopy. Other riparian vegetation 
consisted of sparse willow shrubs, forbs, and a few grasses. The stream was sampled 
at a wide riffle (10 m averaging 13 cm deep) composed of rubble underlain by gravel 
and sand.

Site 5 (2,816 m a.sd.; stream order 32) was located immediately upstream 
from an entering second-order tributary, Coney Creek. The stream section sampled 
was narrower (7 m, averaging 20 cm deep) than Site 4 with conifers forming a 
complete canopy. Banks were covered with moss; grasses and forbs were sparse. 
Rocky Mountain a\der (Alnus tenuifolia)^not seen at higher elevations, and willows 
were the riparian shrubs at Site 5. Aspen (Populus tremuloides) first appear between 
Sites 4 and 5, but are very sparse and did not occur along the stream. This is in
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cpntrast to many drainage basins in Colorado, the upper portions of which have 
extensive stands of aspen. The substratum was similar to Site 4.

Site 6 (2,633 m a.s.l.; stream order 3?Jf adjacent to Dick Campground, was 
the uppermost site where year-round sampling was possible. The stream was 14 m 
wide; depth averaged 15 cm. Aspen, Douglas fir (Pseudotsuga menziesii), blue 
spruce (Picea pungens), and lodgepole pine (Pinus contorta) first appear or become 
abundant near Site 6 as subalpine fir and Englemann spruce decline. Shrub willows, 
Rocky Mountain alders, and grasses occurred along the banks. The substratum 
consisted of rubble with gravel and sand, but little silt or clay.

Site 7 (2,438 m a.s.l.; stream order 37) was upstream from two groups of 
summer homes, Raymond and Riverside, clustered along Middle St.Vrain Creek. 
Stream width, depth, and substratum were similar to Site 6. The stream was 
generally well-shaded by the montane forest trees. Willows, alder, and birch 
(Betula occidentalis) formed a dense riparian shrub zone.

Site 8 (2,207 m a.s.l.; stream order 39) was located downstream from the 
hamlets of Raymond and Riverside. The stream flowed along one side of a narrow 
floodplain and was not as well-shaded as Site 7. Tree species near the stream 
included lodgepole pine, ponderosa pine, blue spruce, Douglas fir, aspen, and 
junipers (Juniperus virginiana scopulorum). A dense riparian shrub zone similar to 
that of Site 7 was present. Stream width, depth, and substratum were similar to 
Sites 6 and 7.

Site 9 (1,890 m a.s.l.; stream order 41) was located well downstream from 
the confluence of South St. Vrain Creek, a third-order tributary. It was in an area 
of increasing gradient with steep canyon walls characteristic of the lower foothills. 
The stream had narrowed (8 m with a mean depth of 37 cm) and boulders and large 
rubble were common (Fig. 4). Considerably more sand was noted than at upper 
sites, primarily in areas out of the main current. This was the most difficult site 
to sample during high water. The forest vegetation was less dense than at Site 8, 
although riparian shrubs (willows, alder, birch) were abundant in some areas. 
Occasional blue spruce, cottonwood (Poppdusmand willow trees occurred along the 
stream banks in this region.

Site 10 (1,701 m a.s.l.; stream order 4 ^  was located where the stream valley 
began widening after flowing through a narrow canyon section. Vegetation was 
characteristic of the plains-foothills ecotone. Ponderosa pines and junipers were 
widely spaced and there was much bare ground devoid of even shrubs or herbaceous 
plants. The riparian vegetation was composed primarily of a narrow band of willow 
shrubs. Scattered cottonwood trees (Populus sargentii) were also present. The 
stream was still quite confined after flowing through the canyon section. The width 
and depth were similar to Site 9. There were fewer boulders, which were smaller 
than at Site 9, but otherwise the substratum was similar.

Site 11 (1,544 m a.s.l.; stream order 5) was located on the plains well below 
the village of Lyons and the confluence of North St. Vrain Creek (a fourth-order
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stream with a drainage area of about 310 km2) with South St. Vrain Creek (drainage 
area 212 km2). Stream width was 14 m; depth averaged 15 cm. Elm (Ulmus 
americanus) and cottonwood trees were scattered along the river. Willow shrubs 
were abundant in some sections. Grasses and forbs typical of the plains lined banks 
in most reaches (Fig. 5). Rubble was the predominant substratum, although 
localized areas of sand/gravel occurred between rocks. Fine sand and silt collected 
in and around macrophyte beds. Despite an upstream village, irrigation diversion 
and return flow, Site 11 had generally clear water with a rocky substratum, high 
dissolved oxygen, low nutrient levels, and a diverse fauna with major clean water 
elements. The U. S. Environmental Protection Agency (1972) concluded that an 
unpolluted aquatic environment of good water quality existed in the St. Vrain 
River between j^ons and Longmont, a town downstream from Site 11.

The St.Vrain River exhibited distinct rhithron characteristics (well-oxygenated, 
high current velocity, rocky substratum) throughout its length. There was, how-

Fig. 4. The high gradient foothills section of St. Vrain Creek.
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Fig. 5. The plains sampling site at low water, showing the predominantly rubble sub
stratum.

ever, an abrupt transition to potamon thermal conditions (sensu Illies  and 
B otosaneanu  1963) at Site 11,.while other rhithron characteristics were retained.

The fish fauna of mountain segments of St. Vrain Creek is primarily restricted 
to salmonids. Brown trout:i(Salmo trutta) and rainbow trout (S. gairdneri) pre
dominate at lower and middle elevations, whereas brook trout (Salvelinus fontinalis) 
and cutthroat trout (Salmo clarki) occur in the upper reaches. In contrast, a 
relatively diverse fish fauna occurs in the plains river. Propst  (1982) recorded 
16 species near the plains sampling site of the present study, comprised of cyprinids 
(10 species)*. catostomids and centrarchids (each with 2 species), and a percid 
(Etheostoma nigrum). The only salmonids present were a few specimens of brown 
trout.

4. Methods and materials

The study extended over a 16-month period (June 1975 — September 1976). Sampling 
was conducted monthly l||roughout the MudlSrorn the montane limnological zone (2,633 mj 
to the plains. The upper sites were only accessible during the summers due to the deep show- 
pack over the stream. An ice axe was required to procure samples'-at 1̂1 locations sampled 
during winter, .except the plains site. The majjjfity of biotic and abiotic variables were
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sampled on each collection trip, resulting in 16 monthly samples from sites in the montane, 
foothills and plains zones. Variables less frequently sampled are so indicated.

Heavy'snowpack resulted in higher than normal stream flow during the summer and 
autumn of the first year of the study. Approximately normal snowpack resulted in average 
runoff during the second summer. Because of an exceptionally low snowpack during the 
winter of 1980/81, it was possible to reach the base camp just below treeline (3,219 m) and 
procure samples through the ice in mid-January.

4.1 Chemical and physical parameters

Methods for field collection and laboratory analysis of physical and chemical variables 
followed Ward (1974). Maximum-minimum thermometers were installed at Sites 1, 4, 6, and 
8 during the ice-free periods, and for the duration of the study at Site 11. A submersible 
recording thermograph was installed at Site 1 during the second summer. All thermometers 
were precalibrated.

Nitrate-nitrogen values were determined speetrophotometrically using chromotropic 
acid. The molybdate blue method was used in orthophosphate determinations. ,

Substratum samples were collected at Sites 1, 3, 6, 8, and 11 in July. An open cylinder 
was used to seal a section of bottom and the enclosed rubble and pebble were carefully 
removed. A smaller cylinder (5.3 cm diameter) was forced 5 to 8 cm into the substrate; 
metal plates were used to seal the ends of the cylinder and the sample w%s removed. This 
procedure was repeated at least five times at a site. In the laboratory, gravel (2—32 mm) was 
separated from finer materials by wet sieving. The substrate was ovendried at 60 °C to constant 
weight. The hydrometer method was used to separate the finer materials (<2  mm) into 
sand, silt; and clay fractions. The University Soil Testing Laboratory performed the sub
stratum, nitrate, and phosphate analyses.

Continuous flow records (U. S. Geological Survey) were available only at a location 
0.6 km downstream from the confluence of North and South St. Vrain Creeks. Discharge 
was estimated at Site 6 from current meter readings taken monthly during the open season. 
The current meter was carried to Site, 1 to determine summer discharge at the stream source.

4.2 Sedimentary detritus

Sedimentary detritus was sampled on riffles at Sites 1, 3, 6, 8, and 11 during July when 
upper as well as lower sites were accessible. In addition, sedimentary detritus was collected 
from Site 8, the lpcation thought to receive the greatest input of deciduous leaves, in October 
following the major period of leaf abscission at that elevation. An open cylinder was used to 
seal a section of stream bottom. Rubble-sized rocks were scrubbed and removed from the 
enclosure. The remaining substratum was disturbed and water was pumped with a hand- 
operated bilge pump through a 1,000 pm mesh net placed within a 50 pm mesh net. This pro
cess was continued until only clear water remained within the cylinder. Three such samples 
were taken across the riffle at each site. In the laboratory} the materials were separated into 
three particle sizes based on the longest dimension: 50—1,000 pm; 1—16 mm; and >16 mm. 

Hiving plant and animal matter was removed from each fraction under Tow magnification. 
Observations on the composition of the detritus. were recorded and the samples were dried 
at 60°C for a minimum of 48 hours until constant weight was attained. Samples were fired 
in a muffle furnace for 24 hours at 550 °C, a time period and temperature which minimizes 
carbonate loss (Petersen & Cummins 1974). According to Cummins (1966), weight loss on 
ignition is “ the method of choieeijtfor a single measure of sedimentary organic matter.
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4.3 Epilithon

Epilithon, including algae, cyanobacteria* , mosses, and liverworts with associated 
epiphytes and detritus, was collected from the upper surfaces of rubble-sized rocks. 
Qualitative samples were taken at various times during the study. In mid-August, riffles at 
each site were sampled using a timed scraping technique (Ward 1974). The percentage 
composition of the major components (moss, lichen, detritus, algae) was determined using 
a square Petri dish with a gridded bottom. A Sedgwick-Rafter counting cell was employed to 
estimate the percentage composition of the algal microphytes. The relative contribution of the 
algal phyla (including Cyanobacteria) was obtained by counting the number of organisms 
present in five horizontal strips. This method was also used to determine the percentage 
composition of the species within each phylum, except Bacillariophyta (diatoms).

The diatoms were cleared of organic matter with 30% hydrogen peroxide, placed on 
heated coverslips, and the hydrogen peroxide was allowed to evaporate. The hot coverslips 
with adhering cleared valves were mounted on slides with Hyrax Mounting Medium. Five 
hundred valves per sample were counted at 1000X with a Leitz phase contrast microscope 
to determine the specieis and percentage composition.

Each sample (minus diatom subsample) was dried at 60 °C until constant weight was 
attained, weighed, and fired in a muffle furnace at 550 °C for 24 hours to obtain ash-free dry 
weight.

4.4 Macroinvertebrates

Macroinvertebrates were collected from rubble riffles at each^site with Surber samplers 
enclosing 929 cm2 ofisubstratum. Six samples were taken at each site, three with a coarse- 
meshed (720 pm) sampler and three with fine mesh (240 pm)gS resulting in a total of 
774 samples. While it is clear; that a finer mesh is more efficient in retaining smaller individuals, 
fine mesh may be lelklificient'for collecting larger and mqfe active animals (Macan 1958, 
Zelt & Clifford 1972SUsd;of two mesh sizes should thus maximize sampling efficiency, 
as well as provide, comparative data. Within-site and between-site differences in substratum 
and current were minimized by confining sampling to rubbl^ftffles, the predominant habitat 
type. Samples collected with different mesh were kept separate but the three samples from 
each mesh^size were combined. Dry weight w;as determined by oven drying the animals at 
60°C until constant weight was attained. No correction factor was applied to account for 
weight loss in preservative.

The adults of aquatic’ insects were collected by sweep netting and hand picking to provide 
additional taxonomic data. Some species designations are, of necessity, based on the distribu
tion of immatures and adults. The remoteness of the upper sites and the comprehensive nature 
of the study precluded definitive associations of immatures and adults by rearing. Adults 
and immatures were stored in 8 0 , ethanol.

5. Results and discussion

5.1 Chemical conditions

Dissolved oxygen was near saturation, as expected, at all mountain stream 
stations and exhibited no seasonal pattern (except as temperature influenced 
solubility coefficients). In Table 1 oxygen values are shown only for sites at which 
oxygen was determined on each sampling date. At Site 11, the plains station, the



Table 1. Mean values and ranges of physical and chemical parameters at study sites on the St.Vrain River, Colorado.

Sampling Stations

1 2 3 4 | 6 7 8 9 10 11

Bound C 0 2 (ppm) 3.0 3.5 3.5 4.9 5.9 7.1 7.8 8.2 9.0 10.1 30.4
(2.5—3.5) (3-4) \  ? -4 ) (3.5—6.5)! 99 (4.5-10.5) (4.5-10.5) (5.5-11) (6-S1.5) ""(6—12) (21-39)

pH (mode) * 7.0 6.9 7.0 7.0 7.0 7.1 7.1 7.1 7.1 7.2§ 8.1
Temperature range (°C) 0 -6 O H

i
Ln 0 1 \i Ln 0 -9 0 1 >° Ln 0-10.5 0-10 0-12 0-14.5 0-16 0-25

0 2 (ppm) 8.2 ^ 9 9.0 - 9.5 ^9 9.3 1 S  1 - 9.3
'NO3—̂ l 1); (ppm) 0.15 B » 0.13 - 9 Ü 0.12 ^ 9 « 9 1 0.10 - 0.13
Orthophosphatea) (ppb)gj <5 - W <5i- - m m : - ; <5  1 - | < 5
Total suspended (mg/1) 0.9 w B M 1.3 l l i S p \ 1.7 1.8 9.8

( O .S i2 ) . ( l .# 1 .3 ) (0.2—6.7) (0-4.8) (2.3-32)
L.O .I. 0.4 ^ 9 0.5 0.7 0.5 2.0

Total dissolved (mg/1) 7.3 ■9 7.1 |9 91 24.4 30.7 — 192.1
(6.4-8.8) (6.4—7.8)i (13.6—34.3) (19.2^-37.9) (130-309)

L.O .I. 2.7 k 2.5 - 91 - — 11.2 - 42.4
Flow (m3/sec); - :.|  -  | - -3: " - 9H

First summer 1 Æ — — — 2.2 . —  : 3 .  ^ 1 H 1 ' gjèL g* 6.0
Second summer o.072) : — l l fH P — 1.0 HbH — ■ - 3.6

*) August. 2) July. 3) Annual mean and summer means at Site 11 are from U. S. Geological Survey «records.
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majority of oxygen values were also between 95 and 105% saturation. However, 
in June and July under conditions of low flow, warm water, dense beds of macro
phytes and abundant algae, afternoon oxygen values were 122% and 129% satura
tion, respectively.

Modal pH values were circumneutral from alpine tundra to the lowest foothills 
site (Table 1), with little seasonal variation at a given site, a result of the low 
solubility, of the metamorphic and igneous bedrock. The plains site exhibited a 
higher pH (8.1). The modal pH range over the various sites (6.9—8.1) was nearly 
identical to surface water pH modes (7.0—8.2) reported by P e n n a k  (1958) for 
lakes of the region. The lakes, however, exhibited an abrupt pH increase between 
montane and foothills zones in contrast to the sharp increase in stream pH from the 
foothills to the plains (Fig. 6).

STREAM  — ■ - LAKE

BOUND
CO2

Fig. 6. A comparison of lake and stream 
chemistry in northern Colorado as a function 
of altitude. Mean values for lakes are based 
upon non-alkaline drainage lakes (Pennak 
1958). Stream values are means from the 
present study at Site 1 in the alpine zone (A), 
Site 6 in the montane zone (M), Site 9 in the 
foothills zone (F), and Site 11 in the plains 
zone (P). Parameters are expressed in mg/1 
except pH for which modal units are shown.

Hardness (bound CO 2) values exhibited a three-fold increase from the alpine 
tundra (3.0 ppm) to the foothills stream site (9.0 ppm), with a marked increase at 
the plains location (30.4 ppm). The greatest increase in bound CO 2 for lakes 
occurred from the montane to the foothills zone (Fig. 6). Lakes exhibited somewhat
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harder water at a given altitude than the stream values of the present study. This 
difference is not unexpected since the rapidly moving stream water is in contact with 
the substratum for a relatively short period. Bound CO 2 values at a given stream site 
exhibited a distinct seasonal pattern. Low values during spring runoff were followed 
by a progressive increase through autumn and winter, with maxima in late spring 
prior to snowmelt.

Suspended matter means were very low at stream sites in the mountains and 
did not exhibit significant altitudinal differences (Table 1). Mean loss on ignition 
fractions ranged from 28% to 44 % of the total suspended matter. Even the plains 
site exhibited a relatively low mean suspended matter value (9.8 mg/1), indicative 
of the generally clear water. Loss on ignition averaged 20% of total suspended 
matter indicating a greater proportion of suspended inorganics than at mountain 
stream sites. Suspended matter closely followed the flow pattern as expected. 
Higher flow during the first summer resulted in higher suspended matter values at 
all altitudes. For example, at Site 1 the mean for the first summer was 3.7 mg/1, 
whereas during the second summer the value was 1.0 mg/1. At Site 6 the summer 
means were 8.2 and 1.4 mg/1, respectively.

Total dissolved solids exhibited extremely low values at sites in the alpine zone 
with similar means at Site 1 and 3 (Table 1). Sites 6 and 9 in the montane and 
foothills zones exhibited values similar to each other, which were about three 
times greater than at alpine sites. It must be emphasized that values are not strictly 
comparable since means at alpine sites are based upon summer conditions, whereas 
montane, foothills, and plainfrsites represent averages of monthly samples for one 
year. Dissolved matter at the plains site was more than six times greater than at 
Site 9 in the foothills. Loss on ignition fractions were similar at mountain stream 
sites (35—38%), but lower (22%) at Site 11 on the plains. Differences in dissolved 
and suspended organic matter between mountains and plains are likely even greater 
than indicated,-since only at the plains location would significant carbonate 
decomposition be expected to occur during firing. There was a general inverse 
relationship between discharge and total dissolved matter.

Suspended and dissolved fractions were combined in Figure 6 so that stream 
values can be compared with ash\and total organic residue reported by Pennak  
(1958) for lakes of the region. The small amount which plankton contribute to lake 
values allows comparisons to be made between lake and stream sites. The total 
organic matter progressively increased from alpine to plains lakes, whereas stream 
values exhibit an abrupt increase from foothills to plains sites. A four-fold increase 
in total ash values from alpine to the foothills stream sites is followed by a nearly 
eight-fold increase from foothills to plains. Lake waters exhibit a different pattern, 
the major increase in ash occurring between the montane and foothills zones. It 
appears that since stream gradients are high in the foothills, the low residue time of 
stream waters precludes major uptake of chemical species despite the greater 
solubilities of the rocks.
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Pennak  (1958) found nitrate-nitrogen results to “ bear little relationship to 
limnological zones and altitude” for lakes of the region. Stream values were similar 
at all altitudinal zones (Fig. 6), even the plains site, although uptake by biota may 
be partly responsible (H ynes 1970).

Unlike nitrate-nitrogen, phosphate-phosphorus in lake waters of the region 
exhibited a considerable increase with decreasing altitude (Pennak  1958). At all 
stream sites sampled in the present study (Table 1), orthophosphate values were 
below the level of detection (< 0 .0 0 5  ppm), preventing comparisons with lakes of 
the region.

5.2 Temperature

Mean summer water temperatures varied from 2.3°C (Site 1) to 20.8°C (Site 11) 
the first year and from 3.8°C (Site 2) to 21.5°C (Site 11) during the second. The 
lower temperatures during the first summer are attributed to the higher discharge 
and prolonged period of snowmelt runoff. The thermal amplitude during the study 
period also exhibited a dramatic increase in the downstream direction (solid line of 
Fig. 7) with an especially marked change from Site 10 to Site 11. Because temper
atures dropped to zero at all locations, the thermal amplitude is also the maximum 
temperature at a given site. Accurate diel temperature data are only available from 
summer thermograph readings at Site*, Jj where diel fluctuations ranged from 0.2°C 
to 1.1 °G. At other locations, the maximum observed diel ranges during the summer
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Fig. 7. Water temperature range (¡¡pd line) for the period of study at sites on St. Vrain Creek 
and estimated annual degree days (bars) at selected locations.
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were 5°C at Site 3, which was well exposed to solar insolation by day and lacked 
a well-developed riparian vegetation to reduce heat loss by night; 7.5°C at Site 6; 
9°C at Site 9; and 11.5°C at Site 11.

During June of the first summer the stream channel above Site 4 was covered 
with as much as 2 m of ice and snow. In contrast, the stream immediately above 
Site 4 was completely open by mid-June of the second summer, without even 
remnants of snow on the stream banks. The period of essentially complete ice 
cover lasted from November through March at Site 6, and from January to February 
at Sites 7 and 8. At Site 9 a narrow channel remained open during most of the winter 
even though the majority of the stream surface was ice covered from January 
through March. At Site 10 less than 50% of the stream surface was ice covered 
except in January. The plains site rarely had significant ice even on the edges except 
for a short period in January, allowing maximum-minimum thermometer readings 
to be taken for the duration of the study. At other sites these thermometers were 
removed during the period of ice cover.

Annual degree days (with 0°C as developmental zero) were estimated for 
selected sites. Values in Figure 7 are, however, only crude approximations based 
upon mean values derived from maximum-minimum thermometer readings (except 
Site 1 where a thermograph was installed) during the open season, with a temper
ature of 0°C assumed during the periods of ice cover at a given site (except Site 11).

Seasonal patterns of water temperature (Fig. 8) not only show the reduced 
amplitude of upstream reaches, but also demonstrate the tendency for seasonal 
maxima to occur later at upper sites.

Fig. 8. Seasonal water temperature patterns at St. Vrain Creek sites (Arabic numerals) for the 
period of study. Dashed lines indicate extrapolated values at Site 1 and 3.

10 Archiv f. Hydrobiologie, Suppl.-Bd. 74
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5.3 Substratum

Although all study sites were located on rubble riffles, the composition of finer 
materials varied somewhat between sites (Table 2). Gravel comprised over three- 
fourths of the substratum particles smaller than 32 mm in diameter at mountain 
stream sites; sand comprised from 11—19%. At the plains location, gravel com
prised a smaller and sand comprised a greater proportion of the substratum. The 
greater clay fraction at headwater sites was likely a result of glacial flour deposits 
noted during sampling, which Pennak  (1963) described as “ greasy blue clay” from 
lake cores of this region. Large amounts of silts and clays accumulate at the base of 
rooted aquatic plant beds at the plains location, but substratum samples were not 
taken in depositional areas.

Table 2. Percentage composition of mineral substrate particles 32 mm or less in diameter 
from rubble riffles at St.Vrain Creek, Colorado.

Site Gravel 
(2-32 mm)

Sand
(0.0625-2 mm)

Silt
(0.0039-0.0625 mm)

Clay
(<0.0039 mm)

1 77.7 18.5 0.9 2.9
3 86.9 10.9 0.4 1.8
6 81.2 17.8 0.2 0.8
8 84.1 15.0 0.0 1.0

11 49.9 47.6 0.5 2.0

5.4 Sedimentary detritus

The standing crop of detritus in St. Vrain Creek (Table 3) was higher than 
summer values reported by Sh o rt  &  Ward (1981) for a stream at 2,410 m 
elevation in the same drainage basin. Especially surprising are the high values at 
sites of the alpine limnological zone. The general pattern shows a downstream 
decrease in benthic detritus during summer. Detritus standing crop at Site 11 in July 
(10.8 g/m2) was much less than the August value (77.8 g/m2) reported by F ish er  
(1977) for a river in the eastern deciduous forest.

FPOM (0.05-1 mm) comprised the majority of benthic detritus by weight 
at each site during summer (Table 3). The predominance of FPOM was especially 
pronounced at Site 1.

At the tundra location (Site 1) the majority of the coarse materials consisted 
of grass and sedge fragments. Conifer needles comprised most of the coarse 
materials at Sites 3, 6, and 8. Some seeds and fruits, deciduous leaf fragments, stem 
fragments, and woody twigs were also observed. At Site 11 deciduous leaf and stem 
fragments, seeds, fruits, and small pieces of wood were collected. No needles were 
observed in the detritus from the plains site.
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Table 3. Mean percentage composition and standing crop of sedimentary detritus on rubble 
riffles during summer, St.Vrain Creek, Colorado.

Site
% Composition

g/m2 AFDW
0.05-1 mm 1—16 mm >16 mm

1 96 3 1 67.9
3 76 21 3 74.5
6 73 21 6 38.6
8 66 24 10 45.6

11 82 14 4 10.8

In mid-October the mean standing crop of sedimentary detritus at Site 8 was 
134.7 g/m2 AFDW. Deciduous leaf litter, mainly recently abscised whole leaves, 
comprised from 44% to 89% of total detritus. Small pieces of wood and conifer 
needles comprised the remainder of the coarse material (>1 mm), which collectively 
accounted for from 57% to 97% of total detritus.

5.5 Aquatic plants

Epilithic algae (including cyanobacteria), mosses, liverworts, lichens, and 
aquatic angiosperms were collected. Aquatic angiosperms occurred only at the 
plains location; mosses and liverworts occurred at all sites except the plains. Lichens 
were restricted to Sites 1 and 2.

Dense beds of Elodea canadensis and Ranunculus aquatilis occurred in the 
plains stream. These angiosperms commenced growth in May, reached maximum 
development in August, remained in good condition through October, then slowly 
declined until May of the next year. Certain macroinvertebrate species, not present 
at other sites, were associated with the aquatic angiosperms at Site 11.

Epilithon biomass exhibited a bimodal pattern as a function of altitude (Fig. 9). 
High values at the uppermost sites resulted from the great development of 
bryophytes. The large value at Site 11 resulted from dense growths of Cladophora 
glomerata. Lowest values occurred in the high gradient foothills location (Site 9). 
Algae made a relatively small contribution to total epilithon at the upper five sites 
where bryophytes predominated, but a significantly greater contribution beginning 
at Site 6 in the lower montane limnological zone. Detritus comprised from 5 to 
60% of epilithon samples, but exhibited no apparent longitudinal pattern or any 
discernible relationship to sedimentary detritus.

Five phyla of “ algae” (bacillariophytes, chlorophytes, chrysophytes, rhodo- 
phytes, cyanobacteria) were represented in epilithon samples. More than 94 species 
and varieties were identified (Appendix A). However, a few species comprised the 
vast majority of the cells of a given phylum at a site. The summer distribution and
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Fig. 9. Longitudinal patterns of epilithon ash-free dry weight (AFDW) and the relative 
contributions of algae (including cyanobacteria) to total epilithon.

relative abundance of species that comprised 10% or more of the organisms in 
their respective phyla at one or more sites are indicated in Table 4.

Bacillariophytes were most intensively studied, 63 species and varieties 
identified. Some, such as Achnanthes lanceolata, not only occurred over the entire 
altitudinal gradient, but were major components of the epilithic diatom flora at all 
sites. Other taxa were limited to upstream (e.g., Diatoma anceps) or downstream 
(e. g., Nitzschia palea) locations. A few diatom species were restricted to middle 
reaches of the study section (e. g., Navicula exigua), but none were major 
components of the epilithic diatom flora. Species normally considered lentic forms 
were more common in the lower reaches, as reported by Sch eele  (1952) for the 
diatom flora of the Fulda River, Germany. Based on an index of diatom diversity 
developed by K awecka (1980) for European mountain streams, all sites in St. Vrain 
Creek contained low (31 —70 species) or very low (<30 species) numbers of 
species. Although only a single habitat type (the upper surfaces of rubble-sized 
rocks) was examined in the present study, it appears that the diatom assemblage 
is taxonomically rather simple, especially considering the large elevation gradient 
traversed by the stream.

Chlorophytes were represented by 20 taxa, 6 of which comprised 10% or 
more of the green algae at a given site (Table 4). Cladophora glomerata comprised 
nearly 100% of the green algae at Site 11. Ulothrix was the most abundant green 
alga at the upper three sites, comprising nearly 100% of the green algae at Site 3. 
At sites 6—10 Spirogyra comprised from 50—100% of the chlorophytes collected.
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Only two chrysophytes were collected. Hydrums foetidus was confined to 
the upper sites in mid-August and was abundant (15% of total algae) only at Site 1. 
Hy drums was, however, observed at all lower sites except the plains location 
during winter and spring. Dinobryon, the only other chry sophy te collected, was 
found only at Sites 10 and 11, but was not abundant.

Table 4. Distribution and relative abundance of common epilithic algae (including cyano
bacteria) of St.Vrain Creek, Colorado (see text).

Sites

1 2 3 4 5 6 7 8 9 10 ì i

Bacillariophyta
Achnanthes lanceolata 1 1 1 2 4 1 1 1 1 1 ì
A. minutissima 1 1 1 1 2 1 1 1 1 2 ì
Cocconeis placentula H M 1 1 1 1 1 1 1 1 1 ì
Cymbella ventricosa ì 2 1 1 1 1 1 1 1 1 ì
Diatoma anceps ì 1 1 1 2 1 - IMS rT , -
D. hiemale ì 1 1 1 1 1 1 - -
D. hiemale var. mesodon ì 1 1 1 2 1 qW /■ - 1 g
Frustulia rhomboides - 1 H B 1, ,1 É ^ i 1 - mm 1 . :T ..
Hannaea arcus 1 ì 1 1 1 1 1 1 1 -

Melosira sp. - - ■ ■ P i 1 1 1 1 1 1
Navicala cryptocepbala - 1 1 1 1 1 1 1
Nitzschia pale a ¡ ¡ ¡ ¡ j j - - - 1 1 1 1 1

Chlorophyta
Cladopbora glomerata 6
Closterium spp. 1 ■ B w iw 1 1 n 1 - 1 1
Cosmarium botrytis 1 ì i  n i l a 1 - - tl-$$ 1 1
Microspora sp. 2 ì
Spirogyra spp. B 9 B 9 5 - . 6 i 6 2 4 1
Ulothrix spp. 4 2 i |§jR? 2 H B | 9 R - 1 3 ^ B

Chrysophyta
Hydrurus foetidus 3 1 i ì - H B 9RMi

Cyanophyta
Nostoc microscopium ìtrmp, 1
Oscillatoria spp. 1 1 3 1 ì i 1 1 . .. 4 ,,, 1
Phormidium spp. 3 5 5 4 4 2 ì 2 1 1 1
Tolypothrix sp. 3 m m *W fP - myw 6 ¡ g l 6 2 B B

Rhodophyta
Audouinella violaceae - - '%>wm 1 - u p p m -
Lemanea fucina ! ÌW 1 b b ì V - IÉ M u à  i

T*— Present but comprising less than 5% of the total algae at a site
2 -  Taxa comprising 5—10% of the total algae at a site
3 -  Taxa comprising 11—20% of the total algae at a site
4 -  Taxa comprising 21—50% of the total algae at a site
5 -  Taxa comprising 51 — 75% of the total algae at a slip
6 -  Taxa comprising >  75% of the total algae at a site
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Cyanobacteria were represented by seven taxa, four of which were abundant 
(Table 4). Phormidium was present at all sites, reaching greatest abundance at the 
upper five sites. Tolypothrix was extremely abundant at Sites 7 and 9, whereas at 
Site 8 the green alga Spirogyra comprised the majority of total algae.

Rhodophytes, represented by two species, were found at three sites in the 
middle reaches, but comprised less than 1 % of the total algae.

The algae comprising the summer epilithon of the study stream may be 
grouped into species occurring over a wide range of altitude, species restricted to 
upper, and species restricted to lower sites. No species which comprised a major 
portion of the total algae were restricted to middle reaches. Except at the plains 
location, species which were abundant at a given site were found at several sites, 
rather than being restricted to one location. Although the smallest number of taxa 
(19) was recorded at Site 1 in alpine tundra, there was no discernible pattern of 
algal diversity along the longitudinal profile of St. Vrain Creek. The most diverse 
algal flora (44 species and varieties) occurred at Site 11 on the plains and at Site 6 
in the middle reaches.

Surprisingly little work on the altitudinal distribution of stream algae has been 
conducted. To the writer’s knowledge, the only comparable data are from the 
investigations of K awecka in the Tatra High Mountains of Poland (K awecka 
1971) and the Rila Mountains of Bulgaria (K awecka 1974). The Rila Mountains 
study is of considerable interest in relation to St. Vrain Creek. The algae of the 
Bulgarian stream and the St. Vrain Creek were both sampled during August. Both 
studies sampled locations above timberline, throughout the forest zone, and in the 
plains section. Both studies sampled numerous stream sites over a considerable, 
and analogous, altitudinal gradient (8 sites from 1000—2000 m a.s.l. in the Rila 
Mountains; 11 sites from 1500—3400 m a.s.l. in the Rocky Mountains). Both 
mountain ranges are formed of crystalline rock. The downstream thermal gradient 
was greater in the Colorado stream which is glacier-fed than in the Rila Mountains 
stream. K awecka sampled a wider variety of habitat types at each site, which 
undoubtedly accounts for the greater number of taxa recorded (178 species and 
varieties vs. 94 in the present study). Considering the geographical locations of the 
two streams, the taxa collected were remarkably similar. All genera listed in Table 4 
except Audouinella were also reported by K awecka (1974). Even at the species 
level, many of the algae were common to, and often abundant in, both drainages. 
It is not, however, possible to delineate distinct zones for the algal flora of the 
Rocky Mountain stream as K awecka did for the streams of the High Tatra and 
Rila Mountains.

A variety of factors may influence distribution of aquatic vegetation, although 
the design of the present study reduces the possible number of variables. Since 
all epilithon samples were collected from rubble riffles, current velocity and sub
strate were similar at all locations. Even at the lower gradient plains location, a 
sampling site was selected which had a relatively rapid current and a primarily
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rubble substratum. All epilithon samples were taken from the upper surfaces of 
rocks of similar sizes. While water hardness gradually increased downstream, 
annual mean values remained within the “ soft” range except at the plains location. 
The pH was circumneutral at Sites 1 to 10, then increased to 8.1 on the plains. 
Water clarity was high even at the plains location. Based on limited sampling, the 
plant nutrients measured showed no apparent differences between sites.

Discharge, width, and depth did, of course, increase downstream, although 
all samples were taken from rocks in shallow water. Although most sites were well 
exposed to solar insolation, Site 1 where mosses predominated is on a north-facing 
slope and was shaded by a low canopy of alpine herbs and willow shrubs. Site 5, 
the only other location with a nearly complete canopy, was the site where diatoms 
reached their greatest relative abundance.

Except for the few exceptions noted above, temperature and dissolved solids 
were the only physicochemical factors to exhibit steep and consistent altitudinal 
gradients over the entire longitudinal profile of St. Vrain Creek. Even these distinct 
variations did not apparently influence such obviously euryokous species as 
Achnanthes lanceolata, which was collected at all sites and was relatively abundant 
at each location. Thermal differences explain the restricted distribution of some 
species. For example, oligotherms such as Hydrums foetidus and Diatoma anceps 
(Blum  1956, L owe 1974) were restricted to upstream locations, at least in summer. 
The downstream increase in dissolved organics may explain the distribution pattern 
of the obligate heterotroph Nitzschia palea which, although eurythermal (L owe 
1974), is restricted to the lower reaches of St. Vrain Creek.

The absence of submerged angiosperms from Sites 1 — 10 undoubtedly relates 
to the short growing season, severe ice action, high gradient, and paucity of fine 
substratum materials at mountain stream sites.

5.6 Macroinvertebrates
More than 210 taxa of aquatic macroinvertebrates were identified from samples 

collected at the 11 sites (Appendix B). Many major groups were represented along 
the entire altitudinal gradient (Fig. 10). Three orders of insects, crustaceans, leeches, 
and snails were collected only from the lowermost sampling site on the plains.

Aquatic insects collectively contributed from 89—99% to total macroinverte
brate numbers and from 84—99% to total biomass at the different sampling sites. 
At mountain stream locations (Site 1-10) four orders of insects (Plecoptera, Trich- 
optera, Ephemeroptera, Diptera) comprised essentially the entire aquatic entomo- 
fauna (Fig. 11). Dryopoid beetles, virtually the only other insects present at 
mountain stream sites, accounted for only a small proportion of the total benthos. 
Triclads (Planariidae) were the most abundant non-insects, comprising 10% of 
total benthic biomass at the plains location and up to 8 % at some mountain stream 
sites. Oligochaetes, nematodes, sphaeriid clams, and mites contributed little to the 
total benthos at any location.
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Fig. 10. The altitudinal distribution of major groups of macroinvertebrates along the course
of the St. Vrain River.

Fig. 11. The relative contribution (% composition) of macroinvertebrate groups that com
prised at least 5% of total density or biomass at one or more sites along the course of the 

St. Vrain River. Values <1%  are not indicated.
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5.6.1 Abundance patterns

Total benthos exhibited trends of increasing density and biomass from the 
headwaters to the plains (Fig. 12). Numerical values were over three times greater 
and biomass values were nearly six times greater at the plains stream than at Site 1

Fig. 12. The longitudinal patterns of total macroinvertebrate density and biomass.

Fig. 13. The percent change in macroinvertebrate density and biomass values from the first 
summer (high discharge) to the second summer (normal discharge) of study.
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in alpine tundra. The abundance peak at Site 3 is largely attributable to large popula
tions of a single species of simuliid. The general pattern of abundance over the 
longitudinal profile is one of low values at the upper five sites, an increase in 
abundance from the lower montane through the upper foothills, a leveling of 
abundance in the high gradient lower foothills, followed by an abrupt increase at the 
plains site.

Because o f . an especially heavy snowpack the preceding winter, the first 
summer of study had a much higher discharge and an extended period of runoff 
compared to the second summer (see Table 1). Faunal abundance was correspond
ingly higher the second summer, except at Site 9 (Fig. 13). At several sites, mean 
density and biomass values were more than 50% greater the second summer, 
although reduced sampling efficiency under the high flow conditions of the first 
summer and a larger wetted perimeter undoubtedly account for some of these 
differences.

5.6.2 Diversity patterns

The downstream increase in macroinvertebrate species richness exhibits a 
generally sigmoid pattern (Fig. 14). Whereas only 34 species occurred at the

Fig. 14. The total number of macroinvertebrate taxa collected during the entire study and 
during the summers only, along the longitudinal profile of the St. Vrain River.
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uppermost site, 106 taxa were identified from the plains stream. Total species 
richness is considerably depressed at middle and lower elevation sites if only 
summer data are utilized. Because the open season is so short at high elevations, it 
is unlikely that any common species were missed despite the fact that sampling was 
limited to summer periods at headwater sites. Samples collected through the ice in 
January 1981, when the headwaters were accessible due to an exceptionally low 
snowpack, did not yield additional species. However, the data from these mid
winter samples suggest that densities of winter stoneflies are higher at headwater 
locations than indicated from summer samples, presumably because many 
individuals emerge as soon as cracks appear in the ice.

At lower elevations where the open season is longer, certain abundant species 
of stoneflies may be missed entirely if sampling is restricted to the summer (cf. 
Ward 1984). Such species remain in egg diapause throughout the summer, hatch in 
autumn, grow primarily during winter and spring, and emerge well before 
maximum stream temperatures are attained (see Ward  &  Stanford  1982). The 
larger number of species of dipterans recorded from year-round as opposed to 
summer sampling at middle and lower sites is largely attributable to chironomids.
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Fig. 15. The contributions of major groups to the total number of macroinvertebrate taxa
collected.
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Year-round versus summer sampling yielded appreciably more species of 
trichopterans only at mid-elevation sites. More than twice the number of species 
of coleopterans was recorded at Site 11 on the plains than were collected during 
the two summers. Ephemeropterans and non-insect groups exhibited summer 
species richness values as high or nearly as high as when data from all sampling dates 
are considered. These data suggest that summer sampling is sufficient to collect all 
common taxa of stream macroinvertebrates only at very high elevations, where the 
open season is limited to the “ summer” period, or only for a very few groups 
such as ephemeropterans. It appears that year-round sampling may be necessary 
even to record all of the abundant species of most groups of macroinvertebrates in 
most mountain streams.

The same four orders of insects that accounted for the major portion of density 
and biomass at mountain stream sites collectively comprised the majority of the 
macroinvertebrate taxa (Fig. 15). Dipterans contributed more species than any other 
group at all sites, primarily because of the diverse chironomid fauna. The larger 
contribution of the “ all others”  category in the plains stream (Fig. 15) is due to 
an enhanced diversity of groups poorly represented at mountain stream sites (e.g*, 
Coleóptera) and to the contribution of taxa by groups such as Odonata and 
Amphipoda that only occurred at Site 11 (see Fig. 10).

5.6.3 Macroinvertebrate composition

In this section the distribution and composition of major groups (Fig. 10) 
along the longitudinal profile of St.Vrain Creek will be examined in greater detail. 
Included are the taxonomic composition of each group, trends in the distributions 
of species comprising the group, and patterns of diversity and abundance 
collectively exhibited by them. For most groups, it is possible to approach this from 
the specific or at least generic level. The major exception is the Nematoda, for 
which no attempt was made to provide further identification. The abundance of 
nematodes was undoubtedly underestimated in this study since many (most?) 
specimens would have little difficulty passing through even the fine mesh (240 ftm) 
used to collect samples. No attempt was made to collect neustonic organisms; the 
few that were accidently collected, mainly water striders (Gerridae, Veliidae), are 
not included in the data. A single corixid female collected from Site 10 was the only 
aquatic hemipteran encountered. Aquatic collembolans were found only at Site 11 
where three individuals of Isotomurus palustris, a “ secondary aquatic associated 
according to Waltz &  M cC afferty (1979), were collected.

D ip  te r  a. Dipterans were abundant along the entire stream gradient. The 
maxima in density and biomass at Site 3 (Figs. 16 and 17) are due largely to the 
massive development of the simuliid Prosimulium onychodactylum during the 
second summer. The biomass maximum at Site 11 is caused mainly by a tipulid 
of extremely large body size (x individual dry weight of fourth instar larvae of
96.6 mg) found only at that location.
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Fig. 16. Longitudinal density patterns for the major macroinvertebrate groups. Vertical scales 
indicate mean numbers of individuals per m2* Values for Collembola, Hemiptera, and Sphaerii-

dae were too small to plot.

The chironomid fauna at each site contained more taxa than all other families 
of dipterans combined (Table 5). Chironomids also comprised the majority of total 
dipteran density at all sites, and biomass at some locations. Five subfamilies were 
represented (Table 6). The Orthocladiinae were the most diverse and abundant, as 
has been reported for other mountain streams (E lgm o rk  &  Saether  1970, L aville 
1981) and, along with Diamesinae and Chironominae, had representatives along the 
entire stream profile. A very few Podonominae were collected, and only from sites 
in the middle reaches. Tanypodinae were found only at the lower six sampling 
sites. Although members of the Chironominae were generally restricted to lower 
elevation sites, the Micropsectra species complex was collected from all locations.
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Fig. 17. Longitudinal biomass patterns for the major macroinvertebrate groups. Vertical 
scales indicate mean dry weights in mg per m2. Values for Collembola, Hemiptera, Nematoda, 

and Sphaeriidae were too small to plot.

Orthocladius was the numerically dominant or co-dominant chironomid genus 
at all locations except 6, 7, and 8 where Micropsectra attained maximum abundance 
(see Appendix B). At sites in the alpine zone, Orthocladius shared dominance with 
other Orthocladiinae (Eukiefferiella, Par orthocladius, Thienemanniella) and Dia- 
mesa. At Site 11 on the plains Orthocladius and Polypedilum (Chironominae) were 
co-dominants. Another Orthocladiinae, Tvetenia, shared dominance with Ortho
cladius and/or Micropsectra at sites in the montane and foothills limnological 
zones.

Chironomid distributions at the species level show several interesting features, 
if rare species are excluded from consideration. There is no special headwater
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Table 5. The number of taxa(S) in each family of Diptera and the percent contributed by 
each family to total dipteran density (D) and biomass (B) at each site4.

Families
Sampling Sites

1 2 3 4 5 6 7 8 9 10 11

Chironomidae S 12 12 14 19 17 25 22 20 25 28 27
D 85 92 50 60 53 74 80 83 60 56 64
B 88 70 41 39 17 24 55 38 24 21 19

Simuliidae S 2 1 1 2 3 3 2 3 4 3 2
D 6 6 44 20 35 9 4 2 5 13 21
B 4 15 49 32 43 14 4 1 1 6 2

Tipulidae S 1 1 1 2 2 3 6 6 6 7 6
D tr tr tr 3 tr 4 5 7 16 16 14
B tr 13 3 2 3 21 24 57 40 52 78

Athericidae S _ _ _ 1 1 1 _
D _ H Q  1•r W r\ 1 1 _ - tr 12 8
B - - - m rh ' é m i' - - tr 33 19 t m

Blephariceridae S •if kJh‘n 'jiih | m | 1 1 2 2 1 M Wmi ■ -
D — gji — tr 6 4 1 tr — —
B - - - 1 26 33 7 tr - - -

Deuterophlebiidae S - - 1 - i 1 | | |
D - - - H PP ^4L ’ tr - tr tr
B - - - - - Ü tr - tr tr -

Ceratopogonidae S - L fjr' 1 1 1 1 1 1 1 i
D - - + - tr 3 3 1 1 tr tr 1
B - tr 1 1 1 tr tr tr tr

Dixidae S 1 ; HMp Jj 1 - 1 - -
D tr 3B|lÉÉte - tr tr - - ‘ * -
B if xr - - tr g|g| tr H - ¡pip

Empididae S 1 i l 2 1 2 2 2 2 2 2
D 8 2 6 17 3 5 3 2 6 7 tr
B 8 2 7 26 10 7 6 1 2 2 tr

Psychodidae S . ■ 1 - - 1 1 1 1 1 gill
D Im i — tr —|g| 1 5 5 tr tr -
B - tr tr 4 2 tr tr -

a t r k < l % :

Table 6. Number of species in each of the five subfamilies of chironomids found 
Creek, Colorado.

in St.Vrain

Sites
1 2 3 4 5 6 7 8 9 10 11

Diamesinae (8 species) 4 4 3 3 2 3 3 2 4 3 4
Podonominae (1 species) H - MM 1 1 - 1 m -
Tanypodinae (4 species) gill - - - 2 1 l l 2 3
Orthocladiinae (24+ species) 7 7 10 14 13 18 15 15 16 16 14
Chironominae (9+ species) 1 1 l 1 1 2 2 2 4 7 6
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association among chironomids. No species were restricted to Site 1, or to the alpine 
zone (Sites 1—3), and only one species was confined to the upper half of the 
longitudinal profile. Likewise, no common species were restricted to the middle 
reaches. Some species were restricted to the lower half of the stream and a few 
occurred only at Site 11 on the plains. Several species traversed the entire stream 
profile, occurring at all sites or missing from only one or two sites in the middle 
reaches. Other species occurred at all sites except the plains. Yet others occurred 
at all except the highest elevation site(s).

Two congeneric Diamesinae exhibited distinct non-overlapping distributions 
along the longitudinal profile of St. Vrain Creek. Pagastia partica, most abundant 
at Site 1, occurred from the stream source to Site 5; Pagastia cf. sequax occurred 
from Site 6 to the plains. In most other cases, however, congeneric species of 
chironomids occurred sympatrically at one or more sites. Orthocladius (Euortho- 
cladius) sp. 2 and sp. 3 were both abundant at many of the same locations.

E lgm o rk  &  Sa eth er  (1970), who conducted a mid-summer study of a glacier- 
fed stream near St. Vrain Creek, gave special attention to the chironomid fauna. 
The stream they studied originates at a higher elevation (3800 m a.s.l.) than 
St. Vrain Creek and the uppermost portion corresponds to T h ienem a n n ’s (1954) 
“ Gletscherbach” (glacier brook), a distinctive biotope with a distinctive chironomid 
fauna (K ownacka &  K ownacki 1975), designated the Kryal Zone by Steffan  
(1971). The headwaters of St. Vrain Creek are epirhithral rather than kryal, how
ever, lacking the distinctive kryon biocoenosis present at slightly higher elevations*

Other investigators have found distinctive patterns in the distribution of 
chironomids along the courses of mountain streams (K ownacka &  K ownacki 
1972, L aville  1981). L aville  was able to identify species associations correspond
ing to crenon, epi-, meta-T and hyporhithron zones. The distribution of 
chironomids in St. Vrain Creek is less well defined. Abundant species, with some 
exceptions, tend to be widely distributed along the elevation gradient, rather than 
exhibiting zonal patterns. With the exception of Pagastia partica, the species able 
to develop high abundances in the harsh conditions of the alpine stream are those 
that occupy the entire or nearly entire stream profile. The general trend, therefore, 
is the addition of species downstream, without the loss of those present at higher 
elevations.

Simuliids occurred along the entire stream profile. They were most abundant 
at lower alpine-upper montane sites and at the plains location. Seven species of 
black flies in two genera were identified. Simulium first appeared in small numbers 
at Site 5 and generally increased in abundance with increasing distance downstream 
to attain density and biomass maxima at Site 11. Members of the genus Prosimulium 
occurred at all locations except Site 11. They were extremely rare in the lower foot
hills, abundant in the upper half of St. Vrain Creek, with maxima at Site 3 where 
P. onychodactylum mean density exceeded 500 individuals per square meter 
(Fig. 18). P. travisi occurred only at Site 1; S. virgatum was found only at Site 11.
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F ig . 18. A b u n d an ce  pattern s o f  the species o f  S im uliidae (Simulium and Prosimulium) alon g 
tne lon g itu d in al pro file  o f  the St. V rain  R iver. V erti& l scale indicates m ean num ber o f

organ ism s per m 2.

Temperaturel&current, and food are important factors in determining the 
distribution and abundance of black flies. In the River Endrick, Scotland, M a it
land  8c Penney  (1967) identified an upland stream association of simuliids 
comprised of cold stenotherms, and a riverine association thought to be favored by 
the richer conditions of the lower reaches. The distribution of black flies along the 
course of a French mountain river was attributed to the combined influence of 
temperature and current velocity (G ag neu r  1976). W illiam s 8c H ynes (1971) 
reported a pronounced zonation of black flies in African mountain streams with 
nearly all species exhibiting rather restricted altitudinal limits. The restriction of 
species to particular altitudinal bands they attributed largely to temperature, rather 
than current or stream size, because species exhibited upward range extensions 
in the shorter and therefore warmer streams.

I l Archiv f. Hydrobiologie, Suppl.-Bd. 74



166 J ames V. Ward

Tipulids occurred along the entire stream profile, but were poorly represented 
at the upper five sites. There is a downstream increase in the number of species, 
from a single species at each of the upper three sites to six species at the plains 
location. Abundance also exhibited a general downstream increase with tipulids 
comprising the majority of the total dipteran biomass at the lower four sites, 
attaining a mean value of 641 mg dry weight per square meter at the plains location.

Twelve species were identified during the study, none of which was found at all 
sites, although Dicranota sp., the only tipulid in the tundra stream, also occurred 
at Site 11 on the plains and at most of the intervening sites. The largest species, 
Tipula sp. 1 (prob. T. commiscibilis), was collected only from Site 11 on the plains. 
Most species were restricted to the lower half of the longitudinal profile. All 
common species except Tipula sp. 2 occurred at foothills sites, but not all of these 
extended their distribution to the plains.

Only one or two species were identified from each of the remaining dipteran 
families found in St. Vrain Creek. The snipe fly family Athericidae is represented 
by a single species, Atherix pachypus. A.pachypus was abundant at lower foothills 
sites, but did not occur in any other limnological zone.

The net-winged midges or Blephariceridae are restricted to the middle reaches 
of St. Vrain Creek, where the family contributed up to one-third of the dipteran 
biomass (Table 5). The most abundant species, Agathon elegantula, was sympatric 
with the rarer species, Bibiocephala grandis, at Sites 6, 7, and 8.

The Deuterophlebiidae or mountain midges are represented by a single species, 
Denterophlebia coloradensis, in Colorado. A few specimens were collected from 
foothills sites. Larvae, which frequent the upper surfaces of submerged boulders and 
bedrock (Ward 1975), are most certainly underrepresented by the sampling method 
used in the present study.

Ceratopogonids occurred at all sites except those of the alpine zone, but were 
never abundant. All individuals appear to be a single species within the Palpomyia/ 
Bezzia complex.

Dixid midges were only rarely encountered in samples from St. Vrain Creek. 
Larvae of lotic species of Dixa are most likely madicolous, occurring in the splash 
zone, and should probably be considered accidentals given the sampling methods 
of the present study.

Two genera of Empididae or dance flies were encountered. Clinocera occurred 
at all sites and was abundant at some locations. Chelifera, with the exception of 
one individual collected at Site 4, was restricted to the lower six sites.

The psychodid Pericoma sp. occurred sporadically from lower alpine to the 
lower foothills sites. Maximum abundance was attained at Sites 7 and 8.

P l e c o p t e r a .  Stonefly abundance remained relatively constant from the 
headwaters to the foothills of St. Vrain Creek, whereupon values declined to very 
low levels at the plains site (Figs. 16 and 17). Plecoptera diversity exhibited a 
different pattern, with maximum species richness in the middle reaches (Fig. 19).
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E-EPHEMEROPTERA C-COLEOPTERA
T -  TRICHOPTERA P-PLECOPTERA

F ig . 19. T h e lon gitud in al pattern  o f  species richness fo r  the fo u r m o st diverse non -dipteran
insect o rd ers.

Thirty-one species of Plecoptera were identified from the nymphal material 
collected during the study. Ward (1982) provided a list of the stonefly species 
found in St. Vrain Creek and their altitudinal limits,. based, on a partial data set 
(coarse mesh samples only). No additional species were identified from the 387 fine 
mesh samples (Cultus aestivalis was erroneously designated C. pilatus)y but there 
were a few changes in species’ distributions. Data from the additional samples filled 
gaps in the recorded distributions of some species and resulted in range extensions 
for some others (Appendix B is based on the entire data set). Presumed species’ 
distributions have been constricted in a few instances because the additional samples 
failed to yield nymphs of species listed at a site because aerial adults were collected 
there. For example, because adults were collected from Site 10, Isoperla quinque- 
punctata was assumed to be a foothills species with marginal populations extending 
to the plains. The additional samples, however, failed to yield nymphal material 
from any but the plains site. I. quinquepunctata, which also occurs in cold spring- 
brooks (Ward &  D uffo rd  1979) and in the summer cool tailwaters below deep- 
release dams (Ward  1976a), is apparently restricted to the plains site by factors 
other than temperature.

No species of Plecoptera was restricted to sites in the alpine zone. The 
chloroperlid Sweltsa borealis, which occurred only at Sites 1—5, is the only head
water species among the Plecoptera. The other stoneflies collected from Site 1 
(Megarcys signata and Zapada oregonensis) are euryzonal species found in all 
limnological zones except the plains.
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Site 10 marks the lower distributional limits of a number of stoneflies. Some 
of these traverse all or nearly all of the stream course except the plains. Others 
are foothills species, found at Site 10 and usually one or two other foothills sites. 
A very few nymphs of some foothills species occur as accidentals at the plains 
location. Triznaka signata, however, is relatively abundant at and restricted to the 
lowermost foothills (Site 10) and plains (Site 11) locations.

A number of stoneflies, including some common species, are restricted to the 
middle reaches of St.Vrain Creek. Taenionema nigripenne, for example, was found 
only at Sites 6—8.

In summary, excluding rare species, the Plecoptera fauna is comprised of 
6 euryzonal mountain species, 1 headwater species, 1 plains species, 2 foothills 
species, 4 middle reach species, 3 lower montane/foothills species, and 1 species that 
is common at both a mountain stream location (Site 10) and the plains (Table 7).

T able 7. D istrib u tio n  o f  the P lecop tera , exclu d in g  rare species, o f  S t .V rain  C re e k , C o lo ra d o .

E u ry  zon al m oun tain  species
Megarcys signata, Zapada oregonensis, Sweltsa coloradensis, Capnia confusa, Eucapnopsis 

brevicauda, Suwallia pallidula

H ead w ater  species 
Sweltsa borealis

Plains species
Isoperla quinquepunctata

F o o th ills species
Pteronarcella badia, Claassenia sabulosa 

M id d le reach  species
Zapada cinctipes, Taenionema nigripenne, Capnia sp ., Paraleuctra occidentalis

L o w e r  M on tan e /  fo o th ills species
Prostoia besametsa, Isoperla fulva, Malenka californica

F o o th ills /  p lain s species 
Triznaka signata

The distribution of Plecoptera in the Tatra and Carpathian Mountains 
(K a m ler  1967) exhibits several common features with the results of the present 
study. Neither study found stoneflies that were confined to the highest elevations; 
rather, those occurring at the uppermost sites tended to be species that traversed 
a large vertical range|^n addition, the altitudinal pattern of Plecoptera diversity 
is similar to that of St. Vrain Creek, with high numbers of species in middle 
reaches, but few species at upper or lower sites. The species richness of Plecoptera 
determined by K n ig h t  &  G a ufin  (1966) for sites in the foothills and montane 
limnological zones of a Rocky Mountain drainage is also comparable to the pattern
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exhibited by the Plecoptera fauna of St. Vrain Creek, although there were major 
differences in the altitudinal distributions of several species common to both streams. 
Several investigators have stressed the primary importance of temperature in deter
mining the altitudinal distribution of Plecoptera (D odds &  H isaw 1925, B rin ck  
1949, K a m ler  1965, K n ig h t  &  G a ufin  1966, Ravizza &  R avizza D ematteis 
1978). Whereas K n ig h t  & G a ufin  (1966) consider temperature the major factor 
structuring the altitudinal distribution patterns of Plecoptera, they postulate, as 
does L illeh a m m er  (1974), that limited food resources at high elevations partly 
contribute to the low diversity of Plecoptera in the headwaters of high mountain 
streams.

T r i c h o p t e r a .  Caddisflies exhibited three progressively larger abundance 
peaks along the course of St. Vrain Creek (Figs. 16 and 17). A single species of 
limnephilid, Allomyia tripunctata(?), accounted for virtually the entire trichopteran 
standing crop at Site 1. Rhyacophila spp. and the limnephilid Neothremma alicia 
attained maxima at Sites 6 and 7 and are responsible for the abundance peak of the 
middle reaches. Lepidostoma sp., Brachycentrus americanus, Hydropsyche oslari, 
and Glossosoma parvulum attained maxima at Site 10, leading to the peak that 
culminated at Site 11 where the plains species, Cheumatopsyche pettiti, Hydropsyche 
occidentalis, Nectopsyche stigmatica, and Helicopsyche borealis developed extremely 
large density and biomass values. The altitudinal abundance patterns of some 
numerically dominant species and species complexes are shown in Figure 20.

Trichoptera species richness was low at alpine sites, increased markedly from 
Site 3 to Site 4, and stayed at about the same level over the remainder of the stream 
course (Fig. 19). Thirty-three species of caddisflies were identified. The species list 
and altitudinal limits reported by Ward  (1981) from a partial data set (coarse mesh, 
year 1 only) require some emendation. Most changes involve vertical range 
extensions or filling gaps in distribution patterns. Site occurrences based on the 
presence of aerial adults were deleted if the entire data set failed to produce identifi
able larvae of the species at that location. The limnephilid designated Hesperophylax 
oreades(}) based on E lgm o rk  & Sa eth er  (1970) is apparently Psychoronia costalis 
(Wig g in s  1977: 282). Specific identification of Hydropsyche larvae, formerly 
designated only at the generic level, clarified the distribution pattern of this 
important genus.

Three species of limnephilids comprised the entire trichopteran fauna at Site 1 
(Appendix B). Unlike the plecopteran fauna of Site 1, which was comprised of 
euryzonal species at their upper altitudinal limits, the trichopterans were restricted 
to headwater sites. Allomyia tripunctata{?), by far the most abundant macro
invertebrate at Site 1, is truly a tundra stream species. Allomyia attains maximum 
density at the uppermost site and dramatically declines in abundance with increasing 
distance from the glacier-fed source (Fig. 20).

Several caddisflies, including some extremely abundant species, occurred only 
at the plains site. Cheumatopsyche pettiti and Helicopsyche borealis each had mean
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F ig . 20 . A b u n d an ce  pattern s o f  som e num erically  dom in an t trich opteran  species and species 
com plexes. V ertical scale indicates m ean num ber o f  o rgan ism s per m .

density values exceeding 1000 individuals per m2, and neither species occurred at 
any mountain stream sites. Three species of Nectopsyche (one rare, one common, 
and one abundant) occurred sympatrically in the plains stream and all were collected 
only from that location.

With the exception of Arctopsyche grandis which extended upwards nearly 
to the alpine zone, members of the family Hydropsychidae were restricted to the 
lower foothills and plains. The five species of hydropsychids in St. Vrain Creek 
exhibited distributional patterns in general concordance with the longitudinal 
sequence reported by A lstad  (1980) for the Provo River, Utah.

Seven species of Rhyacophila larvae were identified. All seven species co
occurred on the same riffles at Sites 4 and 5. However, each of the four abundant 
species, while occurring sympatrically at montane and upper foothills locations, 
attained density maxima at different sites (Fig. 21). The lower and upper distribu-
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SAMPLING SITES

F ig . 21. T h e relative abundan ce d istribu tion s o f  the fo u r  m o st abun dan t species o f  Rbyacophila 
(T rich optera). N u m b e rs in parentheses indicate m ean num ber o f  organ ism s per m 2 at the site 

o f  m axim um  abun dan ce fo r  that species.

tional limits of all seven species were at considerably higher elevations than in the 
Salmon River drainage (Sm ith  1968), approximately six degrees of latitude farther 
north.

In summary, the altitudinal distribution pattern of the Trichoptera is more 
clearly defined than that of either the Chironomidae or the Plecoptera. The 
caddisfly fauna contains distinct headwater and plains elements, species restricted to 
the middle reaches, to montane sites, and to the foothills. Eury zonality is less well 
developed than in the chironomids or stoneflies. No species of caddisflies traversed 
the entire stream profile, although a few occurred at seven of the eleven sites. A 
marked faunal transition is apparent between the lower foothills and the plains. 
Eight species occurred only in the plains stream; Site 10 in the lower foothills 
marked the downstream distributional limit of several caddisflies.

Variations in the temperature regime as a function of altitude have been 
ascribed a major role in the zonation of Trichoptera (D ecamps 1967, M ecom  
1972). D ecamps stresses the primary importance of the temperature range in 
determining Trichoptera distribution in running waters. Factors other than temper
ature that are major determinants of lotic caddisfly distribution patterns include 
food resources, chemical factors, current, and substratum (Mackay &  W ig gin s 

1979).
E p h e m e r o p t e r a .  Mayfly abundance increased gradually throughout the 

alpine zone, remained at similar levels at all montane sites, attained maximum values 
at Site 8 in the middle foothills, thereafter declining to levels approximating those 
of montane sites (Figs. 16 and 17). Species from three families made major contribu
tions to the abundance peak in the middle foothills: Baetis tricaudatus (Baetidae), 

t
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Epeorus longimanus and Rhithrogena hageni (Heptageniidae), and Drunella doddsi 
and D. grandis (Ephemerellidae).

Ephemeroptera species richness exhibited a more or less continuous increase 
along the entire stream profile (Fig. 19), a pattern not unlike that reported by 
K a m ler  (1967) for the mayfly faunas of Tatra and Carpathian mountain streams. 
Although a few species that were abundant at upper sites had lower limits in the 
foothills, the general pattern is the addition of species downstream without loss 
of those present at higher elevations. Twenty-eight species of mayflies were 
identified. The species distributions reported by Ward  & B ern er  (1980) from a 
partial data set (coarse mesh, year 1 only) require changes, including some of a 
nomenclatorial nature. Former ephemerellid subgenera have been elevated to genera 
by A llen  (1980) and this is reflected in Appendix B. Baetis intermedins has been 
suppressed and placed in synonomy with B. tricaudatus, considerably extending 
the altitudinal range of this species. B. parvus has been suppressed and is now 
B. hageni. The species designated Ameletus velox(7) is actually A. sparsatus. The 
few other changes involve usually minor range extensions resulting from the 
additional data.

The Ephemeroptera fauna of St. Vrain Creek exhibits a longitudinal pattern 
differing from both Plecoptera or Trichoptera, although sharing some features with 
both groups. No mayflies were restricted to the headwaters; those that occurred 
at Site 1 are euryzonal species. Euryzonality was well developed among the mayfly 
fauna; seven species occurred at seven or more of the eleven sites. A diverse and 
distinctive assemblage of Ephemeroptera occurred in the plains stream. Nine species 
of mayflies were collected only from this location. Tricorytbodes minutus was the 
most abundant of the plains mayflies. T. minutus finds favorable conditions in beds 
of aquatic angiosperms, which are frequently associated with warmer reaches of 
streams. However, T. minutus is a eury thermal mayfly that also occurs in cool 
lotic habitats containing higher aquatic plants (Ward 1974). Three species of 
Heptagenia, a warm-adapted genus from a largely cool-adapted family (Hepta
geniidae) occurred sympatrically at Site 11 and did not occur at mountain stream 
sites. However, the most abundant mayfly of the plains stream is Baetis tricaudatus, 
a species that extended to Site 4 in the upper montane zone.

One species, Rhithrogena robusta, might be considered as restricted to middle 
reaches; however, R. robusta could also be described as a euryzonal species since 
it occurred from Sites 3—8. Several mayflies occurred only at sites in the lower 
half of St. Vrain Creek. Some of these also occurred in the plains stream, but for 
others, Site 10 marked the lower distributional limit. Two abundant species, both 
ephemerellids (Drunella grandis, Serratella tibialis), occurred only in the foothills 
(1 D.grandis nymph was collected from Site 11). Figure 22 compares the distribu
tion and abundance of some congeneric and confamilial species of mayflies. 
Members of the genera Drunella, Ephemerella (sensu stricto), Attenella, and Serra-
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SAMPLING SITES

F ig . 22 . A b u n d an ce  pattern s o f  som e congeneric and confam ilial species o f  E ph em eroptera . 
V ertical scale indicates m ean n um ber o f  o rgan ism s per m 2.

tella are closely related and were until recently all placed in the genus Ephemerella 
(sensu lato).

Several investigators have identified temperature as a primary, if not the 
primary, factor limiting the distribution of Ephemeroptera (D odds &  H isaw 1925, 
Ide  1935, K am ler  1965, B rodsky  1980, Vannote  &  Sw eeney 1980). Many of the 
mayflies of St. Vrain Creek are euryzonal; however, species occurring over a wide 
range of elevation do not necessarily encounter a proportionately wide temperature 
range. For example, Epeorus deceptivus traversed a 1524 vertical meter elevation 
gradient, yet was exposed to an annual temperature range of only 0—14.5°C at 
the warmest site.

C o l e ó p t e r a .  The diversity (Fig. 19) and abundance (Figs. 16 and 17) of 
coleopterans gradually increased downstream along the course of St. Vrain Creek.
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The beetle fauna is comprised almost entirely of Elminthidae and Dryopidae. A 
very few individuals from other families were collected but only at foothills and 
plains sites. Beetles were absent from the tundra stream segment, but the elminthid 
Heterlimnius corpulentus, typically the only species in high elevation streams 
(B rown &  Wh ite  1978) extended to Site 2 in the alpine zone (Fig. 23). Other

HELICHUS STRIATUS

F ig . 23 . A b u n d an ce  pattern s o f  d ry o p o id  co leop teran s. V ertical scale indicates m ean num ber 
o f  o rgan ism s (adults and nym ph s) p er m 2.

species occurred only in the lower half of St. Vrain Creek. No common beetles were 
restricted to the plains stream, although three species attained maximum popula
tions at the lowermost site.

A few researchers have conducted detailed examinations of the longitudinal 
zonation of lotic coleopterans (Berthelem y  1966, B erthelem y  &  L aur  1975, 
W illia m s &  H ynes 1971, Seagle  &  H en dricks 1982). Temperature appears to 
be an important factor determining zonation patterns in streams traversing extensive 
elevation gradients. Seagle  &  H en dricks (1982) suggest that downstream changes 
in food resources also play a role in the distribution of riffle beetles. They found 
the most diverse beetle assemblages in streams with well-buffered water and high 
levels of dissolved ions.

O d o n a t a .  Dragonflies and damselflies were not collected from any of the 
mountain stream sites. Three species, the anisopteran Ophiogomphus sever us and



A ltitu din al zon ation  in a R o c k y  M ou n tain  stream 175

the zygopterans Argia vivida and Ishnura sp., occurred in the plains segment, but 
none of these were abundant.

L e p i d o p t e r a .  The aquatic moth Petrophila longipennis was restricted to 
the plains stream segment. As the generic name implies, P. longipennis is a rock
dwelling form. Larvae reside under a silk canopy which they typically spin over a 
slight depression in the surface of a rock. They feed on epilithic algae. First instar 
larvae lacked gills, whereas mature larvae possessed over 400 gills.

H y d r a c h n e l l a e .  The water mites collectively traversed the entire long
itudinal profile of St. Vrain Creek, but were abundant only in the headwaters 
(Figs. 16 and 17). Lebertia sp. occurred from tundra to the plains. Three species of 
Sperchon exhibited overlapping though distinctive distributions: species A was 
restricted to the upper half of the stream course; species C occurred in the lower 
half; and species B extended from the tundra stream to Site 10 in the lower foothills. 
The number of species did not vary greatly as a function of altitude but was highest 
in the lower montane zone where the faunas from high and low altitudes overlap, 
a pattern also noted by Y o u n g  (1959). Y o u n g  conducted an extensive survey of 
the water mites of lentic and lotic habitats in north central Colorado, including 
the region and altitudinal gradient encompassed by the present study. He related 
altitudinal distribution patterns of stream species to changes in temperature and 
water chemistry. Distinct altitudinal zonation of water mites has also been reported 
for the European stream fauna (Schw oerbel 1964, V iets 1966).

In addition to the water mites, a single individual from the family Trombi- 
diidae was collected from the plains site. This specimen apparently represents an 
undescribed genus near Podothrombium (W.C. We lb o u r n , Acarology Laboratory, 
Ohio State University, pers. comm.).

O l i g o c h a e t a .  Nine species of oligochaetes from five families were iden
tified from collections taken on rubble riffles (Appendix B). Oligochaetes exhibited 
abundance peaks at lower alpine/upper montane sites and in the lower reaches (Figs. 
16 and 17). The tubificid Limnodrilus hoffmeisteri developed large populations at 
Sites 3 and 4 and was responsible for the high altitude maxima in density and 
biomass. L. hoffmeisteri was also a predominant species on stony substratum in 
the mountain region of a Danube tributary (Brezeanu  et al. 1974). The abundance 
peak in the lower reaches resulted largely from the density maximum of Lumbri- 
culus variegata at Site 10 and the biomass contributed by the large megadril 
Eiseniella tetraedra at Site 11. L. hoffmeisteri and the naidid Nais simplex, the only 
oligochaetes at headwater sites, occurred from tundra to the plains. Tubifex tubifex 
was found only at the plains site. The amphibious E. tetraedra, which occurred 
sporadically from upper montane sites to the plains, resides in mud banks along 
water courses and colonizes stream riffles under certain conditions (Ward 1976 b).

Wachs (1967)* who investigated the distribution of oligochaetes along the 
courses of the Fulda and Isar Rivers, concluded that water chemistry exerted little 
direct effect on the fauna, whereas substratum type and composition played major
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roles. L earner  et al. (1978), who reviewed the biology of British Naididae, present 
a generalized longitudinal distribution for lotic species, which they feel is largely 
determined by current, substratum, vegetation, and temperature.

T r i c l a d i d a .  The two species of planarians occurring in St. Vrain Creek 
exhibited remarkably distinctive distributions. Poly cells coronata occurred at 
all mountain stream sites, whereas Dugesia dorotocephala was restricted to the 
plains stream. Not a single specimen of Dugesia was ever encountered in samples 
from mountain sites, nor was Poly cells ever found in the plains stream. P. coronata 
was the only species found by K en k  (1952) in a brief survey of the triclad fauna of 
mountain streams and lakes of this region.

European planarians exhibit distinct altitudinal zonation patterns that are 
determined by temperature (reviewed by Pattee et al. 1973), but such definitive 
data are generally unavailable for the North American fauna. Polycelis coronata 
is restricted to cold springs at low elevations (Ward et al. 1986), as is Crenobia 
alpina, the European species that extends to the highest elevations.

H i r u d i n e a .  A single species of leech, Erpobdella punctata, was identified 
during the study. According to H errm ann  (1970), E.punctata is the most abundant 
and widely distributed of the leeches found in lotic habitats in Colorado. Although 
he has records as high as 2500 m, in St. Vrain Creek E. punctata was restricted 
to the plains stream. H errm ann  (1970) found that low temperatures and high 
current velocities prevent most leeches from colonizing mountain streams.

C r u s t a c e a .  Two amphipods and an isopod were identified, all of which 
were restricted to the plains stream (Appendix B). Amphipods occur in high 
mountain lakes, plains reservoirs, cold springs and regulated mountain streams in 
Colorado (Pennak  &  R o sine  1976, Ward  1974, Ward &  D uffo rd  1979). They 
are, however, typically absent from high gradient mountain streams, apparently 
because they are not well adapted to resist strong currents. Only in habitats with 
relatively constant flow regimes such as springbrooks and streams below storage 
reservoirs, or where aquatic plants provide refuge from the current during spates 
and floods, are amphipods able to maintain populations in running waters of this 
region. Isopods are poorly represented in the Rocky Mountains and little is known 
regarding their ecological requirements.

M o l l u s c  a. With the exception of fingernail clams (Sphaeriidae), molluscs 
are poorly represented in Colorado waters (Ward et al. 1986). A very few species 
of unionid mussels have been reported from some plains rivers and reservoirs 
(Brandauer  & Wu 1978), but none occur even in the plains segment of St. Vrain 
Creek. A single species of sphaeriid clam, Pisidium nitidium, occurred sporadically 
in low numbers along the course of St. Vrain Creek. Populations of Pisidium are 
best developed in lakes or in the silted microhabitats of streams (Wu 1978). The 
gastropods of St. Vrain Creek were represented by a single species of Physa that 
was common in the plains stream and was restricted to that location. The soft water 
and torrential nature of mountain stream sites is inimical to snails, whereas the
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harder water and development of angiosperms at Site 11 provide more suitable 
conditions.

6. Synthesis

A variety of interrelated factors may account for downstream changes in the 
composition, diversity, and abundance of lotic zoobenthos along stream courses. 
In this final section, an attempt is made to place the major findings of the study 
in perspective by examining generalized faunal patterns and factors that may 
contribute to longitudinal changes in the macroinvertebrates of the St. Vrain River.

---------DOWNSTREAM-----—>

F ig . 24 . Id ealized  altitudinal pattern s o f  species richness and abun dan ce fo r  to tal zo o b en th o s .

The idealized downstream abundance pattern for total zoobenthos (Fig. 24) 
exhibits low values at the upper five sites, increases in the upper montane zone, 
plateaus in the lower montane and foothills, and markedly increases from Site 10 
in the lower foothills to Site 11 on the plains. The idealized pattern of species 
richness for total zoobenthos exhibits a sigmoid form with low values in the head
waters, a marked increase in the mid-reaches, and an asymptote over the lower 
reaches.

Figure 25 shows the generalized forms of species richness curves exhibited by 
the major fauna components. With the exception of pattern 7, all groups shown 
occur at low diversity levels at high elevation sites. Pattern 7 is exemplified by 
groups such as lepidopterans, odonates, amphipods, isopods, leeches, and gastro
pods that are not found at mountain stream sites, occurring solely in the plains 
stream. Idealized pattern 5 is for mites and planarians, which maintain low levels 
of diversity along the entire stream profile. Most faunal groups, however, exhibit



178 J ames V. Ward

F ig . 25 . Id ealized  ty p es o f  species richness curves exhib ited  b y  the various faun al co m po n en ts
(see text fo r  d etails).

major downstream increases in species richness. Some of these begin increasing 
immediately, whereas others remain at low levels over several headwater sites. 
Patterns 4 (Ephemeroptera), 1 (Diptera), and 6 (Coleóptera) show progressively 
greater lag phases before the commencement of diversity increases. Rapid down
stream increases in diversity, however, do not occur before the transition from the 
alpine to montane zones for any groups. Only plecopterans (pattern 2) exhibit 
declining diversity levels. Trichopterans (pattern 3) attain maximum species richness 
in the upper montane zone, then maintain similar levels over the entire remaining 
stream profile.

Zoobenthic species exhibit four major altitudinal distribution patterns (Table 8). 
Euryzonal species are those that occurred in the plains stream and traversed a large 
elevation gradient at mountain stream sites. This should not be confused with 
euryzonal mountain species (IID in Table 8) which traverse a large elevation 
gradient, but do not occur in the plains stream.'Species of the lower reaches occur 
only at the plains and lower foothills sites. Plains species are those restricted to 
Site 11. Species were placed in the highest of the four abundance categories in 
Table 8 for which they achieved the prescribed density levels (based on grand means) 
at one or more sites. More than one-third of the species in the highest abundance 
category were restricted to the plains stream. Most of the remaining “very 
abundant^ species were either euryzonal (type I) or mountain euryzonal (type IID). 
A few of them were restricted to the headwaters or mid-reaches, but none occurred 
solely in the lower reaches or foothills.
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T ab le 8. T h e d istribu tion  o f  to tal zo o b en th o s accord in g  to  the percentage o f  taxa (p rim arily  
species) co n trib u tin g  to  each altitudinal pattern  w ith in  each abundan ce category  (see text fo r

furth er in form ation ).

A ltitu din al Patterns
%  o f  T axa b y  A b u n d an ce C a te g o ry 8

V A c R A ll T axa

I. E u ry zo n a l 18.2 40 .0 32.4 11.0 22 .5
II . M oun tain 45 .5 43 .4 45 .6 54 .0 49 .2

A . H ead w aters (9 .1) (0 .0) (5 .9 ) (7 .0) (5 .7 )
B . M id-reaches (9-1) (6 .7 ) (8 .8 ) (17 .0 ) (12 .4)
C . .  F o o th ills (0 .0 ) (6 .7 ) (7 .4) (17 .0 ) (11 .5 )
D . E u ry zo n a l (M ts.) (27 .3 ) (30 .0) (23 .5 ) (13 .0 ) (19 .6)

II I . L o w e r  Reaches 0 .0 10.0 5 .9 9 .0 7 .7
IV . Plains 36 .4 6 .7 16.2 26 .0 20 .6

a V  (very  abundan t) 5 0 0 +  o rg  m  %àA (abundant) 1 0 0 - 4 9 9  o rg  m '2; C  (com m on ) 1 0 - 9 9  
o rg  m  2|*R  (rare) < 1 0  o rg  m ~ i

Faunal overlap between sites (Fig.26) was measured using Wh itta ker ’s (1975) 
index of percentage similarity (Ps). The highest Ps values occur between adjacent 
sites, as expected. However, whereas Site 10 exhibits a 58.4% similarity with 
Site 9, a Ps value of only 17.8% is obtained when Site 10 is compared with Site 11.
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Table 9 lists the numerically dominant and subdominant species for each site. 
In addition, species are shown that, while less abundant, are nonetheless character
istic of a given site or stream segment. The triclad Polycelis coronata is the only 
non-insect abundant enough to attain dominant or subdominant status, although 
several non-insects are distinctive components of the fauna of the plains stream. 
A few of the numerical dominants and subdominants are also characteristic of a 
particular stream segment. The limnephilid caddisfly, Allomyia tripunctata, is both 
a numerical dominant at Site 1 and a distinctive headwater species. All three 
dominant or subdominant species of Site 11 are also characteristic plains species, 
being restricted to that location. Most numerical dominants and subdominants, 
however, occupy a wide elevation range rather than being characteristic faunal 
components of a given stream reach. Some of the less abundant species, though 
not rare ones, are useful in identifying specific faunal assemblages or associations 
typical of a particular set of conditions. For example, the stoneflies Claassenia 
sabulosa and Pteronarcella badia, the mayfly Drunella grandis, and the dipteran 
Atherix pachypus typify conditions in the lower foothills. All of these species are 
reasonably abundant at and are largely restricted to Sites 9 and 10.

What environmental variables are responsible for the longitudinal faunal 
patterns in the St. Vrain River? The stream maintains a rocky substratum and is 
well oxygenated throughout its length. Sampling was confined to rubble riffles, the 
predominant bottom type, thus minimizing between-site differences in substratum 
and current. Some factors either did not vary (pH), or at least remained at low 
levels (bound C 0 2, TDS) at all mountain stream sites, but exhibited dramatic 
increases from Site 10 in the lower foothills to Site 11 on the plains. Even temper
ature, which progressively increased downstream, exhibited the most marked 
change from foothills to plains. There is also a marked faunal discontinuity that 
occurs from the lower foothills to the plains. Many species, some of them extremely 
abundant, are restricted to the plains stream; Site 10 in the lower foothills marks 
the downstream limit of many other species.

It appears that temperature, food resources, aquatic plants, and possibly biotic 
interactions, are largely responsible for structuring downstream faunal patterns in 
the St. Vrain River. Each of these factors will be discussed in turn.

Temperature plays a major role in the distribution and abundance of lotic 
zoobenthos (H ynes 1970, Ward  &  Stanford  1982, M in sh a ll  et al. 1985, Ward 
1985) and becomes especially important in stream systems such as the St. Vrain 
that traverse an extensive elevation gradient. Only the most cold-adapted species 
are able to establish populations in the headwaters of St. Vrain Creek, which remains 
ice-covered for 7+ months per year and where maximum summer temperatures 
do not exceed 6°C. As annual degree days and the temperature range increase down
stream, additional species find conditions suitable. The annual temperature range 
increased markedly from Site 10 (0—16°C) to Site 11 (0—25°C), resulting in a sharp 
transition from rhithron to potamon thermal conditions (sensu Illies  &  B o to -



A ltitu din al zon ation  in a R o c k y  M ou n tain  stream 181

T ab le  9. N u m e rica l d om in an ts and su b d om in an ts, and oth er distinctive co m po n en ts o f  the 
zo o b en th o s a lon g  the co u rse  o f  S t.V ra in  C re e k , C o lo ra d o .

Site N u m e rica l D om in an ts N u m erica l
Sub do m in an ts

O th er D istin ctive 
F au n al C o m p o n en ts

1 Allomyia tripunctata Orthocladius sp .3  
Zapada oregonensis

Prosimulium travisi 
Pagastia partica

2 Zapada oregonensis Cinygmula sp .
Par orthocladius sp .

Allomyia tripunctata

3 Cinygmula sp .
Prosimulium onychodactylum

Zapada oregonensis

4 Cinygmula sp . Zapada oregonensis Sweltsa borealis 
Rhyacophila spp .

5 Cinygmula sp . 
Neothremma alida

Baetis hicaudatus Sweltsa borealis 
Rhyacophila spp . 
A gath on  elegantula

6 Neothremma alida Rhyacophila angelita Agathon elegantula 
Taenionema nigripenne

7 Neothremma alida Polycelis coronata 
Rhithrogena hageni

Taenionema nigripenne

8 Baetis tricaudatus 
Rhithrogena hageni

Polycelis coronata

9 Baetis tricaudatus 
Hydropsyche oslari

Brunella doddsi Claassenia sabulosa 
Drunella grandis 
Pteronarcella badia 
Atherix pachypus

10 Lepidostoma sp . Baetis tricaudatus Claassenia sabulosa
Hydropsyche oslari Glossosoma parvulum Drunella grandis 

Pteronarcella badia 
Atherix pachypus 
Brachycentrus americanus 
Triznaka signata 
Hydropsyche cockerelli

11 Cheumatopsyche peniti Hydropsyche Dugesia dorotocephala
Helicopsyche horealis ocddentalis Tricorythodes minutus 

Baetis insigmficans 
Heptagenia sp p .
Isoperla quinquepunctata 
Nectopsyche s p p . 
Petrophila longipennis 
Simulium virgatum 
Típula s p .2  
Physa sp .
Hyallela azteca 
Crangonyx gracilis 
Asellus communis

12 Archiv f. Hydrobiologie, Suppl.-Bd. 74
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saneanu  1963) corresponding to the distinct faunal discontinuity that is apparent 
from the lower foothills to the plains.

Thermal conditions in the plains stream eliminate most plecopterans and the 
cool-adapted species from other groups, while providing a suitable temperature 
regime for a diverse warm-adapted fauna. Helicopsyche borealis, for example, a 
numerical dominant in the plains stream, is a Nearctic representative of a tropical 
genus (Willia m s et al. 1983). In the St. Vrain River this caddisfly occurs only at 
the lowermost site, but a large population has also been located in a warm (25 °C) 
high elevation (3109 m) spring in the Colorado Rockies (Wa rd , unpubl.).

Aquatic vegetation also exhibits a marked transition from foothills to plains. 
Although bryophytes are best developed in the headwaters, they occur at all but the 
plains site. Conversely, aquatic angiosperms, absent from all mountain stream 
sites, were abundant in the plains stream. Beds of submerged angiosperms modify 
environmental conditions by increasing spatial habitat heterogeneity, providing 
current and prey refugia, serving as attachment sites for epiphytic algae, furnishing 
case-building materials, and generally altering the food base. Although qualitative 
sampling of the plant beds did not reveal additional species, the high macroinverte
brate diversity and abundance, and the restriction of certain faunal elements to 
Site 11 are attributable in part to the development of submerged angiosperms in 
the plains stream.

Autochthonous and allochthonous food resources varied along the long
itudinal profile of the St. Vrain River and are partly responsible for shaping macro
invertebrate spatial patterns. Although a complete analysis of food resources was 
not undertaken in this study, seston and the summer distribution and abundance 
of epilithic algae and sedimentary detritus were examined along the stream course. 
It is possible, however, by examining the distribution of macroinvertebrate 
functional feeding groups (M erritt  &  C umm ins 1984) to gain some insight into 
the influence of downstream changes in food resources (Fig. 27).

Collector-gatherers, species that feed on fine sedimentary detritus, were 
relatively abundant at all sites. Scrapers, species that feed on attached algae and 
associated material (periphyton), were relatively abundant except at Sites 2 and 3. 
Detritivore shredders, macroinvertebrates that feed on coarse detrital particles, 
attained maximum development at Site 2 because of the large population of a stone- 
fly shredder, but were virtually absent from the plains site. The bimodal relative 
abundance pattern of filter feeders, species that feed on particles suspended in the 
water column, largely reflects the large populations of black flies at lower alpine/ 
upper montane sites and the progressive increase in hydropsy chid caddisflies from 
the lower foothills to the plains. Other species of black flies and the caddisfly 
Brachycentrus americanus also contribute substantially to the development of filter 
feeders in the lower reaches. The contribution made by predators ranged from 6% 
to 24% at the various sites. Macrophyte herbivores, a composite of species that 
are plant piercers or that shred living plant tissue, are best developed in the head-
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F ig . 27. R elative co n trib u tion s o f  m acro in vertebrate  functional feed ing  g ro u p s (sen su  
Merritt & C ummins 1984) alon g  the co u rse  o f  the St. V rain River.

waters where bryophytes are abundant. Although macrophyte herbivores are also 
present at the plains site, it is perhaps not surprising that they are poorly represented 
there, since angiosperms are rarely utilized as a food source (when alive) by 
invertebrates of temperate streams (H ynes 1970, M in sh a ll  1978, G ray &  Ward 
1979).

The only parasites identified among the macroinvertebrates are the nymphs 
of water mites that parasitize some species of aquatic insects.

The River Continuum Concept (Vanno te  et al. 1980) predicts downstream 
shifts in the relative abundance of functional feeding groups as food resources 
change along the longitudinal profile of river systems. According to this concept, 
shredders are abundant only in the headwaters; collectors (including filter feeders 
and gatherers) are important in all reaches, but are virtually the only non- 
predaceous invertebrates in the lower reaches; grazers are best developed in middle 
reaches; and predators are purported to maintain similar relative abundances along 
the entire stream profile.

The altitudinal distribution of functional feeding groups along the St. Vrain 
River exhibits little conformance with the River Continuum Concept, which is to 
be expected since the concept was derived primarily from studies of the deciduous 
forest streams of eastern North America. The increase of filter feeders in the lower 
reaches of the study stream and the virtual absence of detritivore shredders from 
the plains site are the only features that follow the predictions of the River 
Continuum Concept.
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Biotic interactions may also contribute to the spatial distribution and abun
dance patterns of macroinvertebrates. Whereas the fish fauna of mountain stream 
segments is essentially restricted to salmonids that apparently do not play a major 
role in structuring macroinvertebrate communities (A llan  1982), a diverse assem
blage of fishes occurs in the plains stream. The plains fishes are largely invertivores 
which collectively exhibit an array of food selectivity and feeding strategies (Propst  
1982), in contrast to salmonids that feed almost exclusively on drift. Some mountain 
species of invertebrates may be unable to maintain populations at the plains site 
because of the more intense fish predation. However, those zoobenthic species that 
have evolved under such conditions have developed predator avoidance mechanisms 
such as exploiting the prey refugia provided by the angiosperm beds.

Competitive displacement may truncate the range of temperature (or other 
factors) that a species could otherwise occupy in the absence of competitors (H ynes 
1952, Pattee et al. 1973, G Islason  1982), and this may influence altitudinal 
distribution patterns along stream courses. Zonal boundaries are not normally 
determined by physical factors alone, but “ correspond to values of the environ
mental variables at which the outcome of competition changes” (H u tch in so n  
1967). However, equilibrium conditions (sensu M ac A rth u r  1960) are normally 
required for competitive displacement to occur. M in sh a ll  et al. (1985) postulate 
that temperate mountain streams alternate between equilibrium and non-equilib
rium states with a periodicity that enables biotic interactions to become significant 
factors for relatively short-lived species such as aquatic insects. The extent to which 
biotic interactions influence altitudinal distribution patterns has received very little 
attention from stream ecologists and may provide a fruitful area for future research 
endeavors.

7. Summary

A ltitu din al grad ien ts o f  ph ysicoch em ical facto rs, aqu atic  vegetation , and m acro in verte
brates w ere investigated  alon g  the co urse  (F ig . 1) o f  a pristin e R o c k y  M ou n tain  stream  

(F igs . 2^-5) from  its glacier-fed  sou rce in alpine tu n d ra (3414 m  a .s . l .)  to  the p lain s (1544 m 

a .s .l .) .  T h e  St. V rain  R iver m aintains a ro ck y  Substratum  and is w ell oxy gen ated  th rou gh ou t 
its len gth . Sam plin g  w as con fin ed  to  rub b le  riffles, the p red om in an t b o tto m  type (T ab . 2), 
to  m in im ize betw een -site d ifferences in su b stratu m  and current. A  rh ithron  character prevailed  
over n early  the entire stream  co u rse , w ith  an ab ru p t tran sition  to  p o tam o n  therm al co n d ition s 

betw een the low er foo th ills and the p lain s (F igs . 7, 8). C hem ical factors (T ab . 1) either d id 

n o t vary  (p H ) o r  rem ained at lo w  levels (e. g ., b o u n d  C 0 2, T D S )  at all m ountain  stream  
sites, bu t d ram atically  increased  fro m  fo o th ills to  p lain s (F ig . 6), Coincident w ith  the tran sition  

from  in so lub le  crystalline b e d ro ck  to  h igh ly  so lu b le  sedim en tary  strata. F in e particu late 
organ ic m atter (F P O M , 0 .0 5 —1 m m )c o m p r ise d  the m ajority  o f  the benthic d etritu s at all 

sites a lon g  the lon g itu d in al p ro file  d u rin g  su m m er (T ab . 3). T h e  pred om in an ce o f  F P O M  
w as especially  p ron ou n ced  at the tu n d ra site.

A q u atic  an g io sperm s w ere restricted  to  the p lain s lo catio n ; m o sse s and liverw orts 

occu rred  at all sites except the p lain s. E p ilith on  b io m ass exhib ited  a b im od al pattern  as a 

fun ction  o f  a ltitude (F ig . 9). H ig h  values at h eadw ater sites resu lted  from  the great develop-
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m ent o f  b ry o p h y te s. D e n se  grow th s o f  the filam en tou s ch loroph y te Cladophora glomerata 
w ere resp on sib le  fo r  high values in the p lain s stream . T h e 94 species and varieties o f  epilithic 

algae (A p p e n d ix  A ) d id  n o t fo rm  d istin ct zo n es , b u t m ay  be grou ped  into (1) eu ryzon al 
species, (2) species restricted  to  u p p er site s, and (3) species restricted  to  low er sites. N o  

species that co m prised  a m ajo r  p o rtio n  o f  the to tal algae (T ab . 4) w ere restricted  to  m iddle 
reaches.

M acro in vertebrates received the m o st intensive and com preh ensive study . M ore  than 
210 taxa w ere identified  (A p p en d ix  B ). M an y  m ajor g rou p s w ere represen ted  alon g the entire 
stream  p ro file  (e. g ., P lecop tera , E p h em eroptera , T rich op tera , several fam ilies o f  D ip tera , 

T ric lad id a , H yd rach n e llae). H ow ev er, three o rd ers o f  in sects, cru stacean s, leeches, and snails 

w ere co llected  on ly  fro m  the p lain s stream  (F ig . 10). A q u atic  insects con tribu ted  8 9 —9 9 %  
to  to tal zo o b en th o s d en sity  and 8 4 —9 9 %  to  to tal b io m ass at the various sites (F ig . 11). 
T o ta l abundan ce and species richness increased  m arked ly  from  tu n d ra to  p lains (F igs . 1 2 ,1 4 ). 
D ip teran s co n trib u ted  m ore species than any  oth er g rou p  at all sites (F ig . 15). Fau n al 

abundan ce w as depressed  at m o st sites du rin g  the first su m m er o f  stu dy , a tim e o f  abn orm ally  
high d isch arge and extended ru n o ff (F ig . 13).

L on gitu d in al chan ges in the b io m ass (F ig . 16), d en sity  (F ig . 17), and d iversity  (F ig . 25) 
o f  the m ajo r  taxa w ere exam in ed. T h e m ajo r  faun al co m po n en ts exhib ited  one o f  several 

ty p es o f  species richness curves. P lanarian s and m ites, fo r  exam ple, m aintained low , relatively  

co n stan t levels o f  d iversity  a lon g  the entire lon g itu d in al p ro file ; m ayflies con tin ually  increased  
in d iversity  d ow n stream ; cad d isfly  d iversity  rap id ly  in creased  to  attain a m axim um  level 
near the h eadw aters, w hich  w as m aintained over the rem ainder o f  the lon gitu d in al p ro file ; 
sto n efly  d iversity  increased  then dram atically  decreased  over the co urse  o f  the St. V rain 
River.

T ax o n o m ic  co m p o sitio n  and species d istribu tion  and abun dan ce pattern s w ere analyzed  
fo r  each m ajor g rou p  o f  zo o b en th o s (F ig s . 18—23 , T ab s. 5 —7). Species exhib it one o f  fo u r  
ty p es o f  a ltitud inal d istribu tion  pattern s (T ab . 8): eu ryzon al (T y p e  I), m oun tain  (T y p e  II 

w ith  4 su b ty p e s), low er reach (p lains and  foo th ills — T y p e  l i f t ]  and p lain s (T y p e  IV ). 
N u m e rica l d om in an ts and su b d o m in an ts, as w ell as less abu n d an t distinctive faunal elem ents, 
w ere identified  fo r  each o f  the eleven sam plin g  sites (T ab . 9).

T h e idealized  abundan ce pattern  d eveloped  fo r  the zo o b en th o s o f  the St. V rain  R iver 
(F ig . 24) exhib its low  values over the u p p er five site s, increases in the u pper m ontan e zon e, 
m aintains that level th rou gh  the fo o th ills, and m arked ly  increases fro m  the low er footh ills 
to  the p lain s. T h e idealized  species richness pattern  fo r  to tal zo o b en th o s exhib its a sigm oid  

pattern  (F ig . 24).~i rK
T h e h eadw aters o f  the St. V rain  R iver are epirh ithral in nature w ith  no evidence o f  

the distinctive “ G letsch erb ach ” ;,(g lacier b ro o k ) b io c o e n o s ^ , A  sh arp  faunal d iscon tin u ity  
betw een the low er foo th ills and the p lains co rresp o n d s to  the tran sition  from  rhithron  to  

ep ipo tam on  co n d ition s. N u m e ro u s species, in clud in g  som e extrem ely  abun dan t on es, are 
restricted  to  the p lain s stream ; the low er fo o th illf^m ark s the d ow n stream  lim it o f  m any 
oth er species. T h e  percen t sim ilarity  m atrix  (F ig . 26) furth er dem on strates the faunal break  
betw een SitfS  10 and 11. T em perature, fo o d  resou rces (F ig . 27), aquatic p lan ts, and p o ss ib ly  
b io tic  in teraction s are ascribed  m ajor ro les in stru ctu rin g  altitudinal faunal pattern s.

8. Zusammenfassung

H öh en b ed in gte  U n tersch iede von  ph ysikalisch -ch em ischen  F ak to ren , W asserpflanzen  
und  M acro-In vertebraten  w u rden  entlang dem  L a u f (A b b . 1) eines natürlichen R o ck y  
M ou n tain  F lu sse s u n tersuch t, begin nend m it der von  einem  G letsch er gespeisten  Q u elle  in 
der alp inen T u n d ra  (3414 m  ü .M .)  b is in das F lach lan d  hinein (1544 m  ü .M .) .  D ie  gesam te
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L än ge  des St. V rain  F lu sse s w eist ein fe lsiges S u b strat au f und  ist m it S au ersto ff  gut an
gereichert. S tich proben  w u rden  au f S trom schnellen  m it dem  vorh errsch en den  B o d e n ty p  
(T abelle  2) besch rän kt, um  die U n tersch iede  zw isch en  S u b strat und  S tröm u n g der versch ie
denen P robeste llen  zu  m indern . E in  R h itron -C h aracter  w ar beinahe ü ber den gesam ten  
F lu ß verlau f vorh errsch en d , m it einem  abru pten  Ü b e rgan g  zu  w arm en Fluß verhältn issen  
zw isch en  den V orb ergen  und  dem  Flach lan d  (A b b . 7, 8). C h em isch e  F ak to ren  (T ab . 1) 

variierten  entw eder ü berh au pt n icht (p H ) o d er  blieben  bei n iedrigen  W erten (z .B . gebu n 

denes C 0 2,T D S )  an allen B erg flu ß prob estellen , zeigten  aber einen d ram atisch en  A n stieg  von  
den V orb ergen  in die E ben e (A b b . 6 ), zu sam m en treffen d  m it dem  Ü b ergan g  vo n  unlöslich em , 
k ristallinem  F luß bettgestein  au f stark  lösliche Sedim ent Strata. Fein e organ isch e T eilch en 
m aterie ( F O T  0 ,0 5 —1 m m ) bildete den H au p tan te il des G estein sch u ttes am  F lu ß b od en  an 

allen P robeste llen  entlang des lon gitud in alen  P ro fils w ährend  des Som m ers (T ab . 3). In  der 
T u n d ra  w ar das V orh errsch en  der F O T  b eson d ers deutlich.

A n gio sp erm e kam en nur an den P robeste llen  der E ben e v o r ; M o o se  und  L e b erm o o se  
w urden  an allen P robeste llen  m it A u sn ah m e der E ben e beobach tet. E p ilith op h yten -B io - 
m assen  zeigten  eine H äu figk eitsk u rve  als F u n k tio n  der H öh en lage  (A b b . 9). H o h e  W erte 
am  F lu ß u rspru n g  sind der um fangreichen  E n tfa ltu n g  von  B ry o p h y ten  zu zusch re iben . D ich tes 
W achstum  von  haarfädigen  C h lo ro p h y ten  „Cladophora glomerata“  w aren fü r  die hohen 

W erte in dem  Fluß  innerhalb der E b e n s veran tw ortlich . D ie  94 A rten  und die V ielfalt an 
E p ilith oph yten  (A n h an g A ) bildeten keine d istink tiven  Z on en , son dern  könn en  in (1) ver

breitete A rten , (2) A rten , die sich  in den höheren R egion en  befinden , und  (3) A rten , die 

sich  an den tiefer gelegenen P robeste llen  befinden , gru pp iert w erden . K e in e der A rten , 
die den H au p tte il der gesam ten  A lgen  darstellen , w aren  au f die m ittleren R egion en  besch rän kt 
(T ab . 4).

M acro-In vertebraten  w u rd en  am  intensivsten  und  u m fassen d sten  un tersuch t. M ehr als 
210 T ax a  w urden  id en tifiz iert (A n h an g B ). V iele der H au p tgru p p en  kam en  entlang des 

F lu ß profils v o r  (z .B . P lecop tera , E p h em erop tera , T rich o p tera , versch iedene G attu n gen  der 
D ip teren , T ric lad id ae , H yd rach n e llae). Je d o ch  drei In sekten arten , C ru staceen , B lu tegel und 
Schnecken w urden  nur aus dem  Fluß  im  B ereich  der E ben e gesam m elt (A b b . 10). W asser
insekten  trugen  8 9 - 9 9 %  zu  der Z oo b en th osd ich te  un d  8 4 - 9 9 % > z u  der G esam tb io m asse  
an den verschiedenen P robeste llen  bei (A b b . 11). D ie  G esam tfü lle  un d  der A rten reich tum  
stieg  von  der T u n d ra  in die E ben e au ffallend an (A b b . 12 ,14). A n  allen P robeste llen  steuerten 

D ip tera  m ehr A rten  bei als irgen deine andere G ru p p e  (A b b . 15). W ährend des ersten  Som m ers 

der U n tersu ch u n g  w ar die M enge der F au n a  an den m eisten  Stellen besch rän kt, da dies m it 

dem  Z e itpu n kt einer an orm al hohen W asserfü h ru n g  un d  eines langw ährenden  Sch m elzw asser
zu flu sse s zu sam m en traf (A b b . 13).

L on gitu d in ale  Ä n d eru n gen  in der B io m asse  (A b b . 16), D ich te  (A b b . 17) und V ielfalt 
(A b b . 25) der H au p ttax a  w u rden  un tersuch t. D ie  H au p tk o m p o n e n ten  der F au n a  zeigten 

A rten reich tum skurven  fü r charakteristische T y pen . P la n a rie n , und M ilben  zum  B eisp iel 
bew ahren gerin ge, verhältn ism äß ig kon stan te  V ielfaltsdurchsch n itte  entlang dem  gesam ten 
lon gitud in alen  P ro fil; strom ab w ärts nahm en E ph em eriden  lau fen d  an V ielfalt z u ; die V ielfalt 
der K öch erfliegen  nahm  zu , b is sie einen m axim alen  D u rch sch n itt sch on  in der N ä h e  des 
F lu ß u rsprun gs erreichte, der ü ber den R e st des lon gitud in alen  P ro fils aufrechterhalten  b lieb. 
D ie  V ielfalt an P lecopteren  nahm  anfangs zu  und dann drastisch  ü ber den gesam ten  L a u f des 
St. V rain F lu sse s ab .

E in e  k lassifiz ierte  Z u sam m en setzu n g , die A rten verteilun g sow ie V ielfaltsregeln  der 
A rten  w u rden  für jede H au p tgru p p e  des Z o o b en th o s bestim m t (A b b . 1 8 - 2 3 ,  T ab . 5 ^ 7 ) .  A n  

h öhenbedingten  V erteilu n gsan ordn u n gen  gehören  die A rten  jew eils einem  von  vier T y p en  
(T ab . 8) an : verbreite t (T y p  I), gebirg ig  (T y p  II m it 4 untergeordn eten  T y p en ), n iedrigere 

Bereiche (E ben e und  V orb erge  ^  T y p  III) und E ben e (T y p  IV ). Zah lenm äß ig dom in an te
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und su bd om in an te als auch h äufige, charakteristische Faunaelem ente w urden  fü r jede der elf 

P robeste llen  erm ittelt (T ab . 9).
D a s  idealisierte V ielfa ltsm u ster, d as sich  fü r  das Z o o b en th o s des St. V rain  F lu sse s 

ergab (A b b . 24), zeigt n iedrigere W erte im  V ergleich  m it den oberen  fü n f P robeste llen , 
Z unahm en in der oberen  G eb irg szo n e , den gleichen W ert in den V orb ergen  und m arkante 
Zunahm en von  den niederen V orb ergen  b is in die E ben e hinein. D ie  idealisierten  A rten - 
reich tum sm uster für das gesam te Z o o b en th o s w eisen  ein S-fö rm iges B ild  (A b b . 24) auf.

D e r  F lu ß u rsprun g  des St. V rain  ist von  N a tu r  aus epirithral und zeigt keine A n zeichen  

der charakteristischen  „G le tsch e rb ac h *-B io co e n o se . E in e scharfe D isk on tin u itä t der F au n a 
zw ischen  den niederen V orb ergen  und der E ben e stim m t m it dem  Ü b ergan g  von  R h itron  zum  
E p ip o tam o n  ü berein . Z ahlreiche A rten , d arunter einige sehr h äufig  vorkom m en d e , sin d  au f 
den F luß abschn itt der E ben e besch rän kt; die niederen V orb erge  m arkieren die G ren ze  
strom ab w ärts fü r  viele andere A rten . E ine prozen tu ale  Ä h n lich keitsm atrix  (A b b . 26) zeigt 
w eiterhin  den B ru ch  in der F au n a zw ischen  den P robeste llen  10 und 11. T em peratur, N ah - 
run gsquellén  (A b b . 27), W asserpflanzen  und m ögliche bio tisch e W echselw irkungen w erden 
als die H au p tfu n k tion en  in der G lied eru n g  der h öh enbedingten  S tru k tu r der F au n a  betrachtet.
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A p p en d ix  A . Su m m er d istribu tion  o f  epilith ic algae (in clud in g  cyan ob acteria) at sam plin g  
sites a lon g  the lon gitu d in al p ro file  o f  St. V rain  C ree k . Presence at a site indicated  b y  + .

Sites
1 2 3 4 5 6 7 8 9 10 11

Phylum Bacillariophyta
A c h n a n th e s  la n c e o la ta + + + 4- + + + 4- + 4-
A . la n c e o la ta  var. r o s tr a ta  
A . la n c e o la ta  var. d u b ia

+ +
4-

A . m in u tis s im a + + BIB + ICE + + + 4- 4-
A s te r io n e lla  f o r m o s a  
A m p h o r a  sp. +
C o cco n e is  p la c e n tu la + + + 4- 4- 1H 4- +
C . r u g o sa

C y c lo te lla  m e n e g h in ia n a
+ 4- Y 1

4- 4-
C y m b e lla  a f f in is + + + 4- 4- 4- 4-
C . tu r g id a + 4-
C . v e n tr ic o sa + + + 4- + + + + 4- 11 1
D e n t ic u la  sp. + + +
D ia t o m a  an c ep s 4- + 4- + +
D . h ie m a le 4- + + 4- 1 9 +
D . h ie m a le  var. m e so  d o n  
D . v u lg a r e

4- ■ 9 + 4- + 4- , i 4-
+

4-
E p ith  ern ia  so r  ex  
E u n o t ia  p e c t in a lis + 4- +

4-

E r a g i la r ia  c ap u c in a + + + 4- 4-
F . co n stru en s 4- +
F . c ro to n en sis  
F . le p to sta u ro n

+ + + + ■  1
F . p in n a t a ÎWtJ
F . v a u c h e r ia e 4- + ^ 9 + ^ 9
F r u s tu l ia  r h o m b o id e s + 4- +
G o m p h o n e is  h e rc u le a n a  
G o m p h o n e m a  a c u m in a tu m 4- + +

4- +
G . a n g u s ta tu m + 4- + 4-
G . co n str ic tu m + +
G . o liv a c e u m 4- + + 4-
G . p a r v u lu m + 4- + 4- 4-
H a n n e a  a rc u s 4- + + + 4- 4-
H . a rc u s  var. a m p h io x y s H  - + + + § 4- +
M e lo s ir a  sp. 4- + 4- +
M . v a r ia n s  
M e rid io n  c ircu la re +

4-

N a v ic a l a  sp. 1 + +
N a v ic a l a  sp. 2 + «rtf + + + +
N a v ic a l a  sp.3 4- + + 4-
N . c ry p to ce p h a la Ml± îlSLI + + + + + 4-
N . e x ig u a  
N .  p a p u la + + +
N . r a d io sa + 4- . + - + + + 4- , 1
N . t r ip u n c ta ta + 4-
N .  v ir id u la 4-
N e id iu m  a f f in e  
N itz s c b ia  sp. 1 +

4-

N itz s c b ia  sp.2 + + 4- + r à k  1+
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A p p en d ix  A  (con tinued)

Sites

1 2 3 4 5 6 7 8 9 10 i i

Nitzschia acicularis + + + + + + + +
N. apiculata + + +
N. dissipata + + +
N. palea + + + + +
Pinnularia sp . 1 
Pinnularia s p .2

+
+ ÉH « +

Stauroneis smithii 
Surirella angustata 
S. ovata

+
+

+
Synedra rumpens + +
S. ulna + + + + + + + +
Tabellaria fenestrata +  ;  '
T flocculosa 

P hylu m  C h lo ro p h y ta

+  •

Ankistrodesmus falcatus + +
Bulbochaete sp . +
Cladophora glomerata 
Closterium sp . 1 + + + +

+

Closterium s p .2 + + + + +
Cosmarium sp . 1 ■
C . botrytis
Haematococcus lacustris

+ + + + +

(ap lan ospore ) +
Hyalotheca sp . 
Microspora sp . + +

+

Oedogonium sp . +
Pediastrum duplex ' rP
Scenedesmus quadricauda + +
Selenastrum westii
Spirogyra sp p . + + + + + + +
Staurastrum sp . + +
Staurastrum paradoxum +
Stigeoclonium sp . +
Ulothrix sp p . 

P hy lu m  C h ry so p h y ta

+ + + + + H !

Dinobryon sp .
Hy drums foetidus + ' + + +

+

P hylu m  C y an o b acteria
Anabaena sp p . + + + + + + + B
Chamaesiphon incrustans + + +
Merismopedia punctata +
Nostoc microscopium +
Oscillatoria sp p . + + + + + + + + B
Phormidium sp p . + + + + + + + ■ KH +
Tolypothrix sp . 

P hy lu m  R h o d o p h y ta

' + + + +

Audouinella violaceae 
Lemanea fucina +

+
+
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A p p en d ix  B . M acro in vertebrate  taxa co llected  fro m  sam plin g  sites a lon g  the lon gitu d in al 
pro file  o f  St. V rain  C ree k  and their abun dan ce based  on  m eans fro m  total ind ividuals 
co llected  (all dates and m esh  co m b in ed ). F o u r  abun dan ce categories are u se d : R  (rare) < 1 0 ;  
C  (com m on ) 1 0 - 9 9 ;  A  (abundant) 1 0 0 - 4 9 9 ; and V  (very  abun dan t) 500 o r  m ore o rgan ism s

per m 2.

Sam plin g  Sites

1  2 3 4 5 6 7 8 9 ÏÔ 9

Amphinemura sp . R R R R

Malenka californica R C R R R

Prostoia besametsa R C A A A C

Zapada cinctipes R R C C R R

Z. frigida R

Z. oregonensis A V A A C C C C R

Taenionema nigripenne C C R

Capnia confusa R R C R R R R R

Capnia sp . R C C R

Eucapnopsis brevicauda R R C A C R R

Utacapnia sp . R R R

Paraleuctra occidentalis R C R R

P. vershina R R R

Pteronarcella badia C C

Pteronarcys californica R

Isoperla fulva 
I. quinquepunctata

R R R C C
C

I. sobria R R R

Cultus aestivalis R R R R R

Diura knowltoni 
Pictetiella expansa R

R R R

Kogotus nonus R R R R

Megarcys signata C c C C C C C C R R
RSkwala parallela R R

Hesperoperla pacifica R R R R R

Claassenia sabulosa C C R

Suwallia pallidula R R C C C C R

Sweltsa borealis R R R C C
S. coloradensis R C C C C A A C C

Triznaka signata 
Paraperla frontalis R R R

C C

E ph em eroptera
Ameletus sp . C C C C R C R R

Ameletus sparsatus R R R R

Baetis bicaudatus R C C C A C A A C G
B. insignificans R A

B. hageni R

B. tricaudatus R C C A V V A V

Callibaetis sp . R

Pseudocloeon sp . 1 C C C R

Pseudocloeon s p .2  
Cinygmula sp . C A V V A A A A R R

R

Epeorus albertae 
E. deceptivus R R A A C C C C R

R R

E. longimanus 
Heptagenia criddlei

R C A A C
R
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A p p en d ix  B  (con tinued  1)

Sam plin g  Sites

1 2 3 4 5 6 7 8 9 10 11

H. elegantula R
H. simplicioides R
Rhithrogena hageni R C A A A C R
R. robusta
Choroterpes inornata{ ?)

R C A C A C
C

Paraleptopblebia heteronea R R C C c R
Drunella coloradensis R C R C C R R
D. doddsi C C C A A C
D. g. grandis A C R
Epbemerella infrequens C C A C C R
Attenella margarita R
Serratella micheneri R R A
S. tibialis
Tricorytbodes minutas

C C A C
A

T rich optera
Rhyacophila acropedes R C R C A C R
R. angelita R C A A C R
R. coloradensis R R R R R C C
R. hyalinata C R C C C
R. tucula R R R
R. verrula R R
R. vocala grou p R R R R R R
Ecclisomyia maculosa R R R R
Psychoronia costalis (?) R R R R R
Allomyia tripunctata (?) 
Limnephilus sp .

V C R R R
R

Neothremma alicia A V V C R
Oligophlebodes minutas R R R R
Psychoglypha sp . 
Lepidostoma veleda

R R R
R R C C R R

Lepidostoma sp . R C A V R
Amiocentrus sp . R
Brachycentrus americanus R R C A R
Micrasema sp . R R R
Arctopsyche grandis R R C R R C C
Cheumatopsyche pettiti 
Hydropsy ch e cockerelli C

V

H. occidentalis V
H. oslari R A A C
Agapetus boulderensis R C
Glossosoma parvulum R R R R C A c
Nectopsyche diarina 
N. gracilis 
N. stigmatica 
Oecetis 'aéara 
Ochrotrichia sp . 
Helicopsyche borealis 
Dolophilodes aequalis

R
R

R
C
A
C
R
V

R  R
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A p p en d ix  B  (con tin u ed  2)

Sam plin g  Sites

1 2 3 4 5 6 7 8 9 10 11

D ip tera
C h iron om id ae

Boreoheptagyia sp . R
Diamesa sp . 1 R R C C R R R C R C
Diamesa s p .2 R
Diamesa sp . 3 C
Pagastia partica C R R R R
P  cf. sequax R R R R R R
Potthastia sp . R
Pseudodiamesa sp . R R C R R R R R R R
Lasiodiamesa sp . R R R
Brillia modesta R C C R R R R R
Corynoneura sp . R R R R R R
Cricotopus sp . 1 R R R R R R R
CricotopHS s p .2 C
Diplocladius sp . R R
Eukiefferiella p ro b .

claripennis C R R R R R C C C C
E. devónica gr. sp . R R R R R R R c
E. potthasti gr. sp . R R
Heterotrissocladius sp . R R R C R R R
Krenosmittia sp . R R R R
Lopescladius sp . R C
Orthocladius

(Enorthocladius) sp. 1 R R R R R C
Orthocladius

(Euorth ocladius) s p .2 A C C C R R C R R R C
Orthocladius

(Euorthocladius) sp .3 A C A C C R R R C R R
Orthocladius sp . R C R R R C C C C
Parametriocnemus sp . R C R R R C R C C C R
Parorthocladius sp . R A C C C R C c R R
Rheocricotopus sp . R C C C c R R
Symposiocladius lignicola R
Sy north ocladius cf. semivirens R
Sy north ocladius sp . R
Thienemanniella sp . 1 R R R R R R R
Thienemanniella sp .2 C R R
Tvetenia havarica gr. sp . R C C C G C C C C R
Ablabesmyia sp . R
Pentaneura sp . C
Procladius sp . R R
Thienemannimyia gr. sp . R R C R C R
Micropsectra sp p . R C C C C C A A C C R
Paratendipes sp . R

Phaenopsectra sp . R
Polypedilum fallax gr. sp . R

P. scalaenum gr. sp . R R C C C
Rheotanytarsus sp . R R R

Robackia sp . R R
Stempellinella sp . R R
Tribe los sp . R R
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A p p en d ix  B  (con tinued  3)

Sam plin g  Sites

1 2 3 4 5 6 7 8 9 10 11

Sim uliidae
Prosimulium daviesi (?) R
P. onychodactylum R C V C A C C R R R
P. travisi C
Simulium arcticum R R R R C C C
S. defoliarti R
S. venustum R R R R C C
S. virgatum C

T ipu lid ae
Antocha sp . R C C
Dior anota sp . R C R R C R R R c
Gonomyia (?) sp . R
Hesperoconopa sp . R R R R R
Hexatoma sp . 1 R R C C C C R

Hexatoma s p .2 R R

Limnophila sp . R R R R C
Ormosia sp . R
Pedida sp . R

Rhabdomastix sp . R R R

Típula sp . 1 R R R

Típula sp . 2 C

C era to p o g o n id ae
Palpomyia/Bezzia sp . R R R R R R R R

D ix id ae
Dixa sp . R R R

P sych od idae
Pericoma sp . R R C C R R

D eutero ph leb iid ae
Deuterophlebia coloradensis R R R

A th ericidae
Atherix pachypus R C C

B leph ariceridae
Agathon elegantulus R C C R R

Bibiocephala grandis R R R

E m p id id ae
Clinocera sp . C R C C R R C R C C R

Cbelifera sp . R R R R R R R

)oleoptera
Heterlimnius corpulentas R R C C C C C R

Optioservus castanipennis R R C C A

O. divergens R R R C A

Narpus concolor R R C R R R

Zaitzevia parvula R C C A

Helichus striatus R R R R R

Helichus sp . ^
Helophorus sp . ^
Paracymus sp . ^
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A p p en d ix  B  (con tin ued  4)

Sam plin g  Sites

1  2 3 4 5 6 7 8 9 10 ÏT

Tropisternus sp .
Haliplus sp .
Hydroscapha sp .
Bidessus subtilius

C o llem b o la
Isotomurus palustris

L e p id o p tera
Petrophila longipennis

O d o n ata
Opbiogomphus severus 
Argia vivida 
Ishnura sp .

H em iptera
C o rix id ae  fem ale

O ligo ch aeta
Eiseniella tetraedra
Limnodrilus hoffmeisteri C  C
Tubifex tubifex
Lumbriculus variegata
Haplotaxis gordioides
Nais communis
N. simplex R  R
Ophiodonais serpentina 
Amphichaeta leydigi

A carin a
Atractides sp .
Lebertia sp . 
Protzia sp .

R C

Spercbon s p .A R C
Sperchon sp . B  
Spercbon sp . C  
T ro m b id iid ae  sp .

R C

T ric lad id a
Polycelis coronata 
Dugesia dorotocephala

A C

N e m a to d a  sp p . C R

H iru d in ea
Erpobdella punctata

A m p h ip o d a
Crangonyx gracilis com plex  
Hyallela azteca

Iso p o d a
Asellus communis

G a stro p o d a  
Physa sp .

P elecyp od a
Pisidium nitidium (?)

R
R

R
R

R

C

R
R
R

R

R R R R R
A C C R R R R R

R
R R R R R C
R R R R R

R R R
R R R R R R R

R R
R

R R R
R R R R R R R R

R
R R R
R C R R R R

R R R R R R
R

A C R C A A C R
V

R R R R R R R R R

R

R
R

R

C

R  R  R  R  R



A ltitu din al zon ation  in a R o c k y  M ou n tain  stream 195

References

Allan , J .  D . ?(1975): T h e d istribu tion al eco logy  and d iversity  o f  benthic insects in C em en t 
C re e k , C o lo ra d o . — E co lo g y  56 : 1040—1053.

— (1982): T h e effects o f  reduction  in trou t density  on  the invertebrate co m m u n ity  o f  a 
m oun tain  stream . — E co lo g y  63 : 1444—1455.

Allen , R . K . (1980): G eograph ic  d istribu tion  and reclassification  o f  the su b fam ily  Eph e- 

m erellinae (E ph em eroptera : E p h e m e r e ll id a e ) .^  [In :] F lannagan, J .  F . &  Marshall, 
K . E . (e d s .) : A d van ces in E ph em eroptera  B io lo g y : 7 1 —91. — Plenum  P ress, N e w  Y o rk .

Alstad, D . N . (1980): C om parative  b io lo gy  o f  the co m m on  U tah  H y d ro p sy ch id ae  (T ri- 
c h o p t e r a ) S  A m . M id i. N a t . 103: 167—174.

Berg , K . ;  Boisen-Bennike, S. A . ;  J ónasson, P . J . ;  K eiding , J .  &  N ielsen , A . (1948): 
B io lo g ica l stu d ies on  the R iver Su saa . — F o lia  L im n ol. Scand. 4: 1—318.

Berthélemy, C . (1966): Recherches éco log iq ues et b io géo grap h iqu es su r les p lécop tères et 
co léop tères d ’eau courante (Hydraena et E lm inth idae) des P yrénées. — A n n . L im n o l. 2 : 

2 2 7 - 4 5 8 .
Berthélemy, C . &  Laur, C . (1975): P lécoptères et C o léo p tè res aqu atiqu es du L o t  (M ass if  

C en tra l F ran çais). — A n n . L im n ol. 11: 2 6 3 —285.
Blum , J .  L .  (1956): T h e eco logy  o f  river algae. — B o t. Rev. 22 : 2 9 1 —341.
B onazzi, G . &  G hetti, P. F . (1977): I m acroinvertebrati del torrente P arm a. R isu ltati di 

un ciclo  annuale di ricerchejE - A ten eo  P arm en ese, A cta  N a t . 13: 3 5 1 —395.
Brandauer, N . &  W u , S .- K . (1978): T h e bivalvia o f  C o lo ra d o . P art 2 . T h e fresh w ater 

m u ssels (F am ily  U n io n id a e H H N a t . H ist . In ven tory  o f  C o lo ra d o  2 : 4 1 —60.
Brezeanu, G h . ;  B otea, F . &  Zinevici, V . (1974): E influß  der natürlichen und künstlichen 

U m w eltfak toren  au f die S tru k tu r der O ligoch aeten  — P opulation en  im  Ja lo m ita-F lu ß . — 

A rch . H y d ro b io l. Su pp l. 44: 3 5 2 —359.
Brink , P . (1949): Stud ies on Sw edish  stoneflies (P lecoptera). — O p u se . E n to m o l. Su p p l. 11: 

1 - 2 5 0 .
Brodsky, K . A . (1980): M oun tain  torrent o f  the T ien  Shan. -  311 p ., D r . W . Ju n k , T he 

H agu e .
Brown, H . P . &  White , D . S. (1978): N o te s  on separation  and id entification  o f  N o rth  

A m erican  riffle beetles (C o le ó p te ra : D ry o p o id e a : E lm id a e )H -  E n to m o l. N e w s 89 : 1 - 1 3 .

C ummins, K .W . (1966): A  review  o f  stream  eco logy  w ith  special em ph asis on  organ ism -su b 
strate relation sh ip s. — Spec. P ub is. P ym atun in g L a b . F id . B io l. 4 : 2 —51.

D é c a m p s , H . (1967): É co lo g ie  des T rich optères de la vallée d ’A u re  (H au tes-P yrén ées). «  

A n n . L im n o l. 3 : 3 9 9 —577.
D odds, G . S . &  H isaw, F . L . (1925): E co log ica l stu d ies o f  aquatic in sects. IV . A ltitu din al 

range and zon ation  o f  m ayflies, ston eflies, and caddisflies in the C o lo ra d o  R o ck ie s. 

E c o lo g y  6 : 3 8 0 —390.

Elgm ork , K . &  Saether, O . R . (1970): D istrib u tio n  o f  invertebrates in a high m ountain  
b ro o k  in the C o lo ra d o  R o c k y  M ou n tain s. — U n iv. C o lo . Stud|fpSer. B io l. N o .  31 , 55 p .

F ish er , S. G . (1977): O rgan ic  m atter p ro cessin g  by  a stream -segm ent eco sy stem : F o r t R iver, 

M assach u setts, U .S .A .  — In t. Rev. ges. H y d ro b io l. 62 : 70 1 —727.

G agneur, J f | 1 9 7 6 ) | ‘R epartition  des Sim uliidae (D ip tera) dan le L o tÍU- A n n . L im n o l. 12: 

2 8 7 - 2 9 8 .
G aufin , A . (1959): P rod u ctio n  o f  bo tto m  faun a in the P rovo  R iver, U tah . -  Io w a State C o ll. 

J .  Sei. 33 : 3 9 5 - 4 1 9 .
G íslason , G . M . (1981): D istrib u tio n  and habitat preferences o f  Icelandic T rich o p tera . [In :] 

Moretti, G . P . (e d .) : P roc . T h ird  In ternational S y m p o s. T rich o p tera : 9 9 - 1 0 9 .  -  D r. 

W. Ju n k , T h e H agu e .



196 J ames V. Ward

G ray, L . J .  &  Ward , J .  V . (1979): F o o d  habits o f  stream  ben th os at sites o f  d ifferin g  fo o d  
availab ility. — A m . M id i. N a t . 102: 157—167.

H arrison , A . D . &  E lsworth, J .  F . (1958): H y d ro b io lo g ica l stu d ies on  the G rea t B e rg  

R iver, W estern  C a p e  Provin ce. P art I. G en eral d escrip tion , chem ical stu d ies and m ain 
featu res o f  the flo ra  and faun a. — T ran s. R o y . Soc . S . A fr . 35 : 125—225.

H awkes, H. A . (1975): R iver zon ation  and classification . [In :] Whitton , B . A . (e d .): R iver 
E c o lo g y : 3 1 2 —374. ^ B la c k w e l l  Sei. P u b l., O x fo rd .

H errmann, S. J .  (1970): Sy stem atics, d istr ib u tio n , and eco lo gy  o f  C o lo ra d o  H iru d in ea . — 
A m . M id i. N a t . 83 : .F t 37.

H utchinson , G . E . (1967): A  treatise  on  lim n ology , V o l. II . — W iley, N e w  Y o rk . 1115 p .
H ynes, H . B . N .  (1952): T h e P lecop tera  o f  the Isle o f  M an . — P roc . R . E n to m o l. Soc . L o n d o n  

A  27 : 7 1 - 7 6 .

I l l  (1970): T h e eco lo gy  o f  run n in g w aters. — U n iv . T o ro n to  P ress, T o ro n to , 555 p .

Id e , F . P . { 1 9 3 5 ) f  T h e  effect o f  tem perature on  the d istribu tion  o f  the m ayfly  faun a o f  a 
stre a m .3  P u b is. O n t. F ish . R e s. L a b . 50 : 1 — 76.

Illies , J .  (1964>LT he invertebrate faun a o f  the H u a llaga , a Peruvian  tribu tary  o f  the A m azo n  

R iver, fro m  the sou rces d ow n  to  T in go  M aria . B V e r h .  In ternat. V erein . L im n o l. 15: 
1 0 7 7 -1 0 8 3 .

Illies , J .  &  Botosaneanu, L . (1963): P rob lèm es et m éth od es de la classification  et de la 
zon ation  éco log iq u e  les eaux co u ran tes, con sid érées su rto u t du  po in t de vue faun istiqu e . — 
M itt. int. V erein , th eor. angew . L im n o l. 12, 57 p .

Kam ler, E . (1965 ): T h erm al co n d ition s in  m ou n tain  w aters and their influence on  the 
d istribu tion  o f  P lecop tera  and E p h em erop tera  larvae. — E k o l. P o l. Ser. A . 13: 3 7 7 —414.

H  (1967): D istrib u tio n  o f  P lecoptera  and E ph em eroptera  in relation  to  altitude above m ean 
Sea level and current speed  in m oun tain  w aters. — P o l. A rch . H y d ro b io l. 14: 2 9 —42.

K awecka, B . (1971): Z on al d istribu tion  o f  alga com m u n ities in stream s o f  the P o lish  H igh  
T atra  M ou n ta in s. — A cta  H y d ro b io l. 13: 3 9 3 —414.

B  (1974): V ertical d istribu tion  o f  algae com m u n ities in M aljov ica  Stream  (R ila  — B u lgaria). B  
P o lsk . A rch . H y d ro b io l. 21 : 211—228.

— (1980)? Sessile  algae in E u ro p e an  m ou n tain  stream s. I. T h e  eco log ical ch aracteristics o f  
co m m u n itie s. — A cta  H y d ro b io l. 22 : 3 7 1 —420.

K enk , R . (1952): F resh -w ater triclad s (T urbellaria) o f  the R o c k y  M ou n tain  N a tio n a l P ark  
R eg io n , C o l o r a d o . ! !  J .  W ash. A cad . Sei. 42 : 193 —198.

K nigh t , A .W . &  G aufin , A . R . (1966): A ltitu d in al d istribu tion  o f  ston eflies (P lecoptera) 
in a R o c k y  M ou n tain  d rain age sy stem . — J .  K an sas E n t. Soc . 39 : 6 6 8 —675.

K ownacka, M . &  K ownacki, A . (1972): V ertical d istribu tion  o f  zo o co en o se s in the stream s 

o f  the T a tra , C au c asu s and B alk an s M ts. ®liVerh. In ternat. V erein . L im n o l. 18: 74 2 —750.
— — (1975): G letsch erb ach -Z u ck m ü cken  der Ö tz ta le r  A lp en  in T iro l (D ip te ra : C h iro n o - 

m id ae : D iam esin ae). — E n to m o l. G erm . 2 : 3 5 —43.

Laville, H . (1981): R éco lte s d ’exuvies nym phales^de C h iro n o m id es (D ip tera) dan s le H au t-  
L o t , de la sou rce  (1295 m ), au  con flu en t de la T ru y è re  (223 m ). — A n n . L im n o l. 17: 
2 5 5 - 2 8 9 .

Learner, M . A . ;  L ochhead , G . &  H ughes, B . D . (1978): A  review  o f  the b io lo gy  o f  
B ritish  N a id id a e  (O ligoch aeta) w ith  em ph asis on  the lo tie  en v iro n m e n ta l-  F resh w at. B io l. 
8: 357—375,

L illehammer, A . (1974):, N o rw e g ia n  sto n eflies. II . D istrib u tio n  in relation sh ip  to  the 
environm ent. ® *N o r . E n to m o l. T id ssk r . 2 1 : 195—250.

Lowe, R. L. (1974): E n viron m en tal requ irem en ts and po llu tio n  to lerance o f  fresh w ater 

d ia to m s. — 334 p $ d E P A -6 7 0 /4 -7 4 -0 0 5 , U . S. E n viron m en tal P ro tection  A gen cy , C in 

cinnati, O h io .



Altitudinal zonation in a Rocky Mountain stream 197

Macan, T . T . (1958): M eth od s o f  sam plin g  b o ttom  fauna in sto n y  stream s. — M itt. int. 
V erein , th eor. angew . L im n ol. N o . 8, 21 p .

MacArthur, R. H. (1960): On the relative abundance of species. -  Am. Nat; 94: 25-36.
Mackay, R . J .  &  Wiggins, G . B . (1979): E co log ica l d iversity  in T rich optera . — A n n . Rev. 

E n to m o l. 24 : 185—208.

Maitland, P. S . &  Penney, M . M . (1967): T h e eco logy  o f  Sim uliidae in a Scottish  river.
J .  A n . E co l. 36 : 1 7 9 -2 0 6 .

Marr, J .W . (1967): E co sy ste m s o f  the E a st  S lope o f  the F ro n t R an ge in C o lo ra d o . — U niv. 
C o lo . S tud ies, Series in B io l. N o . 8: 1 — 134.

Mecom , J .  O . (1972): P rod u ctiv ity  and d istribu tion  o f  T rich optera  larvae in a C o lo ra d o  
m oun tain  stream . ^ ¿H y d ro b io lo g ia  40 : 151 — 176.

Merritt, R .W . &  Cummins, K .W . (ed s.)  (1984): A n  introd u ction  to  the aquatic insects of 
N o rth  A m erica . — 722 p ., K e n d a ll/H u n t, D u b u q u e , Iow a.

M inshall, G .W . (1978): A u to tro p h y  in stream  ecosy stem s. — B ioScien ce 28: 76 7 —771.

M inshall, G .W .; Petersen, R . C . &  N imz, C . F . (1985): Species richness in stream s o f 
d ifferen t size  from  the sam e drain age basin . — A m . N a t . 125: 16—38.

O liff , W . D . (1960): H y d ro b io lo g ica l stud ies on the T u gela  R iver sy stem . P art I. T h e  m ain 
T u ge la  R iver. H  H y d ro b io lo g ia  14: 2 8 1 —385.

Pattee, E . ;  Lascombe, C . &  Delolme, R . (1973): E ffects o f  tem perature on  the d istribu tion  
o f  turbellarian  triclads. [In :] Wieser, W. (e d .): E ffects o f  tem perature on  ectotherm ic 
o rgan ism s: 201*—2 0 7 . 5  Sprin ger, Berlin .

Pennak, R .W . (1949): A n n ual lim n ological cycles in som e C o lo ra d o  reservoir lakes. — E co l. 
M o n o gr. 19: 2 3 3 -2 6 7 .

— (1958): R egion al lake ty p o lo g y  in northern C o lo ra d o , U .S .A .  y>t V erh. In ternat. V erein . 

L im n o l. 13: 2 6 4 - 2 8 3 .
— (1963) : E co lo g ica l and rad io carbon  correlation s in som e C o lo ra d o  m ountain  lake and b o g  

d ep o sits . — E co lo g y  44: 1 — 15.
Pennak, R .W . &  Rosine, W . N . (1976): D istrib u tio n  and eco logy  o f  A m p h ip o d a  (C ru stacea) 

in C o lo ra d o . — A m . M id i. N a t . 96 : 3 2 4 —331.
Petersen, R . C . &  Cummins, K .W . (1974): L e a f p rocessin g  in a w ood lan d  stream . Fresh - 

w at. B io l. 4: 3 4 3 - 3 6 8 .
Propst, D . L . (1982): W arm w ater fishes o f  the P latte R iver basin , C o lo ra d o ; d istr ibu tion , 

eco logy , and com m u n ity  structure. B  283 p ., D o c t. d iss ., C o lo ra d o  State U n iv ., F o rt 
C o llin s, C o lo ra d o .

Ravizza, C . &  Ravizza Dematteis, E . (1978): M oun tain  b rook le t ston efly-faun a o f  northern 
A pen n in e (P le c o p te r a ) .B  A tti Soc . ital. Sei. nat. M u seo  civ. S to r. nat. M ilan o  119: 2 2 9 — 

242,
Richmond, G . (1960): G lac iation  o f  the east slo p e  o f  R o ck y  M oun tain  N a tio n a l P ark , 

C o lo ra d o . — B u ll. G e o l. Soc . A m er. 71: 1371 — 1382.
R o c k y  M ou n tain  A sso c . G eo l. (1972): G eo lo g ic  atlas o f  the R o ck y  M oun tain  R egion . — 

331 p ., H irsch fie ld  P ress, D en ver, C o lo .

Scheele, M . (1952): Sy stem atisch -ök o logisch e  U n tersu ch u n gen  ü ber die D iato m en flo ra  der 

F u ld a . — A rch . H y d ro b io l. 46: 3 0 5 —424.
ScHW OERBELj J .  S. (1964): D ie  W asserm ilben  (H ydrach n ellae  und L im n oh alacaridae) als 

In d ik atoren  einer b io cön otisch en  G lied eru n g  von  B reg  und B rigach  sow ie der obersten  

D o n a u .ü  A rch . H y d ro b io l. Su pp l. 27: 3 8 6 —417.
Seagle, H . J .  &  Hendricks, A . C . (1982): D istrib u tio n , d en sity  and longitud inal zon ation  

o f  d ry o p o id  beetles (C o le o p te ra : D y ro p o id e a ) in south w estern  V irg in ia .**1 A m . M id i. N a t . 

107: 2 1 9 - 2 2 7 .

13 Archiv f. Hydrobiologie, Suppl.-Bd. 74



198 J ames V. Ward

Short, R . A . &  Ward, J .  V . (1981): B enth ic d etritu s d yn am ics in a m oun tain  stream . — 

H o larc tic  E co l. 4 : 3 2 —35.
Shreve, R . L . (1966): S tatistical law  o f  stream  n u m bers. — J .  G e o l. 74 : 17—37.
Smith, S. D . (1968): T h e Rbyacophila o f  the Salm on  R iver drain age o f  Id ah o  w ith  special 

reference to  la rv a e *# -  A n n . E n to m o l. Soc . A m . 61 : 6 5 5 —674.
Starmühlner, F . (1984): C h e ck list and lon g itu d in al d istribu tion  o f  the m eso- and m acro 

faun a o f  m ountain  stream s o f  Sri L an k a  (C e y lo n ). — A rch . H y d ro b io l. 101: 3 0 3 —325. 
Steffan, A .W . (1971): C h iro n o m id  (D ip tera) b io coen o ses in Scandinavian  glacier b ro o k s , nf 

C an . E n to m o l. 103: 4 7 7 —486.
Strahler, A . N . (1957 ): Q u an titative  an alysis o f  w atersh ed  geom orp h o logy . — T ran s. A m . 

G eo p h y . U n io n  38 : 9 1 3 —920.

Thienemann, A . (1912): D e r  B ergbach  des Sauerlandes Jt- f$  In t. Rev. ges. H y d ro b io l. 

H y d ro g r . Su pp l. 4 : 1 — 125.
— (1925): D ie  B in n en gew ässer M itte leu ropas. — D ie  B in n en gew ässer 1: 1 ^ 2 5 5 .

3i$ (1954): Chironomus. L e b en , V erbreitu n g und  w irtschaftliche B edeu tu n g  der C h iro n o - 

m iden . ^  D ie  B in n en gew ässer 20 : 1—834.

U . S . E n viron m en tal P ro tection  A gen cy  (1972): W ater qu ality  investigation s in the South  
P latte R iver B asin , C o lo ra d o , 1971—72. — 74 p .?;N a t l .  F ie ld  In vest. C en te r, D en ver, 
C o lo ra d o .

Vannote, R . L . ;  Minshall, G . W.; Cummins, K . W.; Sedell, J .  R . &  Cushing, C . E.
(1980): T h e river con tin u u m  con cept. — C a n . J .  F ish . A q u atic . Sei. 37 : 130—137. 

Vannote, R . L . &  Sweeney, B . W. (19801: ‘ G eo grap h ic  an alysis o f  therm al equ ilib ria : A  
con ceptual m od el fo r  evaluatin g the effect o f  natural and m od ified  therm al regim es on 

aquatic insect com m u n ities. — A m . N a t . 115: 6 6 7 —695.
Viets, K . O . (1966): Z u r A n aly se  der W asserm ilb en -F au n a eines H arz-B ach e s. — In t. Rev. 

G e s . H y d ro b io l. 51 : 4 5 1 —460.

Wachs, B . (1967): D ie  O ligo ch aeten -F au n a  der F ließ gew ässer unter beson d erer B erü ck sich 
tigu n g  der B ezieh un gen  zw ischen  der T u b ific id en -B esied lu n g  und  dem  Su b strat. — A rch . 

H y d ro b io l. 63 : 310—386.
Waltz, R . D . &  McCafferty, W. P. (1979): F resh w ater sprin gtails (H e x a p o d a : C o llem b o la ) 

o f  N o rth  A m erica . — 32 p ., P urd u e U n iv. A gric . E x p er . S tation  R e s. B u ll. 960.

Ward, J .V . (1974): A  tem perature-stressed  stream  ecosy stem  below  a hypolim n ial release 
m ountain  reservoir. « ¡A r c h .  H y d ro b io l. 74 : 2 4 7 —275.
(1975): B o tto m  fau n a-su bstrate  relation sh ip s in a northern  C o lo ra d o  trou t stream : 1945 
and 1974.: ^  E co lo g y  56 : 1 4 2 9 -1 4 3 4 .
(1976 a): C o m p ara tiv e  lim n ology  o f  d ifferen tially  regulated  section s o f  a C o lo ra d o  
m oun tain  river. & A rch . H y d ro b io l. 78 : 3 1 9 —342.
(1 9 7 6 b ) : L u m b ric id  earthw orm  p o p u latio n s in a C o lo ra d o  m oun tain  r iv e r ||t-  Sou th w est. 

N a t . 2 1 : 7 1 - 7 8 .
^ ¥ | i 9 8 l ) :  A ltitu din al d istribu tion  and abun dan ce o f  T rich op tera  in a R o c k y  M ou n tain  stream . 

[In :] Moretti, G . P . (e d .) : P roc . T h ird  In ternat. S y m p o s. T rich o p tera : 3 7 5 —381. & 

D r . W . Ju n k , T h e H agu e .
— (1982): A ltitu din al zon ation  o f  P lecop tera  in a R o c k y  M ou n tain  stream . — A q u atic  In sects 

4 : 1 0 5 - 1 1 0 .

— (1984): D iv e rsity  pattern s exhib ited  by  the P lecoptera  o f  a C o lo ra d o  m oun tain  stream . — 
A n n . L im n o l. 2 0 : 123 — 128.

E  |1 9 8 5 ) : T h erm al characteristics o f  run ning w aters, 3  H y d ro b io lo g ia  125: 31—46.
Ward, J .  V . &  Berner, L . (1980): A b u n d an ce  and altitudinal d istribu tion  o f  E ph em eroptera  

in a R o c k y  M ou n tain  stream . — [In :] Flannagan, J .  F . &  Marshall, K . E . (e d s .) : 

A d van ces in E ph em eroptera  b io lo gy : 169—177. — P l ^ u m  P ress, N .Y .



A ltitudin al zon ation  in a R o c k y  M oun tain  stream 199

Ward, J .  V . &  D ufford , R . G . (1979): L on gitu d in al and seasonal d istribu tion  o f  m acro- 
invertebrates and epilithic algae in a C o lo ra d o  sp rin gb ro o k -p o n d  sy stem . — A rch . H y d ro -  
b io l. 86 : 2 8 4 - 3 2 1 .

Ward , J .  V. & Stanford, J .  A . (1982): T h erm al respon ses in the evolu tion ary  eco lo gy  o f  
aquatic insects. — A n n. Rev. E n to m o l. 27 : 9 7 —117.

— ^  (1983): T h e serial d iscon tin u ity  concept o f  lotic ecosy stem s. — [In :] Fontaine, T . D . &  
Bartell, S. M . (e d s .) : D y n am ics o f  lotic eco sy stem s: 2 9 —42. — A n n . A rb o r  Sci. P u b l., 
A n n . A rb o r, M ich igan .

Ward, J .  V.; Zimmermann, H . J .  &  C lin e , L . D . (1986): L o tic  zoob en th os o f  the C o lo ra d o  

R iver. — [In :] D avies, B . R . &  Walker, K . F. (e d s.) : E co lo g y  o f  river sy stem s: 4 0 3 —423. 
— M on ograph iae  B io log icae , D r. W. Ju n k , D o rd rech t, T h e N eth erlan d s.

Whittaker, R . H . (1975): C om m u n ities and ecosy stem s. — 385 p ., M acm illan , N e w  Y o rk .
Wiggins, G . B . (1977): L arvae o f  the N o rth  A m erican  cad d isfly  genera. — 401 p ., U n iv. 

T o ro n to  P ress, T o ro n to .
William s, D . D . ;  Read, A . T . &  Moore, K . A . (1983): T h e b io lo gy  and zo o g eo g rap h y  o f  

Helicopsyche borealis (T rich optera : H elicop sych idae ): a N earctic  represen tative o f  a 
trop ical genus. — C an . J .  Z o o l. 61: 2288—2299.

William s, T . R . &  H ynes, H . B . N .  (1971): A  survey  o f  the faun a o f  stream s on M ou n t 
E lgo n , E a st  A frica , w ith  special reference to  the Sim uliidae (D ip tera). — F resh w at. B io l. 1: 
2 2 7 - 2 4 8 .

W u , S .- K . (1978): T h e bivalvia o f  C o lo ra d o . Part I. T h e fingernail and p ill clam s (F am ily  
Sphaeriidae). N a t . H ist. In ventory  C o lo ra d o  2 : 1—39.

Y oung , W . C . (1969): E co log ica l d istribution  o f  H yd racarin a  in north  central C o lo ra d o . — 

A m . M id i. N a t . 82 : 3 6 7 -4 0 1 .
Zelt , K . A . &  C lifford , H . F . (1972): A ssessm en t o f  tw o m esh  sizes fo r  in terpretin g  life 

cy cle s, stan d in g cro p , and percentage co m po sition  o f  stream  insects. — F resh w at. B io l. 2 : 

2 5 9 - 2 6 9 .

A d d ress o f  the au th or:

P ro f. J ames V. Ward, D epartm en t o f  Z o o lo gy , C o lo ra d o  State U n iversity , F o r t C o llin s, 

C o lo ra d o  80 5 2 3 /U SA .





Copeia, 1991(3), pp. 659-674

Disturbance and Fish Communities in Intermittent Tributaries of a 
Western Great Plains River

K u r t  D .  F a u s c h  a n d  R o b e r t  G . B r a m b l e t t

Intermittent canyon tributaries of the Purgatoire River, Colorado, consist of 
isolated pools during long periods of low or no flow, which are punctuated during 
summer by intense flash floods lasting one to three days. Despite the frequent 
strong disturbances and limited opportunities for recolonization, we found fish 
in most permanent pools sampled along five tributaries. Of 11 native fishes in 
the river mainstem, five species penetrated an average of 6.6-9.1 km upstream 
in four drier tributaries; five others colonized only 0.3—1.0 km upstream; and 
one species was rare. Distribution of five species was different in the fifth trib
utary, which had more flow. Analysis of fish communities at sites sampled through 
time in four tributaries indicated that species composition and relative abun
dances remained relatively constant at three sites with deep complex pools but 
changed markedly at two sites with shallow simple habitat. This was probably 
because the latter offered little refuge from floods. We also found relatively 
variable species composition among pools along each tributary, little o f which 
could be accounted for by drought, predation, or habitat complexity alone. We 
propose that differential effects of unpredictable floods in pools of varying habitat 
complexity, interacting with recolonization and recruitment, are sufficient to 
produce the spatial and temporal variation observed in tributary fish commu
nities.

D ISTURBANCE is thought to play an im
portant role in structuring communities 

of fishes and other organisms in streams (Karr 
and Freemark, 1985; Resh et al., 1988; PofFand 
Ward, 1989). Fishes inhabiting southwestern 
desert and western Great Plains streams are fre
quently exposed to disturbances from floods and 
droughts, and must persist in environments 
characterized by fluctuating flows (Meffe and

Minckley, 1987; Minckley and Meffe, 1987), 
high natural turbidity (Cross and Moss, 1987; 
Matthews, 1988), and high temperatures (Mat
thews, 1987). Floods are especially detrimental 
in canyon reaches of western streams because 
fish cannot avoid displacement by escaping to 
floodplain refugia such as those often present 
in more mesic environments (Meffe, 1984; 
Minckley and Meffe, 1987). Adult fish must
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maintain their position in the channel, or persist 
in microrefugia, and then recolonize and re
produce to sustain populations.

The response of western Great Plains stream 
fishes to disturbance is unknown because their 
ecology is relatively unstudied (Matthews, 1988). 
Thus, whereas floods were found to have little 
long-term effect on persistence of native species 
in southwestern desert (Minckley and Meffe, 
1987), central Plains (Ross et al., 1985; Mat
thews et al., 1988), and Ozark streams (Mat
thews, 1986), fish in western Plains streams may 
respond differently. One reason is that, in con
trast to the high proportion of endemic genera 
and species in southwestern desert streams 
(Minckley et al., 1986; Carlson and Muth, 1989), 
no species specifically adapted to harsh flow re
gimes occur in western Plains streams. This lack 
of endemics is probably largely a result of con
tinuous faunal connections with the Mississippi 
and Red River basins (Cross et al., 1986). This 
contrasts with the long periods of isolation that 
promoted speciation in the Colorado River ba
sin, for example. Species richness simply de
clines westward in Great Plains watersheds 
(Cross and Moss, 1987), and most fishes present 
are wide-ranging species preadapted to the harsh 
conditions that colonized from richer faunas to 
the east. Thus, the depauperate fauna that per
sists in harsh western canyon reaches is also like
ly to respond differently to disturbance than the 
richer fish communities of more mesic central 
Plains and Ozark streams.

Current theories hold that the ecology and 
life history of organisms reflect adaptations to 
characteristics such as frequency, intensity, and 
predictability of disturbance (Sousa, 1984; 
Schlosser, 1990; Poff and Ward, 1989). For ex
ample, if disturbances are too frequent or in
tense, colonizing species are expected to dom
inate the system (Grossman et aH  1982; 
Schlosser, 1987; Resh et a l|| 1988). Poff and 
Ward (1989) predict that fishes in “ intermittent 
flashy” streams such as those we studied should 
be small, vagile, early maturing species with 
broad physiological tolerances that can with
stand floods via behavioral or morphological 
adaptations. They also predict that communi
ties will be depauperate, trophically simple, and 
have weak biotic interactions but that species 
persistence (sensu Connell and Sousa, 1983) will 
be high because of strong selection for flood 
and drought-resistant forms.

The purpose of this paper is to identify which 
factors related to disturbance affect fish com

munity structure on a local scale in intermittent 
tributaries of a western Great Plains river. Resh 
et al. (1988) suggested this as one of the im
portant questions to pose about the role of dis
turbance in shaping communities. We analyzed 
both spatial and temporal survey data to assess 
the relative importance of flash floods, droughts, 
vagility, and predation in influencing fish com
munities in isolated tributary pools and over 
longer stream reaches.

S t u d y  A rea  and  M eth o d s

The Purgatoire River is a seventh-order trib
utary of the Arkansas River in southeastern Col
orado (for a detailed description, see Bramblett 
and Fausch, 1991). After descending from the 
Rocky Mountains to the Great Plains, it runs 
through Piñón Canyon, a remote canyon 60- 
1800 m wide and up to 150 m deep formed by 
sheer Cretaceous sandstone walls. Our study area 
included 10 intermittent tributaries that flow 
from the plains northwest of the canyon and 
downcut through smaller canyons or arroyos to 
the river (Fig. 1). Although the United States 
Army uses the adjacent plains for mechanized 
infantry training, track-driven vehicles are not 
permitted near the canyons; and thus far no 
effects on aquatic ecosystems have been detect
ed. The United States Geological Survey (USGS) 
operates flow gauges on the river and five trib
utaries that have the greatest discharge (Fig. 1).

Tributary canyons were searched for per
manent pools capable of harboring fish. Most 
pools we sampled had aquatic and riparian veg
etation and appeared permanent, although some 
canyons only had pools that appeared ephem
eral. We also sampled these pools. The junior 
author made a broad spatial survey by sampling 
51 sites during Sept.-Oct. 1987 and May-June 
1988, most of which consisted of one isolated 
pool each. Seven of these sites, consisting of one 
or two connected pools (two pools at lower Van 
Bremer, lower Lockwood, and Red Rock) se
lected from those with the most complex habitat 
in each canyon, were designated as temporal 
sites (Fig. 1) and were sampled two to six times 
during seven sampling periods from fall 1983 
to spring 1989. There were no barriers to fish 
dispersal, except for a small waterfall about 300 
m downstream from the most upstream site in 
Taylor Arroyo.

Pools were approximately 3-8 m wide ( x 9  
5.4 m at temporal sites) and were isolated; hence, 
block nets were not used. Fish were captured



23: A Mountain River

J.V.WARD

23.1 IN TR O D U C TIO N

Mountain rivers are one of our most valued re
sources. The term, mountain river, conjures up 
visions of crystal-clear waters in a pristine setting. 
Indeed, most undisturbed running water segments 
occur in mountainous regions at high elevations. 
Mountain rivers share common features world
wide and have served as the primary site for the 
evolution of many lotic organisms. It is in such 
settings that the aquatic biota most clearly 
exemplify the remarkable adaptations to running 
water conditions. For the purposes of this chapter, 
the term 'mountain river' refers to running waters 
of high altitudes, the upper reaches of river sys
tems. Although mountain rivers may extend 
downward to sea level in areas of recent coastal 
subsidence or in geologically youthful regions, 
such low elevation mountain rivers will be con
sidered only briefly. The emphasis will be on 
high-gradient streams and rivers at high elev
ations in the temperate zone.

The ensuing material begins with the idealized 
features of mountain rivers, including typical en
vironmental conditions, energy resources, biotic 
communities, and adaptations of the biota. This 
is followed by a general discussion of the types of 
running waters occurring at high elevations and 
their longitudinal patterns. The remainder of the 
chapter is devoted to the St. Vrain, an archetypical 
mountain river of the Colorado Cordillera.

23.2 GEN ERAL FEATURES OF 
M O U N TA IN  RIVERS

Environmental conditions

The high gradient (slope) of the typical mountain

river, coupled with a highly irregular bed struc
ture, results in rapid current and high turbulence. 
Consequently oxygen levels are near saturation 
and the stream water tends to be chemically and 
thermally homogeneous.

Only recently have lotic ecologists begun to 
characterize precisely the microcurrent regime 
near the surface of the streambed where many 
organisms reside (Wetmore et al 1990; Davis and 
Barmuta 1989; Nowell and Jumars 1984; Statzner 
et al 1988; see Chapter 5). Near-bed conditions 
may be hydraulically smooth (e.g. over flat sheets 
of bedrock) or hydraulically rough (over irregular 
stream bottoms). Under hydraulically smooth 
conditions there is a 'laminar sublayer' consisting 
of a thin zone of non-turbulent water above the 
bottom surface (Davis & Barmuta 1989; see 
Chapter 5). Under the hydraulically rough con
ditions that typify mountain streams and rivers, 
the near-bed current microenvironment is 
normally turbulent, although stable eddies may 
develop between closely spaced substrate par
ticles as the current skims across the tops of 
those particles. Fluid dynamics depend not only 
on the spacing of substrate elements, but also on 
the height of individual particles above the 
streambed and 'relative roughness' (height of 
particles/water depth). In high-gradient riffles at 
low water, near-bed current patterns are ex
tremely complex and high velocities occur close 
to the bed. None the less, the microcurrent regime 
of such riffles is highly heterogeneous and in
cludes low-velocity microdepositional habitats. 
In addition, water velocities rapidly approach zero 
with increasing depth within the interstitial 
spaces of the hyporheic zone (Williams & Hynes 
1974).

Mountain streams are 'erosional' habitats in
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the sense that fine mineral particles tend to be 
eroded and transported downstream to 'deposi- 
tional' habitats (e.g. lakes, lowland rivers). At 
smaller spatial scales, however, both erosional 
(e.g. riffles) and depositional (e.g. pools) habitats 
co-occur. None the less, coarse materials such as 
cobble (64-256 mm), pebble (32-64 mm), gravel 
(2—32 mm) and wood characterize the substrata 
of mountain streams and rivers (see Chapter 3). 
The composition and distribution of substrata 
within the channel are largely structured by 
physical processes related to the unidirectional 
flow of water interacting with basin geology and 
allochthonous organic debris (Keller & Swanson 
1979; Bilby & Likens 1980). In old growth forests, 
wood debris may exert major controls on channel 
morphology (Harmon et al 1986) and the retention 
of organic matter (Bilby & Likens 1980; Speaker 
et al 1984). In contrast, wood debris plays a very 
minor role in streams above treeline where the 
source of wood is restricted to small riparian 
shrubs (e.g. Salix spp.). Tundra streams are often 
lined by willows and dense herbaceous vegetation, 
however, so relatively large standing crops of 
organic detritus may accumulate in the streambed 
during the growing season (Ward 1986).

High water clarity is a distinguishing feature of 
most mountain streams and rivers. Despite this, 
however, light for in situ primary production may 
be limiting. In densely forested headwater 
streams, the light available for autotrophic pro
duction is limited by canopy development. In 
exposed streams above treeline, autotrophic pro
duction is limited by low summer water tempera
tures and nutrient levels, and by the short growing 
season. Small rivers of middle elevations typically 
provide optimal conditions for instream primary 
production because of an open canopy, adequate 
levels of plant nutrients, and shallow, clear water.

Elevation exerts a primary influence on the 
temperatures of mountain waters through its in
fluence on air temperatures, as reflected by the 
lapse rate (an average decrease in air temperature 
of about 6.5°C for every 1000-m increase in elev
ation). Stream temperatures tend to track air 
temperatures except when ice covered or during 
periods of snowmelt or spate (Ward 1985). Because 
groundwater temperatures approximate mean 
annual air temperatures, even mountain streams

fed by groundwater are under the influence of the 
lapse rate. Factors related to insolation (aspect 
and canopy) can modify the influence of air tem
perature, as exemplified by the higher tempera
tures of some exposed streams above treeline 
compared with their canopied reaches at lower 
elevations (Ulfstrand 1968).

Typical river water is a dilute solution of cal
cium bicarbonate. The total dissolved solids 
(TDS) content of the world's rivers averages 
120 mg D 1 (Livingston 1963; see Chapter 4). 
The ionic content of the river generally increases 
downstream as the water ages and is contributed 
from an increasingly larger catchment (Hynes 
1970). TDS values <50 mg l“ 1 usually indicate 
drainage from igneous rock (Wetzel 1983). If the 
high elevation portion of the catchment consists 
of relatively insoluble crystalline bedrock, where
as soluble sedimentary strata occur at lower elev
ations, the downstream trend of increasing ionic 
strength is accelerated. Water hardness also tends 
to increase downstream in river systems. There
fore, mountain streams, unless originating as cal
careous springs, are characterized by soft water of 
low ionic strength.

Because of the turbulent nature of high-gradient 
mountain streams, dissolved gases are well mixed 
and in equilibrium with the atmosphere. The 
decrease in gas solubility with increasing elev
ation (decreasing atmospheric pressure) is coun
tered by the increase in solubility associated with 
the low temperature of the water.

Energy resources

Both in situ primary production (autochthonous 
production) and allochthonous production de
rived from the surrounding landscape contribute 
organic matter to running waters (see Chapter 
17). In high-gradient mountain streams bryo- 
phytes (mosses and lichens) and attached algae 
constitute the main photosynthetic organisms. 
The high current velocity and paucity of soft 
bottom sediment severely restricts or excludes 
floating or rooted angiosperms. Mountain rivers 
do not provide suitable conditions for the devel
opment of phytoplankton.

Much of the organic matter in mountain rivers 
is detritus of allochthonous origin and this is
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especially marked in forested headwaters. In a 
canopied deciduous forest stream, leaf litter and 
other allochthonous detritus accounted for >99% 
of the annual energy budget (Fisher & Likens 
1973). In coniferous forest streams examined by 
Naiman and Sedell (1979), more than 90% of the 
benthic detritus was wood. Mountain streams 
lacking fully developed canopies, such as alpine 
streams, depend to a greater extent on auto
chthonous production (Minshall 1978; Winter- 
bourn et al 1981). For example, the fish fauna of 
high-gradient Andean headwaters above the forest 
consists mainly of algal-grazing catfishes (Lowe- 
McConnell 1987). The limited fauna inhabiting 
the sources of glacial-fed streams feed on wind
blown organic particles entrapped on the surface 
of the glacier and later released to the stream 
(Steffan 1971). Kohshima (1984) documented the 
occurrence of blue-green algae and bacteria in the 
meltwater drainage channels of a Flimalayan 
glacier and in the guts of chironomid larvae.

Biotic communities

The majority of organisms in high-gradient 
mountain rivers are benthic in the sense of being 
closely associated with the substratum. In con
trast, organisms residing in the open water 
(plankton, nekton) or associated with the air- 
water interface (pleuston) are poorly represented, 
as are higher plants that require soft bottom 
sediments for rooting.

Benthic community types

The benthic communities of running waters in
clude biofilm assemblages, attached macrophytes, 
zoobenthos, hyporheos and bottom fishes. Bio
film, the organic layer that coats all solid surfaces, 
is a heterogeneous assemblage of attached algae, 
bacteria, fungi, protozoans and micrometazoans 
in a polysaccharide matrix (Lock et al 1984; see 
Chapter 15). In mountain streams, the primary 
sites of biofilm development are the surfaces of 
stones (epilithon) and submerged wood (epixylon). 
In addition to photosynthetic production, the bio
film is a major uptake site for dissolved organic 
matter, thereby adding to the food available to

grazing fishes and invertebrates (Rounick & 
Winterbourn 1983).

Bryophytes are the primary attached macro
phytes in many mountain rivers. Although not 
generally consumed as food, mosses and liver
worts provide important physical habitat struc
ture (Glime & Clemons 1972). The largely tropical 
attached angiosperms (Podostemaceae and 
Hydrostychaceae) are adapted to torrential moun
tain streams (Gessner 1955).

The distinctive and highly adapted zoobenthic 
community of high-gradient mountain streams is 
remarkably similar worldwide and is dominated 
by insects except in calcareous streams where 
crustaceans and molluscs are also abundant 
(Hynes 1970). For example, insects constitute 
more than 95% of total zoobenthos numbers 
in streams in the Rocky Mountains of North 
America (Ward 1975) and the Tien Shan Moun
tains of Asia (Brodsky 1980).

The hyporheic community consists of invert
ebrates that inhabit the interstitial spaces be
tween sediment grains within the streambed and 
laterally under the banks (Williams & Hynes 
1974; Pennak & Ward 1986; Stanford & Ward 
1988; Danielopol 1989; see Chapter 11). The 
hyporheic community consists of selected com
ponents from the zoobenthic community that 
spend a portion of their lives in the hyporheic 
zone (e.g. early instars, diapausing nymphs) as 
well as permanent residents that are highly 
adapted for a hypogean existence. The few data 
available suggest that altitudinal distribution 
patterns of the hyporheos are at least partially 
decoupled from altitude, depending more on site- 
specific geomorphic features of the fluvial land- ; 
scape (Ward & Voelz 1990).

Both resident and migratory fishes occur in 
mountain rivers. Migrants that spawn in the 
headwaters may come from lower riverine reaches 
(potamodromy), lakes (adfluvial), or the sea 
(anadromy). Catadromous eels (Anguilla) ascend 
rivers to complete growth and sexual maturity. 
Whereas most migratory species are nektonic, 
many resident fishes of mountain streams are 
truly benthic. Only the strongest swimmers, such 
as salmonids, can maintain a nektonic existence 
in high-gradient mountain streams.
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Adaptations of the biota

Running waters are physiologically richer than 
still waters (Whitford & Schumacher 1961; Hynes 
1970) and lotic organisms have evolved various 
adaptations enabling them to inhabit high-gradi- 
ent streams and take advantage of the benefits 
conferred by current. Morphological, behavioural 
and physiological adaptations often function in 
concert but are discussed under separate headings.

Morphological adaptations

Sustained swimming is not commonly employed 
by the organisms of high-gradient streams. Only 
nektonic fishes, fusiform-shaped and elliptical in 
cross-section, are able to swim against the current 
for extended periods. Most fishes and other 
aquatic organisms use other adaptations to main
tain position in fast water or to avoid the full 
force of the current.

Sessile forms use various means of attachment 
to anchor themselves to solid surfaces. Examples 
include algal holfasts, the rhizoids of mosses, the 
modified roots of attached angiosperms, and the 
salivary secretions used to affix the shelters of 
certain caddisflies and midges. Motile aquatic 
insects of mountain streams employ modified 
gills, hair fringes and hydraulic suckers to increase 
frictional resistance with the substratum. Dorso- 
ventral flattening of the body, well exemplified 
by heptageniid mayflies and water pennies 
(Psephenidae) may serve several functions. It en
ables organisms to feed on algae attached to the 
tops of rocks in rapid water, to move into cervices, 
and to be less vulnerable to predation. Many lotic 
invertebrates use hooks and claws to obtain pur
chase in rapid water. Riffle beetles (Elmidae), for 
example, crawl along the bottom using well- 
developed tarsal claws, quite in contrast to the 
nektonic beetles of lowland rivers that use hair 
fringes for swimming. Unlike most beetles, which 
are positively buoyant and must periodically re
new air stores, the plastron of elmids frees them 
from surface visits, a dangerous and energetically 
expensive proposition for inhabitants of torrential 
streams (Ward 1992).

Benthic fishes of high-gradient mountain 
streams also exhibit a remarkable array of mor

phological adaptations (Allen 1969). They are 
dorsoventrally flattened or have an arched profile 
with a flat ventrum, in contrast to the laterally 
flattened fishes of lakes and lowland rivers. The 
paired fins tend to be positioned more laterally on 
the body and are more muscular than those of 
related slow water species. The pectoral fins may 
function as reverse hydrofoils; when the leading 
edge faces into the current, a negative pressure 
under the fin apresses the fish to the bottom. 
Bottom dwellers typically have reduced swim 
bladders and decreased buoyancy. Eyes are more 
dorsal, gill openings are more lateral, and the 
mouth of bottom dwellers is more ventral than 
in nektonic fishes. Benthic fishes of torrential 
streams exhibit various adaptations that serve to 
increase frictional resistance with the sub
stratum. In Sculpins (Cottidae), the pelvic fins are 
far forward on the body and with the pectoral fins 
form a ventral friction device. A few other North 
American and European fishes exhibit friction 
devices similar to sculpins, but in African, Asian 
and South American torrential waters much more 
elaborate organs of attachment have been de
scribed (Hora 1930; Marlier 1953; Kleerekoper 
1955). Fishes from several families have indepen
dently evolved mouth suckers or hydraulic discs 
near the mouth enabling them to attach very 
firmly to rocks.

Behavioural adaptations

Because of the highly heterogeneous current 
regimes of torrential reaches, mobile organisms 
can exert choice over the current to which they 
are exposed. At the microspatial scale, organisms 
exhibit cryptic behaviour by moving into crevices 
or seeking refuge in moss tufts; others position 
themselves on rock faces. Even strong-swimming 
nektonic forms such as salmonids spend much 
time in areas of reduced current. Invertebrates 
poorly adapted to resist current are concentrated 
in the quieter margins, whereas other species 
are more abundant near the stream's centre 
(Needham & Usinger 1956). Differences in the 
morphological adaptations of congeneric Eshes 
are consistent with their exposure to and ability 
to resist current (Mathews 1985). The more rheo- 
philic dace, Rhinichthys cataractae, not only
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occurs in faster current than its sympatric con
gener (R. falcatus), it also has a smaller swim 
bladder (Gee & Northcote 1963).

Behavioural drift, the downstream transport of 
benthic organisms by current, is a functional at
tribute of running waters, although whether drift 
entry is passive or active is contentious (Allan 
et al 1986; Brittain & Eikeland 1988). The colon
ization-cycle hypothesis has been proposed as a 
drift compensation mechanism for aquatic insects 
with a winged adult stage (Müller 1982); upstream 
flight by ovigerous females prevents faunal de
pletion of the headwaters and provides a means 
of exploiting different habitats during different 
seasons or lifecycle stages. Upstream migration 
within the water has been documented for a 
variety of stream invertebrates (Söderström 1987).

Another behavioural adaptation to torrential 
conditions is employed by black fly larvae 
(Simuliidae), which use silk threads as 'life-lines', 
enabling them to regain their original position 
if displaced accidently or to avoid a predator 
(Wotton 1986). Certain caddisflies add mineral 
particles to their cases to increase ballast, es
pecially before the quiescent pupal stage.

Respiratory physiology of aquatic insects

Aquatic insects perhaps best exemplify, through 
their respiratory physiology, the special con
ditions of high-gradient mountain streams. In
sects tend to be the most abundant and diverse 
metazoans in such habitats; entire orders of in
sects evolved in cool headwater streams; and a 
great deal is known of their respiratory physio
logy, which has common features with other 
faunal groups characteristic of high-gradient 
mountain streams (e.g. salmonid fishes,- Allen

1969). The fauna of high-gradient mountain 
streams evolved in an environment — cool, turbu
lent, oxygen-saturated waters —that does not 
necessarily require special physiological adap
tations. Adaptive radiation occurred later as low
land rivers and lentic habitats were colonized 
(Ward & Stanford 1982). It is, in fact, the lack of 
adaptations that is most striking when the respir
atory physiology of insects from cool lotic waters 
is considered and contrasted with related forms 
from more stagnant waters (Table 23.1).

Insects from running waters generally, and 
high-gradient headwaters in particular, are unable 
to regulate oxygen consumption, which varies 
directly with the oxygen concentration of the 
medium (dependent-type respiration). In addition, 
insects from running waters tend to have high 
metabolic rates, are intolerant of low oxygen 
levels, and generally lack the ability to use venti
latory movements to enhance oxygen uptake. 
Insects and other animals with an evolutionary 
history tied to mountain streams have had little 
or no selective pressures to develop adaptations 
to low oxygen conditions. Obligatory rheophiles, 
while able to survive temporary oxygen deficits 
in moving water, succumb in still water even at 
high concentrations of oxygen (Philipson 1954; 
Hynes 1970).

Temperature is also intimately related to the 
respiratory physiology of aquatic insects. For 
example, onset of death occurred at an oxygen 
concentration 2.4 times higher when stonefly 
nymphs were held at 15.6°C than at 10°C (Knight 
& Gaufin 1964). The cold stenothermous nature 
of mountain stream animals probably relates as 
much to high oxygen requirements as it does to 
low temperature (Hynes 1970).

T a b le  2 3 .1  C o n tr a s t in g  fe a tu re s  in  s o m e  g e n e ra l re sp ira to ry  c h a r a c te r is t ic s  o f  in s e c t s  in  ru n n in g  an d  s ta n d in g  w a te rs

C h a r a c te r is t ic S t a n d in g  w a te r s R u n n in g  w a te rs

T y p e  o f re sp ira tio n In d e p e n d e n  t * D e p e n d e n t*
O x y g e n  c o n su m p tio n L o w H igh
T o le ra n c e  o f  low  o x y g e n  c o n ce n tra t io n H ig h L o w
V e n tila to ry  m o v e m e n ts W ell d e v e lo p e d P o o rly  d ev e lo p ed *7

S e e  te x t  fo r  d e fin itio n ?  b w e ll d ev e lo p ed  in  ca se -  an d  tu b e -d w e llin g  fo rm s.
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Longitudinal patterns

Spatial changes in abiotic and biotic variables 
along the course of river systems have long at
tracted the attention of river ecologists (e.g. 
Shelford 1911; Thienemann 1912). lilies (1961) 
proposed a universal zonation scheme for running 
waters based on the rather sudden transition in 
zoobenthic community composition that corre
sponded to fish zonation patterns (Müller 1951) 
and to shifts in factors such as temperature and 
current. The most marked faunal changes oc
curred at the lower end of the salmonid zone; 
areas upstream from this point were designated 
/rhithral,/ those below were designated 'potamal'. 
Rhithral was defined as the upper reaches where 
the annual range of monthly mean water tem
peratures does not exceed 20°C, dissolved oxygen 
levels are continuously high, the substratum is 
predominantly coarse, the current is turbulent, 
and the water is clear (Table 23.2). The annual 
range of monthly mean water temperatures in the 
potamal commonly exceed 20°C, oxygen levels 
are low at times, finer substratum materials are 
abundant, the current is less turbulent, and water 
clarity is lower. lilies and Botosaneanu (1963) 
expanded the zonation scheme to include an upper 
krenal zone for streams originating as springs 
(summer-cool, winter-warm). Steffan (1971) added 
yet another upper zone, the kryal, to encompass

streams arising from the meltwater of glaciers 
and permanent snowfields (Tmax<  4°C). The dis
tinctiveness of the biota of the major zones has 
focused on differences in temperature regimes. 
Statzner and Higler (1986) proposed that stream 
hydraulics also play an important role in struc
turing zonation patterns (see Chapters 3 and 11).

The river continuum concept (RCC), developed 
in North America (Vannote et al 1980), perceives 
the downstream changes along rivers from a clinal 
rather than a zonal perspective (see Chapter 17). 
According to the RCC, river systems are longi
tudinal resource gradients along which stream 
organisms are predictably structured. This con
ceptual model was initially formulated for undis
turbed deciduous forest streams with headwaters 
that are fully canopied by riparian vegetation and 
dominated by groundwater. The upper reaches 
are, therefore, light-limited heterotrophic systems 
(allochthonous leaf litter providing the major 
energy source) with temperature, discharge, and 
chemical regimes that are relatively stable and 
predictable (Table 23.3). As the canopy opens in 
the middle reaches, where the water is shallow 
and remains clear, primary production is maxi
mized and autotrophy prevails [P/R>  1). The 
stream is no longer buffered by a dense canopy 
or groundwater dominance, and environmental 
heterogeneity reaches a maximum (e.g. die! 
amplitudes of temperature). The large volume of

T a b le  2 3 .2  Id e a liz e d  fe a tu re s  o f  the fo u r m a jo r  z o n e s  o f r iv e r  s y s te m s  a s  in te rp re te d  fro m  th e  z o n a tio n  p e r sp e c tiv e

M a jo r  z o n e s

K ry a l K re n a l R h ith ra l P o ta m a l

T e m p e r a tu r e < 4 ° C S u m m e r-c o o l, Tmax >  4 °C  S  2 0 °C Tmax >  2 0 °C
w in te r-w a rm

T ra n sp a re n c y C le a r  o r  tu rb id C le a r  C le a r T u rb id
S u b s t r a tu m C o a rse F in e  to  c o a rse  C o a rse F in e
O x y g e n S a tu ra te d V a ria b le  S a tu ra te d P erio d ic  d e f ic its
G r a d ie n t H ig h V a ria b le  H igh L o w
P la n k to n A b se n t A b se n t  A b se n t P re se n t
A lg a e A b se n t V a ria b le  E p ilith o n , E p ix y lo n E p ip eion , E p ip h y to n
B ry o p h y te s A b se n t V a ria b le  A b u n d a n t S p a r se /a b s e n t
R o o te d  p la n t s A b se n t A b u n d a n t S p a r se /a b s e n t V ariab le
Z o o b e n th o s Diamesa, N o n - in s e c t s /  In se c ts  p re d o m in a te In se c ts /n o n - in se c ts

Pwsimulium in s e c t s
F ish  fa u n a A b se n t V a ria b le  R h e o p h ilic L im n o p h ilic
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T a b le  2 3 .3  Id e a liz e d  fe a tu re s  o f th e  th ree  r e a c h e s  o f river s y s te m s  a s  in te rp re te d  fro m  th e  p e r sp e c tiv e  o f th e  r iv e r  

c o n t in u u m  c o n c e p t  (as in it ia lly  fo rm u la te d )

R iv e r  reach es

U p p e r M id d le L o w e r

T e m p e r a tu r e C o o l, lo w  a m p litu d e H igh  a m p litu d e M o d e ra te  a m p litu d e

P/R < 1 . 0 > 1 .0 < 1 . 0

E n e rg y  so u rc e T e rre s tr ia l  d e tr i tu s In situ P P * T ra n sp o r t  d e tr itu s

B o t to m  lig h t L o w H igh L o w

N u t r ie n t L o w H igh L o w

a v a ila b il ity
A t ta c h e d  a lg a e S p a rse A b u n d an t S p a rse

S u b m e rg e d A b se n t A b u n d an t S p a rse

a n g io s p e r m s
P la n k to n A b se n t A b sen t P re se n t

L e a f  l i t te r A b u n d a n t S p arse N e g lig ib le

In v e r te b ra te s
S h re d d e rs C o -d o m in a n t R are A b se n t

C o l le c to r s C o -d o m in a n t C o -d o m in an t D o m in a n t

G r a z e r s S p a rse C o -d o m in an t A b se n t

P re d a to rs L o w Low L o w

F is h  fa u n a C o o l-w a te r  in v e r t iv o re s P isc iv o re s an d  in v e rt iv o re s P la n k tiv o re s  an d  b o tto m  fe e d e rs

E n v ir o n m e n ta l
h e te ro g e n e ity L o w H igh L o w

B io t ic  d iv e r s ity L o w H igh L o w

* P P  =  p r im a ry  p ro d u c tio n

water in the lower reaches reduces environmental 
heterogeneity. The lower reach river is again 
heterotrophic [P/R <  1), being light limited by re
duced water transparency and greater depth. The 
RCC stresses the interdependence of organic re
sources and invertebrate functional feeding 
groups, and how these change along the con
tinuum. Criticisms of the RCC (e.g. Winterboum 
et al 1981,* Barmuta & Lake 1982) stem only 
partly from the fact that not all rivers are expected 
to exhibit the structural and functional features 
of undisturbed deciduous forest streams exemp
lified by Vannote et al (1980). The river con
tinuum should be perceived as a 'sliding scale', 
whereby adjustments are made to accommodate 
different climatic/vegetational/hydrological set
tings (Minshall et al 1983) or anthropogenic dis
turbances (Ward & Stanford 1983). A more basic 
difficulty relates to the essentially deterministic 
nature of the RCC model, since many lotic ecol
ogists view stream communities as stochastic 
phenomena (e.g. Grossman et al 1982; Reice

1985). In addition, interactions between the 
channel and adjacent floodplain and aquifer sys
tems should be fully integrated into any holistic 
perspective of river ecosystems (Ward 1989).

23.3 THE ST VRAIN:
AN ARCHETYPICAL M OU NTAIN  

RIVER

The St Vrain River, a major tributary of the South 
Platte River system, rises on the eastern slope of 
the Continental Divide in the Southern Rocky 
Mountain Physiographic Province (Fig. 23.1). 
The confluence of the north and south branches, 
fourth-order segments, occurs at the village of 
Lyons at the base of the foothills. The catchment 
above this point (the mountain catchment) en
compasses 522 km2. The headwaters of the North 
St Vrain lie within Rocky Mountain National 
Park; the headwaters of the middle and south 
branches are in the Indian Peaks Wilderness area. 
Much of the remaining catchment is in National
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F ig . 2 3 .1  T h e  S t  V ra in  R iv e r  B a s in  sh o w in g  th e  11 sa m p lin g  s i t e s  a lo n g  th e e le v a tio n  g ra d ie n t  an d  o th e r  sa m p lin g  
lo c a t io n s  re fe rred  to  in  th e te x t. T h e  d a sh e d  lin e  a lo n g  th e w e ste rn  m a rg in  is  th e C o n t in e n ta l  D iv id e , a lo n g  th e  
e a s te r n  s id e  o f  w h ic h  a re  sh o w n  e x ta n t  c irq u e  g la c ie r s . T h e  v illa g e  o f  L y o n s i s  lo c a te d  a t  4 0 °1 3 'N  la t itu d e  an d  
1 0 5 ° 1 6 'W  lo n g itu d e .

Forest land. Research has been conducted at the 
sites shown in Fig. 23.1 (Ward 1975, 1981, 1982, 
1984, 1986, 1987; Ward & Berner 1980; Ward & 
García de Jalon 1991). Studies conducted at the 
site on the North St Vrain (NSV), in the foothills 
above Lyons at 1677 m a.s.l., dealt with macro
invertebrate distribution patterns on various 
natural substrata. The influence of a deep-release 
storage impoundment on downstream conditions 
was examined by studying stream sites above 
(ABu, 1951 m) and below (ABu, 1890 m) Button- 
rock Reservoir. The influence of a surface-release 
storage impoundment, Brainard Lake, located 
in the headwater of the South St Vrain, was 
examined from studies conducted at sites ABr 
(3153 m) and BBr (3146 m).

The most intensive and extensive research, the 
results of which provide the focus for the re
mainder of this chapter, was conducted at the 11 
sites (arabic numerals in Fig. 23.1) located along 
the longitudinal river profile (see p. 504). From 
site 1, a first-order alpine tundra stream .at 3414 m

a.s.l., the pristine Middle St Vrain drops precipi
tously to site 11 on the Great Plains (1544 m) in 
less than 55 km. The plains river segment from 
Lyons to site 11 has a relatively high gradient 
(15.9 m km“ 1), a rocky substratum, is well 
oxygenated, and has good water quality, thereby 
providing an interesting contrast with the 
mountain river (sites 1 — 10).

Bedrock geology and glacial history

At the sources of the St Vrain River system there 
are 16 mountain peaks exceeding 4000 m and the 
largest extant glaciers in Colorado (Madole 1969). 
Above the foothills the exposed bedrock is largely 
igneous and metamorphic rock of Precambrian 
age, consisting primarily of the gneisses and 
schists of the Idaho Springs formation and Longs 
Peak-St Vrain granite. The lower foothills 
are composed of sedimentary rocks of the late 
Paleozoic and Mesozoic.

Four major glaciations occurred in this region:
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Pre-Bull Lake, Bull Lake, Pinedale and the Neo
glaciation (Madole 1969; White 1982). Pre-Bull 
Lake deposits are sparse and their ages are un
certain. Bull Lake glaciers, also of uncertain age, 
extended 13 km down the South St Vrain Valley 
to 2700 m, 15 km down the Middle St Vrain 
Valley to 2580 m, and 14 km down the North St 
Vrain Valley to 2400 m (White 1982). Pinedale 
glaciers advanced to nearly the same elevations 
as Bull Lake glaciers and Pinedale till now covers 
90% of the glaciated areas. Pinedale glaciation 
began more than 30000 years bp; the glaciers 
began retreating from their outermost positions 
about 14000 years ago, receding to the cirques 
about 10000 years BP. There is no evidence of 
glaciers or perennial snowfields in the Front Range 
during the Altithermal maximum (c, 7500- 
6000 bp). During the last 6000 years there have 
been several minor advances of cirque glaciers, 
collectively termed the Neoglaciation, the most 
recent of which occurred from 300 to 100 years bp. 
Extant glaciers are tiny and are confined to north- 
and east-facing cirques along the Continental 
Divide (Fig. 23.1).

Mountain valleys, formed by stream incision in 
the early Tertiary, are broad and U-shaped at 
higher elevations, but are narrow and deep below 
the maximum extent of Pleistocene glaciation. 
The Neoglacial ice remnants are not active, so 
that even streams originating directly from these 
cirque glaciers contain clear water.

The climate/vegetation gradient

Climatic conditions and terrestrial vegetation 
communities change dramatically along the steep

elevation gradient (Marr 1961; Peet 1981). The 
continental climate is subject to extreme fluctu
ations. At higher elevations, appreciable snowfall 
can occur during all months of the year and high 
winds are common. Mean values of climatological 
data from five locations along the elevation gradi
ent are shown in Table 23.4.

The forest vegetation of the mountain land
scape can be illustrated as a community mosaic, 
with gradients of moisture-topography super
imposed on the elevation gradient (Fig. 5 in Peet 
1981). Dry foothill locations are typified by open 
ponderosa pine (Pinus ponderosa) woodlands. 
More mesic or higher elevation foothill sites 
exhibit higher tree densities and the addition of 
Douglas fir (Pseudotsuga menziesii). Dense 
stands of lodgepole pine (Pinus contorta), a post
fire successional species, occur at many middle 
elevation sites. Lodgepole pine is succeeded by 
Douglas fir at lower mid-elevations and by 
Engelmann spruce (Picea engelmannii) and sub- 
alpine fir (Abies lasiocarpa) at higher mid-elev
ation sites. In the subalpine zone, Engelmann 
spruce and subalpine fir are successional and 
climax forest co-dominants, except on the driest 
sites where limber pine (Pinus flexilis) occurs. 
Alpine tundra begins at approximately 3500 m 
elevation.

Site 1 on Middle St Vrain creek (Fig. 23.1) is 
located in alpine tundra on a north-facing slope 
where treeline extends only to 3325 m elevation. 
A small cirque lake, fed by the St Vrain Glaciers, 
is the source for the stream. During the summer, 
lush tundra vegetation, consisting of low willow 
shrubs [Salix] and herbs, forms a nearly complete 
canopy over portions of the first-order stream.

T a b le  2 3 .4  L o n g -te rm  c l im a to lo g ic a l  d a ta  m e a n s  fro m  fiv e  lo c a t io n s  a lo n g  th e e a s te rn  s lo p e  o f th e F ron t R an ge , 

C o lo ra d o

E le v a tio n  (m  a .s .l .)

1603 2 1 9 5  2591  3 0 4 8  3 7 5 0

A n n u a l a ir  te m p e ra tu re  (°C) 8 .8 8 .3 5 .6 1 .7 - 3 . 3

D a ily  m in im u m  te m p e ra tu re  (°C) — 1.4 - 0 . 8 - 4 . 4 - 7 . 3

D a ily  m a x im u m  te m p e ra tu re  (°C) — 14 .6 12.1 6 .9 - 0 . 2

A n n u a l p re c ip ita t io n  (cm ) 40 5 8 58 77 102

D a y s  per y ear  > 0 ° C  (days) 135 125 104 59 47

F ro m  B arry  ¡1 973 ) a n d  P eet (1981).
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Willows (Salix spp.) occur in the riparian zone 
along the entire elevation gradient (sites 1-111. 
Rocky Mountain alder [Alnus tenuifolia) is an 
important riparian species at middle elevations, 
where it co-occurs with willows and Rocky 
Mountain birch (Betula occidentalis). Scattered 
cottonwood trees (Populus sargentii and P. 
angustifolia) occur in the stream corridor in the 
foothills and lower montane and extend on to the 
plains.

Physicochemical gradients

The St Vrain is a snowmelt river (sensu Poff & 
Ward 1989). Although the magnitude of snowmelt

runoff varies between years, the temporal pattern 
is predictable (Fig. 23.2). Dissolved oxygen is near 
saturation at all mountain stream sites. Oxygen 
supersaturation is observed at the plains site, 
where dense macrophyte beds and filamentous 
algae occur. Summer values of nitrate-nitrogen 
ranged from 0.10 to 0.15 mg l“ 1 with no discern
ible altitudinal pattern. Orthophosphate levels 
are below detection limits (5 ug l“ 1).

Other physicochemical variables exhibit longi
tudinal patterns (Fig. 23.3). Water temperature 
maxima (Tmax) exhibit a progressive downstream 
increase. Because the water temperature drops to 
0°C at all sites, TmaY is also the annual tempera
ture range. At the highest elevations the stream is

F ig . 2 3 .2  L o n g -te rm  h yd rograph  b a se d  on  d a ily  m e a n  d isch arg e  re co rd s fro m  a  lo c a t io n  0 .6  k m  d o w n stre a m  fro m  th e  
c o n flu e n c e  o f  th e  n o r th  an d  so u th  b ra n c h e s  o f th e St V rain  R iv e r . Y ear  o f record  i s  th e  w a te r  year, 1 O c t o b e r - 3 0  

S e p te m b e r .
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F ig . 2 3 .3  L o n g itu d in a l  p a tte rn s  
o f  m a x im u m  te m p e ra tu re , pH , 
b o u n d  ca rb o n  d io x id e  (m e th y l 
o ra n g e  a lk a lin ity )  a n d  to ta l  
s u s p e n d e d  a n d  d is s o lv e d  so lid s  
( sh o w in g  lo s s -o n - ig n it io n  
fra c t io n s )  a lo n g  th e  c o u r se  o f the 
S t  V ra in  R iv e r .
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snow covered for more than half the year, whereas 
site 11 drops to 0°C for only a short period in 
January when ice forms only along the edges. 
Annual thermal summation estimates range from 
450 degree-days (>0°C) at site 1 to 4220 degree- 
days at site 11. Values of the remaining variables 
in Fig. 23.3 increase only slightly from the tundra 
to the lower foothills, then abruptly increase to 
the plains site.

All sampling sites were located on rubble riffles 
to minimize between-site differences in bed ma
terials. In the smaller mineral fraction (<32 mm), 
gravel predominates (78—87%) in the mountain 
river. Sand (62.5 um to 2 mm) and gravel are 
equivalent in the plains river. Silts (3.9—62.5 tum)

and clays (<3.9 um) constitute <3% of the 
smaller size fraction at mountain and plains sites. 
During summer, fine particles (0.05—1 mm) con
stitute the majority of the sedimentary detritus 
(66—96%) on riffles at mountain and plains lo
cations. Coarse detritus reflects the terrestrial 
vegetation, with grass and sedge fragments com
mon in the tundra stream, conifer needles at 
middle elevations, and sparse deciduous plant 
detritus in the plains river.

Biotic gradients

The distribution and abundance patterns of 
aquatic flora, fishes and zoobenthos are included
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in this section. Emphasis will be placed on the 
zoobenthos, which have been most intensively 
studied. General trends and idealized patterns are 
emphasized.

Aquatic flora

The biomass of the attached flora attains greatest 
values in the headwaters, where bryophytes 
(mosses and liverworts) and lichens are well de
veloped, and in the plains river, where the fila
mentous chlorophyte Cladophora glome rata 
proliferates (Fig. 23.4(a)). Aquatic lichens were 
collected only from the two headwater sites, 
whereas bryophytes occur at all mountain stream 
locations. Cladophora is restricted to the plains 
river. At mid-elevation sites, where biomass 
levels are low, a variety of epilithic microalgae 
predominate. Distribution patterns of individual 
taxa are best demonstrated with diatoms (Bacil- 
lariophyta), the most intensively studied group 
(63 species and varieties). Some species of diatoms 
occur at all sites along the elevation gradient (e.g. 
Achnanthes lanceolata); others are found only in 
upper (e.g. Diatoma anceps) or lower reaches (e.g. 
Nitzschia palea). No common species are re
stricted to middle elevations. The algal flora of 
the St Vrain River, however, does not exhibit the 
distinct zonation patterns demonstrated by 
Kawecka (1974) for streams of the High Tatra and 
Rila mountains. Aquatic angiosperms are re
stricted to the plains river, where dense beds of 
Elodea canadensis and Ranunculus aquatilus 
occur from July through October.

Fish fauna

Salmonid fishes occupy the entire elevation 
gradient and extend a short distance into the 
plains river (Ellis 1914; Propst 1982). Cut-throat 
trout (Oncorynchus clarki), the only indigenous 
salmonid of this region, is now confined to high 
elevation tributaries, having been largely 
displaced by introduced species. Brook char 
[Salvelinus fontinalisJ now occupies the same 
headwater habitat as cut-throat trout. Rainbow 
trout (Oncorynchus my kiss) is planted in most 
accessible reaches of Colorado streams. Brown 
trout (Salmo tm tta) is more tolerant of warmer
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F ig . 2 3 .4  T h e  lo n g  p ro file  o f  th e  S t V ra in  R iv e r  sh o w in g  
d o m in a n t  f lo ra l a n d  fa u n a l c o m p o n e n ts  o f  th e  
h e a d w a te r , m id d le  e le v a tio n , a n d  p la in s  r iv e r  se g m e n ts , 
(a) A q u a t ic  flo ra , (b) F ish  fa u n a , (c) Z o o b e n th ic  fa u n a .

waters than most salmonids and extends from 
mid-elevations downward on to the plains. A 
depauperate fish fauna characterizes Front Range 
river systems (Fig. 23.4(b)). Sculpins (Cottidae), 
typically co-dominant with salmonids in high- 
elevation segments, are historically absent from 
the eastern slope of Colorado. Two catostomids 
(C. catostomus and C, commersoni) and the long- 
nose dace (Rhinichthys cataractae) are the only 
other fishes commonly encountered in mountain 
streams of this region. A somewhat richer fauna 
occurs in the plains river where Propst ¡1982)
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recorded 16 species of fishes, mainly cyprinids 
(ten species, including R. cataractae), but also 
including the two catostomids, two centrarchids, 
a percid, and (rarely) brown trout.

Zoobenthicfauna

Insects dominate the zoobenthos, constituting 
3 9 —9 9 % of the densities, 84-99% of the biomass, 
and 79-93% of the taxa at the 11 sites. The 
numerically dominant species at each site are 
all insects (Fig. 23.4(c)) from only four orders: 
Ephemeroptera (mayflies), Plecoptera (stoneflies), 
Trichoptera (caddisflies) and Diptera (true flies). 
Additional orders (Odonata, Lepidoptera, 
Collembola) were collected from the plains river, 
and aquatic beetles (Coleóptera) occur at low 
densities at sites 2—11. Some non-insect groups 
are widely distributed along the elevation gradient 
(nematodes, oligochaetes, mites, planarians); 
others are confined to site 11 on the plains 
(amphipods, isopods, snails, leeches).

Zoobenthic abundance is low in the head
waters, increases from the montane to the upper 
foothills, levels off in the high-gradient foothills 
segment, and markedly increases in the plains 
river (Fig. 23.5). In the tundra stream (site 1), 
zoobenthic density averages 1856 organisms m“ ~ 
and biomass averages 652 mg dry weight m -. In

F ig . 2 3 .5  Id e a liz e d  a lt itu d in a l p a tte rn s  o f sp e c ie s  
r ic h n e s s  an d  a b u n d a n c e  for to ta l z o o b e n th o s  a lo n g  th e  
c o u r se  o f  th e  S t  V ra in  R iv e r  (from  W ard 1986 ; © 1 9 8 6  by  
E . S c h w e iz e r b a r t 's c h e  V erlagsb u ch h an d lu n g ).

the plains river, mean values are 6355 organisms 
and 3646 mg m-2.

Zoobenthic diversity exhibits a sigmoid pattern 
along the elevation gradient (Fig. 23.5). From a 
total of 210 taxa, 34 occur at site 1, and 106 at site 
11. The major faunal components exhibit one of 
the seven species richness curves illustrated in 
Fig. 23.6. Pattern number 7 is for those groups 
that are absent from the mountain river. The 
other six patterns all exhibit low species richness 
in the headwaters. Pattern 5 organisms (plan
arians, mites) maintain low levels of diversity 
along the entire gradient. Mayfly diversity (pat
tern 4) progressively increases downstream over 
most of the river's course. Dipterans (pattern 1) 
and beetles (pattern 6) show progressively greater 
lag phases before the start of diversity increases. 
Caddisfly species richness (pattern 3) reaches 
maximum values in the upper montane zone, 
then remains at similar levels over the remaining 
sites. Only stoneflies (pattern 2) exhibit declining 
diversity downstream.

Zoobenthos occurring in the tundra stream in
clude a few special headwater elements, but most 
abundant species are euryzonal forms. The two

F ig . 2 3 .6  Id e a lize d  ty p e s  o f sp e c ie s  r ic h n e s s  c u r v e s  
e x h ib ite d  by  th e v a r io u s  fau n a l c o m p o n e n ts  a lo n g  th e  
c o u r se  o f th e S t V ra in  R iv e r. See  te x t (fro m  W ard  1986 ; 
© 1 9 8 6  by E. S c h w e iz e rb a r t 'sch e  
V er la g sb u ch h a n d lu n g ).
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most abundant stoneflies at site 1, for example, 
extend downstream to site 10 (Megarcys signata) 
or site 9 (Zapada oregonensis). The addition of 
species downstream, without loss of those present 
at higher elevations, generally characterizes the 
chironomid midge fauna, mayflies, beetles and 
oligochaetes. Even in these groups, however, 
many species do not extend their range into the 
plains river. Conversely, many species that occur 
at site 11 are not found at any mountain site. 
Euryzonality is less well developed in the caddis- 
fly fauna, which contains distinct headwater (e.g. 
Allomyia tripunctata) and plains elements (e.g. 
Heliopsyche borealis) as well as species restricted 
to middle elevations (e.g. Neothremma alicia). 
The two planarians of the St Vrain River exhibit 
remarkably distinct distributions, with Polvcelis 
coronata occurring at all mountain sites, but not 
in the plains river to which Dugesia dorotoce- 
phala is restricted.

23.4 SUMMARY AND 
C O N CLU SIO N S

A rhithral character prevails along the elevation 
gradient of the St Vrain River from sites 1-10,

followed by a rather abrupt transition to potamal 
conditions at site 11. This is best exemplified by 
the sharp faunal discontinuity between sites 10 
and 11. Site 10 in the lower foothills marks the 
downstream distribution limit of many zoo- 
benthic species. Conversely, numerous species of 
the plains river segment, including some of ex
treme abundance, do not penetrate the mountain 
river. Faunal overlap between adjacent mountain 
stream sites (along the diagonal in Fig. 23.7) is 
high. Even the tundra stream (site 1) exhibits a 
relatively high overlap (39.2%) with site 2 located 
below treeline. Site 10 exhibits a 58.4% faunal 
similarity with site 9, but only a 17.8% overlap 
with site 11, the plains river.

The St Vrain River, although glacial fed, lacks 
the distinct kryon biocoenosis present at slightly 
higher elevations in an adjacent drainage (Elgmork 
& Saether 1970). Rhithral conditions extend to 
the headwater of the Middle St Vrain. Some 
rhithral features are maintained even at the plains 
site (coarse substrata, relatively high gradient and 
turbulence, well oxygenated water of high trans
parency). What factors then are responsible for 
the spatial patterns of zoobenthos observed along 
the course of the St Vrain River?

F ig . 2 3 .7  M a tr ix  o f  p e rce n ta g e  
s im ila r ity  (W h ittak e r  1975) 
b e tw e e n  sa m p lin g  s i te s  b a se d  
o n  to ta l  z o o b e n th ic  sp e c ie s  
(fro m  W ard 1986 ; © 1 9 8 6  b y  
E . S c h w e iz e rb a r t 'sch e  
V e r la g sb u ch h a n d lu n g j.
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Many researchers have espoused changes in 
temperature as a major, if not primary, factor 
responsible for the altitudinal changes in zoo- 
benthic communities (e.g. Dodds & Hisaw 1925; 
Kownacka Si Kownacki 1972; Brodsky 1980). Both 
the universal zonation scheme proposed by lilies 
and Botosaneanu (1963) and the river continuum 
concept of Vannote et al (1980) ascribe an im
portant role to the thermal regime. The low faunal 
diversity at the highest elevation of the St Vrain 
is largely attributable to temperature (including 
7+ months of ice and snow cover, Tmax^6°C, 
<500 annual degree-days), as only the most cold- 
adapted forms can tolerate such extreme thermal 
conditions. Additional species appear down
stream as the thermal amplitude expands and 
degree-days increase. Even at site 10 in the lower 
foothills, after descending more than 1700 m in 
elevation, the annual temperature range is only 
0—16°C. At site 11, however, the plains river 
inhabitants are exposed to an annual range of 
0-25°C . Because the zoobenthos of mountain 
streams tend toward cold stenothermy, it is not 
surprising that site 10 marks the lower elevation 
limit of many species and that there is a sharp 
transition from rhithron to potamon elements 
between the lower foothills and the plains. A 
diverse and distinct warm-adapted fauna occurs 
in the plains river.

Factors other than temperature also contribute 
to the distinctive nature of the plains fauna. Beds 
of aquatic angiosperms, absent from the mountain 
river, increase habitat heterogeneity, provide cur
rent refugia and protection from predation, supply 
case-building materials, and serve as attachment 
sites for epiphytic algae. Site 11 exhibits simi
larities with the autotrophic middle reaches of 
the river continuum (see Table 23.3), given the 
high amplitude temperature regime, the open 
canopy, the relatively shallow and clear water, 
the abundant algae and angiosperms, and the high 
levels of environmental heterogeneity and biotic 
diversity. Additional factors that may have struc
tured the plains zoobenthic community include 
the presence of a more diverse, and largely invert- 
ivorous, fish fauna (Propst 1982), and invertebrate 
predator—prey and competitive interactions that 
differ from those occurring in the mountain river.
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MEMORANDUMlana! A b

To: Fishery Faculty and Graduate Students; Dr. Cook
From: Darrel Snyder 
Date: II December 1991

Subject: Survey o f Electrofishing Experiences, Observations and Recom mendations 
(please attach responses)

N a m e :___________________________ Date:

1. Please describe the nature and extent o f your electrofishing experience? (supervisor, crew 
leader, crew mem ber?)

Please also distribute copies to your graduate students with 
electrofishing experience (copies were already given to grad, 
students with offices in the Larval Fish Lab area (Rm 33x).

3. What species and size groups have you sampled or monitored with electrofishing gear?

4. What electrofishing equipment and techniques have you used? (Type o f gear,
manufacturere and model, typical operational configuration and settings, special 
procedures or hints for optimum operation.)

5. Describe observations o f adverse or injurious effects on fish or other aquatic organisms
(physical appearance, abnormal behavior, or mortalities to target fish, non-target 
fish (note species); please note specific electrical field conditions and equipment 
configurations and settings under which these injuries were observed if you can 
remember or have access to that information.) If you very rarely or have never 
observed electrofishing injuries, please say so.

6 Based on your experience, what recommendations would you offer for optimal
electrofishing efficiency while minimizing injury to fish? (Procedures, settings, dos 
and don’ts).

7 Please read the attached text abstracted from a draft report still in preparation for
researchers in the Lower Colorado River Basin. Please relate your response, 
thoughts, oversights, or criticisms on the content. Consider sections I (broadened 
to cover fish in general) and II o f the recommendations in regard to our own use 
o f electrofishing techniques. D o we need to establish Departmental or University 
policy on electrofishing gear, use, and training? Would it be appropriate for 
fishery faculty to consider the matter o f injury to fish and establishment o f such 
policy later this winter or early spring?
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To: Fishery Faculty and Graduate Students; Dr. Cook
From: Darrel Snyder 
Date: 11 December 1991

Subject: Survey o f Electrofishing Experiences, Observations and Recom mendations 
(please attach responses)

N a m e :___________________________ D ate: ______________

If Please describe the nature and extent o f your electrofishing experience? (supervisor, crew 
leader, crew member?)

2. What environments and under what environmental conditions have you sampled with
electrofishing gear? (Rivers, streams, lakes or reservoirs; habitats; time o f year, 
day or night, water temperatures, conductivities, other environmental conditions 
you consider important.)

3. What species and size groups have you sampled or monitored with electrofishing gear?

4. What electrofishing equipment and techniques have you used? (Type o f gear,
m anufacturer and model, typical operational configuration and settings, special 
procedures or hints for optimum operation.)

5. Describe observations o f adverse or injurious effects on fish or other aquatic organisms
(physical appearance, abnormal behavior, or mortalities to target fish, non-target 
fish (note species); please note specific electrical field conditions and equipment 
configurations and settings under which these injuries were observed if you can 
remember or have access to that information.) If you very rarely or have never 
observed electrofishing injuries, please say so.

6 Based on your experience, what recommendations would you offer for optimal
electrofishing efficiency while minimizing injury to fish? (Procedures, settings, dos 
and don’ts).

7 Please read the attached text abstracted from a draft report still in preparation for
researchers in the Lower Colorado River Basin. Please relate your response, 
thoughts, oversights, or criticisms on the content. Consider sections I (broadened 
to cover fish in general) and II o f the recommendations in regard to our own use 
o f electrofishing techniques. D o we need to establish Departmental or University 
policy on electrofishing gear, use, and training? Would it be appropriate for 
fishery faculty to consider the matter o f injury to fish and establishment o f such 
policy later this winter or early spring?
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Introduction

Electrofishing, a valuable sampling technique in North America for four decades, is in a state of 
flux. The field is expanding with new equipment, applications, and understanding but contracting with 
increased concern for comparability of data and safety of operators and fish. In some situations it is even 
being switched off to prevent adverse impacts on fish. Much effort has been expended during the past 
couple decades on improvements in equipment and techniques for safer operation, flexibility, and increased 
capture range and efficiency. But recent investigations by Sharber and Carothers (1988,1990), Holmes et 
al. (1990), and Meyer and Miller (1991, In Press) have documented substantial injury to the spine (often 
over 40% and sometimes much more) to certain species of fish using relatively modern equipment and 
pulsed direct current waveforms. The problem is real and appears to be wide spread. Renewed concern 
about potential electrofishing injury has prompted biologists or managers in several agencies to take a 
closer look at the situation in their own waters. It has led at least one agency, the Alaska Department of 
Fish and Game, to impose a moratorium on use of the technique in waters containing large rainbow trout 
(Holmes et al. 1990, Reynolds, pers. com.). This concern is also the motivation for this review of 
electrofishing injury and its potential effect on endangered species in the Lower Colorado River Basin. 
While most of the existing data on injurious effects pertains to salmonids, especially rainbow trout, 
implications for other species are serious.



Why this sudden recognition of a potential problem? Probably because we have come to expect 
some injury, and perhaps mortality, as a by-product of most fish collection techniques, and because the 
etectrofishing injuries of immediate concern are often n externally obvious. If captured fish appear to 
recover sufficiently to swim away and there are no notable external injuries (perhaps other than "brand" or 
"burn" marks -  mostly a hemorrhaging of skin capillaries or local expansion of melanophore pigment, now 
recognized as often being associated with spinal injuries), we typically consider the fish "unharmed” and 
assume they will continue to grow and behave normally. Many biologists across the country now 
acknowledge that the situation may be otherwise, at least for some species. For example, a special session 
was conducted on the matter during the July 1991 meeting of the Western Division of the American 
Fisheries Society in Bozeman, Montana; a workshop was also planned for spring 1991 in Hull, England, but 
was cancelled due to the Iraqi conflict). Other biologists, including Nehring (1991, abstract) and Schneider 
(In Press), minimize the likely occurrence and significance of these injuries by noting that years of 
electrofishing have not had a detrimental effect on the specific populations they manage or monitor. In 
these situations, if such injuries do occur in notable numbers, perhaps the question is not so much one of 
resource reduction but quality. Observations to date suggest that most fish with electric-field induced spinal 
injuries, unless particularly severe, do survive. For some of these fish, the injury will result in permanently 
bent backs or related deformities; for others, old injuries may only be detected in x-rays or upon dissection, 
possibly on a fisherman’s dinner table.

The questions generated by this concern are many, but primarily what species and size groups are 
affected, to what degree and using what equipment and techniques, and what can be done to eliminate or 
minimize the problem? The immediate concern centers on spinal compression fractures, dislocations, and 
related internal hemorrhages and tissue damage. But broader questions are also being considered or re
examined -  effects on physiology, stress levels (can a fish with a broken back not be stressed?), behavior, 
growth, and reproduction, and the mechanisms involved in causing the injury. Many of these are not new 
questions; spinal injury has long been associated with AC (alternating current) fields. But in spite of the 
electrofishing’s prominent role in fishery research and management, well-designed investigations in response 
to these questions are scarce, often very limited in scope (frequently a by-product of another investigation), 
and difficult to compare because of differing gear, techniques, environmental conditions, fish, and 
terminology.

Our current knowledge of electrofishing practice, theory, and effects on aquatic organisms is well 
represented in three European books by Vibert (1967), Cowx and Lamarque (1990), and Cowx (1990). 
These books comprise the published reports and papers of special FAO (Belgium, 1966) and EIFAC 
(European Inland Fisheries Advisory Council; England, 1988) symposia. A Russian book on electrofishing 
by Sternin et al. (1972; English translation 1976) complements these with detailed information from Soviet 
research and summaries from world literature not found elsewhere (e.g., a suggested approach for 
standardizing the description of fish responses in electric fields and tables on fish response thresholds and 
electrofishing injuries and mortalities -  unfortunately without references). Unfortunately, the matter of 
electrofishing injury and mortality received little attention in these major Symposia and books, aside from 
the need to minimize or eliminate the zone of tetany around the anode. Also, new revisions or refinements 
of hypotheses regarding the nature and mechanisms involved in fish response to electric fields are being 
developed (i.e., the "Bozeman Paradigm" of Norman Sharber relating fish responses to various phases of 
epilepsy, presented at the 1991 special session on electrofishing injuries mentioned above).

Perhaps it is time for a concerted, well-funded, national (if not international) effort to better 
document electrofishing effects and injuries, mechanisms, response thresholds, and means for optimizing 
capture efficiency while minimizing injury for at least the species targeted or frequently captured by 
electrofishing techniques. Such a coordinated effort will probably require sponsorship and leadership from 
a federal agency with a vested interest (e.g., Bureau of Reclamation, Fish and Wildlife Service), a 
consortium of state, federal, or international (FAO) agencies, and (or) major professional organizations 
such as the American Fisheries Society. We must understand the problem, the factors involved, and how, if 
possible, to control them. If injury is a problem and we cannot adequately reduce the extent of 
electrofishing injury to target or incidental species, we must abandon or severely limit use of these 
detrimental techniques and seek less damaging alternatives. As fishery biologists, this is our ethical
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responsibility to the fish and other aquatic organisms we manage, study, or protect, the populace we serve 
and ourselves. If we do not take the initiative and accept the responsibility, it will likely be forced upon us 
by an informed (or at least partially informed) portion of the public we serve.

Recommendations for Electrofishing Policy and Research:

t  Minimize electrofishing of or in the vicinity of endangered species until response thresholds and 
susceptibility to injuiy are determined in controlled experiments with hatchery-reared stock or it can 
otherwise be adequately demonstrated that current or new electrofishing techniques will not harm the 
endangered species of concern.
A. Institute a moratorium on new sampling programs using electrofishing unless critical to the 

recovery effort and less potentially damaging alternative collection techniques are not available.
B. If effective, less potentially damaging, alternative sampling techniques are available for programs 

currently relying on electrofishing and if their use will not jeopardize critical comparisons with past
data, replace electrofishing techniques with the alternatives.

C  If electrofishing remains the capture technique of choice, either because it is less potentially
damaging to the target species, or because abandonment of electrofishing as used in the past would 
jeopardize critical comparisons with past data:
1. Update electrofishing equipment and techniques, including specimen handing protocol, to 

assure the least likely harm to captured fish based on the latest available information.
a. Abandon use of AC electrofishing gear and techniques except when all fish are to be 

preserved or killed and uncaptured injuries or mortalities are not a concern (as when 
eradicating fish and perhaps certain other aquatic organisms from a particular body of 
water or habitat).

b. Since straight DC (direct current) fields are generally considered less injurious to fishes 
than PDC (pulsed direct current), consider use of this current when its greater power 
requirements or more limited effective field than with PDC are not a problem.

c. When using PDC systems, use waveforms, pulse frequencies or patterns, pulse durations 
and power levels identified as causing the least damage while still maintaining adequate 
capture efficiency. Square waves with pulse frequencies of about 30 Hz or less or Coffelt’s 
CPS (complex pulse system, trademark) are currently recommended in this regard, but 
much research is still needed on these and alternative currents.

d. Operate electrofishing systems with the largest practical anode(s) and lowest effective 
power settings to minimize or eliminate the zone of full tetany near the anode. Effective 
settings will ultimately be determined in controlled experiments to determine response 
threshold levels for the target fish. While spinal injuries may not be specifically induced or 
increased in the zone of tetany, the chances for electrocution, respiratory disfunction, and 
other potentially injurious conditions are increased.

2. Institute, if not already done, a standardized procedure to document each electrofishing
operation including output parameters and measures of local conductivity, water temperature, 
and field strength (voltage gradient at specified distances from the anode) as well as detailed 
observations on injuries or abnormal behavior (all species).

3. Provide for the time, materials, and facilities for preservation (icing and freezing or fixation) 
and subsequent (or on-site) documentation of the nature and extent of injuries of mortalities 
and severely injured fish which are not likely to recover and survive (a representative 
subsample should suffice in the case of large numbers). Standardized documentation should 
include photographs, autopsies, x-rays if possible, and standard terms or codes for description 
of recurring injuries (e.g., descriptors for spinal injuries agreed upon during the electrofishing 
session of the 1991 meeting of the Western Division of the American Fisheries Society).
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II. Assure the safe and proper use and functioning of electrofishing equipment, associated gear (e.g., boat
operation), and techniques. If national or state guidelines to this end are available and sufficient, they
should be adopted and closely followed (the guidelines currently available through the U.S. Fish and
Wildlife Service may need updating; Canada has recently published such a set of guidelines).
A. If not already required, at least the electrofishing team leaders should be properly trained and 

certified in the theory and practice of electrofishing equipment and techniques. An appropriate 
course and certification program is available through the Fisheries Academy of the U. S. Fish and 
Wildlife Service at Leestown, West Virginia; the course, currently instructed by Kolz and Reynolds 
is normally offered at least twice a year at various locations throughout the country. This or 
alternative courses should be frequently updated to provide the latest information on equipment 
and techniques for minimizing adverse effects (e.g., injury) on fish and other aquatic organisms.

B. Other electrofishing team members should be trained, if not certified, in the proper use of 
electrofishing gear and techniques for the specific sampling program; each should be prepared to 
handle emergencies or usual circumstances.

C  Ah team members must be adequately trained (certified) in first aid and CPR.
D. Recertification in electrofishing, first aid, and CPR should be required on a periodic basis both as a 

refresher and to assure the latest information.

III. Sponsor research:
A. To determine the field strength thresholds for field perception (twitch, possibly defining the 

outward extent of potential spinal injuries) and effective electrofishing responses (e.g., taxis and 
narcosis and/or tetany) for endangered and other target or typically captured fishes. These 
thresholds should be determined in DC and selected PDC currents at various conductivities and 
temperatures within and perhaps beyond the ranges likely to be encountered in the field. Initial 
orientation of the fish in the field should also be considered and test organisms frequently checked 
with x-ray to help define the factors and conditions involved in and controlling spinal injury.
Finally, behavior for each species when first perceiving the electric field should be documented 
(e.g., rapid swimming, dropping to cover, etc.). This information will be used to define optimal 
electrofishing fields and techniques for the target species.

B. To test in controlled experiments the relative effectiveness of existing and potential improvements 
in PDC currents for generating desirable electrofishing responses and minimizing spinal injuries. 
Experimental currents might consider variations in pulse form, frequency, width, and pattern (these 
various characteristics of pulsed currents are believed to affect species differently, e.g., some catfish 
appear to be very sensitive to even small, barely perceptible, pulsed currents). The importance of 
voltage spikes at the leading edge of square-waves might also be considered (if found to be a 
problem, electronics will be needed to better "cleanup" the waveforms tested or used in practice).

C  To develop better electrode systems designed to eliminate or further minimize the tetanizing zone 
and adjust to optimum size for water conductivity changes. Possibilities might include:
1. Floating spherical cap or hemispherical electrodes suspended from a frame with vertical guides 

and a hydraulic unit to raise the electrodes when traveling between sites.
2. Floating hemi- or quarter cylinder, or horizontal plate with adjustable insulative cover to 

change amount of electrode exposed depending on conductivity levels and specific generating 
and control equipment used (adjustment might be controlled automatically by "black box" 
described below).

3. Protective, non-conductive grids around electrodes to prevent fish from directly contacting the 
electrodes or, in the case of smaller electrodes, entering the zone of tetany immediately around 
the electrode.

4. Inclusion of an underwater light integrated in the anode to improve capture efficiency when 
electrofishing at night. The light should attract certain species (hopefully the target species) to 
the electric field and perhaps reduce number of fish taking flight away from the effective field 
and anode.
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* D. To determine the feasibility and help develop continuous in-situ conductivity, temperature, and
voltage-gradient sensors mounted at specific locations on or distances from the anode(s) (and 
perhaps the cathode) to continuously monitor these parameters and allow automatic or manual 
adjustments to account for changes in conductivity and field strength.
1. Adjustments would be based on parameters necessary to generate and maintain optimal 

effective fields for specific species of specific sizes.
2. The sensor array might also include other useful parameters such as water depth. The latter 

might help define the extent or range of the effective electrical field.
E. To determine the feasibility and help develop automated output control via a built-in "black box” 

(computer) using in-situ sensor input to control output and maintain optimal fields for target fishes 
(based on experimentally determined thresholds for taxis, narcosis and injury minimization. User 
would input desired field strength (e.g., voltage gradient, current density, or power density at 
position of sensor) or perhaps specify the target species and size range (black box would use an 
appropriate lookup table to determine optimal field strength based on experimentally determined 
thresholds).
1. An automated compensation system would be able to instantaneously adjust control box output 

in response to sudden changes in conductivity and or temperature, as when encountering 
effluent from a tributary or man-made source, as well as changes in the field resulting from 
changes in channel configuration, substrate conductivity, and varying distances between anode 
and cathode when one or both are not rigidly fixed in position (as when suspended from a 
boom or manipulated by hand).

2. The system would maintain constant fields in vicinity of the anodes or a constant effective field 
size or range (channel configuration information, e.g., water depth, might be necessary for the 
latter). This should help minimize otherwise uncontrollable changes in the field that might 
make the field either less effective or more injurious to the target fish.

3. The black box could also warn users when settings for target species will jeopardize the welfare 
of other species or size groups.

4. It might also provide a continuous visual diagram of current waveform and parameters 
(oscilloscope) and approximate effective field size and shape (computer display screen).

5. It should also dramatically improve the comparability of data based on catch per unit effort by 
accounting for a large number of variables and maintaining constant effective fields that can be 
replicated in various bodies of water (probably within specific conductivity ranges). Effective 
fields would be those of similar size adjusted automatically for differences in conductivity and 
temperature as well as changes in threshold levels for the target fish as conductivity and 
temperature change.

6. The system would automatically shutdown whenever problems develop or the system cannot 
compensate for changes. This will prevent damage to the generator/control box system, 
damage to fish by fields beyond those optimally defined, and operation of the system when 
electrical conditions are unsafe. The black box might be able to identify the source of the 
problem and suggest steps to remedy the problem (e.g., change electrode size to....).

IV. Sponsor or help sponsor the establishment of a portable (trailer based) or non-exclusive fixed-site 
testing laboratory for the research and testing recommended under items III A and B. These facilities 
should be developed and used in collaboration with commercial producers of electrofishing equipment 
and other experts in the field of electrofishing and electrofishing electronics (e.g., Reynolds, Novotny, 
Priegel, Kolz, and perhaps some European experts). X-ray equipment and film development facilities 
should be included in the laboratory.

V. Sponsor the field testing of the various results from the above research and development efforts and 
new equipment and currents developed elsewhere. The possibility of portable onsite X-ray equipment 
should be investigated. This would allow many captured fish to be examined for spinal injuries without 
sacrificing the specimens and eliminate the need to kill, freeze, and transport fish for analysis.
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