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1. Executive Summary

The purpose of this report is to summarize progress by the Arizona Game and Fish
Department (AGFD) in meeting the research objectives identified in Cooperative Agreement 9-
FC-40-07940 between AGFD and Bureau of Reclamation (BR). The information contained
herein has primarily been collected in 1992, however, where appropriate, information from both
Phase I and from the start of Phase II research are included. In that data presented are
provisional and conclusions drawn from these data may change as additional data and analysis
are incorporated, the reader is cautioned to contact the author prior to citing this report.

A primary objective of this research is to identify the impacts associated with different
flow conditions on the aquatic conditions of Glen and Grand canyons and select tributaries in
these areas. Four specific research segments have been incorporated into the AGFD research
program. Included are: ecosystem processes and lower trophic levels, native fish in the
Colorado River, native fish in the Little Colorado River (LCR), and trout in the Lee’s Ferry
reach. Some of the key findings are identified in this Executive Summary.

Ecosystem Processes and Lower Trophic Levels

FPOM concentrations increase, but only slightly,' with distance from Glen Canyon Dam.
Substantial increases in flow after long periods of low flows can result in a large increase in
FPOM concentrations, but this increase is both local and short-lived. Collections of Gammarus
lacustris have occurred since May 1992 at two sites in the Lee’s Ferry reach and at two flow
levels. Density estimates for this organism indicate a significantly lower number at the 8,000
cfs level than at 5,000 cfs. In most months, significantly higher number of this amphipod were
collected at the 3.5 mile bar than at 14.0 mile bar. Additional sampling sites have been added
to investigate if this is related to sample site or actually represents a longitudinal gradient from
Glen Canyon Dam. Periphyton on cobble bars above the level of permanent inundation appear
to be very sensitive to flow regime. There appears to be low resistance to daytime desiccation
and chronic nighttime exposure.

Native Fishes-Colorado River

From March 1991 to November 1992, 13 downriver trips took place. Data were
collected for both fish and habitat parameters during these efforts. During these trips, 11,646
fish were caught (all methods combined). Speckled dace (Rhinichthys osculus) and fathead
minnows (Pimephales promelas) were the most abundant species captured in most efforts.
Flannelmouth sucker (Catostomus latippinis), bluehead sucker (Pantosteus discobolus), and
humpback chub (Gila cypha) were also frequently captured on Type A trips. Type B trips used




minnow traps to idenﬁfy habitat use patterns in mainchannel, tributary mouth, and backwater
habitats. In mainchannel and backwater habitats 572 fish were captured in 2,887 trap sets.
Based upon the distribution of habitat conditions and fish catch rates, there appears to be a
selection for warmer water conditions. Opportunistic sampling was used to assess distribution
of fish in mainchannel and tributary habitats. Humpback chub and flannelmouth suckers were
more common in mainchannel habitats than tributaries (except LCR). Chub were relatively
common in Reach 30 in fall of 1991 and 1992. Humpback chub as small as 16 mm were found
in reaches 30 and 40 and likely represent fish flushed from the LCR by a high flow event.
Sonde data documented warming occurred in backwater environments. In May 1991, backwater
temperatures ranged from 14 C at night to 23 C the following day and returned to 14 C that
night. Sonde data documented that if flows great enough to inundate the backwater occurred,
the water temperature cooled to near mainchannel temperatures.

Native Fishes-Little Colorado River

Nine fish species were captured during the spring monitoring period, four of which are
endemic. Of these speckled dace and humpback chub were most numerous. Using only data
from AGFD marks and recaptures, the population estimate of humpback chub > 150 mm TL
at the end of June 1992 was 571 (95% CI = 426-809). This value is lower than previous years.
In 1992, the first larval humpback chub was found on April 30. In mid-May surveys, humpback
chub larvae were found in most of the LCR. Only a single larval chub was found in June. In
July and August, chub larvae were found in the lower half of the study area. Based upon these
data it appears humpback spawned in late April to early May and again in July. Speckled dace
mesolarvae were first encountered on May 3 and were only found in the lower reaches of the
LCR until July by which time they were found throughout the river. Bluehead sucker larvae
were first encountered on May 7 and were primarily observed in the lower 7 km of the LCR.
It appears that bluehead spawning was synchronous with that of the first humpback spawn. Very
few flannelmouth sucker larvae were encountered in the LCR in 1992. Of note is the fact that
Asian tapeworm was documented from 64 % of the humpback chub classified as early juvenile
£50-100 mm) in 1992. This organism has been found in most chub sampled since 1990. Growth
rates of humpback chub was minimal in winter. Mean size of the 1991 cohort only increased
from 82 mm in November to 88 mm by May. Age-0 humpback chub up to approximately 130
mm were captured in winter months. Otoliths from select humpback chub have been analyzed
to determine if daily growth rings are detectable. Counts of such increments is easily done for
specimens collected from the LCR prior to the first winter of life or movement to the Colorado
River. Back-calculation to hatch dates appears possible for these specimens. Daily growth rings
from humpback chub collected in the mainstem are difficult to read due to narrow, poorly
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defined increments. Some specimens from the mainstem show unusual patterns of very abrupt
transitions in growth rates presumably due to differences in thermal regimes found between

* backwater and mainstem conditions.

Trout Studies

Spawning bar studies have been conducted in winter 1990, 1991, and 1‘992. Trout
spawning (primarily rainbow trout, Oncorhynchus mykiss) was delayed in winter 1990 possibly
due to the relatively poor condition of fish. Surveys for stranded fish have occurred in each year
of the study. Under fluctuating flows, an estimated 15,000 to 20,000 adult trout were lost due
to stranding between February 1990 and February 1991. An increase in the minimum flows
appears to have eliminated the problem of stranding. Twenty one surveys completed since the
implementation of interim flows have documented only four stranded trout. Length frequency
scatterplots based upon electrofishing data have been completed. In 1989 and 1990, the
distribution was unimodal, however, in subsequent years the distribution was bimodal with
modes at approximately 150 and 425 mm. General growth as measured by mean total length,
has declined since 1989. A one-way ANOVA comparing total lengths was significantly different
between years. Relative weights were calculated for the period from 1984 to 1992. There was
a significant stepwise degradation in this value between 1984 and 1991 with an increase observed
in 1992. Creel data also show a decline in the quality of the fishery since 1977. Data-from the
creel indicated a decline in the number of fish caught per hour and harvested trout. Use of
binary coded wire tags has allowed for improved assessment of natural vs. stocked trout in the
Lee’s Ferry reach. Based upon preliminary analysis it appears that a much larger component
of the fishery is comprised of naturally reproduced trout (approximately 78% natural
reproduction based upon 8/92 electrofishing data). A high percentage of trout sampled in 1990
and subsequent years were infected with a endoparasitic nematode. Although this was not a new
problem, the rate of infestation in 1992 appears to be higher than in 1990. A health assessment
of trout in 1992 indicated that the percent of trout with very low body fat declined since 1990.
Preliminary results of a parametric approach for examining the relationships between trout
relative weights and flow regimes appears to hold promise as a new analysis technique.
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2. Ecosystem Processes and Lower Trophic Levels
Ted R. Angradi and Andrew D. Ayers

The purpose of this chapter is to summarize the initial findings of studies of Glen Canyon
ecosystem processes and lower trophic levels conducted in 1992. In 1992, studies have focused
on algal colonization and standing crop, particulate organic matter (POM) transport, and
productivity of the amphipod Gammarus lacustris.

Previous studies of algal colonization indicated that accrual of algal biomass and
chlorophyll a was influenced by flow fluctuations (Angradi et al. 1992). The objective of algal
colonization experiments conducted in 1992 was to repeat the original field experiments under
interim flows, and to expand the spatial scale of the experiments to include more of the Glen
Canyon Reach. Monthly monitoring of periphyton standing crop began in August 1991 was
continued through the current period.

POM transport studies have indicated that concentration of POM exported from the Glen
Canyon Reach does not greatly exceed that in water released from Lake Powell (Angradi et al.
1992, Angradi and Kubly, in press). In 1992, POM sampling was directed at exploring the
longitudinal variation of FPOM concentration through Glen Canyon.

Several studies have shown that the amphipod Gammarus lacustris is an important
component of the Glen Canyon ecosystem (reviewed by Blinn and Cole 1991). An important
functional role of this organism appears to be the trophic transfer of periphyton primary
production in trout biomass. Although the relative magnitude of this pathway remains to be
confirmed, G. lacustris is an important component of trout diets in Glen Canyon (Maddux et al.
1978). A study of the productivity of G. lacustris was initiated in May 1992; data presented
here are limited to distribution and abundance of G. lacustris in Glen Canyon.

Objective 1.1. Evaluate the ecosystem-level processes that determine fish production in the
Lee’s Ferry tailwater. The processes of concern include primary production, nutrient
uptake and regeneration, and transformation of organic matter between dissolved and
particulate states. These processes are affected by dam/reservoir-mediated discharge
regimes, water temperature and inflow chemistry.

Methods and Progress
‘Water samples were collected from penstocks at the dam and 1, 2, 3, 6, 9, 12, 15, 18,
21, and 25 km downriver. FPOM was obtained as described previously (Angradi et al. 1992).
All samples were collected between 1300 and 1500 h during steady diurnal flows. Samples were
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collected on the first Tuesday and Wednesday of each month between February and May;
samples were collected daily between May 31 and June 4, 1992. CPOM was not collected
because it is time consuming to collect and it comprises <5% of the total transport of POM in
Glen Canyon (Angradi and Kubly, in press; Appendix 2.1). A manuscript describing trophic
linkages among aquatic biota in Glen and Grand canyons using stable isotopes is presented in
Appendix 2.2.

Results and Discussion

FPOM concentration increased with increasing distance from the dam in April, May and
June (Figure 2.1). The magnitude of the increase was small, as has been reported previously
(Angradi et al. 1992). On June 2, a large increase (ca. twice ambient) in FPOM concentration
was measured at the site 6 km below the dam. On the next two days an elevated FPOM
concentration (ca. three-four times ambient) was measured at sites 15-18 km below the dam.
As a result of a shift to a new release schedule at the dam, peak discharge on June 2 was higher
than on any previous day since early March (Figure 2.2). These elevated peak flows partially
flushed a large backwater located just upriver of the sample station (6 km). Flushed material
was concentrated in large main-channel eddies further downriver (15-18 km). The effects of
backwater flushing were short-lived and local; the FPOM concentration at Lee’s Ferry on these
dates was similar to dates when no backwater flushing occurred.

Objective 1.2. Determine the impact that Glen Canyon Dam releases have on Gammarus
lacustris and determine how those releases affect the overall productivity of the amphipod.
"An effort will be made to determine the sources of organic matter required for the
Gammarus. Both allochthonous and authochonthous organic matter inputs will be
measured and evaluated as related to Gammarus lacustris production.

Methods and Progress

Monthly collections of G. lacustris were taken immediately below the 227 m® s!
[cms](8,000 cfs) and 142 cms (5,000 cfs) river elevations with a Hess sampler (0.09 m?) fitted
with a canvas cover, and preserved with 10% formalin. Eight samples were collected at each
elevation and at each of two sites (14 mile bar and 3.5 mile bar) from cobble and gravel
substrates and along permanent transects. Gammarus lacustris samples were sorted in the lab
and all invertebrates were removed and counted. Future sampling will also include measurement
of current velocity and sampling of benthic detritus by placing a sample tube on the substrate
and vacuuming up any loose material into a carboy. The detritus will be filtered from the water
using 0.45 um glass fiber filters and an ash free dry weight will be determined. Gammarus
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samples will be sent to the contract laboratory for length measurements, diet analysis, egg
enumeration and determination of the presence of parasites. Length measurements will be used
to calculate total biomass using a length-weight regression model.

The contract for length measurement, diet analysis, and egg enumeration of G: lacustris
samples has been awarded and samples will be sent in the immediate future. Sampling is
continuing with the addition of new sampling sites on the upstream side of 3.5 mile bar and the
collection of additional data (i.e. flow and detritus measurements).

Results & Discussion
Figure 2.3 shows G. lacustris densities collected from May to November 1992.
Gammarus lacustris density was significantly lower at the 227 cms elevations at both sampling
sites (P<0.05). In most months, significantly higher densities of G. lacustris occurred at 3.5
mile bar than 14 mile bar at the same cfs elevation (P<0.05). The lack of significant
Cladophora glomerata growth above the 142 cms elevation may explain the lower G. lacustris
densities there. It could also be an area of desiccation and stranding.

Objective 1.3. Determine the effect of desiccation rates and time on the colonization and
growth of Cladophora glomerata and its epiphytic diatoms. Experiments to determine the
relationship of flow levels and community response are the overall objective.

Much of the work under this objective was reported by Angradi et al. (1992). A
manuscript describing effects of exposure on the epilithon in Glen Canyon is presented in
Appendix 2.3. Accretion of periphyton chlorophyll ¢ and biomass on cobble bars was
determined using artificial substrates (tiles) cut from Navajo sandstone (Angradi et al. 1992).
Tiles were deployed at -14 mile bar (2 km below the dam), -3.5 mile bar (20 km below the
dam), and at Cathedral Wash (30 km below the dam, 5 km below the Paria River) in late
February 1992. Tiles were placed in grids of 25 tiles each at three levels: <142, 199-227
(7,000-8,000 cfs), and 425 cms (15,000 cfs); at Cathedral Wash the 425 cms level was omitted.
At the sites in Glen Canyon, tiles were collected (n=3) at 10, 20, 30, 40, 60 and 100 days. At
Cathedral Wash tiles were collected at 10, 20, 30, and 60 days.

The top and sides of each tile were scraped, and the resulting material was homogenized
and subsampled twice. One subsample was ashed to determine ash-free dry mass (AFDM) of
accumulated periphyton (Angradi et al. 1992); a second subsample was extracted in methanol
for determination of chlorophyll @ corrected for pheophytin (Tett et al. 1975).

Accretion of periphyton biomass and chlorophyll a on vertical cliff faces was determined
using tiles mounted on boards bolted to the cliffs at 5-6 locations in Glen Canyon. Each vertical
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substrate set of eight tiles was mounted so that some tiles were never exposed, and some were
exposed at known flows. In the first trial of the experiment, substrate sets (two each) were
installed at 1.5 (on river left [RL]), 6.8 (RR), 14.0 (RR), 20.5 (RL) and 23.5 (RR) km
downriver from the dam on March 1, 1992. Tiles were collected at 30 and 60 days and
processed as described above. In the second trial tiles were redeployed, including an additional
set 15.5 km (RL) from the dam, on May 11, 1992, and collected after 30 and 60 days (only
results for 30 days are reported here).

In an effort to measure species composition, and densities of benthic algae and
invertebrates, two artificial substrate systems are being devised. The first will consist of small
(3cm x 3cm) Navajo sandstone tiles mounted on boards and attached to the walls of the canyon
at flow level elevations from 142 cms to 568 cms. The artificial substrates will be placed in
triplicate at the sites just described. At predetermined times a set will be harvested and analyzed
for species composition, biomass and algal density. The second artificial substrate will consist
of various sizes of clay flower pots nested together to simulate the convoluted nature of the
natural substrate. These also will be attached to the walls of the canyon at flow level elevations
from 142 cms to 568 cms. These will be harvested in sets at predetermined times and analyzed
for species composition, biomass and density of invertebrates. The contract for the identification
and enumeration of the algal samples is in place and samples will be shipped as they are
collected.

Results and Discussion

At -14 mile bar, accretion of periphyton chlorophyll @ and biomass was highest on the
permanently inundated tiles (< 142 cms level; Figures 2.4, 2.5), but accretion of biomass was
nearly as great on tiles at the 199-227 cms level. During the experiment, the tiles at the 199-227
cms level were virtually always inundated during the day (Figure 2.2). The difference in
accretion rates on tiles from the two levels can be attributed to the effects of nighttime
dewatering on the 199-227 cms level tiles. Tiles at the >425 cms level were always exposed
and accumulated no periphyton.

At -3.5 mile bar, much less periphyton accumulated on the tiles than at -14 mile bar
(Figures 2.4, 2.5). Tiles at the 199-227 cms level actually accumulated more chlorophyll g and
biomass than the 142 cms tiles. Wave action from boats at this site may have obscured any
effect of level on periphyton accumulation because permanently inundated tiles were subject to
more sediment deposition than tiles in the wave-influenced fluctuating zone.

At Cathedral Wash, more chlorophyll a and biomass accumulated on the tiles in the
fluctuating zone initially; after 60 days, more chlorophyll @ and biomass had accumulated on the
permanently inundated tiles. At the time that tiles were installed and at 20 and 30 days, the
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river was highly turbid due to sediment inputs from the Paria River. Turbidity was reduced
during the second 30 days of the experiment (personal observation). Apparently, the effects of
turbidity on light penetration interact with exposute effects due to the flow regime to determine
periphyton colonization rates downstream of Paria River.

Accretion of periphyton chlorophyll and biomass on vertical substrates varied with
exposure and distance from the dam (Figures 2.6, 2.7). The effects of exposure were most
pronounced at the sites closest to the dam. In the first trial (Julian date 60-90, i.e., March-
April), much more chlorophyll ¢ and biomass accumulated on permanently inundated tiles than
on exposed substrates. In the second trial (Julian date 132-162, i.e., mid May-mid June),
accretion of chlorophyll @ and biomass was similar for permanently inundated tiles and tiles at
the 199-227 cms level. The difference in the amount of periphyton accumulated at the 199-227
cms level in the two trials is attributable to higher minimum flows in the second trial (Figure
2.2). _
Much more periphyton accumulated on the vertical substrates closest to the dam in both
trials. Standing biomass of periphyton on natural vertical surfaces adjacent to substrate sets
showed the same trend. Differences in water velocity or orientation do not account for the
longitudinal variation (Figure 2.8) in periphyton suggesting that periphyton may be nutrient
limited in lower Glen Canyon.

Objective 1.4. Evaluate what effects exposure and desiccation have on the nutritional
quality of Cladophora glomerata. The intent is to determine if exposure of the Cladophora
to desiccation will increase the nutrient quality due to breakdown of the algal mats.

Methods and Progress

Cobbles with moderate to heavy growth of Cladophora glomerata will be taken from
below the 142 cms river elevation and exposed to various periods of desiccation (0 to 6 hours
for the first experiment then expanding to 12 or 24 hours). A subsample will be taken from
each cobble at the end of the desiccation period. The cobbles will then be immersed into a tank
with a constant flow of fresh water from the river. Samples will be taken from each cobble after
15 min, 30 min, 60 min, 2 hr, 4 hr, 8 hr, 16 hr, 32 hr and 64 hr. The samples will be analyzed
for their chlorophyll a, phaeophytin, protein, lipid and carbohydrate levels in our laboratory.

AGFD 1992 Annual Report Page 2.5




Objective 1.5. Provide for comparative data collection of the water chemistry and aquatic
food base elements. This work will be concentrated in the immediate area above Glen
Canyon Dam and in the tailwater section from Glen Canyon Dam to Lee’s Ferry. The
specific techniques will follow those established under the GCES Phase II research
program.

Methods and Progress

Methods used in the collection and processing of periphyton samples were identical to
those described previously (Angradi et al. 1992). Samples were collected at -14 mile bar and -
13.5 mile bar (3 km below the dam) from August 1991 through November 1992. No samples
were collected in December 1991.

Water samples will be collected quarterly from the Lake Powell forebay at the surface
and at penstock elevation, from the draft tube ports and from -14 mile bar and Lee’s Ferry on
the Colorado River below the dam. Samples will be filtered and preserved according to methods
outlined by the contract laboratory, and sent to the contract laboratory for analysis. Zooplankton
and phytoplankton will also be sampled at the same sites and preserved. The zooplankton and
phytoplankton samples will be collected, identified and quantified as described in Objective 1.1.
Periphyton biomass (standing crop) sampling will be continued on a monthly basis.

Results and Discussion

During interim flows, periphyton biomass in the permanently inundated channel initially
decreased to late fall-early winter minima, and then increased beginning in spring 1992 (-13.5
mile baf) or remained relatively steady (-14 mile bar; Figure 2.9). Periphyton biomass in the
zone of fluctuation (227 cms) increased in winter 1992, decreased in spring, and then steadily
increased to a November 1992 maximum (-14 mile bar) or remained relatively steady (-13.5 mile
bar). The patterns of change in biomass of periphyton in the permanent and fluctuating zones
were dissimilar because periphyton in the lower zone was undergoing seasonal variation while
periphyton in the fluctuation zone was responding to flow variation. The decrease in biomass
in the fluctuating zone in spring 1992 corresponded to a decrease in minimum flows (Figure
2.2). There is some evidence that the increase in minimum flow in late spring (May) was also
detectable in the periphyton in the fluctuating zone, especially at -14 mile bar (Figure 2.9).
There was very little colonization of periphyton on natural cobbles above 425 cms.

| Conclusions
Periphyton on cobble bars above the level of the permanently inundated channel appear
to be very sensitive to flow regime. During interim flows, trends in the development of
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periphyton in this zone corresponded closely to changes in minimum flows. Complete
recolonization of cobbles in the zone of fluctuation may be possible under interim flows, but this
is doubtful since complete recolonization of permanently inundated substrates to natural ambient
levels may require 100-300 days (e.g., compare Figures 2.5, 2.9). Periphyton in Glen Canyon
appears to lack resistance to daytime desiccation and is also sensitive to chronic nighttime
exposure. Seasonal changes in minimum flows, especially on Sundays when low flows are
minimal and most protracted. will determine the development rate of periphyton on cobble bars
in Glen Canyon.

Evidence for nutrient limitation in Glen Canyon is still preliminary. It seems likely,
however, that water quality and flow regime interact to determine periphyton development in
Glen Canyon. In lower Glen Canyon, nutrient limitation may modify the magnitude of the
exposure/desiccation effect on periphyton standing biomass.

POM in water released from Lake Powell appears to constitute the bulk of the POM
exported from the Glen Canyon reach. This is additional evidence for the importance of Lake
Powell forebay limnology on downstream ecosystem processes. For example, lake level
determines the level at which water is withdrawn which may influence the particulate and
dissolved nutrient content of released water.

Gammarus lacustris density varies among sites and degree of exposure. The higher
density of G. lacustris at the -3.5 mile site suggests that periphyton biomass, which is low at that
site, is not the only determinant of G. lacustris density. More likely, velocity and its effect on
the availability of fine detritus exert a strong effect on G. lacustris distribution and abundance
in Glen Canyon.
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CONCENTRATION AND TRANSPORT OF PARTICULATE ORGANIC MATTER
BELOW GLEN CANYON DAM ON THE COLORADO RIVER, ARIZONA
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ABSTRACT

Particulate organic matter (POM) concentration and transport were investigated in a 25 km
tailwater reach below Glen Canyon Dam on the Colorado River, Arizona. The concentration
of coarse particulate organic matter (CPOM, > 750 um) was positively related to flow
during periods of daily fluctuating flows (for hydropower); there was no diel variation in
CPOM concentration during constant flows. Fine particulate organic matter concentration
(FPOM, 0.7-750 um) was only weakly related to flow; FPOM exported from the reservoir
(Lake Powell) dampened diel and seasonal variation in tailwater FPOM concentrations.
FPOM concentration in released water (sampled directly from dam penstocks) was not
related to discharge. Export of total POM from the reach substantially exceeded imports
only in spring. Otherwise, temporal variation in FPOM concentration 25 km downriver from
the dam closely tracked variation in the FPOM concentration of water released from the
dam. Overall, mean FPOM concentration (>96 % of the total POM) 25 km from the dam
(0.58 mg I') was only slightly higher than penstock concentrations (0.55 mg I'"). A series of
FPOM collections in the tailwater indicated that downriver increases in POM concentration
were gradual and continuous, suggesting that localized POM sources or sinks had little effect
of POM concentration except when elevated peak flows flushed a large backwater. Our
results indicate that some lotic algal debris was exported as CPOM (< 4% of POM), but
that lotic autochthonous contributions did not elevate tailwater POM concentrations much

above reservoir inputs.




INTRODUCTION

Fluctuations in flow below hydroelectric dams can influence the concentration and
transport of particulate organic matter (POM) imported into and exported from the tailwater
reach (reviewed by Petts 1984). POM dynamics are an important component of river
ecosystem function (Vannote et al. 1980); changes in the spatial and temporal distribution of
organic particles caused by flow regulation may precipitate effects at several trophic levels
(Cushman 1985).

Flow fluctuations may influence the concentration of POM in at least four ways: (1)
daily stage changes may entrain or strand particles originating on the previously dewatered or
inundated substrate (e.g., desiccated algal filaments, Leibfried and Blinn 1987; (2) changes in
flow may alter stream competence causing POM to become entrained or deposited (Webster
et al. 1979); (3) an increase in peak discharge may flush side channels and backwaters
(Lieberman and Burke 1991); (4) the POM concentration in water released from the dam
may depend in part on the volume of water withdrawn from the reservoir.

Glen Canyon Dam on the Colorado River regulates flows for 400 km between Lake
Powell and Lake Mead. This reach includes Glen Canyon, which extends for 25 km below
the dam, and Grand Canyon which extends thence to Lake Mead. The influence of the
existence (since 1963) and operation of Glen Canyon Dam on downriver ecosystems in Glen
and Grand Canyons has come under scrutiny in recent years (National Research Council
[NRC] 1987, 1991; United States Department of the Interior 1987). Two potential effects of
dam operations on downriver resources which involve POM dynamics have been identified:
(1) the flow regime may affect the availability of suspended particles eaten by introduced
trout and native fishes (Leibfried and Blinn 1986, NRC 1987, Minckley 1991); (2) water
releases may influence the export of organic matter from the Glen Canyon reach to Grand
Canyon where it may be processed and assimilated by primary and secondary producers
(NRC 1987).

Objectives of this study were to determine how water releases from Glen Canyon
Dam affect the concentration of particulate organic matter, and to examine seasonal and
longitudinal variation in POM inputs and outputs in Glen Canyon.

SITE DESCRIPTION AND METHODS
POM samples were collected from penstocks within Glen Canyon Dam on the Colorado
River, and from the 25 km tailwater reach between the dam and Lee’s Ferry, Arizona. Glen
Canyon Dam forms Lake Powell, a long (300 km), deep (average depth = 51 m), warm




MONOMICtic reservoir that retains virtually all of the 44-154 million Mg annual suspended
sediment input (Evans and Paulson 1983). Water releases from the reservoir are hypolimnial
(from a depth of ca. 48-52 m during this study). As a result, released water is perennially
cold (7-11 C), chemically stable, and transparent (Stanford and Ward 1991).

Glen Canyon tailwater hydrodynamics are determined by dam releases. During this
study the river received water in a variety of daily flow regimes ranging from peaking flows
with a daily range of from <100 to >700 m’ s to steady flows of ca. 225 and 420 m® s
(United State Geological Survey [USGS], unpublished data). The river in the tailwater reach
flows through deeply incised (>300 m) Glen Canyon. It ranges in width from 50-220 m,
and in depth from <1 m to >15 m. Substrate is mostly cobble and sand; surficial substrate
size on cobble bars decreases with increasing distance from the dam due to armoring
(Pemberton 1976, Angradi et al. 1992).

The epilithic filamentous green algae Cladophora glomerata (L.) Kiitz. and its diatom
epiphytes dominate the aquatic flora of the tailwater (Blinn and Cole 1991). The epilithon
attained a high biomass during this study, especially in the upper half of the tailwater reach

(>500 mg chlorophyll 2 m?%; >250 g ash-free dry mass [AFDM] m?, Angradi et al., 1992).

A densely vegetated 1-30 m wide riparian zone exists along much of the shoreline in Glen
Canyon. Woody riparian vegetation in the post-dam high water zone is dominated by

Tamarix ramosissima and Salix spp. (Johnson 1991).

POM collection

POM was collected in two phases. In the first sampling phase (September 1990 -
December 1991), POM was collected simultaneously from penstocks within the dam and at
Lee’s Ferry, 25 km downriver. At Lee’s Ferry, a sample was collected at ca. 1000, 1600,
2200 h, and at 0400 and 1000 h of the following day in an attempt to sample ascending,
maximum, descending, and minimum flows. In actuality, the 2200 h sample was typically
just prior to the daily reduction to nighttime flow levels (Figure 1). At the dam, the second
1000 h sample was not collected. Mean POM concentrations at 1000 h on the first day did
not differ from the concentration at 1000 h on the second day. Flow data were obtained
from USGS gauging stations located at Lee’s Ferry and 1.5 km below the dam.

Samples were collected on 15 dates (roughly monthly) between September 1990 and
December 1991; POM was collected only four times in the September 1990 sample. On
three sample dates, water releases from the dam were constant or nearly so (Table 1);
releases otherwise varied according to variation in hydropower demands.




In the first sampling phase (1990-1991), water samples for fine particulate organic
matter (FPOM; 0.7-750 um) were collected at Lee’s Ferry using a diaphragm pump. A
depth-integrated water sample was obtained by raising and lowering the inlet hose as the boat
was maneuvered back and forth normal to flow. At the dam, a water sample was withdrawn
directly from the penstocks. Coarse particulate organic matter (CPOM; > 750 um) was
collected at Lee’s Ferry by deploying a metered high-speed Miller tube (10-cm diameter
mouth, 750 um-mesh) behind a boat maneuvered across a transect as was done for FPOM.
CPOM was not collected at the dam but was negligible in penstock samples.

FPOM was obtained by filtering prefiltered (750-um) samples (1-3 1) of river water
through tared, pre-ashed glass fiber-filters (Whatman GF/F; 0.7 um pore size). Samples
were dried for 24 h at 105 C, desiccated, weighed, ashed for 2 h at 550 C, desiccated and
reweighed. All POM concentrations are expressed as mg AFDM [,

In the second sampling phase (1992), water samples for FPOM were collected from
penstocks at the dam and 1, 2, 3, 6, 9, 12, 15, 18, 21, and 25 km downriver and processed
as described above. All samples were collected between 1300 and 1500 h during steady
flows at the peak of the daily hydrograph (Figure 2). Samples were collected on the first
Tuesday and Wednesday of each month between February and May; samples were .collected
daily from May 31 to June 4, 1992.

Analysis of variance (ANOVA) was used to examine the effect of sample station
(Lee’s Ferry versus dam penstocks) on POM concentration. Two techniques were used to

_examine the effects of flow on POM concentration: ANOVA, in which a grouping variable
and surrogate of flow, time of day, was the factor of main effect, and log-log rating plots of
flow versus concentration (Ferguson, 1987). Least-squares linear regression was used to
examine the relation between distance downriver from the dam and FPOM concentration.

RESULTS

Flow effects

CPOM concentration varied with time of day during fluctuating flows (Figure 3; F; 4
= 2.37, p = 0.08) but not during steady flows (F;5 = 0.82, p = 0.52). During fluctuating
flows, mean (+ SE) CPOM concentration at 1600 h (0.03 + 0.009 mg I'') was three times
higher than at 0400 h (0.01 + 0.003 mg 1; t-test, p <0.05). Qualitative examination of
CPOM indicated that it was predominately Cladophora glomerata debris. Macrophyte and
terrestrial debris and macroinvertebrates were present in far lesser amounts.
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At Lee’s Ferry, FPOM concentration varied with time of day during fluctuating flows .
(Figure 3), although the effect was not significant (F;,, = 1.92, p = 0.14). However,
maximum mean concentration at 1600 (0.70 + 0.07 mg 1) exceeded the minimum mean
concentration at 0400 (0.50 + 0.05 mg I'; t-test, p <0.05). During steady flows there was
no effect of time of day (F;5 = 0.79, p = 0.54) on FPOM concentration. At Glen Canyon
Dam penstocks, there was no effect of time of day during fluctuating (F;,; = 0.39, p =
0.76) or steady flows (F;; = 0.01, p = 0.99).

A weak but statistically significant relationship existed between flow and CPOM
concentration at Lee’s Ferry (£ = 0.21, n = 72; Figure 4). Hysteresis (different discharge-
concentration relationships for ascending and descending portions of the daily hydrograph)
could partially account for the scatter about the trend, because equal flows at different times
of day would not correspond to equal seston concentrations. Our data are not replicated

within sample dates, so we were unable to test for this effect. There was no relationship
between flow and FPOM at either Lee’s Ferry (2 = 0.01, n = 72) or the dam (¢ 2 = 0.004,
n = 58).

nal variation

CPOM concentration varied significantly among sample dates (Fj, 4 = 2.88, p <
0.01). Concentration was higher in spring and fall and lowest in winter (Figure 5). FPOM
concentration varied significantly among dates at Lee’s Ferry (Fi44s = 5.51, p <0.01) and
Glen Canyon Dam penstocks (Fi44 = 4.72, p <0.01).

Concentration of FPOM at Lee’s Ferry was higher than FPOM concentration in the
penstocks only in spring. At other times, FPOM concentration at Lee’s Ferry closely
tracked FPOM concentration in dam releases (Figure 5). For all dates combined (September
1990 - December 1991), the FPOM concentration at Lee’s Ferry (0.58 + 0.03 mg 1) was
not significantly higher than the concentration at the dam (0.55 + 0.02 mg 1'; F, 4 = 1.49,
p = 0.23); however, the interaction of site and date was significant (F,, ¢=3.18, p<0.01).

As for concentration, total export of POM (g AFDM s*) from the tailwater reach was
highest in spring (Table 1). For several samples, inputs to the reach substantially (>50%)
exceeded outputs. When the effects of the spring 1991 data are excluded, there is little net
export from the reach (Table 1). Of the three sample dates in which flow did not vary much
(October 23-24, 1990; December 17-18, 1990; May 28, 1991), there was net export from the
reach only in the May sample. There is little evidence that during fluctuating flows, flow




regime influenced POM concentration. For example, total POM concentration at Lee’s
Ferry was not correlated with discharge range (2 = 0.11, n = 15).

Longitudinal variation
FPOM concentration increased with increasing distance from the dam in April (22 =

0.41, n = 110) and May (r> = 0.25, n = 110), and on May 31 (2 = 0.54, n = 53), June 1
( = 0.37, n = 55), June 3 (> = 0.23, n = 55), and June 4 (> = 0.16, n = 54) (Figure
6). In all cases, downstream increases were moderate (<25%). In some months (e.g.,
February, March) there was a decrease in FPOM concentration for 2-6 km below the dam
followed by a gradual increase, suggesting that a partial shift from reservoir-derived to river-
derived particles occurred in the upper third of the reach.

On June 2, a large increase (ca. twice ambient) in FPOM concentration was measured
at the site 6 km downriver from the dam. On the next two days an elevated FPOM
concentration (ca. three-four times ambient) was measured at sites 15-18 km below the dam
(Figure 6). In each case the increase diminished downriver. As a result of a shift to a new
release schedule at the dam, peak discharge on June 2, the first day of elevated FPOM
concentration, was higher (> 400 m® s™') than on any previous day since early March 1992
(Figure 2). Our observations indicate that these elevated peak flows partially flushed a large
(ca. 1.5 ha) backwater located just upriver of the sample station. Flushed material was
concentrated in large main-channel eddies further downriver (15-18 km below the dam). The
effects were short-lived and local; the FPOM concentration at Lee’s Ferry on these dates was
similar to dates when no backwater flushing occurred.

DISCUSSION

CPOM concentration varied as a function of flow. Of two possible major sources of CPOM,
Cladophora sloughed from the bed of the permanently inundated channel or Cladophora
sloughed from the zone of daily fluctuation, the former is the more likely since several
protracted dewatering episodes before and during this study eliminated nearly all of the
Cladophora in the zone of fluctuation (Angradi et al. 1992). Furthermore, exposed
Cladophora filaments are rapidly bleached (in < 24 h; Usher and Blinn 1990, Angradi ¢t al.
1992). Cladophora filaments collected as CPOM were bright green.

The effects of diel flow variation on FPOM concentration were less than for CPOM.
FPOM concentration in penstocks at the dam did not vary with flow, and was largely
independent of the volume of water withdrawn from Lake Powell. FPOM concentration at




Lee’s Ferry was only weakly related to flow, suggesting that FPOM exported from Lake .
Powell dampens diel (i.e., flow-related) variation in FPOM concentration. Seasonal
variation in the POM concentration in the dam forebay at penstock intake depth is probably
low (Angradi et al. 1992) suggesting that limnologic processes in Lake Powell, which is
intensely stratified most of the year (Stanford and Ward 1991), may dampen seasonal
variation in downriver POM concentration.

POM concentration often increases with distance downriver from dams as a result of
tributary inputs and enhanced autochthonous production (e.g., Ward 1976, Webster ¢t al.
1979, Gilvear 1987, cf. Kondratieff and Simmons 1984). In some impounded rivers,
considerable lentic plankton remains entrained for many kilometers (Petts 1984). Under such
conditions, and where tributary and allochthonous inputs are negligible, as they are in Glen
Canyon, downriver increases in POM concentration represent lotic autochthonous
contributions in excess of losses of lentic inputs.

FPOM sampling at intermediate sites between the dam and Lee’s Ferry indicated a
moderate (ca. 25 %) downriver increase in FPOM concentration within the reach in spring.
An initial decline in FPOM concentration in the first few km below the dam on some dates
suggests that a pari of the FPOM from the reservoir was deposited in the relatively slack
water in the large (0.25 km?) pool just below the dam. Net export of POM in late winter
and spring resulted from processes in the tailwater rather than from depressed FPOM

concentration in water releases (Figure 5).

In Glen Canyon, where epilithon biomass on cobble substrates is high, a positive
relationship between cumulative upriver area of cobble substrate and epilithon-derived POM
would be predicted (Swanson and Bachmann 1976). However, cobble substrates in Glen
Canyon are largely restricted to the upstream half of the tailwater (about 85% are in the first
12 km), and the bottom area colonized by algae decreases substantially between the dam and
Lee’s Ferry (T. R. Angradi, personal observation). Whereas cumulative upstream algal
production increases in the downriver direction, it is at a decreasing rate, and high
concentrations--compared to dam penstocks--of river-derived POM do not develop.

The strong temporal concordance between Lee’s Ferry and dam penstock FPOM
concentrations, and lack of concordance with CPOM concentration (Figure 5) indicate that
the measure FPOM concentration at Lee’s Ferry resulted from lotic organic matter inputs in
excess of the lentic inputs which remain entrained through the reach.

The effects of benthic POM storage on POM dynamics in the reach are poorly
understood. Longitudinal sampling (Figure 6) revealed no consistent interruption--POM




source or sink--in the progressive, albeit slight, downriver increase in FPOM concentration
except in June when side channels were flushed by elevated peak flows. Our observation
that the importance of backwaters as contributors of POM to the river is contingent.on
antecedent flow conditions agrees with the findings of Lieberman and Burke (1991). They
reported that the abundant backwaters of the lower Colorado River appeared to have little
effect on thalweg POM concentration except during storm events. The effects of backwater
flushing appear to be short-lived; sustained high flows flush out stored POM in a day or two.

Although the reach was always a net exporter of CPOM, this conspicuous size
fraction accounted for only 3 or 4 percent of the total POM at Lee’s Ferry. The ecological
significance of CPOM exports from the tailwater to downriver communities is uncertain.
There are no large-particle detritivores (shredders) present in the mainstem Colorado River in
Grand Canyon (W.C. Leibfried and D. W. Blinn, in litt.) to consume reliable and highly
nutritious CPOM (C:N < 12, Angradi ¢t al. 1992). Exported CPOM is probably
assimilated into downriver food webs only after it is processed to finer fractions.

" We consider it unlikely that vigorous processing of retained POM obscured POM
export from the tailwater reach: mean concentration of dissolved organic carbon in spring of
1991 (2.9 mg 1) did not differ between Lee’s Ferry and the penstocks (Angradi gt al. 1992).
More likely, infrequent events such as floods (including planned increases in peak dam
releases), dewaterings, and seasonal pulses in algal sloughing account for the majority of the
export of autochthonous POM that is in excess of reservoir inputs.

Mean total POM concentration at Lee’s Ferry during this study (0.6 + 0.04 mg I'")
was lower than the tailwater POM concentrations reported by Lieberman and Burke (1991)
for the lower Colorado river below Lake Mojave (0.80 mg I'') and Lake Havasu (0.89 mg I
). Reasons for the difference are unknown, but are probably related to increased nutrient
levels in these downriver reservoirs (Paulson and Baker 1984). Nonetheless, our findings
support their conclusion that in lower Colorado River tailwaters, downstream increases in
total POM concentrations due to lotic autochthonous sources are generally small.
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FIGURE CAPTIONS

Figure 1. Mean (£SE) percent change in flow between diel POM samples at Lee’s Ferry
and Glen Canyon Dam (GCD) for September 1990 - December 1991 excluding dates on
which flow did not vary. At Lee’s Ferry, 1000 h and 1600 h samples were during ascending
flow; flows during the 2200 h sample were 100 percent of flows at 1600 h; 0400 h sample
was during minimum diel flows.

Figure 2. Daily hydrographs at Lee’s Ferry and 1.5 km below Glen Canyon Dam (GCD)
for 1992 dates when longitudinal FPOM samples were collected (for February - May, the
hydrographs for the first sample day are shown). Missing are data from the upper gauge on
May 31, and data from both gauges for several hours on June 2. Apparent higher peak flows
at the upper gauge in June are due to malfunctioning of the upper gauge (as verified by
comparison to actual dam releases). Reduced flows on May 31 are the normal case for a
Sunday.

Figure 3. Diel variation in POM concentration in Glen Canyon. Values are means (£SE)
pooled across sample dates (September 1990 - December 1991). Dates of constant flows are
given in Table 1. CPOM was not collected from penstocks.

‘Figure 4. Plots of POM concentration versus flow for all dates combined (September 1990 -
December 1991). Regression was significant for CPOM only; Log,, CPOM = - 4.33 +
0.98 Log,, Flow, 2 = 0.21.

Figure 5. Among-sample date variation in CPOM and FPOM concentration in Glen Canyon
(September 1990 - December 1991). Values are means (+SE) pooled across time of day,
excluding the second 1000 h sample at Lee’s Ferry.

Figure 6. Longitudinal variation in mean FPOM concentration (n = 10 except in June, n =
5) in Glen Canyon, February - June 1992. Error bars were omitted for clarity. Samples for
0 km were collected from Glen Canyon Dam penstocks.
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Table 1. Daily mean flow-weighted POM transport (g AFDM s* + SE) in Glen Canyon. '
Discharge range is as recorded at the Lee’s Ferry USGS gauging station. v

Sampling Discharge Lee’s Ferry Dam Penstocks
date range

(m* s)

CPOM FPOM FPOM

09-27-90 81-735 10.0 +£3.5 254.3 +87.6 306.0 +73.5
10-04-90 96-362 43 +1.0 121.6 +24.0 159.5 +35.6
10-23-90 229-231 2.7 +£03 103.8 +14.0 110.8 +6.6
12-17-90 229-288 2.5 +04 141.2 +6.5 1409 +1.3
01-07-91 241-558 3.2 +£0.9 291.7 +42.7 265.2 +27.4
01-22-91 205-472 2.6 +0.5 193.2 +21.6 211.3 +20.3
02-04-91 150414 2.5 0.5 182.9 +19.2 137.6 +14.5
03-11-91 106495 16.2 +5.9 272.5 +45.6 161.9 +23.8
04-23-91 142-480 24.4 +4.7 304.2 +47.5 196.4 +29.8
05-28-91 424-426 89 +1.5 207.4 +16.5 161.1 +11.4
06-24-91 181-664 10.8 +2.8 338.6 +60.0 352.6 +48.2
08-16-91 311-517 7.3 £0.9 122.2 +6.5 225.0 £32.3
09-24-91 323-539 11.1 +2.4 171.0 +17.5 176.1 +18.2
10-30-91 201-377 8.1 +0.5 165.1 +8.1 152.7 +19.3
12-17-91 249-390 7.9 £0.7 201.6 +13.6 153.8 +5.1
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TROPHIC LINKAGES IN THE LOWER COLORADO RIVER
BELOW GLEN CANYON DAM: STABLE ISOTOPE EVIDENCE

T. R. ANGRADI

ABSTRACT

Stable isotope analysis was used to examine trophic linkages in Glen and Grand canyons of the
lower Colorado River downstream from Glen Canyon Dam. The 6*C and 4N values of seston,
plant, animal, and dissolved inorganic carbon were determined. The 6>C value of DIC varied
among sites. DIC from the epilimnion of the reservoir above the dam was more §"*C enriched
than DIC in the river; DIC from a tributary was more enriched than Colorado River sites.
Upland vegetation, riparian vegetation, and algae were isotopically distinct from each other.
Seston from the Colorado River was derived from algae and zooplankton, except for the ultrafine
fraction (< 0.053 mm) which was mostly phytoplankton from the reservoir. Seston from a
tributary (the Paria River) was derived from a mixture of upland and riparian vegetation and was
isotopically distinct from Colorado River seston. Isotope analysis revealed three trophic levels
in Glen Canyon: algae (Cladophora glomerata and diatoms), macroinvertebrates (e.g.,
Gammarus lacustris and chironomids), and fish (primarily rainbow trout, Oncorhynchus mykiss).
Direct assimilation of algal N by trout was not indicated despite the high incidence of algae in
trout stomachs. Isotope values of fishes (trout and speckled dace, Rhinichthys osculus) from
Grand Canyon tributaries indicated a food web depending in part on the Colorado River in some
. streams. In other streams, a food web based on riparian or upland vegetation was indicated. The
potential usefulness of stable isotopes in examining trophic linkages in a large regulated river
was demonstrated; suggestions for future research are given.

Date: March 15, 1993
Present address: United States Forest Service, Timber and Watershed Laboratory, Parsons, West

Virginia 26287, U.S.A.

KEY WORDS: Colorado River, Food Webs, Stable Isotopes, §*C, 8N, Seston, Grand Canyon,
Trophic Level, Fish
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INTRODUCTION

Stable isotopes of carbon and nitrogen (1*C, *N) can be used to establish a chemical outline of
the trophic structure of aquatic communities (Fry 1991). These isotopes undergo fractionation,
a change in the ratio of heavy to light isotopes, in biochemical reactions. As a result, biogenic
materials often have unique isotope ratios (**C/*2C, *N/"N) which can be used to trace carbon
and nitrogen through ecosystems (Fry and Sherr, 1984; Rounick and Winterbourn, 1986;
Peterson and Fry, 1987; Fry, 1991; Gearing 1991). Stable isotopes are used in trophic studies
because they move with little or predictable alteration through food chains (Rounick and
Winterbourn, 1986). For °C, the isotope value of animals reflects that of the assimilated part
of the diet averaged over weeks or months, but with about a 1 part per thousand (%o)
enrichment per trophic level (Fry and Sherr, 1984). For "N, the isotope values of animals are
usually 3-5 %o to their diet (Minagawa and Wada, 1984; Peterson and Fry, 1987).

Stable isotopes have been used to examine trophic linkages in a variety of lotic ecosystems
including high-latifude rivers and streams (Bunn et al. 1989, Angradi 1989; Kline et al., 1989;
Rosenfeld and Roff, 1992), New Zealand rivers and streams (Rounick et al., 1982; Rounick and
Hicks, 1985; Collier and Lyon, 1991), a British river system (Winterbourn et al., 1986), and
a regulated Rocky Mountain River (Angradi, in press).

The work described here was part of a larger study of how the operation of Glen Canyon Dam
influences the structure and function of ecosystems in Glen and Grand canyons of the Colorado
River, USA. Research findings on dam effects, and on mechanisms by which the timing, rate,
and volume of water released from the dam influence the downstream aquatic biota are
impossible to interpret fully without an understanding of the trophic structure of Colorado River
aquatic communities, including tributary streams, and of the linkages among communities (e.g.,
reservoir-tailwater, upstream-downstream, riparian-lotic, upland-lotic, and tributary-mainstem
linkages).

The objective of this study was to use stable isotopes of carbon and nitrogen to examine the
trophic structure of the dam tailwater (Glen Canyon) and to survey trophic linkages in the
downstream Colorado River and its tributaries, with emphasis on fishes. Several questions were
considered amenable to stable isotope analysis: (1) What is the trophic basis of production for
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impdrtant Glen Canyon macrofauna? (2) How many trophic levels are there in Glen Canyon?
(3) Is there spatial variation in the origin of seston (suspended particulate organic matter) within
Glen Canyon? (4) How much trophic interaction is there between tributaries and the Colorado
River in Grand Canyon? and; (5) Is the trophic basis of production different in Glen Canyon,
Grand Canyon, and tributaries?

MATERIALS AND METHODS

Study Site

Glen Canyon Dam, located on the Utah-Arizona (USA) border, forms Lake Powell, a 653 km?
warm-monomictic reservoir (Stanford and Ward, 1991). Glen Canyon extends 26 km
downstream from the dam to the confluence of the first tributary, the Paria River; Grand Canyon
extends another 375 km to Lake Mead. The physical environment of the Colorado River was
greatly altered by the construction and operation of Glen Canyon Dam. Flows from hypolimnetic
releases are perennially cold and are more transparent than were pre-dam flows (Stanford and
Ward 1991). The existing flora and fauna of the river below the dam are depauperate (Blinn and
Cole, 1991). The filamentous green algae Cladophora glomerata (L.) Kutz. is the dominant
attached algae and is an important substrate for diatoms (Blinn et al., 1992). Epilithic
Cladophora thrives in Glen Canyon, often attaining biomasses in excess of 500 mg
chlorophyll/m* (Angradi et al., 1992). High turbidity caused by suspended sediment exported
from tributaries greatly limits the growth of Cladophora in Grand Canyon (Usher and Blinn,
1990). The crustose blue-green algae Oscillatoria is abundant in some reaches of the Grand
Canyon (Blinn et al., 1992)

Chironomids, oligochaetes, and the amphipod Gammarus lacustris predominate the depauperate
Glen Canyon macroinvertebrate fauna (Blinn and Cole, 1991). The invertebrate faunas of most
tributary streams within the Grand Canyon are typical of southwestern streams (Hofknect, 1981).

The fish fauna consists of five native species, two of which are threatened or endangered, and
15-20 introduced species (Minckley, 1991). The speckled dace (Rhinichthys osculus Girard) is
the most widespread and abundant native species in Grand Canyon and its tributary streams. The
fish fauna of Glen Canyon is dominated by an introduced salmonid, the rainbow trout
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(Oncorhynchus mykiss Walbaum). The native flannelmouth sucker (Catostomus latipinnis Baird
and Girard) and the nonnative carp (Cyprinus carpio Linn.) and are common; other species are
rare.

Woody vegetation of the Glen Canyon riparian zone is dominated by tamarisk (Tamarix
ramosissima), willow (Salix spp.), and seepwillow (Baccharis spp.) (Johnson, 1991). Upland
vegetation of the inner gorge of the Grand Canyon is Great Basin desertscrub and Mojave
desertscrub; larger tributaries drain juniper-pinyon woodlands (Brown and Lowe, 1980).

Sample Collection and Analysis

Samples for stable isotope analysis were collected in March, April, and May of 1992. Water
samples for dissolved inorganic carbon were collected from the epilimnion (6 m), and
hypolimnion (46 m) of Lake Powell at a site 100 m in front of the dam. Water samples were
also collected from dam penstocks, from sites 2, 11, and 25 km downriver from the dam (all
Colorado River distances given here are relative to the dam), and from the Paria River 0.7 km
upstream from its confluence with the Colorado River. DIC samples were filtered (millipore,
0.47-um pore size) and preserved with HgCl. Seston was collected at the same sites using the
following methods: in Lake Powell, seston < 0.08 mm was collected by pumping lake water
-through a plankton net (0.08 mm mesh). Water samples were then filtered with glass-fiber filters
(0.7-um pore size). seston > 0.08 mm was collected by pumping 1500 1 of lake water through
a 0.08-mm mesh plankton net. Insufficient material > 0.08 mm was collected in the
hypolimnetic sample for analysis. Samples from dam penstocks were filtered (glass-fiber)
without prefiltering. Seston > 0.053 mm was collected at river sites by towing a pair of
plankton nets (1.5 m long, 0.25 m diameter, 0.053-mm mesh) behind a boat maneuvered back
and forth across the channel. At the Paria River site, a net was fixed to a bridge support in
midchannel. Collected material was acidified (1 N HCI) to prevent carbonate contamination
(Boutton 1991), washed, and wet sieved into three size fractions: coarse particulate organic
matter (CPOM, > 1 mm); fine particulate organic matter (FPOM, < 1 mm and > 0.25 mm);
and very fine particulate organic matter (VFPOM, < 0.25 mm and > 0.053 mm). Ultrafine
particulate organic matter (UFPOM, < 0.053 mm and > 0.7 um) was collected by filtering
(glass-fiber) samples of prefiltered (0.053 mm) river water. On both collecting trips to the Paria
River, discharge was above baseflow, and no UFPOM sample could be collected due to the high
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silt load. On one occasion a sample of Paria River CPOM was collected using a fish seine with
a mesh size of about 3 mm.

Riparian vegetation and litter grab samples were collected at various sites. At the Paria River,
two flood-deposited litter accumulations were sampled. These deposits consisted of an admixture
of conifer needles, cones, berries, nuts, bark, and small pieces of wood, as well as much
unidentifiable material. A cottonwood (Populus fremonti) leafpack was also collected.

Seston, plant and litter samples were dried (60 °C) and ground in a mill prior to analysis.

Cladophora glomerata was collected at sites 2 and 22 km below the dam. At each site samples
of bright green as well as dark brownish-green filaments were collected. Other work (Angradi
et al., 1992) has shown that the bright green filaments support very few diatom epiphytes
compared to the heavily colonized brownish-green filaments. A subsample of the brownish-green
Cladophora from the 2 km site was partially stripped of epiphytes by placing the filaments in
a plastic bag with distilled water and shaking vigorously. Detached material was collected on
pre-ashed glass fiber filters, from which Cladophora fragments were removed with forceps. To
examine the effects of in situ processing on the stable isotope ratios of Cladophora filaments,
fresh samples of each type of Cladophora from the 2 km site were placed in litter bags (2-mm
mesh), four each, and fastened to a heavy block in the permanently inundated channel. Samples
were collected at 25 and 52 days.

A sample of the green algae Ulothrix tennuissima Kutz. was collected from the dam spillway.
An algal crust presumed to contain the blue-green algae Oscillatoria was collected from a cobble
bar on the Colorado River 330 km below the dam. Algal samples were acidified, rinsed, dried,
and ground in a mill prior to analysis. ‘

Gammarus lacustris was collected by a diver with a small dipnet at sites 2, 11 and 22 km below
the dam. The animals were held live in mesh bottom cages for 48 h to clear their guts, dried,
ground with a mortar and pestle, acidified, rinsed, and redried. Oligochaetes were collected at
the 11 km site and processed similarly.

Adult rainbow trout (> 350 mm) were collected in Glen Canyon at sites <1.0 and 19 km below
the dam by angling (upper site) or trammel net. At the 19 km site, trout were collected from a
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connected backwater used for spawning by trout and suckers. Four fish were collected at each
site. Rainbow trout fry (<50 mm) were collected with a seine at sites 2 and 25 km below the
dam. Two flannelmouth suckers (>400 mm) were collected at the 19 km site. Two adult
rainbow trout (>200 mm) were collected in Nankoweap Creek 10 m above the confluence with
the Colorado River (109 km below the dam). Rainbow trout fry (< 35 mm) were collected 1370
m above the confluence of Bright Angel Creek and the Colorado River (166 km), and 75 m
above the confluence of Deer Creek and the Colorado River (244 km). Speckled dace (40-100
mm) were collected at six sites: > 2 km up the Paria River; 45 and 1500 m up Nankoweap
Creek, 500 m up Crystal Creek (183 km); and 10 and 700 m up Shinumo Creek (200 km).

Boneless, skinless filets were removed from the dorsal musculature of adult trout and suckers.
Trout fry and speckled dace were eviscerated, skinned, and the head and fins were removed.
The vertebrae of small fish were assumed to produce no bias in isotope ratios relative to a pure
muscle sample (Gearing, 1991). Fish tissue was dried and ground with a mortar and pestle.
Selected gut contents of adult trout were dried and ground for analyses [these data not yet
available].

Isotope ratios were determined by mass spectrometry at the Stable Isotope Laboratory at Boston

University. Isotope ratios are reported in delta (8) as parts per thousand (%o) deviation from
isotope standards, atmospheric nitrogen for ’N and PeeDee belemnite carbonate for *C:

615N or 513C 700 = (Rumple/Rstmdard - 1) X 1000
where R denotes ’N/"N or *C/?C (Peterson and Fry, 1987). Well homogenized replicates are
usually within a 0.2 %o range (Bob Michener, personal communication).

RESULTS AND DISCUSSION

Dissolved Inorganic Carbon--Dissolved inorganic carbon (DIC) was more 6"’ C-depleted in the
river and the hypolimnion of Lake Powell than in the epilimnion or the Paria River (Figure 1).
The 6°C value of DIC in freshwater depends on the extent to which it is in equilibrium with air
(atmospheric CO, = -7 to -8 %o, DIC of water in equilibrium with air = ca. 0%o), the rates
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of photosynthesis and respiration, and the contribution from dissolution of &C-enriched
carbonate rock (Oana and Deevey, 1960; Quay et al., 1986; Boutton, 1991). Lake Powell is
generally stratified by April when samples were taken, and the productivity of the epilimnion
(as indicated by particulate chlorophyll a@ concentration) is more than twice that of the
hypolimnion at penstock depth (Angradi et al., 1992).

Photosynthesis increases the §'°C of DIC as isotopically light (i.e, 8C-enriched) dissolved CO,
of atmospheric origin is incorporated into plankton (Quay et al., 1986). Hypolimnetic and river
DIC are probably more depleted as a result of contributions of dissolved CO, from respiration
of plankton (Oana and Deevey, 1960). Variation in §°C of DIC among Colorado River sites is
very small (Figure 1). Therefore, any variation in the 6"C of river-collected phytoplankton
(UFPOM) must result from factors other than a longitudinal gradient in 5'*C values of DIC in
Glen Canyon.

The " C-enriched condition of Paria River DIC probably results from dissolution of carbonate
rock (6"°C ca. 0 %o, Deevey and Stuiver, 1964). The concentration of bicarbonate ions in the
Paria River (3.5 meq/l) exceeds that of the Colorado River (2.8 megq/l; Kubly and Cole, 1979).
Variation in the §"°C of phytoplankton exported from tributaries or backwaters with different
DIC 6"C values could be used to study trophic relations of planktivorous organisms.

Trophic Basis of Production

The 5"C range of terrestrial and aquatic plant material was from -33.5 to -24 %o (Figure 2a).
Aquatic material was all <-31 %o except Oscillatoria (-21 %o); terrestrial plants and plant litter
were all > -29 %e. Cladophora with and without epiphytes, and an extract of epiphytes
(diatoms), all had similar 6*C values (ca. -33 %¢). Cladophora from 22 km below the dam,
and Ulothrix from the dam spillway were slightly enriched (2 %o) compared to other algal
samples.

Litter from the Paria River was isotopically similar to published >C values for leaves and twigs
of one-seed juniper (Juniperus monosperma), Utah juniper (Juniperus osteosperma), and pinyon
(Pinus edulis) collected in Arizona (-20 to -23 %o; Leavitt and Long, 1982, 1986). Riparian
litter (tamarisk and cottonwood) was more §"C-depleted (<27 %o).
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The 6"N range of plant material was from ca. -1 to 9 %o, but most values were from 5 to 9 %o
(Figure 2b). Isotopically distinct were Paria litter and, to a lesser extent, cottonwood and
tamarisk litter. The relatively enriched value for Oscillatoria (8.8 %o) was unexpected since
nitrogen-fixing algae usually have a "N near 0 %o (Estep and Macko, 1985) or are at least 5N
depleted (e.g., Estep and Vigg, 1985; Angradi, in press). Possible explanations are that the
non-heterocystous Oscillatoria does not fix nitrogen on Grand Canyon substrates, although it has
been reported to do so in unialgal cultures (Stewart, 1973), or, that the high 8'*N value is an
artefact. Oscillatoria is found in a matrix of sediment and §'*N detritus of unknown composition;
the isotope value of the bulk sample may represent a mixture of N-containing materials. Blinn
et al. (1992) reported that the biomass of Oscillatoria increases downriver in Grand Canyon in
inverse proportion to the standing biomass of Cladophora, but they found no Oscillatoria
filaments in the stomachs of Grand Canyon chironomids. The sample we analyzed was
isotopically unique among lower trophic level components since it had enriched 8N and §“C
values; additional dual isotope analysis would clarify the role of Oscillatoria in the Grand
Canyon food web.

There was little effect of in situ incubation of Cladophora samples on °C or 6N values. §°C
values for high-epiphyte-load samples after 0, 25, and 52 days (-33.4, -33.8, -33.0 %o,
respectively) and for low-epiphyte-load samples (-33.2, -33.8, -32.6 %o) were within a 1 %o
range. 8*°N values for high-epiphyte-load samples after 0, 25, 52 days (7.0, 6.7, 6.6 %o) and
for low-epiphyte-load samples (5.2, 4.6, 5.7 %o) were both within a 1.1 %o range. Angradi (in
press) also reported little alteration of §C or §'°N values of whole and finely ground
allochthonous and autochthonous organic matter after up to three months of incubation in an
Idaho river. These findings have implications for the use of isotope tracers in rivers, since
particles resulting from the comminution of algal filaments will be isotopically similar to the
intact filaments. '

Seston

The 6"C range of seston was from ca. -35 to -23 %o (Figure 3a). Values were in three groups:
> -25 %o for Paria River seston; -27 to -30 %o for all seston in the ultrafine range including
Lake Powell plankton < 0.08 mm; and <-32 % for CPOM, FPOM, and VFPOM from all
Colorado River sites and plankton > 0.08 mm from the epilimnion of Lake Powell. There did
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not appear to be a relationship between 6'°C and either particle size or collection site or seston
> 0.053 mm. The §"N range of seston was from ca. 0 to 13 %o (Figure 3b). Only epilimnetic
zooplankton (> 0.08 mm, 13 %o) and Paria River seston (<2 %o) were distinct from the

majority of values (6.5 to 11 %ec). Most 6"°N values for Glen Canyon seston were very similar
(9.5 to 11 %o).

The co-plotted 5°C and 6'°N ranges of seston > 0.053 mm from Glen Canyon indicate that this
size fraction, which includes CPOM, FPOM, and VFPOM, was mostly derived from benthic
algae (Figure 4). No distinction could be made among the two forms of Cladophora and
diatoms. Many seston samples were §"°N-enriched by 2-3 %o relative to algae, indicating the
presence of zooplankton. An alternative explanation for the enrichment of seston over algae is
that the particles were colonized by microbes which substantially enriched the net §'°N value
(Macko and Estep, 1984). This interpretation would contradict the results of the litter-bag assay.
F urthérmore, CPOM, FPOM, and VFPOM samples from the site nearest the dam (2 km) were
the most 6'"N-enriched (Figure 3b). Autochthonous material from this site would be the least
processed, howevef, since it was collected closer to its point of origin than seston from any
other site (none is produced above the dam). Finally, seston from the most upstream site would
be expected to include the most zooplankton, since the amount of entrained zooplankton usually
decreases rapidly below dams (Ward, 1975).

The dual-isotope range of Glen Canyon UFPOM is contained within the dual isotope range for
reservoir plankton <0.08 mm. Clearly, comminution of particles derived from lotic algae does
not contribute much seston to the UFPOM fraction in Glen Canyon. The uniqueness of the §"°C
compared to larger fractions, and its dual-isotope similarity to phytoplankton indicates that this
fraction is dominated by material exported from the reservoir. This finding corroborates that of
Angradi and Kubly (in press) who showed that the seston in Glen Canyon was dominated by
particles < 0.75 mm, and that the concentration of seston in water released through the dam
was maintained, with little alteration, through Glen Canyon. Collection of seston down a transect
in Grand Canyon might reveal the distance at which the ultrafine fraction loses its isotopic
distinctiveness. Such a study would reveal the direction of isotopic shift with distance
downstream and answer the question: do isotope values of Grand Canyon seston continue to
resemble that of Glen Canyon as local inputs of autochthonous organic matter replace
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reservoir-derived seston exported from Glen Canyon, or does the seston increasingly reflect
allochthonous tributary and riparian inputs?

The dual-isotope range of Paria River seston indicates that it is a mixture of particles derived
from riparian and upland vegetation (Figure 4). Large CPOM (> 3 mm) collected during a
runoff event was most similar, isotopically, to upland vegetation. Flows during and prior to
sampling, especially in Grand Canyon tributaries subject to flash floods, probably exert a large
influence on the origin of seston in a given sample. The dual isotope range of riparian
vegetation was large (Figure 4); Paria River seston was isotopically more similar to litter
(tamarisk, cottonwood) than to live vegetation (tamarisk, willow, Equisetum).

Glen Canyon Food Web

With. the exception of plankton < 0.08 mm from the hypolimnion of Lake Powell, primary
producers and primary consumers had §"°C values between -31 and -34 %o (Figure Sa). There
was no consistent pattern of §'°C-enrichment of primary consumers over primary producers;
secondary consumers, fish, were more enriched (6*C > -30 %o) Enrichment in §'°N with
trophic level was 2 - 4 %o for invertebrates versus algae, and ca. 5 %o for fish versus
macroinvertebrates (Figure 5b).

A dual-isotope plot (Figure 6a) indicates three trophic levels in Glen Canyon: algae, benthic
macroinvertebrates, and fish. Plankton (see Figure 4) and terrestrial organic matter were not
important in the diet of Gammarus in Glen Canyon.

The relative importance of diatoms versus Cladophora in the food web could not be determined
using stable isotopes (e.g., Figure 2). However, Pinney (1991) showed that > 90% of the diet
of Gammarus in Glen Canyon was comprised of diatoms. There appears to be a tight linkage
between diatoms and secondary production in Glen Canyon--a relationship that depends on the
physical substrate for diatoms provided by Cladophora (Usher and Blinn, 1990).

Fish had enriched §"C values (+6 %o for adult trout) relative to the benthos. Two explanations
for this are (1) that there was an unmeasured, 5"’ C-enriched food source, or (2) that the enriched
8"C for fish reflect slower turnover of fish tissue carbon relative to lower trophic levels. I
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consider the first explanation less likely, because although feeding intensively on terrestrial
insects with §"*C values similar to riparian vegetation could account for the unexpectedly high
6"C values, no study of Glen and Grand Canyon trout diet has reported terrestrial animals to
be more than a minor component of the diet in most months (Angradi et al., 1992; Maddux et
al., 1987; Carothers and Minckley, 1981). Furthermore, the isotopic signature of the
flannelmouth sucker was similar to adult trout (Figure 6); the sucker is a benthic forager whose
reported food habits do not include terrestrial animals (Minckley 1991).

Angradi (in press) reported that summer-collected periphyton samples were 3 - 4 %o more
6"C-enriched than winter or spring samples in a regulated Idaho river. He also found a large
difference in the 6"C values for Cladophora collected at sites 9 km apart on the same river
(-36.9 versus -12.1 %o). He attributed these differences to seasonal and downstream shifts in the
8'*C of the dissolved inorganic carbon utilized by algae resulting from processes in an upstream
reservoir. In Lake Powell, DIC varied 2 %o between the epilimnion and hypolimnion. Deep
penetration of the epilimnion in the drawn-down reservoir in late summer and fall could result
in a supply of §"*C-enriched DIC to algae in the river.

The turnover rate of carbon in animal tissue is fastest in growing animals. (Fry and Arnold,
1982). Fish, which grow slower than invertebrates, would have slower carbon turnover rates,
‘and would respond slower, isotopically, to a seasonal change in the §"C of the diet
(macroinvertebrates that feed on diatoms) caused by an altered §"C value of the DIC supply and
its effect on the §'*C of algae. Trout fry, which grow faster than adults, had §"*C values closer
the expected range (+ 1 %o enriched relative to food). Thus, the measured §"°C of adult trout
in Glen Canyon may reflect the isotopic structure of the food webs of past seasons, including
summer when terrestrial insects are likely to be most important in the diet. This complicated
explanation illustrates a potential limitation of using only isotopes of carbon and nitrogen.

A third isotope, of sulfur, 6*S, has used to overcome problems of unaccounted shifts in 81C of
fish predators and their prey in a river (Hesslein 1991). Inclusion of 6**S measurements in future
Colorado River food web studies is recommended.

Studies of trout diet in Glen and Grand Canyon have found that Cladophora filaments are
generally the predominant food item by weight and volume (Carothers and Minckley 1981;
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Maddux et al., 1987; Leibfried, 1988; Angradi et al. 1992). Leibfried (1988) felt that trout
consume Cladophora intentionally for the nutritional value of its epiphytes. I offer no new
explanation for the presence of so much algae in the stomachs of trout. However, the stable
isotope data show that not much algal nitrogen is assimilated directly into trout tissue, because
the 7-9 %o enrichment in 6"°N of trout over algae indicates an intermediate trophic level: aquatic
macroinvertebrates. This finding corroborates that of Leibfried (1988) who showed that very
little protein (the source of tissue nitrogen) derived from Cladophora or diatoms was assimilated
by trout. Algae may provide some energy for maintenance, but it seems unlikely that trout are
able to grow very well on a diet so dominated by this food source.

Fish

Isotopic separation among sample sites was greater for §"°N than for §°C, and was independent
of species (Figure 7). Fish from Glen Canyon and Nankoweap Creek were more 6*C depleted
and 5"N enriched than fish collected elsewhere. Rainbow trout and speckled dace from the Paria
River, Deer Creek, Bright Angel Creek, and Crystal Creek were isotopically similar (Figure 7,
6b). Adult trout from Nankoweap Creek were isotopically indistinguishable from Glen Canyon
trout. Glen Canyon trout fry and Nankoweap Creek speckled dace also had very similar isotope
values. Speckled dace from Shinumo Creek were isotopically distinct from dace collected
elsewhere.

The similarity in the stable isotope values of Colorado River and Nankoweap fish suggest that
the fish from Nankoweap had assimilated C and N from the Colorado River, because Gammarus
are not found in tributary streams (Carothers and Minckley, 1981; Hofknecht, 1981), and
Cladophora is scarce or absent in the tributaries from which fish were collected (Carothers and
Minckley, 1981). Rainbow trout, at least, are known to ascend Nankoweap Creek from the
Colorado River in winter to spawn (B. Brown and W. Leibfried, in litt).

The dual-isotope range of speckled dace from Shinumo Creek (Figure 6b) indicates that the food
web there was more strongly based on organic matter derived from upland vegetation than were
other sampled tributaries. Hofknecht (1981) found that the macroinvertebrate biomass,
abundance, and family diversity in Shinumo Creek was less than in Bright Angel, Crystal, or
Deer Creek. Lower Shinumo Creek is in a deep canyon and lacks a riparian zone. Hofknecht
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(1981) felt that the reduced allochthonous and autochthonous inputs partially accounted for the
relatively depauperate invertebrate fauna. The same explanation may apply to the food web:
local algal and riparian inputs are lacking, so the isotope values of the speckled dace reflect a
macroinvertebrate fauna dependent largely on detritus exported from upland catchments. The
isotopic similarity of speckled dace from the mouth of Shinumo Creek (10 m upstream of the
confluence) and from above a barrier falls (700 m upstream of the confluence) suggests the lack
of mainstem foraging.

The invertebrate fauna of the Paria River is even more depauperate than that of Shinumo Creek
(Hofknecht, 1981) yet isotope values of speckled dace suggest riparian influence. Algal and
invertebrate production in the Paria River is limited by high turbidity, unstable substrate, and
frequent spates (Hofknecht, 1981). The aquatic food web that exists there appears to be linked
to the well-developed riparian corridor. Confirmation of this hypothesis will require examination
of lower trophic levels, but these preliminary findings suggest that multiple stable isotopes
provide sufficient resolution to identify spatial variation in the trophic basis of production among
Grand Canyon tributaries. ’

Applications

Distinct isotope ratios for the trophic basis of production in the Colorado River versus its
tributaries in Grand Canyon (e.g., Figure 6a) might be exploited for examining trophic linkages
between tributaries and the mainstream. Analysis of isotopic gradients in fish, invertebrates,
algae, and seston from the confluence zone of tributaries upstream to and beyond barrier falls
might reveal the degree of trophic interaction among these habitats. Such an approach might
also be applied to tributary-using endangered fishes, such as the humpback chub (Gila cypha
Miller), which may not be destructively sampled. Since only a few mg of dried material is
needed for 6"°C analysis of animal tissue, chub scales might substitute for muscle tissue. Estep
and Vigg (1985) found a consistent relationship between the "*C and muscle tissue for trout and
suckers in a Nevada lake.

Stable isotopes can also be used to examine aquatic-terrestrial linkages for semiaquatic or
terrestrial organisms in the canyon. For example, Mizutani et al. (1992) reported that the 6"°C
of 7600 year old bat guano from a cave in Grand Canyon was §”C enriched (-21.5 %o)
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compared to modern guano (-24.4 %o). They reasoned that increased development of
6"*C-depleted woody riparian vegetation following construction of Glen Canyon Dam could
partially account for the §"°C shift in bat guano as a result of a shift in the trophic basis of bat
diets from upland to riparian plant species (e.g., see Figure 2a).

This study has demonstrated the usefulness of stable isotopes in tracing organic matter and
identifying trophic linkages in Glen and Grand Canyons: all of the questions posed at the
beginning of this paper have been answered at least partially. Future studies should consider
seasonal variation in the isotope values of food web components, including dissolved inorganic
carbon, and should examine macrospatial variation in the importance of upland and

riparian vegetation versus autotrophic production. Water releases from Glen Canyon dam
probably influence the Colorado River ecosystem in multiple ways at every trophic level. Studies
of trophic linkages in the Colorado and other regulated rivers will provide insight into how dam
operations influence aquatic communities and processes.
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FIGURE CAPTIONS

Mean stable carbon isotope ratios of dissolved inorganic carbon from Lake
Powell, Glen Canyon Dam, the Colorado River (CR) in Glen Canyon, and the
Paria River. Error bars represent the range of measure values, n = 2. Distances
downstream from Glen Canyon Dam are given for Colorado River values.

Mean stable carbon (a) and nitrogen (b) isotope ratios for the trophic basis of
production in Glen and Grand Canyons. Cladophora samples were with (w) or
without (wo) diatom epiphytes. §"C values for juniper and pinyon are from
Leavitt and Long (1982, 1986). Sample size = 2, except for cottonwood leaves,
Ulothrix, Equisetum, and tamarisk: n = 1. Labels are otherwise as in Figure 1.

Mean stable carbon () and nitrogen (b) isotope ratios for seston in Glen Canyon.
Error bars represent the range of measure values. Sample size = 2, except for
plankton < 0.08 mm, GCDP plankton, UFPOM, and Paria CPOM: n = 1.
Symbol types identify sample site: LPEP, Lake Powell epilimnion; LPHY, Lake
Powell hypolimnion; GCDP, Glen Canyon Dam penstocks; CR, Colorado River.
Labels are otherwise as in Figure 1.

Dual isotope plot for seston, plankton, and organic matter sources in Glen
Canyon and the Paria River. Box dimensions are the range of measured values
for each isotope. Upland vegetation includes Paria River litter deposits and
published values for juniper and pinyon (approximate 5'°N values are from
Angradi, in press). Labels are otherwise as in Figures 2 and 3.

Mean stable carbon (a) and nitrogen (b) isotope ratios for components of the
Glen Canyon food web. Error bars represent the range of measured values.
Sample size is as in Figures 2 and 3; otherwise, n = 2 except for oligochaetes,

chironomids, sucker, and trout fry: n = 1, and adult trout: n = 4. Symbol types
indicate predicted trophic status. Labels are otherwise as in Figures 2 and 3.
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Dual isotope plots for the Glen Canyon food web (a), and for all fish collected
in the study (b). Box dimensions are the range of measured values for each
isotope. Hatched boxes indicate organic matter sources not generally observed
in Glen Canyon. Labels are otherwise as in Figures 2 and 3.

Mean stable carbon (a) and nitrogen (b) isotope ratios for fish collected in Glen
Canyon, and in Grand Canyon tributaries. Error bars represent the range of
measured values. Sample size is as in Figure 5; otherwise, n = 2 except trout
fry at Deer Creek and Bright Angel Creek: n = 1, and Paria River dace: n =
3. Labels are otherwise as in Figures 2 and 3.
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EFFECTS OF EXPOSURE ON THE CHLOROPHYLL g CONTENT, BIOMASS, AND
PRODUCTIVITY OF THE EPILITHON OF A TAILWATER RIVER

TED R. ANGRADI* and DENNIS M. KUBLY

Arizona Game and Fish Department, Phoenix, AZ USA

ABSTRACT

A series of field experiments was conducted to determine the effect of exposure on the
chlorophyll a content, biomass and gross primary productivity (GPP) of littoral epilithon in the
Colorado River below Glen Canyon Dam, Arizona. Chlorophyll a content was much more
sensitive to exposure than was biomass. The epilithon was rapidly bleached during summer
daytime exposures. The percent of initial chlorophyll @ remaining following one day of exposure
was not different from the percent remaining following two days of exposure. Significant
reductions in chlorophyll a content were detected for exposures as short as six hours. There
were close inverse relationships (> = 0.7 - 0.8) between time exposed or cumulative solar
radiation (400-700 nm) and the percent of initial chlorophyll ¢ remaining after reinundation. GPP
of Cladophora glomerata-dominated epilithon from the permanently inundated channel was ten
times higher than the GPP of epilithon from the zone of daily water level fluctuation.
Experimental exposure reduced the GPP of epilithon, but not the assimilation ratio (GPP per unit
of chlorophyll a@). The Glen Canyon epilithon has low resistance to exposure disturbances, and
recolonization is slow under hydropower peaking flow regimes. Disruption of the epilithon is
likely to precipitate effects at higher trophic levels.
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*Present address: USDA Forest Service, Northeast Forest Experiment Station, Timber and
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INTRODUCTION

Most studies of the effects of flow-related disturbance on periphyton have examined changes
resulting from floods in unregulated streams (e.g., Fisher et al., 1982; Biggs and Close, 1989;
Grimm and Fisher, 1989). Stranding and desiccation of periphyton resulting from a decrease in
flow is a more likely cause of disturbance in regulated streams, particularly those used for
irrigation storage and hydroelectric power generation (Petts, 1984). Although flow regulation
may produce physical and chemical conditions which enhance periphyton growth (reviewed by
Lowe, 1979), periphyton generally is not well adapted to conditions of stranding caused by large
unnatural fluctuations in stage (Neel, 1963; Kroger, 1973; Steinman and Mclntire, 1990).

This paper describes a study of the effects of stranding on the epilithon (periphyton growing on
cobbles) of the Colorado River downstream from Glen Canyon Dam, Arizona, USA. Epilithon
in the Glen Canyon tailwater is dominated by the filamentous chlorophyte, Cladophora
glomerata (L.) Kutz. (Blinn and Cole, 1991), which often attains a high biomass (>200 g
ash-free biomass m?). The significance of the epilithon to other trophic levels in Glen and
Grand Canyon has been recognized (National Research Council, 1991), but the effects of dam
operations on the ecological role of the epilithon are not well understood (Blinn and Cole, 1991).

In Glen Canyon, Cladophora provides habitat for trout and macroinvertebrates. The tailwater
macroinvertebrate community relies on epiphytic diatoms and detritus associated with
Cladophora filaments for food (Pinney, 1991; Blinn et al., 1992). Effects of dam operations on
Glen Canyon epilithon may also have consequences for downstream ecosystems. For example,
Cladophora sloughed from the substrate in Glen Canyon is exported downriver to the seasonally
turbid and light-limited Grand Canyon (Kubly and Cole, 1979; M. D. Yard, in htt ) where it
enters detrital pathways (Angradi and Kubly, in press).

Controlled studies of the effects of stranding on lotic epilithon are few. Usher and Blinn (1990)
examined the effects of laboratory-simulated stranding on Colorado River Cladophora from a
site 25 km below Glen Canyon Dam. Peterson (1987) examined the effects of short-term
desiccation on diatom communities below Hoover Dam on the same river. No data exist
describing the effects of stranding on lotic Cladophora-dominated epilithon in situ, nor for the

relationship between stranding and primary productivity.
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Our study consisted of six field experiments conducted in the summers of 1991 and 1992.
Specific objectives were: 1) to quantify the effects of exposure duration on the chlorophyll a
content and biomass of epilithon (experiments I-V); 2) to compare the effects of exposure on
these variables among epilithon communities with different previous exposure histories
(experiments IV-V), and; 3) to examine the effect of exposure on epilithon primary productivity
(experiment VI).

STUDY AREA

Glen Canyon Dam (36° 56’ N, 111° 29° W), is a large peaking power hydroelectric facility
operated by the Bureau of Reclamation. The dam forms Lake Powell, a long (300 km), deep
(average depth = 51 m), warm monomictic reservoir. Water releases from the reservoir are
hypolimnial, perennially cold (7-10° C), chemically stable, and transparent (Stanford and Ward,
1991). Total oxidized nitrogen averaged ca. 0.3 mg I''; orthophosphate concentrations were very
low, rarely exceeding 0.01 mg 1"'; N:P is typically > 30 (Angradi et al., 1992).

The algal material used in this study was collected at 14 Mile Bar, a 300 m long cobble bar
located 2 km downriver from the dam. This site is representative of the upper half of the 25 km
Glen Canyon reach. Eighty-five percent of the littoral cobble habitat in Glen Canyon is in the
upper 12 km; sand and sandstone headwall dominate in the lower half of the reach.

Cobbles were collected from two littoral zones at 14 Mile Bar: the permanently inundated zone
and the fluctuating flow zone. For purposes of this study, the littoral zone was defined as the
zone that could be sampled without SCUBA at flows of > 142 cubic meters per second (cms).
The permanently inundated zone was defined as the littoral habitat inundated at flows of 142
cms. This zone only could be sampled during early morning flows. Flows < 142 cms did not
occur during the study. The fluctuating flow zone was defined as the littoral habitat inundated
at flows > 142 cms and < 226 cms. Flows > 226 cms occurred throughout the study, but
epilithon development above the 226 cms level was almost nonexistent (Angradi et al., 1992).

Algae in the fluctuating flow zone had, in the year previous to the beginning of this study, been
subjected to daily exposure, mostly at night, and to more protracted exposure (2-3 days) on some
weekends and during controlled special releases. During this study, cobbles in the permanently
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inundated zone supported 2-3 times more epilithic chlorophyll a than did cobblés in the
fluctuating flow zone. Cladophora filaments in the permanently inundated zone were dark-green
and had high epiphyte loads (Angradi et al., 1992). Epilithon on cobbles in the fluctuating flow
- zone was dominated by diatoms and the crustose blue-green algae Oscillatoria spp. (T. Angradi,
personal observation). Colonization by Cladophora of cobbles in this zone was slow and
appeared to be frequently reset by repeated exposure (T. Angradi, personal observation).

METHODS
General

Six field experiments were conducted. A single method for collecting epilithon samples was used
throughout. Cobbles were removed from the river, and a randomly located 4.15 cm? circular
area was isolated on the upper surface of each cobble with a template. Algal filaments, including
those attached outside the sample area, and other material within the template were sheared off,
scraped loose with a chisel-shaped knife (#17 X-acto) and placed in a vial. Our method probably
results in biased estimates of epilithon biomass and chlorophyll content m?, because we only
sampled colonized cobbles, whereas occasional gaps in the epilithon occur naturally on cobble
bars. Also, we made an effort to collect cobbles of a similar size to reduce variability within and
among replicates. Substrate size has been shown to affect the biomass of attached Cladophora
(Dodds, 1991).

Two methods were used for the determination of chlorophyll 4. In experiments I-III (1991),
samples were ground with a teflon pestle and chlorophyll a was extracted for 24 h in 90%
acetone. In experiments IV-VI (1992), chlorophyll @ was extracted from unground samples by

boiling in methanol. The pheophytin-corrected chlorophyll a concentration of extracts was
determined by spectrophotometry (Spectronics 21) using the method of APHA (1990) for
acetone, and of Tett et al. (1977) for methanol. More chlorophyll a could be extracted in
methanol, so comparisons of absolute chlorophyll a content among experiments using different
methods were not made. The ash-free dry mass (AFDM) of samples was determined from loss
on ignition (550 C, 2h). '
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In experiments I-V, treatment manipulations were performed on replicate experimental units
which consisted of open-sided plastic boxes (modified utility crates, 40 x 40 x 10 cm) each
containing four cobbles. In experiment VI, individual cobbles were tested.

Ambient photosynthetically available radiation (PAR, umoles s m?, 400-700 nm) was measured
with quantum sensors (Li-Cor). Cumulative PAR (moles m?) was used as an index of the total
amount of solar radiation to which exposed cobbles were subjected. Atmospheric data (air
~ temperature and relative humidity) for periods of exposure were obtained from sensors located
at the dam (Table 1). Water quality data (temperature, specific conductance, dissolved oxygen,
pH) for periods of inundation were obtained from unpublished United States Geological Survey
records from a gaging station located just upstream from 14-Mile Bar (Table 2).

Experiment I

In experiment I, we evaluated the rate of chlorophyll a decomposition on cobbles subjected to
prolonged exposure to the atmosphere. Twenty cobbles were collected from the permanently
inundated zone at 14 Mile Bar, placed in five boxes--four cobbles in each box--and exposed to
the atmosphere. The geometric mean diameters ([1 x w]®%) of cobbles used in experiments I, II,
and III was 161, 147, and 152 mm; all cobbles were collected in the same vicinity, and mean
diameter did not differ among treatments or experiments. A single sample was collected from
each cobble in each replicate at 0, 10, 24, 58, 130, and 336 h (two weeks).

The chlorophyll a content and AFDM of all samples were determined, and the individual values
for the four cobbles in each replicate unit (plastic box) were averaged. Cumulative PAR (moles
m) received by the exposed cobbles was calculated from 15 minute averages.

Experiment II

In experiment II, we examined epilithon chlorophyll ¢ and AFDM as a function of exposure
duration and time since reinundation of cobbles following exposure. The experiment was
conducted in a 30 m section of a concrete sluiceway channel at the base of Glen Canyon dam.
The channel conveys seepage from within the dam to the river. It has a trapezoid profile, is 0.5
m deep, 0.6 m wide at the bottom, and 0.9 m wide at the top. Discharge in the sluiceway is
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" regulated by a sump, and was ca. 0.03 cms. A 0.2 m high weir was installed at the halfway
point and at the downstream end of the 30 m section to create two sections (blocks) of nearly
equal depth and velocity. Prior to the experiment, flow was diverted from the sluiceway and
attached algae were removed.

For the experiment, 48 cobbles were collected at 14 Mile Bar, transported to the dam in river
water, randomly placed in 12 boxes, and the boxes were placed, six each, into two 15-m
sluiceway sections. After four days, cobbles were exposed for 0, 24 (one day and night), or 48
h (two days and two nights; n = 4 for each treatment), reinundated in the sluiceway, and
resampled after one day, one week, and two weeks. Chlorophyll a content and AFDM were
determined as in experiment I.

To quantify the rate of algal colonization in the sluiceway during the experiment, 25 sandstone
tiles (approximately 15 x 15 x 2 cm) were placed in each sluiceway section. Five tiles were
collected from each section after 5, 10, 15, 20, and 25 days. Accrued material was removed
from each tile with a stiff brush, homogenized, subsampled, and analyzed for chlorophyll a and
AFDM as in experiment 1.

A continuous record of water quality was not available for the sluiceway. Concurrent grab
samples from the sluiceway and river indicated that water in the sluiceway was slightly warmer
(1-3 °C) and had a slightly higher specific conductance (ca. 100 uS cm ! higher) than river water
as a result of seeping through the dam; sluiceway water had a higher dissolved oxygen content
than the river (ca. 2 mg I'' higher) as a result of high turbulence upon exiting the base of the
dam.

Experiment III

In experiment ITII, we attempted to verify the findings of experiment II under more natural
conditions. Thirty-six cobbles from 14 Mile Bar were placed in 9 boxes and exposed for 0, 24,
or 48 h (n = 3 for each treatment), reinundated in the permanently inundated zone at 14 Mile

Bar, and resampled after one day, one week, and two weeks.
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Experiments IV and V

In experiments IV and V we examined the effects of short duration daytime exposure (<8 h)
on epilithon from the permanently inundated (experiment IV) and fluctuating flow zones
(experiment V). For each experiment, 96 cobbles were collected at 14 Mile Bar, placed in 24
boxes, exposed for 0, 1, 2, 4, 6, or 8 h (n = 4 for each treatment), reinundated in the
permanently inundated zone, and resampled after one, two, and four weeks. The four samples
from each replicate were combined, homogenized and subsampled. One subsample was extracted
in methanol for chlorophyll a determination, and a second subsample was ashed for AFDM.
PAR data were collected at 15 minute intervals while cobbles were exposed.

Experiment VI

In experiment VI we examined the effect of exposure on the primary productivity of epilithon
from the permanently inundated and fluctuating flow zones. Primary productivity was measured
in a plexiglass photoéynthesis-respiration chamber (37 x 23 x 12 cm; after Bott et al., 1978). An
electric pump circulated water in the chamber at 10-15 1 s, Chamber water was circulated past
a probe (Hydrolab Datasonde III) that measured dissolved oxygen and temperature. The
chamber, pump, and probe were submerged in a 150 1 bath at the river’s edge. Fresh river water
was continuously circulated through the bath with a pair of diaphragm pumps. This allowed
water temperature within the chamber to be held within 2 C of the river during incubations.

Incubations were made using cobbles in four treatment groups: unexposed and exposed cobbles
from the permanently inundated and fluctuating flow zones. Cobbles were exposed for one or
two days depending on ambient conditions. Exposed cobbles were tested after 6-10 days of
reinundation. Prior to incubation, a circular template (35 cm?) was used to isolate one or two
patches of epilithon on the upper surface of the cobble; epilithon outside the template was
removed with a wire brush. Mean geometric diameter of cobbles was 170 mm, and did not
differ among treatments.

Net primary productivity (NPP, gO, m? h?') measurements were made between 1000-1400 h.
Light intensity during incubations was varied using greenhouse shading. Incubations at each light
intensity lasted 20-60 min depending on the rate of dissolved oxygen change; chamber water
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never became supersaturated with O,. PAR at the water surface was recorded at five minute
intervals. Community respiration (R¢, g0, m? h') was measured at night. Gross primary
productivity (GPP, gO, m? h'') was calculated as NPP + R (Bott et al., 1985). The chlorophyll
assimilation ratio (AR, mgO, mg chlorophyll a' h') provided an estimate of photosynthetic
activity per unit of plant pigment.

Following incubations, cobbles were scraped, and the material was analyzed as in experiment
IV. For exposed cobbles, before-and- after exposure samples were collected to allow
determination of the reduction in chlorophyll a content.

Statistical Analysi

In experiment I, the rate of chlorophyll @ decomposition and rate of biomass loss were calculated
as the slope of a linear regression of the log,, of the percent of the initial chlorophyll a or
biomass remaining as a function of time and cumulative PAR. For all experiments, residual plots
indicated heteroscedasticity; thus, appropriate logarithmic transformations were performed (Zar,
1984). In experiments II - V, one way ANOVA was used to examine the effect of treatment
(duration of exposure) on the log,-transformed percent of initial chlorophyll a and biomass
remaining on each sample date following reinundation; Tukey comparisons (@ = 0.05
experimentwise error rate) revealed treatments that were significantly different. A preliminary
analysis indicated no block (sluiceway section) effect for any dependent variable in experiment
II, so data for blocks were combined. In experiment VI, analysis of covariance was used to
examine the effects of treatment on GPP and AR; PAR was the covariate.
Photosynthesis-irradiance relationships were examined with linear regression of log,,-transformed
variables.

RESULTS

Experiment I

Epilithon was rapidly bleached from dark green to tan-brown during eiposure. After 10 h of
exposure, 57% of the initial chlorophyll a remained; after two weeks, 16% remained (Figure
1). Linear regression functions (dependent variable = log,, percent initial chlorophyll a
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remaining) were significant for both time exposed and cumulative PAR (Table 3). Percent
biomass remaining did not change with time exposed or cumulative PAR (7 <0.04) (Figure 1).

Experiment II

In experiment II and in all subsequent experiments, exposed epilithon started to turn brown
within a few days of reinundation. Epilithic chlorophyll a declined 40-70% after 24 hours of
reinundation, and 65-80% after one week, depending on treatment (Figure 2). The percent of
initial chlorophyll ¢ remaining on exposed cobble increased about 17% in the second week. The
effect of exposure was significant on all sample dates (P < 0.01), although at 24 hours after
reinundation, only the 48 h exposed and 0 h exposed (control) treatments differed. Mean percent
of initial chlorophyll a remaining did not differ significantly between the two exposure
treatments (24 or 48 h exposed) on any sample date.

Despite a dramatic loss of chlorophyll a in exposed epilithon, the gross physical structure
appeared intact. The effect of treatment on the percent biomass remaining was significant only
after two weeks (P < 0.05), when epilithon that had been exposed for 24 hours had 40% less
biomass than cobbles not exposed. As with chlorophyll a, effects of the 24 and 48h exposure
treatments were not significantly different.

Sandstone tiles in the sluiceway were quickly colonized by the chlorophyte Ulothrix tenuissima
Kutz. Accrual of chlorophyll @ and biomass was very rapid after the first week (Figure 3).
Chlorophyll a accrued at a rate of ca. 50 mg m? day, and biomass accrued at a mean rate of
ca. 8 g AFDM m? day! between day 10 and 20 (corresponds to day 5-15 of experiment II
reinundation schedule, Figure 2). U. renuissima filaments 1-2 m meters long developed on most
tiles; colonization on the plastic boxes and on the bleached filaments of Cladophora also was
observed. U. tenuissima is present in Glen Canyon (D. W. Blinn, personal communication), but
is abundant only on the concrete faces of dam spillways.

Experiment II1

Experiment III at 14 Mile Bar confirmed the findings of experiment II (sluiceway experiment).
Percent decline of chlorophyll ¢ was similar to that of experiment II. The effect of exposure was
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significant on all sample dates (P < 0.01), but there was no difference between the 24 and 48
h exposure treatments (Figure 4). Unlike experiment II, there was no increase in chlorophyll a
after the first week.

As in experiment II, the effect of treatment on percent biomass remaining was significant only
after two weeks, and the effects of the 24 h and 48 h exposure treatments were not different.
The reason for the decline in chlorophyll a and biomass on unexposed cobblés at 24 h after
reinundation is not known, but may be attributable to initial sample collection and repositioning
disturbances.

Experiment IV

In experiment IV there was an inverse relationship between time exposed and the amount of
chloroi)hyll a remaining (Figure 5). One week after reinundation, the chlorophyll a of the
epilithon that had been exposed for 8 h had decreased more than that of the epilithon exposed
for either O, 1, or 2 h. After two weeks, the 8 h exposure treatment differed from the 0 and 2
h exposure treatment. After four weeks, there was only a weak treatment effect (P = 0.08).
There was no effect of exposure duration on percent biomass remaining on any sample date.

Experiment V

In experiment V, there was no effect of exposure duration on percent of chlorophyll a remaining
after one week. After two weeks, the chlorophyll a content of epilithon exposed for 6 and 8
hours was significantly less than that of epilithon exposed for 1 hour (Figure 6). After four
weeks the same trend was evident, though not significant (P = 0.08). There was no effect of
exposure duration on percent biomass remaining on any sample date.

Experiment VI

Mean gross primary productivity (GPP) was higher for unexposed cobbles than for exposed
cobbles for both the permanently inundated and fluctuating flow zones (P < 0.001, Figure 7).
GPP of unexposed cobbles from the permanently inundated zone was about 10 times higher than
the GPP of unexposed cobbles from the fluctuating flow zone. However, the GPP of unexposed
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~ cobbles from the fluctuating flow zone approached that of exposed cobbles from the permanently

inundated zone.

There was no effect of exposure on the assimilation ratio (AR) of permanently inundated cobbles
(P = 0.26, Figure 7). When tne effect of an outlier was eliminated (Figure 8, plot 2), there was
no effect of exposure on the AR of cobbles from the fluctuating flow zone (P = 0.16), nor was
there an effect of zone on AR for pooled treatments (P = 0.67).

Linear regression functions for the relationship between GPP and PAR and between AR and
PAR were significant (P < 0.05, Table 3) for all treatment and level combinations except for
the effect of PAR on the GPP of exposed cobbles (P = 0.13, 7 = 0.03). PAR explained more
of the variation in GPP and AR in unexposed (34-82%) versus exposed cobbles (9-19%, Table
3), probably because exposed epilithon was light-saturated at a lower PAR level. There was no
apparent relationship between epilithon parameters (Appendix) and GPP except that the two
samples with the most chlorophyll a had the highest GPP; use of AR eliminated this effect.

DISCUSSION

In experiment I the similarity of the time and PAR functions (Table 3) is accounted for by the
relatively constant environmental conditions during the experiment (Table 1). Under more
variable environmental conditions, for exposures of shorter duration, and for among-site and
amohg—season comparisons, cumulative PAR should be a more reliable predictor of chlorophyll
a decomposition with exposure.

We do not believe that the apparent recovery of chlorophyll a in the second week of experiment
II represents restoration of, or recolonization by Cladophora or epiphytes, but rather represents
colonization by Ulothrix tenuissima. Rapid colonization of substrates by Ulothrix corresponded
with the increase in chlorophyll a on the exposed cobbles.

Chlorophyll @ was much more sensitive to exposure than was biomass (Figures 2-6). This
finding is partly an artefact of the duration of the experiments: bleached filaments, although
chlorophyll-depleted, retained most of their ash-free biomass. Upon reinundation, these filaments
were not immediately sloughed from the epilithon en masse, but appeared to fragment




T. R. Angradi and D. M. Kubly -12- Periphyton Exposure Glen Canyon

incrementally. Usher and Blinn (1990) were able to demonstrate significant exposure effects after
one day using dry weights. However, the initial epilithon biomass in their study was at least four
times lower than that which we tested. As in our study, they found chlorophyll @ to be more
sensitive to exposure than biomass.

There is probably a continuous inverse relationship between exposure (time or PAR) and percent
of initial chlorophyll @ remaining, at least in the short term (e.g., functions 3-6, Table 3; Figure
8), but the inherent variability of the epilithon precluded detection of significant effects for
exposures of less than about 6 hours or 10-15 moles m? (experiments IV and V, based on
June-August conditions). Under the conditions of our experiments, the effects of one versus two
days of exposure were similar. However, under less severe conditions (i.e., less PAR, higher
humidity) the disturbance threshold could shift from 6-8 hours to 12 daylight hours or longer.

The actual mechanisms of chlorophyll destruction with exposure are uncertain. Usher and Blinn
(1990) hypothesized- that ultraviolet radiation damages exposed basal holdfasts, which weakens
filaments enough for them to break off and become entrained. Citing studies of intertidal
macroalgae, they proposed that many holdfasts are protected by overlying filaments, which
provide some resistance to UV damage. Our observations corroborate this hypothesis for brief
exposures, but we emphasize that under summer conditions of prolonged daytime exposure (<
8 h), most of the filaments are bleached, and the productive capacity of the epilithon is largely
destroyed.

There is some evidence from our study (experiment V) that epilithon from the fluctuating flow
zone was more tolerant of exposure than epilithon from the permanently inundated zone (Figures

5, 6). Relative reduction of chlorophyll a and biomass was less and recolonization (measured
as increase in chlorophyll a after week two) was greater in exposed epilithon from the
fluctuating flow zone. The blue-green alga, Oscillatoria, is reported to be tolerant of exposure
(Blinn et al., 1992), and may be capable of replacing Cladophora in the fluctuating flow zone
in Glen Canyon. The productivity (e.g., GPP, Figure 7) and surface area (discussed below) of
epilithon from the | fluctuating flow zone is much lower than that of the intact
Cladophora-dominated epilithon.
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Although epilithon from the permanently inundated zone was as much as ten timés more
productive, it had an assimilation ratio very similar to that of the epilithon from the fluctuating
flow zone. Furthermore, exposure did not greatly alter the assimilation ratios of epilithon. GPP
appeared to be a rather constant function of the amount of chlorophyll a present. Changes in
GPP resulting from exposure can therefore be predicted with a simple model that includes
cumulative PAR and initial chlorophyll a (Figure 9). The GPP range predicted by the model is
in agreement with published studies of production for similar chlorophyll a levels (Bott et al.,
1985). The response of epilithon to exposure will vary among seasons as the light regime
changes, but the form of the model may be general for other regulated rivers where seasonal
changes in community composition, temperature, and nutrient availability are small.

The reach-wide loss of GPP resulting from exposure depends on channel morphology and the
flow regime. A model incorporating channel morphology and cobble distribution (Figure 9)
indicates that changes in reach-wide littoral production are an approximately linear function of
minimum daytime flow (especially on weekends when daytime flow are lowest) over the range
of normal water releases (140 to >566 cms); loss of reach-wide GPP would increase
dramatically at flows < 140 cms. The model overestimates the loss in GPP because it does not
include the relatively small amount of GPP by recolonizing algae. In effect, the model predicts
GPP immediately after a severe exposure disturbance; the relative magnitude of the
overestimation of loss would increase with time since disturbance.

The impact on the Glen Canyon ecosystem of this lost primary production is difficult to evaluate
without estimates of secondary production on littoral cobble bars versus secondary production
in other habitat, and a better understanding of trophic linkages in the ecosystem. Cobble bars
comprise only about 16% of the total littoral habitat in Glen Canyon (Figure 9, caption).
Relatively unproductive (10 - 20 mg chlorophyll @ m? , T. Angradi, unpublished data) sandy
substrates are predominant. The importance of Cladophora-colonized cobble bars is
disproportionate to its area, and even relatively moderate losses of epilithon GPP could have a
large effect on the Glen Canyon trophic structure.

Effects of exposure disturbance on primary productivity are likely to be protracted.
Recolonization of substrates in Glen Canyon is slow; studies of algal colonization of introduced
substrates at 14 Mile Bar indicated that accrual of chlorophyll a to the levels found on natural
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cobbles would take 4-6 months in the permanently inundated zone, and even longer in the
fluctuating flow zone (Angradi et al., 1992). These findings suggest that Cladophora has low
resilience following disturbance. This conclusion is supported by the observations of Dodds
(1991) who studied Cladophora in an ephemeral channel, and of Fisher et al. (1982) who found
that Cladophora was a late successional species following flash floods in desert streams.

The available evidence suggests the following scenario: Cladophora, once established, thrives
in upper Glen Canyon, even on substrates exposed to daily exposure (mostly at night), where
it may have a competitive advantage over other taxa (Usher and Blinn, 1990), but is unresistant
to protracted daytime exposure, especially in summer. The combination of daily nighttime
exposure and low dissolved nutrient concentrations results in low recolonization rates (Steinman
and Mclintire, 1991; DeAngelis et al., 1990; T. Angradi, unpublished data).

The consequences of a shift to early colonizers and resistant taxa, such a Oscillatoria, to
ecosystem function (e.g., trophic structure, macroinvertebrate habitat) in Glen Canyon are not
known. As is often the case below dams with hypolimnetic discharge, the Glen Canyon
phytobenthos lacks the functional redundancy and taxonomic evenness of most unregulated rivers
(Ward, 1976; Petts, 1984; Dufford et al., 1987). Filamentous macroalgae other than Cladophora
are rare (Blinn et al., 1992), and vascular hydrophytes are restricted to depositional areas. The
growth form, distribution, and high biomass typical of Cladophora are unique to that species in
Glen Canyon.

Studies of the ecology of the amphipod Gammarus lacustris at 14 Mile Bar indicate a potential
higher trophic-level response to disturbance of the epilithon. The macroinvertebrate fauna of
Glen Canyon is depauperate (Blinn and Cole, 1991), and a very few taxa, including Gammarus,
constitute most of the diet of the most abundant fish species in Glen Canyon, the rainbow trout
(Oncorhynchus mykiss) (Angradi et al., 1992). Gammarus were, on average, eight times more
abundant in the permanently inundated zone where Cladophora biomass was high than in the
fluctuating flow zone where Cladophora was largely absent (Figure 10). Stable isotope analyses
(®C, PN) revealed that assimilated C and N in Gammarus collected at 14 Mile Bar originated
from diatoms rather than from Oscillatoria, terrestrial detritus, or seston exported from Lake
Powell (T. Angradi, unpublished data). Intact Cladophora has a very high surface area which
supports a dense assemblage of these diatoms (Blinn et al., 1989). The most important
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ecosystem-level function of attached Cladophora may be as habitat for other organisms (Dodds
and Gudder, 1992), and reach-wide disruption of this structural function due to exposure could
precipitate higher trophic level effects within the Glen Canyon ecosystem.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURE CAPTIONS

Mean (+1 SE) percent of initial chlorophyll @ and biomass remaining following
exposure (Experiment I). Regression functions for percent chlorophyll a
remaining are given in Table 3. Initial values (chl a [mg?], biomass [g AFDM
m?]) are 655 + 94 and 201 + 22.

Mean (+ 1 SE) percent chlorophyll a and biomass remaining following exposure
and reinundation in a sluiceway at Glen Canyon Dam (Experiment II). Initial
values (chl @ [mg m?], biomass [gAFDM m?]) are, exposed O h: 634 + 85, 221
+ 31; exposed 24 h: 877 + 102, 253 + 21; exposed 48 h: 784 + 102, 356 +
63.

Accrual of chlorophyll a and biomass on sandstone tiles placed in the sluiceway
at Glen Canyon Dam (Experiment II). Values are means + 1 SE. Day 5
corresponds to day O in Figure 2.

Mean (+ 1 SE) percent chlorophyll a and biomass remaining following exposure
and reinundation at 14 Mile Bar (Experiment III). Initial values (chl a [mg m?]
biomass [gAFDM m™]) are, exposed 0 h: 573 + 36, 459 + 24; exposed 24 h:
781 + 60, 535 + 42; exposed 48 h: 610 + 53, 591 + 103. Symbols are as in
Figure 2.

Percent chlorophyll a and biomass remaining following exposure and reinundation
of epilithon from the permanently inundated zone at 14 Mile Bar (Experiment

- IV). Initial values (chl a [mg m?] biomass [gAFDM m?]) are, exposed 0 h: 767

+ 148, 121 + 11; exposed 1 h: 876 + 78, 134 + 18; exposed 2 h: 647 + 92,
109 + 19; exposed 4 h: 801 + 202, 120 + 27; exposed 6 h: 1160 + 403, 127
+ 32; exposed 8 h: 1058 + 250, 157 + 19.

Percent chlorophyll a and biomass remaining following exposure and reinundation
of epilithon from the fluctuating flow zone at 14 Mile Bar (Experiment V). Initial
values chl a [gAFDM m] biomass [gAFDM m]) are, (Experiment V). Initial
values (chl @ [mg m?], exposed O h: 300 + 17, 118 + 9; exposed 1 h: 334 +
41, 139 3 27; exposed 2 h: 271 + 34, 99 + 13; exposed 4 h: 342 + 47, 131
+ 11; exposed 6 h: 302 + 47, 120 + 16; exposed 8 h: 307 + 24, 124 + 11.
Symbols are as in Figure 5.
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Figure 7.

Figure 8.

Figure 9.

Figure 10.

Relationship between GPP and PAR and between AR and PAR for unexposed and
exposed epilithon from the permanently inundated and fluctuating flow zones.
Regression functions are given in Table 3. Plot numbers refer to experimental
parameters given in the Appendix.

Percent chlorophyll g remaining following exposure and reinundation versus hours
exposed and cumulative PAR. Values are means + 1 SE. Regression functions
are given in Table 3.

Gross primary production (GPP) of epilithon from the permanently inundated
zone as a function of exposure duration and initial chlorophyll a content (a), and
(b) loss of GPP from the first 12 km of littoral cobble habitat downstream from
Glen Canyon Dam as a function of flow and chlorophyll a of epilithon. Model a
was generated using functions 4 and 9 from Table 3. GPP was calculated for a
range of chlorophyll a values (function 9) with ambient PAR data for 15-17 July
1991. GPP was then recalculated for exposure durations (cumulative PAR) using
function 4. An assumption of the model was that AR did not vary with exposure
or chlorophyll content (see Figure 7). Flow refers to the lowest level at which a
viable Cladophora-dominated epilithon is present. Lost GPP is in comparison to
summertime littoral production if a Cladophora-dominated epilithon is present up
to the 566 cms level. Estimates of littoral area were based on channel profiles
from a 1990 survey of fixed rangelines (U.S. Bureau of Reclamation, in litt.);
distribution of cobble substrates was determined from aerial photographs. Model
b was generated using function 9 from Table 3 with ambient PAR data for 15-17
July 1991, the resulting assimilation ratios were used to generate GPP values for

- a range of chlorophyll a values, which were then expressed on a reach-wide

basis. Estimates of partial loss due to incomplete destruction of the epilithon
without a change in flow regime can be derived by calculating the endmember
chlorophyll a value using function 4, Table 3. An assumption of the model is that
light limitation does not occur in the littoral zone at any flow < 566 cms.

Epilithon biomass and density of Gammarus lacustris in the permanently inundated
and fluctuating flow zones at 14 Mile Bar in 1992. Epilithon biomass values are
means < 1 SE (n = = 10) for samples collected using the same methods as for
exposure experiments. Gammarus lacustris densities (+ 1 SE, n + 8) are from
Hess samples (0.087 m?) collected at 14 mile Bar (D. Parmley, in litt.).




Table 1. Meteorological data for all experiments. Dates and times refer to periods of epilithon exposure.
Values are means (SE, except experiments IV and V) based on hourly records. PAR refers to maximum
(full sun) photosynthetically active radiation (400 - 700nm) during exposure. Temperature and relative
humidity data are from sensors located at Glen Canyon Dam.

Expt. Date(s) Temperature (C) Relative Humidity (%) Par
] (umoles
Day Night Day Night s'm?)
I 070491-071191 33.1 (0.41) 28.3 (0.33) 23 (1.0) 30 (1.3) 2300
071291-071591 34.6 (0.35) 30.0 (0.33) 17 (0.6) 20 (0.7) 2200
II 071191 na* 28.7 (0.81) na 25 (1.4) na
071291 34.0 (1.02) 29.4 (0.80) 20 (1.9) 25 2.1) 2240
071391 34.1 (0.91) na 22 (1.9) na 2240
III 082291 33.3 (0.74) 29.0 (0.57) 19 (1.0) 24 (0.8) 2140
082391 33.7 (0.97) 28.5 (0.67) 20 (1.3) 33 (2.8) 1920
Hours
v 062492 10-1100 31.1 na 29 na 1800
11-1200 32.3 na 23 na 1900
12-1400 34.2 na 19 na 1460
14-1600 31.4 na 21 na 720
16-1800 30.0 na 23 na 900
v 081192 10-1100 32.6 na 28 na 1850
11-1200 344 na 26 na 2075
12-1400 35.6 na 22 na 2020
14-1600 35.6 na 20 na 1380
16-1800 32.0 na 28 na 864
VI 091592 10-1400 25.0 (0.86) na 53 (4.7 na 1800
091792 29.3 (0.90) 25.6 (0.74) 33 (3.49) 31 (1.6) 1760
091892 22.3 (0.40) na 51(33.3) na 882
092292 10-1800 30.1 (0.80) na 26 (2.0) na 1670
092492 31.3 (0.42) 25.9 (1.14) 25(1.9 24 (0.4) 1750
092592 24.4 (1.03) na 19 (1.4) na 1770

* na, not applicable.
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Table 3. Linear regression functions and associated statistics for effects of exposure time and cumulative
PAR (moles m™) on the percent of chlorophyll a remaining (PCR), and for the relationship between GPP
(g0, m? h™) and PAR (umoles s* m?) and between AR (mgO, mg chl a* h?') and PAR. All models
shown are significant (P <0.09). :

Experiment Function SE* r n
I 1. log (PCR) = 2.05 - 0.31 log (hours exposed) 0.06 0.74 30
2. log (PCR) = 2.08 - 0.27 (cumulative PAR) 0.04 0.66 30
II-IvV After one week
3. log (PCR) = 2.07 - 0.43 log (hours exposed) 0.07 0.79 12
4. log (PCR) = 2.14 - 0.38 log (cumulative PAR) 0.05 0.76 12
II-1v After two weeks
5. log (PCR) = 1.92 - 0.31 log (hours exposed) 0.06 0.73 12
6. log (PCR) = 1.99 - 0.30 log (cumulative PAR) 0.06 0.80 12
VI Permanently inundated zone, unexposed
7. log (GPP) = -0.027 + 0.27 log (PAR) 0.06 0.46 25
8. log (GPP) = 0.013 + 0.23 log (PAR)** 0.02 0.82 20
9. log (AR)= -0.56 + 0.26 log (PAR) 0.16 0.46 25

Permanently inundated zone, exposed

10. log (AR) = -0.17 + 0.12 log (PAR) 0.05 0.09 351

Fluctuating flow zone, unexposed

11. log (GPP) = -1.19 + 0.19 log (PAR) 0.05 038 22
12. log (AR) = 0.40 + 0.24 log (PAR) 0.07 034 22

Fluctuating flow zone, exposed

13. log (GPP) = -1.44 + 0.19 log (PAR) 0.08 0.18 27
14. log (AR) = -0.46 + 0.19 log (PAR) 0.07 0.19 27

* Standard error of the regression coefficient.
** Regression function if incubation 1 omitted (see figure 8).




Appendix. Experimental parameters for estimations of GPP and AR (Experiment VI). Plot
numbers refer to Figure 7. Cummulative PAR is the total PAR to which exposed cobbles were
subjected. Chlorophyll g and biomass values represent the epilithon sample on which incubations

were run.
Plot Cumulative Chlorophyll a Percent Biomass
No. PAR (mg sample™) Chlorophyll a (gAFDM

(moles/m?). Remaining* sample?)

Permanently inundated zone

1 0 21.5 100 3.7
2 0 13.5 100 2.5
3 0 6.3 100 1.5
4 0 12.7 100 2.1
5 47 7.5 84 ' 2.6
6 64 5.7 30 2.9
7 64 4.4 30 1.1
8 37 4.3 80 1.2
9 37 5.4 80 1.5
10 31 1.6 60 0.5
11 31 5.5 60 1.6
12 47 1.6 65 0.8
Fluctuating flow zone

1 0 1.2 100 0.5
2 0 0.5 100 0.2
3 47 0.9 36 0.6
4 64 0.9 30 0.7
5 0 0.9 100 0.3
6 0 1.1 100 0.4
7 37 1.1 7 0.6

* Values are based on unreplicated samples; values for exposed material from the fluctuating
flow zone overestimate the percent chlorophyll a remaining.




Chlorophyll @ Remaining (% mg,'m® )

Cumulative PAR (moles/ mz)

0 100 200 300 400 500 —~ 1] 100 200 300 400 800
100 Y“"““ r Tt T T - N 180 rr LI T T T T
‘ ® Hours \E
o PAR = ;
80 ~ - 2 1o
' % 125 ~ o=
PR rot %
Pt ye b — :
< ~ ! P e I
o *t . g 100 - -
40 : ‘k 3 E ‘ *‘:{ ;
-
; , a (] ~ | -
20 - T R - a8
i 4O
| g
2 :
‘ : m BOLL 1 4o a1 1]
oLl L 1 1 L - 0 50 100 150 200 260 300 350

0 50 100

FIGURE 1.

180 200 250 300 350

Hours Exposed




140 lf'ﬁ T

T T T T T }r
i ? 4?
120 - ?//~”“’"" -

125

8

! O Exposed O h |
80 - | & Exposed 24 h
i @® Exposed 48 h

N

-2
-]

Chlorophylla Remaining (% mg/m* )
[+
o
i
1
Biomeass Remaining (% gAFDM,/m?® )
8

oLt 1 1 1 1 1 | N S | 1 L d
2 4 8 8 10 12 14 16 ) 2 4 ] 8 10 12 14 16

3

Days Reinundated

FIGURE 2.




FIGURE 3.

Chlorophylla (mg/m?

600 ——

® Chl a
500 — O Biomass
400 - FE |
l/" ] H
/ ' !
300 - + 100
200 / d 17
T : /‘ S ;
: SV -4 50
100 ~ d
' ’/ /,/ — 25
0 lo—e & ! L L g
0 ) 10 15 20 25 30

Days In Situ

2
Biomass (gAFDM,'m )




16

-
- «
it
- «Q
- Qo
vy
r ©
!
L ©
:
_T <
ﬁ .
1]
{
L °
| A
(=]
[
-4
( ,m, Nqiv? %) Purureway sseurolg
r 1 I -r TYTTTTTTY Y 1?Jw
“ «
- O <@ -3
. ;. 1
i _. \ :
- X / N
_ ; [ Bl
i / : ;
A I N f H
= ; / <49
! !
' ! \ !
- K / l, [
7 :
- N .L ©
¢ K
| !
| , P
- Py 4o
” b & !
L - do
L -1 w\. . NN DR NNV S |
e o
$ § 8 28 8 3 8 °
L] -4 vt

( L0/3ut &) Supureway Pri&ydooryo

Days Reinundated

FIGURE 4.




30

ﬁ I B I A S S

10 15 20

T

160 ol

( ;m/Raavs ) Suewoy sseworg

30
Days Reinundated

AR I A R A SR Sahat R

e

I S
O Exposed Oh

A Exposed 6h

O Exposed 4h
. & Exposed 8h

® Exposed 1h
B Exposed 2h

160 ~ -~

( /3w %) Bururewoy Uzhnmm._nozo

FIGURE 5.




O‘E 160 - r-——1 - 1 ' P o~ M40y T e Mt
ot i #
% 140~ - g
] 1
.
> 120} %
0 ; )
i -
! :
i SR
g g
g sor :
-] { &
fem 60 -
By ;
g ; @
& 40- 4 q
b ; ; g
:g | 8
6 @bkt -1 b1 ..t .4 ;m
-0 10 15 20 25 30

Days Reinundated

FIGURE 6.




Permanently Inundated Zone
12 :" | Sa S SR S "::1’;‘.‘1"“

! —
J r

e

o Unexposed
yd o Exposed

—O\o
|
[ e e N 110,11

IS TR W,

0 300 600 900 1200 1500 1800

4.0 r T T T T L. |

|
a5+ VR o,
3.0+ / .

a4

0 300 600 900 1200 1500 1800

4.0
3.5
3.0
25
2.0
1.5
1.0
0.5

Fluctuating Flow Zone

0 300 600 900 1200 1500 1800

L T T T T

YR

- /// .
Ji

—o4
OLIMI 1

0 300 600 800 1200 1500 1800

PAR (uymoles/s/ mz)

FIGURE 7.




140 ¢ , . , T 7 140rp ! : ' ' B
: fo :

O Experiment II ’ !
O Experiment III"

i A Experiment IV i |
100 -?i . 100 - : i _4:
i |

Chlorophylla Remaining (% mg/m?® )
>..
g—b-—-

80 - | i eof -
]
a0 A 1 sk A -
20 - ] Q i‘ 20 - ! Q # o -
oLL 1 1 I i oLt 1 L ] ! d
0 10 20 30 40 50 0 20 40 80 80 100
‘ 2
Hours Exposed Cumulative PAR (moles/m )

FIGURE 8.




"6 NI

ANE /sejow)

yvd sanenuny

ANE\MEV

0002
(p/ w1 /%08)

f o 000¢ A%ﬂ—u NOM&
X / ) ddo

10T ddD

-} ooov

: 000G




300 p——p— - ————t T T7 7000 r T | —— T
- !
g V74 Permanently Inundated -
© § 250 - R\N Fluctuating Flow / . { 6000 - é B
§ | = 7
5000 - v -
2 200 - ] é
a 4000 5§ =
e 150+ ~ é
& 3000 7
; %
g4 100 . %
= | 2000 } % 4
E, 5
3 7 1000 + / -
A
N AN AN AN A . , 8 AN A
MAY JUNE JULY AUG SEP MAY JUNE JULY AUG SEP

FIGURE 10.




3. Mainstem Colorado River Native Fishes

William R. Persons and D. Alan Kinsolving

The purpose of this chapter is to summarize initial findings of studies of mainstem
backwaters and tributary mouth rearing habitats and to review how we plan to fulfill objectives
outlined in the *Cooperative Agreement’. This chapter summarizes information on temperature
and water levels in backwaters from DataSondes and presents preliminary fish catch data with
emphasis on humpback chub.

Objectives 3.4 and 3.6. Determine the environmental conditions at each tributary mouth
and in the mainstem Colorado River. Determine the behavioral responses of larval to
Juvenile native fishes to changing environmental conditions in rearing habitats.

Methods and Progress

During the period from March 1991 through November 1992, 13 downriver trips took
place. Trips utilized three different sampling protocols. Opportunistic sampling was used to
obtain a quick, qualitative point-in-time characterization of a site. Intensive sampling (Type A)
was more quantitative, but still provided a point-in-time perspective. Type B trips were
designed to assess changes in fish abundance and habitat use across varied flow and diel cycles.
Multi-day intensive sampling took place on Type B trips. Trip dates and type of samples
collected are shown in Table 3.4.1.

Opportunistic sampling

At opportunistically sampled sites, fish were captured by making a single pass through
the backwater, mainchannel, or tributary site using either a straight or bag seine. The choice
of gear depended on site, size and topography; with bag seines used in larger, less structurally
complex habitats. Additionally, dip nets were used to capture fish in areas where it was not
practical to seine. Effort was recorded in square meters of water seined, and collected fish were
identified, measured and enumerated following each seine haul. Unidentified fishes were
preserved in 10% buffered formalin for later identification in the lab. At each site; the habitat
type, dominant substrate, water temperature and site dimensions were recorded. Opportunistic
sampling was generally used for smaller sites, where it was not feasible to perform intensive

sampling.
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Type A Sampling

At intensively sampled sites (Type A), fishes were captured by two methods. In the
backwater portion of the site, block nets (3.25 mm mesh) were placed near the mouth of the
backwater to prevent fish from escaping from the site. The site was then electrofished using one
or two hand held probes powered by a Coffelt VVP pulsator and a 5000 watt generator.
Following electrofishing, the site was seined, depending on site topography and size, using either
straight or bag seines (3-10 m long, 1-1.5 m high), Electrofishing and seining continued until
no additional fish were captured. During times of the year when very small (<25 mm) fish
were present, the site was also seined using a 0.84 mm mesh larval seine. In the mainstream
and mainstream eddy portion of the site, fishes were captured in the same manner as for
opportunistic sampling described above.

Because of potential safety hazard and fish health problems associated with electrofishing,
it was discontinued during the April 1992 trip, and seines and dip nets were used exclusively for
Type A sampling. Normally, each site was seined at least three times to allow the calculation
of depletion population estimates. However, it was frequently not possible to complete three
seine hauls of the entire site. This was because the first pass would disturb fine sediments and
subsequent attempts at seining would result in a large volume of fine sediment becoming
entrapped in the net.

Sites were mapped using an alidade and plane table to create an accurate map showing
wetted perimeter, contour lines for 25 cm, 50 cm, 100 cm and 150 cm depths, and areas of
various substrates.

Water temperature and current speed were recorded at 10 to 30 evenly spaced locations
along the long axis of the backwater and at one location in the main river. Water temperature
was measured to the nearest tenth of a degree C using a digital type K thermocouple
thermometer. Current speed was measured to the nearest hundredth of a m/sec using a Marsh-
McBimney meter. Dissolved oxygen (as percent saturation and concentration in mg/1) and water
turbidity (in nephelometric turbidity units) were each measured at one location per habitat type.
When water turbidity was greater than 100 NTU, it was necessary to dilute water samples prior
to measuring turbidity. In those cases, 500 ml of the water to be measured was mixed with 500
ml of filtered water of known turbidity and measured. If turbidity of the dilute sample remained
above 100 NTU, it was further diluted until turbidity was below 100 NTU. Actual sample
turbidity was then calculated. Prior to using this technique, the formula for calculating turbidity
of the actual sample from turbidity of the dilute sample was tested in the lab using a series of
solutions of known turbidity.

Prior to shocking and seining the site; benthos, plankton and sediment samples were
taken and preserved in 5-10% formalin for later lab identification and analysis. Benthos was
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sampled at two locations within each habitat type using a Petite Ponar dredge. Plankton samples
were taken in each habitat type by pouring 30 1 of water, collected from a single location,
through a 45 um mesh plankton net. Volume of plankton samples was increased to 50 1 in
February of 1992. Sediment core samples were taken in each habitat type using a 50 cm’
minicore sampler.

Type B Sampling

At each Type B backwater and tributary sampling locations, from 30 to 50 minnow traps
were deployed throughout the site. For backwater locations, traps were located in the
mainstream, the mainstream eddy, the return channel eddy and the backwater proper. At each
tributary mouth, traps were deployed in the mainstream and up the tributary as far as the
estimated high water zone. Traps were checked approximately four to five times a day.
Whenever possible trap checks took place during ascending water, stable high water, descending
water and stable low water over a three day period. During each trap check, current speed,
depth, water temperature and substrate type were recorded for each trap as well as the species
and length of fishes captured. Benthos, sediment and plankton samples were collected as
described above at five to ten locations along a gradient of flow related influence ranging from
locations that were submerged (or perpetually riverine) throughout the three day period to those
that were submerged only briefly (or were influenced by the river only briefly). Sites were
mapped using an ETM (Leitz or equivalent) supplied by GCES to accurately locate individual
minnow traps and benthos sampling sites, and to record topographic conditions. Two
DataSondes (Hydrolab Corporation) were set to record Ph, dissolved oxygen, conductivity, water
depth and temperature at 15 to 30 minute intervals. They were deployed at each site in the
mainstream and also in the tributary or backwater. . Some backwaters that were sampled
intensively during early trips decreased in size during the period of study; primarily because of
the deposition of fine sediments. Therefore, they were replaced by different backwaters during
subsequent trips. Clear Creek was also replaced by Crystal Creek because of the unsuitability
of the Clear Creek area for camping. o

Other Sampling

Qualitative tributary sampling took place during trips six, eight and ten. In general,
tributaries were sampled in the area of the confluence (first 100 m of the tributary) and in an
area either above a barrier falls (Shinumo Creek and Deer Creek) or approximately 1 km
upstream from the confluence. Sampling took place in the manner described above for
opportunistic sampling, with approximately 100-200 m? of effort devoted to both pool and riffle
habitat in both the near confluence and non-confluence zones. Paria River sampling took place
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December 14th and March 29th 1992 at ten fixed sites located along the reach from the
confluence to 3 km above the confluence. At each site approximately 50 m? of stream was
seined using a 1/4" mesh seine.

Larval-drift nets 3 m long, with 750 um mesh net, 500 um mesh bucket and 0.25 m?
openings were deployed in nearshore mainstream and tributary locations during some trips.
Current velocities were taken at the mouth of the net immediately after deployment and prior
to retrieval. The mean of the two readings was used to calculate volume of water filtered.
Depending on the debris load and current speed, nets were deployed for periods ranging from
10 to 45 minutes. Drift netting effort was increased beginning with trip 9 to approximately six
hours per day because almost no larval fish were caught in the mainstream drift. However,
because this resulted in such a large number of samples, it was decided that the majority of
samples would be examined in the field for larval fish and then discarded.

Chlorophyll samples were collected by filtering 30 1 of water through a 0.7 um glass
fiber filter. Following filtration, the filter paper and residue were frozen in liquid nitrogen.
Chlorophyll samples were taken during trip seven at six locations along the river above the Little
Colorado River (LCR). It was not possible to collect samples below that point, or on subsequent
trips, because high sediment loads in the river caused filter paper to clog well before an
adequately large sample of water could be filtered.

Results and Discussion
DataSondes

The ability of backwaters to warm has been identified by other workers (Maddux et al.
1987, Angradi et al. 1992) as being important in making backwaters suitable nursery and rearing
areas for fishes in Grand Canyon. Therefore, for this report we examined flow, water level and
temperature data from several traces in backwaters and nearby mainchannel habitats during
periods of steady and fluctuating flows.

Datafiles from Hydrolab DataSonde sets were adjusted by eliminating the first and last
recordings when it was evident from temperature and water level data that the sonde was out of
the water during these periods. It was common for the instrument to record data when it was
first prepared for deployment. Frequently it took up to 30 minutes to deploy the sonde once it
was prepared. The sonde also had the capability to record power losses during traces. Records
that indicated power losses during traces were removed from the datafiles (all original raw data
were retained in the original file). Data from all sonde traces were then compiled into a master
datafile for analyses.

Preliminary analyses indicated several problems with the data, especially from early trips.
For example, the majority of the traces from Trip 1 (3/28/91 - 4/13/91) were taken with a low
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battery level in the sonde (less than 15 volts) and are therefore suspect. Next, the computer used
to set up the sondes during Trip 2 (5/8/91 - 5/25/9) defaulted to a "system” date. Therefore the
date and time in the datafiles were invalid. To correct this problem starting dates were
determined from the "master" dataform. Starting times were also estimated from minnow trap
data (Type B) when available. The time field has been corrected for Study 30280, but other
Trip 2 traces still need to be corrected. It also appeared that dissolved oxygen levels were
incorrect for early trips, probably due to calibration error and use of the wrong membrane on
the sonde. This data sanitizing process is currently underway, but it is anticipated that it will
take 2-3 months to complete this task.

Table 3.4.2 summarizes mean, minimum, and maximum water temperatures (C) and the
range between minimum and maximum water level (m). The sites were coded in the following
fashion: site code 1 was either a backwater or tributary mouth deployment, whereas site code
2 was a mainchannel or backwater eddy deployment. The location of site codes 3 and 4 will be
determined using plane table and ETM maps and comparison with additional sonde data and
Type B habitat data.

Trip 1 traces (Studies 30104-30161) were taken during "normal" fluctuating flows
ranging from 2,000 to 28,000 cfs. Trip 1 water level data are invalid, evidently because of low
sonde system failure. However, temperature data appear to be valid based on preliminary
comparison with Type B temperature data.

Several trip 2 traces were collected during the "D" research flows (3,000-26,000 cfs),
but dates and times in the data still need to be corrected. Traces at RM 60.71 (reported as RM
60.66 in Angradi et al 1991a) and RM 60.85 have been previously reported (Angradi et al.
1991a). Several trip 2 traces were also collected during the 5,000 cfs steady flow and the
15,000 cfs steady flow during May 1991.

DataSonde traces from the May 1991 research flows of 5,000 cfs and 15,000 cfs during
studies 30255, 30269,and 30270, and 30280 are presented in Figure 3.4.1. River miles and
dates of traces are presented in Table 3.4.1. The dashed vertical lines on the figure represent
midnight and the dotted vertical lines represent noon. Times shown on the figure are incorrect
for studies 30255, 30269, and 30270, and appear to be about 4 hours too early. Times for study
30280 were corrected based on Type B data. The water levels measured by the sonde are also
somewhat contradictory. For example, the 'tail’ at the end of trace 30255 is probably a result
of the sonde being accidentally moved while the ’tail’ at the beginning of the trace may represent
a warm-up’ time for the sonde. This trace, taken at river mile 173 was evidently taken during
a steady 5,000 cfs discharge period. The water level traces for studies 30269 and 30270 show
the rise from 5,000 cfs to 15,000 cfs at river mile 193.91 L and 193.95 R, respectively. The
drop in water level measured by trace 30269 is probably the result of the sonde being moved,
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perhaps during minnow trap checks. The water level trace for study 30270, taken just across
the river from study 30269, also shows the rise in water elevation from 5,000 cfs to 15,000 cfs.
Differences in the absolute water elevation change between the two studies can probably be
resolved by closer examination of the raw data. The water level trace from study 30280, taken
at river mile 201.06 R, also shows changes in water surface elevations that are not reflected in
flow release data from Glen Canyon Dam. Examination of stage data from other USGS gauging
stations may provide better flow information to relate to observed water elevation data. Inflow
from the LCR or other tributaries may account for the discrepancies between sonde data and
Glen Canyon Dam releases.

Temperature traces from May 1991 studies (Figure 3.4.2) illustrate the potential for
backwater warming during the day, as well as the variability in warming potential between
different backwaters. Trace 30255 was probably deployed during early afternoon and pulled the
following morning. The trace shows cooling of the backwater at night, even under steady flows.
Temperature traces from studies 30269 and 30270 illustrate both diurnal temperature fluctuations
during steady flow, and the variability in backwater warming during the same time periods, at
approximately the same river mile. The backwater temperature trace from study 30280 warmed
from approximately 14 °C to 23 °C during the day, then cooled to approximately 14 °C at
night. The mainstem trace (labeled MC) also showed slight warming during the day.
Examination of maps; Type A depth data; Type B depth, velocity, and temperature data; and
ambient air temperature may help clarify why some backwaters warmed more than others.

Temperature and water level data from Study 31105, RM 201.06R, 8/17/91-8/20/91,
were plotted to illustrate changes in water temperature from a typical return eddy channel
backwater during ’interim flows’ (Figure 3.4.2). This particular study contains data from both
backwater (Site 1) and main channel (Site 2) sites. This location was also chosen for analysis
because it was mapped with the ETM instrument during at least two trips and because it
represented a relatively stable backwater. The data indicated that at flows greater than
approximately 15,000 cfs the sonde position in the backwater was inundated by cold mainchannel
water. At lower flows (e.g. 12,000 cfs) the backwater sonde position warmed to almost 19 °C
during the day.

Figure 3.4.3 displays the effects of varied water levels on temperatures at RM 201.06
R during both interim (Study 31105) and steady flows (Study 30280). It was apparent that
steady flows allowed for greater backwater warming at this location. However, the data also
showed that in shallow backwaters such as this one, the water cooled to near main channel
temperature at night; even under steady flow regimes.
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Type A Studies

Fathead minnow and speckled dace comprised approximately 57% of mainchannel and
backwater catches by seining and electrofishing during Type A studies (Table 3.4.3). Juvenile
flannelmouth sucker (mean length 78 mm) were also common in Type A samples and made up
approximately 17% of fishes collected.

Catch per unit effort; fish population depletion estimates; benthos species composition,
diversity, and biomass; and sediment data still need to be compiled and analyzed. Benthos
samples from trips 1 - 13 have been sorted, identified, counted, and weighed. Identification of
some organisms still need to be verified, and the data needs to be analyzed. Analysis of
sediment core samples has commenced. Samples have been separated into silt and sand
components with a 65 um sieve, organic matter were burned, and weights have been determined
for organic matter, silt and sand.

Plane table maps from Type A studies were digitized and planimeter measurements were
taken to estimate total surface area, volume, and depths of backwater habitats. However, the
plane table data still needs to be examined, verified, and analyzed. Total station (ETM) maps
have been catalogued and maps are being generated for further analysis of sonde and Type B
habitat data. It is anticipated that it will take several months to accomplish these tasks.

Type B Studies

Type B studies were conducted to measure key habitat variables (depth, temp., substrate,
current velocity) from locations in backwater habitats where small minnow traps were placed.
These studies were designed to relate those habitat variables to fish catches.

In the mainstem and backwater habitats only 572 fish were collected in 2,887 trap sets
(ca. 0.2 fish/set which is equivalent to about 0.03 fish/hour) (Table 3.4.3). Fathead minnow
and speckled dace comprised approximately 79% of mainstem and backwater minnow trap
catches. Minnow trap catch rates were almost 3 times higher in tributary streams than in
mainstem habitats (2,121 fish collected in 4,127 trap sets, ca. 0.5 fish/set). Speckled dace,
plains killifish, and fathead minnow comprised approximately 68%, 15%), and 11% respectively,
of trap catches in tributaries. Most killifish were collected during August 1992 in Crystal Creek.
Flannelmouth sucker were more common in mainstem than tributary catches and bluehead sucker
were more common in tributary catches. Juvenile humpback chub (mean length 71 mm) made
up approximately 10% of mainstem and backwater catches, but less than 1% of tributary
catches.

Most traps were set in shallow, low velocity areas that were typical of backwaters. A
distribution of habitat variables (depth, velocity, temp) was plotted against catch (lines) to
estimate the preference of fish for depth, velocity, or temp (Table 3.4.4, Figure 3.4.4). In
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general, there appeared to be little preference for velocity or depth. However, there appeared
to be a slight preference for warmer temperatures; especially in the tributary habitats. High
catch rates of young-of-the-year fishes during August and October, 1992 in warm tributaries
(Crystal Creek, Shinumo Creek, Kanab Creek) may account for this apparent preference.
Results must be accepted with caution for the depth measurements in the mainstem sites due to
a possible sampling artifact. Samples will be reexamined to confirm or correct these data.

Because of the small mesh and mouth opening the traps were obviously size selective.
In addition, it is possible that they were also selective for those species that sought refuge in the
traps. Further analysis is clearly warranted given the results of the trapping data. However,
due to the relatively low catches, difficulty in securing traps to fixed locations, and the large
degree of disturbance impacted on backwater habitats while inspecting the traps, we have
decided to discontinue their use as a primary sampling technique. Instead, we will partition
backwaters into several different habitat types (mouth, center, and foot) and will measure key
habitat variables (benthos, plankton, sediment, temperature, velocity, depth, dissolved oxygen)
at those locations. Fish caught by seining each partition of the backwater can then be used to
estimate habitat preference.

Opportunistic Samples :

Opportunistic sampling by seine, minnow trap, angling, kick seine, and dip net collected
3,075 fishes. Speckled dace and fathead minnow comprised approximately 73% of catches in
all habitats combined (Table 3.4.3). Juvenile flannelmouth sucker (mean length 92 mm) were
more common in mainstem than in tributary habitats and made up 4% and 2% of the catch at
those locations, respectively. Juvenile humpback chub (mean length 68 mm) were also more
common in mainstem catches than in tributary catches.

Catch of humpback chub

Humpback chub were relatively common in catches in Reach 30 (LCR to Bright Angel
Creek) during the fall of 1991 and 1992 (trips 4 and 13). Chub as small as 16 mm caught in
Reaches 30 and 40 during June 1992 (Trip 10) were probably flushed from the LCR (Tables
3.4.5, 3.4.6). Other small chub collected during Trips 12 and 13 in Reaches 40 and 50 may be
the same cohort that showed slow growth in the mainstem. Species, number of fish measured,
mean length, minimum length, and maximum length by Reach code are presented for each trip
in Appendix 3.4.2. The three largest catches of humpback chub in the mainstem Colorado River |
were from Study 30411 (RM 68.01, 9/13/91, n = 55); Study 30413 (RM 72.03, 9/13/91,n =
80); and Study 30901 (RM 68.01, 5/22/92, n = 26). No other single catch of chub exceeded
15 fish. The large catches at RM 68.10 and 72.03 on 13 September 1991 are probably juvenile
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and young-of-the-year fishes that were flushed from the LCR during a spate in early September,
1991 (See Angradi et al. 1992, Figure 4.4). Catches at RM 68.10 on 22 May 1992 most likely
‘ represent the same group of fishes that exhibited little growth in the cold mainstem water (Figure
3.4.5). '
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TABLE 3.4.1. Trip numbers, type of studies, dates of trips, study numbers, and number
of studies, mainstem sampling, March 1991 - November 1992. ‘
Trip Type of Number of
Number Studies Dates Study Numbers Studies
1 B,0 3/28/91- 4/13/91 30101-30172 72
2 B,0 5/08/91- 5/25/91 30201-30204 94
3 A0 7/07/91- 7/20/91 30301-30324 24
4 A 9/11/91- 9/24/91 30401-30470 70
5 B 11/03/91-11/16/91 ’ 30501-30505 5
6 A 1/06/92- 1/18/92 30600-30627 28
7 B 2/19/92- 3/03/92 30701-30705 5
8 A0 4/13/92- 4/25/92 30801-30842 42
9 B 5/22/92- 6/04/92 30901-30905 5
10 A0 6/22/92- 7/02/92 31001-31038 38
11 B 8/06/92- 8/17/92 31101-31105 5
12 A0 9/14/92- 9/25/92 31201-31235 35
13 B,0 10/25/92-11/10/92 31301-31320 20
YA =Type A
B = Type B

O = Opportunistic
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TABLE 3.4.2.

DataSonde summary, Trips 1 - 13. Study number, river mile, site code,
start time, end time, time interval (Int.), number of data points collected
(n), duration of recording (minutes), mean temperature (°C), minimum
temperature (°C), maximum temperature (°C), temperature range, and
water level range (m). March 1991 - November 1992.

Mean Min Max Temp Level
Start  Start End End Int. Min. Temp Temp Temp Range Range

Study Mile Site Date Time Date  Time (min) n Covered °C  °C °C °C (m)
30104 60.10 2 3/30/91 18:15 3/31/91 18:45 15 99 1,485 943 80 119 3.8 .09
30107 65.50 2 4/02/91 09:35 4/03/91 07:15 20 66 1,320 995 93 103 1.01 .03
30124 16524 1 3/31/91 11:40 4/02/91 11:15 5 352 1,760 946 89 102 1.21 23
30161 19233 1 4/12/91  09:10 4/13/91  07:50 20 69 1,380 1144 106 124 1.82 .10
19233 2 4/12/91 09:00 4/13/91 08:00 20 70 1,400 1143 105 124 1.83 .04
30213 60.71 1 5/09/91 12:25 5/10/91 10:40 15 90 1,350 10.19 9.7 109 1.21 KD
‘ 30214 60.85 1 5/09/91 12:25 5/10/91  09:40 15 86 1,290 10.23 9.7 10.9 1.19 2.56
30225 7112 1 5/13/91 01:50 5/14/91  00:20 15 N 1,365 1022 96 106 97 1.82
30232 12201 't 5/17/91 07:30 5/18/91 01:45 15 74 1,110 11.63 113 119 .63 2.51
12201 2 5/17/91 02:44 5/17/91  08:59 15 26 390 11.39 11.2 11.7 .43 2.89
30255 173.00 1 512091 10:11 5/21/91  03:26 15 70 1,050 1442 139 160 211 .65
30269 19391 1  5/21/91 13:15 5/23/91 12:00 15 153 2,295 1562 145 18.7 4.26 1.47
30270 19395 1 5/21/91 13:15 5/23/91 04:15 15 157 2,355 1506 143 169 254 .87
30280 201.06 1 5/23/91 17:45 5/25/91 09:00 15 154 2,310 16.15 13.7 232 9.48 .54
201.06 2 5/23/91 18:45 5/25/91  09:00 15 154 2,310 1396 129 153 242 41
30295 87.62 3 5/14/91 07:32 5/15/91  03:47 15 82 1,230 11.86 10.7 147 4.01 46
87.62 4 5/14/91 08:43 5/14/91  16:43 15 33 495 13.01 11.5 144 293 33
30327 14350 1 7/15/91 16:20 717/91  07:35 15 158 2,370 2134 165 28.7 12.19 225
143.50 3 7/15/91 16:20 717/91  07:35 15 158 2,370 25.16 222 298 759 .65

(continued)
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TABLE 3.4.2.  (continued) DataSonde summary, Trips 1 - 13. Study number, river mile,
site code, start time, end time, time interval (Int.), number of data points ‘
collected (n), duration of recording (minutes), mean temperature (°C),
minimum temperature (°C), maximum temperature (°C), temperature range,
and water level range (m). March 1991 - November 1992.

Mean Min Max Temp Level
Start Start End End Int. Min. Temp Temp Temp Range Range

Study Mile Site Date Time Date  Time (min) n Covered °C °C °C °C (m)
30329 108.60 1 7/12/91  16:30 7/14/91  10:00 15 162 2,430 2191 193 25.7 6.34 .40
108.60 2  7/12/91 16:30 7/14/91  09:45 15 160 2,400 1497 119 179 6.02 1.20

30702 98.04 1 2/22/92 18:30 2/24/92  09:00 30 78 2,340 997 64 158 938 12
98.04 2 2/22/92 18:30 2/24/92 09:00 30 78 2,340 7.77 3.6 9.6 6.00 .29

30703  108.60 1  2/25/92 15:30 2/27/192 09:00 30 84 2,520 994 79 130 511 45
108.60 2  2/25/92 15:30 2/27/92  09:00 30 84 2,520 840 48 93 4.46 .51

30704 14350 1 2/28/92 16:00 3/02/92 07:00 30 127 3,810 11.03 92 127 351 .61
143.50 2 2/28/92 16:00 3/02/92 06:30 30 126 3,780 961 94 938 .36 .54

30705 201.06 1 3/03/92 11:00 3/05/92  06:00 30 87 2,610 11.02 104 11.7 1.27 .54
201.06 2 3/03/92 11:00 3/05/92  06:00 30 87 2,610 10.49 103 10.9 .67 .69

30901 68.10 1  5/22/92 17:10 5/25/92 08:50 200 192 3,840 10.51 10.2 12.0 1.81 .58
68.10 2 5/22/92 17:30 5/25/92  08:30 20 19 3,800 10.46 10.t 11.0 .81 .46

30902 98.04 1  5/25/92 16:25 5/28/92 08:05 20 192 3,840 21.66 18.1 292 11.15 .48
98.04 2 5/25/92 17:05 5/28/92  08:05 20 190 3,800 12.77 11.7 15.7 399 .57

30903 108.60 1  5/28/92 15:00 5/31/92  08:00 20 196 3,920 16.84 14.7 212 6.48 31
108.60 2  5/28/92 15:00 5/31/92 07:40 20 195 3,900 12.33 11.8 129 1.13 .49

30904 143.50 1 5/31/92  19:20 6/03/92  06:20 20 178 3,560 21.79 189 29.1 10.24 .09
143.50 2 5/31/92 19:20 6/03/92 06:40 20 179 3,580 1400 13.0 150 2.02 .55

30905 201.06 1 - 6/03/92 18:00 6/06/92  05:00 20 178 3,560 17.14 16.2 185 2.31 72
201.06 2 6/03/92 18:00 6/05/92 16:40 20 141 2,820 16.27 156 16.9 1.34 1.69

(continued)
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TABLE 3.4.2.

(continued) DataSonde summary, Trips 1 - 13. Study number, river mile,

site code, start time, end time, time interval (Int.), number of data points

collected (n), duration of recording (minutes), mean temperature (°C),
minimum temperature (°C), maximum temperature (°C), temperature range,

and water level range (m). March 1991 - November 1992.

Mean Min Max Temp Level
Start  Start End End Int. Min. Temp Temp Temp Range Range
Study Mile Site Date  Time Date  Time (min) n Covered °C °C °C °C (m)

31101 68.10 1  8/06/92 18:00 8/08/92 18:40 20 147 2,940 1093 104 11.6 1.19 .70
68.10 2 8/07/92 17:20 8/08/92 19:20 20 79 1,580 11.04 10.7 11.6 .87 41

31102 98.04 1  8/09/92 16:20 8/11/92 08:40 20 121 2,420 26.15 235 347 11.27 .06
98.04 2 8/09/92 16:20 8/11/92  16:00 20 134 2,680 12.75 122 133 1.09 1.54

31103 10860 1  8/11/92 13:20 8/14/92  06:00 20 195 3,900 23.61 205 27.0 6.47 .53
108.60 2  8/11/92 13:00 8/14/92  06:00 20 196 3,920 12.65 123 13.2 81 1.01

31104 14350 2 8/14/92 17:10 8/17/92 06:10 20 184 3,680 13.40 132 137 .50 .50
3110 201.06 1  8/17/92 18:20 8/20/92 09:20 20 190 3,800 1590 144 189 446 1.08
201.06 2 8/17/92 18:00 8/20/92 08:40 20 189 3,780 1493 143 154 1.16 .93

31302 64.60 2 10/25/92 18:20 10/29/92  07:00 20 163 3,260 11.10 10.7 11.7 1.01 .60
31303 64.70 1 10/27/92 10:00 10/29/92  08:20 20 140 2,800 12.97 11.7 14.0 = 2.26 31
31310 108.60 1 10/31/92 07:40 11/02/92  07:00 20 142 2,840 12.24 10.8 14.1 3.27 30
108.60 2 10/31/92 09:00 11/02/92  07:00 20 138 2,760 11.01 104 114 1.00 .35

31312 122.01 1 11/02/92 20:30 11/05/92  07:50 20 179 3,580 1033 95 114 1.88 .76
122.01 2 11/02/92 20:30 11/05/92  07:50 20 179 3,580 1033 95 114 1.88 .76

31313 143.50 1 11/06/92 08:55 11/09/92  07:35 20 213 4,260 10.69 92 12.0 2.83 .60
143.50 2 11/06/92 09:00 11/09/92 07:40 20 213 4,260 10.00 97 104 .65 57
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TABLE 3.4.3.

Species, number of fish collected, and mean length (mm) collected by Type
ples, mainchannel, backwaters, and
tributary sites, March 1991 - November 1992, '

A, Type B, Opportunistic, and other sam

Mainchannel and

Backwaters Tributaries Total

Number  Mean Number Mean Number

Type Species of fish  Length of fish Length of fish
Type A Bluehead sucker 417 63 417
Brown trout 3 236 3
Channel catfish 11 345 11
Carp 78 404 78
Fathead minnow 1,734 39 1,734
Flannelmouth sucker 866 78 866
Humpback chub 189 75 189
Plains killifish 26 43 26
Rainbow trout 116 217 116
Red shiner 1 38 1
Speckled dace 1,205 43 1,205
Striped bass 1 575 1
Sucker species 357 25 357
Unidentified 117 34 117
Subtotal 5,121 5,121
Type B Bluehead sucker 4 58 77 63 81
Brown trout 1 97 1
Channel catfish 1 71 1
Fathead minnow 342 48 229 43 571
Flannelmouth sucker 47 66 15 76 62
Humpback chub 60 71 2 76 62
Plains killifish 313 43 313
Rainbow trout 1 220 25 56 26
Speckled dace 111 46 1,448 47 1,559
Sucker species 3 23 2 30 5
Unidentified 3 42 9 15 12
Subtotal 572 2,121 2,693

(continued) '
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TABLE 3.4.3 CONTINUED

Mainchannel] and

. Backwaters Tributaries Total
Number  Mean Number Mean Number

Type Species of fish  Length of fish Length of fish
Opportunistic ~ Black bullhead 1 50 1
Bluehead sucker 60 56 65 57 125
Brown trout 5 185 5
Channel catfish 23 540 23
Carp 13 444 2 47 15
Fathead minnow 824 45 73 46 897
Flannelmouth sucker 105 92 16 100 121
Humpback chub 68 73 8 107 76
Plains killifish 29 46 16 34 45
Rainbow trout 73 183 97 69 170
Speckled dace 1,036 46 296 64 1,332
Sucker species 150 24 9 41 159
Unidentified 65 21 41 18 106
Subtotal 2,424 651 3,075
Other Bluehead sucker 3 71 3
. Brook trout 1 123 1
Brown trout 2 134 2
Channel catfish 6 474 6
Carp 2 321 2
Fathead minnow 32 41 24 46 56
Flannelmouth sucker 17 54 11 68 28
Plains killifish 9 47 117 4 126
Rainbow trout 21 35 21
Speckled dace 9 29 488 52 497
Sucker species 15 27 15
Subtotal 87 670 757
Total 8,204 3,442 11,646
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TABLE 3.4.4. Number of minnow trap sets and total number of fish caught by minnow trap at various
depths, velocities, and temps, Colorado River mainstem sites and tributary sites, March 1991
- November 1992. ‘

Colorado River Tributaries

Number of Number of Number of Number of
Fish Caught  Trap Sets Fish Caught  Trap Sets

Current Velocity (m/sec)

0.00 - 0.24 371 1,576 2,036 2,629
0.25 - 0.49 17 75 158 385
0.50 -0.74 14 . 38 77
0.75 - 0.99 1 3 18
1.00 - 1.24 3 : 2
1.25 - 1.49 2 3
> 1.49 1
Total 388 1,666 2,240 3,115
Depth (m)
0.00 - 0.24 6 85 147 313
0.25 - 0.49 6 159 87 295
0.50-0.74 3 106 72 149
0.75-0.99 61 8 59
.1.00 - 1.24 4 61 16
1.25-1.49 1 46 13
> 1.50 3 56 1

Total 23 574 314 846

Temperature (C)

< 8.0 3 72 6 64 .
8.0 - 10.9 45 481 483 601
11.0- 13.9 301 981 426 1112
14.0 - 16.9 161 290 493 622
17.0-19.9 55 141 166 259
20.0-22.9 5 13 228 228
> 22.9 1 3 639 379
Total 571 1,981 2,441 3,265
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TABLE 3.4.5. Humpback chub length frequencies (mm) by reach and trip, all gear

combined.

REACH 30
Trip: 1 2 3 4 8 9 10 11 12 13 Total
Length
10 -19 4 4
20 -29 1 1 1 3 2 9
30 -39 7 2 2 3 1 16
40 -49 2 15 4 4 2 33
50 -59 4 2 12 2 3 3 1 27
60 -69 23 1 6 1 2. 8 41
70 -79 27 6 2 | 2 6 43
80 -89 14 2 6 2 1 8 33
90 -99 1 14 2 2 2 21
100 -109 11 2 3 1 1 18
110 -119 6 1 2 1 1 11
120 -129 8 3 1 12
130 -139 5 1 6
140 -149 1 1 2
150 -159 2 1 2 5
160 -169 1 1
170 -179
350 -359 1 1
360 -369 '
Total 6 5 1 146 22 26 13 15 7 34 283
(CONTINUED)
AGFD 1992 Annual Report Page 3 22




TABLE 3.4.5 Continued

REACH 40

Trip: 1 2 3 4 5 8 9 10 1 12 13 Total
Length
10 -19 1 1
20 -29 1 1 1
30 -39 2 1 2 1
40 49 1 1
50 -59 1 1 1
60 69 1 1 1 1
70 -79 2 2
80 -89 1 1
90 -99
100 -109
110 -119.
120 -129 1 1
130 -139
140 -149 2 2
150 -159
160 -169 1 1
170 -179 ’
350 -359
360 -369
Total 3 3 4 5 1 6 5 2 29
(CONTINUED)
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TABLE 3.4.5 Continued

SHINUMO KANAB HAVASU REACH 50
Trip: 3 4 11 13 10 4 11 12 Total
Length
10 -19
20 -29 2 2
30 -39 1 1 2
40 49 1 1 2
50 -59
60 -69 1
70 -79 2 2 4
80 -89 1 1
90 -99
100 -109
110 -119
120 -129
130 -139
140 -149
150 -159
160 -169
170 -179
350 -359
360 -369 1 1
Total 3 2 2 1 1 1 1 2 14
Trip Numbers and Dates:
Trip  Dates
1 3/28/91- 4/13/91
2 5/08/91- 5/25/91
3 7/07/91- 7/20/91
4 9/11/91- 9/24/91
5 11/03/91-11/16/91
6 1/06/92- 1/18/92
7 2/19/92- 3/03/92
8 4/13/92- 4/25/92
9 5/22/92- 6/04/92
10 6/22/92- 1/02/92
11 8/06/92- 8/17/92
12 9/14/92- 9/25/92
13 10/25/92-11/10/92
AGFD 1992 Annual Report Page 3.24




TABLE 3.4.6. Mean, minimum, maximum, standard deviation, and number measured
(Valid n), humpback chub, mainstem and tributaries, March 1991 - ‘

November 1992.

TRIP Reach 30 Reach 40 Shimumo Kanab Havasu . Reach 50

(01):03/28/91-04/13/91:

Mean 57 39
Minimum b 3 37
Maxirmm 94 41
Standard Deviation 2t 2
Valid N 3
(02):05/08/91-05/24/91:
Mean 110 118 62
Minimum 44 58 62
Maximum 350 147 62
Standard Deviation 134 49 .
Valid N 5 3 1
(03):07/07/91-07/20/91:
Mean 25 59 67
Minimmn 25 2 9
Maximum 25 74 9
Standard Devistion . 2 16
Valid N 1 4 3
04):09/11/91-09/24/91:
Mean K o 74 36
Minirmasn 29 27 63 36
Maximum 155 127 8s 36
Standard Deviation b3 38 16 .
Valid N 146 s 2 1
08):11/03/91-11/16/91:
Mean 40
Minirmn 26
Maxirmum 46
Standard Deviation 8
Valid N 8
(08):04/13/92-04/25/92:
Mesn n ss
Minimum 33 55
Maxirmam 142 55
Standard Deviation 27 .
Valid N 2 1
(09):05/22/92-06/04/92:
Mean 68
Minirmm 35
Maxirmum 1t
Standard Deviation 2
Valid N 26
(10):06/22/92-0702/92:
Mean 30 n 365
Minimum 16 18 365
Maximum . (-] 163 365
Standard Devistion 13 50 .
Valid N 13 [ 1
(11):08/06/92-08/17/92:
Mean ” 7 47
Minimum 50 7% 47
Maximaen 128 76 47
Standard Devistion 28 .
Valid N i5 2 1
(12):09/14/92-09/25/92:
Mean 10 43 25
Minirmm n 28 2
Maxiroum 162 62 26
Standard Devistion 36 14 1
Valid N 7 5 2
(13):10/25/92-11/10/92:
Mean 81 61 34
Minioum 28 34 34 .
Maximum 157 87 M
Standard Deviation 29 37 .
Valid N 34 2 1
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APPENDIX 3.1.

Appendix 3.1 is a catalogue of samples collected, March 1991 - November 1992. Table values
should indicate number of each type of sample collected. Column headings are abbreviated as:

Rch
Flo Cod

Flow CFS
Typ A
Typ B
Ang Ing
Opp
Son de
Ben ths
Sed

Chl .
Pkn

Tot Map
Pla Map
Vis cer
Drift

A -2nd-
Fsh Coll

Reach code (Maddux et al. 1987).
Flow code estimated on the river:
SH = steady high

SL = steady low

DC = descending

AC = ascending
Estimated flow in cfs
Type A studies

Type B studies

Angling effort
Opportunistic studies
DataSonde deployments
Benthos samples
Sediment core samples
Chlorophyll samples
Plankton samples

ETM total station maps
Plane table maps
Viscera collections

Drift samples

Modified Type A studies
Fish collections
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APPENDIX 3.1

Trip

Study Sites Date--Time

1 30101
30102
30103
30104
30107
30106
30105
30108
30109
30110
30112
30114
30115
30116
30117
30118
30119
30120
30124
30122
30125
30134
30123
30121
30129
30127
30128
30130
30131
30132
30126
30133
30135
30136
30137
30138
30139
30140
30141
30142
30143
30144
30145
30147
30146
30148
30149
30151
30150
30152
30153
30154
30161
30155
30156
30157
30158
30159
30160
30162
30163
30164
30165
30166
30167
30168
30169

3
3
4
21
16

Vsl NUWWNONNW

n

-~
NN—lNN—hN#\—lNNNNNO—i—!NNNNNNNNN—INNN—INNNNN—'—'-—‘-ﬂ—‘—bl-\—ll\)-d—l‘\

03/28/91
03/28/91
03/29/91
03/31/91
04/02/91
04702791
04702791
04/02/91
04/02/91
04/02/91
04/04/91
04/04/91
04/06/91
04/06/91
04/06/91
04/06/91
04/08/91
04/09/91
04/09/91
04/09/91
04/09/91
04/09/91
04/10/91
04710/91
04/10/91
04/10/91
04/10/91
04/10/91
04/10/91
04/10/91
04/10/91
04/11/91
04/11/91
04/11/91
04/11/91
04/11/91
04/11/91
04/11/91
04/11/91
04711791
04/11/N
04/11/91
04711/91
04/11/91
04/711/91
04/11/91
04711/
04/11/91
04/11/91
04/11/91
04/11/91
04/12/9
04/12/91
04/12/91
04712791
04/12/91
04/12/91
04/12/91
04/12/91
04/12/91
04/12/91
04/12/91
04/13/91
04/13/91
04/13/91
04/13/91
04/13/91

15:43
16:53
11:56
09:43
08:15
10:55
11:25
15:05
15:40
16:20
11:08
14:34
09:22
12:10
14:38
15:05
14:33
10: 11
13:50
15:00
16:30
17:00
08:35
09:25
10:42
16:20
16:30
16:40
17:00
17:05
17:40
08:45
09:30
09:45
09:55
10:17
10:30
10:40
10:55
11:30
11:52
12:10
12:10
13:10
13:22
15:10
15:20
15:30
15:39
16:00
16:45
08:55
08:55
09:30
09:45
10:05
10:40
11:15
11:35
13:50
15:05
16:00
08:50
09:20
11:03
11:40
11:55
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Mile

45.00

47.00

51.50

60.10

65.50

64.56

63.45

66.80

67.90

68.10

86.98

88.52
110.80
115.40
122.01
122.55
147.80
164.90
165.24
165.00
166.40
167.00
165.24
165.00
165.88
165.49
165.67
166.00
166.20
166.40
165.41
166.85
167.21
167.53
167.58
168.15
170.30
170.57
171.56
172.80
173.50
174.10
175.20
177.43
176.52
183.80
184.04
186.00
185.55
187.43
189.54
191.20
192.33

L
R
L
R
L
R
L
L
L
L
R
L
R
L
R
L
L
R
R
L
R
L
R
L
R
R
R
R
R
R
R
L
R
R
R
R
R
L
L
R
R
L
R
L
R
L
R
R
L
L
R
R
R
R
L
L
R
R
L
L
R
L
R
L
R
R
R

Rch

20
20
20
20
30
30
30
30
30
30
30
40
40
40
40
40
40
40
40
40
40
50
40
40
40
40
40
40
40
40
40
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

Flo Flow Typ Typ Ang

Cod CFS
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lng

[~ N~}
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APPENDIX 3.1

Trip
. Study Sites Date--Time Mile

30170 2 04/13/91 13:00 213.90 L
30171 2 04/13/91 14:15 220.00 R
30172 1 04/13/91 15:00 221.50 L

Ssum 215
2 30201 4 05/08/91 08:39 32.90 L
30202 3 05/08/91 11:09 37.32 R
30203 3 05/08/91 11:50 37.36 L
30206 2 05/08/91 12:00 39.88 L
30205 2 05/08/91 12:54 45.00 L
30206 4 05/08/91 14:47 48.78 L
30207 3 05/08/91 15:00 49.34 L
30208 5 05/08/91 16:00 50.12 L
30210 4 05/08/91 16:21 50.70 L
30209 2 05/08/91 16:56 50.45 L
30211 2 05/09/91 08:56 54.00 R
30212 3 05/09/91 09:50 54.60 R
30213 30 05/09/91 17:58 60.71 R
30214 30 05/09/91 18:48 60.85 L
30219 2 05/10/91 09:25 63.75 L
30216 2 05/10/91 11:40 61.49 R
30217 2 05/10/91 12:34 61.50 R
30215 2 05/10/91 13:45 61.48 R
30218 2 05/10/91 14:23  61.51 R
30220 3 05/11/91 13:20 65.70 L
30221 2 05/11/91 13:35 68.10 L
30222 3 05/11/91 16:38 68.39 R
30224 4 05/12/91 13:45 71.12 R
30223 3 05/12/91 14:05 70.30 L
30226 2 05/12/91 15:57 72.25 L
‘ 30225 32 05/13/91 14:23 71.12 L
30227 2 05/14/91 10:06 81.07 R
30229 1 05/14/91 11:00 84.03 R
30295 2 05/15/91 00:00 87.62 R
30235 10 05/16/91 08:33 122.55 R
30230 1 05/16/91 10:00 111.00 L
30231 3 05/16/91 10:30 114.32 R
30233 1 05/16/91 13:30 122.20 R
30232 32 05/16/91 17:30 122.01 R
30234 1 05/16/91 17:46 122.55 L
30236 2 05/17/91 15:14 122.55 L
30237 2 05/18/91 10:52 126.20 L
30238 2 05/18/91 11:00 126.85 R
30239 3 05/18/91 16:34 136.70 L
30240 2 05/18/91 18:02 142.00 L
30241 2 05/19/91 10:45 145.00 L
30242 2 05/19/91 14:00 159.00 R
30243 2 05/19/91 14:19 159.10 L
30264 2 05/19/91 14:40 163.20 R
30245 3 05/19/91 15:22 165.49 R
30248 2 05/20/91 10:00 167.71 R
30247 3 05/20/91 10:06 167.67 R
30249 3 05/20/91 10:20 168.15 R
30250 2 05/20/91 11:35 169.00 R
30252 2 05/20/91 12:00 170.98 R
30253 2 05/20/91 13:10 171.12 R
30251 2 05/20/91 13:19 171.56 L
30254 2 05/20/91 13:55 172.62 L
30256 2 05/20/91 14:30 173.63 L
30257 2 05/20/91 14:50 173.82 R
30255 39 05/20/91 16:00 173.00 R
30246 2 05/21/91 09:47 167.53 R
30258 2 05/21/91 10:50 176.07 R
30259 2 05/21/91 11:05 176.52 R
2 05/21/91 11:30 176.96 R

. 30260
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APPENDIX 3.1

Trip

Study Sites Date--Time Mile
30261 2 05/21/91 11:50 177.50
30262 2 05/21/91 13:35 180.00
30263 2 05/21/91 14:17 182.52
30264 2 05/21/91 14:50 182.83
30267 2 05/21/91 15:45 189.00
30272 2 05/21/91 16:21 194.02
30269 23 05/22/91 08:20 193.91%
30270 20 05/22/91 09:37 193.95
30268 2 05/22/91 14:42 192.00
30266 2 05/22/91 15:40 188.73
30265 2 05/22/91 16:06 188.40
30271 2 05/23/91 11:17 193.85
30281 1 05/23/91 12:00 202.30
30274 2 05/23/91 13:55 195.57
30273 3 05/23/91 14:00 196.50
30275 1 05/23/91 14:11 195,70
30277 1 05/23/91 14:32 198.10
30276 1 05/23/91 14:49 198.00
30278 1 05/23/91 15:17 199.40
30279 1 05/23/91 15:32 200.20
30282 1 05/23/91 15:57 202.40
30280 38 05/23/91 17:00 201.06
30283 2 05/24/91 09:50 202.90
30284 2 05/264/91 10:13 203.00
30285 3 05/24/91.10:46 204.00
30286 2 05/24/91 11:17 204.30
30287 -2 05/24/91 12:09 204.50
30288 2 05/24/91 12:32 204.70
30289 2 05/25/91 10:05 207.80
30290 2 05/25/91 10:55 210.80
30292 1 05/25/91 11:11 213.50
30291 2 05/25/91 11:15 211.40
30293 1 05/25/91 13:00 216.60
30294 2 05/25/91 14:15 219.40

Sum 436

3 30336 1 07/06/91 19:30 18.00
30301 2 07/07/91 10:09 26.03
30302 2 07/07/91 10:30 26.03
30303 2 07,08/91 08:15 39.24
30304 2 07/08/91 10:01  41.50
30305 2 07/08/91 13:29 44.00
30306 2 07/08/91 13:29 44.00
30307 2 07/09/91 08:48 51.14
30308 2 07/09/91 11:30 55.00
30309 2 07/09/91 14:00 55.00
30338 1 07/09/91 17:15 61.50
30337 1 07/10/91 09:20 61.50
30328 1 07/10/91 11:45 64.30
30310 2 07/10/91 12:20 66.70
30311 2 07/10/91 14:30 68.50
30325 1 07/11/91 10:00 71.12
30331 1 07/12/91 19:00 108.60
30335 2 07/13/91 00:00 108.60
30332 1 07/13/91 08:05 108.60
30334 1 07/13/91 17:00 108.40
30330 1 07/13/91 18:00 108.60
30333 1 07/13/91 19:00 108.60
30329 1 07/14/91 08:00 108.60
30312 2 07/14/91 14:42 118.50
30313 2 07/14/91 16:30 119.40
30314 2 07/15/91 08:38 120.30
30327 4 07/16/91 08:55 143.50
30326 1 07/16/91 15:00 156.93
30315 2 07/18/91 08:26 167.53
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APPENDIX 3.1

Trip

Study Sites Date--Time Mile
30316 2 07/18/91 09:30 169.00
30317 2 07/18/91 11:40 176.08
30318 2 07/18/91 14:43 179.00
30319 2 07/19/91 08:32 186.00
30320 2 07/19/91 10:40 193.85
30321 2 07/19/91 11:40 193.95
30322 2 07/20/91 07:45 193.91
30323 2 07/20/91 11:30 196.50
30326 2 07/20/91 13:51 201.06

Sum 66

4 30401 2 09/11/91 08:25 33,27
30402 2 09/11/91 10:40 37.32
30403 2 09/11/91 13:50 41.13
30404 3 09/11/91 16:00 44.27
30405 3 09/12/91 08:30 54.80
30406 3 09/12/91 10:25 55.50
30407 2 09/12/91 13:00 55.60
30408 1 09/12/91 18:33  61.50
30409 1 09/13/91 09:12 64.30
30410 1 09/13/91 09:38  64.80
30411 2 09/13/91 10:25 68.10
30412 1 09/13/91 13:09 70.19
30413 2 09/13/91 14:27 72.03
30414 . 1 09/14/91 13:03 92.62
30415 1 09/14/91 14:30 98.04
30416 1 09/14/91 17:00 108.50
30617 2 09/15/91 10:36 117.40
30418 2 09/15/91 11:50 118.10
30419 2 09/15/91 13:00 119.13
30420 2 09/15/91 14:33 120.30
30421 2 09/16/91 07:56 122.01%
30422 3 09/16/91 09:51 122.55
30423 2 09/16/91 11:10 123.42
30424 2 09/16/91 12:10 124.20
30425 3 09/16/91 13:40 125.61
30426 2 09/16/91 14:27 127.00
30427 1 09/17/91 08:40 133.70
30428 1 09/17/91 10:40 136.30
30429 2 09/17/91 11:37 137.30
30430 2 09/17/91 14:36 145.00
30431 2 09/17/91 14:55 145.60
30432 2 09/18/91 10:40 160.70
30433 2 09/18/91 11:35 164.70
30434 2 09/18/91 13:20 166.85
30435 2 09/18/91 14:10 166.86
30436 2 09/18/91 15:40 167.40
30437 3 09/19/91 09:14 170.30
30438 2 09/19/91 12:36 172.39
30439 3 09/19/91 13:24 173.63
30440 3 09/19/91 14:20 174.10
30441 2 09/19/91 15:29 174.90
30442 2 09/19/91 17:00 177.90
30443 1 09/20/91 10:00 181.18
30444 2 09/20/91 10:35 181.51
30445 2 09/20/91 13:05 182.37
30446 2 09/20/91 14:07 182.52
30447 3 09/20/91 14:57 182.82
30448 1 09/20/91 14:57 182.83
30449 2 09/20/91 16:30 182.83
30450 2 09/21/91 09:00 185.55
30451 2 09/21/91 10:10 187.12
30452 2 09/21/91 13:15 189.04
30453 2 09/21/91 14:45 190.25
30454 2 09/21/91 16:30 191.95
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APPENDIX 3.1

Trip

Study Sites Date--Time Mile
30455 1 09/21/91 18:17 191.76
30456 2 09/22/91 08:31 193.91
30457 2 097/22/91 09:40 193.95
30458 2 09/22/91 11:14 193.85
30459 2 09/22/91 13:50 195.37
30460 2 09/22/91 14:50 195.57
30461 2 09/23/91 08:27 199.58
30462 2 09/23/91 09:07 201.06
30463 2 09/23/91 11:00 204.30
30464 2 09/23/91 11:57 208.40
30465 2 09/23/91 15:25 212.73
30466 2 09/24/91 08:10 214,13
30467 2 09/24/91 10:13 215.50
30468 2 09/24/91 11:22 216.15
30469 2 09/24/91 13:00 218.10
30470 2 09/24/91 14:10 218.95

sum 137

5 30501 440 11/03/91 15:05 64.60
30502 236 11/07/91 10:45 84.03
30503 410 11/09/91 18:00 108.40
30504 408 11/13/91 16:00 143.50
30505 419 11/16/91 16:30 193.95

Sum 1913

6 30600 1 01/06/92 12:00 31.65
30601 3 01/07/92 10:00 52.20
30602 2 01/07/92 14:41 54.60
30603 2 01/08/92 12:14 68.10
30604 2 01/08/92 14:35 71.12
30605 2 01/09/92 10:50 72.03
30608 0 01/09/92 13:30 84.03
30606 3 01/10/92 13:00 87.62
30607 5 01/11/92 10:10 88.95
30609 3 01/11/92 14:11  95.00
30610 3 01/12/92 09:30 108.60
30611 3 01/12/92 13:45 116.50
30612 3 01713792 10:55 131.80
30613 2 01/13/92 13:26 133.83
30614 4 01/14/92 09:40 136.25
30615 2 01/14/92 14:16 143.50
30616 3 01/15/92 10:00 147.80
30617 2 01/15/92 13:15 153.17
30618 2 01/16/92 10:30 166.62
30619 2 01/16/92 11:30 167.21
30620 2 01/16/92 13:15 168.71
30621 3 01/17/92 10:00 182.63
30622 2 01/17/92 11:35 187.53
30623 2 01/17/92 13:30 191.41
306246 2 01717792 14:35 192.40
30625 2 01/18/92 09:40 204.30
30626 1 01/18/92 11:00 207.70
30627 1 01/18/92 13:00 211.53

Sum 64
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APPENDIX 3.1

Trip

. Study Sites Date--Time Mile

7 30701 328 02/19/92 15:00 68.10
30702 419 02/22/92 17:30  98.04
30703 321 02/25/92 16:00 108.60
30704 371 02/28/92 15:00 143.50
30705 138 03/03/92 18:00 201.06

Sum 1577

8 30801 2 04/13/92 10:05 38.95
30802 2 04/13/92 13:55 39.88
30803 9 04/14/92 08:00 52.20
30806 2 04/14/92 10:48  54.40
30805 2 04/14/92 12:29  55.50
30800 1 04/14/92 18:20 61.50
30806 2 04/15/92 08:57  64.50
30807 2 04/15/92 11:06  68.10
30808 1 04/15/92 14:05 72.25
30809 1 04/15/92 15:25  76.65
30810 8 04/16/92 10:05  84.03
30811 1 04/16/92 13:36 87.62
30812 5 04/17/92 14:25 98.04
30813 3 04/18/92 08:30 108.60
30814 2 04/18/92 13:00 122.01
30815 2 04/18/92 16:50 133.83
30816 2 04/19/92 08:30 136.25
30817 2 04/19/92 11:15 138.50
30818 2 04/20/92 08:30 161.50
30819 2 04/20/92 12:00 163.86
30820 2 04/20/92 12:00 166.85
30821 2 04/20/92 12:00 166.85
30822 2 04/20/92 13:00 167.20

. 30823 2 04/20/92 14:50 168.70

30826 2 04/20/92 16:37 172.70
30825 2 04/21/92 09:45 181.30
30826 2 04721/92 11:15 182.83
30827 2 04/21/92 12:45 183.20
30828 2 04/21/92 14:00 187.20
30829 2 04/22/92 09:00 189.40
30830 2 04/22/92 09:00 189.40
30831 2 04/22/92 13:30 191.55
30832. 2 04/22/92 14:45 192.00
30833 2 04/22/92 15:40 192.45
30834 2 04/23/92 08:45 196.75
30835 2 04/23/92 10:00 200.48
30836 2 04/23/92 11:20 201.06
30837 2 04/23/92 14:00 202.75
30838 2 04/23/92 16:15 204.12
30839 2 04/23/92 17:10 204.11
30840 2 04/24/92 08:45 207.40
30841 2 04/24/92 10:30 210.80
30842 2 04/25/92 10:00 225.00

Sum 99

9 30901 405 05/22/92 15:00 68.10
30902 399 05/25/92 16:41 98.04
30903 385 05/28/92 14:30 108.60
30904 349 05/31/92 16:00 143.50
30905 204 06/04/92 18:00 201.06

sum 1742

AGFD 1992 Annual Report
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APPENDIX 3.1

Trip

Study Sites Date--Time Mile

10 31001 1 06/22/92 12:00 29.02 R
31002 2 06/22/92 13:13  30.40 R
31003 2 06/22/92 15:36 32.90 L
31004 1 06/22/92 15:36 32.90 L
31005 2 06/23/92 10:53 44,27 L
31006 2 06/23/92 14:36 54.60 R
31007 2 06/24/92 09:15 64.50 L
31008 2 06/24/92 12:22 68.10 L
31009 2 06/24/92 14:39 T72.25 L
31010 1 06/25/92 07:50 88.95 L
31011 1 06/25/92 08:50 87.62 R
31012 2 06/25/92 12:00 95.00 L
31013 1 06/25/92 12:55 98.04 R
31014 1 06/25/92 15:00 108.60 R
31015 2 06/26/92 09:00 117.40 R
31016 2 06/26/92 10:40 119.13 R
31017 2 06/26/92 13:24 122.01 R
31018 1 06/26/92 14:55 122.55 L
31019 2 06/27/92 10:35 138.50 L
31020 2 06/27/92 13:12 143.50 R
31026 1 06/27/92 19:00 156.93 L
31021 2 06/28/92 09:20 163.86 L
31022 2 06/28/92 11:40 166.23 L
31023 2 06/28/92 14:08 167.21 R
31024 2 06/28/92 15:26 167.40 L
31025 2 06/28/92 16:40 167.40 R
31027 2 06/29/92 08:33 171.12 R
31028 1 06/29/92 10:00 176.45 R
31029 3 06/29/92 13:00 182.82 L
31030 2 06/29/92 15:09 187.53 R
31031 1 06/30/92 09:30 190.10 L
31032 2 06/30/92 10:15 189.04 R
31033 2 06/30/92 13:06 190.76 R
31034 2 06/30/92 15:12 192.33 R
31035 2 07/01/92 08:41 193.85 R
31036 2 07/01/92 10:50 197.69 L
31037 2 07/01/92 13:27 201.06 R
31038 2 07/02/92 10:06 211.22 L

Sum 67

Trip

Study Sites Date--Time Nile

11 31101 193 08/06/92 17:00 68.10 |
31102 134 08/09/92 16:00 98.04 R
31103 263 08/11/92 13:00 108.60 R
31104 147 08/14/92 17:00 143.50 R
31105 239 08/17/92 17:00 201.06 R

Sum 976

12 31201 2 09/14/92 13:00 2.41 L
31202 2 09/15/92 13:15 44.27 L
31203 2 09/16/92 09:00 50.70 L
31206 2 09/16/92 11:12 54.60 R
31205 2 09/16/92 13:10 55.40 R
31206 2 09/17/92 08:25 58.30 R
31207 2 09/17/92 10:08 58.68 L
31208 2 09/17/92 12:50 62.12 R
31209 2 09/19/92 09:30 119.13 R
31210 2 09/19/92 13:00 122.01 R
31211 1 09719792 14:30 122.00 R
31212 2 09/19/92 16:09 117.40 R
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APPENDIX 3.1

Trip

‘ Study Sites Date--Time Mile
31213 1 09/20/92 09:30 121.20
31214 1 09720792 10:30 121.70
31215 1 09/20/92 10:30 122.01
31216 1 09/20/92 11:15 122.80
31217 1 09/20/92 12:02 125.78
31218 1 09/21/92 13:30 137.16
31219 1 09/21/92 15:30 140.70
31220 2 09/22/92 11:30 161.63
31221 2 09/22/92 13:50 164.76
31222 2 09/23/92 09:00 168.75
31223 2 09/23/92 11:05 172.15
31226 2 09/23/92 13:35 176.68
31225 2 09/23/92 15:00 176.80
31226 2 09/24/92 09:00 182.83
31227 2 09/26/92 11:00 186.00
31228 2 09/24/92 11:55 187.85
31229 2 09/24/92 14:00 190.76
31230 1 09/24/92 15:50 192.33
31231 2 09/25/92 08:25 193.85
31232 1 09/25/92 08:25 198.03
31233 1 09/25/92 10:00 200.48
31234 2 09/25/92 11:00 200.80
31235 2 09/25/92 13:00 201.06

Sum 59
13 31301 4 10/25/92 11:00  55.40
31302 78 10/25/92 16:00 64.60
31306 1 10/26/92 16:00 64.70
- 31303 60 10/27/92 11:00  64.70
31305 1 10/27/92 17:00 64.70
‘ 31306 1 10/28/92 16:00 64.60
31307 1 10/28/92 16:30  64.70
31308 1 10/28/92 16:45 64.70
31309 1 10/28/92 17:00 64.70
31310 163 10/30/92 17:50 108.60
31311 9 11/02/92 13:00 119.10
31312 139 11/03/92 17:00 122.01
31315 1 11/04/92 17:00 122.01
31314 1 11/05/92 17:00 143.50
31313 174 11/06/92 09:00 143.50
31316 1 11/08/92 15:00 143.50
31317 1 11/08/92 15:30 143.50
31318 1 11/08/92 16:00 143.50
31319 1 11/09/92 12:00 156.93
31320 3 11/10/92 08:00 201.06

Sum 642

sum 7993
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APPENDIX 3.4.2

Number of each species measured (Valid n), mean, maximum, and minimum total length (mm) ‘
by Reach code and trip.

Species codes are:

BBH Black bullhead
BHS Bluehead sucker
BKT Brook trout
BNT Brown trout
CCF Channel catfish
CRP Common carp
FHM Fathead minnow
FMS Flannelmouth sucker
HBC Humpback chum
PKF Plains killifish
RBT Rainbow trout
RSH Red shiner
SPD Speckled dace
STB Striped bass
SuC Sucker species
UID Unidentified in the field
Reach Codes are:
10 Glen Canyon Dam to Lees Ferry
20 Lees Ferry to Little Colorado River
30 Little Colorado River to Bright Angel Creek
40 Bright Angel Creek to National Canyon
50 National Canyon to Diamond Creek
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APPENDIX 3.2

REACH
Reach 20 Nankoweap LCR Reach 30
TRIP TRIP TRIP TRIP
2 3 4 8 10 12 6 8 3 4 8 1 2 3 4
BBH
Valid N
Mean . . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . . .
BHS
vValid N 1 1 5 1 24
Mean . . 52 . 18 . . . . . 82 64 . 59
Maximum . . 52 . 18 . . . . . . 99 64 109
Minimum . 52 18 . . . . . 75 64 . 40
BKT
vValid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . . .
BNT
Valid N 1 1
Mean . . . . 33 . . . . . . . 374
Maximum . . . . 33 . . . . . . . . 374
Minimum . . . . 33 . . . . . . . . . 374
CCF
Valid N 23 6 1
Mean . . . . . . . . 559 474 540 . . . .
Maximum . . . . . . . . 710 620 540 . . .
Minimum . . . . . . . . 350 333 540 . . . ]
CRP
valid N 1
Mean . 490 . . . . . . . . . . . . .
Maximum . 490 . . . . . . . . . . . .
Minimum-:- . 490 . . . . . . . . . . . . .
FHM
Valid N 13 26 26 1 22
Mean 49 . . . . . . . . . . 54 49 36 32
Maximum 68 . . . . . . K . . . 73 73 36 62
Minimum 27 . . . . . . . . . 39 32 36 20
FMS
Valid N 51 4 4 15 1l 2 1 18
Mean . . 57 76 37 97 . 80 . . . 104 . 35 59
Maximum . . 88 83 51 191 . 80 . . . 149 . 35 85
Minimum . . 26 70 32 19 . 80 . . . 58 . 35 32
HBC
valid N 6 5 1 146
Mean . . . . . . . . . . . 57 110 25 79
Maximum . . . . . . . . . . . 94 350 25 155
Minimum . . R . . . . . . . 28 44 25 29
PKF
Vvalid N 6 5 2
Mean . . . . . . . . . . . 44 49 . 41
Maximum . . . . . . . . . . . 50 57 . 63
Minimum . . . . . . . . . . . 34 31 . 19
(continued)
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APPENDIX 3.2

REACH
Reach 20 Nankoweap LCR Reach 30
TRIP TRIP TRIP TRIP
2 3 4 8 10 12 6 8 3 4 1 2 3 4

RBT

Valid N 6 13 21 3 12 i8 2 1 3 5 1 5

Mean 139 359 279 101 43 186 . 384 405 . 387 149 402 333

Maximum 432 525 455 222 85 846 . 400 405 . 397 420 402 364

Minimum 25§ 38 37 34 28 38 . 368 405 . 379 35 402 297
RSH

valid N

Mean . . . . . . . . . . . . . .

Maximum . . . . . . . . . . . . . .

Minimum . . . . . . . . . . . . . .
SPD

Valid N 32 17 57 15 7 8

Mean 56 . . . 30 43 . 92 . . 51 43 . .

Maximum 96 . . . 57 71 . 120 . . 75 57 . .

Minimum 36 . . . 15 17 . 69 . . 38 24 . ;
STB

Valid N

Mean - . . . . . . . . . . . . . .

Maximum . . . . . . . . . . . . . .

Minimum . . . . . . . . . . . . . .
sSuc

Valid N 3 1 1 13

Mean . . 27 . 23 . . . . . . . 17 26

Maximum . . 32 . 23 . . . . . . . 17 33

Minimum . . 19 . 23 . . . . . . . 17 21
UIlD

Valid N 1 1

Mean . . . . 17 . . . . . . . 21 .

Maximum . . . . 17 . . . . . . . 21 .

-Minimum . . . . 17 . . . . . . . 21 .
(continued)
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APPENDIX 3.2

REACH
Reach 30 Clear Bright
Reach 40
Creek Angel
TRIP TRIP TRIP TRIP
5 6 7 8 9 10 11 12 13 8 8 10 1 2 3
BBH
Valid N
Mean . . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . . ;
BHS
Valid N 2 7 9 4 2
Mean . 56 . 61 . 48 . . 14 . . . . . 88
Maximum . 70 . 115 . 79 . . 15 . . . . . 109
Minimum . 41 . 39 35 . . 12 . . . . . 66
BKT
Valid N
Mean . . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . . .
BNT
valid N 1
Mean . . . . . . . . . . . 73 . . .
Maximum . . . . . . . . . . . 73 . . .
Minimum . . . . . . . . . . . 73 . . .
CCF
valid N 1
Mean . . . 71 . . . . . . . . . . .
Maximum . . . 71 . . . . . . . . . . .
Minimum . . . 71 . . . . . . . . . . .
CRP
valid N 8
Mean - . . . . . . . . . . . . . 476 .
Maximum . . . . . . . . . . . . . 560 .
Minimum . . . . . . . . . . . . . 220 .
FHM :
Valid N 5 3 10 139 15 39 41 54 115 17 2
Mean 44 40 48 45 62 46 54 40 42 . . . 41 55 .
Maximum 63 50 65 68 70 66 77 65 72 . . . 58 57 .
Minimum 37 34 29 22 48 10 24 24 21 . . . 29 52 .
FMS
Valid N 1 17 11 4 3 3
Mean . 59 . 70 . 50 . 56 . . . . . 222 179
Maximum . 59 . 108 . 88 . 61 . . . . . 309 189
Minimum . 59 . 32 . 20 . 52 . . . . . 107 160
HBC
Valid N 8 22 26 13 15 7 34 3 3 4
Mean 40 . . 71 68 30 92 110 81 . . . 39 115 59
Maximum 46 . . 142 111 63 128 162 157 . . . 41 147 74
Minimum 26 . . 33 35 16 50 73 28 . . . 37 58 22
(continued)
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APPENDIX 3.2

REACH
Reach 30 Clear Bright
Reach 40
Creek Angel
TRIP TRIP TRIP TRIP
5 6 7 8 10 11 12 13 8 10 1 2 3
PKF
valid N 4 4 17 1 1 2 1
Mean . 50 44 48 . 34 . 44 . . . S0 48 .
Maximum . 56 55 61 . 34 . 44 . . . 53 48 .
Minimum . 38 37 27 . 34 . 44 . . . 47 48 .
RBT
Valid N S 14 7 13 1
Mean . . . . . . . 316 26 32 . 157 . 330
Maximum . . . . . . . 336 32 40 . 350 . 330
Minimum . . . . . . . 305 26 21 . 28 . 330
RSH
Valid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . :
SPD «
Valid N 2 1 6 1 20 2 7 4 1 5 2
Mean 88 27 . 40 67 39 60 17 49 41 . 37 48 .
Maximum 90 27 . 52 67 87 79 33 70 41 . 44 55 .
Minimum 85 27 . 26 67 17 40 9 3s 41 . 34 41
STB
Valid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . ]
Minimum . . . . . . . . . . . . . .
sucC
Valid N 2
Mean . . . . . . . . . . . 45 . .
Maximum . . . . . . . . . . . S50 . .
Minimum . . . . . . . . . . . 39 . .
UIlD .
Valid N 1 1 1 7
Mean 48 . . 36 . 49 . . . . . . . 16
Maximum 48 . . 36 . 49 . . . . . . . 18
Minimum 48 . . 36 . 49 . . . . . . . 14
(continued)
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APPENDIX 3.2

REACH
Reach 40 Crystal Shinumo
TRIP TRIP TRIP
4 6 8 10 12 13 4 7 8 9 10 11 3 4 5
BBH
Valid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . .
BHS
Valid N 13 3 99 5 2 1 8
Mean 54 . 76 86 79 . . . . 80 . 113 73 .
Maximum 73 . 95 200 150 . . . . 89 . 113 120 .
Minimum 28 . 60 20 38 . . . . 71 . 113 58 .
BKT
Valid N 1
Mean . . . . . . . 123 . . . . . .
Maximum . . . . . . . 123 . . . . . .
Minimum . . . . . . . 123 . . . . . .
BNT
Vvalid N 1 1 2 1
Mean 301 . . . . 97 . 134 . . . 350 . .
Maximum 301 . . . . 97 . 158 . . . 350 . .
Minimum 301 . . . . 97 . 110 . . . 350 . .
CCF
Valid N
Mean . . . . . . . . . . . . . ]
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . .
CRP
valid N 1 2 2 1
Mean . 560 546 488 . . . . . . . . 47 .
Maximum:- . 560 582 515 . . . . . . . . 47 .
Minimum . 560 510 460 . . . . . . . . 47 .
FHM
valid N 3 2 64 127 13 8 66
Mean 32 . 58 34 36 42 . . . 47 40 . . .
Maximum 37 . 60 59 62 65 . . . 52 60 . . .
Minimum 30 . 55 14 21 23 . . . 35 29 . . .
FMS
valid N 4 16 74 4 2 3 1
Mean 108 . 154 86 222 . . . . . . 266 64 66
Maximum 195 . 340 354 370 . . . . . . .320 72 66
Minimum 37 . 43 16 125 . . . . . . 212 54 66
HBC
Valid N 5 1 6 5 2 3 2
Mean 70 . 55 72 43 61 . . . . . 67 74 .
Maximum 127 . 55 163 62 87 . . . . . 79 85 .
Minimum 27 . 55 18 28 34 . . . . . 49 63 .
PKF
Valid N 1 2 16 60 22 106 1
Mean . 45 . 44 . 34 42 . 54 39 . . 30
Maximum . 45 . 44 . 46 64 . 83 70 . . 30
Minimum . 45 . 44 . 21 26 . 40 24 . . 30
(continued)
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APPENDIX 3.2

REACH .

Reach 40 Crystal Shinumo

TRIP TRIP TRIP

4 6 8 10 12 13 4 7 8 9 10 11 3 4 5

RBT

Valid N 23 4 26 6 2 5 3 1

Mean 264 . 71 . 221 214 . . 29 54 . . 141 212 .

Maximum 365 . 178 . 335 350 . . 30 70 . . 280 212 .

Minimum 104 . 25 . 70 107 . . 28 40 . . 64 212 .
RSH

Valid N 1 ‘

Mean . . . 38 . . . . . . . . . .

Maximum . . . 38 . . . . . . . . . . .

Minimum . . . 38 . . . . . . . . . . .
SPD .

valid N 1 8 80 20 2 12 3 50 5 36 1 12

Mean 44 . 46 49 39 37 . 84 79 66 39 52 12 . 50

Maximum 44 . 62 99 63 40 . 109 88 98 62 88 12 . 53

Minimum 44 . 31 21 26 34 . 55 60 18 27 32 12 . 46
STB

Vvalid N

Mean . . . . . . . . . . . . . . .

Maximum . . . . . . . . . . . . . . .

Minimum . . . . . . . . . . . . . . .
suc .

Valid N 59 9

Mean . . . 24 . . . . . . . . 41 . .

Maximum . . . 38 . . . . . . . . 119 . .

Minimum . . . 16 . . . . . . . . 26 . .
UiD

Valid N 1 5 39

Mean . . 45 45 . . . . . . . . 18 . .

Maximum . . 45 60 . . . . . . . . 32 . .

Minimum . . 45 13 . . . . . . . . 7 . .
(continued)
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' APPENDIX 3.2

REACH
Shinumo Tapeats Deer Kanab
TRIP TRIP TRIP TRIP
6 7 8 9 11 13 4 6 8 6 8 3 5 7
BBH
valid N
Mean . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . .
BHS
Valid N 16 3 30 2
Mean . . . 75 82 . . . . . 51 69
Maximum . . . 110 110 . . . . . 68 77
Minimum . . . 35 62 . . . . . 37 6l
BKT
valid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . .
BNT
Valid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . .
CCF
vValid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . .
Minimum . . . . . . . . . . . .
CRP
Valid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . .
FHM
Valid N _ 3 27 6 20 4
Mean . . . 53 40 48 . . . . . . 43 46
Maximum . . . 55 55 64 . . . . . . 57 50
Minimum . . . 50 23 32 . . . . . 26 40
FMS
valid N 2 2 2 4 1 7
Mean . S8 . . 77 . . 38 . . . 58 72 80
Maximum . 65 . . 111 . . 38 . . . 68 72 105
Minimum . 51 . . 43 . . 37 . . . 47 72 65
HBC
Valid N 2
Mean . . . . 76 . . . . . . . . .
Maximum . . . . 76 . . . . . . . . .
Minimum . . . . 76 . . . . . . . . .
PKF
valid N 15 43
Mean . . . . . . . . . . . 46 47
Maximum . . . . . . . . . . 53 68
Minimum . . . . . . . . . . 36 30
(continued)
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APPENDIX 3.2

REACH
Shinumo Tapeats Deer Kanab
TRIP TRIP TRIP TRIP

6 7 8 9 11 13 4 6 8 4 6 8 3 5 7

RBT
Valid N 1 14 2 2 11 5
Mean . . 31 41 90 86 . . 31 . . 28 . . .
Maximum . . 31 77 98 92 . . 58 . . 32 . . .
Minimum . . 31 28 81 80 . . 22 . . 25 . . .
RSH
Valid N
Mean . . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . . .
SPD
valid N 22 12 213 148 84 10 33
Mean . 52 61 S0 41 49 . . . . . . . 41 40
Maximum . 80 79 116 85 93 . . . . . . . 60 95
Minimum . 42 45 24 26 34 . . . . . . . 28 27
STB
Valid N
Mean . . . . . . . . . . . . . . .
Maximum . .. . . . . . . . . . . . . .
Minimum . .. . . . . . . . . . . . .
SucC
Valid N
Mean . . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . . .
UlD ’
Valid N ' 2
Mean . . . . . . . . . . . . . 23 .
Maximum . . . . . . . . . . . . . 27 .
Minimum . . . . . . . . . . . . . 19

(continued)
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APPPENDIX 3.2

REACH
Kanab Havasu Reach 50
TRIP TRIP TRIP
9 10 11 13 10 13 1 2 3 4 S 6 8 9
BBH
Valid N 1
Mean . . . . . . . 50 . . . . . .
Maximum . . . . . . . 50 . . . . . .
Minimum . . . . . . . 50 . . . . . .
BHS
Valid N 22 1 23 2 9 24 16 24 1 97
Mean 50 . 57 44 . 188 48 57 45 49 . 102 54 .
Maximum 105 . 57 260 . 213 65 83 59 71 . 102 260 .
Minimum 18 . 57 11 . 163 37 33 20 31 102 25 .
BKT
valid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . .
BNT
Valid N 1
Mean . . . 132 . . . . . . . . . .
Maximum . . . 132 . . . . . . . . . .
Minimum . . . 132 . . . . . . . . . .
CCF
Valid N 2 2 3
Mean . . . 87 . . . . . 442 . . 355 .
Maximum . . . 103 . . . . . 500 . 414 .
Minimum . . . 71 . . . . . 383 . 306 .
CRP
Valid N 2 2 10 19 1 26
Mean . . . . . . 284 476 435 446 . 81 434 .
Maximunm . . . . . . 420 484 490 605 . 81 557 .
Minimum . . . . . . 148 468 370 298 . 81 150 ;
FHM
valid N 20 21 87 87 88 10 57 2 19 164 7
Mean 49 . 50 45 . . 43 47 51 40 55 38 42 62
Maximum 60 . 69 269 . . 67 79 63 69 67 60 72 69
Minimum 13 . 36 26 . . 27 29 30 16 43 24 25 52
FMS
valid N 10 3 1 4 22 40 1 88 16 234 18
Mean 80 81 49 104 . . 69 89 34 59 . 53 73 72
Maximum 105 147 49 264 . . 92 434 34 400 . 91 495 107
Minimum 43 43 49 33 . . 35 46 34 26 . 23 24 30
HBC
valid N 1 1 1 1
Mean . . . 34 365 . . 62 . 36 . . . .
Maximum . . . 34 365 . . 62 . 36 . . . .
Minimum . . . 34 365 . . 62 . 36 . . . .
PKF
valid N 6 1 2 5 2 2 7
Mean 52 . 60 56 . . 42 45 . 61 . . 36 .
Maximum 60 . 60 61 . . 45 54 . 62 . . 60 .
Minimum 30 . 60 51 . . 38 35 . 60 . . 21 .
(continued)
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APPENDIX 3.2

REACH
Kanab Havasu Reach 50
TRIP TRIP TRIP
9 10 11 13 10 13 1 2 3 4 5 6 7 8 9
RBT
vValid N 3 11 2 10
Mean . . . 205 . . 105 42 . . . . . 55 .
Maximum . . . 405 . . 357 45 . . . . . 260 .
Minimum . . . 103 . . 33 39 . . . . . 26 .
RSH
valid N
Mean . . . . . . . . . . . . . .
Maximum . . . . . . . . . . . . . .
Minimum . . . . . . . . . . . . . .
SPD
Valid N 135 33 18 139 354 3 1 1 268 1
Mean 37 . 48 40 . . 41 48 36 . 45 30 . 42 35
Maximum 65 . 63 84 . . 65 78 67 . 45 30 . 68 35
Minimum 15 . 27 12 . . 31 20 11 . 45 30 . 21 35
STB
Vvalid N 1
Mean . . . . . . . . . 575 . . . . .
Maximum . . . . . . . . . 578 . . . . .
Minimum . . . . . . . . . 578 . . . . .
sucC
Valid N 2 14 77 12 16 15
Mean 30 . . . . . 40 20 39 24 . 27 . . .
Maximum 32 . . . . . 51 28 60 34 . 35 . . .
Minimum 28 . . . . . 29 13 25 15 . 20 . .
UID
Valid N 2 3 26 38 3 1 4
Mean 8 . . . . . 32 18 16 255 35 . . 38 .
Maximum 10 . . . . . 49 33 28 420 35 . . 78 .
Minimum 5 . . . . . 21 12 10 16 35 . . 17 ]
(continued)
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APPENDIX 3.2

REACH Tot.
Reach 50 Pipe Ck
TRIP
10 11 12 10
BBH
Valid N 1
Mean . . . 50
Maximum . . . . 50
Minimum . . . . 50
BHS
Valid N 90 3 19 569
Mean 60 49 58 . 62
Maximum 147 65 203 . 260
Minimum 14 37 32 11
BKT
Valid N 1
Mean . . . . 123
Maximum . . . . 123
Minimum . . . . 123
BNT
Valid N 9
Mean - . . . . 181
Maximum . . . . 374
Minimum . . . . 33
CCF
Valid N 5 43
Mean . . 355 . 470
Maximum . . 395 . 710
Minimum . . 301 . 71
CRP
valid N 4 14 93
Mean 361 . 244 . 404
Maximum 460 . 476 . 605
Minimum 74 . 62 . 47
FHM
Valid N 128 6 188 1755
Mean 35 48 38 . 42
Maximum 72 54 71 . 269
Minimum 12 39 17 . 10
FMS
Vvalid N 153 16 95 958
Mean 97 48 74 . 78
Maximum S00 80 290 . 500
Minimum 34 21 22 . 16
HBC
valid N 1 2 326
Mean . 47 25 . 75
Maximum . 47 26 . 365
Minimum . 47 24 . 16
PKF
Valid N 1 338
Mean . . 29 . 43
Maximum . . 29 . 83
Minimum . . 29 . 19
(continued)
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" APPENDIX 3.2

REACH Tot.

Reach 50 Pipe Ck

TRIP TRIP

10 11 12 6 10

RBT
vValid N 1 1 1 6 270
Mean 54 . 69 35 61 163
Maximum 54 . 69 35 86 846
Minimum 54 . 69 35 47 21
RSH
Valid N 1
Mean . . . . . 38
Maximum . . . . . 38
Minimum . . . . . 38
SPD
Valid N 137 32 126 23 2210
Mean 50 37 35 . 68 46
Maximum 111 65 90 . 112 120
Minimum 14 23 17 . 52 9
STB )
vValid N 1
Mean . . . . . 575
Maximum . . . . . 575
Minimum . . . . . 575
SucC
valid N 115 3 2 344
Mean 25 23 13 . . 25
Maximum 36 28 14 . . 119
Minimum 14 18 12 . . 12
UIiD
Valid N 6 142
Mean 49 . . . . 26
Maximum 84 . . . . 420

Minimum 7 . . . . 5
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4. Little Colorado River Native Fishes
Robert W. Clarkson and Anthony T. Robinson

Spawning sites of many southwestern native fishes are found in riverine habitats
associated with relatively swift currents (Minckley 1973). However, these sites are usually poor
producers of zooplankton (Hynes 1970), a major food item of many larval fishes (Minckley
1973; Snyder 1990), and larvae have difficulty contending with the swift currents (Harvey
1987). Thus larvae must disperse to slow-flowing refuges to satisfy their energetic needs
(Corbett and Powles 1986; Tyus and Haines 1991). One avenue of dispersal, the downstream
transport of native fish larvae via drift, is a common phenomenon in the LCR and is significant
to the ecology of this life stage (Angradi et al. 1992).

In 1991, observations of larval fish distributions in the shoreline areas of the LCR
indicated that many suitable habitats were not occupied, despite the physical similarity to
occupied sites. The impetus for larvae to migrate to suitable rearing habitats once they have
hatched is not clear. Since larval movements are usually limited by current velocity, hydraulic
variables may dictate whether a given habitat is accessible from the mainstream (Floyd et al.
1984; Harvey 1987, 1991). Other features such as algal or zooplankton densities, substrate
types, cover attributes, presence or absence of predators, or physical-chemical variables such
as temperature, may ultimately determine the suitability of accessible habitats.

Recent AGFD studies have attempted to define the nearshore availability of larval habitats
and habitat utilization patterns. For example, if spawning sites are localized, then the spatial
distributions of larvae in nearshore habitats immediately following spawning may identify major
spawning reaches. For future studies of reproduction, if there is fidelity to spawning sites across
years, then such information could be used to more precisely define sites of egg deposition.
AGFD studies from 1992 have attempted to establish the relationships of the temporal and spatial
occurrence of larvae in nearshore habitats with adult spawning activity.

The dispersal mechanisms of larvae may include drifting as an energy-conserving
strategy, or active swimming along shorelines. Techniques that monitor movements of larval
fishes between nearshore habitats may provide further insight into dispersal mechanisms (Brown
and Armstrong 1985; Harvey 1991). Recent AGFD research has attempted to identify such
mechanisms by quantifying the passive transport and migration of larvae in nearshore and
mainstem habitats using drift nets and larval fish traps.

Little is known about behavior patterns of YOY native fishes in the Grand Canyon
region. Consequently, knowledge of temporal and spatial segregation of species among habitat
types and among age classes within species, schooling, agonistic behavior, selection for cover,
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foraging strategy, etc., is important for conservation purposes. AGFD research in 1992 has
continued to document behavior patterns in terms of time activity budgets, microhabitat
utilization, and food habits.

This chapter updates AGFD research on humpback chub (Gila cypha) and other native
fishes in the Little Colorado River (LCR) for the period December 1991 through December
1992. This research continued to track the growth and population status of the 1991 cohort of
native fishes through their first year of life. The focus of the research was amended to more
fully chronicle the early life histories of native fish species, especially their larval stages. New
research activities also commenced on the 1992 year class of native fishes. Standardized hoop
net monitoring of adult and subadult humpback chub was completed during May and June of
1992. Certain aspects of research conducted between May and October 1991 not reported by
Angradi et al. (1991) are also presented. '

Objective 3.1. Continue the monitoring program on the native and endangered fishes of
the Colorado River and its tributaries in the Grand Canyon that was initiated by AGFD
in 1987.

Methods and Progress

The methods used to fulfill this objective were presented in detail by Hendrickson and
Kubly (1990). Hoop nets (2-3 m long, 6.4 mm mesh, 1.0 m diameter of the largest hoop) were
deployed at 13 standardized locations in the lower 1200 m of the LCR during the May-June
annual monitoring period. Nets were run daily, and lengths and weights of captured fishes were
recorded to +1 mm total length and +1 g, respectively. Native species longer than 150 mm
were injected with passive integrated transponders (PIT tags) prior to release. A limited amount
of seining and dip netting was also conducted within this time period. Spring 1992 monitoring
of humpback chubs in the LCR was completed and the bulk of the data have been analyzed.

Results and Discussion »

Nine species of fish were captured during the 1992 spring monitoring period, four of
which were native (Robinson and Clarkson 1992). All of these species were captured by hoop
nets, however, only natives were captured by seines and dip nets. The relative abundances of
species by gear type are presented in Table 4.1. The mean catch per unit effort (CPE) of
humpback chub collected by hoop net in 1992 was 0.8 individuals per net per 12 hours.
Although the 1992 hoop net CPE was greater than the rate in 1991 (0.6), it was lower than had
been observed in 1987-1990 (Robinson and Clarkson 1992). Catch rates from 1991 and 1992
reported by Robinson and Clarkson (1992) were in error.
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Using the modified Schnaebel method (Ricker 1975), a population estimate at the end of
June, 1992, of 571 humpback chub > 150 mm TL (95% C.I.= 426-809) was calculated from
AGFD marks and recaptures in May and June. To compare populations across years, estimates
were calculated only for the first month of monitoring from the lower 1200 m of the LCR.
Analysis revealed the lowest population estimate in 1992 (Figure 4.1). The correlation of
population size with study year was negative (r=-0.88; p=0.011), that is the humpback chub
population estimate for the spawning period has significantly decreased since monitoring began
in 1987. This result suggests that there has been a decrease in the humpback chub population
in the LCR since monitoring began. However, at least one of the assumptions of the modified
Schnaebel census method---no recruitment to the sample population---was probably violated.
Monitoring was conducted during the spawning season when it has been documented that adult
humpback chub migrate to the LCR from the Colorado River (Valdez et al. 1992). Therefore,
the results must be accepted with caution. The use of open population models may produce
more accurate results (Ricker 1975).

Humpback chub appears to be a predominantly sedentary species as evidenced by
movements of relatively short distances between captures (Table 4.2; Kaeding and Zimmerman
1983; Maddux et al 1987; Valdez et al. 1992). For example, the mean absolute distance moved
between captures in the LCR in 1992 was 167 m. This is the shortest mean distance calculated
since monitoring began in 1987 (Table 4.2). Greater mean distances moved in 1988-1991 may
be explained by the fact that the sample area extended beyond 8 km in those years. The mean
number of days at large between captures for each year were: 3.18, 3.01, 3.20, 7.26, 8.89, and
7.61 for 1987-1992, respectively. A graphical representation of distances moved for recaptured

" individuals in 1992 is presented in Figure 4.2.

Flows in the LCR likely affected humpback chub activity patterns. Catch rates increased
with decreasing flows in four of the six years of monitoring. CPE was negatively correlated
with discharge in 1987, 1988, and 1991 at p <0.05 (Robinson and Clarkson 1992), and in 1992
atp<0.1. In 1989, the LCR was at base flow during the entire monitoring period; consequently
a comparison between flows and catch rates could not be made. In 1990 there was no significant

" relationship between flows and catch per unit effort.

In contrast, rate of discharge does not have an obvious impact on mean distances traveled
between recaptures of humpback chub. The distance traveled in 1992 was not significantly
correlated with daily flow (this analysis has not yet been made for earlier years).

Objective 3.2. Determine if the reproductive activity of native fishes is temporally or
spatially segregated. Determine the timing and duration of reproductive activity for
different species as related to physical conditions. Determine if early life stages segregate
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themselves within habitats. Determine if early life stages drift in the tributaries.
Determine if early life stages feed selectively on available drift and/or benthic sources.

Methods and Progress
Larval Fish Longitudinal Surveys

Quantification of the temporal and spatial distributions of larval native fishes in the LCR
was accomplished by conducting longitudinal surveys of nearshore habitats between Atomizer
Falls (14.5 km above mouth) and the LCR mouth during the reproductive season. Shorelines
(both banks) were surveyed once or twice weekly beginning in April, and the presence or
absence of larval fishes in nearshore slackwater habitats within contiguous 100 m reaches was
recorded. At base flows, LCR nearshore waters were shallow and clear enough to allow visual
observation of small fishes. When turbid conditions were present, sweeps with fine-meshed
aquarium nets and seines were performed. A total of twelve longitudinal surveys were
completed in 1992 between May and September.

When possible, fishes were identified in the field with the aid of portable 45X stereo
dissecting microscopes. Some samples were preserved in 10% formalin for taxonomic
identifications and examination of stomach contents, and others were preserved in 95% ethanol
for otolith analyses. Larval collections were made from 100 m reaches at 0.5 km intervals in
an effort to avoid oversampling, unless distribution patterns dictated otherwise.

Larval Fish Habitar Availability

U.S. Fish and Wildlife Service (FWS) transects located within every fifth 100 m reach

’(both banks), beginning at river kilometer 0 (mouth), were measured perpendicular to the flow

for current velocity, depth, substrate and habitat complexity features to assess the river-wide
availability of larval fish habitats. Depths were recorded to +1 cm. Current velocity in areas
exceeding 5 cm in depth were measured at 0.6 depth to +0.01 m/s using a Marsh-McBirney
electromagnetic flow meter. In shallower areas, neutral-bouyancy beads were drifted and timed
over a known distance. Substrates were classified to categories listed in Table 4.3. Habitat
complexity features were depths >0.5 m, surface turbulence, turbidity, ledges, substrates larger
than gravel (> 64 mm), undercut banks, overhanging vegetation, instream vegetation, and woody
debris.

Measurements were taken at 10 cm and 25 cm from shore, and at 25 cm intervals from
shore thereafter until a current velocity was recorded that exceeded 0.2 m/sec. Previous AGFD
observations of larval habitat use indicated that this velocity should be sufficient to include all
nearshore larval habitats. The habitat availabili‘ty procedure was performed at both base and
higher flows in 1992.
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Habitats at each transect were subjectively categorized to peripheral pools (shoreline
invaginations), vegetated shoreline margins (e.g. Typha, Scirpus, or Phragmites), non-vegetated
shoreline margins, or springflow channels. Physical measurement data of these habitat types will
be compared to groupings generated from Principal Components Analysis or other multivariate
techniques.

An additional four 100 m study reaches were to have been established for more intensive
larval habitat availability measurements, but scarcity of larvae precluded implementation of this
procedure in 1992. If possible in the future, depth, current velocity, substrate, and habitat
complexity features (as described above) will be recorded along 2 m spaced perpendicular-to-
flow transects at 10 cm intervals beginning 5 cm from shore and extending out to a point in the
mainchannel where flow velocities exceed 0.2 m/s. This procedure will yield a total of 400
transects (50 per each of four reaches, both banks).

Larval Fish Habitat Use

Within each fifth 100 m reach (both banks) along the river, a series of up to three
perpendicular-to-flow transects were established for the purpose of taking habitat use
measurements (depth, substrate, current velocity, habitat features; as described above) of YOY
fishes. These transects were spaced a minimum of 10 cm apart, and extended through the area
inhabited by the fish(es). Measurement intervals along each transect were 10 cm. If the area
inhabited by the fish was less than 20 cm wide, two transects were established; if the area was
20 cm wide or more, three transects were established. The transects were evenly spaced in
Jlarger habitats so that the area of use was adequately sampled. A relatively small series of
habitat use measurements were made in 1992 but have not yet been analyzed.

All nearshore habitat types occupied by larvae within the four reaches identified for
intensive habitat availability (above) will be measured for depth, current velocity and substrate
at cell midpoints using a 20 cm square grid system (400 cm? grids) of 6 grids. Four peripheral
pools (two occupied, two unoccupied) and two shoreline margin habitats (one occupied, one
unoccupied; lengths not to exceed 3 m) within each of the four reaches (both banks) will be
randomly selected. Fish abundance and distribution, water temperature, and algal and
zooplankton densities will be estimated using the gridded sampling regime. Habitat features will
be enumerated. Habitat cover features will be ranked at each sampling point, and water
temperatures taken during crepuscular hours using a hand-held thermometer to estimate thermal
maxima/minima. Mean zooplankton abundance within the habitat will be estimated by pumping
a measured volume (typically 8 1) of water through an 80 um mesh plankton net. Algal
abundance (as chlorophyll @) will be estimated in each grid using a mini-core sediment sampler
and freezing the sample on dry ice for later laboratory spectrophotometry. 35 mm photographs
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of these gridded habitats will be taken to determine microhabitat use patterns. Frequency of
observation will be once per hour for 24 h using a programmable camera with flash, mounted
on a tripod directly above the habitat. Species identification, especially early larval stages, is
problematic with this technique. Larval collections will be made immediately following
observation periods in an attempt to resolve this problem. Data from occupied habitats and grids
will be compared to unoccupied habitats and grids, and to habitat availability data using the
Manly (1974) selectivity index and graphical techniques (e.g. Thomas and Taylor 1990).
Frequency distributions and discriminant analysis will be used to compare habitat parameters
between used and unused habitats (Christensen 1985). Turbidity levels during the reproductive
and post-reproductive seasons in 1992 precluded implementation of these procedures on other
than a trial basis.

Habitat suitability index curves (Bovee 1981) will be generated for the seven parameters
quantified above. The relationships between mean frequency-of-use of cells and physical-
biological parameters will be evaluated using multiple linear regression or discriminant function
analysis.

- Direct observations of habitat use of YOY fishes will be supplemented with collections
from larval seines, fine-meshed dip nets, and other collection methods. In this manner, larval
fishes and other unidentifiable life stages can be sorted in the lab and species associations
determined.

Larval Fish Movements

In order to determine the mechanism(s) of longitudinal dispersal of larval fishes among
nearshore habitats, larval traps similar to the design of Culp and Glozier (1989) were emplaced
at inflow (upstream) and outflow (downstream) points of a subsample of occupied peripheral
pools and shoreline margins. Traps were made from transparent plastic, S00-1000 ml wide-
mouth bottlés, with the central portion of the bottom and screw cap cut out, and each fitted with
a 500 um-mesh screen funnel in the cap and a flat screen on the bottom.

Numbers of fishes present in each habitat at the start of each sampling period during the
reproductive and post-reproductive seasons will be visually estimated at base flows. Four 100
m reaches (two in the vicinity of each camp where larvae are present) were be selected for these
and other detailed analyses. A minimum of two shoreline margins and two peripheral pool
habitats were sampled within each of the four reaches (on both banks), staggered so that each
reach was sampled once a week. Traps were deployed and run at 6-h intervals encompassing
a 24-h period. When possible following enumeration, trapped fishes were released alive
immediately above or below the trap site, depending on their direction of travel at the time of
capture. Therefore, emmigration rates may be only determinable from initial trap sets. Escape
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rates from traps will be estimated by placing a known number of larvae within traps and
monitoring losses over time. Larval trap procedures were implemented on a limited basis in
1992. '

Two standard larval drift nets (3 m long, 0.25 m? opening, 750 um mesh net, 500 um
mesh bucket) were be placed in deeper habitats, one nearshore adjacent to trap locations, and
the other midchannel. Drift nets were run at the same intervals as larval traps. Water volumes
filtered were estimated by measuring current velocities at the mouths of drift nets at the
beginning and ending of each sampling period. Depths of the water column sampled were
recorded. This procedure was accomplished with at least one 24-h sampling period per month
in 1992. All 1991 and approximately one third of the 1992 samples have been inspected for fish
eggs and invertebrates. Drying and ashing of samples to obtain biomass values are in progress.

Fish Behavioral Analyses

Time bound focal animal behavioral analyses (Altman 1974) were to have been continued
in 1992 until sufficient sample sizes (~ 50 for each category) were obtained to characterize both
species and species size class activities (general behaviors and vertical positioning in the water
column). Turbidities precluded application of this technique in 1992. When turbidities allow,
an individual fish will be observed for a period of 5 min and behavior patterns recorded on audio
tape. Behavioral categories will include feeding, swimming, schooling, chasing, being chased,
hiding, and other. Cumulative time spent in each category will be transcribed from the tape
recordings.

Vertical occupation of the water column will be similarly evaluated by recording
movements among five zones: 1) in contact with the bottom (benthic); 2) lower one-third of the
water column but not in contact with bottom (lower pelagic); 3) middle one-third of the water
column (mid-pelagic); 4) upper one-third of the water column but not at surface (upper pelagic),
and; 5) at surface (surface). Observation periods will include early morning, mid-day, and early
evening. If not visually identifiable to species, the observed fish will be collected for
identification. ,

Fishes will be assigned to one of five groups based on their ontological development
(Snyder 1981; Snyder and Muth 1990) and habitat use for among-group comparisons: 1)
protolarvae (larvae characterized by undeveloped spines or rays associated with future median
fins); 2) mesolarvae (larvae characterized by morphogenesis of distinct principle rays in the
median fins; 3) metalarvae (larvae characterized by presence of the full adult compliment of
principle fin rays in the median fins and presence of pelvic fins or fin buds); 4) post-larvae in
nearshore slackwater habitats, and; 5) post-larvae in mainstem habitats.
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Food Selectivity

To determine if the early life stages of fishes in the LCR feed selectively on available
drift and/or benthic sources the following methods were used. Fishes were collected and
stomachs were analyzed for diet in the laboratory according to procedures in Objective 4.5.
Drift samples (above) taken as close to the time of fish capture as possible were analyzed for
invertebrates. Similarity indices (Eckblad 1986) were calculated between composition (frequency
of occurrence) of the diet and composition (frequency of occurrence) of the drift, and compared
with a Mann-Whitney U test. Results from 1991 were reported by Robinson (1992), a summary
of which is presented here.

Results and Discussion
Larval Fish Longitudinal Surveys

Twelve complete surveys of the entire river below RKM 14.3 were completed between
April 28 and September 3, 1992. In 1992, larval humpback chub were first encountered on
April 30 as mesolarvae (Figure 4.3). Humpback chub protolarvae were found only in May.
Humpback chub larvae were only found in the lower 43 hectometers in the first survey, but by
mid-May they were distributed throughout the river up to 112 hm. Only one larval humpback
chub was found in June, but in July and August larvae were in the lower half of the study area.
Based on appearance of larvae, humpback chub had a concentrated period of spawning from late
April to early May, and again in July.

The 1992 longitudinal surveys first observed speckled dace larvae on May 3 as
mesolarvae in the vicinity of Salt Trail Canyon (Figure 4.3). They were found thereafter only
in lower'reaches of the LCR, and were not observed throughout the river until J uly. Based on
larval fish occupance data, speckled dace probably spawned over a broader spectrum of time
compared with the other native fish species. Limited spawning of dace apparently occurred
primarily in lower reaches in May and early June, followed by a more widespread spawn in July
and August. :

Bluehead sucker larvae were first encountered in 1992 on May 7 as proto- and
mesolarvae, and were primarily observed only in the lower 7 km of the river (Figure 4.3).
Bluehead sucker spawning occurred synchronous with the early humpback chub spawn.
Flannelmouth sucker larvae were only collected on May 10 at hectometer 38 and on May 15 at
hectometer 61.
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Larval Fish Movemenis

No larval fishes were captured in larval fish traps, but several juvenile chub and dace
were collected. The lack of larval fish captures may be reflective of the scarcity of larval fishes
during this time period.

Analyses of drift net samples in 1992 have not been completely analyzed, but those
examined thus far (below) did not contain larval fishes. However, high discharges during the
early reproductive period typically prevented sets longer than several minutes in duration (due
to large volumes of materials collected). This revelation and those previously discussed makes
it unlikely that many larvae were captured by this method during these conditions.

Fish Behavioral Analyses

Foraging time budgets of the four native species from the LCR (humpback chub,
speckled dace, bluehead sucker, and flannelmouth sucker; total lengths 11-55 mm) are presented
in Figure 4.4. The four species differed in the amount of time spent ’foraging in the water
column (Kruksal-Wallis, p=0.042) and on the surface (p <0.001). However, sample sizes for
speckled dace and flannelmouth sucker are low. When the analysis was conducted with only
chub and bluehead sucker, chub fed on the bottom less (p=0.005), on plants less (p=0.023),
and on the surface more (p=0.005) than bluehead sucker. Size (length) of the fish was not an
important factor in determining where they foraged. In addition, chub, dace, and flannelmouth
sucker utilized the upper pelagic zones more than expected and under-utilized the middle and
lower pelagic and benthic zones (G-test, p<0.001). Bluehead suckers utilized the middle
pelagic and benthic zones more than expected and under-utilized the lower pelagic zones
(»<0.001). Angradi et al. (1992) reported similar results.

Food Selectivity

Young-of-year native fishes that inhabit the LCR have diets (Objective 4.5) that are
comprised of foods relatively dissimilar to proportions found in the drift (Table 4.4). Robinson
(1992) compared the composition of the diets of 1991 YOY native fishes with composition of
seven drift samples collected in 1991. YOY humpback (n=27) had a diet that was 45% similar
to the composition of the drift, the diet of speckled dace (n=39) was 37% simililar and the diet
of bluehead sucker (n=66) was 29% similar to the composition of drift. A more detailed
analysis of food selectivity has yet to be done on 1991 data and no analysis has yet been
conducted on 1992 data. '
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Objective 3.3. Provide for the propagation of native fishes of the Colorado River in Grand
Canyon for use in laboratory or hatchery based studies necessary to satisfy the needs of the
Section 7 Conservation Measures. |

Methods and Progress

Some studies on native fishes of the Grand Canyon cannot be completed in the field and
must be conducted under controlled laboratory conditions. Two attempts at field-fertilization
of humpback chub eggs were made in the LCR in late March and late April in 1992 following
the methods of Hamman (1982; pers. comm.). Detailed methods of the April trip are presented
here, summarized from Hines (1992).

Adult fish were collected in hoop nets, weighed, measured and PIT-tagged, with males
and females held separately in live cars. Ripe females were manually stripped of eggs into a
shaded plastic spawning bowl and milt from two or three males were added. Sperm diluent was
then added, followed by a bentonite solution. After 60 seconds, eggs were washed, and total
egg volumes (+1 ml) and weights (+0.01 g) were recorded. Two sample counts were made
to provide an estimate of the number of eggs/g and ml.

Unripe females were injected intraperitoneally up to three times at 24-h intervals with a
1 mg/ml concentrate of carp pituitary extract at a dosage of 4 mg/kg body weight. When eggs
from these fish were readily expressible, the above procedures were applied.

Eggs were then transferred to one of four hatching groups. One group of naturally ripe
eggs was placed in a covered floating Heath incubator tray in the mainstem LCR, and the other
group placed in a covered cradle-shaped floating egg basket in Salt Trail Canyon outflow. Eggs
from pituitary-injected fish were split into similar hatching treatments.

~ Eggs were held in these trays for up to three days prior to transport by helicopter and
truck in oxygenated bags to AGFD Bubbling Ponds Hatchery at Page Springs, Arizona. Eggs
were then ionically and thermally acclimated over a 24-h period and placed in Heath incubators
and hatching jars at Bubbling Ponds. Egg samples were taken from all treatments at 12-24 h
intervals and preserved in 5% formalin.

Results and Discussion
Ten pituitary-injected female humpback chub collected in the lower LCR in late March
failed to produce eggs following up to four injections. It is likely that gonadal maturation had
not progressed to a point where the pituitary injections were effective in inducing ovulation. No
naturally ripe females were observed.
As reported by Hines (1992), approximately 27,000 eggs were collected from eight
naturally ripe and four pituitary-injected humpback chub females (five pituitary-injected fish did
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not produce eggs) caught near the vicinity of Salt Trail Canyon from the April culture trip.
These eggs were split in equal batches between the LCR and Salt Trail Canyon outflow
treatments. Temperatures at the LCR incubation site were 19.0-22.0 C, mean flow 0.03 m/s,
conductivity 3400 uS/cm, dissolved oxygen near 8.0 mg/l, pH 7.8, and secchi depth 4 cm. Sait
Trail Canyon outflow temperatures were 21.5-23.0 C, mean flow 0.05 m/s, conductivity 7500
1S, dissolved oxygen near 6.0 mg/l, pH 6.9, and secchi depth >1 m.

Although initially all eggs appeared healthy in the hatching trays, within a day the eggs
from the naturally ripe females (no injected females had yet been stripped) in Salt Trail Canyon
were smaller in size, exhibited more clumping, and had a higher proportion of white (dead) eggs
than those held in the LCR. The difference in egg size was possibly due to osmotic differences
between the two sites. By the third day, eggs from both the natural spawn and earlier injected
females incubated at both sites appeared to be dead or decaying. The remaining early-spawned
eggs and later-spawned eggs from injected fish were transported to Bubbling Ponds, but all had
perished within a few days.

Preserved egg samples were microscopically examined, and no evidence of cell division
was observed. Either fertilization never occurred or eggs died soon after fertilization. The
cause(s) of this failure is not specifically known at this time. Strongly suspected, however, was
the quality of the sperm diluent used, which was obtained from Dexter National Fish Hatchery.
No knowledge of its age or expiration date was available. Eggs immediately began clumping
after addition of this agent.

Assuming the eggs were fertilized, water quality could also have been a factor. For
example, high levels of silt in the LCR and high conductivity in Salt Trail Canyon could have
suffocated eggs or created osmotic imbalances, respectively. However, chub larvae were
collected from the LCR in late April and early May, indicating that a successful natural spawn
had occurred. Chub also have spawned successfully during periods of base flow when
conductivities approached those found in Salt Trail Canyon (AGFD, unpublished data).

Objective 3.5. Determine algal and invertebrate standing crops and their relative
contributions to diets of young native fishes in tributary, backwater, and mainchannel
habitats under different flow regimes.

Methods and Progress
Analysis of Digestive Tracts
Samples of larval and juvenile native and introduced fishes were collected on a monthly
basis for analysis of digestive tract contents. Relatively large collections were made of larval
specimens unidentifiable in the field to ensure that an adequate sample size for each species was

AGFD 1992 Annual Report Page 4.11




obtained. Monthly collections of 10 specimens of YOY humpback chub >30 mm TL were
taken for these analyses. Attempts were made to obtain 20 specimens of the other native
species. Collections were made by seine or dipnet, and specimens were preserved in 10%
formalin. Heads of specimens identified to species in the field were preserved separately for use
in otolith analyses (Objective 3.7).

Due to the small stomach volumes of YOY fishes, relative volumes of stomach content
categories were estimated using a modified point system (Hynes 1950), where percent volume
of each category was estimated visually. For catostomids with undifferentiated digestive tracts,
the intestine anterior to the first loop towards the head was arbitrarily delimited as the
“stomach.” Volume of food occupying this portion of the gut relative to its potential volume
was subjectively estimated and assigned a percentage value from 0 (empty) to 100 (full). Hynes
(1950) and Corbet (1961) both reported that estimation of relative volumes does not significantly
differ from direct methods of quantification. Numbers of identifiable taxa in stomachs were
enumerated. Frequency of occurrence data have been analyzed for 1991 collections and some
1992 samples. Volumetric analysis is complete for the 1992 samples analyzed for frequency of
occurrence; this analysis has not been completed for 1991 specimens.

Algal and Invertebrate Standing Crops

Measurement of invertebrate standing crop in the LCR is incomplete to date. AGFD
intends to use techniques comparable to those employed on the mainstem Colorado river
(Angradi et al. 1992) in 1993,

Results and Discussion

Table 4.5 provides frequency of occurrence of selected materials in stomachs of larvae,
early post-larvae, and juvenile speckled dace, bluehead sucker, and humpback chub from the
LCR in 1991. Chironomidae was an important food item for all three species, with the two
cyprinids reducing their utilization of this component with age, and bluehead sucker increasing
its use of this component with age. Ostracods were used most often by larval and early post-
larval dace, and by juvenile chub (note the small sample size for juvenile bluechad sucker).
Vascular plant material was noteworthy in stomachs of younger dace and chub, while bluehead
sucker frequently contained inorganic materials. The latter observation is undoubtedly an artifact
of the bottom-feeding habits of this fish, reflected by its highly specialized mouth morphology
(Smith 1966). In general, the number of taxonomic categories found in stomachs increased with
increasing size (age). The few flannelmouth sucker larva (n=6) and juvenile (n=5) stomachs
examined contained chironomid larvae (67 and 100%), chironomid pupae (0 and 40%), ostracods
(0 and 40%), and vascular plant material (0 and 20%).
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Analyses of stomach contents of early life stage native fishes collected in 1992 were
similar in some respects and different in others compared with results from 1991. These
contrasts may partially reflect the differences in hydrology between those years (Angradi et al.
1992). With the exception of unidentifed organic materials, dipterans (primarily Chironomidae)
were the most frequently-occurring food group in humpback chub stomachs in 1992 (as in 1991),
and also comprised the greatest relative volume of items in chub stomachs (Table 4.6). The
proportion of chub stomachs that contained plant materials (seeds, detritus and algae) was similar
between 1991 and 1992, indicating perhaps that they do not necessarily rely more on these
materials for sustenance during extended periods of flood. Moderate utilization by humpback
chub of ostracods in 1991 was contrasted with a lack of use of that taxonomic group in 1992,
an observation also noted for speckled dace and bluehead sucker (Table 4.6). Foods of
humpback chub analyzed from 1989 and 1990 from the LCR (Angradi et al. 1992) were for the
most part similar to 1991 and 1992 analyses.

The small sample of YOY bluehead sucker collected in 1992 (Table 4.6) revealed a
similar pattern of food use to that observed in 1991. This pattern generally held for speckled
dace as well, with the exception of a greater frequency of occurrence of inorganic materials in
stomachs from 1992. Few YOY flannelmouth sucker were collected in 1992 (Table 4.6), and
diet for the most part did not diverge substantially from that observed in 1991.

Of particular note regarding stomach contents of LCR native fishes was the incidence of
exotic Asian tapeworm (Bothriocephalus acheilognathi) in stomachs of speckled dace and
humpback chub (Table 4.7), partial results of which were earlier reported by Angradi et al.
(1992) and Clarkson (1992). Cyclopoid copepods are the intermediate hosts for this cestode

_(Pool 1984; Marcogliese and Esch 1989). The absence of copepods in stomachs of humpback
chub and the high levels of tapeworm infestation is paradoxical. This observation is seemingly
a result of the infrequent availability of copepods to humpback chub, since it was unlikely that
the copepods were digested in chub stomachs prior to preservation (collections were by seine
and dip net).

Also of note is the history of infestation patterns in humpback chub (Table 4.7). Three
larvae, 11 early post-larvae, and 47 adult and sub-adult chub examined from 1989 did not
contain tapeworms, while 92% of 24 larvae, 100% of 13 early post-larvae and 2 juveniles, and
44% of 18 adults (the latter collected from both the LCR and Colorado River mainstem)
examined from 1990 were infested. Chub from the 1991 year class were not infested until they
exceeded 50 mm in length (September), and as post-larvae and older in the 1992 year class.
Marcogliese and Esch (1989) studied the complex seasonal and annual interactions between B.
acheilognathi, copepod, and mosquitofish (Gambusia affinis) populations. Infrapopulation
dynamics of the parasite may be related to temperature, temperature-dependent rejection
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responses, immune responses, density-dependent factors, or other poorly studied phenomena
(Granath and Esch 1983a).

The high incidence of infestation of adult chub in 1990, the first year the tapeworm
appeared in stomachs, ostensibly indicates that adult chub also occasionally ingest cyclopoid
copepods, perhaps incidentally during ingestion of Cladophora. 1t is also possible that
infestation may be achieved by consuming other infested fishes. Piscivory by adult humpback
chub was noted by Kaeding and Zimmerman (1983) and Kubly (1990). We have not found
other references to this avenue of B. acheilognathi infestation, however. Clearly, further
research in this area is needed.

Asian tapeworm also infested speckled dace collected from the LCR in 1991 and 1992
(Table 4.7). The infestation rate for dace was higher in 1992 than 1991, although in total it was
lower than the average infestation rate for humpback chub.

No tapeworms have been found in flannelmouth sucker stomachs. Heckman et al. (1987)
did not find this parasite in guts of flannelmouth sucker from the Virgin River in Utah, although
five cyprinid species from that locality and Beaver Dam Wash in the Virgin River drainage in
Arizona were infested. Although copepods were identified in stomachs of bluehead sucker
(Angradi et al. 1992), we did not find tapeworms in that species either.

Effects of the tapeworm on its hosts are not well studied, but may include reduced
growth, depressed swimming ability via elevated muscle fatique, other debilitating effects, and
elevated mortality (Granath and Esch 1983b). The latter effect perhaps would be most apparent
to YOY fishes during their first winter as a result of a reduced ability to build fat reserves.

" Objective 3.7. Determine the age structure and growth rates of native fishes of the
Colorado River in Grand Canyon. Relate these life history features to hydrologic and
thermal conditions experienced by the fishes during their growth to present size.

Methods and Progress

Orolith Analyses

Larval and post-larval specimens of native fishes were collected and preserved in 95%
ethanol. A minimum of 10 larvae or post-larvae (<30 mm TL) of each species were collected
on a weekly basis when present. For YOY specimens >30 mm TL, heads were removed and
preserved separately from 10 humpback chub and 20 of the other native species on a monthly
basis. Posterior segments of those specimens were preserved in 10% formalin for stomach
analyses (Objective 3.5). A subcontract to the University of Texas at Austin has been awarded
for preliminary analyses of otolith daily growth rings in humpback chub from Grand Canyon.
Otolith analyses of other native species have been subcontracted with the Hawaii Institute of
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Geophysics at the University of Hawaii in Manoa, and an initial sample of 79 speckled dace,
69 bluehead sucker, and 47 flannelmouth sucker collected from the LCR and Colorado River
has been shipped there for analyses by Dr. Dean Radtke.

Length-Frequency Analyses

Frequency distributions of total lengths of humpback chub and speckled dace caught by
seine and dip net were constructed for all months of collection. Sample sizes of flannelmouth
sucker were too small for this analysis in 1991 and 1992, as were those for bluehead sucker in
1992. For the most part, length-frequency distributions of putative YOY humpback chubs were
completely segregated from larger size classes, and thus mean lengths could be accurately
compared among months and years.

Results and Discussion
Orolith Analyses
See Appendix 4.1 for a preliminary report by Dr. Dean Hendrickson of the University
of Texas, Austin, on the utility of otoliths for aging humpback chub.

Length-Frequency Analyses

Growth of the 1991 humpback chub cohort between November and May was nearly static
according to seine and dip net captures (Figure 4.5). Mean length of this cohort in November
was 82 +2.0 mm (SE), increased to 85 +2.6 mm in December, and remained nearly constant
at 86-88 +0.9-1.6 mm thereafter through the end of their first year of life in May.

Collections of putative specimens from the 1992 humpback chub cohort first appeared
in May (Figure 4.5), but ceased following August (Figure 4.6). Mean length of 49 chub larvae
collected in May 1992 was 12 +£0.3 mm. Twelve larvae and early post-larve collected in July
(no YOY were taken in June) had a mean length of 18 +1.7 mm.

Figure 4.7 presents length-frequency histograms for mixed-age speckled dace seine and
dip net collections for November 1991 through May 1992. Figure 4.8 presents similar data for
June 1992 through December 1992. The occasional appearance of larvae in colder months
indicates that some spawning occurs throughout the year, perhaps in thermally-constant tributary
springs to the LCR.

Captures of age-0 bluehead and flannelmouth suckers between December 1991 and
December 1992 were rare, especially for the latter species. Bluehead lengths in December 1991
ranged between 26 and 135 mm (n=11), and were thought to represent age-0 fish produced from
an extended spawn in May-July of 1991 and a secondary spawn in October following summer
floods (Angradi et al. 1992). By May of 1992, the range in length of possibly age-0 blueheads
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spanned 39-176 mm (n=3). The paucity of putative YOY bluehead in catches between
November 1991 and May 1992 following what was the most numerous of YOY species in
summer 1991 may indicate movements out of the LCR, habitat use shifts away from nearshore
habitats less susceptible to seining, or high levels of post-larvae mortality. As occurred with
humpback chub, collections of 1992 YOY bluehead sucker were rare compared to catches in
1991, and occurrence in seiri¢ and dip net collections ceased after July.

A total of 12 flannelmouth suckers were captured in seines and dipnets between
December 1991 and May 1992. Lengths ranged from 21-157 mm. The scarcity of juvenile
flanneimouth catches likely reflects their low absolute abundance in the LCR. Only small
numbers of larvae of this species were encountered in the LCR in 1991 (Angradi et al. 1992)
and 1992. The presence of larvae in December, however, indicates that autumn spawning of
this species also occurs. :

The disparity of captures of larval and post-larval fishes between 1992 and 1991 (Angradi
et al. 1992) may be partly attributable to the inefficiency of sampling created by high discharges
and turbidity in 1992, but it was more likely due to a scarcity of larvae. It is probable that
flooding had deleterious impacts on the survival of YOY native fishes in the LCR in 1992.
After flooding at the end of May and early June, very few bluehead sucker or humpback chub
larvae were found (Figure 4.3). Speckled dace meso- and metalarvae were found at various
locations along the river after the May-June flood, but in low numbers. Dace metalarvae were
widespread after an even larger flood in July, but again in low densities. Floods are known to
flush larvae downstream (Harvey 1987). In addition, because larvae are primarily sight feeders
(Braum 1978), sustained turbidity associated with elevated flows may result in starvation. The
physical rigors created by high current velocities and high levels of turbidity may also cause
mortality through physiological stress.

Objective 3.8. Compare otolith edge chemistry of native fishes collect in tributary and
mainstem habitats for use in growth and movement analysis.

See Appendix 4.1 for a preliminary report by Dr. Dean Hendrickson of the University
of Texas, Austin, on the utility of otolith edge chemistry for use in growth and movement
analyses.

Objective 3.9. Determine the extent to which limnological factors, with emphasis on water
chemistry and aquatic productivity, potentially limit the distribution and abundance of
antive fishes in the Little colorado River and other tributaries which might serve as streams
for augmentation of humpback chub in Grand Canyon.
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Methods and Progress

An inflatible kayak trip from Blue Spring (21 km above the mouth) to the LCR mouth
was taken in January to characterize longitudinal variations in water chemistry. Water
temperature, conductivity, pH, and dissolved oxygen were measured with a Hydrolab Surveyor
3 datalogger and H20 transmitter. A Hach Model AL-36 digital-titrator kit was used to measure
alkalinity (brom-cresol green-methyl red endpoint, sulfuric acid titrant) and carbon dioxide
(phenolphthalein endpoint, sodium hydroxide titrant). Turbidity measurements were taken using
a Milton Roy Spectronic Mini-20 nephelometer. Nitrate-nitrite nitrogen (cadmium reduction
method) and soluble reactive phosphate (ascorbic acid method) were measured in the field using
a Hach Model DREL 2000 spectrophotometer.

Results and Discussion

Longitudinal patterns of selected water quality parameters in January 1992 (Figure 4.9)
were similar to those observed in October (Angradi et al. 1992). January pH was nearly
identical to the pattern and levels observed in October, ranging from 6.0 in the Blue Spring
outflow 21 km above the mouth to 7.6 near the confluence. Conductivity levels exhibited a
trend identical to that observed in October, but at slightly lower levels. This presumably was
due to dilution by upper basin runoff. In addition, above-base discharges during the January
sampling period also may have reduced overall levels of alkalinity below Blue Spring compared
with its October levels.

Conversely, dissolved oxygen and carbon dioxide levels were generally higher in January,
which was probably attributable to the greater solubility of these gases at lower temperature.
It is not known the presumptive cause(s) of elevated carbon dioxide levels. Turbidity levels
below the Blue Spring outflow exceeded 100 NTU’s at all sampling sites.

Work Task 3.10. Performance of the thermal tolerance tests on the young-of-the-year
humpback chub.

Objective 3.3 summarized the problems experienced collecting viable propagules from
humpback chub in the LCR in 1992. A draft study design for planned egg collections in 1993
has been sent for review to Aquatic Coordination Team members. A study plan for conducting
thermal tolerance tests on chub larvae obtained from this effort is currently in preparation.
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TABLE 4.1. Relative abundances (percent) and sample size (in parentheses) of species caught
by three gear types in the Little Colorado River, May-June 1992.

SPECIES HOOP NETS SEINES DIP NETS
Rainbow trout <0.1(1) - -
Common carp <0.1(1) - ---
Fathead minnow 0.3 -- —-
Humpback chub 36.9 (862) 64.2 (34) 16.7 (1)
Speckled dace 52.6 (1227) 22.6 (12) 3332
Bluehead sucker 3.9 (91 3.8(2) 50.0 (3)
Flannelmouth sucker 5.3 (124) 7.5 (4)
Channel catfish 0.8 (18) --- ---
Plains killifish <0.1 (1) - -
Unidentified <0.1 (1) 1.9 (1) -

TABLE 4.2. Movements (in meters; sample sizes in parentheses) of humpback chub based
on recaptures in the Little Colorado River, 1987-1992.

MEAN MEAN MEAN
: DOWNSTREAM UPSTREAM ABSOLUTE
YEAR DISTANCE DISTANCE DISTANCE
1987 316 (16) 334 (26) 286 (48)
1988 737 (33) 320 (46) 376 (164)
1989 1289 (20) 467 (38) 573 (76)
1990 697 (17) 765 (7) 307.(56)
1991 282 (17) 918 (15) 387 (48)
1992 208 (11) 193 (15) 167 (31)
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TABLE 4.3. Substrate categories used in AGFD habitat studies in the Little Colorado River.
Size designations are based on grouped substrate classes of Lane (1947). Other categories were
developed to account for unique substrates of the LCR.

CATEGORY DEFINITION

Boulders 4.096-0.256 m dia

Cobbles (rubble) 256-64 mm dia

Gravel 64-2 mm dia

Sand 2-0.062 mm dia

Silt 62-4 um dia

Clay 4-0.24 um dia

Bedrock >4.096 m dia

Calcium Carbonate Unconsolidated fine floc

Tufa Consolidated calcium carbonate
Detritus Decomposing organic material
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TABLE 4.7. Frequency of occurrence (percent; sample size in parentheses) of Asian
tapeworm, Bothriocephalus acheilognathi, infestati on in stomachs of humpback chub and
speckled from the Little Colorado River, 1989-1992.

1989 1990 1991 1992
Humpback chub :
Larvae (<25 mm) 0@3) 92(24) 0 (50) 0 (20)
Post-larvae (25-50 mm) 01y 100 (13) 034 100 (1)
Early juvenile (50-100 mm) --- 100 (2) 62 (21) 64 (33)
Adult/sub-adult (> 100 mm)* 0@7 44 (18) - -
Speckled dace
Larvae (<19 mm) - - 0 (130) -
Juvenile (19-50 mm) - --- 2 (45) 23 (13)
Adult (>50 mm) --- --- 0(53) 15 (40)

* includes specimens from the mainstem Colorado River
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FIGURE 4.1. Modified Schnaebel population estimates for humpback chub > 150 mm total
length from the Little Colorado River, 1987-1992. Estimates were based on 30 day spring

monitoring periods in the lower 1200 m of the river. Vertical lines indicate 95% confidence

intervals.
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FIGURE 4.2.. Movements of humpback chub >150 mm total length based on hoop net
recaptures in the Little Colorado River. Movements from 1991 are based on net sets in the
lower 12 km (top), and movements from 1992 are based on net sets from the lower 1.2 km

(bottom).
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FIGURE 4.3. Longitudinal and temporal distributions of larvae and mean daily discharge
(cfs), Little Colorado River, 1992. Larval occurrence data from the longitudinal surveys are
shown for the final day of each survey (32, 37, 41, 48, 52, 57, 66, 74, 89, 114, 127, and 156
days past April 1). Symbols indicate the following larval stages: P=protolarvae,
M=mesolarvae, T=metalarvae, U=unknown.
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FIGURE 4.4. Foraging time budgets (percent) of early life stage native fishes in the Little
Colorado River, 1991. The number of fish (n) and total time of observation (hrs) spent foraging
are presented. Total hours observed (including non-feeding activity) for each species was:
humpback chub (HBC)=9.25, speckled dace (SPD)=1.80, bluehead sucker (BHS)=6.42,
flannelmouth sucker (FMS)=1.80.
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FIGURE 4.5. Length-frequency distributions for putative age-0 (except May) humpback chub
collected by seine and dip net in the Little Colorado River, November 1991-May 1992. ‘
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FIGURE 4.7. Length-frequency distributions for speckled dace of mixed age collected by
seine and dip net in the Little Colorado River, November 1991-May 1992. ®
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Interim report - otoliths of humpback chub Dean A. Headrickson February S, 1993

INTRODUCTION

Daily growth increments of otoliths of fishes have been useful in many fishery applications since they
have been demonstrated to provide a precise method of ageing individuals and reconstructing individual
growth and, possibly, movement or habitat histories. These techniques have not been previously applied
to humpback chub, but are believed to have considerable potential for providing knowledge of this
difficult to sample and little-understood species. Large temperature and water quality gradients apparently
traversed by individuals of this species in the Grand Canyon are of a magnitude likely to produce
structural and/or chemical signals in the crystalline calcareous otoliths. If so, since otoliths grow by
accretion of daily increments (much like trees develop yearly growth rings), and are stable structures,
which unlike scales, are not susceptible to reabsorption except in the most extreme conditions, they retain
a structural and chemical chronology of habitats occupied. If the relationships of ambient physical and
chemical conditions to otolith structure and composition can be described, a chronology of habitat
occupancy and growth for individuals could theoretically be reconstructed with daily precision. Such
reconstructions of growth rates, birth dates, movement histories, and possibly, birth place (based on
chemistry at otolith formation or during early life), could provide extremely valuable life-history
information regarding timing of spawning, cohort recruitment, mortality rates, and data on other
population parameters critical for management of this endangered species.

The feasibility of using otoliths and opercles of humpback chub for age estimation of individuals has been
preliminarily investigated by examining otoliths and opercles from a total of 47 juvenile (ages O through
1*) and 43 adult (estimated ages 2 - 23) specimens collected in the Little Colorado River (71 specimens)
and mainstream Colorado River (19 specimens) at various places in the Grand Canyon between 1988 and
1992. Studies are continuing, and at this point, due to both sample size and numerous other limitations,
and ongoing refinements of techniques, conclusions made here are preliminary.

Structures prepared and examined included opercles of 35 specimens, one asteriscus from each of 47
specimens and a lapillus from each of 56 specimens. Seventeen specimens were evaluated using all three
calcareous structures (lapillus, asteriscus and opercle). The sagitta was also examined, but found to be
unsuitable for ageing purposes due to its long, delicate form and irregular increments after the
larval/juvenile stage. Additional lapilli have been removed from other available specimens, and a
complete inventory of specimens available for further study of calcified structures is provided.

Studies of micro-spatial variation in chemical composition of selected lapilli is in progress, using the
highly accurate proton probe at the Institute of Geological and Nuclear Sciences in Lower Hutt, New
Zealand. This method of analysis shows great promise of overcoming what has been indicated in recent
literature to be significant inaccuracies of other techniques (Energy Dispersive X-ray diffraction and Wave
Length dispersive X-ray diffraction) used in many of the published studies of microspatial elemental
analysis of otoliths.

METHODS
FIELD COLLECTIONS

Adult and sub-adult humpback chub were collected during late-spring and early summer field seasons in
1989 and 1990. These were euthanized, weighed, measured, and (usually) sexes recorded prior to
removal of the majority of muscle tissue and internal organs from the skeleton. Skeletons were then
tagged and hung to desiccate in the generally high-temperature, dry air of the field sites. Otoliths and
opercles were removed after final preparation as skeletons using dermestid beetles. If otoliths were not
found outside the skull after passage through the dermestid colony, they were extracted using forceps with
as little damage to the skeleton as possible.
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Young-of-the-year collected from 1990 through 1992 were preserved in the field in 95% ethanol. Otoliths
were extracted by removal of the dorsal surface of the cranium.

SPECIMEN PREPARATION AND EXAMINATION

Opercles were cleaned of residual soft tissues and examined under reflected and transmitted light under
a binocular stereo microscope. Age estimations reported here were provided by Mr. Gary Scoppetone
(United States Fish and Wildlife Service, Reno, Nevada), who has had considerable experience ageing
other long-lived regional cypriniform fishes (Scoppettone, 1988; Scoppettone et al. 1986; Scoppettone
and Vinyard, 1991). Subsequent estimates independently done by myself generally agreed well with those
of Scoppetone. In the case of disagreement between estimates made by the author and those by
Scoppetone (almost always on older individuals), the author carried out a second revision of the
specimens, and in all cases, was able to understand how Scoppetone arrived at his estimate. All estimates
reported here as derived from opercles are those provided by Scoppetone. When uncertainty existed, both
minimum and maximum ages were reported.

Asterisci were removed from skeletonized adults, and then were mounted, sectioned and examined by
Mr. Michael McCarthy, who has had experience utilizing otoliths to estimate ages of razorback sucker
(McCarthy and Minckley, 1987), another long-lived, Colorado River endemic cypriniform. The author
then examined the same specimens and was unable to estimate ages from them since asterisci in this
species appear to grow along temporally variable growth axes. While marks which appear as though they
might be annual features are visible, they are discontinuous and it is often impossible to reconstruct
chronologies of growth axis shifts. Estimated ages reported here as derived from examination of asterisci
are those of by McCarthy, who provided a single age estimate for each specimen.

Dr. Ed Brothers, who has extensive experience in otolith ageing studies involving a wide variety of
species, concurred with this conclusion and recommended using the lapillus for ageing in this species.
The sagitta was also examined but found to be extremely delicate and increments were clear only during
early life. Lapilli were removed from skeletonized specimens or from young-of-the-year as described
above and were then mounted, ground and examined by Dr. Ed Brothers. All age estimates based on
lapilli are those of Brothers, who provided minimum and maximum estimates whenever uncertainty
existed.

All counts of presumed daily increments and annuli were done on specimens by persons unaware of the
size or capture dates and locations so as to assure that knowledge of collection conditions did not bias
estimates. Whenever uncertainty existed regarding interpretation of one or more marks, estimated
minimum and maximum ages were reported. Daily growth increment counts are the average of two
counts. Counts were made on a variety of otolith fields (wherever clear increments could be found) and
not on a single axis. This was done simply for convenience at this point in the study, but counts and
increment measurements could be done along a fixed axis for growth reconstructions.

Length data plotted in all Figures below are actual Standard Lengths, where available, or estimated
Standard Lengths derived from actual Total Lengths using regression statistics. This is due to the fact that
TL only is the standard measurement taken by field collectors. SL was found to be a much more precise
indicator of size with significantly lower variance than TL. The linear correlation coefficient of the SL
to TL relationship for all specimens for which both measurements were available (n=126, 13 to 100 mm
SL*) was found to be 1>=.997. This relationship is described by the following equation (used to compute
estimated SL from measured TL):

TL = 1.2779979 (SL) + .0749086

»
(note that this relationship was applied, admitiedly inappropriately, to compute SL for specimens far larger than the largest speci used in developing the relationship
This was done only because only TL was available for all larger specimens.)
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lapilli are those of Brothers, who provided minimum and maximum estimates whenever uncertainty
existed.

All counts of presumed daily increments and annuli were done on specimens by persons unaware of the
size or capture dates and locations so as to assure that knowledge of collection conditions did not bias
estimates. Whenever uncertainty existed regarding interpretation of one or more marks, estimated
minimum and maximum ages were reported. Daily growth increment counts are the average of two
counts. Counts were made on a variety of otolith fields (wherever clear increments could be found) and
not on a single axis. This was done simply for convenience at this point in the study, but counts and
increment measurements could be done along a fixed axis for growth reconstructions.
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Standard Lengths derived from actual Total Lengths using regression statistics. This is due to the fact that
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RESULTS

Progress on each of the items outlined in the proposal for this study is reported as follows:

( indicates those items mentioned in proposal as contingent on availability of experi lly sp d ova and cultured larvae/fry and provision of adequate hatchery support
facilities and staff.)

1. "A comprehensive bibliography of literature relevant to methods and problems of estimating age and
growth of Gila cypha and chemical composition of otoliths as related to application of otolith
chemistry to reconstruction of the environmental history of individuals." The attached bibliography
is provided in fulfillment of this product. New literature relevant to this project is appearing at
a very high rate. As evidence of the great interest in this highly specialized field, an international
conference on "Fish Otolith Research and Application" held just before this report was finished was
attended by 350 persons from 27 countries. The bibliography provided in this report will be updated
in the final report. (Note that literature citations in text in this report, reflecting its interim status,
are very scarce. The final report will incorporate extensive discussion of the literature).

2. "An inventory of all currently available specimens of Gila cypha from the Grand Canyon which are
potentially useful for age and growth studies.” A complete inventory of all specimens currently
housed at the Texas Natural History Collection (TNHC) of the Texas Memorial Museum at The
University of Texas at Austin is provided in Appendix 1. as fulfillment of this product.
Extensive additional data on each specimen listed in Appendix 1, but not printed there, is available
directly from the author. This includes additional collection location and time information, additional
tag/recapture data, current locations and shipping dates of various parts (head, body, skeleton,
lapilli, asterisci, opercles, gut, etc.) of each specimen, museum (Arizona State University) catalog
numbers for some specimens, and notes from field collections and laboratory observations of otolith
micro-structure.

3. "Experimental validation of the periodicity of growth increments in Gila cypha." Two approaches
have been taken to validate daily increments, but difficulties have been encountered in
successful completion of each. In the first experiment, young-of-the-year specimens captured in
the Little Colorado River (LCR) during May were caged and subjected to three treatments. One
group was moved alternately every three days between the LCR and mainstream, while the other
groups were left for the same total period in either the mainstream or LCR. Abrupt temperature
changes associated with movements from one river to the other should have produced marks on
otoliths which would allow both validation of their periodicity and demonstration of the nature of
the mark produced by this movement if it occurred naturally. Unfortunately, the majority of the
specimens in all groups did not survive the treatments. Mortality appeared to be related more to
effects of being caged than to effects of temperature. Survival was lowest in cages maintained
continually in the warm LCR, and highest in those held continually in the cold mainstream. Sample
sizes were not intended to be adequate to demonstrate effects of temperature treatments on mortality.
Otoliths of these experimental specimens have not yet been examined since such intense stress was
felt likely to have invalidated the experiment.

In the second attempt to validate growth increments (and investigate temperature effects on otolith
structure and chemistry - see below), experiments were conducted at Dexter National Fish Hatchery.
Since humpback chub were not being cultured, a surrogate species, Gila elegans, was used. Eggs
were fertilized and incubated until hatching following standard protocol at the hatchery. At hatching,
larvae were separated into three groups held at relatively constant temperatures of 15, 21 and 27°C.
Specimens were preserved from each treatment at frequent intervals for subsequent analysis of
otoliths. Densities and food availability were constant among treatments, but growth rate at all
temperatures was very low. Individuals of the same cohort stocked in earthen ponds on the hatchery
grew at a much higher rate, but were released to wild habitats (Lake Mohave) without sampling for
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otoliths. Otoliths of specimens from the temperature treatments have yet to be examined, but
recently reported results from several similar studies indicate that resolution of daily increments may
be difficult under such low-growth conditions. Specimens from the Dexter temperature treatment
studies are at TNHC, but are not included in Appendix 1.

"Age estimates (years of age) for 50 selected skeletonized adult specimens of Gila cypha collected
from the Grand Canyon by Arizona Game and Fish Department in 1989 and 1990." All age
estimates obtained to date from examination of lapilli are presented in Table 1. Considering
only ages estimated from lapilli, totals to date are 18 specimens more than 1 year old and 22 one
year olds. Data are summarized graphically in various ways in Figures 12 - 17. Additional estimates
utilizing material listed in Appendix 1 (and selected newly provided material), and re-examinations
of selected specimens in Table 1, will be completed prior to filing of the final report.

“Age estimates (days of age) for 100 selected young-of-the-year Gila cypha collected by Arizona
Game and Fish Department in 1989 and 1990. Contingent on outcome of 3 (above)." A total of 18
young-of-the-year (age 0*) have been aged to date (Table 1). Specimens captured subsequent to
1990 and recently provided to the author were also included in this total. Additional material from
among that listed in Appendix 1, selected newly provided material, and selected re-examinations of
material from Table 1, will be analyzed prior to completion of the final report.

Presumptive daily growth increments are clearly visible under light microscopy in lapilli of the
smallest specimens examined. During earliest portions of otolith growth, these can generally be
easily counted, but increment interval becomes increasingly small with increasing age, sometimes
resulting in great difficulty resolving increments and counting them without extensive specimen
preparation. Some specimens displayed interesting rapid transitions of otolith growth rates (see
Plates in Appendix 2).

"Analysis of the feasibility of determining annual growth period duration from otoliths of post
young-of-the-year individuals of Gila cypha for all growth periods throughout age of specimen."”

Daily increment counts in year 2 of life for relatively young specimens has proven possible in
some specimens without extensive otolith preparation. Data on numbers of increments in years
2 and 3 for specimens where they could be counted are provided in Table 1. Increasing otolith

thickness and narrowing increments as growth slows in later years, make resolution of daily
increments in later years of life very difficult. The value of such data at this point, at least for the
relatively small sample sizes, was not apparent, and therefore additional effort has not been devoted
toward this objective. Though countable increments can be seen under light microscopy in years two
and three in some specimens less than 4 years old, counting them becomes very subjective without
extensive specimen preparation and (likely) use of SEM.

"Experimental analysis of the effects of temperature changes on otolith structure in Gila cypha."
The experiment described under item 3 above (movement of caged individuals between LCR
and mainstream Colorado River) was intended also to address this objective. Apparent failure
of that experiment was described above, and otoliths have not yet been examined. Examination of
otoliths of selected individuals from this experiment will be completed prior to completion of the
final report. Field repetition of this experiment (as has already been done once by AGFD personnel
with similar results) would likely again produce the same results. Repetition of this experiment in
a hatchery environment with large sample sizes is recommended (see also item 11 below), but
selected otoliths from earlier attempts will be analyzed despite perceived "failure" to carry the
experiment to completion as designed.

"Analysis of micro-spatial (=chronological) variation in elemental composition in otoliths of 20
selected individual Gila cypha specimens from the Grand Canyon with evaluation of the utility of
such techniques for reconstruction of movement history of individuals." X-ray diffraction analysis
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for elemental composition, as employed in early studies of microdistribution of elements in

otoliths, and as proposed initially for this study, is now indicated to be of limited utility in this
application due to low precision and relatively high detection levels. Newer techniques capable
not only of detecting much lower concentrations, but which are also much more precise, are now
beginning to be used in this application. Consequently, it was decided to further investigate
alternative analytical techniques. A few samples were sent in December 1992 to Dr. Graeme Coote
for analyses on the proton probe at the Institute of Geological and Nuclear Sciences in Lower Hutt,
New Zealand. Preliminary results from that work are anticipated within a month or two of the date
of this report.

9".  "Comoparisons of total elemental composition among otoliths of 5 selected individual specimens of
young-of-the-year Gila cypha captured in the Little Colorado River, otoliths of 5 hatchery-reared
young-of-the-year Gila cypha, and otoliths of 5 selected Gila cypha suspected or known to have
moved between the Little Colorado River and mainstem Colorado River in the Grand Canyon.
Among sample comparisons would be used to investigate the hypothesis that elemental composition
of otoliths reflects ambient water composition. Emphasis would be placed on a search for elemental
markers which might be applied to determine origin (birthplace) of specimens. " This set of analyses
has also been delayed temporarily awaiting additional exploration of alternative analytical
techniques. It is also proposed to incorporate in this analysis some other specimens from individuals
of known histories in other waters. These would include bonytail reared as part of the temperature
effects experiment described above.

10°. "Analysis of the isotopic composition of a subsample of the same (or comparable) specimens
described in 9 (above). Among sample comparisons will be used to investigate the hypothesis that
isotopic composition of otoliths reflects ambient water composition and or temperature. Emphasis
would be placed on a search for isotopic markers which might be applied to determine origin
(birthplace) of specimens." Currently, radioisotope analyses generally require sample sizes that
approach or exceed whole lapilli of adult chubs. Since age and otolith structural data will be
required for interpretation of results from these analyses, radioisotope studies will be
performed on selected samples after completion of ageing. Alternate techniques which might
be capable of revealing micro-spatial distribution of radioisotopes in sectioned otoliths is being
investigated as a preliminary step toward attainment of this objective.

11°. "Experimental analysis of the effects of ambient temperature on otolith elemental and isotopic
composition of individuals reared in constant water quality conditions.” See item 9 above.

12. "Assessment of the utility of age, growth and correlative environmental history data obtainable from
otoliths for humpback chub population monitoring and management in the Grand Canyon, and
recommendations for future studies." See Conclusions and Discussion.

CONCLUSIONS AND DISCUSSION

Presumptive daily increments are clearly visible in humpback chub otoliths (Figure 1). Counts of all such
increments have been relatively easily and reliably done on any specimens captured in the LCR prior to
their first winter or prior to movement to the mainstream Colorado. Increments are generally clearly
visible to the margin (Figure 2), thus providing reliable ageing of these specimens with daily precision.
Relatively little preparation is generally required with such very small specimens. Though daily
periodicity of increment formation under a diversity of conditions has not been validated, the limited and
highly preliminary data available so far, and a voluminous literature on other species, indicate that
increments formed in the LCR are almost certainly daily. Back-calculated hatch dates for young-of-the-
year captured in the LCR (Table 1) agree well chronologically with anecdotal field observations of likely
reproductive activity. Periodicity of increment formation should be validated, as should time of first
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increment formation. The literature indicates that the first increments form almost always within a few
days before or after, or exactly upon, hatching. Preserved specimens of bonytail chub from experiments
carried out at Dexter should be useful for determination of time of first increment formation in that
closely related species, but the same should be done with humpback chub if hatchery stocks are obtained
and artificially spawned.

Most specimens taken from the mainstream Colorado River have proven much more difficult to read than
are specimens of similar sizes from the LCR. Daily age estimates are impeded by narrow, poorly defined
increments and odd patterns. Poorly defined increments have been reported in the literature from other
species when held in cold, constant temperatures, so it is not surprising to find such structures in this
river. Though age estimates were not obtainable for all specimens of young-of-the-year from the
mainstream Colorado, most could be aged. Figure 3 illustrates poorly defined increments in a specimen
from the mainstream Colorado which could be counted, but only with some difficulty. Some specimens
taken from the mainstream Colorado display unusual patterns of very abrupt transitions between periods
of presumptive rapid growth, probably in habitats with thermal fluctuations on a diel cycle (as indicated
by well-defined increments), to periods of very narrow increments such as might be typical of much
lower temperatures (Figure 4). Some specimens displayed interesting repeated rapid transitions among
brief (several days) periods of each rapid and slow growth (Figure 5). These marks are very similar to
otolith structural patterns purposefully produced in hatcheries to mark batches of fish for stocking
(Brothers, 1990) so that hatchery and batch origin can be determined upon recapture. Such marks are
produced in hatcheries through temperature manipulations.

It appears to be possible to age adult specimens on the basis of presumptive annular marks (Figure 6 and
Figure 7), but, once again, periodicity of such marks has not been validated. Due to the larger size of
otoliths from adults, this process requires additional specimen preparation (grinding). Distances between
annual marks could be easily measured for reconstruction of individual growth histories. Rigorous
validation of annual periodicity of such marks will likely require study of otoliths from mark-recapture
studies. Use of chemical marking (Tetracycline or Alizarin), in conjunction with PIT tags, would be
preferable, but much progress could be made utilizing non-chemically-marked specimens with histories
well-known from the standard, ongoing mark-recapture program.

Presumptive daily increments can also be resolved in otoliths of adults, and in some cases, are clear
enough so that those between annular growth interruptions (Figure 8) may be counted. Such counts likely
reflect the length of the growing season experienced in each year by individuals. Increments, however,
generally become less clear with increasing age (Figure 9 as compared to Figure 1), but may still be
countable in later years (e.g. year 6, Figure 8). It does not appear practical to expect to determine birth
dates of specimens that have entered or passed through their first winter.

Remarkably abrupt transitions in growth rates are also apparent in adults (Figure 10). Such abrupt marks
are likely related to abrupt temperature changes, such as might be encountered by specimens moving
between the LCR and mainstream during summer months. Evidence of frequent movements back and
forth over short periods between cold and warm waters might be reflected in otolith structural patterns
such as illustrated in Figure 11.
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Table 1

Tag number, capture locality, lengths, weights, and estimated ages of humpback chub
from the Grand Canyon. Specimens are separated by river of collection, and within rivers
sorted by estimated ages based on lapilli. Minimum and maximum ages are provided
whenever uncertainty existed, and independent estimates are listed for each different
calcareous structure examined. Unless otherwise stated, all ages or estimated dates are
based on age estimates from lapilli. Date of first increment formation is an approximation
of hatching date. Numbers of daily increments in the first and second years of life
approximate lengths of growing seasons in those years of life.
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TABLE 1 - OTOLITHS EXAMINED

| TAG | TAG | TAG CAPTURE DATE St TL wT MIN. | MAX. | DATE 13t | MIN. | MAX. | INCRE- | INCRE- | EARLY | LATE MIN. MAX MIN. MAX.

NG. [TYPE| COL. | RIVER LOCALITY CAPTURED | N {m) (mm) | (gm) 1 SEX| AGE AGE | INCREMNT | AGE | AGE | MENTS | MENTS | YEAR YEAR AGE AGE AGE AGE
(DAYS) | {DAYS}) | FORMED |{YRS)| (YRS) | YR.1 YR .2 | CLASS | CLASS {YRS) {YRS) {YRS) (YRS}

{LAP) | (LAPY {LAPY {LAP} | (LAP) {ASTER) | {ASTER} | (OPERC) | (OPERC)
LITTLE COLORADO RIVEi

588 | CAR[ YE LCR_|LCR; ABOUT 260 M ABOVE MOUTH 6/28/89 1 461.00 22 23 1966 1967 18 ] 21 21

461 | CAR| YE LCR _|LCR; ABOUY 250 M ABOVE MOUTH 5/15/88 1 382.00 F 18 18 1873 1973 14 14 16 18

340 | FL 8L LCR_|LCR; SALTY CANYON 5/2/89 1 35000 318 | M 13 18 1873 1976 14 14 18 16

548 | CAR| YE LCR |LCR; AT MOUTH 6/23/89 1 43600} 656 | M 13 15 1974 1976 22 22 14 1?7

660 |CAR| YE LCR_|LCR; ABOUT 250 M ABOVE MOUTH 5/26/89 1 461.00 13 14 1976 1976 13 13 15 15

501 { CAR| YE LCR |LCR; AT MOUTH 5/26/89 1 426.00]| 770 F 12 13 1976 1977 22 22 14 14

360 | FL 8L LCR ILCR; SALT CANYON 5/6/89 1 34000] 303 | M 10 18 1971 1979 13 13 WAl AR

961 |CAR! OR LtCR_}180/ NS D HOOP 6/7/90 1 195.00| 67 F 10 11 1079 1880

496 | CAR| YE LCR_|LCR; FOUR MILES ABOVE MOUTH 5/17/89 1 284001 107 | M ] 10 1879 1980 15 16 6 ]

439 | CAR| YE LCR _|LCR; ABOUT 260 M ABOVE MOUTH 5/6/69 1 370.00¢ 383 F 8 10 1879 1981 14 14 12 12

847 |CAR | OR LCR 1192/SS D HOOP 6/2/90 1 34200 343 | M 8 ] 1981 1982

338 ; FL BL LCR [LCA; SALT CANYON 5/2/89 1 357.00| 318 F ] 8 1981 1983 12 12 [] 8

474 | CAR| YE LCR |LCR 1/4 M1 ABOVE COLORADO MAIN 10/168/80 1 158.00 [} 7 1983 1964

487 | CAR | YE LCR_|LCR; 4 MILES ABOVE MOUTH 6/17/89 1 205.00 F 8 8 1883 1963 12 12 ] L]

498 | CAR | YE LCR |LCR; 4 MILES ABOVE MOUTH 6/17/89 1 230.00| 61 F ] 5 1964 19684 13 13 3 3

343 | FL BL LCR_|LCR; ATOMIZER FALLS 5/6/89 1 108.00 2 2 1087 1987 2 2 1 1

495 | CAR| YE LCA ILCR; 1225 M ABOVE MOUTH 5/12/89 1 223.00! 87 M 2 2 190 183 1987 1087 5 13 3 4

341 | FL 8L LCR_[LCR; ATOMIZER FALLS 5/6/89 1 126.00 1 1 244 184 1908 1868 3 3 1 2

346 | FL BL LCR [LCR; NEAR SALT CANYON 6/4/89 1 12100} 14 1 1 212 65 1886 1988 2 2 1 1

460 | CAR| YE LCR_ 9650/ SALT TRAIL CAMP 5/15/90 1 76.99 | 100.36 1 1 1969 1969

465 | CAR | YE LCR 5432/ SIPAPY 6/8/90 1 71.67 | 96.36 1 1 1989 1989

470 | CAR| YE LCR 16432/ SIPAPU 6/8/90 1 88.23 | 111.12 1 1 1989 1989

491 | CAR{ YE LCR 19660/ SALT TRAIL CAMP 5/15/90 1] 6820 | 79.47 1 1 1989 1089

602 | CAR| YE LCA_I{.CR; 12256 M ABOVE MOUTH 6/24/89 1 1 1 180 78 1980 1988 2 2 1 1

510 1 CAR| YE LCR 10/EXPERIMENTAL 4/28/90 1 74.65 | 94.81 1 1 1989 1969

557 | CAR| YE LCR [OA.CR WARM CONTROL 4/28/90 1 | 67.99 | 86.87 1 1 1989 1969

670 {CAR! YE LCR 16432/ SIPAPY 5/8/90 1 ] 83.29 | 10462 1 1 1989 1989

688 | CAR| YE LCR [5432/ SIPAPU 6/8/60 1] 98.18 | 127.88 1 1 1969 1989

482 | CAR| YE LCR 9650/ SALY TRAIL CAMP 6/16/00 1] 2038 | 37.33 83 63 3/13/80 (4] [}] 83 1990 1860

494 | CAR| VE LCR_|LCR - 1/4 MILE UP 10/18/90 1 §6.00 200 200 A/1/90 o 1] 200 1890 1080

512 [CAR| YE LCR _|9650/ SALT TRAIL CAMP 6/16/90 1 26.92 | 3558 84 64 312/90 (] 0 64 1980 1990

514 [CAR| YE LCR 19850/ SALT TRAIL CAMP 6/15/90 1 14.24 | 18.44 34 34 4/11/90 ] (] 34 1880 1990

528 [CAR] YE LCR 19660/ SALT TRAIL CAMP 5/15/90 1 268.79 | 365.85 83 63 313/90 ] (1] 63 1990 1990

543 |CAR| YE LCR {9650/ SALT TRAIL CAMP 6/15/90 1 18.92 | 22.08 50 60 3/26/90 ] [ 60 1990 1890

587 { CAR| YE LCR 19660/ SALT TRAIL CAMP 6/16/90 1 1296 | 15.87 36 38 4/9/80 0 (] 38 1990 1890

580 | CAR| YE LCR_[9650/ SALT TRAIL CAMP 6/16/90 1 23.85 | 31.05 58 58 3/18/80 1] o 58 1990 1990

6681 |CAR| YE LCR_ 196850/ SALT TRAIL CAMP 6/15/80 1 20.12 | 25.12 63 63 3/23/90 0 ] %] 1990 1990

1 o L) LCR_ILCR; 975 M ABOVE CONFLUENCE 6/23/88 1 3665.00 | 400 F 14 14

3 ] [4] LCR [LCR; 976 M ABOVE CONFLUENCE i 6/23/88 1 361.00) 363 | M 16 18

330 | FL 8L LCR [LCR; ATOMIZER FALLS 5/6/89 1 278.00 L 9 9 3 4

344 | FL BL tCR_|LCR; 100 M ABOVE BIG CANYON 5/4/89 1 236,001 122 10 10 8 8

348 | FL BL LCR |LCR; ATOMIZER FALLS 5/6/89 1 118.00 2 2

349 | FL BL LCR ILCR; ATOMIZER FALLS 5/6/69 1 106.00 2 2

4 1] 4] LCR_iLCR; 976 M ABOVE CONFLUENCE 5/23/88 1 34200 322 | M 14 14

440 | CAR| YE LCR ILCR; 200 M ABOVE MOUTH 5/9/89 1 390.00 | 465 F 13 13 16 18

441 |CAR| YE LCR_[LCR; AT MOUTH 5/9/89 1 330.001 283 | M n 1" 16 16

442 [CAR| YE LCR_|LCR; AT MOUTH 5/9/89 1 360.00 | 404 F 18 18 12 18

444 | CAR| YE LCR_[LCR; 1226 M ABOVE MOUTH 5/6/89 1 274001 137 F 7 ?

490 | CAR| YE LCR_|ICR 1 14 14
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TAG| TAG | TAG CAPTURE DATE St TL wr MIN. MAX. DATE 1st | MIN. | MAX. | INCRE- | INCRE- | EARLY LATE MIN. MAX MIN. MAX.

NO. { TYPE[ COL. | RIVER LOCALITY CAPTURED | N {mm) tmm) | (gm) | SEX] AGE AGE INCREMNT | AGE | AGE | MENTS | MENTS | YEAR YEAR AGE AGE AGE AGE
(DAYS) | {DAYS) | FORMED | (YRS)] (YRS} | VR. 1 YR. 2 CLASS | CLASS (YRS) {YRS}) {YRS) (YRS}

(LAPY | (LAP) {LAP) {LAP) | (LAP) {ASTER) | (ASTER) | (OPERC} | (OPERC)

S ] o LCR |LCR; 875 M ABOVE CONFLUENCE 5/23/88 1 348.00 | 361 15 15

500 | CAR| YE LCR LCR; 1225 M ABOVE MOUTH 5724189 1 182.00| 52 F 4 4 3 4

501 { CAR| YE LCR |LCR; 1225 M ABOVE MOUTH 5724189 1 3 3 2 2

503 | CAR| YE LCR |LCR; 1225 M ABOVE MOUTH 5/24/89 1 1 1 1 1

504 | CAR| YE LCR |LCR; 1225 M ABOVE MOUTH 5/24/89 1 1 1 1 1

519 | CAR| YE LCR JiCH 5/15/89 1 1 1

522 |[CAR| YE LCR_JLCR 5/15/89 1 1 1

533 |CAR| YE LCR _|LCR 5/16/89 1 1 1

534 | CAR| YE LCR_|LCR 6/15/89 1 2 2

536 |CAR| YE LCR_|LCR 6/16/89 1 1 1

538 | CAR| YE LCR_|LCR 5/16/89 1 1 1

546 | CAR| YE LCR {LCR; AT MOUTH 5/26/89 1 372.00 18 16 16 15

649 | CAR| YE LCR [iCR 5/15/89 1 8 8 4 4

662 | CAR| YE LCR |ICR 5/16/89 1 1 1

553 | CAR| YE LCR_|LCR 5/15/89 1 2 2

590 | CAR | YE LCR_|LCR; AT MOUTH 5/15/89 1 373.00 13 13 12 12

595 | CAR| YE LCR |LCR; AT MOUTH 5/7/89 1 366.00 | 456 F 14 14

596 | CAR| YE LCR {LCR; 200 M ABOVE CONFLUENCE 6/7/69 1 104.00 8 1 1

600 | FL RE LCR_ILCR; ATOMIZER FALLS 5/6/89 1 309.00 ™M 13 13

805 | FL RE LCR |LCR; ATOMIZER FALLS 5/6/89 1 121.00 3 3 1 1

812 | FL RE LCR _|LCR; ATOMIZER FALLS 5/6/89 1 108.00 2 2

902 | CAR| YE LCR |LCR; AT SALT CANYON 6/13/89 1 350.00 | 331 F 13 13 2 13

COLORADO RIVER MAINSTREAM

489 | CAR| YE COL_|COLORADO RIVER MAINSTEM RM 63.9L 10/22/90 1 202.00 9 10 1980 1981

266 [CAR| OR | COL |COLORADO RIVER AT RM 64.5 6/24/92 1 2535 | 33.25 1 1 1991 1991

274 |[CAR| OR | COL |COLORADO RIVER AT AM 122.5 4/6/91 1 28.10 | 35.34 1 1 100 1990 1990

322 |[CAR} OR | COL [COLORADO RIVER AT RM 122.5 4/6/91 1 2900 | 37.49 1 1 80 1990 1990

331 JCAR| OR | COL [COLORADO RIVER AT RM 122.6 4/6/91 1 29.92 1 1 110 1990 1990

3685 | CAR| OR | COL |[COLORADO RIVER AT RM 64.5 4/15/92 1 30.40 | 37.82 1 1 80 1991 1991

267 |CAR| OR | COL |COLORADO RIVER AT RM 70.3 B8/12/81 1 33.50 | 42.10 1 1 90 1990 1990

371 | CAR| OR | COL_|COLORADO RIVER AT RM 193.9 5/23/91 1 46.70 | 60.00 1 1 130 1990 1980

381 JCAR| OR | COL [COLORADO RIVER AT RM 64.5 6/24/92 1 26.97 | 3545 1 1 1991 199

396 | CAR| OR COL_|COLORADO RIVER AT AM 122.0 4/18/92 1 39.05 | 48.73 i 1 1991 1991

455 | CAR| YE COL _|0/COLO. COLD CONTROL 4/26/90 1 75.84 | 94.64 44 1 1 1989 1989

511 |CAR| YE COL__|COLORADO; 0.2 MI ABOVE CARDENAS 10/22/80 1 69.00 1 1 1989 1969

461 | CAR| YE COL_|COLORADO MAINSTEM; RM 65.3 L 10/20/90 1 58.00 0 0

539 |CAR| YE €oL_|COLORADO RIVER MAINSTEM; RM70.9 10/22/80 1 29.40 | 37.40 (4] [+]

275 [CAR| OR | COL |COLORADO RIVER AT RM 68.1 9/13/91 1 25.10 | 31.85 1190 110 5/26/91 [4] (] 1190 1991 1991

326 |CAR| OR | COL |COLORADO RIVER AT RM 68.1 8/24/92 1 19.63 45 45 5/10/92 1] [ 45 1982 1992

328 | CAR| OR | COL [COLORADO RIVER AT RM 192.3 9/24/92 1 19.556 | 25.10 98 98 6/18/92 4] (1] 98 1992 1092

295 [CAR| OR | COL |COLORADO RIVER AT RM 122.1 8/26/92 1 14.17 | 17.50 43 43 5/14/82 1] )] 43 1992 1992

378 |[CAR| OR | COL [COLORADO RIVER AT RM 68.1 8/24/92 1 14.30 48 48 6/7192 (1] ] 48 1992 1992

387 |CAR| OR | COL [COLORADO RIVER AT RM 68.1 6/24/92 1 13.70 41 4 5/14/92 [ o 41 1992 1992

4868 | CAR | YE COL_[MAINSTEM COLORADO; RM 653 L 10/20/90 1 33.00 143 143 5730/90 (4] 1] 143 1990 1990
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Figure 1. Clear presumptive daily increments in the first year of growth
of a 1* year-old fish (tagno 502 YC) captured in the LCR about 1 km above
its mouth.

Figure 2. Daily increments to edge in lapillus of an age 0* specimen from
River Mile 68.1 collected September 13, 1991. Note clear increments
extending to edge. Specimen estimated to be 110 days old (thus, estimated
hatch date = 5/26/91).
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Figure 3. Well defined and poorly defined increments in lapillus from a
young-of-the-year specimen (tag number 328) from the mainstream Colorado
at River Mile 192.3.

\S

Figure 4. Rapid transxtlon from wide to narrow growth increments in a
specimen taken in the mainstream Colorado at River Mile 65.3 on October
20, 1990. Specimen estimated to be 143 days old.
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Figure 5. Fluctuations between brief periodgméfhﬁiae_énd narrow increments
near edge of 1lapillus from specimen (tagno 539) taken in mainstream
Colorado River at River mile 70.9 on October 22, 1990.

Figure 6. Annuli in the lapillus of the oldest specimen examined (tagno
586), estimated to be 22 or 23 years old.
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Figure 7. Thirteen to 15 annuli visible in lapillus of specimen 548, as

seen in reflected light.
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Figure
number

9. Increments in second year of growth of a 1% age specimen (tag
502) captured in the Little Colorado River.

Figure 10. Abrupt transition from wide to narrow increments near start
3" growing season in specimen 495.
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produced by repeated movements across temperature differentials.

Ages of adults as estimated from opercles are in fairly good agreement with those estimated independently
from lapilli, however, the single independent estimates from asterisci are generally higher (Figure 12).

Lapilli are clearly the
preferred structure for
ageing. Both daily increments
and annuli in asterisci are
comparatively much more
difficult to interpret. Opercles
appear to provide a
reasonable means of
obtaining yearly ages of
adults and have the advantage
of requiring less preparation
than do otoliths. Opercles,
however, have the
disadvantage, like all bone,
of being susceptible to
periodic mobilization of
calcium and other elements
which could also alter
structure. Otoliths are well
know to be much more stable
than bone. Additionally,
opercles do not provide the
same detailed daily history
within years that can be
obtained from otoliths. This

min opercle |

7.5 - asteriscus _
r
70 — (
) ‘ﬂl
0 - T N —

SO2 347746 T4] 495 498 496 497 F50 34038 439 451 591 548 586 550

25
U] max /lapr/lus
Ul mrin Japri/lus
20+ M max opercle
|
(@]

Estimated age in years

Specimen tag numbers

Figure 12. Minimum and maximum age estimates using lapilli and
opercles (bars) and asterisci (circles) for fish > 1 yr. old.
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might be significant once larger sample sizes have been analyzed. Year-specific natural marks in daily
increments have been utilized as useful cohort markers in other species, and could be useful in validating
ages. It is probable that events such as unusual summer floods in the LCR might produce characteristic
patterns that would unambiguously allow assignment of those zones to that event in specimens captured
many years subsequently. Utilization of either lapilli or opercles for yearly ageing or for annual growth
estimation will require validation of the periodicity of presumptive annuli. It seems probable that stress
associated with such marked and rapid transitions as that experienced when moving between the LCR and
mainstream would form marks on either otoliths or opercles which could be mistaken as an annual mark.

On the basis of data compiled to date from lapilli and opercles it appears that growth rates of humpback
chub in the Grand Canyon are highly heterogeneous. Size is not a good predictor of age (Figure 13 and
Figure 14). Variations in
growth rate may be a
function of inherent 450 e L P T
individual variation and/or
temporally and spatially
expressed habitat effects. On 260 - .« o oo b
the basis of the small sample .
examined to date, variation in
growth rate appears to be
expressed early in life, and to
be markedly affected by
habitat. Nearly all young-of-
the-year from the LCR were
larger than others of similar
age taken from the cold £0
mainstream Colorado River .
(Figure 15). Similarly, one- 1
year old fish taken from the e S M e
LCR in April and May of < s 2 id id 24
1990 averaged more than Minimum estimsated sge yrs. (lapilli and opercles)
double the size of one-year
olds taken from the
mainstream almost exactly
one year later. This is despite
the indication from estimated
ages that the 1991 yearlings
from the mainstream had been growing for 30 to 50 days more in the year of capture than had the 1990
yearlings from the LCR (Table 1). Though comparisons of first year growth between these 1989 and 1990
year classes have not been done (but would be possible with back-calculation techniques using increment
widths), the effect of lower mainstream temperatures on growth appears large, and is probably significant
in terms of consequences for mortality rates. In most well-studied fisheries, lower growth rates are
associated with higher mortality. Measurements of daily growth increments could easily be used to
quantify the effect of life in the mainstream on growth rates.

L]
00

00

270 - ° . . o ® ° -

780 -8 *° B

Standard Lepgth (mm)

Figure 13. Scatter of relationship of minimum ages as determined from
lapilli (solid circles) and opercles (open circles) and Standard Length of
humpback chub.

Part of the extensive variation in the relationship of estimated age and Standard Length may be due to
sexual dimorphism, but not nearly enough data are available in the small data set developed to date to
allow attempts to factor out this source of variation (Figure 16 and Figure 17).

Marked structural changes in daily increments found thus far are promising in that it is likely that
environmental changes of the magnitude required to produce such dramatic structural changes in the
otoliths are likely to have produced by changes in otolith chemical composition which might be found to
correlate with ambient water quality or temperature. The unique physical and chemical properties of water
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Figure 14. Minimum and maximum age in years estimated from lapilli and Standard Length for all
specimens estimated to be more than one year old.

quality in the LCR that clearly distinguish it from the mainstream Colorado River seem to provide a very
appropriate system in which to test rapidly developing hypotheses of the relationship of otolith chemistry
to environmental factors.

REQUESTS FOR ADDITIONAL SPECIMENS, DATA AND SUGGESTIONS

ACCURACY OF THE OTOLITH DATA BASE

The entire inventory of specimens currently available to the author for otolith studies is provided in
Appendix 1 and (with much more detail) in a file on disk (hbinvtry.xls). Some questions remain regarding
exact collection localities for some specimens, as well as habitat conditions. It is hoped that these data
can be provided by the field crews who collected them and that they will generally proof once again the
entire data base. Additionally, sex is unknown for many specimens from which it might still be obtainable
from preserved materials not currently available to the author. Sex determinations are needed since
current scatter in the distribution of length at age (Figure 13) greatly compromises precision of attempts
at back-calculation of lengths at various ages as will be required to reconstruct growth histories of
individuals. Removal of the effect of sexual dimorphism in size from the length-age relationship would
almost certainly allow more precise reconstructions of growth histories.

ADDITIONAL SPECIMENS
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Figure 15. Age in days and Standard Length for age 0* specimens. Individuals from Colorado
River mainstream (295, 387, 376, 326, 328, 275, 486) are generally smaller than specimens from
LCR of comparable ages.

Additional select specimens could be effectively used to fill gaps in coverage and to answer specific
questions. These include:

1. Wild-caught larval to juvenile humpback chubs, especially any which lived during periods for
which daily water quality and discharge, or other water quality data, are available. Currently the
smallest specimens of humpback chub available from the LCR or mainstream Colorado River are 14 mm
SL, which appears to be reached at about 30 - 40 days of age. Though daily increments can be counted
in these to allow estimation of hatching date, the otolith size:fish size relationship remains unknown in
the smaller size ranges and is still inadequately defined in intermediate size ranges. Empirical
development of this relationship will be necessary to allow attempts at back-calculations of size at age,
and thus reconstruction of instantaneous growth rates, which might be useful for among cohort and among
year comparisons of growth histories, as well as for analysis of effects of environmental variables on fish
growth. Effects of environmental variables can not be assessed without appropriate data on the quality
of the environment. Temperature and discharge are two very appropriate parameters likely to be
available.

2. Wild-caught adults with well-known location and growth histories. Ongoing extensive tag-recapture

studies and radiotelemetry studies are providing highly detailed data on movement history of individuals.
Otoliths from specimens with well-known location histories from tagging studies could prove to be
especially valuable for comparison of otolith-derived hypotheses of growth and movement histories with
known histories. Provision of such specimens to the author without data on movement or growth
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information would allow
blind comparisons of otolith
and tag-derived histories.
Particularly valuable would
be multiply-recaptured young
adult fish with clearly
demonstrable growth between
original capture and
recaptures. Also useful might
be radiotelemetered
individuals known to have
passed through major
environmental gradients such
as the LCR-Mainstream
interface during the growing
season in which sacrificed.
Especially informative for
future work would be
intentional chemical marking
of otoliths of selected
individuals in the field
(utilizing  Tetracycline or
Alizarin). If accompanied by
PIT-tagging, otolith-marked
individuals recaptured in the
future could be used to
validate periodicity of both
daily and annual marks.

3. Specimens captured far
from _the Little Colorado

River. Humpback chub
encountered in the lower
Grand Canyon may or may
not be part of the LCR gene
pool. In particular, it seems
unlikely that small specimens
taken in lower canyon
reaches originated in the
LCR. To date relatively few
specimens from locations far
below the LCR have been
made available for otolith
research and it is
recommended that otoliths of
specimens taken in the future
from lower canyon areas be
taken for ageing, examination
of daily increment patterns in
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Figure 16. Minimum and maximum age estimates (bars) and Standard
Length (dots) as determined from lapilli for all specimens verified to be
females.
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Figure 17. Minimum and maximum age estimates (bars) and Standard
Length (dots) as determined from lapilli for all specimens verified to be
males.

the first year of life, and analyses of chemical composition. Some specimens already examined from the
lower Canyon which are of ages that would seem to make it quite unlikely that they were born in the
LCR. For example, specimen 328, a 98-day old fish, was taken at River Mile 192.3, or about 130 miles
below the LCR. Unfortunately, no 1991 year class young-of-the-year from the LCR have yet been
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examined to determine dates of spawning in that river. Presumably specimens not yet processed, but listed
in Appendix 1, collected in May, June and July of 1991, include at least some young-of-the-year, and
if so, spawning dates in 1991 will be estimated in the next report. Similarly, since specimen 328 was
analyzed blind shortly before preparation of this document, without knowledge of its capture location,
no particular attention was paid to searching for increment patterns early in life which might support the
hypothesis that it hatched and grew for some time in warm tributary waters before moving to the
mainstream. Patterns presumed to depict this movement have been found in other specimens (e.g.
Figure 4 or Figure 10). This hypothesis will now be investigated.

Hatching date estimates obtained to date, while based on relatively few specimens, indicate May and June
hatches in 1992 (5 specimens - all from Colorado mainstream) and hatches in March and April in 1990
(9 specimens - all from the LCR). Interestingly, a single specimen taken about 5 miles below the LCR
in the mainstream Colorado in October, 1990, was estimated to have hatched about May 30 of that year,
nearly two months later than the latest estimated hatch date from the same year in the LCR. This may
simply be an artifact of small sample size and/or sampling bias since young-of-the-year specimens, if such
were present and collected in the LCR in late May or later in the summer of 1990, were not available
to the author (Appendix 1).

ENVIRONMENTAL DATA

Though the magnitude of physical and chemical differences between the mainstream and LCR are
obvious to even untrained observers, quantitative descriptors of chemical composition and physical
attributes of these waters will be required for analysis of hypotheses that otolith composition reflects

ambient water quality. Data on tempor. tial variability in temperature in each river will be
required, as will comprehensive water quality data. Since the otolith chemical analyses will be

exploratory, data on as many water quality parameters as possible would be useful. This would include
data on rare elements, heavy metals, isotopes, etc.. Any elements or isotopes which might uniquely
characterize either river would be of particular interest. Precise identification of isotopes released in the
Zuni River basin by an accidental spill a number of years ago would be of great interest, as would studies
of its subsequent distribution downstream. Additionally, in order to analyze effects of discharge on

growth rates and year-class strength, detailed discharge data will be required for each river. Ideally,
chemistry and discharge data covering the past three decades might be provided. This period has been

chosen to cover the entire estimated lifetime of the oldest specimens analyzed to date.

Temperature and discharge data covering the periods from which young-of-the-year specimens are
available might prove especially valuable. It is likely that unusual spring or summer meteorologic events
such as unusual cold spells during normally warm months, or dramatic floods, will produce event-
specific, unique natural otolith banding patterns. These patterns could then be used as markers which
would allow subsequent validation of both daily and annual ageing techniques, and future back-
calculations of birth dates of adults in which such event-specific marks can be located. A few cases in
which such unique, natural marks have proven valuable in management of commercial marine fisheries
have recently been reported (1993 Otolith Research and Applications Conference).

GENERAL SUGGESTIONS

As discussed above, otoliths are clearly indicated by preliminary work to have considerable potential for
humpback chub management applications in the Grand Canyon. It is hoped that this preliminary report
will provoke comments from the management community which will assist the author in determining what
future research pursuits are likely to provide the most useful contributions to those trying to make
informed management decisions.
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SUMMARY

Preliminary data obtained from otoliths of humpback chub from the Grand Canyon are provided. Age
estimates with near daily precision appear to be easily obtainable from young-of-the-year specimens while
in the Little Colorado River, yet the daily deposition of increment formation has yet to be rigorously
validated in the lab or in field experiments. The conclusion that they are daily, however, is supported by
evidence that hatch dates estimated from otoliths generally agree with field evidence of timing of
spawning activity. Reliable resolution and counting of daily increments from periods spent in the cold,
near constant-temperature waters of the mainstream Colorado River appears not to always be possible
with standard light microscopy techniques, but might be attainable with Scanning Electron Microscopy.

Otoliths of humpback chubs appear to provide reasonable estimates of yearly ages of adult specimens.
Up to about three years of age, length of the growing season can be estimated from daily increments
between annuli.

Highly preliminary data from small samples analyzed to date provide interesting insights into the biology
of humpback chub in the Grand Canyon. Growth rates in the mainstream Colorado River are strongly
indicated to be much lower than those attained in the LCR. Some specimens from the mainstream appear
to have spent several brief periods in waters much warmer than the mainstream, perhaps tributary
mouths. Indications of very abrupt changes in growth rates have been found in many specimens, and is
presumed likely to correspond to inter-habitat movements, such as passage from the LCR to mainstream
Colorado and returns to the LCR. Back-calculated hatching dates indicate considerable variation in timing
of reproduction among years, and relatively young ages of specimens taken far downstream of the LCR.

Very recent literature on temperature and salinity effects on elemental composition of otoliths indicate
that it is very likely that at least some elements can be found that would provide a unique mark for time
periods spent in the LCR or at least, non-mainstream Colorado River habitats. Though there is almost
no literature on concentrations of elements expected in freshwater fish otoliths, they can clearly be
expected to be near the detection capabilities of analytical equipment now commonly in use on the many
studies being published on marine species. New techniques are quickly becoming available and analyses
of micro-spatial distribution of elements across humpback chub otolith transects will be completed prior
to the completion of the final report from this study.
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APPENDIX 1

Tag numbers, capture locality and date, length, weigth and sex of specimens collected
and available for examination of otoliths but not yet analyzed.
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APPENDIX 1 - SPECIMENS AVAILABLE FROM WHICH OTOUITHS HAVE NOT YET BEEN EXAMINED

[TAG | TAG | TAG CAPTURE DATE SL T
No. | Type|coL. | RIVER LOCALITY CAPTURED | N | tmm) | (ma SEX
SPECIVIENS NOT YET ANALYZED
L ]
COLORADU RIVER MAINSTREAM
373 [cAR| OR | COL [COLORADO RIVER AT RM 64.6 412191 1| 4264 | 65.20
461 [cAR] YE | COL |COLORADO MAINSTEM; AM 85.3 L 1012080 [ 1 68.00
464 |car| vE | covL JocoLo. colb controL 42690 | 1 | 86.99 [100.04] 44
Is3e jcan| ve | coL JorcoLo. cotp conTroL 42600 | 1] 88.13 [113.14] 44
672 [caR| ve | coL o/coL0.coLD CONTROL 4/26/90 | 1| e8.34 a4
COL _[AGFD; REACH =MAIN e | 1
COL_|AGFD; REACH =MAIN 74 [ 1
COL_|AGFD; REACH =MAIN nam_ [ 1
COL_|AGFD; REACH =MAIN a1
COL_|AGFD; REACH=MAIN nam |1
COL_|AGFD; REACH =MAIN 1491 | 1
COL_|AGFD; REACH =MAIN a1
COL_[AGFD; REACH =MAIN nam_ 11
COL_|AGFD; REACH = MAIN mam | 1
COL_|AGFD; REACH =MAIN mam [ 1
COL_{AGFD; REACH =MAIN a1
COL_|AGFD; REACH =MAIN mam [
COL_|AGFD; REACH =MAIN 71491 | 1
COL_|AGFD; REACH = MAINSTREAM 78| 1
ITTLE COLORADO RIVEI
2 0 | 0 | LCR |LCR; 975 M ABOVE CONFLUENCE 6/23/68 | 1 330.00[ 289 | F
594 [cAR| YE [ Lcr JicR 6/6/89 1 131.00 | 22
450 [car| YE | LCR [LCR; 688 M ABOVE MOUTH 6/6/89 1 364.00] 413 | M
521 [CAR| vE | LcR icR 616/89 | 1
580 | CAR | OR | LCR [LCR; FOUR MILES ABOVE MOUTH 514/89 | 1
0314] Ft | YE | LCR |LCRMO; PARA TRAM 1 362.00] 377 | ™
201 | CAR| BL | LCR 0650/ SALT TRAIL CAMP 5/15/90 | 1 297.00 F
201 [car| BL | 1CR |9650/SALT TRAIL CAMP 5/16/60 | 1 243.00 M
215 [CAR| BL | LCR [9650/SALY TRAIL CAMP 6/16/90_ | 1 163.00 ™M
223 OR | LCR_[1200/ HOOP 4/20190 | 1 | 48.84 | e4.00
227 OR | tCR [110/SIDE CHANNEL AT MOUTH §/7/90 1 | 20.90 | 2688
229 OR | LCR |2400/ RUN RIFFLE 6/6/90 1] 19.83 | 24.98
231 OR | LCR |5432/SIPAPY 4/28/90_ | 1 | 77.62 | 97.35
2368 OR | LCR |BELOW FALLS 5/6/90 1 [ 19.21 | 2488
237 oRr | LCR |6432/ siPAPY 4/26/00 | 1 | e8.08 | ©6.69
239 OR | LCR |110/SIDE CHANNEL AT MOUTH 5/7/90 1] 2207 | 20.74
241 OR | LCR_|5432/ SIPAPU 4/26/90 | 1 [ 87.63 | 107.87
243 [CAR[ BL | LCR [9650/SALT TRAIL CAMP 6/16/00 | 1 243.00 v
244 OR | LCR [5432/ SIPAPY 426180 | 1 | 74.63 | 84.51
245 OR | LCR_|2400/ RUN RIFFLE 5/6/90 1] 18.08 | 22.70
246 OR | LCR |110/SIDE CHANNEL AT MOUTH 6/7/90 1 | 2142 | 2670
247 OR | LCR [110/SIDE CHANNEL AT MOUTH 5/2/90 1] 22.80 | 2031
249 | CAR| BL | LCR [9650/ SALT TRAIL CAMP 6/15/90 | 1 208.00 M
249 oR | tcrR [6432/ siPAPy 426/90_ | 1 | 78.68 | 96.27
256 | CAR| BL | LCR [9650/ SALT TRAIL CAMP 6/15/90 | 1 366.00 M
270 [CAR| BL | LCR 9650/ SALT TRAIL CAMP 515/90 | 1 246.00 ™M
271 OR | LCR |110/SIDE CHANNEL AT MOUTH 5/2/90 1| 22.82 | 29.14
276 OR | LCR |2400/ RUN RIFFLE 5/6/90 1 [ 26.468 | 34.02
282 OR | LCR_|5432/ SIPAPY 426/90 | 1 | 69.15 | 88.92
283 OR | LCR 200/ HOOP 42000 | 1| 8861 | 113.00
280 oR | LCR 5432/ siPAPU 4/26/90 |1 | 7078 | 87.61
201 [car| BL | LCR [9650/ SALT TRAIL CAMP 5116/90 | 1 361.00 M
207 OR | LCR [110/SIDE CHANNEL AT MOUTH 6/7/90 112410 [ 3142
208 [cAR| RE | LcR [180/NS D HOOP 5/1/80 1 25000 118 | F
316 oR | 1cR_|6432/51PAPY a/26/90 | 1 [ 84.62 | 106.20
320 oR | LCR [8ELO FALLS 5/6/90 1 [ 1e.89 | 2332
346 OR_| (CR_|110/SIDE CHANNEL AT MOUTH 5/7/90 1| 2131 | 2888
360 OR | LCR_|5432/ SiPAPY 426190 | 1 | 75.38 | 9386
384 OR | LCR |8432/ SIPAPY 426190 | 1 [ 74.65 | 95.00
|ses [car] or | wcR [LCARMO @ CONFLUENCE 426180 | 1 119.00 [
391 [car| Re | Lcr [1226/Ho0P 6/1/90 1 258.00] 142 | M
462 [cAR| YE | LCR |o/EXPERIMENTAL 426190 | 1 | 62,92
456 [CAR| YE | ICR [5432/sIPAPU 5/8/90 1| €3.37 [100.61
468 | CAR| YE | LCR |9650/ SALT TRAIL CAMP 61580 | 1 | 18.96 | 23.63 u
462 [ CAR| YE | LCR [O/EXPERIMENTAL 4/26/90 | 1 | 8362
464 YE | _LCR [5432/ SiPAPU 6/2/90 1 | 60.90 | 72.51
467 [CAR| YE | LCR_[6432/SIPAPY 5/8/90 1| 93.04 [118.99
471 [CAR| YE | LCR [9650/ SALT TRAIL CAMP 516/80 | 1 | 20.87 | 26.98
472 | CAR| YE | LCR_[0/COLO. COLD CONTROL 4/26/00 | 1 | 81.39 a4
475 [CAR| YE | LCR [9650/ SALT TRAIL CAMP 5/16/90 | 1 | 14.07 | 18.35
478 YE | LCR [6432/siPAPY 6/2/80 1] s4.66 | 110.02
477 YE | LCR |5432/ SIPAPU 4/26/90 | 1 | 64.55 | 69.73
481 YE_| LCR |6432/ sipAPY 6/2/80 1 | 80.86 [ 101.58
483 |CAR| YE | LCR_|9650/ SALY TRAIL CAMP 616/00 [ 1] 19.96 | 26.81
506 YE | LCR |5432/ SIPAPU 6/2/90 1] 8633 | 92.25
507 [CAR| YE | LCR |O/EXPERIMENTAL 4126/90 | 1 [ 74.89
508 [ CAR| YE | 1CR 9650/ SALT TRAIL CAMP 6115/00 | 1 | 26.80 | 35.62
515 YE | LCR_[5432/ SIPAPY 4/26/90 | 1 | 50.66 | e5.41
516 ve | icr [sa32/ sipapy a26:90 [ 1 ] 6807 | 7475
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APPENDIX 1 - SPECIMENS AVAILABLE FROM WHICH OTOLITHS HAVE NOT YET BEEN EXAMINED

[ TAG | TAG | TAG CAPTURE DATE SL
NO. ! TYPE | COL. | RIVER LOCAUTY CAPTURED | N (mm)
520 YE LCR [6432/ SIPAPY 4/26/90 1 77.43 | 97.00
623 YE LCR 5432/ SIPAPU 5/2/90 1 78.29 | 98.99
626 | CAR| YE LCR_|6432/ SIPAPY 5/5/90 1 90.94 | 119.14
628 | CAR| YE LCR_|O/EXPERIMENTAL 4/26/90 1 82.74
627 | CAR | YE LCR__|5432/ SIPAPU 5/8/80 1} 90.2% | 118.03
6528 | CAR | YE LCR 19650/ SALT TRAIL CAMP 6/15/00 1 27.62 | 3554
|530 YE LCR 16432/ SIPAPU 4/26/90 1 72.04 | 91.41
537 | CAR| YE LCR jONACR WARM CONTROL 4/26/90 1 73.08
630 | CAR | YE LtCR 10/22/90 1 29.40 | 37.40
640 | CAR | YE LCR |OACR WARM CONTROL 4/26/90 1| 63.80
641 | CAR| YE LCR [96850/ SALT TRAIL CAMP 5/15/90 1 22.06 | 29.29
642 | CAR| YE LCR_[9650/ SALT TRAIL CAMP 5/16/90 1 17.86 | 23.66
544 YE LCR 16432/ SIPAPU 4/26/80 1 68.26 | 76.26
546 YE LCR_|6432/ SIPAPU 4/26/90 1 60.42 | 75.07
551 YE LCR_ 5432/ SIPAPY 4/28/90 1 76.43 | 98.72
655 |CAR| YE LCR 9650/ SALT TRAIL CAMP $/16/80 1 19.66 | 26.35
566 YE LCR 6432/ SIPAPY 512180 1 67.66 | 82.81
668 [ CAR| YE LCR _|0/LCR WARM CONTROL 4/26/90 1 82.44
560 YE LCR [5432/ SIPAPU 4/268/90 1| 8285 | 102.52
562 YE LCR 16432/ SIPAPU 5/2/80 1 84.41 |106.84
565 | CAR | YE LCR_|1/4 MILE UP LCR 10/18/80 1 105.00
668 | CAR| YE LtCR_|LCR - 1/4 MI. UP 10/18/80 1 64.00
569 YE LCR |6432/ SIPAPY 4/26/90 1 78.70 | 99.70
671 |CAR| YE LCR |5432/ SIPAPU 6/8/90 1 83.82 [ 110.18
677 YE LCR 15432/ SIPAPU 6/2/90 1 82.48 | 103.30
679 | CAR| YE LCR 19650/ SALT TRAIL CAMP 6/15/90 1 26.368 | 34.34
582 | CAR| YE LCR [O/LCR WARM CONTROL 4/28/90 1 81.12
583 | CAR | YE LCR [6432/ SIPAPU 6/8/90 1 61.86 | 106.49
587 YE LCR 6432/ SIPAPU 6/2/90 1 74.79 | 93.91
589 | CAR | YE LCR [LCR; AT MOUTH 5/5/89 1 370.00| 366 { M
62 |CAR| BL LCR |90/ ANGLING 5/10/80 1 390.00 | 480 u
749 | CAR | YE LCA [LCR; AT MOUTH 6/9/89 1 175.00] 36
884 | CAR| OR LCR {LCR; SALT CANYON 5/11/89 1 319.00] 276 E
943 | CAR| OR LCR _|100/ HOOP 6/6/90 1 246.00 | 141 v
862 | CAR| OR LCR_|180/ NS D HOOP 5/9/90 1 20700} 174 | M
965 | CAR | OR LCR 180/ NS D HOOP 5/9/80 1 30200} 228 | M
976 | CAR| OR LCR_ |0/ PARA TRAM 4/20/90 1 3685.00 | 478 F
984 | CAR | OR LCR |0/ PARA TRAM 5/1/80 1 41600} 644 | M
966 | CAR| OR LCR 1100/ HOOP 6/8/90 1 22300 104 F
988 | CAR| OR LCR_1192/8S D HOOP 5/8/60 1 227.00 F
998 | CAR | OR LCR 15432/ SIPAPU 6/8/90 1 283.00] 65 F
NON LCR [200/ HOOP 4/20/90 1 113.00{ 10 u
NON LCR {1200/ HOOP 4/20/90 1 106.00| 11 u
NON LCR 11200/ HOOP 4/20/90 1 75.00 3 u
NON LCR 1192/SS D HOOP 4/21/90 1 123.00| 16 u
NON LCR 1180/ NS D HOOP 4/26/90 7
NON LCA _|5432/ SIPAPY 5/11/90 1 72.00 v
NON LCR 180/ NS D HOOP 5/12/80 1 $2.00 1]
NON LCR_ 113854/ HOOP 5/2/90 1 14200 20 u
LP2 LCR_ 18804/ HOOP 6/8/80 1 145.00 M
NON LCR 9650/ SALT TRAIL CAMP $/15/90 1 23.93 | 30.61
NON LCR 9650/ SALT TRAIL CAMP 6/16/90 1 25.70 | 34.6%
NON LCR_[9650/ SALT TRAIL CAMP 6/15/80 1 19.71 25.29
NON LCR_ 9650/ SALT TRAIL CAMP 6/15/80 1 25.23 | 34.17
NON LCR 19650/ SALT TRAIL CAMP 6/15/80 1 15.81 19.83
NON LCR {9650/ SALT TRAIL CAMP 5/15/80 1 16.26 | 21.22
NON LCR {9650/ SALT TRAIL CAMP 5/16/90 1 14.96 | 19.35
NON LCR_|9850/ SALT TRAIL CAMP 5/15/90 1 16.23 | 19.54
NON LCR 9650/ SALT TRAIL CAMP 5/15/80 1 10.06 | 24.46
NON LCR 19650/ SALT TRAIL CAMP $/16/90 1 1545 | 20.21
NON LCR 19650/ SALT TRAIL CAMP $/16/90 1 20.37 | 265.98
NON LCR_|9850/ SALT TRAIL CAMP 6/15/90 1 18.38 | 23.1%
NON LCR [9650/ SALT TRAIL CAMP 5/16/90 1 20.39 | 26.81
NON LCR 19650/ SALT TRAIL CAMP 6/16/90 1 17.26 | 2240
NON LCR {9650/ SALT TRAIL CAMP 6/16/90 1 19.30 | 2414
NON LCR |9650/ SALT TRAIL CAMP 5/16/90 1 21.01 27.87
NON LCR {9650/ SALT TRAIL CAMP 6/15/80 1 18.92 | 20.95
NON LCR {9650/ SALT TRAIL CAMP 6/15/90 1 16.62 | 20.19
NON LCR {9660/ SALT TRAIL CAMP 5/16/80 1 20.67 | 28.84
NON LCR _|9650/ SALT TRAIL CAMP 6/16/90 1 21.01 | 28.54
NON LCR 19850/ SALT TRAIL CAMP 6/16/80 1 16.04 | 17.86
NON LCR 19650/ SALT TRAIL CAMP $/16/90 1 16.96_| 20.23
NON LCR |380/ L SIDE MT 5/12/90 1 34.00 u
NON LCR_ 1380/ L SIDE MT 5/12/80 1 37.00 u
NON LCR (550/ R SIDE MY 5/12/90 1 32.00 Y]
NON LCR_ {560/ R SIDE MT 5/12/90 1 34.00 u
NON LCR _[550/ R SIDE MT 5/12/90 5
NON LCR {692/ L SIDE MT 5/12/90 1 31.00 u
NON LCR [5432/ SIPAPU 6/8/80 1 85.19 | 111.41
NON LCR 165432/ SIPAPY 5/8/90 1 81.32 | 103.96
NON LCR_|5432/ SIPAPY 5/8/90 1 74.38 | 97.70
NON LCR _|6432/ SIPAPU 5/8/90 1 93.57 | 116.61
NON LCR_ 5432/ SIPAPU 5/8/90 1 75.73 | 100.68
NON LCR 16432/ SIPAPU 6/8/90 1 71.46 | 95.11
NON LCR 16432/ SIPAPU 6/8/80 1 73.68 | 98.41
NON LCR_ {5432/ SIPAPU 5/8/90 1 78.42 | 106.38
NON LCR_ 5432/ SIPAPY 5/8/90 1 84.09 [ 10947
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APPENDIX 1 - SPECIMENS AVAILABLE FROM WHICH OTOLITHS HAVE NOT YET BEEN EXAMINED

TAG| TAG | TAG CAPTURE DATE SL T wT
MA TYPE| COL. | RIVER LOCALITY CAPTURED | N {mm) () ) | SEX

NON LCR 6432/ SIPAPU 6/8/90 1 68.66 | 90.72
NON LCR 16432/ SIPAPU 5/8/90 1
NON LCR |5432/ SIPAPU 5/6/90 1
NON LCR__|1200/ HOOP 6/11/90 1 113.00| 16 u
NON LCR |821/ HOOP 5/14/90 1 86.00 u
NO LCR |0/ PARA TRAM 4/20/90 1 36200377 | M
NO LCR [180/ NS D HOOP 6/12/90 1 U
NO LCR 100/ HOOP 4/23/90 1 363.00 [ 405 3
NO LCR {8904/ HOOP 6/6/80 1 87.00 13 u
LpP2 LCR |180/ NS D HOOP 5/3/90 1 160.00 | 27 1Y)

LCR_|AGFD; MILE 1800; LCR; RIGHT 37/30/81 1 72.00

LCR |AGFD; MILE 1800; LCR RIGHT 3/30/81 1 73.00

LCR _|AGFD; REACH 22; MILE 1800 3730/91 1 130.00

LCR JAGFD; MILE 1800; LCR; RIGHT 3730191 1 69.00

LCR JAGFD; REACH 22; MILE 1800 /2191 1 72.00

LCR |AGFD; REACH 22; MILE 1800 6/2/91 1 126.00{ 15

LCR _|AGFD; REACH 22; MILE 1920 813/81 1 136.00! 20

LCR |AGFD; REACH 22; MILE 1920 5/6/91 1 116.00| 83

LCR _|AGF EACH 22; MILE 1900M 6/13/91 1 76.00 38

LCR _|AGFD; REACH 22; MILE 2200 6/20/91 1 30.00

LCR _|AGFD; REACH 22; MILE 0900 6/21/91 1

LCR AGFD; REACH 22; MILE 1830 8/27/91 1

LCR_|AGFD; REACH 22; MILE 1854 8/27/01 1

LCR__JAGFD; REACH 22; MILE 1920 6/28/91 1

LCR {AGFD; REACH 22; MILE 10760 71191 1

LCR |AGFD; REACH 22; MILE 2500 7/6/91 1

LCR |AGFD; REACH 22; MILE 9870 6/14/91 1

LCR ]AGFD; REACH 22; MILE 7.0K 6/16/91 1

LCR_[AGFD; REACH 22; MILE 1850 6120191 1

LCR JAGFD; REACH 22; MILE 9400 8/23/191 1

LCR_[AGFD; REACH 22; MILE 1830 8/27/01 1

LCR |AGFD; REACH 22; MILE 1780 8/30/81 1

LCR [AGFD; MILE 22; REACH 1750 281 1

LCR_|AGFD; REACH 22; MILE 1855 7111/91 1

LCR _|AGFD; REACH 22; MILE 0010 nim 1

LCR_|AGFD; REACH 22; MILE 0010 7114/91 1

LCR_|AGFD; REACH 22; MILE 0010 71491 1

LCR _|AGFD; REACH 22; MILE 8970 enam 1

LCR_|AGFD; REACH 22; MILE 8970 ena/m 1

LCR |AGFD; REACH 22; MILE 9970 8/14/91 1

LCR jAGFD; REACH 22; MILE 7.0 K 6/16/91 1

LCR _|AGFD; REACH 22; MILE 1850 8/20/91 1

LCR |AGFD; REACH 22; MILE 98400 68/23/91 1

LCR IAGFD; REACH 22; MILE 8400 6/23/91 1

LCR JAGFD; REACH 22; MILE 9400 6723191 1

LCR !AGFD; REACH 22; MILE 8400 6/23/91 1

LCR |AGFD; REACH 22; MILE 1830 82791 1

LCR_|AGFD; REACH 22; MILE 1790 6/30/91 1

LCR_{AGFD; REACH 22; MILE 1790 6/30/91 1

LCR |AGFD; REACH 22; MILE 1790 8/30/91 1

LCR_|AGFD; REACH 22; MILE 1790 6/30/91 1

LCR |AGFD; MILE 22; REACH 17580 yirii:l) 1

LCR JAGFD; MILE 22; REACH 1760 712181 1

LCR _JAGFD; MILE 22; REACH 1750 717191 1

LCR [AGFD; MILE 22; REACH 1750 2/7191 1

LCR |AGFD; MILE 22; REACH 1750 217191 1

LCR |AGFD; MILE 22; REACH 1750 /719t 1

LCR {AGFD; MILE 22; REACH 1760 21181 1

LCR {AGFD; REACH 22; MILE 1855 yZaRYi)] 1

LCR_|AGFD; REACH 22; MILE 1855 7/11/91 1

LCR |AGFD; REACH 22; MILE 1855 7111791 1

LCR_JAGFD; REACH 22; MILE 1855 pZahtil] 1

LCR [AGFD; REACH 22; MILE 1855 7111191 1

LCR_[AGFD; REACH 22; MILE 1855 7/11/91 1

LCR _|AGFD; REACH 22; MILE 1855 mim 1

LCR_{AGFD; REACH 22; MILE 1855 711/91 1

LCR IAGFD, REACH 22; MILE 1855 mnimen 1

LCR_|AGFD; REACH 22; MILE 1855 21181 1

LCR jAGFD; REACH 22; MILE 1855 7111/91 1

LCR_[AGFD; REACH 22; MILE 0010 7711191 1

LCR [AGFD; REACH 22; MILE 0010 701191 1

LCR [AGFD; REACH 22; MILE 0010 mime 1

LCR [AGFD; REACH 22; MILE 0010 71191 1

LCR {AGFOD; REACH 22; MILE 0010 77111/01 1

LCR |AGFD; REACH 22; MILE 0010 7191 1

LCR |AGFD; REACH 22; MILE 0010 mue 1

LCR_|AGFD; REACH 22; MILE 0010 7/14/91 1

LCR_JAGFD; REACH 22: MILE 0010 7/14/81 1

25

February 5, 1993




Interim report - otoliths of humpback chub Dean A. Hendrickson February 5, 1993

BIBLIOGRAPHY

AGNALT, A. -L. 1989. Long-term changes in growth and age at maturity of mackerel, Scomber
scombrus L., from the North Sea. J. Fish Biol. 35 SA:305-312.

AL-HOSSAINI, M., Q. LIU AND T. J. PITCHER. 1989. Otolith microstructure indicating growth and
mortality among plaice, Pleuronectes platessa L., post-larval sub-cohorts. J. Fish Biol. 35
SA:81-90.

AL-HOSSAINI, M. AND T. J. PITCHER. 1988. The relation between daily rings body growth and
environmental factors in plaice Pleuronectes platessa L. juvenile otoliths. J. Fish Biol. 33:409-418.

ALEGRIA-HERNANDEZ, V. 1989. Study on the age and growth of Bogue (Boops boops (L.)) from
the central Adriatic Sea. Cybium 13(3):281-288.

AMIEL, A.J., G. M. FRIEDMAN AND D. S. MILLER. 1973. Distribution and nature of incorporation
of trace elements in modern aragonitic corals. Sedimentology 20:47-64.

ARKHIPKIN, A. 1. 1988. A COMPARATIVE ANALYSIS OF SUBANNUAL GROWTH ZONES IN
SQUID STATOLITHS AND FISH OTOLITHS. BIOL. NAUKI. (MOSC. ) 5-16.

BAGENAL, T. B. 1974. The Ageing of Fish. Proceedings of an International Symposium. Unwin
Brothers, Ltd., The Gresham Press, Old Woking, Surrey, England.

BAILEY, K. M. AND C. L. STEHR. 1988. The effects of feeding periodicity and ration on the rates
of increment formation in otoliths of larval walleye pollock Theragra chalcogramme (Pallas). J.
Exp. Mar. Biol. Ecol. 122(2):147-162.

BALUK, W. AND A. RADWANSKI. 1984. NEW DATA ON THE KORYTNICA BASIN ITS
ORGANIC COMMUNITIES AND ECOLOGICAL RELATIONSHIPS BETWEEN SPECIES
MIDDLE MIOCENE HOLY-CROSS MOUNTAINS CENTRAL POLAND. ACTA GEOL. POL.
34:1985).

BARKMAN, R. C. AND D. A. BENGSTON. 1987. THE RECORD OF DAILY GROWTH IN
OTOLITHS OF ATLANTIC SILVERSIDES MENIDIA-MENIDIA FROM FIELD AND
LABORATORY. J. Fish Biol. 31:683-696.

BEAMISH, R. J. AND D. A. FOURNIER. 1981. A method for comparing the precision of a set of age
determinations. Can. J. Fish. Aquat. Sci. 38:982-983.

BENGTSSON, B. -E. AND A. LARSSON. 1986. VERTEBRAL DEFORMITIES AND
PHYSIOLOGICAL EFFECTS IN FOURHORN SCULPIN MYOXOCEPHALUS-QUADRICORNIS
AFTER LONG-TERM EXPOSURE TO A SIMULATED HEAVY METAL-CONTAINING
EFFLUENT. AQUAT. TOXICOL. (AMST. ) 9:1987).

BERMAN, M. C. AND S. B. KING. 1990. Stoichiometries of calcium and strontium transport coupled
to ATP and acetyl phosphate hydrolysis by skeletal sarcoplasmic reticulum. Biochim. Biophys. Acta
1029:235-240.

BIRD, J. L., D. T. EPPLER AND M. J. CHECKLEY D. 1986. COMPARISONS OF HERRING

OTOLITHS USING FOURIER SERIES SHAPE ANALYSIS. Can. J. Fish. Aquat. Sci.
43:1228-1234.

26




Interim report - otoliths of humpback chub Dean A. Hendrickson February 5, 1993

BOEHLERT, G. W., M. M. YOKLAVICH AND D. B. CHELTON. 1989. Time series of growth in
the genus Sebastes form the Northeast Pacific Ocean. Fish. Bull. ,U. S. 8§7(4):791-806.

BOEHLERT, G. W. AND R. F. KAPPENMAN. 1980. VARIATION OF GROWTH AND LATITUDE
IN 2 SPECIES OF ROCKFISH SEBASTES-PINNIGER AND SEBASTES-DIPLOPROA FROM
NORTHEAST PACIFIC OCEAN. Mar. Ecol. Prog. Ser. 3:1981).

BOLZ, G. R. AND R. G. LOUGH. 1988. GROWTH THROUGH THE FIRST SIX MONTHS OF
ATLANTIC COD GADUS-MORHUA AND HADDOCK MELANOGRAMMUS-AEGLEFINUS
BASED ON DAILY OTOLITH INCREMENTS. Fish. Bull. ,U. S. 86:223-236.

BROTHERS, E. B. 1987. Methodological approaches to the examination of otoliths in aging studies, p.
319-330. In: The Age and Growth of Fish. R. C. Summerfelt and G. E. Hall (eds.). The Iowa State
University Press, Ames,lowa 50010.

BROTHERS, E. B. 1990. Otolith marking. Amer. Fish. Soc. Symp. 7:183-202.

BROTHERS, E. B. AND C. JONES. 1987. Validation of the otolith increment aging technique for
striped bass, Morone saxatilis, larvae reared under suboptimal feeding conditions. Fish. Bull. ,U.
S. 85(2):171-178.

BRZOBOHATY, R. 1990. THE LOWER MIOCENE OTOLITH FAUNA OF MAIGEN NEAR
EGGENBURG LOWER AUSTRIA. No Journal Found

CAMPANA, S. E. 1983. Calcium deposition and otolith check ring formation during periods of stress
in coho salmon, Oncorhynchus kisutch. Comp. Biochem. Physiol. 75:215-220.

CAMPANA, S. E. 1989. OTOLITH MICROSTRUCTURE OF THREE LARVAL GADIDS IN THE
GULF OF MAINE ATLANTIC OCEAN WITH INFERENCES ON EARLY LIFE HISTORY.
Can. J. Zool. 67:1401-1410.

CAMPANA, S. E. 1990. How reliable are growth back-calculations based on otoliths? Can. J. Fish.
Aquat. Sci. 47:2219-2227.

CAMPANA, S. E., K. C. T. ZWANENBURG AND J. N. SMITH. 1990. 210 PB/226 Ra determination
of longevity in redfish. Can. J. Fish. Aquat. Sci. 47:163-165.

CAMPANA, S. E. AND P. C. F. HURLEY. 1989. AN AGE AND TEMPERATURE-MEDIATED
GROWTH MODEL FOR COD GADUS-MORHUA AND HADDOCK
MELANOGRAMMUS-AEGLEFINUS LARVAE IN THE GULF OF MAINE USA CANADA.
Can. J. Fish. Aquat. Sci. 46:603-613.

CAMPANA, S. E. AND E. MOKSNESS. 1991. Accuracy and precision of age and hatch date estimates
from otolith microstructure examination. Ices. J. Sci. 48(3):303-316.

CAMPANA, S. E. AND J. A. NEILSON. 1985. Microstructure of fish otoliths. Can. J. Fish. Aquat.
Sci. 42:1014-1032.

CASSELMAN, J. M. 1991. Growth and relative size of calcified structures of fish. Trans. Am. Fish.
Soc.

27




Interim report - otoliths of humpback chub Dean A. Hendrickson February S, 1993

CASTONGUAY, M., P. SIMARD AND P. GAGNON. 1991. Usefulness of fourier analysis of otolith
shape for Atlantic mackerel (Scomber scombrus) stock discrimination. Can. J. Fish. Aquat. Sci.
48(2):296-302.

CHILDRESS, J. J., S. M. TAYLOR, G. M. CAILLIET AND M. H. PRICE. 1980. PATTERNS OF
GROWTH ENERGY UTILIZATION AND REPRODUCTION IN SOME MESO PELAGIC AND
BATHY PELAGIC FISHES OFF SOUTHERN CALIFORNIA USA. Mar. Biol. 61:1981).

CHIVAS, A. R., P. DE DECKKER AND J. M. G. SHELLEY. 1985. Strontium content of ostracods
indicates lacustrine paleosalinity. Nature 316:251-253.

CICILYKUTTY, A. K., N. K. BALASUBRAMANIAN AND P. A. JOHN. 1981. THE INFLUENCE
OF PHYSICAL CONDITIONS SALT CONTENT OF THE FLESH OF FISH ON THE
INTENSITY OF INFESTATION BY ADULT MITE SUIDASIA-MEDANENSIS. ACAROLOGIA.
(PARIS. ) 22:1982).

COGGAN, R., K. SKORA, A. MURRAY AND M. WHITE. 1990. A comparison between age
determination of the antarctic fish Notothenia gibberifrons Lonnberg using scales and otoliths.
Cybium 14(1):43-55.

CRAWFORD, S., W. S. COLEMAN AND W. F. PORAK. 1989. Time of annulus formation in otoliths
of Florida largemouth bass. N. Amer. J. Fish. Mgmt. 9:231-233.

DAWSON, W. A. 1991. Otolith measurement as a method of identifying factors affecting 1st-year
growth and stock separation of mackerel (Scomber scombrus L). J. Conseil. 47(3):303-317.

DEGENS, E. T., W. G. DEUSER AND R. L. HAEDRICH. 1969. Molecular structure and composition
of fish otoliths. Mar. Biol. 2:105-113.

DEVEREUX, I. 1967. Temperature measurements from oxygen isotope ratios of fish otoliths. Science
155:1684-1685.

DOMANEVSKII, L. N. AND A. I. GALAKTIONOVA. 1989. MORPHOECOLOGICAL
CHARACTERISTICS OF THE SCAD TRACHURUS- TRECAE FROM THE EASTERN
CENTRAL ATLANTIC. VOPR. IKHTIOL. 29:209-216.

DOUABUL, A. A. Z., H. T. AL-SAAD, S. Z. AL-OBAIDY AND H. N. AL-REKABI. 1987.
RESIDUES OF ORGANOCHLORINE PESTICIDES IN FISH FROM THE ARABIAN GULF.
Water,Air,and Soil Pollution 35:187-194.

DUNKELBERGER, D. G., J. M. DEAN AND N. WATABE. 1980. The ultrastructure of the otolith
membrane and otolith in the juvenile mummichog, Fundus heteroclitus. J. Morphol. 163:367-377.

ECKERT, R. AND D. RANDALL. 1978. Animal physiology. W.H. Freeman, San Francisco.

ECKMANN, R. AND P. REY. 1987. Daily increments on the otoliths of larval and juvenile Coregonus
spp. and their modification by environmental factors. Hydrobiologia 148(2):137-144.

EDMONDS, J. S., M. J. MORAN, N. CAPUTI AND M. MORITA. 1989. Trace element analysis of
fish sagittae as an aid to stock identification pink snapper Chrysophrys auratus in Western Australian
waters. Can. J. Fish. Aquat. Sci. 46:50-54.

28




Interim report - otoliths of humpback chub Dean A. Headrickson February 5, 1993

FANGE, R. 1982. EXOGENOUS OTOLITHS OF ELASMOBRANCHS. J. MAR. BIOL. ASSOC. U.
K. 62:225-226.

FENTON, G. E., D. A. RITZ AND S. A. SHORT. 1990. °Pb/?Ra disequilibrium in otoliths of blue
grenadier, Macruronus novaez Chanidae; problems associated with radiometric ageing. Australian
Journal of Marine and Freshwater Research 41(4):467-473.

FINE, M. L., M. H. HORN AND B. COX. 1987. ACANTHONUS-ARMATUS A DEEP-SEA
TELEOST FISH WITH A MINUTE BRAIN AND LARGE EARS. Proc. R. Soc. Lond. B. Biol.
Sci. 230:257-265.

FITCH, J. E. 1966. Additional fish remains, mostly otoliths, from a Pleistocene deposit at Playa del Rey,
California. Contributions in Science,Natural History Museum,Los Angeles County,California
119:1-16.

FITCH, J. E. 1967. The marine fish fauna, based primarily on Otoliths, of a lower Pleistocene deposit
at San Pedro, California (LACMIP 332, San Pedro Sand). Contributions in Science, Natural History
Museum,Los Angeles County,California 128:1-23.

FITCH, J. E. 1968. Otoliths and other fish remains from the Timms Point silt (Early Pleistocene) at San
Pedro, California. Contributions in Science,Natural History Museum,Los Angeles County, California
146:1-29.

FLETCHER, W. J. 1991. A test of the relationship between otolith weight and age for the Pilchard
sardinops neopilchardus. Can. J. Fish. Aquat. Sci. 48(1):35-38.

FORTIER, L. AND J. A. GAGNE. 1990. Larval herring (Clupea harengus) dispersion, growth, and
survival in the St. Lawrence estuary - Match mismatch or membership vagrancy. Can. J. Fish.
Aquat. Sci. 47(10):1898-1912.

FOWLER, A. J. 1990. Validation of annual growth increments in the otoliths of a small, tropical coral
reef fish. Mar. Ecol. Prog. Ser. 64(1-2):25-38.

FRITZ, P. AND S. POPLAWSKI. 1974. ®*0Q and *C in the shells of freshwater molluscs and their
environments. Earth and Planetary Science Letters 24:91-98.

GAEMERS P, A. M. AND T. O. VORREN. 1985. OTOLITH STRATIGRAPHY OF LATE
WEICHSELIAN AND HOLOCENE SEDIMENTS OF MALANGSDJUPET OFF NORTHERN
NORWAY. NOR. GEOL. TIDSSKR. 65:1986).

GAULDIE, R. W., E. J. GRAYNOTH AND J. ILLINGWORTH. 1980. The relationship of the iron
content of some fish otoliths to temperature. Comp. Biochem. Physiol. Pt. A 66:19-24.

GAULDIE, R. W. 1986. Vaterite otoliths from chinook salmon (Oncorhynchus tshawytscha). New
Zealand Journal of Marine and Freshwater Research 20:209-217.

GAULDIE, R. W., D. A. FOURNIER AND D. E. DUNLOP. 1986. Atomic emission and protom
microprobe studies on the ion content of otoliths of chinook salmon aimed at recovering the
temperature life history of individuals. Comp. Biochem. Physiol. Pt. A 84:607-615.

GAULDIE, R. W. 1987. The fine structure of check rings in the otolith of the New Zealand orange

roughy (Hoplostethus atlanticus). New Zealand Journal of Marine and Freshwater Research
21:267-274.(Abstract)

29




Interim report - otoliths of humpback chub Dean A. Hendrickson February S, 1993

GAULDIE, R. W. 1988a. Form, function and time-keeping properties of otoliths. Comp. Biochem.
Physiol. 91:395-402.(Abstract)

GAULDIE, R. W. 1988b. Similarities in fine structure of annual, and non-annual, check rings in the
otolith of the New Zealand snapper (Chrysophrys auratus). N. Z. J. Mar. Freshw. Res. 20:209-217.

GAULDIE, R. W., D. A. FOURNIER AND D. E. DUNLOP. 1988. The effect of surface sculpturing
on the interpretation of opaque and hyaline zones in the orange roughy otolith. J. Appl. Ichthyol.
4:140-146.

GAULDIE, R. W. 1990a. How often in the von Bertalanffy-type length-at-age curve in fishes related to
weight change artefacts interpreted as age rings in otoliths? Comp. Biochem. Physiol. Pt. A
96(4):451-458.

GAULDIE, R. W. 1990b. Phase differences between check ring locations in the orange roughy otolith
(Hoplostethus atlanticus). Can. J. Fish. Aquat. Sci. 47(4):760-765.

GAULDIE, R. W. 1991. The morphology and periodic structures of the otolith of the chinook salmon
(Oncorhynchus tshawytscha), and temperature -dependent variation in otolith microscopic growth
increment width. Acta Zoologica 72(3):159-179.

GAULDIE, R. W. 1992. Age and growth of orange roughy Hoplostethus atlanticus. Reconstruction of
the growth history of the orange roughy otolith from microincrements and checks. J. Appl. Ichthyol.
(In Press)

GAULDIE, R. W., N. M. DAVIES AND I. F. WEST. 1992a. Variation in length-at-age over time and
space of the orange roughy Hoplostethus atlanticus. J. Appl. Ichthyol. (In Press)

GAULDIE, R. W., G. RAINA AND D. G. A. NELSON. 1992b. Atomic force and transmission eletron
microscopy of the mineral and matrix structure of fish otolith crystals. In Press (In Press)

GAULDIE, R. W., L. F. WEST AND G. COOTE. 1992c. Evaluating age estimation of Hoplostethus
atlanticus by comparing patterns of checks and microscopic growth increments with annual cycles
in the strontium composition of the otolith.

GAULDIE, R. W. AND A. NATHAN. 1977. Iron content of the otoliths of tarakihi (Teleostei:
Cheilodactylidae). New Zealand Journal of Marine and Freshwater Research 11:179-191.

GAULDIE, R. W. AND D. G. A. NELSON. 1988. Aragonite twinning and neuroprotein secretion are
the cause of daily growth rings in fish otoliths. Comp. Biochem. Physiol. 90:501-510.

GAULDIE, R. W. AND D. G. A. NELSON. 1990. Mechanisms of otolith growth in fishes. Comp.
Biochem. Physiol. in press:

GAULDIE, R. W. AND R. L. RADTKE. 1990. Microincrementation: facultative and obligatory
percipitation of otolith crystal. Comp. Biochem. Physiol. 97(A):137-144.

GEFFEN, J. A. 1987. Methods of validating daily increment deposition in otoliths of larval fish, p.

223-240. In: The Age and Growth of Fish. R. C. Summerfelt and G. E. Hall (eds.). The Iowa State
University Press, Ames,Jowa 50010.

30




Interim report - otoliths of bumpback chub Dean A. Hendrickson February 5, 1993

GJOSAETER, H. AND H. LOENG. 1987. GROWTH OF THE BARENTS SEA CAPELIN
MALLOTUS-VILLOSUS IN RELATION TO CLIMATE. Environ. Biol. Fishes 20:293-300.

GJOSAETER, J. AND K. LONNHAUG. 1990. Back-calculation of growth from broken cod otoliths.
Fish. Res. 9(3):283-286.

GRADY, J. R., A. G. JOHNSON AND M. SANDERS. 1990. Heavy metal content in otoliths of king
mackerel (Scomberomorus cavalla) in relation to body length and age. Contrib. Mar. Sci. 31:17-24.

GRAHAM, R.J. AND D. J. ORTH. 1987. Otolith aging of young-of-year smallmouth bass, p. 483-492.
In: Age and Growth of Fish. R. C. Summerfelt and G. E. Hall (eds.). Iowa State University Press,
Ames, Iowa.

GRAYNOTH, E. 1987. GROWTH OF LANDLOCKED SOCKEYE SALMON
ONCORHYNCHUS-NERKA IN NEW ZEALAND. New Zealand Journal of Marine and
Freshwater Research 21:15-30.

GREEN, G. H., J. D. NEILSON AND M. BRADFORD. 1985. Effects of pH on the early development
and growth and otolith microstructure of chinook salmon, Oncorhynchus tshawytscha. Can. J. Zool.
63:22-27.

GREENBERG, L. A. AND E. B. BROTHERS. 1991a. Intrastream variation in growth rates and time
of first otolith increment formation for young of the year Etheostoma simoterum (Cope)
(Perciformes: Percidae). J. Fish Biol. 38(2):237-242.

GREENBERG, L. A. AND E. B. BROTHERS. 1991b. Intrastream variation in growth rates and time
of first otolith increment formation for young of the year Etheostoma simoterum (Cope)
(Perciformes: Percidae). J. Fish Biol. 38(2):237-242.

HALLAM, A. AND N. B. PRICE. 1968. Environmental and biochemical control of strontium in shells
of Cardium edule. Geochim. Cosmochim. Acta 32:319-328.

HARO, A.J. AND W. H. KRUEGER. 1991. Pigmentation, otolith rings, and upstream migration of
juvenile American eels (Anguilla rostrata) in a coastal Rhode Island streams. Can. J. Zool.
69(3):812-814.

HARTVICH, P. AND J. KUBECKA. 1989. Evaluation of fish growth by the method of increment
differences. Zivocisna Vyroba 34(10):917-924.

HENDRICK, E. S. 1978. .
HILL, K. T., G. M. CAILLIET AND R. L. RADTKE. 1989. A comparative analysis of growth zones
in four calcified structures of Pacific blue marlin, Makaira nigricans. Fish. Bull. ,U. S.

87(4):829-844.

HILL, K. T. AND R. L. RADTKE. 1988. GERONTOLOGICAL STUDIES OF THE DAMSELFISH
DASCYLLUS-ALBISELLA. Bull. Mar. Sci. 42:424-434.

HOGLER, S. R. AND S. E. BELANGER. 1982. THE USE OF VARIOUS FISH AGING
METHODOLOGIES. Ohio Journal of Science 82:4.

31




Interim report - otoliths of humpback chub Dean A. Hendrickson February 5, 1993

HOVENKAMP, F. 1990. Growth differences in larval plaice Pleuronectes platessa in the Southern Bight
of the North Sea as indicated by otolith increments and RNA/DNA ratios. Mar. Ecol. Prog. Ser.
58(3):205-215.

HOVENKAMP, F. AND J. I. WITTE. 1991. Growth, otolith growth and RNA/DNA ratios of larval
plaice Pleuronectes platessa in the North Sea 1987 to 1989. Mar. Ecol. Prog. Ser. 70(2):105-116.

HOVENKAMP, F. AND J. IJ. WITTE. 1991. Growth, otolith growth and RNA/DNA ratios for larval
plaice Pleuronectes platessa in the North Sea 1987 to 1989. Mar. Ecol. Prog. Ser. 70:105-116.

ICHII, T. AND Y. MUGIYA. 1983. COMPARATIVE ASPECTS OF CALCIUM DYNAMICS IN
CALCIFIED TISSUES IN THE GOLDFISH CARASSIUS-AURATUS. BULL. JPN. SOC. SCI.
FISH. 49:1039-1044.

ISELY, J. J. AND R. L. NOBLE. 1987. Use of daily otolith rings to interpret development of length
distributions of young largemouth bass, p. 475-482. In: Age and Growth of Fish. R. C. Summerfelt
and G. E. Hall (eds.). Iowa State University Press, Ames, Iowa.

ISHII, T., K. INOUE, M. TAKAYAMA AND S. ITO. 1986. DISTRIBUTION OF MELANOCYTES
AND CHEMICAL ANALYSIS OF MELANIN IN LABYRINTH. PRACT. OTOL. KYOTO. 8).

JEARLD, A.,JR. 1983. Age determination, p. 301-324. In: Fisheries Techniques. L. A. Nielsen, D. L.
Johnson and S. S. Lampton (eds.). American Fisheries Society, Bethesda, Maryland.

JENKINS, G. P. ANDT. L. O. DAVIS. 1990. Age, growth rate, and growth trajectory determined from
otolith microstructure of southern bluefin tuna Thunnus maccoyii larvae. Mar. Ecol. Prog. Ser.
63(1):93-104.

KALISH, J. M. 1989. Otolith microchemistry: validation of the effects of physiology, age and
environment on otolith composition. J. Exp. Mar. Biol. Ecol. 132(3):151-178.

KALISH, J. M. 1990. Use of otolith microchemisty to distinguish the progeny of sympatric anadramous
and non-anadromous salmonids. Fish. Bull. ,U. S. 88:657-666.

KALISH, J. M. 1991. Determinants of otolith chemistry - Seasonal variation in the composition of blood
plasma, endolymph and otoliths of bearded rock cod Pseudophycis barbatus. Mar. Ecol. Prog. Ser.
74:137-159.

KARAKIRI, M., R. BERGHAHN AND H. VON WESTERNHAGEN. 1989. Growth differences in
O-group plaice Pleuronectes platessa as revealed by otolith microstructure analysis. Mar. Ecol.
Prog. Ser. 55(1):15-22.

KARAKIRI, M. AND H. VON WESTERNHAGEN. 1988. Apparatus for grinding otoliths of larval and
Jjuvenile fish for microstructure analysis. Mar. Ecol. Prog. Ser. 49(1-2):195-198.

KEITH, M. L., G. M. ANDERSON AND R. EICHLER. 1964. Carbon and oxygen isotopic composition
of mollusk shells from marine and fresh-water environments. Geochim. Cosmochim. Acta
28:1757-1786.

KHAN, K. M. AND D. G. DRESCHER. 1990. Proteins of the gelatinous layer of the trout saccular
otolithic membrane. Hear. Res. 43(2-3):149-158.

32




Interim report - otoliths of humpback chub Dean A. Hendrickson February S, 1993

KIESER, R. AND T. J. MULLIGAN. 1976. X-ray flourescence spectroscopy as a tool for fish stock
discrimination. Advances in X-ray Analysis 19:487-495.

KINSMAN, D. F. AND H. D. HOLLAND. 1969. The coprecipitations of cations of CaCO3, IV. The
coprecipitation of Sr2+ with aragonite between 16C and 96C. Geochim. Cosmochim. Acta 33:1-17.

KLINK, A. AND R. ECKMAN. 1992. Limits for the detection of daily otolith increments in whitefish
(Coregonus lavaretus 1) larvae. Hydrobiologia 231(2):99-106.

KRUSE, G. H. AND E. L. DALLEY. 1990. Length changes in capelin, Mallotus villosus (Muller),
larvae due to preservation in formalin and anhydrous alcohol. J. Fish Biol. 36(4):619-622.

LECOMTEFINIGER, R. AND A. YAHYAOUL. 1990. Otolith microstructure analysis in the knowledge
of the early life history of the european eel, Anguilla anguilla. Int. Revue ges. Hydrobiol.
5(6):861-862.

LINKOWSKI, T. B., R. L. RADTKE AND P. H. LENZ. 1991. Otolith microstructure, age and growth
of two species of Ceratoscopelus (Osteichthyes: Myctophidae) from the eastern North Atlantic. J.
Exp. Mar. Biol. Ecol. (In Press)

LOMBARTE, A. 1992. Changes in otolith area - Sensory area ratio with body size and depth. Environ.
Biol. Fishes 33(4):405-418.

LORENS, R. B. 1981. Sr, Cd, Mn, and Co distribution coefficients in calcite as a function of calcite
precipitation rate. Geochim. Cosmochim. Acta 45:553-561.

LOUBENS, G. AND J. SARMIENTO. 1985. OBSERVATIONS ABOUT THE FISHES IN THE
BOLIVIANZONE OF LAKE TITICACA I ORESTIAS-AGASSIIPISCES CYPRINODONTIDAE.
REV. HYDROBIOL. TROP. 18:159-170.

LOVE, R. M. 1980. The chemical biology of fishes. Academic Press,

MACEINA, M. J. AND B. R. MURPHY. 1989. Differences in otolith morphology among the two
subspecies of largemouth bass and their F1 hybrid. Trans. Am. Fish. Soc. 118(5):573-575.

MACEINA, MJ. AND B. R. MURPHY. 1989. Differences in otolith morphology among the two
subspecies of largemouth bass and their F, Hybrid. Trans. Am. Fish. Soc. 118:573-575.

MAILLET, G. L. AND D. M. CHECKLEY. 1990. Effects of starvation on the frequency of formation
and width of growth increments in Sagittae of laboratory-reared Atlantic Menhaden Brevoortia
tyrannus larvae. Fish. Bull. ,U. S. 88(1):155-166.

MAISEY, J. G. 1987. Notes on the structure and phylogeny of vertebrate otoliths. Copeia
1987(2):495-498.

MAISSE, G. AND J. L. BAGLINIERE. 1990. Limits of method of discrimination between seawater and
freshwater origins of trout (Salmo trurta L.) using the scale strontium level. Bull. Fr. Peche Piscic.
(316):24-27.

MALAN, A., T. L. WILSON AND R. B. REEVES. 1976. Intracellular pH in cold-blooded vertabrates
as a function of body temperature. Resp. Physiol. 28:29-47.

33




Interim report - otoliths of humpback chub Dean A. Hendrickson February S, 1993

MANN, S., S. B. PARKER, M. D. ROSS, A. J. SKARNULIS ANDR. J. P. WILLIAMS. 1983. THE
ULTRASTRUCTURE OF THE CALCIUM CARBONATE BALANCE ORGANS OF THE INNER
EAR AN ULTRA HIGH RESOLUTION ELECTRON MICROSCOPY STUDY. Proc. R. Soc.
Lond. B. Biol. Sci. 218:415-424,

MANN, S. 1989. Crystallochemical strategies in biomineralization, p. 35-62. In: Biomineralization. S.
Mann, J. Webb and R. J. P. Williams (eds.). VCH Publishers, Weinheim.

MATSUI, S., S. -I. TOMISHIGE AND H. TSUKAHARA. 1986. ECOLOGICAL STUDIES ON THE
ENGRAULID FISH COILIA-NASUS I. PRELIMINARY REPORT ON THE ECOLOGY OF THE
ASCENDING POPULATION. SCI. BULL. FAC. AGRIC. KYUSHU. UNIV. 40:221-228.

MATSUMIYA, Y., H. MASUMOTO AND M. TANAKA. 1985. ECOLOGY OF ASCENDING
LARVAL AND EARLY JUVENILE JAPANESE SEA BASS LATEOLABRAX-JAPONICUS IN
THE CHIKUGO ESTUARY JAPAN. BULL. JPN. SOC. SCI. FISH. 51:1986).

MAY, H. M. A. AND G. P. JENKINS. 1992. Patterns of settlement and growth of juvenile flounder
Rhombosolea tapirina determined from otolith microstructure. Mar. Ecol. Prog. Ser. 79(3):203-214.

MCCARTHY, M. S. 1986. Vaterite as the crystalline structure of otoliths of the catostomid fish
Xyrauchen texanus (Abbott). Unpublished Paper 1-2.

MCCARTHY, M. S. AND W. L. MINCKLEY. 1987. Age estimation for razorback sucker (Pisces:
Catostomidae) from Lake Mohave, Arizona and Nevada. J. Ariz. Nev. Acad. Sci. 21:87-97.

MCCONNAUGHEY, T. 1989a. *C and *C isotopic disequilibrium in biological carbonates: I. Patterns.
Geochim. Cosmochim. Acta 53:151-162.

MCCONNAUGHEY, T. 1989b. C and 'O isotopic disequilibrium in biological carbonates: II. In vitro
simulation of kinetic isotope effects. Geochim. Cosmochim. Acta 53:163-171.

MCFARLANE, G. A. AND R. J. BEAMISH. 1990. Effect of an external tag on growth of sablefish
(Anoplopoma fimbria), and consequences to mortality and age at maturity. Can. J. Fish. Aquat. Sci.
47(8):1551-1557.

MEDLAND, T. E. AND F. W. H. BEAMISH. 1991. Lamprey statolith banding patterns in response
to temperature, photoperiod, and ontogeny. Trans. Am. Fish. Soc. 120(2):255-260.

METCALFE, N. B, P. J. WRIGHT AND J. E. THORPE. 1992. Relationships between social status,
otolith size at 1st feeding and subsequent growth in Atlantic salmon (Salmo salar). J. Anim. Ecol.
61(3):585-590.

MEUNIER, F. J. AND M. PASCAL. 1980. SOME COMPARATIVE DATA ON THE CYCLICAL
GROWTH OF SKELETAL TISSUES IN OSTEICHTHYANS. BULL. SOC. ZOOL. FR.
105:337-342.

MILLS, C. A. 1987. THE LIFE HISTORY OF THE MINNOW PHOXINUS-PHOXINUS L. IN A
PRODUCTIVE STREAM. Freshw. Biol. 17:53-68.

MOKSNESS, E. AND V. WESPESTAD. 1989. Ageing and back-calculating growth rates of Pacific
herring, Clupa pallasii, larvae by reading daily otolith increments. Fish. Bull. ,U. S. 87(3):509-514.

34




Interim report - otoliths of humpback chub Dean A. Hendrickson February 5, 1993

MOLONY, B. W. AND J. H. CHOAT. 1990. Otolith increment widths and somatic growth rate - The
presence of a time- lag. J. Fish Biol. 37(4):541-552.

MORALES, N. B. 1986a. CHEMICAL COMPOSITION OF THE OTOLITHS OF THE SEA BASS
DICENTRARCHUS- LABRAX PISCES SERRANIDAE. Cybium 10:115-120.

MORALES, N. B. 1986b. Chemical composition of th otoliths of the Sea-bass (Dicentrarchus labrax
Linnaeus, 1758) (Pisces, Serranidae). Cybium 10(2):105-114.

MORALES-NIN, B. AND J. M. FORTUNO. 1990. Mercury body burden and otolith characteristics of
bluefin tuna from the North West Mediterranean (Balearic Sea). Scientia Marina 54(3):277-285.

MORALES-NIN, B. Y. O. 1986. STRUCTURE AND COMPOSITION OF OTOLITHS OF CAPE
HAKE MERLUCCIUS-CAPENSIS. S. AFR. J. MAR. SCI. 3-10.

MORKERT, S. B. AND R. A. BERGSTEDT. 1990. Shrinkage of sea lamprey larvae preserved in
formalin. N. Amer. J. Fish. Mgmt. 10(4):484-486.

MORRIS, M. R. AND M. J. RYAN. 1990. Age at sexual maturity of male Xiphophorus nigrensis in
nature. Copeia 1990(3):747-750.

MORSE, J. W. AND F. T. MACKENZIE. 1990. Geochemistry of sedimentary carbonates. Elsevier.

MOSEGAARD, H., H. SVEDANG AND K. TABERMAN. 1988. Uncoupling of somatic and otolith
growth rates in arctic char (Salvelinus alpinus) as an effect of differences in temperature response.
Can. J. Fish. Aquat. Sci. 45:1514-1524.

MUCCI, A. 1987. Influence of temperature on the composition of magnesian calcite overgrowths
precipitated from seawater. Geochim. Cosmochim. Acta 51:1977-1984.

MUGIYA, Y., N. WATABE, J. YAMADA, J. M. DEAN, D. G. DUNKELBERGER AND M.
SHIMIZU. 1981. Diurnal thythm in otolith formation in the goldfish Carassius auratus. Comp.
Biochem. Physiol. Pt. A 68:659-662.

MUGIYA, Y. 1987. Phase difference between calcification and organic matrix formation in the diurnal
groth of otoliths in the rainbow trout. Fish. Bull. ,U. S. 85:395-401.

MUGIYA, Y. AND H. OKA. 1991. Biochemical relationship between otolith and somatic growth in the
rainbow trout Oncorhynchus mykiss - Consequence of starvation, resumed feeding, and diel
variations. Fish. Bull. ,U. S. 89(2):239-246.

MUGIYA, Y. AND S. TANAKA. 1992. Otolith development, increment formation, and an uncoupling
of otolith to somatic growth rates in larval and juvenile goldfish. Nippon Suisan Gakkaishi
58(5):845-852.

MUGIYA, Y. AND T. UCHIMURA. 1989. Otolith resorption induced by anaerobic stress in the
goldfish, Carassius auratus. J. Fish Biol. 35(6):813-818.

MULLIGAN, T. J. 1987. Stock identification by otolith composition. Proceedings of the stock
identification workshop 193-194.(Abstract)

35




Interim report - otoliths of humpback chub Dean A. Hendrickson February 5, 1993

MURPHY, M. D. ANDR. G. TAYLOR. 1991. Direct validation of ages determined for adult red drums
from otolith sections. Trans. Am. Fish. Soc. 120(2):267-269.

NEILSON, J. D. AND G. H. GREEN. 1985. Effects of feeding regimes and diel temperature cycles on
otolith increment formation in juvenile chinook salmon Oncorhynchus tshawytscha. Fish. Bull. ,U.
S. 83:91-101.

NELSON, C. S., T. G. NORTHCOTE AND C. H. HENDY. 1989. Potential use of oxygen and carbon
isotopic composition of otoliths to identify migratory and non-migratory stocks of the New Zeland
common smelt: a pilot study. New Zealand Journal of Marine and Freshwater Research
23(3):337-344.

NELSON, W. C. 1988. HIGH LAKE RESEARCH AND MANAGEMENT IN COLORADO USA.
Colorado Division of Wildlife,Special Report I-VI,1-41.

NIELSON, J. D. AND G. H. GREEN. 1982. OTOLITHS OF CHINOOK SALMON
ONCORHYNCHUS-TSHAWYTSCHA DAILY GROWTH INCREMENTS AND FACTORS
INFLUENCING THEIR PRODUCTION. Can. J. Fish. Aquat. Sci. 39:1340-1347.

NISHIMURA, A. AND J. YAMADA. 1984. Age and growth of larval and juvenile walley pollock,
Theragra chalcogramma (Pallas), as determined by otolith daily growth increments. J. Exp. Mar.
Biol. Ecol. 82:191-205.

NOLF, D. AND H. CAPPETTA. 1988. OTOLITHS OF PLIOCENE FISH FROM SOUTHEASTERN
FRANCE. BULL. INST. R. SCI. NAT. BELG. SCI. TERRE. 58:209-272.

NOLF, D. AND E. STEURBAT. 1987. DESCRIPTION OF THE FIRST EXCLUSIVELY BATHYAL
FISH FAUNA FROM THE TERTIARY IN EUROPE OTOLITHS FROM THE LOWER
OLIGOCENE OF THE PIZZOCORNO LAYER NORTHERN ITALY. BULL. INST. R. SCIL.
NAT. BELG. SCI. TERRE. 57:217-230.

NORTH, A. W. 1988. Age of antarctic fish: validation of the timing of annuli formation in otoliths and
scales. Cybium 12(2):107-114.

NORTHCOTE, T. G. AND F. J. WARD. 1985. Lake resident and migratory smelt, Retropinna
retropinna (Richardson), of the lower Waidato River system, New Zealand. J. Fish Biol.
27:113-129.

PALMER, M. R. AND H. ELDERFIELD. 1985. Sr isotope composition of seawater over the past 75
Myr. Nature 314:526-528.

PALSSON, O. K., E. JONSSON, S. A. SCHOPKA, G. STEFANSSON AND B. A. STEINARSSON.
1989. ICELANDIC GROUNDFISH SURVEY DATA USED TO IMPROVED PRECISION IN
STOCK ASSESSMENTS. J. NORTHWEST. ATL. FISH. SCI. 9:53-72.

PANFILIL, J. AND M. C. XIMENES. 1992. Measurements on ground or sectioned otolith - Possibilities
of bias. J. Fish Biol. 41(2):201-208.

PANNELLA, G. 1971. Fish otoliths: daily growth layers and periodical patterns. Science 173:1124-1127.

PANNELLA, G. 1980. Growth patterns in fish sagittae, p. 519-560. In: Skeletal growth of aquatic
organisms. D. C. Rhoads and R. A. Lutz (eds.). Plenum Press,NY,

36




Interim report - otoliths of humpback chub Dean A. Hendrickson February 5, 1993

PAPADOPOULOU, C., G. D. KANIAS AND E. MORAITOPLOULOQOU-KASSIMATI. 1980. Trace
element content in fish otoliths in relation to age and size. Mar. Pollut. Bull. 11:68-72.

PAULY, D. 1987. Application of information on age and growth of fish to fishery management, p.
485-506. In: Age and Growth of Fish. R. C. Summerfelt and G. E. Hall (eds.). Iowa State
University Press, Ames, Iowa.

PAWSON, M. G. 1990. Using otolith weight to age fish. J. Fish Biol. 36(4):521-532.

PENTTILA, J. AND L. M. DERY. 1988. Age determination methods for northwest Atlantic species.
NOAA Technical Report NMFS 72. U.S.Department of Commerce, National Technical Information
Service, Springfield, Virginia 22161.

PERRY, L. G. AND J. A. TRANQUILLI. 1984. AGE AND GROWTH OF LARGEMOUTH BASS
IN A THERMALLY ALTERED RESERVOIR AS DETERMINED FROM OTOLITHS. N. Amer.
J. Fish. Mgmt. 4:321-330.

PERRY, R.J. AND P. A. MCNAUGHTON. 1991. Calcium regulation in neurons: transport processes.
Curr. Opinion Neurobiol. 1:98-104.

PIDGEON, R. W. J. 1989. Age and growth of freshwater herring, Potamalosa richmondia Macleay
(Clupeidae: Hyperlophinae), in the Bellringer River, New South Wales. Aust. J. Mar. Freshwat.
Res. 40(6):679-692.

POPPER, A. N. AND B. HOXTER. 1990. Growth of a fish ear II. Locations of newly proliferated
sensory hair cells in the saccular epithelium of Astronotus ocellatus. Hear. Res. 45(1-2):33-40.

POPPER, A. N. AND W. N. TAVOLGA. 1981. STRUCTURE AND FUNCTION OF THE EAR IN
THE MARINE CATFISH ARIUS-FELIS. j comp physiol a sens neural behav physiol 144:27-34.

PRENTICE, J. A. AND W. J. JR. DEAN. 1991. Use of known-age red drums to validate scale and
otolith ages and to estimate growth in fresh water. N. Amer. J. Fish. Mgmt. 11(3):424-428.

RADTKE, R. L., M. L. FINE AND J. BELL. 1985. SOMATIC AND OTOLITH GROWTH IN THE
OYSTER TOADFISH OPSANUS- TAU. J. Exp. Mar. Biol. Ecol. 90:259-276.

RADTKE, R. L. 1987. AGE AND GROWTH INFORMATION AVAILABLE FROM THE OTOLITHS
OF THE HAWAIIAN SNAPPER PRISTIPOMOIDES-FILAMENTOSUS. Coral Reefs 6:19-26.

RADTKE, R. L., D. F. WILLIAMS AND P. C. F. HURLEY. 1987. THE STABLE ISOTOPIC
COMPOSITION OF BLUEFIN TUNA THUNNUS- THYNNUS OTOLITHS EVIDENCE FOR
PHYSIOLOGICAL REGULATION. Comp. Biochem. Physiol. 87:797-802.

RADTKE, R. L., R. A. KINSIE IIIl AND S. D. FOLSOM. 1988. Age at recruitment of Hawaiian
freshwater gobies. Environ. Biol. Fishes 23(3):205-213.

RADTKE, R. L. 1989a. Larval fish age, growth, and body shrinkage: information available from
otoliths. Can. J. Fish. Aquat. Sci. 46:1884-1894.

RADTKE, R. L. 1989b. Strontium-Calcium concentration ratios in fish otoliths as environmental
indicators. Comp. Biochem. Physiol. 92A(2):189-193.

37




Interim report ~ otoliths of humpback chub Dean A. Hendrickson February S, 1993

RADTKE, R. L. 1990. Age determination of the Antarctic fishes Champsocephalus gunnari and
Notothenia rossii marmorata from South Georgia. Polar Biol. 10(5):321-328.

RADTKE, R. L., D. W. TOWNSEND, S. D. FOLSOM AND M. A. MORRISON. 1990. Strontium
- calcium concentration ratios in otoliths of herring larvae as indicators of environmental histories.
Environ. Biol. Fishes 27(1):51-62.

RADTKE, R. L. AND J. M. DEAN. 1982. INCREMENT FORMATION IN THE OTOLITHS OF
EMBRYOS LARVAE AND JUVENILES OF THE MUMMICHOG
FUNDULUS-HETEROCLITUS. Fish. Bull. ,U. S. 80:201-216.

RADTKE, R. L. AND T. E. TARGETT. 1984. Rhythmic structural and chemical patterns in otoliths
of the Antarctic fish Notothenia larseni: Their application to age determination. Polar Biol.
3:203-210.

RANA, R. S. 1988. FRESHWATER FISH OTOLITHS FROM THE DECCAN TRAP ASSOCIATED
SEDIMENTARY CRETACEOUS-TERTIARY TRANSITION BEDS OF RANGAPUR
HYDERABAD DISTRICT ANDHRA PRADESH INDIA. GEOBIOS. (LYON. ) 21:465-494.

REZNICK, D., E. LINDBECK AND H. BRYGA. 1989. SLOWER GROWTH RESULTS IN LARGER
OTOLITHS AN EXPERIMENTAL TEST WITH GUPPIES POECILIA-RETICULATA. Can. J.
Fish. Aquat. Sci. 46:108-112.

RHOADS, D. C. AND R. A. LUTZ. 1980. Skeletal Growth of Aquatic Organisms. Plenum Press, New
York.

RICE, JA. 1987. Reliability of age and growth-rate estimates derived from otolith analysis, p. 167-176.
In: The Age and Growth of Fish. R. C. Summerfelt and G. E. Hall (eds.). The Iowa State
University Press, Ames,lowa 50010.

RICHTER, H. AND J. G. MCDERMOTT. 1990. The staining of fish otoliths for age determination. J.
Fish Biol. 36(5):773-780.

RIUNSDORP, A. D., P. I. VANLEEUWEN AND T. A. M. VISSER. 1990. On the validity and
precision of back-calculation of growth from otoliths of the plaice, Pleuronectes platessa L. Fish.
Res. 9(2):97-118.

RODGERS, K. AND J. T. Y. CHOU. 1966. Concentrations of inorganic ions in guinea-pig inner ear
fluids. II. Post-mortem changes in the ionic composition of utricular endolymp and perilymph. J.
Laryngol 80:885-889.

RODHOUSE, P. G. AND E. M. C. HATFIELD. 1990. Age determination in squid using statolith
growth increments. Fish. Res. 8:

ROGERS, P. H., A. N. POPPER, M. C. HASTINGS AND W. M. SAIDEL. 1988. PROCESSING OF
ACOUSTIC SIGNALS IN THE AUDITORY SYSTEM OF BONY FISH. J. ACOUST. SOC. AM.
83:338-349.

RUBIN, J. F. AND N. PERRIN. 1990. How does the body-scale model affect back-calculated growth

-The example of Arctic charr, Salvelinus alpinus (L.), of Lake Geneva (Switzerland). Aquat. Sci.
52(3):287-295.

38




Interim report - otoliths of humpback chub Dean A. Hendrickson February §, 1993

SAIDEL, W. M. 1988. VARIATIONS OF TRIGGER ZONES IN VESTIBULAR AFFERENT FIBERS
OF FISH. NEUROSCI. LETT. 84:161-166.

SAITOH, S. AND J. YAMADA. 1989. Ultrastructure of the saccular epithelium and the otolithic
membrane in relation to otolith growth in tilapia, Oreochromis niloticus (Teleostei, Cichlidae).
Trans. Amer. Microsc. Soc. 108(3):223-238.

SAVOY, T. F. AND V. A. CRECCO. 1987. Daily increments on the otoliths of larval American shad
and their potential use in population dyamics studies, p. 413-432. In: Age and Growth of Fish. R.
C. Summerfelt and G. E. Hall (eds.). Iowa State University Press, Ames, lowa.

SCARNECCHIA, D. L. AND W. A. HUBERT. 1987. Rapid removal of otoliths from salmonids
(Comment). N. Amer. J. Fish. Mgmt. 7(2):312-313.

SCHLUETER, L. R. 1988. Simple removal of sagitta otoliths from walleyes. N. Amer. J. Fish. Mgmt.
9(1):123-124.

SCHNEIDER, R. C. AND S. V. SMITH. 1982. Skeletal Sr content and density in Porites spp. in
relation to environmental factors. Mar. Biol. 66:121-131.

SCHRAMM, H. L. 1989. Formation of annuli in otoliths of bluegills. Trans. Am. Fish. Soc.
118(5):546-555.

SCHRAMM, H. L.,JR. 1989. Formation of annuli in otoliths of bluegills. Trans. Am. Fish. Soc.
118:546-555.

SCHULTZ, D. L. AND R. S. TAYLOR. 1987. Preparation of small otoliths for microscopic
examination. N. Amer. J. Fish. Mgmt. 7(2):309-311.

SCHULTZ, E. T. 1990. Daily otolith increments and the early life history of a viviparous fish,
Micrometrus minimus (Embiotocidae). Copeia 1990(1):59-67.

SECOR, D. H. AND J. M. DEAN. 1989. Somatic growth effects on the otolith-fish size relationship i
young pond-reared striped bass, Morone saxatalis. Can. J. Fish. Aquat. Sci. 46:113-121.

SEYAMA, H.,J. S. EDMONDS, M. J. MORAN, Y. SHIBATA, M. SOMA AND M. MORITA. 1991.
Periodicity in fish otolith Sr, Na, and K corresponds with visual banding. Experientia
47(11-12):1193-1195.

SIMKISS, K. 1974. Calcium metabolism of fish in relation to ageing, p. 1-12. In: Ageing of Fish. T.
B. Bagenal (ed.). Unwin Brothers, Old Woking, U .K..

SKILBREI, O. T. 1989. Relationships between smolt length and growth and maturation in the sea of
individually tagged Atlantic salmon (Salmo salar). Aquaculture 83(1-2):95-108.

SMITH, M. K. 1992. Regional differences in otolith morphology of the deep slope red snapper Etelis
carbunculus. Can. J. Fish. Aquat. Sci. 49(4):795-804.

SMITH, S. V., R. W. BUDDEMEIER, R. C. REDALJE AND J. E. HOUCK. 1979. Strontium-calcium
thermometry in coral skeletons. Science 204:404-407.

39




Interim report - otoliths of humpback chub Dean A. Hendrickson February S, 1993

SOGARD, S. M. 1991. Interpretation of otolith microstructure in juvenile winter flounder
(Pseudopleuronectes americanus) - Ontogenetic development, daily increment validation, and
somatic growth relationships. Can. J. Science 48(10):1862-1871.

STEURBAT, E. 1982. FISH OTOLITHS IN PALEONTOLOGY. NATUURWET. TIUDSCHR.
64:1984).

STEURBAT, E. 1984. TELEOSTEAN OTOLITHS FROM THE OLIGO-MIOCENE FROM
AQUITAINE SOUTHWESTERN FRANCE. PALAEONTOGR. ABT. A.
PALAEOZOOL-STRATIGR. 186:1985).

STUIVER, M. 1970. Oxygen and carbon isotope ratios of fresh-water carbonates as climatic indicators.
J. Geophys. Res. 75:5247-5257.

SUMMERFELT, R. C. AND G. E. HALL. 1987. Age and Growth of Fish. Iowa State University Press,
Ames, Iowa.

SUTHERS, I. M., A. FRASER AND K. T. FRANK. 1992. Comparison of lipid, otolith and
morphometric condition indices of pelagic juvenile cod Gadus morhua from the Canadian Atlantic.
Mar. Ecol. Prog. Ser. 84(1):31-40.

SWEATMAN, J. J. AND C. C. KOHLER. 1991. Validation of daily otolith increments for
young-of-the-year white crappies. N. Amer. J. Fish. Mgmt. 11(4):499-503.

TANAKA, K., Y. MUGIYA AND J. YAMADA. 1981. Effects of photoperiod and feeding on daily
growth patterns in otoliths of juvenile Tilapia nilotica. Fish. Bull. ,U. S. 79:459-466.

TAUBERT, B. D. AND D. W. COBLE. 1977. Daily rings in otoliths of three species of Lepomis and
Tilapia mossambica. J. Fish. Res. Bd. Can. 34 (3):332-340.

TAUBERT, B. D. AND JA. TRANQUILLI. 1982. Verification of the formation of annuli in otoliths of
Largemouth Bass. Trans. Am. Fish. Soc. 111:531-534.

THORPE, J. E. 1987. Environmental regulation of growth patterns in juvenile Atlantic salmon, p.
463-474. In: Age and Growth of Fish. R. C. Summerfelt and G. E. Hall (eds.). Iowa State
University Press, Ames, Iowa.

THORROLD, S. R. AND D. M. B. WILLIAMS. 1989. Analysis of otolith microstructure to determine
growth histories in larval cohorts of a tropical herring (Herklotsichthys castelanaui). Can. J. Fish.
Aquat. Sci. 46:1615-1624.

THORROLD, SR. 1989a. Estimating some early life history parameters in a tropical clupeid,
Herklostsichthys castelnaui, from daily growth increments in otoliths. Fish. Bull. ,U. S.
87(1):73-84.

THORROLD, SR. 1989b. Estimating some early life history parameters in a tropical clupeid,
Herklostsichthys castelnaui, from daily growth increments in otoliths. Fish. Bull. ,U. S.
87(1):73-84.

TOWNSEND, D. M., R. L. RADTKE, M. A. MORRISON AND S. D. FOLSOM. 1989. Recruitment
implications of larval herring overwintering distributions in the Gulf of Maine, inferred using a new
otolith technique. Mar. Ecol. Prog. Ser. 55(1):1-13.

40




Interim report - otoliths of humpback chub Dean A. Hendrickson February S, 1993

TSUKAMOTO, K., H. KUWADA, J. HIROKAWA, M. OYA, S. SEKIYA AND ET AL.. 1989a.
Size-dependent mortality of red sea bream, Pagrus major, juveniles released with flourescent
otolith-tags in News Bay, Japan. J. Fish Biol. 35 SA:59-70.

TSUKAMOTO, K., Y. SEKI, T. OBA, M. OYA AND M. IWAHASHI. 1989b. Application of otolith
to migration study of salmonids. Physiol. Ecol. Japan 1:119-140.

TSUKAMOTO, K. AND Y. SHIMA. 1990. Otolith daily increment in sandfish. Nippon Suisan
Gakkaishi 56(7):1083-1088.

TZENG, W. -N. AND S. -Y. YU. 1989. Validation of daily growth increments in otoliths of milkfish
larvae by oxytetracycline labeling. Trans. Am. Fish. Soc. 118(2):168-174.

TZENG, W. N. 1990. Relationship between growth rate and age at recruitment of Anguilla japonica
elvers in a Taiwan estuary as inferred from otolith growth increments. Mar. Biol. 107(1):75-82.

TZENG, W. N. AND Y. C. TSAL 1992. Otolith microstructure and daily age of Anguilla japonica,
Temminck & Schlegel Elvers from the estuaries of Taiwan with reference to unit stock and larval
migration. J. Fish Biol. 40(6):845-858.

TZENG, W. N. AND S. Y. YU. 1989. Validation of daily growth increments in otoliths of milkfish
larvae by oxytetracycline labeling. Trans. Am. Fish. Soc. 118:168-174.

UMEZAWA, A. AND K. TSUKAMOTO. 1990. Determination of stock origin of the ayu based on the
otolith microstructure. Nippon Suisan Gakkaishi 56(12):1919-1926.

UMEZAWA, A. AND K. TSUKAMOTO. 1991. Factors influencing otolith increment formation in
Japanese eel, Anguilla japonica T-and-S, elvers. J. Fish Biol. 39(2):211-223.

VAILLANCOURT, R., F. BRETHES J-C AND G. DESROSIERS. 1985. GROWTH OF THE WINTER
FLOUNDER PSEUDOPLEURONECTES-AMERICANUS IN THE MARITIME ESTUARY OF
THE ST-LAWRENCE CANADA. Can. J. Zool. 63:1610-1616.

VELASCO, J. C., P. A. RINCON AND J. LOBON-CERVIA. 1990. Age, growth and reproduction of
the cyprinid Rutilus lemmingii (Steindachner, 1866) in the River Huebra, Central Spain. J. Fish
Biol. 36(4):469-480.

VIANET, R., J. -P. QUIGNARD AND J. -A. TOMASINI. 1989. Age and growth of plaice, turbot,
brill, and common sole (Pleuronectiformes) of the Gulf of Lion. Change in the structure of the
sagittae. Cybium 13(3):247-258.

VICTOR, B. C. AND E. B. BROTHERS. 1982. Age and growth of the fallfish, Semotilus corporalis
with daily otolith increments as a method of annulus verification. Can. J. Zool. 60:2543-2550.

VOLK, E. C.,, S. L. SCHRODER AND K. L. FRESH. 1987. Inducement of banding patterns on the
otoliths of juvenile chum salmon (Oncorhynchus keta). Proc. 1987 Northw. Pac. Pink Chum Salmon
Workshop 206-217.(Abstract)

WARD, F. ], T. G. NORTHCOTE AND M. A. CHAPMAN. 1987. The effects of recent

environmental changes in Lake Waahi on two forms of the common smelt Retropinna retropinna,
and other biota. Water,Air,and Soil Pollution 32:427-443.

41




Interim report - otoliths of humpback chub Dean A. Hendrickson February 5, 1993

WATABE, N., K. TANAKA, J. YAMADA AND J. M. DEAN. 1982, SCANNING ELECTRON
MICROSCOPE OBSERVATIONS OF THE ORGANIC MATRIX IN THE OTOLITH OF THE
TELEOST FISH FUNDULUS-HETEROCLITUS AND TILAPIA-NILOTICA. J. Exp. Mar. Biol.
Ecol. 58:127-134.

WEBER, J. N. 1973. Incorporation of strontium into reef coral skeletal carbonate. Geochim.
Cosmochim. Acta 37:2173-2190.

WERDER, U. 1983. AGE DETERMINATION BY SCALE ANALYSIS IN JUVENILE MATRINCHA
BRYCON-MELANOPTERUS TELEOSTEI CHARACOIDEI A TROPICAL CHARACIN FROM
THE CENTRAL AMAZON. Amazoniana 7:445-464.

WILLIAMS, T. AND B. C. BEDFORD. 1974. The use of otoliths for age determination, p. 114-123.
In: The Ageing of Fish. T. B. Bagenal (ed.). Unwin Brothers Ltd., The Gresham Press, Old
Woking, Surrey, England.

WILSON, C. D. AND G. W. BOEHLERT. 1990. The effects of different otolith ageing techniques on
estimates of growth and mortality for the splitnose rockfish, Sebastes diploproa, and canary
rockfish, S. pinniger. California Fish and Game 76(3):146-160.

WRIGHT, P. J., N. B. METCALFE AND J. E. THORPE. 1990. Otolithy and somatic growth rates in
Atlantic salmon parr, Salmo salar L.: evidence against coupling. J. Fish Biol. 36(2):241-250.

WRIGHT, P. J. 1991. The influence of metabolic rate on otolith increment width in Atlantic salmon parr,
Salmo salar L. J. Fish Biol. 38(6):929-934.

WRIGHT, P. J., C. TALBOT AND J. E. THORPE. 1992. Otolith calcification in Atlantic salmon parr,
Salmo salar L and its relation to photoperiod and calcium metabolism. J. Fish Biol. 40(5):779-790.

YANCEY, P. H. AND G. N. SOMERO. 1978. Temperature dependace of intracellular pH: its role in
the conservation of pyrurate apparent Km values in vertebrate lactate dehydrogenases. J. Comp.
Physiol. 125:129-134.

YOKLAVICH, M. M. AND K. M. BAILEY. 1990. Hatching period, growth and survival of young
walleye pollock Theragra chalcogramma as determined from otolith analysis. Mar. Ecol. Prog. Ser.
64(1-2):12-23.

YOSHIDA, H. AND H. KATO. 1980. RELATIONSHIP BETWEEN THE SUBOPERCLE SIZE AND
BODY LENGTH OF WALLEYE POLLOCK THERAGRA-CHALCOGRAMMA.
ONDERSTEPOORT. J. VET. RES. 47:169-174.

ZHANG, Z. 1992a. Relationship of saccular ultrastructure to otolith growth in the teleost Oreochromis
niloticus. J. Morphol. 212(2):99-108.

ZHANG, Z. 1992b. Relationship of sacular ultrastructure to otolith growth in the teleost Oreochromis
niloticus. J. Morphol. 21:1-10.

ZHANG, Z. 1992c. Ultrastructure of otolith increments and checks in the teleost fish (Oreochromis
niloticus). Morphol. 211(2):213-220.

ZHANG, Z. AND N. W. RUNHAM. 1992a. Otolith microstructure pattern in Oreochromis niloticus (L).
J. Fish Biol. 40(3):325-332.

42




Interim report - otoliths of humpback chub . Dean A. Hendrickson February 5, 1993

ZHANG, Z. AND N. W. RUNHAM. 1992b. Initial development of Oreochromis niloticus (Teleostei,
Cichlidae) otolith. J. Zool. 227 P3:465-478.

43




5. Trout Studies
Terry Gamble, Jerry Landye, Charles Benedict,
Mike Musyl and Bill Persons

This section summarizes research on rainbow trout (Oncorhynchus mykiss) in the Lee’s Ferry
reach from November 1989 through February 1993. During the past three years, a large amount
of data were collected (e.g.' > 18,000 length-weight records). To expedite data handling and
analysis, these data (plus others) will be incorporated into a database management system. This
report will briefly summarize data that have been collected plus indicate what types of data are
still being collected. Intended methods of analysis will be discussed and some preliminary
results will be presented. Detailed methods and materials have been described elsewhere
(Angradi et al. 1992). Therefore, only a brief synopsis of the methods will be discussed.
Additionally, new methods for the age, growth, and population dynamics portions of study are
briefly described.

Organized by specific work items, the following is a summary of the progress to date on the
trout studies portion of the GCES Phase II Studies.

Work item 2.1 - Determine the potential loss of trout spawning, defined as areal loss of
spawning bars and exposure of redds, at various flows in the reach of the Colorado River
between Glen Canyon Dam and Lee’s Ferry.

Introduction

Phase I studies indicated that as many as 27% of the trout in the Lee’s Ferry reach may be
naturally reproduced within the system (Maddux et al. 1987). It is obvious that trout
reproductive success can be affected by water level fluctuations. If water levels drop, trout can
be forced out of suitable spawning sites and the eggs and/or fry can become desiccated by
receding water levels. This portion of the study plans to identify the extent of suitable spawning
gravels in the Lee’s Ferry reach at various water levels and document the usage and behavioral
response of spawning trout using these gravels for spawning at various water levels.

Methods and Progress
The experimental design was originally predicated on the assumption that most spawning
occurred on 5 to 10 cobble bars that were subjected to daily dewatering. Direct observations
of the trout during the 1990-1991 and 1991-1992 spawning seasons suggest that this may not be
true. During the 1990-1991 and 1991-1992 seasons, the majority of the surface area of the
various cobble bars was not used by spawning trout. Conversely, a large number of trout were




observed using other areas of the river for spawning; chiefly shoreline areas that appeared to
offer an acceptable range of substrate size and current velocity. While these areas are also
subjected to daily dewatering by fluctuating flows, a large number of trout were also observed
using deep water spawning areas that were not subject to dewatering. These alternative habitat
preferences greatly exacerbate the problem of quantifying suitable spawning areas and
measuring the areal gain or loss due to fluctuating flows. As a result, an absolute areal
measurement of spawning habitat in this reach may be an unobtainable goal. However, valuable
information can still be collected as to what constitutes favorable spawning habitat and at which
flow regimes some of the habitat becomes unusable. Also, it should be possible to use yearly
redd surveys to develop a relative index of spawning success to compare against the changes in
yearly flow.

A major goal for this portion of the study has been to generate detailed contour maps of each
study bar so that a host of environmental variables could be measured and overlaid onto each
map. The variables in this matrix include; cfs levels, water depth, current velocity, substrate
size, imbeddedness descriptors, and redd placement data. It should then be possible to describe
trout spawning habitat as being ideal, adequate, marginal, or unacceptable in the Lee’s Ferry
reach. [Each of the data sets resulting from these methods will be in the form of a matrix (x,y
values) that areally describe the bar in terms of that particular variable. It is anticipated that
each of these matrixes can be overlaid (along with the spawning gravel data set) onto surveyed
elevations of the appropriate spawning bar. The results will be in the form of an x,y,z set of
coordinates so that correlations can be calculated between elevation, gravel distribution, flow,
and redd placement data.]

Towards this goal, cobble bars at river miles -4.0, -6.1, -8.9, -13.5, and -14.0 have been
surveyed for elevation contours using Total Station surveying equipment. Steel rebar stakes
spaced evenly along each bar were also surveyed. These stakes were used as reference points
for determining transect locations, redd locations, and for fish locations required for a
companion study using radio telemetry. Additionally, in February of 1993, GCES personnel
surveyed benchmarks and backsights for each site and tied them into their system so that the
surveyed bars could be tied to "real world" coordinates and ultimately into the AGFD GIS
system.

Measurements of the wetted perimeter for each of the spawning bars were made from stakes
placed along the high water line at 3,000, 5,000, and 8,000 cfs constant discharges. Cloth tapes
and hip chains were used to measure the distance from the stakes to the waters’ edge along a
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magnetic compass bearing, perpendicular to the shoreline.  These measurements will be
combined with contour maps to correlate mean absolute elevations with flow discharges.

Extensive substrate samples have been collected along transects from each bar. Relative particle
size distribution and degree of imbeddedness were measured. With the exception of the bar at -
13.5 mile, the results were reported in Angradi et al. (1992). Gravel from -13.5 mile bar have
been collected and the analysis is pending. Data have been collected in such a format that it
would be feasible to construct a matrix of variable substrate particle sizes and degree of
imbeddedness over maps of each the bars once these maps have been generated.

For the 1990-1991 and 1991-1992 spawning seasons, no spawning was observed on -14.0 mile
bar and negligible spawning occurred at -8.9 mile bar. Because of the new "interim" flow
regime, -6.1 mile bar can no longer be adequately surveyed for redds. Moreover, very few
redds were observed there in previous years. For these reasons, the study of "traditional" cobble
bars has been limited to -4.0 mile bar. This bar is unquestionably the largest and most
significant for spawning in the Lee’s Ferry reach. The additional study site at -13.5 mile bar
was established to represent spawning habitat other than cobble bars. This littoral area was used
extensively by spawning trout during the past three years.

In March 1992, extensive current velocity readings were taken along transects at -4.0 and -13.5
mile bar. Measurements were taken to construct a matrix of current velocities over contour
maps. Velocities have been recorded at approximately 7,000 and 12,000 cfs. It is anticipated
that this procedure will be duplicated for flows approximating 16,000 and 20,000 cfs.

In the past, redd placement data were collected at all spawning bars on a bi-monthly basis
througho'ut the spawning season. Redds were identified, counted, and their geographical
positions located by means of intersecting two compass bearings taken from known locations
(surveyed stakes). However, an inherent problem with this methodology was the over estimation
of the number of redds because of the inability to distinguish between previously counted ones
and new ones during each consecutive survey. Colored rocks were placed in the counted redds
but the trout displaced them and fishermen removed them between sampling times (Gamble,
personal observation).

In March 1992, a new methodology was adopted that concentrates on -4.0 and -13.5 mile bars.
To obviate the problems associated with duplicate redd counts, it was decided to locate redds
only once a year thereby producing a "snapshot in time" of redd placement. [This technique
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fails to document the progress of redd building activity throughout the spawning season. It also
doesn’t measure the absolute total of trout redds created during a particular season, but it should
. be very useful for establishing a relative index of spawning activity from year to year. Over
time, this index could possibly be correlated with population levels of older year class trout,
providing advance information to management about future population levels and the need for
supplemental stockings.] This survey is conducted near the peak of the spawning season to
allow for redd placement behavior that might be predicated on the relative positions of other
redds. The peak of the spawning season is determined by counting and triangulating all of the
redds at each study site once a month during the spawning season. For the purpose of predictive
models, only the month that exhibits the highest redd count is selected as the peak month.
Redds are located using the same compass bearing intercept method as described above and in
Angradi et al. (1992). ;

Current Problems and Solutions

A large portion of this study depends on generating maps in an appropriate format so that data
on spawning gravel size, embeddedness, and redd placement can be superimposed on maps of
discharge contours. Although surveying has been completed, it was done in small segments by
three different survey crews. Consequently, the data exists in several different formats that
needs to be standardized and collated. Current project personnel lack the appropriate expertise
necessary to accomplish this task. The GCES coordinator at AGFD is trying to provide an
outside consultant to organize these data who will also work with GCES personnel to generate
maps and to integrate the data with the GIS System.

Complicating the study, this was an atypical period for trout spawning with some of the
problems possibly generated by the research flows themselves. For example, during 1990-1991
and 1991-1992, spawning activity was delayed for a couple of months and apparently never
reached the levels associated with a "normal" year (1991-1992 appeared to be an improvement
over the previous year). Possibly, the research flows may have aggravated a food supply
problem which then led to the appearance of a large number of sick, emaciated trout that were
too stressed to spawn normally. Additionally, the entire population was also infected with an
intestinal parasite (see section 2.3 for details). To what extent this nematode affects trout growth
and reproduction is unknown.

The present spawning season seems more tvpical. That is, spawning activity started earlier and
1S occurring at a greater intensity than in previous years (Gamble, personal observation). This
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survey should be continued over the next several years to obtain more data for the purpose of
developing a relative index of spawning.

Work item 2.2 - Determine the rate of stranding and mortality of naturally reproduced and
stocked trout under different flow regimes in the Glen Canyon tailwater.

Introduction
It was observed during the Phase I studies that as water levels declined in the Lee’s Ferry reach,
some trout became stranded in isolated backwaters. Little was known about the degree of
stranding and the mortality of these fish. This portion of the study identifies major stranding
areas and determines the mortality of adult fish relative to season and flow levels.

Methods and Progress

During the months of January and February 1990, the river from Glen Canyon Dam to Lee’s
Ferry was surveyed several times at low flows to identify major and minor stranding pools. It
was determined at what discharge levels these stranding pools were no longer connected to the
mainchannel causing. fish to become stranded. At this juncture, it was determined that surveys
would have to be conducted at night to avoid biases caused by predation and anglers. Ten major
stranding areas at river miles -0.5R, -4.0R, -8.2L, -8.9R, -9.7R, -11.0R, -11.7R, -11.9L, -
13.0R and -14.8R were identified (R = river right, L= river left). These areas were surveyed
four times a month from March through August 1990 and twice a month during the periods of
"fluctuating flows" (as opposed to "steady" research flows) from September 1990 through
February 1991. Sites were also surveyed bimonthly from September 1991 through May 1992
and monthly from September 1992 to the present. It was not necessary to survey during the
summer months since the minimum daily flows (summer interim flows) exceeded the levels
necessary to strand trout.

Detailed methods and materials were reported in Angradi et al. (1992). It was anticipated that
all stranding sites could be periodically surveyed for dead trout and that a total number of dead
trout per year could be calculated by multiplying the results over the number of nights per year
that the flows duplicated conditions that existed on survey nights. A seasonally corrected version
of this method was used to determine that approximately 15,000-20,000 adult trout (X =437
mm, SD=53) were lost due to stranding from February 1990 to February 1991 (Bagley et al.
1991). As the study progressed, several complicating factors were identified:
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1) When exactly do fish become stranded in these pools? Direct observation of fish in
stranding pools showed that fish become effectively isolated before the pool itself actually closes
off from the main channel. For example, in June of 1990, observers watched 286 adult trout
die in a backwater that reached water temperatures of 25° C. Although the trout would have
had to negotiate about 100 meters of 10-15 cm deep water to escape, this backwater was never
isolated from the main channel. Predator avoidance behavior possibly prevents trout from
crossing shallow water bridges. How deep the water needs to be for passage, and whether the
depth varies with the length of the passage, or whether trout are willing to traverse shallower
water at night, remain unanswered questions. For this study, the cfs level at which the physical
separation of the backwater from the main channel was determined for each of the stranding sites
and it was assumed that the trout had freedom of movement until this occurred.

2) Prior observations showed that sites dewater at different rates. Three major factors
that influence dewatering rates have been identified. i) Bank retention--water from the river bank
tends to "feed" the stranding pools at rates proportional to the water level (i.e. the higher the
daily maximum flows, the more pronounced this "feeder" effect is and the longer it takes for
the pool to dewater). ii) The ultimate minimum daily low also influences dewatering rates.
The lower the ultimate minimum flow, the faster the dewatering rate. iii) The down ramping
rate of the flows effects dewatering rates both directly and indirectly. Indirectly, it has effects
on the first two factors. Directly, the lower the down ramping rates, the less time a pool is
subjected to dewatering before the water comes up the next morning.

3) Should a distinction be made between the research flows themselves and the operating
flows they were attempting to mimic? A significant finding of this study suggests that water
quality parameters (temperature, dissolved oxygen, pH and conductivity) rarely reached lethal
limits in any of the stranding pools and that trout were killed either as a direct result of
dewatering or predation. However, during the research flows on 5,000 cfs weekends, fish
perished in some sites as a result of high temperatures or oxygen supersaturation on the second
or third day of constant 5,000 cfs flows. During the spring of 1990, before the research flows
went into effect, there was an interruption of the power grid and the river was lowered to 3,000
cfs on a warm spring day. This resulted in the mortality of 88 adult trout at site -11.9L;
presumably due to water temperatures exceeding 25°C. Discounting these unusual summer low
flow events, water quality had little or no effect on stranding mortalities.

_ 4) Two different habitat types are evident from the stranding sites. Only sites -11.9R and
-14.83, which both isolate at 4,000 cfs, appear to be located where trout actually "live" and
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presumably would be subjected to stranding mortalities throughout the year. These two sites
were usually inundated and had dense standing crops of Cladophora on the cobble substrate.
Apparently, this must be good habitat for resting and feeding because trout are often observed
there. All of the other sites are shallow water areas with moderate currents and cobble/gravel
substrates. The trout show an affinity for these sites only during the spawning season. Being
shallow in the daytime, these areas are dewatered at night. The spawning instinct may account
for the trouts’ strong affinity for these areas. It could be that trout do not want to vacate their
redds and are thus more susceptible to becoming trapped by receding water levels. For instance,
13 adult trout in spawning condition were taken from a stranding pool at -13.0 mile, Floy
tagged, and released into the mainchannel on February 24, 1991. On March 5, 1991 the area
was resurveyed and five of the marked trout had returned and perished when the pool dewatered.

River areas in the zone of fluctuation were not very productive (Angradi et al. 1992). These
areas seem to offer little to the trout except during the spawning season. Therefore, stranding
of trout is chiefly a spawning related phenomenon. When they are not spawning, only extreme
and prolonged low flows during the summer would have serious consequences on the population.

It should be noted that during extended periods of high flows, the particular sites surveyed could
become productive Cladophora beds. Sites at higher cfs levels would be in the zone of
fluctuation and would become future stranding sites. Water levels may vary, but the phenomena
of stranding will probably remain consistent if water levels are allowed to fluctuate dramatically
during the spawning season.

1,692 stranded adult trout were found during 22 river surveys conducted from February 1990
to February 1991 (Angradi et al. 1992). Using the methods described above, it was estimated
that approximately 15,000-20,000 adult trout ( X ;=437 mm, SD=53), in spawning condition,
died due to stranding during this period (Bagley et al. 1991). This estimate must be accepted
with caution. However, even within wide limits, losing this magnitude of mature, breeding fish
would have deleterious impacts on the population, especially if it is small. In stark contrast, data
from 17 surveys conducted in 1991-1992 and four surveys in 1992-1993 indicate that a total of
four stranded adult trout have been found during this period, and three of these trout would have
survived until the river level came up in the morning. Clearly, some combination of the new -
minimum flows and reduced ramping rates have virtually eliminated stranding as a cause of
mortality of adult trout in this reach.
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A fishery can withstand a higher mortality rate among juveniles than among mature, adult fish.
Stranding of trout fry was previously reported (Angradi et al. 1992). Fry become stranded but
probably in equal or fewer numbers than adults (Angradi et al. 1992). Under the new flow
regime, when fry are most vulnerable (in the late spring and summer), water levels have tended
to remain high enough to eliminate stranding as a major mortality factor. Future flow conditions
that are significantly different from the present ones could, however, adversely impact trout fry.

As stated in work item 2.1, this has not been a typical period of trout reproduction and growth.
The impacts of the research flows are lafgely unknown and many sick fish plus a delay of peak
spawning have been observed. A second problem was the lack of confidence in determining the
origin of fish (wild v. hatchery). ‘

Addendum to Work Item 2.2. Conduct a literature review of trout strains. This should
include an assessment of the relationship between trout strains and their interaction with
flows, growth, survivorship and movement.

Introduction
Over the years, several strains of rainbow trout were stocked at Lee’s Ferry. Unfortunately
from 1963 through the early 1980s, records were not kept on which strains were stocked.
Stocked trout accounted for 73% of the total adult population in 1984 and 1985 during a period
of high steady flows (Maddux et al. 1987). The yearly recruitment of stocked trout to the fishery
is unknown and probably highly variable. Genetic origins are largely unknown, consequently,
there is some speculation that other strains might a exhibit higher level of fitness.

Two studies were added to the AGFD’s obligation to prdvide this information. First, a literature
review of available trout strains and their fitness characteristics was undertaken. The scope of
the work included compiling information on the fitness characteristics of commercially available
strains and the identification of tailwater fisheries that are similar to Lee’s Ferry and their
associated strains. The ultimate goal was to evaluate strains that could potentially prosper in the
operating regimes at Lee’s Ferry. Second, trout populations in the Colorado River and its
tributaries, as well as hatchery stocks, were analyzed by allozyme electrophoresis to determine
their genetic cohesiveness and contribution to the fishery.
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Methods and Progress
" These work items have been completed. The literature review was completed November 1991.
(Davis 1991) Electrophoretic samples were analyzed at the Illinois Natural History Survey
(Claussen and Philipp 1991). Dr. Mike Musyl, a recent staff addition at AGFD who has
expertise in allozyme electrophoresis and population genetics, intends to review the genetics
report and study and make recommendations.

Work item 2.3 - Determine the effects of fluctuating flows on age and growth relationship
of stocked trout in the Glen Canyon Dam tailwater downstream of Lee’s Ferry.

Introduction & Methods
To obtain data for age and growth information, three techniques were used to collect fish. They
were electrofishing, seining isolated backwaters, and trammel net "seining" of cobble bars.
Although almost 6,000 trout were captured, tagged, and released using seines during the first
year of the study, this method is no longer feasible due to the new interim flows. Minimum
daytime water levels are too high to effectively seine and most backwaters never become
isolated.

In May 1992, 89,000 rainbow trout fingerlings (50-125mm) were tagged with binary coded wire
tags (BCWTs) at Page Springs Hatchery. Seventy thousand of these trout were subsequently
stocked in May and June of 1992. Additionally, 8,000 BCWT trout were allowed to grow in
the hatchery for four months and were stocked in September and October of 1992. Tag
retention was checked one to two weeks after implanting and just before stocking and found to
be 95%-96%. This new technology will make it possible to distinguish wild trout from hatchery
trout.

AGFD has been electrofishing the Lee’s Ferry reach on a quarterly or semiannual basis for a
number of years. These data have been used to generate length frequency histograms and
relative weight comparisons. The results are presented below.

Direct observation suggested that a variety of habitats and microhabitats were present in the
reach. Particularly evident was the longitudinal zonation of the river from the upstream to the
downstream section. Although a complete breakdown and analyses of habitats and microhabitats
was beyond the scope of the study, it was nonetheless profitable to rank the habitat types for
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future comparisons. To this end, the river was broken down into three main habitat types which
were analogous to the classic riffle, run, and pool.

Habitat #1 is analogous to the riffle and comprises those portions of the reach associated with
cobble bars. Characteristics of this habitat are; i) high current velocities and shallow water,
ii) steep longitudinal gradient, iii) pronounced "tidal" effect from fluctuating flows, iv) cobble
or boulder substrate with less sedimentation and v) large portions of continually inundated
substrate covered with Cladophora.

Habitat #2 is analogous to the run and it is an intermediate habitat between habitats #1 and #3.
It resembles habitat #1 but has slower current velocities. Characteristics of habitat #2 are; i)
intermediate current velocities with some deep water, ii) intermediate longitudinal gradient, iii)
largely sand substrate with some silt, iv) less "tidal" fluctuations with the areas of fluctuation
typically sand beaches and v) some rooted emergent macrophytes but typically a "shifting sand"
substrate which discourages vegetation.

Habitat #3 is analogous to the pool and comprises those portions of the river that are most like
a lake. Characteristics of this habitat are; i) deep water with slow current velocities, ii) shallow
longitudinal gradient, iii) almost no "tidal" effect, iv) sand or silt substrate, v) area of greatest
sedimentation, vi) large numbers of rooted aquatic macrophytes are common and vii) some of
the habitat is relatively deep and habitat characteristics are largely unknown.

The river was divided into these three habitat types. Habitat #1 comprised approx. 34% of the
reach as did Habitat #2. Habitat #3 comprised approx. 32% of the reach.

Within each habitat type, the river was broken down into 640 m transects. For the sampling
design, a table of random numbers was used to select three sites from within each habitat type
(50-100 fish were desired and a 640 m site allowed the whole sample to be taken in one pass,
thereby avoiding depletion passes). From empirical trials, it was decided that the fishing effort
would be standardized at 2000 seconds per site.

Five sites are sampled on each of three consecutive nights each quarter. Sites are marked prior

to each night’s sampling with cyclamen glow sticks to avoid confusion for the boat operators.
All sampling takes place after dark to enhance visibility for the netters and to allow the trout to
move into shallow water areas. The shocking boat operator works the shallow areas of each site
(typically the shoreline in areas less than 1.5 m deep) from upstream to downstream for 2,000
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seconds as netters gather stunned fish and placed them in electrically shielded side cars. After
the sample is collected, the fish are transferred to a workup boat and placed in a live car beside
the boat (a 6 mm mesh bag, 2 m deep suspended from a float with a 2 m square openmg) The
shocking boat is then released to sample the next site.

The fish are processed "assembly line style" by a crew of four or five technicians. To prevent
handling injuries, trout are first anesthetized in a solution of MS 222 at a 50-125 mg/l
concentration for 2 to 5 minutes. They are then tagged with numbered Floy spaghetti tags,
weighed to the nearest gram and measured (TL) to the nearest mm. An effort is made to
determine sex, degree of sexual maturity, and to note any hooking injuries or other
abnormalities. Since August 1992, fish in appropriate size classes are examined with a magnetic
detection wand for the presence of BCWTs.

Preliminary Results & Discussion
Past evaluation of the age and growth relationships of stocked trout in the Lee’s Ferry reach has
been problematical and largely restricted to the use of Petersen (Ricker 1975) length-frequency
distributions. However, for this to be an effective method to infer the age structure and/or
growth relationships between cohorts, three assumptions must be satisfied. First; the spawning
season must be relatively short, second; growth among cohorts must be uniform, and third;
stocked trout must be reliably distinguished from naturally reproduced trout.

Because of the artificially created ecosystem in the tailwaters downstream from Glen Canyon
Dam, it is apparent that the first two assumptions have been compromised. For example, trout
have been documented to spawn from August through May (Gamble, unpublished results), and
growth (in terms of relative weight) has been sporadic (see below).

Steps are now currently underway to rectify the last assumption. Since 1989, stocked trout were
marked with an external fluorescent pigment or through the use of tetracycline‘ feeds at the
hatchery. Both methods proved unreliable due to variable pigmentation rates and difficulties in
detecting marker in older age classes.

Since May 1992, all stocked trout (ca. 78,000) in the tailwater have been tagged with BCWTs
in an attempt to distinguish hatchery trout from wild trout. Each year class is given a different
code. This practice will allow AGFD personnel to estimate vital parameters such as: 1) growth
rates between hatchery trout vs. wild trout, 2) mortality of stocked trout, and 3) the contribution
of hatchery trout to the total fishery.
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For effective management of the trout fishery at Lee’s Ferry, it is essential that reliable methods
to age trout (or estimate the age with a high degree of confidence) be further explored.
Information about the age structure and dynamics of the trout population will allow estimates
of various parameters (e.g. instantaneous growth, mortality, recruitment and yield). These
parameters, as influenced by fluctuating flows, are necessary to base future policy concerning
stocking rates, slot limits and/or bag limits.  Conventional methods for aging trout in the
tailwaters by the examination of annuli in scales and otoliths was apparently ineffectual possibly
due to the consistency of cool water temperatures in the tailwaters (Angradi et al. 1992).
Whether this initial observation represents a true phenomenon or a sampling artifact needs
further investigation. Therefore, other bony structures (e.g. cleithrum, operculum, sagittal
otoliths, and vertebral centrum) plus scales from "key" areas will be re-evaluated for annuli
using different methods (including weighing and baking otoliths; clearing and staining opercula).
Approximately 15 to 20 trout representing a wide size range (and presumably ages) will be
collected from an upcoming electrofishing trip in March 1993 and evaluated by experienced
personnel in Phoenix.

In the event that trout cannot be aged using conventional bony structures and techniques, their
ages will also be estimated using a computer simulated growth model from length-frequency
distributions. This method, '"MULTIFAN’, finds the "best" match between the theoretical and
observed length-frequency distributions with either maximum likelihood or chi-square methods
(Fournier et al. 1991, Terceiro et al. 1992). This program also generates von Bertalanffy
growth coefficients (K) that can be used to compare growth rates between sampling locations and
cohorts. In addition, it is possible that a cohort could be tracked through time to test the effects
of fluctuating flows on such dependent variables as growth, mortality and age structure. It is
planned that length-frequency data from 1984 to the present (over 80,000 records) will be
analyzed by this method.

In the absence of reliable methods to distinguish stocked trout from wild trout, it is nevertheless
useful to examine the growth and presumptive age patterns of trout in the fishery to search for
general trends. Preliminary results using relative weights (W,), length-weight relationships and
length-frequency distributions, from both creel and electrofishing data, are discussed below.
However, a possible vitiating factor regarding trout growth must be briefly mentioned. A
parasitic nematode Buldodacnitis ampullastoma, probably adversely affecting the growth of trout
in the fishery, was identified in the pyloric cecae from virtually all of trout collected in 1990
(see below). As yet, there is no clue to the etiology or epidemiology of the parasite but
experiments are underway.
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Recent concerns about the condition of trout at Lee’s Ferry prompted an examination of the data
from 1984 to the present. Length-weight data were separately analyzed from the electrofishing
catches and creel data to assess the relative condition of trout in the reach. We also explored
the use of the Relative Weight Index (W,) (Murphy et al. 1990) as a better method to quantify
condition rather than traditional condition factor (K) indices (see Lagler 1956).

The logarithms of the length-weight regression equations were also used to compare the relative
condition of fish from different populations. The logarithmic relationships of the length-weight
regression were computed and plotted for each year.

Relative Weight (W) is calculated as 100 x W/W,, where W is the weight of an individual fish
and W, is the "standard" weight of a fish for a given length. With this correction factor, relative
weight is not dependent on length and W, can be used as an unbiased estimate to compare
populations. The standard weight is defined such that a mean W, of "100" (from a wide range
of lengths) may reflect the ecological and physiological optimality for a population (Anderson
and Gutreuter 1983).

W, was calculated using the algorithm of Murphy et al. (1990). The log length-weight
regression equations were used to predict the lengths and weights of trout in the Ferry from
April 1984 to August 1990. From empirical study (Persons, unpublished data), outliers in the
data were excluded from the regression analyses if 0.2 > K > 1.5. The predicted weights of
fish in 1 cm length intervals were calculated from the regression equations. The 75th percentile
of weights in each of the intervals were regressed upon length to determine the parameters of
the W, equation.

Lastly, the historical data base will be re-analyzed in an effort to quantify the effects of
fluctuating flows against dependent population variables. Because the degree, nature and
duration of the flows has varied significantly from the onset of the study in 1984 until the
present, it may be possible to model this temporal variation. Next, time permitting, a corollary
study of flannelmouth suckers (Catastomous latipinnis) in the reach will allow a direct
comparison with results from the current trout study and will provide useful management
information. Further, when GCES personnel provide accurate maps of the spawning bars, it is
feasible that a predictive model of redd density and relative abundance could be generated using
regression analyses. Lastly, some of the recapture data may be used to estimate population
abundance (and variances) with the Lincoln Index or the "open" fishery models of Seber-Jolly
and Zippen as described in Ricker (1975).
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- Length-Frequency Distributions

Length-frequency distribution scatterplots for the 1989 to 1992 electrofishing samples are

. presented in Fig. 5.1. In 1989 and 1990, the distributions were predominately unimodal with

some evidence of a smaller cohort around 100 to 300 mm (Fig. 5.1). However, in 1991 and
1992, the distributions were distinctly bimodal with two cohorts readily apparent in the
population (Fig. 5.1).

Breaking the distributions down by season are presented in Fig. 5.2. Although there was some
evidence for presence of two cohorts in the years 1989 and 1990, the indication of this trend was
clearly evident in the years 1991 and 1992. However, although it appeared that 100 to 300 mm
fish were recruited into the population, it was not known whether this cohort represented
hatchery or naturally spawned trout. Moreover, the presence of two modes or cohorts could be
misleading. For example, the first mode at approx. 100 to 300 mm could be composed of one
year old fish but it also could be composed of slower growing two year olds. The second mode
at approx. 300 to 525 mm likewise could be composed of more than one age group, which is
likely.

General growth, in terms of mean total lengths between the samples, appeared to have
significantly declined since 1989 (Fig. 5.3a) [A oneway ANOVA comparing total lengths was
significantly different between the sampling years (F 10610=389, P <0.001)]. The X, were;
397 + 5.29 (SE) in 1989, 407 + 3.11 (SE) in 1990, 302 + 1.99 (SE) in 1991 and 285 + 3.13
(SE). For the combined sampling years between 1989 and 1992, growth was not evenly spaced
among river mile intervals (Fig. 5.3b; F, o5;;,=249, P < 0.001) and the mean TL + SE were
as follows for each of the river mile intervals (RMI); 308 + 3.02 for RMI ’0-3’, 314 + 2.78
for RMI ’3-6’, 379 + 3.22 for RMI *6-9°, 397 + 2.11 for RMI ’9-12’° and 380 + 2.06 at RMI
"12-15°. Significantly larger fish were captured from the mid-portion of the river. Whether this
observation can be correlated to a greater abundance of food needs further investigation.

Not surprisingly, all of the winter seasons from 1989 produced significantly larger fish (Fig.
5.3¢; Fg 10610=212, P < 0.001) which is probably the result of trout in spawning condition.
The mean TL + SE for each of the combined seasons since 1989 were; 304 + 3.91 for spring,
290 + 2.34 for summer, 353 + 2.91 for fall and 378 + 3.08 for the winter season. However,
until the contribution of hatchery fish can be rehiably determined, it is not known whether they
represent a significant portion of the breeding population. For example, after 30+ years stocking
different strains into the system, intuitivelv. 1t seems reasonable to speculate that natural
selection may have favored certain combinut.ons of alleles that constitute a resident 'wild’
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population and, consequently, a majority of spawners. As an alternative stocking strategy, the
selection of broodstock from the reach may prove beneficial.

Relative Weight

Traditional condition factors (K) can be meaningfully compared only among individuals of
similar lengths. Therefore, if growth in the population is allometric, condition factors linearly
decrease with increasing length (Fig. 5.4). The standard length-weight equation determined by
this regression line percentile (RLP) technique was:

log W,(g) = -4.600 + 2.856 log TL (mm), »=0.0004,

where log is the logarithm to the base 10, and TL is the total length. Relative weights (W,)
calculated for fish collected by electrofishing from 1984 to 1990 appear to provide a better index
of fish plumpness than traditional techniques because they do not vary significantly with fish
length (Fig. 5.4). Table 5.1 provides W, and 95% confidence intervals for trout collected from
1984 to 1991 and Fig. 5.5 provides the floating histogram of the data.

It was evident that there has been a significant stepwise degradation of W, from 1984 to 1991
in the reach. The result was considered significant at P = 0.05 if the 95% confidence intervals
of the floating histograms did not overlap. Relative weight was significantly different between
1989 and 1992 (Fig. 5.6a; F;, 1060=19, P < 0.001). Mean W, + SE were; 83 + 4.14 for
1989; 79 + 2.43 for 1990, 64 + 1.56 for 1991, and 82 + 2.45 for 1992. Although W, was
significantly different between the seasons since 1989 (Fig. 5.6b; Fg 00 =11, P < 0.001),
it was not significantly different between river mile intervals (Fig. 5.6c).

The decreasing trend in W, since 1984 was also apparent in the creel data (Fig. 5.7). Table 5.2
lists the summary of the creel data from 1977 to 1992. In almost every category, there was a
precipitous decline from 1977 to 1992. In particular, the creel per hour and mean weight has
declined markedly indicating that perhaps the relative number of "plump"” fish has declined in
the fishery, which is supported by Table 5.1 and Fig. 5.5. Another possible explanation is that
there are fewer numbers of catchable trout in the reach. Creel catch per hour (and the harvest)
has likewise declined from previous highs in the mid-1980s. Although the number of angler
hours has dropped decidedly in 1992 from 1991, this may be an indication that the fishery has
steadily declined from 1990 since there are fewer anglers seeking fewer fish that are in poor
condition. However, the trend in W, for 1992 appears to be on the incline from 1991 (Fig.
5.6a). Whether this trend will continue for the 1993 season has yet to be determined. Appendix
5.1 presents initial analyses of relative weight and several independant flow variables.
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Length-Weight Relationships

The log length-weight relationships of the electrofished catches remained relatively consistent
over the period from 1984 to 1992 in the reach (Fig. 5.8). However, it was empirically tested
that this method was an ineffective gauge of growth due to its size dependency and allometric
characteristics (Fig. 5.4). Therefore, we plan to recalibrate our W, equation and compare it to
recently developed national standards. It is anticipated that this method will more accurately
reflect growth patterns than traditional length-weight equations.

Growth of BCWT Trout

Length-frequency distributions of wire-tagged and untagged fish in the reach for August, 1992
are given in Table 5.3. The composition of wire tagged fish relative to the catch of all trout
<200mm was 22%. This estimated 78% of natural reproduction is opposite to what Maddux
et al. reported [27%] in 1987 (cf. Page 5.1). The breakdown of wire-tagged fish stocked into
the reach and hatchery of origin are given in Fig. 5.9.

Total length was significantly different between stocked (PS) and *wild’ (LF) trout (Fg,45=893,
P < 0.001). Trout held in hatchery conditions at PS to 8/92 had significantly greater growth
rates (mean TL 180 + 2.36 SE) than compared with ex-hatchery stock (147 + 2.12 SE)
captured at Lee’s Ferry on 8/92. These initial stockings occurred in May 1992, and these fish,
from PS, had a mean TL of 92 + 0.74 SE. Not surprisingly, the growth of trout fingerlings
was significantly better under controlled hatchery ¢onditions than in the wild.

From this baseline experience, staff at AGFD will wire-tag each subsequent stocking with a
unique code thereby making it possible to track different hatchery cohorts through time to
estimate their growth patterns and contribution to the fishery. It is anticipated that BCWTs will
be a prominent fixture in the long term monitoring plans of the fishery.

Nematode Infestations

During the fall of 1990, trout from Lee’s Ferry appeared to be emaciated and suffering from
malnutrition. The marked decline in relative weights in the fishery from 1988 to the present
seems to support this observation (Fig. 5.6a). In that same time frame, the number of creeled
fish per hour, catch per hour, mean lengths and weights, and harvest has also dramatically
declined (Table 5.2).

In order to investigate this occurrence and quantify (if possible) the presumptive causative agent,
a health survey of trout was initiated in December, 1990. During that survey, it was discovered
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that all of the 60 trout sampled were suffering from a nematode infestation. Additionally,
approximately 1500 trout viscera have been collected from 1990 through 1993 for a companion
diet study. Detailed analysis of these data are pending, however, it does indicate that virtually
100% of the trout in this reach were infected with the nematode.

This nematode was found in the pyloric caeca and in the junctions between the lumen of the
intestines and operings to the caeca. Other parasites were discovered on the skin and gills,
Gyrodactylas sp. and Ambiphyra sp., respectively, but only in a few cases. Further, bacterial
and viral assays indicated only a few cases of Yersinia ruckeri (ERM-1) in the sample. Lastly,
in virtually all of the 60 trout sampled, none of them appeared to contain any body fat reserves.
Given the emaciated condition of these trout, called "snakes" by the local fishermen, it was
possible to speculate that the parasite interfered with nutrient absorption. Because Lee’s Ferry
is completely artificial (e.g. trout and their simultaneously introduced food base Gammarus
lacustris, are exotics) it is believed that the nematode is also an (unwittingly) exotic introduction.

Preliminary taxonomic identification indicated that the nematode was B. ampullastoma (Maggenti
1971) which was later confirmed (A. Maggenti, personal communication, 1991). The type
locality of this species is the California Fish and Game’s Hot Creek State Fish Hatchery, Modoc
County, CA. To further gain insight into this problem, the digestive tracts were excised out of
preserved adult trout from 1984. The parasite was found in all of the samples. With the aid of
Carothers and Assoc., the nematode was present in all adult trout sampled from Lee’s Ferry to
Lake Mead during routine surveys in 1989/90. As a preventative measure in 1991, trout from
Arizona’s state fish hatcheries were screened for this parasite but none were found.

Historical records indicate that the endoparasitic nematode was not a "recent" invader.
Interviews with a former biological assistant that worked at the Ferry years ago revealed that
the nematode was present as early as 1980. Specifically, he remembered large numbers of
nematodes in the intestines of a few "skinny" fish (Don Randall, personal communication, 1993).
Although no further data are available, anecdotal comments by other biologists from the same
period (1980/81) likewise indicated that "skinny" trout were present, but not common.

Previous laboratory experiments investigating the effects of B. ampullastoma infestations on
growth of rainbow trout have been conducted (Hiscox and Brocksen 1973). In their study,
Hiscox and Brocksen (1973) reported that when infected trout were maintained on a normal diet,
only slightly reduced growths rate were observed. However, they also suggested that the reduced
growth rate was not due entirely to uptake of nutrients by the nematode. Moreover, they
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speculated that the nematode may mechanically interfere with fat absorption or enzymatically
convert it to an unusable form.

Hiscox and Brocksen (1973) also indicated that at accelerated feeding regimes, both parasitized
and non-parasitized trout had fast growth rates but that the parasitized trout exhibited
significantly slower growth rates. Next, under simulated conditions of starvation, parasitized
trout had a 60% higher mortality than non-parasitized trout. For the sake of argument, if one
can extrapolate the results from Hiscox and Brocksen (1973) to the present study, it seems
plausible that under severe or prolonged periods of physiological stress (such as dramatic
fluctuations in flows and/or reduction of the food base), parasitized trout in Lee’s Ferry might
experience an abnormally high mortality rate.

A second general fish health survey at the Ferry was undertaken during November, 1992. The
primary objectives of this survey were to monitor the health of trout and to screen for various
pathogens, including the parasitic nematode. Summary results of the 1992 survey are provided
below.

The yellow grub Clinistomum minimum was observed in few fish. Next, the nematode B.
ampullastoma was found in 88% of the fish in moderate to heavy concentrations. Records
indicated that fish stocked into the system three months prior to sampling (August 1992)
appeared to be nematode free. These stocked trout had the greatest amount of estimated body
fat in the entire sample (ratings of 70 to 90%, Table 5.4). Next, trout examined from an earlier
stocking in May 1992 were infected by the parasite and exhibited greatly reduced fat storages.
Of the May stockings, 42% exhibited no estimated fat reserves and another 33% had less than
50% estimated fat (Table 5.4). '

In comparing the 1990 and 1992 fish health surveys, a few general observations can be made.
Firstly, it appears that the occurrence of Y. ruckeri (ERM-1) in the trout population(s) from
Lee’s Ferry is extremely rare. Secondly, and more importantly, of the trout surveyed from 1990
and 1992, the amount of body fat found in the 1992 samples was slightly higher than the amount
found in 1990 samples. Although it is perhaps too premature to draw any valid conclusions
regarding this result, it is nonetheless an encouraging sign. Finally, until the etiology and
epidemiology of the parasite B. ampullastoma is understood, it probably will continue to infect
the trout population(s) at varying concentrations. Possible control measures can be evaluated
when the intermediate host(s) and/or vector(s) of the parasite is identified.
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Work item 2.4 - Determine the behavioral responses of trout in the Glen Canyon Dam
tailwater to different steady and fluctuating flow regimes.

Introduction
Changes in river stage, current velocity, and wetted area, that accompany fluctuating flows, have
the potential to affect the behavior patterns of adult trout during reproductive and feeding
activities. This may result in increased stress levels and/or energy expenditures. Project
biologists attempted to document movements and other behavioral responses using radio
telemetry.

Methods and Progress
Radio telemetry was used to evaluate the behavioral responses of adult trout in regard to constant
and fluctuating flow regimes. Five adult trout (40-50 cm TL) were implanted with radio
transmitters in November 1990 and five more in December 1990. Detailed methods have been
reported (Angradi et al. 1992).

Limitations of the experimental design prevented accurate measurement of small scale
movements. The design used surveyed stakes along the riverbank for triangulations. It was
hoped that by using these stakes, more accurate measurements could be made and the resulting
X, Yy coordinates could be more accurately plotted on maps. However, the flaw in this design
was that it required taking bearings at greater distances from the fish, particularly during low
“flows. Angular errors increased proportionally with distance from the surveyed stakes.
Accuracy tests confirmed that it was only possible to triangulate within 5 m of the fish 66% of
the time, and the remaining measurements often showed gross errors.

By using different antennas, repeated measurements, and triangulating fish locations from a boat,
technicians were able to pinpoint the location of a fish to within 5 m 95% of the time. This
level of accuracy was acceptable for fish movement, but possibly not for microhabitat
preferences. Without using surveyed stakes, the difficulty with this method is that it was hard
to plot successive movements of fish to within 5 to 10 m. While it is possible to be accurate
to within 5 m of a fish presently being triangulated, it is exceedingly difficult to determine
where the fish was four hours ago, 24 hrs. ago, etc., without being able to accurately map these
small movements.

An appropriate radio telemetry study plan is a major goal of this study. It is intended that trout
movements be accurately measured and mapped to within § m. Modifying past methods,
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measuring behavioral responses of trout as influenced by the new flow regime will be attempted.
Radio telemetry accuracy tests may be repeated and explained in more detail for the final report. .
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121:667-677.
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Table 5.1.  Mean relative weight (W) and 95% Confidence Interval by year and season,
Lee’s Ferry rainbow trout 1984 to 1991.

95% Confidence

Season Year Mean STD n Interval
Spring 1984 99 13 171 97 - 101
Fall 1984 100 14 841 99 - 101
Spring 1985 94 12 414 93 -95
Summer 1985 98 10 584 97 - 99
Fall 1985 92 12 211 90 - 94
Winter 1985 89 14 442 88 - 90
Spring 1986 96 10 415 95 - 97
Winter 1986 87 13 531 86 - 88
Spring 1987 87 11 268 86 - 89
Fall 1987 88 18 343 - 86-90
Spring 1988 93 14 498 91 - 94
Fall ~ 1988 90 16 283 88 - 92
Winter 1988 92 13 77 89 - 95
Fall 1989 83 14 293 81 - 84.
Spring 1990 83 12 241 81 -84
Summer 1990 74 15 345 72 -76
Fall 1990 76 13 451 75 - 77
Spring 1991 75 13 629 74 - 76

- Summer 1991 69 12 290 68 - 70
Fall 1991 74 13 743 73-175
Winter 1991 74 15 877 73-175
Spring = March - May
Summer = June - August
Fall = September - November
Winter = December - February

AGFD 1992 Annual Report Page 5.22




Table. 5.2.  Summary of creel survey statistics from Lee’s Ferry, 1977 to 1992.
NPS Creel Catch Mean Mean Estimated Percent
Angler Angler per per Length  Weight Harvest Released

Days Hours Hour Hour (mm) (g)
1977 10,613 72,202 0.24 n/a 398 - 735 17,320 n/a
1978 9,990 67,932 0.20 n/a 445 1,015 13,586 n/a
1979 22,085 150,178 0.15 n/a 431 926 22,527 n/a
1980 18,986 129,105 0.09 0.13 465 1,153 11,619 30
1981 28,784 195,731 0.14 0.22 436 957 27,402 36
1982 49,000 333,200 0.13 0.19 449 1,024 43,316 31
1983 52,725 358,530 0.15 0.27 431 926 53,780 44
1984 40,174 273,183 0.16 0.37 370 595 43,709 57
1985 27,572 183,630 0.23 0.60 370 548 41,115 64
1986 18,927 122,803 0.14 0.39 426 827 16,071 67
1987 32,103 212,706 0.18 0.68 416 770 36,754 75
1988 34,780 -241,029 0.17 0.78 412 731 39,726 80
1989 32,537 222,438 0.14 0.76 395 663 30,133 81
1990 38,789 267,904 0.05 0.80 385 514 11,783 94
1991 32,928 242,432 0.04 0.56 380 503 10,076 93
1992 14,682 110,392 0.03 0.41 371 499 3,216 92

n/a = not available
Page 5 23
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Table 5.3.  Rainbow trout catch by river mile location, August 1992.

All All No Wire All

Mile All <200 mm <100 mm <100 mm Wire
1 90 73 7 7 6
1.9 62 53 15 15 10
3 95 67 25 25 8
4 126 : 98 48 47 10
5.2 91 78 41 41 2
2.7 57 46 9 9 7
7.1 26 17 1 1 8
9.2 85 36 5 5 16
9.7 43 21 3 3 11
10.2 42 23 7 7 13
12.5 29 13 0 0 4
13.5 39 21 1 1 9
14.2 95 31 2 0 19
14.7 48 12 4 4 8
TOTAL 928 589 168 165 131
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Table 5.4 Estimated body fat of rainbow trout taken between Glen Canyon Dam and Lee’s

Ferry. A score of zero equals no estimated body fat. A score of 1 indicates

‘ <50% estimated body fat and a score of 2 indicates >50% estimated body fat.
A score of 3 represents a full complement (100%) of estimated body fat.

EstimatedBody 1990 1992
Fat
0 60 18
1 0 14
2 0 10
3 0 90
60 42
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FIGURE 5.3a. Mean length of rainbow trout Oncorhynchus mykiss collected by electrofishing
from the tailwaters of Glen Canyon Dam downstream to Lee’s Ferry from 1989 to 1992. Length
is the total length measured in mm. (a) Mean length arranged by year, (b) mean length arranged
by season (i.e. individuals collected from 1989 to 1992 were categorised by season of capture),
and (c) mean length arranged by river mile location (i.e. individuals collected from 1989 to 1992
were categorised by location of capture). Numbers = n. The darkened area represents + SE,
the bisecting line is the mean and the upper and lower 95% confidence intervals (P = 0.05) are
represented by a diamond and open triangle. respectively.
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FIGURE 5.4. Regressions of condition factor K (a) and relative weight W, (b) on length of
rainbow trout Oncorhynchus mykiss. Length 1s the total length measured in mm. Regression lines
were fitted by least squares. (a) condition tactor K was calculated as K = W/TL? x 100; where
W is the wet weight (g) and TL is the total length (mm). (b) the formula to calculate W, is
provided in the text.
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FIGURE 5.5. Mean relative weight W, of rainbow trout Oncorhynchus mykiss collected by
electrofishing from the tailwaters of Glen Canyon Dam downstream to Lee’s Ferry from 1984
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FIGURE 5.6a. Mean relative weight W, of rainbow trout Oncorhynchus mykiss collected by
electrofishing from the tailwaters of Glen Canyon Dam downstream to Lee’s Ferry from 1989
to 1992. (a) Mean W, arranged by year, (b) mean W, arranged by season (i.e. individuals
collected from 1989 to 1992 were categorised by season of capture), and (c¢) mean W, arranged
by river mile location (i.e. individuals collected from 1989 to 1992 were categorised by location
of capture). Numbers = n. The darkened area represents + SE, the bisecting line is the mean
and the upper and lower 95 % confidence intervals (P = 0.05) are represented by a diamond and
open triangle, respectively.
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FIGURE 5.7. Relative weight W, by percentage of rainbow trout Oncorhynchus mykiss
. creeled from the tailwaters of Glen Canyon Dam downstream to Lee’s Ferry from 1982 to 1992.
Consult Table 5.2 for details.
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FIGURE 5.9. Length by percentage of binary coded wire tagged (BCWT) and untagged
rainbow trout Oncorhynchus mykiss. Length is the total length measured in mm. BCWT trout
arranged by date of hatchery release (PS = Page Springs Hatchery and LF = Lee’s Ferry). PS
(8/92) [darkened bars] is the length of trout fingerlings held at the hatchery to that date. PS
(5/92) [open bars] is the initial length of those hatchery trout in May. LF 8/92 [hatched bars]
is the length of trout fingerlings planted into Lee’s Ferry (LF) from PS 5/92.
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Appendix §.1

A Preliminary Parametric Examination Of The Relationships Between Relative Weight In
Rainbow Trout And Time, River Section, And Water Flow Parameters From Lee’s Ferry
To The Glen Canyon Dam On The Colorado River

Carl R. Gustavson

The purpose of this appendix is to describe an initial attempt to evaluate the suitability of a large
amount of data for parametric analysis. The data in this analysis were selected from a larger
set of data collected on many species of fish at many locations on the Colorado River over the
past five years by the Arizona Game and Fish Department, and from U.S.G.S. measurements
of water flow in the Colorado River taken at Lee’s Ferry in one half hour intervals from January
1, 1987 through December 1, 1992. The reader is referred to other sections of this document
for the details of the methods used to obtain the fish related measures. For this initial .
evaluation, only the length and weight of rainbow trout, and only samples taken by electrofishing
methods between Lee’s Ferry and the Glen Canyon Dam from 1988 through 1992 were included
in the analysis. No attempt to draw conclusions from the analysis of these data will be reported
here, as the intent of this report is to describe the operational procedures of the analytical
approach.

Dependent Variable

The dependent measure for this analysis was the Z score (Zar 1984) of the calculated relative
weight (W,) of each rainbow trout for which a length and weight had been recorded (n=11,749
fish). Relative weight was calculated by dividing the weight of each fish by the calculated
standard weight (W,), and then multiplying by 100. The standard weight of each fish was
calculated by taking the log), of a figure equal to the sum of -4.6 and the log,, of the length of
each fish multiplied by 2.856. (full procedure under work item 2.1).

Fixed Independent Variables

Three categorical (fixed) independent variables were used in the analysis. The first fixed
variable was the year in which the fish sample was taken. This variable was coded as "Research
Year" with 1988 = 1 and 1992 = 6. The second fixed variable was the "season" in which the
fish sample was taken. This variable was coded as "Research Season” with October 1, through
April 30 = 1, May 1 through July 31 = 2, and August 1 through September 30 = 3. The third
fixed variable was the section of the river from which each fish sample was taken. This variable
was coded "River Section" with the first five miles from Lee’s Ferry toward the dam coded =
1, the second five miles coded = 2, and the last five miles coded = 3.

Continuous Independent Variables
Ten continuously variable independent variables were constructed to represent different aspects
of changes occurring to the water flow in the Colorado River at Lee’s Ferry.

Flow

Flow scores were constructed by calculating the Z score of the each measure taken at Lee’s
Ferry from January 1, 1987 through December 31, 1992,

AGFD 1992 Annual Report Page 5.43




Low Flow

Low flow scores were constructed by calculating the Z score of the each measure taken at Lee’s
Ferry from January 1, 1987 through December 31, 1992, for only those scores less than the
mean of the overall flow scores

High Flow

High flow scores were constructed by calculating the Z score of the each measure taken at Lee’s
Ferry from January 1, 1987 through December 31, 1992, for only those scores greater than the
mean of the overall flow scores

One Hour Ramping

One hour ramping scores were constructed by calculating the Z score for deviation scores
constructed by subtracting the flow values for each measure from the flow value one hour earlier
beginning January 1, 1987 through November 14, 1992.

One Hour Low Ramping :

One hour low ramping scores were constructed by calculating Z scores for only those one hour
ramping values in which the change in the target measure was less than the measure taken one
hour earlier.

One Hour High Ramping

One hour high ramping scores were constructed by calculating Z scores for only those one hour
ramping values in which the change in the target measure was larger than the measure taken one
hour earlier.

Six Hour Ramping

Six hour ramping scores were constructed by calculating the Z score for deviation scores
constructed by subtracting the flow values for each measure from the flow value obtained six
hour earlier beginning January 1, 1987 through November 14, 1992,

Six Hour Low Ramping

Six hour low ramping scores were constructed by calculating Z scores for only those six hour
ramping values in which the change in the target measure was less than the measure taken six
hours earlier.

Six Hour High Ramping

Six hour high ramping scores were constructed by calculating Z scores for only those six hour
ramping values in which the change in the target measure was larger than the measure taken six
hours earlier.

Stabili

Stabilig scores were constructed by calculating the square of Z scores of the means of each
flow measure and the flow measures for both the preceding and following six hours. (It was the
intent of the author to use the square root of the squared Z scores. However, this step was
inadvertently omitted from the calculation procedure. This error changes only value of the
measure used, not the relationship to other measures.
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In order to relate these variables to the dependent measure, fish measurements were divided into
twenty three collection periods, coded as "Samples" with the first period = 1 and the last period
= 23. For each water flow variable, the mean value of the flow measures starting with the first
measure in the first day after the prior "Sample" and ending with the last measure of the last day
of the current "Sample" was used to represent the value of the independent variable that would
have independent influence on the fish taken during any given period. '

The independent variables constructed from the U.S.G.S. data in this report are exploratory, and
we plan to continue to evaluate these scores, and other values that may capture different aspects
of changing water flows such as the durations of flow levels).

Data Analysis

Multiple linear regression was used to evaluate relationships between relative weight and the ten
different water flow variables. Flow, six hour low ramping, six hour high ramping and stability
were shown to be reliably related to relative weight (P <.05) [Fig. 5.Al.

A three way analysis of covariance procedure was used to explore the relationships between the
fixed independent variables (variates); research year, research season, river section, and the
continuous independent variables (covariates); flow, six hour low ramping, six hour high
ramping, stability and the dependent variable, relative weight. The main effect of research year
was shown to be reliable (Fig. 5.B), as was the main effect of river section (Fig. 5.C).
Interactions of both research year and river sections (Fig. 5.D), and river sections and research
season (Fig. 5.E) was shown to reliably influence the relative weight.

The reader is cautioned to be very conservative in any interpretation of the data presented in the
figures accompanying this report because the intent of this exploration was to evaluate the
viability of using parametric procedures for investigating this large data base. As an example
of the need for caution, one assumption underlying the use of an analysis of covariance
procedure is that the slope of the relationship between a covariate and the dependent measure
must be in the same direction. The analysis reported here has not been examined for meeting
this requirement.

Literature Cited

Zar, ].H. 1984. Biostatistical Analysis. Prentice-Hall, Inc., Englewood Cliffs, NJ. 718pp.
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