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FOREWORD

The mission of the U.S. Geological Survey
(USGS) isto assess the quantity and quality of the
earth resources of the Nation and to provide informa-
tion that will assist resource managers and policymak-
ers at Federal, State, and local levelsin making sound
decisions. Assessment of water-quality conditions and
trends is an important part of this overall mission.

One of the greatest challenges faced by water-
resources scientists is acquiring reliable information
that will guide the use and protection of the Nation's
water resources. That challengeis being addressed by
Federa, State, interstate, and local water-resource
agencies and by many academic institutions. These
organizations are collecting water-quality datafor a
host of purposesthat include: compliance with permits
and water-supply standards; devel opment of remedia-
tion plans for specific contamination problems; opera-
tional decisions on industrial, wastewater, or water-
supply facilities; and research on factors that affect
water quality. An additional need for water-quality
information is to provide a basis on which regional-
and national-level policy decisions can be based. Wise
decisions must be based on sound information. As a
society we need to know whether certain types of
water-quality problems are isolated or ubiquitous,
whether there are significant differencesin conditions
among regions, whether the conditions are changing
over time, and why these conditions change from
place to place and over time. The information can be
used to help determine the efficacy of existing water-
quality policies and to help analysts determine the
need for and likely consequences of new policies.

To address these needs, the U.S. Congress appropri-
ated fundsin 1986 for the USGS to begin a pilot pro-
gram in seven project areas to develop and refine the
National Water-Quality Assessment (NAWQA) Pro-
gram. In 1991, the USGS began full implementation of
the program. The NAWQA Program builds upon an
existing base of water-quality studies of the USGS, as
well asthose of other Federal, State, and |ocal agencies.
The objectives of the NAWQA Program are to:

* Describe current water-quality conditions

for alarge part of the Nation's freshwater
streams, rivers, and aquifers.

* Describe how water quality is changing

over time.

* Improve understanding of the primary
natural and human factors that affect
water-quality conditions.

Thisinformation will help support the devel opment
and evaluation of management, regulatory, and moni-
toring decisions by other Federal, State, and local
agenciesto protect, use, and enhance water resources.

The goas of the NAWQA Program are being
achieved through ongoing and proposed investigations
of 60 of the Nation's most important river basins and
aquifer systems, which are referred to as study units.
These study units are distributed throughout the
Nation and cover adiversity of hydrogeologic settings.
More than two-thirds of the Nation’s freshwater use
occurs within the 60 study units and more than two-
thirds of the people served by public water-supply sys-
tems live within their boundaries.

National synthesis of dataanalysis, based on
aggregation of comparable information obtained from
the study units, is a major component of the program.
This effort focuses on selected water-quality topics
using nationally consistent information. Comparative
studies will explain differences and similaritiesin
observed water-quality conditions among study areas
and will identify changes and trends and their causes.
Thefirst topics addressed by the national synthesisare
pesticides, nutrients, volatile organic compounds, and
aquatic biology. Discussions on these and other water-
quality topicswill be published in periodic summaries
of the quality of the Nation’s ground and surface water
as the information becomes available.

Thisreport is an element of the comprehensive
body of information developed as part of the NAWQA
Program. The program depends heavily on the advice,
cooperation, and information from many Federal,
State, interstate, Tribal, and local agencies and the
public. The assistance and suggestions of all are
greatly appreciated.

[Lotet m. Herect

Raobert M. Hirsch
Chief Hydrol ogist
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Fish Community Structure in Relation to Environmental
Variables Within the Sacramento River Basin and
Implications for the Greater Central Valley, California

By Jason T. May and Larry R. Brown

ABSTRACT

Twenty-two sitesin the Sacramento River
Basin, California, were sampled from 1996 to
1998 to characterize fish communities and their
relation to water quality and habitat quality. The
feasibility of developing an Index of Biotic Integ-
rity (1BI) for the study area was assessed by evalu-
ating six fish community metrics, including
percentage of native fish, number of native spe-
cies, percentage of intolerant fish, number of toler-
ant species, percentage of omnivorous fish, and
percentage of fish with external anomalies. Of the
36 taxa of fish captured during the study, only 13
taxawere native to the drainage. Multivariate anal-
yses identified four site groups that were charac-
terized by four speciesgroups. Thedistributions of
fish species were correlated with elevation of a
sampling site and substrate size; however, eleva-
tion was correlated with a suite of water-quality
and habitat variables. Four of the fish community
metrics—percentage of native fish, percentage of
intolerant fish, number of tolerant species, and per-
centage of fish with external anomalies—were
responsive to environmental quality. In contrast,
number of native speciesand percentage of omniv-
orous fish were not correlated with environmental
guality. Fish communitiesinthe Sacramento River
Basin appeared responsive to environmental gradi-
ents, and several of the metrics tested reflected
theserelations. These results suggest that | Bl-type
indices can be developed for the basin.

INTRODUCTION

The rivers of the southwestern United States
have been extensively altered, primarily to provide
water for agricultural and urban development (Reisner,
1986). In California, the Sacramento River drainage
exemplifies many of the problems resulting from such
human activities. The Sacramento River Basin (fig. 1)
comprises 8 ecological regions, including Central Cal-
iforniaValley (hereinafter referred to as the Central
Valley), Southern and Central CaliforniaChaparral and
Woodlands (hereinafter referred to as the Foothills
ecoregion), Sierra Nevada, Klamath Mountains, East-
ern Cascade Slopes and Foothills, Cascades, Snake
River High Desert, and Northern Basin and Range
(Omernik, 1987).

Agricultural and urban developments have been
most intense in the Central Valley. Water for much of
these activitiesis supplied by large storage reservoirs
located in the foothills of the Sierra Nevada. The natu-
ral hydrologic flow regime and geomorphic processes
of the rivers have been substantially changed by the
dams and diversions that provide water supply and
flood control for agricultural and municipal purposes
(Kahrl and others, 1978; Mount, 1995). Aquatic and
terrestrial habitat |0sses associated with agriculture,
mining, urbanization, and water management have
reduced or eliminated native communities within the
Central Valley. Changesin water and habitat quality in
the other, higher elevation, ecological regions have
been less significant. Although streamsin theseregions
have been affected by logging, grazing, urbanization,
and smaller scale dams and diversions operated for
municipal water supply and production of hydroelec-
tricity, development has been less intense (Moyle and

Introduction 1



EXPLANATION
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Figure 1. Location of study sites, ecological regions, and TWINSPAN site groups.
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Randall, 1998). Declines and extinctions of native fish
species and the introduction of new fish species have
occurred in the Central Valley concurrently with these
environmental changes (Moyle, 1976a; Brown and
Moyle, 1993; Brown, 2000). Results of these previous
studies suggest that introduced species adapt better to
the altered environments than the native species and
may affect native speci esthrough both competition and
predation.

Although the potential importance of environ-
mental changes and the associated effects on fish com-
munity structure have been recognized in the
Sacramento River drainage, published studiesof fishin
the Sacramento River drainage streams have been lim-
ited to either species-specific studies (Baltz and others,
1982) or studies of single watersheds (Moyle and oth-
ers, 1982; Batz and Moyle, 1993; Gard, 1994). Previ-
ous studies of resident fish speciesin Central Valley
streams have concentrated on either valley-floor
reaches (Saiki, 1984; Jenningsand Saiki, 1990; Brown,
2000) or foothill reaches (Moyle and Nichols, 1973,
1974; Brown and Moyle, 1993). A broader scale
assessment of the Sacramento River drainageis needed
to assess the importance of environmental changes to
fish communities.

Fish community metrics are commonly included
in metric-based approaches to assess environmental
perturbation of aquatic ecosystems. Brown (2000) sug-
gests that thereis a potential for developing a metric-
based assessment of environmental perturbation for the
study area as has been done for other areas of the coun-
try (Fausch and others, 1984; Hughes and Gammon,
1987). The metrics calculated were percentage of
native fish, number of native species, percentage of fish
intolerant of environmental degradation, number of
speciestolerant of environmental degradation, percent-
age of omnivorous species, and percentage of fish with
external anomalies, including lesions, tumors, deformi-
ties, and parasites.

Purpose and Scope

Themain purpose of thisreport isto characterize
the resident fish communities of selected streamsinthe
Sacramento River Basin from the valley floor to the
upper elevation headwaters and to determinetheir asso-
ciations with environmental variables. Also, we com-
pare the results of this study with those of arecent
study of San Joaguin River drainage fish communities

(Brown, 2000) to provide aperspective on environmen-
tal conditions and fish communitiesin the Central Val-
ley of California, asawhole. Finally, we evaluated six
fish community metrics commonly included in met-
rics-based approaches for the assessment of environ-
mental degradation such astheIndex of Biotic Integrity
(IBI) developed by Karr (1981).
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METHODS OF STUDY

Data Collection

Twenty-two sites were sampled from 1996 to
1998 (table 1, fig. 1). In 1996, atotal of 11 sites were
sampled. At 2 of the 11 sites, three adjacent stream
reaches were sampled, rather than a single reach, to
assess gpatial variation within asite. In 1997, 16 sites
were sampled, 11 of which were sampled for the first
time and 5 of which had aso been sampled in 1996. In
1998, 13 siteswere sampled, all of which had also been
sampled in either 1996 or 1997. The multiple-year
sampling done between 1996 and 1998 wasintended to
assess annual variability of fish communities. Fish
sampling was done during the low-flow period of the
year, which typicaly islate July through late
September.

The length of a sampling reach was determined
in one of two ways. For reaches with distinct habitat
types (pools, riffles, runs), the location and length of
the reaches were selected to include two or more repe-
titions of the habitat types present (Meador and others,
19933). For all other reaches, reach length was defined
as 20 times the wetted channel width—with amini-
mum and maximum reach length of 150 to 300 m for
wadeabl e streams, and 500 to 1,000 m for larger,
non-wadeabl e streams.

Methods of Study 3



Fish were sampled by an appropriate combina-
tion of electrofishing (boat or backpack), seining
(3-, 9-, or 15-mlength with 6-mm mesh), or snorkeling,
as determined by the environmental conditions at each
site (Meador and others, 1993b). At sites where feder-
ally protected and state-protected anadromous salmo-
nids were expected, snorkeling was the primary
method used to quantify community structure. Sam-
pling methods were consistent among yearsat 12 sites.
At six sites (BC2, BC4, BU4, BU6, SACR, and YR),
different sampling methods were used in 1998 because
of endangered-species restrictions, equipment avail-
ability, or site conditions.

Captured fish were identified and counted. All
fish were examined for external anomalies. Fish
observed during snorkeling surveyswereidentified and
counted. Assessment of physiochemical parameters
was usually done on the same day or within several
days of fish collections. Water samples for measure-
ments of specific conductance, pH, alkalinity,

nutrients, and major ions were collected using width-
and depth-integrated sampling or by grab sampling.
Nutrient and major-ion samples were collected at
selected sites. Field measurements of specific conduc-
tance, pH, water temperature, and dissolved oxygen
were made with electronic meters. Alkalinity was
determined by titration. Nutrient and major-ions sam-
ples were analyzed using standard methods (Fishman
and Friedman, 1989). I nstantaneous discharge was
determined at ungaged sites.

Habitat variables were measured at six transects
within each sampling reach (Meador and others,
1993a). At sites with repeating habitat types, transects
were placed to reflect the relative availability of each
habitat type; for the other sites, the transects were
placed at equally spaced intervals. Reach length and
wetted channel width were measured with a graduated
tape or an el ectronic rangefinder. The extent of riparian
canopy closure was measured from midstream at each
transect with a clinometer as the number of degrees of

Table 1. Site name, site code, and year(s) sampled for study sites in the Sacramento River Basin, California
[Location of sites shown in figure 1. Land-use categories: UD, undeveloped land; AG, agricultural land use; UR, urban land use]

Site name Site code E(:EZ?;:,(;;] Land use sfr‘r?r:i)d
McCloud River at the Nature Conservancy Preserve’ MC 682.8 ub 1996-98
Deer Creek below Hwy 99 Bridge DC1 60.9 ubD 1997-98
Deer Creek near Vinal DC2 146 uD 1996-98
Deer Creek near Ishi Wilderness Area DC3 524.3 ubD 1997
Deer Creek at Potato Patch Campground DC4 1,0485 ubD 1997-98
Big Chico Creek at Chico BC1 50.3 UR 1996-98
Big Chico Creek above Chico BC2 82.3 ub 199698
Big Chico Creek near Forest Ranch BC3 316.5 ubD 1997
Big Chico Creek at Soda Springs Campground BC4 1,133.9 ubD 1997-98
Butte Creek near Meridian BU1 15.2 AG 1997
Butte Creek near Afton BU2 21.3 AG 1997
Butte Creek near Nelson BU3 36.6 AG 1997
Butte Creek near Paradise BU4 103.6 uD 1997-98
Butte Creek near Butte Meadows BU5 585.2 ub 1997
Butte Creek at Cherry Hill Campground BUG6 1,426.5 ubD 1997-98
Sacramento River near Colusa SACR 12.2 ub 1996, 1998
Cache Creek near Guinda CcC 106.7 ubD 199697
Yuba River near Marysville YR 224 ub 1996, 1998
Feather River near Nicholas FR 6.1 ub 1996, 1998
Colusa Basin Drain near Knights Landing CBD 7.6 AG 1996, 1998
Sacramento Slough near Karnak SACS 6.1 AG 1996
American River at Sacramento AMR 9.1 ubD 1996

1Sites that were sampled for spatial variability of fish-community structure.
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open sky above the transect. Depth, velocity, and sub-
strate were measured at three or more points within
each transect. M easurement points generally were at
about one-quarter, one-half, and three-quarters of the
stream width. Depth was measured with awading rod.
Velocity was measured with an electronic flow meter
(Marsh-McBirney). Substrate was estimated as the
dominant substrate at each transect point. Habitat data
were examined for normality prior to analysis and log
transformed when appropriate. Variableswith multiple
measurements at a site were analyzed as mean or geo-
metric-mean values.

Stream gradient, stream sinuosity, and elevation
were determined from U.S. Geological Survey
1:24,000 topographic maps. Stream sinuosity was mea-
sured as river distance divided by the straight-line dis-
tance between the upstream and downstream ends of a
segment of stream (minimum of 2 km). Basin areasand
percentages of agricultural and urban land use within
each area were determined using geographic informa-
tion system databases (U.S. Geological Survey, 1986).

Data Analysis

Multivariate analyses were used to explore fish
assemblage structure and the relation of assemblage
structure to environmental characteristics. Fish were
analyzed as percentage abundance at each site. Tomin-
imizethe effect of rare speciesin analyses, only species
that werefound at three or more sites and constituted at
least 5 percent of the fish captured at one site were
included in the analyses (Gauch, 1982). However,
Western mosquitofish (Gambusia affinis) and lampreys
(Lampetra sp.) were not included in multivariate anal-
yses owing to poor capture efficiency; the 6.4-mm
(0.25-in.) mesh size of nets used in this study allowed
most mosquitofish and lamprey larvae to easily escape.

Species and site groups were defined using two
multivariate methods: two-way indicator species anal-
ysis (TWINSPAN) (Hill, 1979), and canonical corre-
spondence analysis(CCA) using the statistical package
CANOCO (ter Braak, 1986, 1987; Jongman and oth-
ers, 1987). Datafrom only one sample (1996 or 1997)
were used for these analyses in order to eliminate pos-
sible bias owing to multiple samples from a site.

TWINSPAN isadivisive numerical classifica-
tion technique developed for hierarchical classification
of community data. The analysis was limited to three

divisions (level-1, level-2, and level-3) potentially
yielding eight groups. Level-3 groups were used for
more detailed examination of site and species groups.
CCA isadirect gradient ordination technique for relat-
ing species and sites to physiochemical parameters.
Sites and species groups were defined by visual exam-
ination of ordination plots and were then compared
with TWINSPAN groupings.

The four groups defined by the TWINSPAN
level-2 division were used for comparisons of environ-
mental and fish community metric data among site
groups using analysis of variance (ANOVA) because
severa level-3 division groups included only one or
two sites. When the ANOVA was significant, pairwise
comparisons were done to assess differences between
the TWINSPAN site groups.

Principal component analysis (PCA) wasused to
define subsets of water-quality and habitat variables.
PCA was limited to the 14 of the 22 sampling sites at
which nutrients and major-ion datawere collected. The
main purpose of thisanalysiswasto determine whether
the variables measured at all 22 sites accurately charac-
terized the gradientsin nutrients and major ionswithin
the basin. PCA was done for 32 environmental vari-
ables representing various spatial scales; the variables
range from watershed characteristics to instream habi-
tat and water chemistry. Variables were examined for
normality and were log;q (X+1) transformed where
appropriate and then standardized to a mean of 0 and
standard deviation of 1. Only principal components
(PC) with eigenvalues greater than 1 were retained for
interpretation. Loadings were qualitatively designated
as“high” for absolute values greater than 0.60.

Associations of species and sites with environ-
mental variables were investigated using CCA data
from all 22 sites. CCA was done in the forward selec-
tion mode, and the significance of each variable was
tested in asequential fashion usingaMonte-Carlo sim-
ulation algorithm before it was added to the final
model. All variables significant at p<0.05 were
included in the final model.

Spatial and annual variations of fish communi-
ties were evaluated using detrended correspondence
analysis (DCA). DCA was done using CANOCO (ter
Braak, 1987). Datafor al years and reaches were
included. Only speciesthat werefound at three or more
sites and that made up at least 5 percent of the fish cap-
tured at one site were included in the DCA. Detrended
correspondence analysisis an improved eigenvector

Methods of Study 5
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ordination technique based on reciproca averaging;
DCA corrects the two main faults of thistech-
nique—arch distortion and violation of the orthogonal-
ity criterion (Gauch, 1982). Reciprocal averaging or
correspondence analysisis a multivariate technique
that maximizes the correlation between species scores
and sampl e scores along an assumed gradient (Hill and
Gauch, 1980).

Calculation of metric values was based on all
individual species captured. Native species were deter-
mined from descriptions by Moyle (1976b). Trophic
and tolerance categories were derived from work by
Moyle (1976b), Moyle and Nichols (1973, 1974) and
P.B. Moyle (University of California, Davis, written
commun., 1996).

Multivariate analyses were done using both per-
centage abundance and presence-absencedata. Thetwo
analyses resulted in only minor differencesin results.
Only the percentage-abundance results are presented.

FISH COMMUNITY STRUCTURE

A total of 36 fish taxa were captured during the
study. Thirteen taxa were native to Californiaand 23
taxa were introduced (table 2). Only 21 of the total 36
fish taxawere used for multivariate analyses. Of these
21, only 13 taxa are native to California.

TWINSPAN species groups: Theinitial TWIN-
SPAN division generally separated native speciesfrom
introduced species, with the exception that brown trout
and smallmouth bass were included with the native
species, and tule perch, prickly sculpin, and Sacra
mento hitch wereincluded with theintroduced species.
The second level of division resulted in four groups of
Species:

I: Thefirst of the four species groups defined by
the second TWINSPAN division consisted almost
entirely of native species, except for brown trout, an
introduced species. The native speciesincluded rain-
bow trout, juvenile chinook salmon, hardhead, speck-
led dace, Californiaroach, and riffle sculpin. Thelevel-
3 division of this group separated the two trout species
from the other species because they had high percent-
age abundances at the highest elevation sites. The other
species in the first species group, juvenile chinook
salmon, hardhead, Californiaroach, speckled dace, and
riffle sculpin, are characteristic of the Foothill
ecoregion.

I1. Sacramento sucker and Sacramento pike-
minnow composed the second TWINSPAN species
group. Both of these species had wide distributions
over most of the Sacramento River Basin. Sacramento
sucker was captured at 14 of 22 sites, and Sacramento
pikeminnow was found at 11 of 22 sites. Sacramento
suckerswere found in 3 of the 4 stream types sampled;
the highest elevation sites were dominated by trout.

I11. Thethird species group consisted of asingle
taxon, smallmouth bass; this species was found at 9 of
the 22 sampling sites. The distribution of smallmouth
bass included large river sites and sites on parts of the
tributary streams on the lower valley floor.

IV. The fourth species group was composed pri-
marily of introduced species but included three native
species: tule perch, prickly sculpin, and Sacramento
hitch. Theintroduced species (threadfin shad, common
carp, channel catfish, largemouth bass, bluegill, green
sunfish, and white crappie) (table 2) in this species
group were commonly found at the largeriver sitesand
agricultural drainage sites. Tule perch and prickly
sculpin were predominantly found at the large river
sites.

TWINSPAN site groups: The first TWINSPAN
division of sites roughly separated the large river and
agricultural drainage sites on the valley floor of the
Central Valley ecological region from the sites |ocated
in the Foothills and Sierra Nevada ecological regions.
The second TWINSPAN division resulted in the fol-
lowing four site groups (fig. 1).

1. The mountain (MT) site group consisted of
five high-elevation tributary sitesin which the fish
community was dominated by brown trout, rainbow
trout, and juvenile chinook salmon (table 2). The level-
3 division of this group separated three sites (BC4,
BUG, and MC) from the other two sites (BU4 and DC4)
on the basis of the high percentage abundances of
brown trout.

2. Thefoothill (FH) site group consisted of nine
sites within the Foothills and Central Valley ecore-
gions. These sites were dominated by native minnow
and sucker species, including Sacramento pikeminnow,
hardhead, speckled dace, Californiaroach, and Sacra-
mento sucker (table 2). The level-3 division of this
group separated sites in the mid-elevation foothills
(DC2, DC3, BC3, and BU4) from those on the valley
floor (DC1, BC1, and YR).

8 Fish Community Structure in Relation to Environmental Variables within the Sacramento River Basin, California



3. Thelargeriver (LR) site group included three
largeriver sitesthat had similar percentage abundances
of the native tule perch and prickly sculpin, aswell as
the introduced black crappie. Tule perch was found at
other sitetypes, although at relatively low abundances.
The other species captured at large river siteswere a
mixture of native species characteristic of the foothill
group and the introduced species found in the fourth
group, the agricultural drain group (table 2).

4. The agricultura drain (AG) site group
included five sites in areas in which agricultural land
use was predominant. These sites were dominated by
introduced species, including threadfin shad, common
carp, largemouth bass, and bluegill (table 2). The native
species—Sacramento hitch, Sacramento pikeminnow,
and Sacramento sucker—were found in low numbers
(table 2). Thelevel-3 division of this group separated
out two sitesin the lower Butte Creek watershed (BU2
and BU3) that had relatively low abundances of fish.

Table 3. Principal component loadings for habitat and water-quality variables from principal component analysis of physical data from 14 of the 22 sites

sampled in the Sacramento River Basin, California

[Values greater than 0.60 (in bold) were considered high. mg/L, milligram per liter; uS/cm, microsiemens per centimeter at 25°C; °C, degree Celsius; m,
meter; km?, square kilometer; m?3/s, cubic meter per second; m/s, meter per second)]

Principal component

Variable T 5 3 7 5
Agricultural Tand (percent)™2 0.95 A G &) ©
Nitrate + nitrite (mg/L)2 94 @) A A A
Sulfate (mg/L)? o1 &) &) @) §)
Calcium (mg/lL) 89 037 §) A §)
Magnesium (mg/L) 89 39 6 §) §)
Dissolved phosphorus (mg/L) 88 6 &) §) §)
Agricultural and urban land (percent)-2 .88 ) 6 &) )
Chloride (mg/L) 84 31 &) A §)
Ortho-phosphate (mg/L) 81 e 035 @) A
Sodium (mg/L) 81 33 §) A §)
Fluoride (mg/L) 80 e &) A §)
Specific conductance (uS/cm)*2 78 52 &) A A
Total phosphorus (mg/L) 73 @) —.44 A §)
Water temperature (°C) 73 A §) A §)
Akalinity (mg/L)%2 73 56 §) §) §)
Mean dominant substrate® -84 ) A A §)
Elevation (m)2 -65 53 41 6 §)
Mean depth (m)* 58 - 52 A §) A
Ammonia (mg/L) 57 G .55 A
Basin area (km?)1? 49 -.83 G ) )
Discharge (m?/s)*+? 38 -.73 §) A §)
pH* ) 86 ) ® )
Dissolved oxygen (mg/L)* -.49 &) 45 49 &)
Potassium (mg/L) &) 57 &) -59 0.41
Silica (mg/L) 6 78 §) §) §)
Mean velocity (m/s) A -56 52 §) A
Mean width (m)™-2 40 -81 §) 6 §)
Open canopy (degrees)® 44 -73 §) -43 A
Canopy cover (percent)® -32 .60 @) 48 §)
Stream gradient (percent)! -57 .38 S &) 38
Stream sinuosity+2 ) -.48 G A 56
Proportion of variance explained 44 22 .07 .06 .05

Lincluded in canonical correspondence analyses.
2\/ariables were log transformed for analyses.
3L oading was less than 0.30.
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RELATION TO ENVIRONMENTAL VARIABLES

Principle Component Analysis

Principal component analysis yielded seven
principal components with eigenvalues greater than 1,
which explained 93 percent of the variance in the data.
Variableloadingsfor thefirst five PCsaregivenintable
3. Thefirst two PCs accounted for 44 and 22 percent of
the variance, respectively (fig. 2).

For al major-ion and nutrient variablesfor PC 1,
loadings were high, except for potassium and silica
(table 3). Loads for other variables that were high
included elevation, mean dominant substrate size,

specific conductance, water temperature, alkalinity,
and agricultural and urban land use. The results of PC
lindicatethat patternsof variation in concentrations of
major ions and nutrients among sites are largely repre-
sented by patterns of variation in more general vari-
ables. Results of PC 1 indicates a gradient from the
high-elevation Sierra Nevada sites to the lower eleva-
tion valley-floor sites; the results also emphasize the
variables that distinguish the agricultural drain sites
(CBD and SACS) from the other sites.

PC 2 separates sites on the basis of discharge,
basin area, mean channel width, and open canopy. The
high-elevation sites (DC4 and MC) generally were nar-
row and their basin areas were small. The lower eleva-
tion sites were more variable in width and basin area

1'5_' T I I I I I I
e B¢l bpcie
1.0} DC4 e CBD _
[ ®
[
I BC2
05+ _
I DC2 g oBU4
L °
N [ MC SA.CS
v o
L °
é CcC
g I
a -05+ |
Basin area, 1.0 N
Discharge, L YR®
Channel width, I ® ® FR
Open canopy 1501 AMR b
- )
v i SACR
_2_0-....|....|........|....|....|....|....|....
-1.5 -1.0 -0.5 0 0.5 1.0 15 2.0 25 3.0
< : PCA AXIS 1 >
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Substrate size

Agricultural land,
Nutrients, Dissolved salts,
Conductivity, Water
temperature

Figure 2. Principal component analysis (PCA) plot of site scores on the first two principal components derived from
the environmental variables for sampling sites in the Sacramento River Basin, California.
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because of the inclusion of small tributary streams
(BC1, BC2, DC1, DC2, BU4, and CC), sloughs, and
drains (CBD and SACS) with large tributary streams

The four TWINSPAN site groups had distinctly
different physical characteristics (table 4). Fifteen of
18 ANOVA comparisons were statistically significant.
(AMR, FR, and Y R) and the Sacramento River The pai rwise compari sonswere somewhat complex but
(SACR). No variables were loaded high on any of the generally were consistent with the gradient described
remaining PCs. by PC 1.

Table 4. Mean and range of selected water-quality and habitat variables for the four site groups resulting from TWINSPAN analysis of fish species
percentage abundance in the Sacramento River Basin, California

[Mean, geometric mean for log-transformed variables. Range of variable given in parentheses. See figure 3 for location of group sites. TWINSPAN, two-
way indicator species anaysis. Values with different letters (A‘C) indicate significant difference among site groups, and values with the same | etter indicate
that the difference was not significant. uS/cm, microsiemens per centimeter at 25°C; °C, degree Celsius; mg/L, milligram per liter; m3/s, cubic meter per
second; m, meter; m/s, meter per second; km?, sguare kilometer; mm, millimeter]

TWINSPAN site group

Variable Agr_icultural Large river Foothill Mountain
drain group group group group
(five sites) (three sites) (nine sites) (five sites)

Water-quality variable

pH 8AB (7.4-8.4) 6.9 (6.7-7.2) 798 (6.3-8.9) 8.1B(7.9-83)
Specific conductance (uS/cm)? 3707 (246-741) 78 B (43-121) 144 B (72-311) 119 B (95-162)
Dissolved oxygen (mg/L) 7.9 (6.2-9.6) 9.2 (8.4-10) 8.8 (7.8-10) 9.9 (7.6-11.2)
Alkalinity (mg/L) 1624 (125-237) 32 € (17-53) 68 B (33-125) 60 B:C (43-87)
Habitat variables

Discharge (m/s)* 9.87B (1.5-26.7) 644 (29.6-146.9) 328 (11147 33B(16-5.7)
Water temperature (°C) 265" (24.6-29.0) 17.88:C (16.8-19.4) 19.7 B (14.4-30.7) 12 € (7.2-20.1)
Mean depth (m) 1.6”B (0.45-2.76) 257 (1.11-4.58) 0.89 B (0.30-1.23) 0.91B (0.55-1.19)
Mean velocity (m/s) 0.16 (0-0.24) 0.49 (0.11-0.92) 0.38(0.08-0.91) 0.25(0.10-0.47)
Mean dominant substrate? 164 (1-2) 358 (344 5.0 € (4-5.8) 53¢ (5-5.5)
Mean width (m)! 33.07BC (145-48.4) 79.4 € (52.5-123.3) 18.94B (6.4-44.3) 15.2 B (8.5-29.0)
Open canopy angle (degrees) 124 7B (105-155) 174" (162-180) 100 B (26-171) 40 € (20-67)
Canopy cover (percent) 2078 (4-32) 1A (0-3) 2578 (0-87) 46 B (23-72)
Stream gradient (percent) 0.05” (0-0.13) 0.05” (0.02-0.09) 0.71/ (0.17-2.53) 2.95”B (1.51-5.19)
Stream sinuosity? 2.17 (2.0-2.4) 24(21-2.9) 2.2(21-2.3) 2.1(20-2.2)
Elevation (m)* 154 (7-38) 104 (7-13) 106 B (23.3-525) 927 € (586-1,429)
Agricultural land (percent)? 304 (3-65) 6B (4-8) 28C(0-9) 1¢(0-1.3)
Agricultural and urban land (percent)® 384 (8-68) 8AB (7-9) 2BC(0-11) 1¢(0-1.7)
Basin area (km?)! 1,758AB (407-4,256)  13,459” (5,046-31,695) 519 B:C (152-3,475) 179 € (39-1,130)

1 These variables were log;o(x+1) transformed for analyses.

2Dominant substrate was classified as organic detritus, silt, mud, sand (0.02—2 mm), gravel (2-64 mm), cobble (64-256 mm),
boulder (greater than 256 mm), or bedrock or hardpan (solid rock or clay forming a continuous surface).

Table 5. Results of canonical correspondence analysis relating fish percentage abundance data to environmental variables in the Sacramento River Basin,

California
[Canonical coefficients in bold have T-values greater than 2.1, indicating that the variable makes an important contribution to the canonical axis (ter Braak,
1987)]
- . . Canonical coefficient
Environmental variable Eigenvalue - -
Axis 1 Axis 2
Mean dominant substrate 0.82 -0.57 -1.31
Elevation 0.55 -0.49 134
Cumulative percentage of species variance explained 16.5 26.3
Cumulative percentage of species-environment relation explained 62.9 100.0

Relation to Environmental Variables
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Canonical Correspondence Analysis

The forward selection procedure of CCA
resulted in the retention of 2 of 18 environmental vari-
ables (table 5). Substrate size and elevation were the
most important factors in the analysis and were impor-
tant on both CCA axes. Eigenvalues for the two CCA
axeswere 0.82 and 0.55. It isimportant to note that
these two variables act as surrogates for the group of
variables associated with PC 1 (table 3).

Theresultsof CCA indicate agradient in species
percentage abundances between species dominating
the valley floor sites and species dominating the Sierra
Nevada sites, particularly trout (fig. 3A). The central
position of the TWINSPAN species group of

Sacramento pikeminnow and Sacramento sucker is
consistent with the broad distribution of these species
and the resulting co-occurrence with avariety of native
and introduced speci es associated with the foothill and
largeriver site groups. Similarly, smallmouth basswas
broadly distributed but tended to be most abundant for
species characteristic of thelargeriver and agricultural
drain groups.

The TWINSPAN agricultural drain and large
river site groups are separated from the other groupson
CCA axis 1 (fig. 3B). The TWINSPAN agricultural
drain site group and the mountain site group are the
extremes of the ordination. The foothill site group and
largeriver site group are intermediate in the ordination

15—

1.0

0.5

CCAAXIS 2
o

1.0

_15 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1

CCAAXIS 1

Figure 3. Plot of scores on the first two axes from the canonical correspondence analysis (CCA) for sampling sites in
the Sacramento River Basin, California. A, Species scores (see table 2 for species codes). B, Site scores (see table 1 for
site names and codes). In figure 3A, TWINSPAN species groups are enclosed by dashed lines. The arrows represent
the correlation of the physical variables with the axes (MDS, mean dominant size; ELEV, elevation). Arrows parallel to
an axis indicate a high correlation with the axis. Regular font indicates native species, and bold font indicates
introduced species. In figure 3B, TWINSPAN sites groups are labeled and enclosed by dashed lines. The arrows
represent the correlation of the physical variables with the axes (MSD is mean dominant substrate size and ELEV is
elevation). Arrows parallel to an axis indicate a high correlation with the axis.
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space (fig. 3B). CCA axis 2 separated mountain sites

from the foothill sites.

Spatial and Annual Variation

Thefirst four DCA axes explained 35 percent of
variance within the species data. Thefirst two axes
explained 17 and 8 percent of the variance, respec-
tively. Visua inspection of the DCA site plot (fig. 4)
and site scores indicate that there was little spatial or
annual variation in fish community composition. The
largest annual differences were at sites BU4, SACR,
FR, and CBD. The raw data indicate that the annual
variation generally was associated with differencesin
percentage abundancesrather than presence or absence
of species. Thevariation in sampling methodsfor sites
BU4 and SACR may have contributed to annual vari-
ability in numbers of fish observed; however, other

and YR) showed low annual variability.

Fish Community Metrics

sites where survey methods varied (BC2, BC4, BUS,

All metrics tested were statistically different
among site groups (table 6). The percentage of native
fish was lowest in the agricultural drain group. The
number of native species and the percentage of intoler-
ant fish also were lowest in the TWINSPAN agricul-
tural drain group, but the number of native specieswas
not statistically different from that of the mountain
group. The number of tolerant species and the percent-
age of omnivorous fish were not statistically different
between the TWINSPAN agricultural drain group and
the largeriver group. The percentage of fish with exter-
nal anomalies was highest in the TWINSPAN agricul-
tural drain group and was significantly different from
the percentage in the rest of site types sampled. The
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largeriver group was intermediate between the agricul-
tural drain group and the foothill group.

IMPLICATIONS FOR THE GREATER CENTRAL
VALLEY

In general, fishin streams in the Sacramento
River Basin appeared to respond to alongitudinal gra-
dient in physical environmental conditions; this result
is consistent with that of previous but |ess geographi-
cally extensive studies of Central Valley fish (Moyle
and Nichols, 1973; Moyle and others, 1982; and
Brown, 2000). The percentage abundances of species

and species assemblages at specific sites were related
to environmental variables (fig. 3A). The mean values
of anumber of environmental variables were statisti-
cally different among site groups (table 4). The CCA
ordination stressed elevation and mean dominant sub-
strate size; these variables, particularly elevation, were
largely acting as surrogates for an environmental gradi-
ent summarized by PC 1 (table 3). Substrate size was
particularly important in separating the agricultural
drain sites, which were dominated by sand and silt,
from the other sites, which were dominated by gravel
and cobbles.

Althoughintroduced specieswerefound at many
of the sites sampled (table 2), they were most abundant
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Figure 4. Plot of detrended correspondence analysis (DCA) site scores derived from fish species
percentage-abundance data from sampling site in the Sacramento River Basin, California. Sites
represented by open squares (not labeled) were only sampled once during the study; open circles were
sampled during multiple years, and open triangles were sampled for both spatial and annual variation.
Lines connect or enclose sites values for particular sites. Years are represented by the last two digits of

the year.
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Table 6. Median and range of selected fish community metrics for TWINSPAN site groups in the Sacramento River Basin,
California

[See figure 3 for location of group sites. All metrics tested were significant at p<0.05 (Kruskal-Wallis one-way analysis of variance). TWINSPAN, two-way
indicator species analysis. Values with different letters (*~C) indicate significant difference among site groups; values with the same letter indicate that the dif-
ference was not significant. Range of variable given in parentheses)

TWINSPAN site group

Fish community metrics Agr?cultural Large river Foothill Mountain
drain group group group group
(five sites) (three sites) (nine sites) (five sites)
Percentage of native fish 47 (1.4-42) 81.7 B (30.7-95.6) 98 B (87-100) 72 B (53-100)
Number of native species 1A (1-3) 68 (5-9) 58 (4-11) 1A (1-2)
Percentage of intolerant fish 04 (0) 25.4 B (9.2-35) 40.3B (1.6-76.7) 100 € (100)
Number of tolerant species 37 (3-9) 4A (2-4) 0B(0-3) 0B(0)
Percentage of omnivorous fish 7.7% (5-14) 155 (3.4-25.6) 31.88(23.3-59.74) 0°(0)
Percentage of fish with anomalies 13.6” (4-33) 38B(27-11.2) 0¢(0-6.8) 0°(0)

in agriculture drainage sites (table 2). In generd, fish
communitiesin the Sacramento River Basin are till
dominated by native species (table 6); however, some
native species are now extinct (thicktail chub, Gila
crassicauda), locally extirpated (Sacramento perch,
Archoplitesinterruptus), or reduced in abundance (for
example, Sacramento splittail, chinook salmon, or
steelhead rainbow trout).

In contrast, introduced species dominated Cen-
tral Valley streamsin the San Joaquin River Basinfrom
1993 to 1995. The San Joaquin River mainstem was
dominated by non-native species rarely encountered in
the Sacramento River system—specificaly, threadfin
shad, red shiner, fathead minnow, and inland silverside
(Brown, 2000). Largemouth bass, redear sunfish, blue-
gill, white catfish, and channel catfish characterized the
lower sections of the large tributaries of the San
Joaquin River (Brown, 2000). Many species captured
from the San Joaguin River (Brown, 2000) were
present in the Sacramento River drainage, but they
dominated only the most disturbed habitats, such asthe
agricultural drains. The agricultural drains appeared to
be highly stressful environments given the predomi-
nance of tolerant fish species and the high percentage
of fish with anomalies (table 6).

It isimportant to note that the study by Brown
(2000) was done at the end of a 6-year drought, which
may have altered the distribution patterns of resident
fishes characteristic of less stressful conditions.
Although the native fish of the Central Valley have
evolved to adapt to natural periods of extreme drought,
the additional effects of human activities and intro-
duced species may have more severe effects on native
fish distribution (Moyle, 1976a). For example, Saiki

(1984) observed native species in the mainstem of the
San Joaguin River more often than did Brown (2000)
but still at low abundances.

Studiesin California(Moyleand Light, 1996a,b;
Baltz and Moyle, 1993) and elsewhere (Minkely and
Meffe, 1987; Meffe, 1991) indicate that native species
assemblages are resistant to invasion when natural flow
conditions are maintained. A general comparison of
total annual discharge between the Sacramento River
Basin and San Joaquin River Basin over the duration of
both the current study and that of Brown (2000) indi-
cated that discharge of the Sacramento River Basinwas
nearly 10 times that of the San Joaquin River Basin.
This difference may account for some of the differ-
ences seenin fish assembl agesbetween thetwo studies;
however, differences in water-management practices
between the two systems may have had a greater effect
on fish community structure. In the San Joaquin River
drainage, water captured in foothill reservoirsis gener-
aly diverted into canal systems, leaving little water in
the streams. Additional diversions occur as streams
flow through the San Joaguin Valley and as significant
inputs of agricultural return water occur. As aresult of
these practices, the San Joaquin River systemischarac-
terized by lentic-like stream conditions. In the Sacra
mento River drainage, water is generally released into
stream channels for downstream delivery rather than
diverted; this results in more riverine-like conditions,
although the timing and magnitude of flows may be
altered from the natural flow regime.

The more riverine-like conditions of the Sacra-
mento River Basin apparently support the native spe-
cies and discourage introduced species. Relative
abundances of fish speciesin the Sacramento River
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Basin appear to be afunction of abiotic processes.
Native fish have evolved to adapt to seasonal fluctua-
tions in water temperature and stream discharge. In
contrast, the introduced species in the drainage, with
the exception of smallmouth bass and brown trout, tend
to be warm-water species ill-equipped to sustain sub-
stantial populations under current conditions of fluctu-
ating high discharges of cold water (Baltz and Moyle,
1993; Brown and Moyle, 1993; Moyleand Light, 1996
a, b). Physiological and behavioral responsesof species
to temperature and flow conditions are strong factors
responsible, in part, for structuring native California
stream fish assemblages (Baltz and others, 1982, 1987,
Cech and others, 1990).

Spatial and Annual Variation

Spatial and annual variability in fish community
structure was minimal (fig. 4). The relative abundance
of speciesvaried rather than the presence or absence of
speciesthat has been observed in other systems (Rahel,
1990). Sites MR and DC2, for which three adjacent
reacheswere sampled, showed little spatial variationin
species composition and relative abundance (fig. 4).

Similar resultsfor fish community structurewere
obtained at sites (BC2, BC4, BU4, BU6, SACR, and
Y R) where sampling methodology varied during the
1998 sampling (fig. 4). The raw data for these sites
indicate little or no variation in species composition
and that most annual variation wasin the relative abun-
dance of each species. For sites with less-diverse spe-
cies assemblages (BC4 and BU6), the variation
resulting from different sampling methods was mini-
mal. For siteswith intermediate speciesrichness (BC2,
BU4, and Y R), the variation in community structure
appeared to be greatest in riffle-oriented species, such
as sculpins and dace. For SACR, asite with relatively
high species richness, the variation in community
structure related to 1996 and 1998 sampling methods
appeared to be similar to annual variation observed at a
similar site, Feather River at Nicholas (FR). Clearly, it
is desirable to use the same sampling methodol ogy
throughout a study, but in this case the changes do not
seem to have affected the resultsto a significant degree.

Fish Community Metrics

Differences among site groups for the fish com-
munity metrics tested (table 6) indicate that an 1BI
could be devel oped for streams of the Sacramento
River Basin and potentially for the greater Central Val-
ley. Metrics for the agricultural drainage sites were
clearly different from those of the other sites. More-
over, the assemblages and corresponding metric values
for the agricultural drainage sites were very similar to
those observed inthelower San Joaquin River drainage
(Brown, 2000).

The metrics based on percentages of nativefish,
percentage of intolerant fish, number of tolerant spe-
cies, and percentage of fish with external anomalies
showed similar responses associated with changesin
environmental quality and TWINSPAN site groupings.
The number of native speciesdid not perform well asa
metric because of the small number of speciesat moun-
tain sites. This metric might be useful if restricted to
more species-rich, lower elevation sites.

The percentage of omnivorous fish was a poor
metric in both the Sacramento and San Joaguin River
Basins. A high value for the percentage of omnivorous
fishisusually viewed as an indicator of poor environ-
mental quality (Karr, 1981; Fausch and others, 1984;
Hughes and Gammon, 1987). In the San Joaguin River
Basin, thismetric inaccurately depicted sites as having
poor environmental quality owing to high abundances
of the native omnivore Sacramento sucker (Brown,
2000). A similar result was obtained for the current
study (table 6) because the Sacramento sucker was the
most widely distributed species observed in the Sacra-
mento River drainage. This metric might be useful for
Central Valley streamsif only the percentage of non-
native omnivores is assessed.

A fundamental problem for developing an IBI
for the San Joaquin River drainage was the lack of ade-
guate reference conditions in the lower San Joaquin
River drainage (Brown, 2000). Because the Sacra-
mento and San Joaquin River systems had similar pre-
development fish faunas (Moyle, 1976b), the
Sacramento River Basin may serve the function of ref-
erence or least impacted conditionsfor the San Joaquin
River Basin. In addition, native speciesremain rela-
tively abundant in the mainstem of the Sacramento
River and many tributaries. Water-year (discharge)
variations among years can have substantial effectson
the native fish abundances in Central Valley streams
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(Baltz and Moyle, 1993; Brown, 2000) and in Mediter-
ranean-climate streams in genera (Elvira, 1995;
Moyle, 1995; Godinho and others, 1997). Consider-
ation of these flow variations must be taken into
account when attempting to formulate an 1BI for
Central Valley streams.

Conservation Implications

Nativefish speciesremain widely distributed and
abundant in the Sacramento River Basin, especially in
comparison with the San Joaquin River drainageinthe
southern Central Valley. Themain exceptionisthe agri-
cultural drainswhereintroduced species are dominant.
Onthebasisof historical recordsand archeological evi-
dence (Schulz and Simmons, 1973; Moyle, 1976b),
most of the native species are still present, with the
exception of Sacramento blackfish (Orthodon macrol -
epidotus), which were not observed; the locally extir-
pated Sacramento perch (Archoplitesinterruptus); and
the extinct thicktail chub (Gila crassicauda). However,
the presence of introduced species at |ow abundances
throughout the basin is a concern. Changes in water
management in response to climatic changes or
changesin agricultural or urban needs could result in
environmental conditions favoring introduced species.
The invasion of the Foothill ecoregion by introduced
species, especially smallmouth bass, represents a seri-
ous challenge for conservation of native California
stream fish assemblages (Moyle and Nichols, 1974;
Brown and Moyle 1993) and protection for some of the
few relatively undisturbed spawning and rearing
grounds for anadromous salmonids remaining in the
Central Valley (Yoshiyamaand others, 1998). The
growing population of California[projected to reach
42.4 million by the year 2010 (California Institute,
1999)] combined with the natural water-resource limi-
tations of a Mediterranean-type climate will severely
tax the water resources of the state. Accordingly, it is
imperative to consider the potential effects of future
management strategies on the native fish communities
of the Central Valley. Successful conservation of native
fish fauna of the Central Valley requires competent
management of the rivers and upland streams, not
merely aswater conveyance channelsbut also asliving
ecosystems (Nehlsen and others, 1992; Bottom, 1995;
Yoshiyama and others, 1998).

SUMMARY

A total of 36 taxa of fish were captured during
sampling of 22 sites from 1996 to 1998 in the Sacra-
mento River Basin, California. Only 13 taxawere
native to the basin. Multivariate analysis of relative
abundance datarevealed four site groups characterized
by different fish community structure. The distribution
of fish species was correlated with the elevation of a
sampling site and the mean dominant substrate size;
elevation, however, was correlated with many water-
guality and habitat variables. Four of the fish commu-
nity metrics—percentage of native fish, percentage of
intolerant fish, number of tolerant species, and percent-
age of fish with external anomalies—were responsive
to environmental quality. In contrast, number of native
species and percentage of omnivorous fish were not
correlated with environmental quality. Fish community
structure in the Sacramento River Basin is responsive
to environmental gradients. Findings of this study have
management implications for streams in the greater
Central Valey, Cdifornia
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