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Environmental Correlates of Freshwater Fish Species Richness in Oregon

ABSTRACT: Native freshwater fish biodiversily is imperiled in Oregon with 36 species

or sub-species listed by the State ofOregon as sensitive, threatened, or endangered, and

9 species or sub-species listed as endangered or threatened under the federal

Endangered Species Act. Understanding and managing biodiversity is critical to its

conservation. Using regression tree analysis and multiple linear regression, within the

structure ofan equal-area regular grid, the relationship of species richness to selected

climatic, geographic, and historical characteristics, as well as anthropogenic stressors,

were explored Results show that, in specIc contexts, greater climatic stability, spatial

heterogeneity, total stream length, human population, and non-native species richness,

each can be associated with greater native species richness. Historical characteristics

were not associated with richness in Oregon. Considering the known detrimental impacts

of humans and non-natives on native species, the association of greater human

population and greater non-native species with greater native richness calls for diligent

action to prevent further deterioration of Oregon 's aquatic biodiversity.



INTRODUCTION

Species richness (the number of species occurring in a given area) patterns have long

been of interest to scientists as one metric of biodiversity ("the variety of life and its

processes" (Hughes and Noss, 1992)). The recent crisis of biodiversity loss associated

with human stressors, and the potential of humans to affect environments across large

areas, has made understanding species richness more than an academic interest;

understanding and conserving biodiversity have become fundamental concerns of

scientists and managers and will likely escalate in societal importance (Cairns and

Lackey, 1992; Wilson, 1985).

General discussion of biodiversity loss often centers on terrestrial species, but

aquatic species are also being impacted (Warren and Burr, 1994). For example, during

the last 100 years, 3 genera, 27 species, and 13 sub-species of fish have been extinguished

in North America. In Oregon, USA, the focus of this study, 9 native freshwater fish

species or sub-species are formally listed as endangered or threatened under the federal

Endangered Species Act (one other is a current candidate) and 36 species or sub-species

are listed by the state of Oregon as sensitive, threatened, or endangered (Appendix I)

(Marshall, 1996; NMFS, 1996; ODFW, 1996; USFWS 1996). Both controlling

anthropogenic risks to biodiversity (Cairns and Lackey, 1992; Hughes and Noss, 1992;

Williams etal., 1989; Nehlsen et al., 1991) and understanding the ecological

consequences of biodiversity loss will require knowledge of the natural processes that

create and support diversity (Ricklefs, 1987).



Species diversity patterns are thought to be the result of a hierarchy of processes

acting across scales (Mandrak, l995 Tonn, 1990; Ricklefs, 1987). Local scale fish

richness patterns are typically explained by characteristics and variation of physical

components of the environment such as water chemistry, channel morphology, and

hydrologic regime, along with the biological factors of competition and predation

(Oberdorffet al., 1995; Mandrak, 1995).

At broader regional and continental scales (sensu Tonn, 1989), physical factors

such as river basin area (Livingstone, Rowland, and Bailey, 1982; Welcomme, 1979),

river surface area (Eadie et al., 1986), basin discharge (Livingstone etal., 1981), and

climate (McAllister et al., 1986), as well as historical* factors such as dispersal

(Hugueny, 1989), have been used to explain fish species richness distributions. At the

global scale Oberdorffet al. (1995) found that drainage basin area and mean annual

discharge statistically accounted for most variation in fish richness in river basins, while

historical factors were not prominent. Broad scale factors identified in these studies are

believed to regulate the importance of local characteristics (Oberdorff, 1995; Ricklefs,

1987) and set the context for particular locations.

Considering the tradition of academic interest in species richness, and the more

recent awareness of the need for biodiversity conservation strategies, we undertook an

exploratory study to better understand the species richness of native freshwater and

diadromous fish in Oregon. Our approach uses the structure of an equal-area regular grid

within which we relate species richness to selected climatic, geographic, and historical

characteristics, as well as anthropogenic stressors. We use regression tree analysis (RTA),



an exploratory statistical partitioning method capable of uncovering hierarchical, non-

additive, contingent relationships between a response variable and many explanatory

variables (Breiman, Olshen, and Stone, 1984; Efron and Tibshirani, 1991; Michaelson el

al., 1994; Venables & Ripley, 1994) and complement this method with stepwise multiple

linear regression (MLR). Our application of RTA allows the results of statistical analysis

to be presented clearly in map form.

Species

Ideally, classification of organisms would be founded on a standard definition of units

and would be based on consistently applied and well-developed theory within which

interpretation could be made and understanding found. With evolutionary (Mayden,

1992), zoogeographic (Banarescu, 1990), and taxonomic theory as bases, the concept of

"species" generally fits this criterion, but is still far from perfect and we adopt it as a

diversity metric for as much pragmatic as ideological reasons. "Species" is the level in

the biodiversity hierarchy (ranging from genes to populations, species, habitats,

communities, ecosystems, landscapes, regions, continents, to the globe) that best satisfies

the above criteria and for which information exists throughout the region of interest.

Just what "species" are is a contentious issue with explanations changing over

time and the reader is referred elsewhere for a complete discussion (e.g., O'Hara, 1994;

Shrader-Frechette & McCoy, 1993; Rojas, 1992; Andersson, 1990). In this study, we use

standard fish names (Robins et al., 1991) and assume that current Oregon fish species

designations represent real distinctions. Undoubtedly the classifications used herein will

change in time with evolution of the relevant sciences. Biodiversity and conservation



research will have to acknowledge this possibility and continually adapt to major

changes, while still making necessary progress. It should be noted that of the 58 native

fish "species" used in this research, 23 were identified by Mayden et al. (1992) as

polytypic: "named or unnamed forms may eventually warrant formal recognition as

species" (Appendix II).

METHODS

Physical Description of Study Area

Oregon is approximately 450 kilometers north-south by 600 kilometers east-west with a

total area of 2.5x 10 km2 (Kimerling, 1985). The state is within the region known as the

Pacific Northwest, named for its geographical position in the far northwestern United

States and its proximity to the Pacific Ocean.

Oregon is distinctly divided along the crest of the Cascade Mountains, a volcanic

range trending north-south 300 km inland from the Pacific coast. These mountains are

generally 900-1500 m in elevation and their dominant regional role is the interception of

moisture laden Pacific Ocean air. The consequent orographic precipitation and

rainshadow result in a generally wet western region receiving most of its precipitation in

the winter when Pacific storms are common, and an arid eastern inland region. The major

Oregon rivers, lakes, and basins are shown in Figure 1, and the distribution of selected

climatic and geographic characteristics are included in Figure 2.
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Figure 2. Distribution of selected climatic, geographic, dispersal, and anthropogenic characteristics in Oregon, USA.
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West of the Cascades are three sub-regions. The Coast ranges are a narrow band

of low mountains generally 450 meters in elevation running parallel to the coast from the

northern Oregon border south to the Coquille River (South Coast Basin). Annual

precipitation is typically over 1500 mm and temperatures moderate throughout (Loy et

al., 1976).

Between the Coast Ranges and western Cascades is the low-gradient Willamette

Valley (about 160 km long and 65 km wide) through which the Willamette River, a large

meandering lowland river, flows south to north collecting Coast Range and Cascade

streams. The third sub-region is the Klamath Mountains. These mountains are west of

the Cascades and south of the Coast Ranges, have higher and more variable topography

than the Coast Ranges, and encompass the distinct Rogue River Basin (Loy et al., 1976).

East of the Cascades precipitation rapidly decreases, annual temperature range and

extremes increase, and elevation gradually increases. This region can be subdivided into

five sub-regions. East of the northern Oregon Cascades is the Deschutes-Umatilla lava

plateau including portions of three major Columbia River tributaries the Deschutes,

Umatilla, and John Day Rivers. This zone is generally flat but ranges in elevation from

less than 100 m to as much as 900 m on the western end. South and east of the

Deschutes-Umatilla Plateau are the rugged Blue Mountains. These are a complex group

of mountains ranging from 1000-3000 m that receive 250-1000 cm of precipitation

annually (Loy etal., 1976). Major rivers draining this zone include the upper John Day

and portions of the Deschutes, and to the east the Grande Rhonde, Imnaha, and Powder,

all Snake River tributaries.



East-central Oregon is the most arid region of the state. Here annual precipitation

is seldom more than 250 mm and annual temperatures can range from January means

below zero to July means above 20 C. This region is nearly flat with an average elevation

of 1200 m and contains several remnant Pleistocene lakes including Maiheur and Hamey

lakes, and the now dry Fort Rock and Alkali basins (all in the northern Goose-Maiheur

Lake Basin). South of this area is a small portion of the Basin and Range province, a

prominent physiographic feature of the intermontane western United States. In Oregon

this region stretches east from the south Cascades to the border forming a series of north-

south trending narrow fault-block mountains alternating with prominent interior lake

basins (Orr et al., 1992; Loy et al., 1976)

Since the Pleistocene, lakes in central Oregon and the Basin and Range have

fluctuated with major climatic changes. During wetter and cooler times the lakes flood far

beyond current boundaries often spilling into neighboring basins. In drier times, such as

the present when precipitation averages less than 30 cm (Loy et al., 1976), they constrict

to remnant playa lakes or to completely dry basins (On et al., 1992; Minckley et al.,

1986). Although lake fluctuations are usually attributed to long temporal changes, large

variation in lake levels can occur over shorter than geologic time scales. For example,

with just several years of high rainfall (such as the years preceding 1984) the complex of

Maiheur, Harney, and Mud Lakes are known to double or triple in total area (On et al.,

1992).



The Oregon Fish Fauna

The fish species of Oregon can be described in both a global and continental

context. The North American continent contains at least 1061 species of native freshwater

fishes (Burr and Mayden, 1992) with the United States containing 790 of these fish. This

compares to 250 fishes in Europe, 1500 in Asia, 1800 in Africa, and 2200 in South

America (Warren and Burr, 1994). North American species richness is relatively

depauperate in the high latitudes of Canada and Alaska (Warren and Burr, 1994) and west

of the 98 meridian, compared to a much richer southeastern fauna (McAllister el al.,

1986).

Within their grid of 10 x 10 quadrates over the United States and northern Mexico,

McAllister et al. (1986) found the number of species per cell varied from 0 to 73. In the

west the most dense cells were in northern California (14 species) and southern Oregon

(19 species) while most other western cells had densities of 10 or fewer species. In

contrast, the richest cells in the study were in the Tennessee River Basin where 72 and 73

species were found. Despite the relatively low species richness in the west, northern

California and southern Oregon is an area of high endemic richness (Minckley ci al.,

1986; McAllister etal., 1986).

The Grid

Since Terentev (1963), many biogeographic analyses of species richness have used an

approach known as gross geographic lumping (Pianka, 1966), grid analysis (McAllister et

al., 1986), or quadrate analysis (Kiester, 1971). This method overlays a grid of

geometrically regular cells on a map and for each grid cell the number of species with



some part of its known range falling within the cell is summed. The cumulative patterns

formed within the grid are then described, mapped, analyzed, and interpreted. This

approach has been applied to study of many different biotic groups including birds

(Cook, 1969), mammals (Simpson, 1964; Wilson, 1973), amphibians and reptiles

(Kiester, 1971; Rogers, 1976; Owen, 1989), and fish (McAllister et al., 1986; Mandrak,

1995).

We implement this method in Oregon using a grid of 441 contiguous equal-area

hexagons (Figure 1). Each hexagonal grid cell is approximately 640 km2, the center

points of neighboring cells are approximately 27 km apart, and each cell has a unique

identifier and known spatial position.

Although arbitrary, an equal-area regular grid minimizes inconsistencies in

sampling unit shape and area which can confound statistical analyses (Mandrak, 1995).

The placement of the grid has no intrinsic ecological meaning and so imposes no initial

assumptions of meaningful environmental or geographic barriers (e.g., drainage divides)

(Legendre and Legendre, 1984), and is an unbiased sampling structure. The grid

resolution (grain) used here is over ten times finer than McAllister et al.'s (1986) grid

over North America, the only other grid analysis of fish which has included Oregon in its

extent.



Fifty of the original 441 cells had less than half the area inside of Oregon and

were excluded from analyses. Because much of Oregon's northern and northeastern

borders are defined by the Columbia and Snake Rivers, many cells falling over the main

channels of these rivers were excluded. An additional 49 border cells were weighted by

area in all analyses to equalize their status with interior cells.

Fish Richness

The fish richness data was supplied by The Nature Conservancy's (TNC) Oregon Natural

Heritage Program and was synthesized from university and government databases,

ichthyogeographic literature, and the judgment and review of university and government

fish professionals. Primary sources include the Oregon Freshwater Fish Database and

museum maintained by the Department of Fisheries and Wildlife at Oregon State

University, the Atlas ofNorth American Freshwater Fishes (Lee et al., 1980), and the

Oregon Department of Fish and Wildlife's Oregon Rivers Information System

(Appendix IV).

In the TNC database each fish species assigned to a grid cell is assigned an

associated chance of occurrence ranging from questionable (10-80%), to probable (80-

95%), to confirmed (> 95%). In this study species richness calculations used only

probable and confirmed occurrences of native freshwater and diadromous fish species.

The data is also strictly limited to presence/absence and provides no information on

abundance. The fish database is being continually updated, improved, and scrutinized,

and it is likely that erroneous assignments and omissions do exist. We acknowledge this
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possibility but proceed with analyses assuming that the richness pattern, in aggregate, is

sufficiently resolved to reveal pattern.

Non-native species richness was used as a stressor variable (explained below) and

all species included were subjected to the same criteria as natives. Non-native species are

narrowly defined as species that are not indigenous to Oregon. Non-native species do not

include fish that have been stocked or transplanted from one area of the state to another

so that, for example, the European brown trout (Salmo trutta) and the largemouth bass

(Micropterus salmoides) are non-natives, but nowhere in the state is the rainbow trout

(Oncorhynchus mykiss) considered non-native despite extensive transplanting.

Native richness ranged from 0 to 13 species per cell and introduced richness

ranged from 0 to 17 species per cell. The distribution patterns are shown in Figures 2 & 3.

The 58 native fish species and 32 introduced fish species used in analysis are listed in

Appendix II and Appendix III.

Climatic Characteristics

Statistical measures of climate were selected to represent, as best as possible, the stability,

extremity, and spatial heterogeneity within each cell of air temperature and precipitation

across the study area (Figure 2). Stable enviromnents change little with seasons (Owens,

1989) and have been generally hypothesized to decrease the importance of the physical

environments thus facilitating more specialists and consequently higher species richness

(Pianka, 1966; Sanders, 1968; Currie, 1991). Variables encompassing the range of

temperature and precipitation within each cell are used to represent stability; large within-

cell ranges are considered seasonally unstable while narrow ranges are more stable.
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Maximum and minimum climatic metrics bound the range of possible climate

within each cell. These variables are interpreted as critical thresholds that, in a relative

sense throughout the region, may impose environmental limits on maintenance of species

diversity. All else equal, more heterogeneity of physical conditions is believed to provide

more available niches and so allow greater species richness (Pianka, 1966; Sanders, 1968;

Rogers, 1976; Currie, 1991). Measures of the standard deviation of climatic ranges and

extremes are used to represent spatial heterogeneity within grid cells. Mean precipitation

has been interpreted as a measure of environmental favorableness, but this concept is

tautological (Owen, 1989) and mean precipitation is included here without theoretical

backing.

All temperature and precipitation variables were initially based on 40-year climate

station records from throughout Oregon. The data were interpolated to continuous digital

surfaces at rectangular 1 km2 resolution, and these surfaces were statistically aggregated

2to the sampling grid. Each pixel is 1 km , and each hexagon cell is approximately 640

km2 so about 640 data points are included in each grid cell.

January and July mean temperature data were modeled and compiled using the

method of Marks (1990). The initial data values were the means, over the 40 year period

from approximately 1948 to 1988, of the means, over the respective month, of the daily

mean temperatures at approximately 1200 stations in the Historical Climate Network

database. These values were first corrected to potential temperatures at a reference air

pressure of 1000 millibars using the station elevations and assuming a normal adiabatic

lapse rate. The potential temperatures were then interpolated to the 1 km2 grid using a



linear model. Finally, the interpolated values were converted to estimated actual

temperatures from the adiabatic lapse rate correction using the corresponding elevation

values at each grid point.

Hexagon level metrics were calculated from the mean January temperature and

mean July temperature of each pixel. Minimum January temperature is the temperature of

the pixel (or pixels if more than one has the same minimum value) in each grid cell with

the lowest 40-year January mean. Maximum July temperature is the temperature of the

pixel(s) in each grid cell with the greatest 40-year July mean. Annual temperature range is

the difference of these two, and annual standard deviation is the within grid cell standard

deviation of the annual range of each pixel. January and July standard deviations are self-

explanatory.

Annual precipitation data were compiled from the 10 km2 resolution dataset

prepared by Daly etal. (1994). These authors used a locally adaptive regression model to

estimate annual precipitation values for unknown locations from known stations and from

the elevation structure in the local region. The 10 km2 data were interpolated to 1 km2

using a linear model. Precipitation metrics were calculated based on the mean annual

precipitation of each pixel in each hexagon cell. Minimum and maximum precipitation

are the precipitation values of the pixel(s) in each cell with the lowest and highest 40-year

mean, respectively. Precipitation range is the difference of these two, and precipitation

standard deviation is the standard deviation of all pixels within each grid cell. Mean

precipitation is self-explanatory.
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Geographic Characteristics

The cumulative length of all streams and the total surface area of all lakes were selected

to represent the quantity of water bodies in each cell (Figure 2). As cited above, other

studies have found basin discharge and river surface area as richness correlates. The

explanatory power of these correlations is attributed to the species-area theory. The

species-area theory is a component of the equilibrium theory of island biogeography

(MacArthur and Wilson, 1967) in which species richness in an insular location is

explained as the result of the opposing processes of immigration and extinction. Area is a

primary attribute affecting both of these rates: larger areas are more likely colonized by

dispersing organisms, and larger areas will more likely support larger populations and so

reduce the likelihood of extinction (Wright, 1983; MacArthur and Wilson, 1967).

We use river length (also nearly equivalent to stream density in this case) as a

measure of area because discharge data is not consistently available, and the width of

rivers is not accurately represented by map sources. In RTA, intermittent and first,

second, third, and greater-than third order streams, were represented by separate

variables. The data for these measures was taken from the United States Geological

Survey's (USGS) Pacific Northwest River Reach Files, a 1:100000 scale digital

hydrographic database. An aggregate stream quantity metric calculated from the same

data with minor classification differences was also used in RTA. Only the aggregated

metric, for which there were no missing values, was used in MLR.

The total major lake and reservoir surface area per grid cell was sampled from a

general coarse scale digital map and included as a separate water body variable. Lake area

13



has been used at both local (Jackson and Harvey, 1989) and regional (Matusek and

Beggs, 1988) scales to explain species richness (Mandrak, 1995).

Elevation is a geographic characteristic that moderately correlates with

temperature and precipitation (trimmed correlation with minimum elevation: annual

temperature range (0.62), January minimum temperature (-0.85), mean annual

precipitation (-0.63), minimum annual precipitation (-0.66)). Elevation metrics were

included in analysis because elevation is a primary geographic characteristic and a

potential integrator of other environmental factors. Measures of the minimum, maximum,

range, and standard deviation of elevation were calculated for each grid cell (Figure 2).

Except for standard deviation of elevation, no explicit theoretical bases are advanced to

support inclusion of these metrics.

Standard deviation of elevation within each cell can be interpreted as a measure of

spatial heterogeneity so that the greater the deviation, the greater the heterogeneity of

potential habitat. The elevation data were derived from a 15 arc second digital elevation

model obtained from the USGS EROS Data Center, by projecting and re-sampling to the

coarser 1 km2 resolution. This surface was then sampled with the hexagon grid.

Historical Connectivity and Dispersal

River basin boundaries are not constant over time (Hughes, Rexstad, and Bond, 1987).

Geological evidence of lake overflow and headwater capture (Minckley et al., 1986; On

et al., 1992; Legendre and Legendre, 1984), as well as the widespread distribution of

some primary species (Hughes etal., 1987) imply that over long temporal scales fish

move across apparently impassable barriers. Smith (1981) proposed that barriers to

14



dispersal into a basin have a positive affect on speciation by promoting genetic isolation,

while also reducing colonization into the basin and promoting extinction. The particular

compositional outcome, in his study, was dependent on other characteristics such as

climate.

A categorical variable representing connectivity of major basins since the

Pleistocene was developed to see if basins of a particular category were distinguished

from others. Categories were not constructed with a particular hypothesis behind each

group. Instead, the investigation of descriptive information from Minckley et al.'s (1986)

synthesis of the tectonic history, paleoclimatology, and paleohydrography of the western

United States, suggested distinguishable categories seemingly representative of different

historical contexts.

The major inland and many coastal basins of Oregon were each categorized into

one of three exclusive groups: 1) currently connected to the Columbia River system; 2)

historically connected to the Columbia or Sacramento systems; and 3) exclusively coastal

drainages. From this, each grid cell was assigned the category of the basin in which it fell.

Cells falling partially into two or more basins were assigned the category of the basin in

which the majority of the area fell.

Further utilizing information on historical connective routes from Minckley et al.

(1986), the most direct river distance of each hexagon to the sea was calculated (Figure

2). Since the fish richness metric includes both primary and secondary fishes (Minckley

et al., 1986), as well as currently diadromous and euryhaline species, then proximity to

the saltwater environment may help to explain richness.

15



Using digital maps and transparency overlays distance was calculated by hand

using grid cells as units. For the several eastern basins without current outlets to the sea,

the distance to the sea via historical inter-basin connective routes was used. For example,

Goose Lake in south-central Oregon is currently without outlet but has overflowed into

the Pit River of northern California in historic times (Mincldey et al., 1986). The Pit is a

tributary of the Sacramento River and distance to the sea was calculated over this route

for all cells in the Goose Lake drainage.

Stressors

Three anthropogenic stressors were included in analysis to evaluate whether human

influences correlated with fish richness at this scale (Figure 2). The human population of

each grid cell based on block-level data from the 1990 census, the cumulative length of

all roads (major highways and minor roads such as forest roads), and number of non-

native fish species were included.

Human population is a simple measure of potential human impacts on

environmental systems. Within watersheds of the Pacific Northwest roads are considered

a significant feature associated with degraded riparian condition (Thomas, Maser &

Rodiek, 1979), and changes in hydrology and stream geomorphology (Booth & Reinelt

1993), and sediment (Reid & Dunne 1984) all of which can influence fish in streams

(Fausch, Hawkes & Parsons 1988). This variable explores whether conditions have been

sufficiently altered to produce any regionally detectable effects on richness.

A large quantity of literature exists discussing the influence of non-native fish on

native fish assemblages and species (Ross, 1990; Baltz and Moyle, 1993; Fausch, 1988).
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While there are few documented cases of non-native fish causing species extinction in the

West, local extinction, population declines, and shrinking native ranges are not

uncommon (Hughes, 1996 personal communication). Given the potential adverse effects

of non-natives, we ask whether low native density correlates with high non-native density

at this scale.

Statistical Methods

Correlations between the response variable of native species richness and the set of

explanatory variables were evaluated using regression tree analysis (RTA) and an

independently applied stepwise multiple linear regression.

Regression Tree Analysis

Regression tree analysis is a computer intensive binary partitioning technique. In this

application initial input to RTA consists of a matrix 391 rows (the grid cells) by 27

columns (1 response variable, 26 explanatory variables) and output consists of a decision

tree classifying each grid cell according to a sequence of explanatory variables (Table 1).

RTA begins with the 391 grid cells and systematically sorts through every possible

division into two sub-groups. For every possible division RTA regresses each ranked

explanatory variable against fish richness.

The one explanatory variable that results in the greatest reduction of the total

residual sum of squares (RSS) of the two sub-groups relative to the parent group is

selected as the explanatory variable for that level. The numerical values of this selected

explanatory variable over each subset define a splitting threshold, and the means of the

fish richness values in each subgroup are the predicted richness values in the two new

groups.
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Table 1. Explanatory input variables for each statistical model.
See text for explanation and interpretation. SD means
standard deviation.

RTAI RTA2 MLR

January Maximum Temperature X X X

Januaiy Temperature SD X X X

July Maximum Temperature X X

July Temperature SD X X

Annual Temperature Range X X X

Annual Temperature Range SD X X X

Minimum Precipitation X X X

Maximum Precipitation X X

Precipitation Range X X X

Precipitation Mean X X

Minimum Elevation X X

Maximum Elevation X

Elevation Range X X

Intermittent Stream Length X X

First Order Stream Length X X

Second Order Stream Length X X

Third Order Stream Length X X

Third + Order Stream Length X X

Aggregate Stream Length X X X

Lake Area X X X

East-West Code X X

River Distance to Sea X X X

Connectivity Code X X X

Road Length X X X

1990 Population X X X

Introduced Species Richness X X X



This process is recursively and independently continued on each sub-group,

checking all possible divisions and all variables, until subset size is too small to continue

or any additional split provides inconsequential further reduction in RSS. In this way

RTA successively splits the whole data set into increasingly homogenous subsets using

the most explanatory variable at each level, without relying on linear interaction.

Contingent or hierarchical relationships are thus uncovered by this partitioning (Breiman

etal., 1984; Efron and Tibshirani, 1991; Michaelson et al., 1994; Clark & Pregibon,

1992; Venables & Ripley, 1994)

As with other statistical procedures, unconstrained RTA can explain nearly all

variation within a particular dataset by over-fitting the data and partitioning observations

into too many sub-groups. For more robust results an objective cross-validation

procedure is used to determine the best-size model. Cross-validation excludes randomly

chosen, fixed sized, portions of the data from initial analysis and then uses these data to

test the predictive power of different sized versions of candidate trees. Once size is

determined the over-fitted trees are "pruned" to the suggested size by removing

meaningless sub-groups (Breiman, 1984; Clark & Pregibon, 1992).

Multiple Linear Regression

Regression tree analysis is a relatively new method for which inferential theory is little

developed (Clark & Pregibon, 1992). Therefore, we supplemented RTA using stepwise

multiple linear regression. There is no interaction in RTA so highly correlated variables

are allowed, but some highly correlated metrics had to be removed for the linear analysis

(Table 1). Also, variables are treated as though they are ordinally scaled in RTA so
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transformation is not necessary, but for MLR the roads and population variables were

sufficiently non-normal to justify log transformation.

On the subset of original variables the Cp statistic for models ranging from one to

22 parameters was calculated. The Cp statistic is based on the total mean squared error of

the fitted values in a linear model. This criterion accounts for the accuracy of the

predicted versus observed values (bias), and the variance of the set of predictions

(random error) of a linear model. Good Cp statistics are approximately equal to the

number of parameters in a fitted model (Neter, Wasserman & Kutner, 1983). This

procedure identified models with 7 to 10 parameters as the best size.

Using this information an exhaustive stepwise regression function that assessed

the significance and explanatory power of all possible regression models was used to

identify the four best models of each size class (7 to 10 parameters). The characteristics

of these models were each explored using residual and other diagnostic plots. One model

was eventually selected based on the methods explained above, and on the additional

requirement that the model be interpretable.

RESULTS

Regression Tree Analysis: Version One

Two RTA models were developed. In the first model (RTA1) all 28 variables were

included in the input. The resulting tree is displayed in Figure 4. This tree divides the

state into three areas according to two characteristics and explains 54% of the initial

richness variation. According to this model the fish richness is initially apportioned

according to minimum elevation above and below 124.5 meters.
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Predicted Native Richness & Distribution from RTA1

mm. elev. < 124.5 m

root
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1
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Figure 4. Predicted native species richness and distribution according to RTA1. The decision tree above
the map shows the progressive subdivision of the entire set of cells beginning at the root and ending with
3 terminal groups color coded to their spatial location in Oregon. For each subset the criterion used
to distinguish the group is shown above, the predicted species richness is shown within, and the number of
cells is shown below in parentheses. See text for description and discussion of tree.



The cells below this threshold form a nearly contiguous block covering the entire

Coast Range and the western Willamette Valley, with several cells in the Columbia River

along the state's northern boundary. This group has a mean richness of 7 species. Cells

above 124.5 m have a predicted mean value of 2 species and, except for a single outlier in

the northern Coast Ranges, form a contiguous region over all of eastern Oregon, the west

Cascades, and Klamath mountains. This region is further divided according to the

cumulative length of second order streams. Cells with more than 49.3 kilometers of

second order streams have a mean richness value of 3 species and encompass the western

Cascades and Blue Mountains, while those with less stream length average only 1 species

and occur throughout the lava plains, dry interior basins, and Basin and Range.

Regression Tree Analysis: Version Two

Because elevation metrics potentially integrate many of the more specific climate

variables, a second RTA (RTA2) was performed that excluded elevation from the initial

explanatory set. With elevation variables removed the second tree divided the state into 5

areas according to 3 different (all climatic) characteristics, and explained 54% of the

initial species richness variation (Figure 5). The first division was best accomplished by

the annual temperature range. This division occurred at the 16.5 C threshold and formed

two large groups of cells.

One group, with annual range less than 16.5 C, follows the Cascade Crest from

the northern border to the head of the Willamette Valley, and then narrows to include the

western Klamath Mountains and lower Umpqua and Rogue Rivers; this group has a mean

richness of 6 species. The other region has an annual temperature range greater than 16.5
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C, a mean richness of 2 species, and covers the remaining upper portions of the Umpqua

and Rogue Rivers and the entire state east of the Cascade crest.

Within the western group division next occurred according to the standard

deviation of July temperature. At deviations above 1.5 C mean richness is 5 species and

below 1.5 C mean richness is 8 species. The 8 species group follows the course of the

main-stem Willamette River and also includes cells at the mouth of the Umpqua River,

three places in the western Coast Ranges, and at the southern bank of the Columbia River

downstream from the Willamette confluence. The 5 species group includes the remainder

of the Willamette River Valley and Coast Ranges, as well as the western Kiamath

Mountains. This last group is finally divided according to annual temperature range

above and below 13.5 C into two sub-groups with mean richness of 4 and 7 species,

respectively. The 7 species group is all in the Coast Ranges and coastal Klamath

Mountains while the 4 species set is interior throughout the Willamette Valley uplands

and western Cascades, and the western Klamath Mountains.

According to this RTA the eastern region, initially distinguished according to an

annual temperature range greater than 16.5 C, is divided again according to minimum

precipitation. Two nearly equal sized blocks of cells are distinguished based on minimum

annual precipitation above and below 299.5 mm. Below 299.5 mm the mean richness is 1

species; this region includes most of the Deschutes Basin, and all of the interior Basin

and Range except for the distinct exclusion of the Kiamath Lake Basin and Owyhee River

in the far southeast. The other group has a mean richness of 3 species. This region

includes a strip along the Cascade crest margin that broadens in the south to include the
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eastern Kiamath Mountains and Kiarnath Lake Basin, as well as most of the Blue

Mountains in the northeast.

Multiple Linear Regression

The MLR coefficients, partial correlations, and significance levels, along with a plot of

fitted versus observed richness are given in Table 2. All variables in the final model were

significant (p < 0.05). The overall model accounted for 50% (r2 = 0.5032) of the original

variation in fish richness across the region and was slightly biased (Cp statistic = 9.34).

The first variable to enter the equation was annual temperature range. This was

the only negatively correlated variable (-0.36) in the regression model. The next two

variables were also climatic variables: annual temperature range standard deviation

(partial r = 0.14) and minimum annual precipitation (partial r = 0.24). The fourth variable

to enter the equation was the aggregate measure of stream length (partial r = 0.12).

The final two variables were introduced species richness and the log transform of 1990

population. Introduced species richness had the strongest partial correlation (0.39) of any

of the variables and both variables were positively correlated (log 1990 population

partialr= (0.11)).

Figure 6 is a map of the predicted richness of each grid cell according to the

regression model. The map shows predicted species richness highest along the Pacific

coast and a portion of the Willamette Valley, and lowest in the arid interior Goose and

Malheur Lake basins and the far-eastern Owyhee-Malheur River basin. The model

predicts intermediate richness throughout northern Oregon's Columbia and Snake River

tributaries, as well as the Umpqua and Rogue basins in the southwest.
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Table 2. Mulitple linear regression model to explain fish species richness in Oregon.
Below is a plot of fitted versus observed richness.

Variables Slope Coeff. Partial Correlation p

Intercept 2.732 0.0307
Annual Temperature Range -0.215 -0.36 0.0000
Annual Temperature Range SD 2.259 0.14 0.00 15

Minimum Annual Precipitation 0.001 0.24 0.0 130

Cumulative Stream Length 0.002 0.12 0.0 147

Introduced Species Richness 0.202 0.39 0.0000

log(l99OPopulation) 0.133 0.11 0.0235

Full Model:

ci)

(I)
ci)
C
C-)

cr

ci)
>

z
C

Significant at p = 0.0000, on 6 and 384 degress of freedom
Multiple r2 = 0.5032
Residual standard error (on weighted scale): 2.04
Cp statistic = 9.34

. . - . ... - . . . -. - - ,t_

.---- -
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Fitted: seas.mg + seas.std + ppt.min + streams.km + intro.spr+ log(pop90[1:391 +



Figure 6. The top map is the predicted fish richness per grid cell according to the multiple linear
regression model. The bottom map is the spatial distribution of the residuals of the model. Similar
colored residuals are opposite signs but similar magnitude.



DISCUSSION

In this application RTA's partitioning capability is well matched to the hierarchical

nature of richness patterns. Partitioning truly divides the initial observations so that the

relationship of each particular cell to the explanatory variables is known. Further, each

cell's spatial position is known so that the spatial context of any relationships can be

clearly seen. Other than mapping the cells, there is no spatial component in the analysis

process. It is therefore encouraging that the majority of RTA divisions produced groups

that mapped as contiguous regions and not as scattered individual cells.

Interpretation of all RTA associations between richness and the explanatory

characteristics should be done while recognizing prior splitting variables and examining

the spatial distribution of the involved cells. The context of the overall trees is also

important to recognize. If groupings of grid cells in Figures 4 & 5 display hierarchical

structures representative of some meaningful associations within Oregon, then

conceptually the root of the entire tree may be a similar grouping or sub-grouping of a

larger tree spanning a greater spatial scale than Oregon: the extent of the study area is

itself a subset of larger richness patterns.

In RTA1 three final cell groups were found. Minimum elevation first divided the

state into a smaller block of more rich cells near the coast and in the western Willamette

Valley, and a large eastern and inland block of cells with fewer species. Since minimum

elevation was included in analyses without theoretical basis any interpretation of this

division is speculative. The moderate correlation of this variable with several measures of

climate leads to the possibility that, as a primary component of the earth's surface, the
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measurement of minimum elevation is integrating climatic characteristics into a natural

principle component with implications for fish riclmess. Figure 2 and the correlation

statistics given above show that at this scale in Oregon many climatic factors correlate

with elevation metrics across the state. These associations are supported when, in RTA2,

elevation metrics are removed as explanatory variables and annual temperature range

becomes the first splitting criterion, and minimum precipitation also enters the tree.

The specific correlation of climate with richness found in these analyses both

supports and muddies the theoretical effects of stability and spatial heterogeneity on

species richness. The association in RTA2 and MLR of less annual temperature range

with greater richness in western Oregon, and greater temperature range with fewer

species throughout the east, supports the contention that more stable climates support

greater numbers of species. The spatial heterogeneity theory, wherein greater spatial

variation of physical characteristics promotes greater species number, is supported by the

association in MLR of higher within cell standard deviation of annual temperature with

greater species richness. On the contrary, in RTA2 within the relatively stable annual

temperature regime of western Oregon, greater standard deviation of July temperature

was associated with fewer species on average.

Lower values of minimum annual precipitation were correlated with lower

species richness in both RTA2 and MLR. In RTA2 this relationship distinguished much

of the Kiamath and Blue Mountains, as well as the Klamath Lake Basin, from the

remainder of the depauperate interior. The relationship between minimum precipitation

and richness makes sense throughout the interior basins where exotic sources of water are
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scarce and within cell precipitation more important to maintaining stream and lake water.

It is not clear why the portions of the Deschutes and John Day Basins are distinguished

along with the interior basins. These basins include mountainous areas where there is

more precipitation to maintain downstream flow in the adjacent lowlands. See the

discussion of residuals below for a possible explanation of why these regions may be

unusual.

The aggregate stream metric in MLR, and the length of second order streams in

RTA1, were positively correlated with fish richness. Although no statistical test was

performed, investigation of the cumulative length of other stream categories within the

RTA1 subgroups showed that the largest difference between these two groups was indeed

in the second order category, but that a major difference also existed in first order length,

and a lesser difference in third order. Third-plus order, intermittent stream length, and the

cumulative length of all streams were essentially the same.

The general association of more stream length with greater species richness

supports the species-area theory. Combining the observations that greater richness occurs

in cells with more second order streams and that these cells are mainly in upland areas,

with the fact that lake area was not found to be explanatory, implies that upland streams

are better places for diversity in the arid east. In this arid region upland streams may be

more reliable long term aquatic environments than ephemeral playa lakes.

The inclusion of the anthropogenic stressor variables in the linear analysis was

intended to explore whether these characteristics were adversely associated with fish

species density. Somewhat surprisingly, positive correlations were found between native
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and introduced fish richness, and between native richness and 1990 population. No

known process links introduced species richness or higher human population to the

promotion of native species richness, but these correlations do solicit some interesting

possibilities.

Keeping in mind that people of European ancestry have been living in Oregon for

less than 200 years, and that species richness makes no assessment of fish population

sizes, it could be that introduced species are becoming established in Oregon and are 1)

taking over unfilled niches without affecting native species; 2) having detrimental

impacts on native species abundance and local ranges but not driving natives extinct; or

3) having detrimental impacts on native species but without sufficient time for native

extinction to result.

Similar general possibilities apply to the observation that human population is

positively associated with greater native fish richness. This observation is functionally

equivalent to the statement that "more people live where there are more fish species."

This could mean that 1) human populations have no bad effects on fish richness; 2) the

number of people living in a particular area is a poor metric of human influence on

aquatic organisms in that area; 3) areas that support higher fish species richness are also

desirable places for humans to inhabit and that larger human populations in some areas of

Oregon have not been established long enough to produce native species extinctions

discernible at this scale of observation. While it would be unreasonable to completely

exclude the first possibility, considering the many significant effects humans have on fish

in watersheds and even very large river basins (i.e., the Columbia Basin) (ODFW, 1996;
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Cairns and Lackey, 1992; Hughes and Noss, 1992; Williams etal., 1989; Nehlsen et al.,

1991) this seems far less likely than the other two possibilities.

Residuals

The spatial distribution of residuals for both RTA and MLR (Figures 6 & 7) show similar

regions of distinct deviation. The predicted richness values in the middle of the state

(upper Deschutes and Goose-Harney Basins) are systematically greater than observed

values by 1 to 3 species (lighter blue and dark red region). The TNC fish database assigns

mostly zero values throughout this area while predictions are for 2 to 3 species. The upper

John Day River and Klamath Lake area are underestimated but to a greater magnitude

and over fewer cells (lighter red clusters). Such systematic deviation sheds doubt on the

explanatory power of the models derived from RTA and MLR.

Potential explanation of model inadequacies in these areas are that important

explanatory characteristics have been left out or that the data are deficient. This problem

cannot be completely resolved. However, since the TNC fish species database is an

agglomeration of many sources and is not constructed from a designed sampling strategy,

one possible explanation for the clumped residuals is biased sampling and representation.

Examination of the spatial location where sample specimens in the Oregon Freshwater

Fish Database and museum (a primary source for TNC) were taken (Appendix V) shows

that sample numbers are relatively low in the middle of the state and higher in the upper

John Day and Klamath Lake basins.

Reasoning that this necessarily explains residual patterns is prone to circularity for

two reasons. First, although multiple representations of the same species in the database
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Figm 7. Spatial distribution of the residuals from RTA1 and RTA2. Similar colored residuals are
opposite signs but similar magnitude both within and between maps.



are numerous, once a specimen of a species has been included in the museum and so

represented in the database, it is less likely that subsequent samples of the same species

will be added. Second, if species number is truly sparse or abundant throughout an area,

then few or many possible samples of different species can actually be collected and so

completeness of representation cannot be determined. If greater sampling leads to greater

observed species richness, then to the extent that museum samples represent sampling

intensity, this may help understand model inadequacies.

SUMMARY and CONCLUSIONS

As a western state in North America, Oregon resides in a relatively species-poor region of

the continent, but within that context is considered rich in endemic species. When tallied

within the equal-area hexagon grid no more than 13 of the 58 native fish species used in

this research filled any one grid cell. The pattern formed within the grid statistically

correlated, in two separate analysis procedures, with several measures of climate, the

cumulative length of streams, and with two anthropogenic stressors.

The theory that climatic stability supports greater species richness was supported

by the association of smaller annual temperature range with more species, and greater

range with fewer species. The spatial heterogeneity theory was supported in the

multivariate analysis with greater standard deviation of the annual temperature range

associated with more species. This theory was partially contradicted in regression tree

analysis when, within the stable thermal regime of western Oregon, greater standard

deviation of July temperature was correlated with fewer species than lower values. The

species-area theory was generally supported by linear regression analysis with more total
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stream length correlating with more richness. In regression tree analysis, within the areas

of the state with minimum elevation greater than 124.5 meters, this same relationship was

true with first and second-order streams.

No association was found between fish richness and the dispersal characteristics.

This indicates that climatic regimes and geographic characteristics are more dominant

than historical context in this area at the spatial scale and grain of this study. In spite of

this finding, within the broader spatial context of the Pacific Northwest or Western North

America, historical factors such as the lack of coverage by the Pleistocene continental ice

sheet, so significant in Washington state (McPhail and Lindsey, 1986), may be

meaningful.

In Oregon, 9 native freshwater fish species or sub-species are formally listed as

endangered or threatened under the federal Endangered Species Act (one other is a

current candidate) and 36 species or sub-species are listed by the state of Oregon as

sensitive, threatened, or endangered. With so many fish already at risk, the association of

greater native fish richness with greater introduced fish richness and greater human

population, should serve as a warning. Without action designed to minimize degradation

from species introductions and human habitation, it may only be a matter of time before

shrinking ranges, local extinctions, and long lists of fish at risk, turn into regionally

significant decreases in fish biodiversity.

* The term "historic" or "historical" is used in this paper to represent time scales of thousands of years over which happenings such

as species dispersal, glacial stages, and changing river basin boundaries may occur. This is akin to geologic history and should not

be thought of as the period of written human history.
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Appendix I

Oregon Native Fish at Risk

Scientific Name Common Name Federal ESA Status" Osenen Status

Cawsiomus occidentalis lacusanse Goose Lake sucker Category 2 Sens-Critical

Cal oslornus rimiculus app. Jenny Creek sucker Category 2 Sens-Limited

Cal oslonn.w snyderi Kiamath largescale sucker Category 2

Caloslomus tahoensis Tahoe sucker Sens-Peripheral

Catoslomus warnerensis Warner sucker Threatened (1991) Threatened

Chrssrnistes brevirosiris Shortnose sucker Endangered (1988) Endangered

Coitus bairdi sp Malheur mottled sculpin Category 2 Sens-Critical

Coitus marginatus Margined sculpin Category 2 Sens-Vulnerable

Colluspilensis Pit sculpin Sens-Peripheral

Coitus tenuis Slender sculpin Category 2

Gila alvordensis Alvord chub Vulnerable

Gila bicolor eurysoma Sheldon tui chub Sens-Critical

Gila bicolor oregonescsis Oregon lakes tui chub Sens-Vulnerable

Gila bicolor spp. Catlow tui chub Sens-Vulnerable

Gila bicolor spp. Goose Lake tui chub Sens-Cntical

Gila bicolor spp. Huttom tui chub Threatened (1985) Threatened

Gila bicolor spp. Summer Basin tui chub Category I Sens-Critical

Gist bicolor spp. Warner Basin tui chub Sens-Critical

Gila boraxobius Borax Lake chub Endangered (1982) Endangered

Lampetra trideniata Pacific lamprey Sens-Vulnerable

Lan:pelra irideniata spp. Goose Lake lamprey Category 2 Sens-Critical

Lavinia syrnmelricus mitrulus California roach Category 2 Sens-Peripheral

Oncorhynchus clarki clarki Coastal cutthroat trout Sensitive

Oncorhynchus clarki henshawi Lahontan cutthroat trout Threatened (1975) Threatened
Oncorhynchus clarki lewisi Westslope cutthroat trout Sensitive

Oncorhynchus keta Churn Salmon Sensitive

Oncorhynchus kisutch Coho Salmon Sensitive

Oncorhynchus mykiss Redband/Inland Rainbow trout Sensitive

Oncorhynchus ishawylscha (stocks Chinook salmon

Lower Columbia fall run Sensitive

Snake River fall run Threatened (1992) Threatened

Snake River spring/summer run Threatened (1992) Threatened

South Coast fall run Sensitive

Ore gonichihys crameri Oregon chub Endangered (1993) Sens-Critical

Ore gonichi hys ka/awalseli Umpqua chub Category 2 Sens-Peripheral

Rhinichihys cataraciae spp. Millicoma thee Sens-Limited

Rhinichihys osculus spp. Foskett speckled thee Threatened (1985) Threatened

Richardsonius egregius Lahontan redside shiner Sens-Peripheral

Salve/inus confluenius Bull trout Candidate Sensitive

Fish Status Sources: USFWS (1996); NMFS (1996); ODFW (1996); Marshal (1996)

Federal and Oreton Definitions (USFWS 1996; Onion Administrative Rulen 635-100-001):

Endangered any species in danger of extinction throughout all or a significant portion of its range.

Threatened, any species likely so became an endangered species in the foreseeable future

throughout all or a significant portion of its range

Federi Definitions (USFWS 19961:
Candidate' those species for which the Service has on file safficient information on biological

vulnerability and threats to support listing. Listing is anticipated.

Category I: this designation is no longer used and has been replaced by "candidat&

Category 2: this designation is no longer used, It previously referred to species for which listing

was considered possibly appropriate but insufficient supporting evidence existed tojusti&

listing. These species ore being investigated but are not formally recognized.

Stile of Onion Definitiona (ODFW 1993):
Sensitive: legal designation; a species susceptible to becoming threatened or endangered.

Vulnerable: a non-legal term for species susceptible to population reductions er extinction; these

species listing as endangered or threatened may be avoidable by adequate protective measures

Senuitive-Cntieal: sub-category of "sensitive"; species for which listing as threatened or endangered

is either pending or will be appropriate without immediate conservation actions,

Senailive-Vulneroble: sub-category of "sensitive" with the sante definition as "vulnerable".

Sensitive-Peripheral: sub-category of "sensitive" describing species whose Oregon populations

are peripheral to the species main range.

Sensitive-Limited: sub-category of sensitive.

Endangered Species Act (ESA); date in parentheses is the year

of the most recent ESA designation.



Appendix II

Native Oregon Freshwater and Diadromous
Fish Species

Native Fish Included in Analyses:
Scientific Name Common Name Eury/Stenohaline** Genetic Status*
Acipenser medirostris Green sturgeon E

Acipenser transmontanus White sturgeon F
Acrocheilus alutaceus Chiselmouth S

Catostomus columbianus Bridgelip sucker S

Catostomus macrochei/us Largescale sucker S

Catostomus occidenta/is Sacramento sucker S SSP
Catostomusplatyrhynchus Mountain sucker S SSP

Catostomus rimiculus Klamath Smaliscale sucker S SSP

Catostomus snyderi Klamath Largescale sucker S

Catosiomus tahoensis Tahoe sucker S

Catostomus warnerensis Warner sucker S

Chasmistes brevirostris Shortnose sucker S

Coitus a/euticus Coastrange sculpin E

Coitus asper Prickly sculpin E

Coitus bairdi Mottled sculpin S SSP

Coitus be/dingi Paiute sculpin S

Coitus confusus Shorthead sculpin S

Coitus gu/osus Riffle sculpin E

Coitus kJamathensis Marbled sculpin S SSP

Coitus marginatus Margined sculpin S

Coitus perplexus Reticulate sculpin E

Cottuspitensis Pit sculpin S

Coitus princeps Klamath Lake sculpin S

Coitus rhoiheus Torrent sculpin S

Cottus tenuis Slender sculpin S

Gasterosteus acu/eatus Threespine stickleback E SSP

Gila alvordensis Alvord chub S GENUS

Gila bicolor Tui chub S SSP

Gila boraxobius Borax Lake chub 5

Gila coerulea Blue chub 5

Lampeira ayresi River lamprey E SSP

Lampeira lethophaga Pit-Klamath brook lamprey S

Lampetra richardsoni Western brook lamprey S

Lampeira similis Klamath River lamprey E

Lampeira rridentaia Pacific lamprey E SSP

Lavinia symmetricus Califomiar roach S SSP

Mylocheilus caurinus Peamouth E

Oncorhynchus clarki Cutthroat trout E SSP

Oncorhynchus gorbuseha Pink salmon E SSP

Oncorhynchus keta Chum salmon E SSP

Oncorhynchus kisutch Coho salmon E SSP

Oncorhynchus mykiss Rainbow trout E SSP

Oncorhynchus nerka Sockeye salmon E SSP

Oncorhynchus tshawytscha Chinook salmon E SSP

Oregonichihys crameri Oregon chub
Oregonichihys kalawatseii Umpqua chub ?S

Percopsis iransmontana Sand Roller S

Platichthys ste//at us Starry flounder E

Prosopium williamsoni Mountain whitefish S SSP
Plychocheilus oregonensis Northern squawfish S

Psychocheilus umpquae Umpqua squawfish S SSP

Rhinichthys cataraciae Longnose dace S SSP

Rhinichihys evermanni Umpqua dace S

Rhinichthysfalcaius Leopard dace S

Rhinichthys oscu/us Speckled dace S SSP

Richardsonius ba/teat us Redside shiner S SSP

Richardsonius egregius Lahontan redside S

Sa/velinus confluent us Bull trout S

Other Oreeon Natives:***
Aiherinops affinis Topsrnelt E

Cymaiogasier aggregata Shiner perch E

Lota Iota Burbot S SSP

Thaleichthyspac(fIcus Eulachon E

* SSP fish identified by Mayden at al. (1992) as polytypic; GENUS means the monophyly of this genus is suspect.

Minckley et al. (1986); McPhail Lindsey (1986); ODFW (1996)
*** Recognized natives not assigned to any cell at> 80% confidence.



Appendix III
Introduced Oregon Freshwater

Fish Species

Introduced Fish Included in Analyses:
Scientific Name Common Name
Alosa sapidissima American shad
Archoplites interruptus Sacramento perch
Carassius auratus Goldfish
Colossoma macropomum Tambaqui
Ctenopharyngodon idella Grass carp
Cyprinus carpio Common carp
Fundulus diaphanus Banded killifish
Ictalurus catus White catfish
Ictalurus melas Black bullhead
Ictalurus natalis Yellow bullhead
Ictalurus nebulosus Brown bullhead
Ictalurus punctatus Channel catfish
Lepomis cyanellus Green sunfish
Lepomis gibbosus Pumpkinseed
Lepomis gulosus Warmouth
Lepomis macrochirus Bluegill
Lepomis microlophus Redear sunfish
Micropterus dolomieui Smalimouth bass
Micropterus salmoides Largemouth bass
Misgurnus anguillicaudatus Oriental weatherfish
Morone saxatilis Striped bass
Notorus gyrinus Tadpole madtom
Oncorhynchus aguabonita* Golden trout*

Percaflavescens Yellow perch
Pimep hales promelas Fathead minnow
Pomoxis annularis White crappie

Pomoxis nigromaculatus Black crappie
Pylodictus oilvaris Flathead catfish
Salmo salar Atlantic salmon
Salmo trutta Brown trout
Salvelinusfontinalis Brook trout
Stizostedion vitreum Walleye

* A sub-species, the Little Kern Golden trout (Oncorhynchus aguabonita whitei),
is listed as Threatened under the federal Endangered Species Act (USFWS 1996)



Appendix IV
The Nature Conservancy's

Fish Species Richness Database Sources

Other Databases:

Lee, D.S. 1980. Atlas of North American freshwater fishes. North Carolina State
Museum of Natural History.

Puchy, C.A. & Marshall, D.B. 1993. Oregon Wildlife Diversity Plan. Oregon Department
of Fish and Wildlife.

Oregon Freshwater Fish Database. Oregon State University Department of Fisheries &
Wildlife. Nash Hall. Corvallis, Oregon 97331.

Professional Consultants:

Allen, C. Oregon Natural Heritage Program. Fisheries Intern.

Bond, C.E. Emeritus Professor, Wildlife Biology, OSU Fisheries Biologist. Expert on
sculpins, chubs and other native fishes.

Bowers, W. District Fish Biologist, Oregon Department of Fish and Wildlife,
Southeast Region.

Buettner, M. Bureau of Reclamation, Reno, Nevada. Sucker expert.

Li, H. OSU Fisheries Biologist.

Markle, D. OSU Fisheries Professor.

Smith, A. Oregon Department of Fish and Wildlife Warmwater fisheries biologist.

Weeks, H. Oregon Department of Fish and Wildlife Fish Biologist.



Appendix V

Samples
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Appendix V. The top map shows the spatial location of 4929 native and introduced freshwater fish species
specimens in the OSU Freshwater Fish Database. The bottom map displays the same samples within the
hexagon grid structure.




