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SUMMARY

1. Data from the literature were used to document colonization patterns by introduced
freshwater fishes in 125 drainages across temperate North America. We analysed this data
set to quantify susceptibility to invasion, success of the invaders and changes in species
richness.

2. Drainages with a high number of impoundments, large basin area and low native
species diversity had the greatest number of introduced species. Those drainages
containing few native fishes exhibited great variation in the number of invaders, while
waters with a rich native fauna contained few introduced species. However, this pattern
did not differ significantly from random simulations because the pool of potential invaders
is greater for drainages with low species richness.

3. In most drainages, there were more introduced than imperilled or extirpated species,
suggesting that invaders tend to increase overall species richness.

4. These patterns suggest that North American fish communities are not saturated with
species, but instead, are capable of supporting higher levels of diversity if the pool of
potential colonists and the rate of colonization from that pool is increased.
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Introduction

The biota of the Earth is being ‘homogenized” by the
human-assisted dispersal and establishment of non-
native species. The introduction of alien species can be
viewed as uncontrolled, often unintended experi-
ments, which can be analysed to address important
questions in both basic biology and applied conserva-
tion: (1) How susceptible to invasions are assemblages
of native species; in particular, are biotas with low
species richness more readily colonized than those
with greater numbers of native species? (2) Are
particular species more successful in invading foreign
communities? (3) Does the establishment of invaders
increase or decrease overall species diversity because
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the colonizing species either coexist with or cause the
extinction of natives?

North American freshwater fish communities pro-
vide excellent systems to assess the patterns and
consequences of biological invasions. Because of the
isolation of drainages and the inability of freshwater
fish to disperse across land and sea, the native
communities of different drainages tend to have
distinctive species composition, low to moderate
species richness and moderate to high degrees of
endemism (Hocutt & Wiley, 1986; Allan & Flecker,
1993). Since the European colonization of America,
and especially in the last century, native fish commu-
nities have been subjected to invasion by alien species
(Courtenay & Stauffer, 1984). These aliens include
species imported from other continents (exotics) as
well as North American species that have been
introduced into drainages where these fish did not
originally occur. Non-native species have expanded
their ranges by moving through canals and other
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aquatic connections created by humans, as a result of
legal introductions to enhance sport and commercial
fisheries for ecological management (e.g. mosquito
control), and through other activities, such as illegal
releases of bait and aquarium fish and escapes from
fish farms (Mills et al., 1993). The result of these
introductions is that many freshwater ecosystems
have been altered drastically by alien species and
some drainages now contain more introduced than
native species (Courtenay & Stauffer, 1984; Krueger &
May, 1991; Minckley & Deacon, 1991).

The ability of communities to resist invasion from
non-natives is a complex issue and has been shown to
be influenced by environmental variability (Baltz &
Moyle, 1993; Williamson, 1996), biotic interactions
such as competition and predation (Ross, 1991; Lodge,
1993), and abiotic disturbance (Herbold & Moyle,
1986; Moyle, 1986). Once established, introduced
species have been cited as a major factor, along with
habitat alteration, contributing to the extinction of
many North American fish (Miller, Williams &

Williams, 1989). In the present study, we compared
available data on fish faunas within drainages across
temperate North America to examine patterns of
colonization by introduced fishes. In particular, we
investigated the relationship between the number of
introduced species, and various drainages character-
istics such as native species diversity and habitat
modification by impoundments. We also asked if the
number of introduced species was greater in drai-
nages with many imperilled or extirpated native
species.

Materials and methods

We compiled data on the native and introduced
freshwater fishes inhabiting 125 drainages distributed
across temperate North America (Fig. 1). Most of the
data came from Hocutt & Wiley (1986), but these were
supplemented with information from other sources
(see ‘Appendix 1’). Drainages were defined by the
authors who described the fish fauna in each region.

Fig. 1 North American drainages which were used to quantify patterns of invasion by introduced fish species. The numbers

correspond to the drainages listed in Appendix 1.
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We classified as an introduced species any fish
considered not to be native to a drainage where it
has an established, reproducing population. Thus,
introduced species included both exotic species from
other continents and stocks of native North American
fishes that have been imported into drainages where
they did not previously occur. When the status of a
particular species was uncertain (native or intro-
duced), those species were excluded from the analy-
sis.

Stepwise multiple regression analysis (SSPS, 1996)
was used to examine the importance of various factors
in predicting the number of introduced species in a
drainage. These factors included native species
diversity, drainage basin area, latitude, rainfall,
number of reservoirs and the surface area of reser-
voirs. Because of major differences in western and
eastern fish faunas (e.g. evolutionary history) and
because drainages differed in their connectivity (e.g.
some are coastal drainages while others are subdrai-
nages within a larger drainage basin), a separate
regression was performed for only those drainages
within the Mississippi River basin (17 =52) as a
comparison. Estimations of basin area for drainages
within the U.S.A. and Mexico were taken from the
Museum of Zoology, University of Michigan, Ann
Arbor, MI, U.S.A,, drainage map. Canadian drainages
were estimated from a map taken from the National
Geographic Society (1992). A regression of our
estimated drainage areas to known drainage areas
(taken from USGS hydrologic units; Seaber, Kapinos
& Knapp, 1987) for eighty-five of the 125 drainages
showed that this method provided a reasonable
estimation of drainage area (r* = 0.981, P < 0.0001).
The latitude of each drainage was calculated as the
median point between the northern and southern
extreme of the drainage basin. The mean annual
precipitation was estimated at the median point of
each drainage from a precipitation map of North
America (Espenshade, 1990). Estimates of total reser-
voir area and number of reservoirs were taken from
Ploskey & Jenkins (1980; U.S. Fish & Wildlife Service,
unpublished report) for North American drainages
and Energy, Mines & Resources Canada (1980) for
Canadian drainages. Only those reservoirs > 4.05 ha
surface area were included in the present analysis.
Drainage area and reservoir surface area were log-
transformed prior to the analysis.

Stepwise regression analyses were also used to

© 1999 Blackwell Science Ltd, Freshwater Biology, 42, 387-399

Fish invasions in North America 389

predict the occurrence of exotic species in North
American drainages (all drainages and Mississippi
Basin drainages) using the same variables described
above. This analysis was performed because of
potential differences in patterns of invasion as a result
of unique evolutionary histories of these species on
other continents (e.g. these are less likely to coexist
with a congeneric species in North America). Addi-
tionally, native species diversity does not influence
the potential pool of exotic invaders (see below).

Because the available pool of invaders is greater for
less speciose drainages (i.e. a species cannot invade an
area where it natively occurs), randomized computer
simulations were used to compare observed patterns
of introduced species occurrences with random
patterns. We tested if drainages with low native
species richness had more introduced species than
predicted by random. From the above data set, we
obtained presence-absence data for 128 species which
had introduced populations within the 125 drainages.
A random matrix was developed by assigning each of
the 128 introduced species to drainages at random; the
number of drainages a particular species was assigned
to was equal to the actual number of drainages that
species had invaded. Species were only assigned to
drainages where they did not occur as natives. Thus,
this model assumed all species were capable of
colonizing all drainages unless the fish occurred
there natively. Simulations were run 1000 times to
give a mean, 99% upper confidence interval and the
maximum number of introduced species for each
drainage. Drainages of varying species richness were
then compared for the percentage of drainages where
the observed number of introduced species was
greater than the mean, upper 99% confidence interval
and the maximum values.
observed values and those expected on the basis of
random placement were tested with a G-test (Sokal &
Rohlf, 1995).

We also examined the relationship between estab-

Differences between

lishment of introduced species, and the number of
threatened, endangered or extirpated native species.
A list of threatened and endangered species was taken
from Williams ef al. (1989). Lists of extirpated species
were taken from the references listed in ‘Appendix 1’
and Miller, Williams & Williams (1989). An extirpated
species was defined as any fish that naturally
occurred, but no longer existed in a particular
drainage.
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Fig. 2 Number of introduced fish species which have colonized
125 North American drainages as a function of the number of
native species which originally occurred in the drainage. The
lines represent least-square regression lines from minimum and
maximum values from 1000 simulations where species were
randomly assigned to drainages. Note that drainages with low
species richness are expected by random to have greater
variation in the number of introduced species because the pool
of potential invaders is greater.

Results

Patterns of invasion by alien species

Drainages containing few native fishes exhibited
much greater variation in the number of invaders
than those with rich native faunas (Fig. 2). The mean
(= SD) species richness in the drainages we analysed
was 78.3 * 36.5 species. In drainages with less than
seventy-nine species, the number of introduced
species averaged 11.2 + 9.9 and ranged from zero in
several drainages to forty-eight species in the upper
Colorado River. By contrast, waters with richer native
faunas (=79 species) averaged 7.7 + 5.1 introduced
species and ranged from zero to no more than 21.
Stepwise multiple regression showed that the
number of reservoirs, native species diversity and

drainage area significantly contributed towards pre-
dicting the number of introduced species in a
drainage (P < 0.001, 7 = 0.395; Table 1). The number
of introduced species increased with number of
reservoirs and drainage area, but decreased with
native species richness. Prime examples of drainages
with many alien species are large rivers of the south-
western U.S. (Colorado and Rio Grande) and the
Central Valley of California (Sacramento-San Joa-
quin). When only Mississippi Basin drainages were
considered, only drainage area was found to be
significantly correlated with the number of intro-
duced species (P < 0.001, P = 0.426). However, native
species diversity barely missed the criteria of the
stepwise procedure (t =-1.957, P =0.056; P < 0.05
needed to be included).

In a similar analysis with only exotic species, a
weaker, yet significant relationship was found
(P <0.001, *=0.261; Table?2). In this case, the
number of exotics showed a positive relationship
with total reservoir area and native species diversity
and a negative relationship with rainfall. When only
Mississippi Basin drainages were considered, a
stronger relationship occurred (* = 0.437). Drainage
area and native species diversity were positively
associated with the number of exotics species.

In random simulations where introduced species
were assigned to drainages with the constraint that
these could not be assigned to a drainage where the
fish were native, a negative relationship between the
number of native and introduced species also occurs.
This is simply because the pool of potential invaders
that are native to North America is greater for
depauperate drainages. When the randomized and
observed data were compared, the proportion of
drainages with observed number of introduced

Table 1 Results from a stepwise multiple regression of various drainage characteristics on the number of introduced species

Parameter

Source df.  F-value P-value R® Variable d.f.  estimate t P-value
All drainages
Model 3 263 < 0.001 0.395  Intercept 1 4.212 -1.550 0.124
Error 121 Number of reservoirs 1 0.352 4049 <0.001
Total 124 Native diversity 1 —-0.069 -3.605 < 0.001

Drainage area 1 5.664 3.373 < 0.001
Mississippi drainages only
Model 1 447 < 0.001 0.467  Intercept 1 —45.766 -5.589 < 0.001
Error 51 Drainage area 1 12.262 6.689 < 0.001
Total 52
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Table 2 Results from a stepwise multiple regression of the effect of various drainage characteristics on the number of exotic species

Parameter

Source d.f. F-value P-value R? Variable d.f. estimate t P-value
All drainages
Model 3 14.254 < 0.001 0.261 Intercept 1 1.717 4.015 < 0.001
Error 121 Reservoir area 1 0.443 3.843 < 0.001
Total 124 Native diversity 1 0.011 3.305 0.001

Rainfall 1 -0.009 -2.247 0.026
Mississippi drainages only
Model 2 22.247 < 0.001 0471 Intercept 1 -3.508 -3.786 < 0.001
Error 50 Drainage area 1 1.111 5.642 < 0.001
Total 52 Native diversity 1 0.011 3.504 0.001

species greater than random was not significantly
different for species-poor (< 79 species) and species-
rich (= 79 species) drainages (Table 3). However, there
was a trend (G = 2954, P = 0.086) for species poor
drainages to have more introduced species than
predicted maximum values for each drainage (Fig. 2).

Colonization of introduced species and imperilment of
natives

In Fig. 3, we plot the number of imperilled or
extirpated native species as a function of the number
of introduced species, and the line of equality is
drawn for a reference. In only twenty-one out of the
125 drainages were more native species imperilled or
extirpated than introduced species colonized. Even
under the assumption that a large proportion of
imperilled species may become extinct, this pattern
shows that there has been a net increase in the total
number of species following the introduction of an
alien species in most drainages.

Table 3 Percentage of drainages with a greater number of
introduced species than the mean, 99% upper confidence
interval (CI) and maximum values derived from 1000 random
simulations where species were placed in drainages at random.
Comparisons were made between drainages with low and high
native species richness with a G-test (Sokal & Rohlf, 1995)

Percentage of introduced species
in observed drainages greater than
expected by random

Native species richness Mean  99% upper CI ~Maximum
Low (< 79 spp.) 50.0%  39.1% 17.2%
High (79 spp.) 442%  35.7% 7.1%
G-value 0.1887  0.0442 2.954
P-value 0.574  0.628 0.086
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Differential success of introduced species

Although a total of 128 alien species have become
established in one or more drainages, a small minority
of these have colonized many drainages (Fig. 4). Four
species have colonized more than fifty drainages,
twenty species have colonized twenty or more
drainages, and ninety-four have colonized ten or
fewer drainages.

Four out of the ten most widespread species that
have been introduced into North American drainages
are Eurasian exotics: common carp, Cyprinus carpio L.;
goldfish; Carassius auratus (L.); brown trout, Salmo
trutta L., and grass carp, Ctenopharyngodon idella
(Valenciennes) (Table 4). Aside from these four
species, the most widespread invaders are native to
North America, and all have been widely distributed
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Fig. 3 Number of extirpated and imperilled fish species as a
function of the number of introduced species for 125 North
American drainages. Note that colonization by alien species
usually results in increased species richness: (®) one, (A) two,
(®) three and (M) four overlapping data points.
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Fig. 4 Frequency histogram showing the number of introduced
fish species as a function of the number of North American
drainages which these have invaded. Note the ‘hollow curve’
shape of the distribution indicating that most species have
colonized only a few drainages while a small minority of exotics
have become established in many drainages.

by humans, primarily as sport or bait fish [e.g.
Oncorhynchus mykiss (Walbaum)].

Discussion

Patterns of invasion by alien species

Using this data set, it is apparent that most drainages
within temperate North America are susceptible to
colonization by one or more non-native fish species.
Although a few drainages still contain no introduced
species, this probably reflects a limited number of
colonization opportunities rather than ability to resist
all potential invaders. Most of these drainages have
been colonized by both species native to other
drainages in North America and species non-native
to the North American continent. Moreover, the
number of exotic species in a drainage was positively
correlated with native species richness. This supports
the predictions by Moyle & Light (1996) and William-
son (1996) that all communities are susceptible to
invasion by introduced species regardless of native
species diversity.

However, on the scale of the North American
continent, there appears to have been an upper
bound on the total number of introduced species
which can colonize communities of varying native

Table 4 Characteristics of the species which have successfully colonized twenty or more North American drainages ranked by number
of non-native occurrences. The number of introductions and the number of drainages where the species is native are given, along with
a brief description of current and historic distribution of each species

Occurrences Distribution
Species Native Introduced Natural Current
Cyprinus carpio L. 0 117 Eurasia Most drainages
Oncorhynchus mykiss (Walbaum)* 12 77 Pacific N.W. Most drainages
Carassius auratus (L.) 0 73 Europe/China Most drainages
Salmo trutta L* 0 72 Eurasia Most drainages
Micropterus dolomieu Lacépede* 50 40 Upper Mississippi, Great Lakes Most drainages
Ctenopharyngodon idella (Valenciennes) 0 34 Asia/China U.S.A. east of continental divide
Pimephales promelas (Rafinesque)t 54 34 U.S.A. east of continental divide Most drainages
Pomoxis nigromaculatus (Lesueur)* 75 33 Eastern U.S.A. Most drainages
Lepomis microlophus (Gunther)* 29 29 S.E. USA. Most drainages
Morone saxatilis (Walbaum)* 27 29 Atlantic coast Mostly east of continental divide
Micropterus salmoides (Lacépede)* 90 28 Eastern U.S.A. Most drainages
Esox lucius L.* 17 28 Holarctic Most drainages
Stizostedion vitreum (Mitchill)* 48 26 Northern N. America Most drainages
Lepomis cyanellus Rafinesque* 79 24 Eastern U.S.A Most drainages
Pomoxis annularis Rafinesque* 74 25 Mostly Mississippi Most drainages
Ambloplites rupestris (Rafinesque)* 46 24 Upper Mississippi East of continental divide
Lepomis macrochirus Rafinesque* 81 24 S.E. USA. Most drainages
Salvelinus fontinalis (Mitchill)* 39 21 N.E. N. America Most drainages
Ameiurus nebulosus (Lesueur)* 72 20 East of continental divide Most drainages
Oncorhynchus kisutch (Walbaum)* 10 20 Pacific N.W. Northern drainages
*Sportfish.
tBaitfish.
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species richness. Although most of the drainages with
rich native faunas contained some introduced species,
the number was uniformly low. On the other hand, a
low diversity of native species can make the commu-
nity susceptible to colonization, but does not necessa-
rily make it so. The triangular relationship between
the number of introduced species and the number of
native species (Fig. 1) suggests the variation is
confined within a constraint envelope (Brown &
Maurer, 1987; Brown, 1995). A constraint envelope
of this type suggests that some powerful factor places
an upper limit on the ability of introduced species to
invade communities of varying species richness. Such
factors may include the resistance of the native
community, fewer colonization attempts and a lower
human desire to introduce species in drainages with
high species richness.

Not all drainages with low diversity of native fishes
have been colonized by large numbers of introduced
species. We suggest two reasons for this: (1) Some
may be more isolated and less subject to human
influence, such as sport fishing and damming to
create reservoirs, and therefore, these have not yet
been subjected to high levels of immigration by other
fishes (e.g. Moyle, 1986); (2) Others drainages, such as
extreme northern drainages (e.g. Skeena, Nass and
Ottawa) may represent environments which are
physically stressful, and therefore, only a small
proportion of potentially colonizing species can
become established. A number of factors such as
frequent flood disturbance, high salinity and low
temperature have been shown to influence the success
of introduced species (Bulger, 1984; Freda & McDo-
nald, 1988; Meffe, 1991; Baltz & Moyle, 1993). Thus,
low numbers of introduced species may be a result of
some combination of limited opportunities for intro-
duction and unsuitable environments for establish-
ment.

Because of the large scale of our analysis, several
sources of bias must be considered when interpreting
this data set. Firstly, the drainages we used were a
somewhat arbitrarily chosen subset of North Amer-
ican drainages. For example, the exclusion of extreme
northern and southern drainages may have influ-
enced our regression analysis (i.e. latitude may not
have been excluded from the model). However,
because both regions have low native species richness
[< 55 spp. in Florida (Swift et al., 1986) and < 75 spp.
in arctic regions (Crossman & McAllister, 1986)], the
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patterns of invasion in these drainages are similar to
other regions with low native species diversity, i.e.
drainages in Florida have relatively large numbers of
introduced species (Courtenay et al., 1984) and those
in arctic regions have low numbers of introduced
species (Crossman & McAllister, 1986). This is
consistent with the general pattern of greater variation
in number of introduced species in drainages with
low species richness than those with high species
richness (Fig. 1).

Secondly, we had no way to quantify the number of
failed colonization attempts by introduced species.
Without this information, it is difficult to distinguish
between drainages which are resistant to invasion and
those where few colonization attempts have occurred,
assuming that
increases a species chance of becoming established
in a drainage (e.g. Williamson, 1996). This is impor-
tant because stocking and management of sport fish
has increased the number of colonization opportu-
nities in many drainages. Because of this, there may
be less pressure for deliberate introduction of fishes in
drainages with high native species richness because
many sport and baitfish are native (Moyle, 1986).
Moreover, our random simulations showed that more
introduced species are expected in areas of low native
species diversity by random chance alone. Thus, the
large number of introduced species in depauperate
regions may be partly a result of a greater number of
potential colonists.

While the number of intentional introductions may
be greater in regions with lower native species
richness, many introduced species have become
established as a result of unauthorized introductions
(e.g. release of bait and aquarium fish, and aquatic
connections with other drainages). Interbasin transfer
of fish through human made canals and other
aquatic connections would presumably be just as

more colonization opportunities

high or higher in regions with high native species
richness. The Tennessee River provides an example.
Several of the introduced species in this region
immigrated through the connection of the Mobile
Basin and the Tennessee-Tombigbee Waterway,
which was completed in 1985 (Etnier & Starnes,
1993). The total number of introduced species in this
drainage (n = 18), while high for a system with high
native species richness, is still much lower than
several drainages with depauperate native faunas. It
remains to be seen if the number of introduced
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species in this speciose region will continue to
increase given the lack of a land barrier between
the drainages.

Finally, differences in connectivity among drai-
nages may influence the colonization opportunities
of introduced species. Drainages which have natural
freshwater connections (e.g. Mississippi Basin drai-
nages) may allow greater movement of introduced
species among drainages. Thus, the establishment of
an alien species in one drainage may result in the
spread of that species to other drainages. This may
explain the relatively strong correlation between
drainage area and number of introduced species in
Mississippi Basin drainages. Presumably, there is a
greater likelihood of an introduced species spreading
into a larger drainage basin with high habitat
heterogeneity than in smaller drainages with low
habitat heterogeneity. There are clearly a number of
factors which influence the susceptibility of fish
communities to invasion. However, without informa-
tion on colonization opportunities, it is difficult to
determine causal factors leading to the success of
introduced species.

Colonization of introduced species and imperilment of
natives

An interesting question about the establishment of
alien species concerns their impact on the community.
Although many kinds of impacts, such as changes in
abundance and niche relationships,
assessed without detailed ecological data (e.g. Dou-
glas, Marsh & Minckley, 1994; Golani, 1994), our
database provides information on one important
impact, i.e. extinctions or imperilment of native
species. Although introduced species are thought to
contribute to the extinction of many native species
(e.g. Miller, Williams & Williams, 1989), this may not
occur in most stream ecosystems (e.g. Baltz & Moyle,

cannot be

1993). Our data show that invasion by exotic species
does not necessarily lead to extinction or imperilment
of many native species. In fact, invasion by introduced
species usually resulted in an increase rather than a
decrease in total fish species richness. However, an
increase in local species richness caused by alien
species does not necessarily result in an increase in
diversity at all spatial scales (Angermeier, 1994). Since
some extinctions of natives do usually accompany
invasions and since locally endemic forms tend to be

differentially susceptible, the spread of introduced
species tends to reduce global diversity even while it
may be increasing local diversity. In addition, extinc-
tions and other negative impacts of colonizing
invaders often are not confined to the fish community
(Goldman et al., 1979; Post & Cucin, 1984; Carpenter,
Kitchell & Hodgson, 1985). In particular, introduced
fish have been shown to have community-wide
impacts, even at bottom trophic levels (Flecker &
Townsend, 1994). Because of these more subtle
impacts of introduced species, long periods of time
may be necessary to realize their effects on native fish
communities.

General considerations

Our study presents empirical patterns on the dis-
tribution of introduced species within temperate
North America. The results can be interpreted gen-
erally in the context of island biogeographic theory
(MacArthur & Wilson, 1967; Barbour & Brown, 1974;
Williamson, 1981). Drainages are effectively islands of
aquatic habitat separated by land barriers that inhibit
colonization by fishes. Human-assisted transport of
fishes between continents and between drainages
within continents has drastically increased the rate
of colonization. The result has been a net increase in
fish species richness in most drainages because the
number of colonizations by alien species has exceeded
the number of extinctions of native species. Our data
on fish communities support the hypothesis that most
communities in nature are not saturated with species,
but instead, are capable of supporting greater num-
bers of species if the pool of potential colonists and the
rate of colonization from that pool is increased
(Cornell & Lawton, 1992).

We do not mean to imply that biological invasions
do not cause major ecological changes. Invasions
may lead to shifts
distributions of native species, alterations of food

in abundance and habitat

webs and habitats, and changes in ecosystem
processes (Vitousek, 1990; Crossman, 1991; Krueger
& May, 1991, Townsend, 1996). Although some of
these impacts caused by introduced species may be
viewed as deleterious to both natural ecosystems
and human interests, the impacts of introduced
fishes on North American communities have not
normally included wholesale decreases in species
richness.
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Appendix 1 List of drainages examined for patterns of introduced fish in North America. The number of native, introduced and
extirpated species was taken from the citation for each region. See ‘Materials and methods’ for sources of other data

Threatened Number of  Mean

Number of Number of or endangered Estimated reservoirs latitude  Rainfall
Region  Drainage natives introduced  (extirpated) area (km?) [area (km?)] (°) (cm)
Great Lakes (Underhill, 1986)
1 Lake Superior tributaries 64 5 3 103 322 8 (129.4) 47.5 75
2 Lake Michigan tributaries 117 11 4 (1) 106 800 7 (61.1) 459 75
3 Lake Huron tributaries 98 9 4 (1) 115 876 9 (117.6) 45.3 87
4 Lake Erie tributaries 109 8 3(3) 79 057 5 (40.0) 42.1 100
5 Lake Ontario tributaries 111 5 3() 66 429 13 (134.9) 43.2 100
6 Ottawa 80 4 1 82 717 3(94) 45.8 87
Northern Appalachians (Schmidt, 1986)
7 Delaware 86 19 2 27 194 8 (71.2) 41.0 112
8 Long Island 49 13 2 4172 1(8.7) 40.8 112
9 Hudson 103 21 2 32 245 22 (254.3) 42,5 112
10 Housatonic 40 20 2 5197 2 (29.5) 41.8 112
11 Connecticut 60 27 2(1) 28 292 15 (189.5) 43.3 112
12 Thames 43 14 2 4209 2 (16.6) 41.8 112
13 Merrimack 52 15 2 11 419 5 (38.9) 43.1 100
14 Kennebec 42 5 3 19 801 6 (130.0) 449 100
15 Penobscot 36 3 2 19 764 0 45.1 100
16 St Croix 43 3 2 4319 1 (31.8) 45 112
17 St John 43 5 1 45 604 1 (20.7) 46.2 87
18 Mirimichi 36 2 1 12 371 0 46.7 87
19 Restigouche 24 0 1 11 273 0 47.7 100
Central Appalachians (Hocutt et al., 1986)
20 Edisto 58 0 2 7686 13 (532.8) 33.6 125
21 Santee 94 17 2 38 137 15 (527.7) 347 125
22 Peedee 86 24 2 40 407 8 (145.4) 35 112
23 Waccamaw 58 4 4 4831 0 34.1 112
24 Cape Fear 83 10 3 22 363 1(3.1) 35.2 112
25 Neuse 83 10 2 11 602 2 (44) 35.8 112
26 Tar 77 5 2 8015 1(19.8) 36.1 112
27 Roanoke 99 24 4 22 363 9 (243.7) 37.0 112
28 James 83 20 2 23 205 0 379 100
29 York 62 12 2 6478 5 (26.9) 36.8 112
30 Rappahannock 63 16 2 4502 0 38.0 112
31 Potomac 77 30 2 29 866 1(8.1) 39.0 87
32 Susquehanna 75 27 3 71 736 9 (111.7) 41.5 100
33 Muskingum 109 17 2 22 290 12 (76.9) 40.3 100
34 Allegheny 93 10 3 30 488 6 (31.8) 41.2 100
35 Monogahela 89 13 3 19 105 3 (31.5) 39.3 112
36 Little Kanawha 74 6 2 6002 1 (2.0) 39.1 100
37 Kanawha (below falls) 92 11 2 10 577 2 (16.0) 39.2 100
38 Kanawha (above falls) 48 37 1 20 386 0 38.4 112
39 Guyandotte 68 3 2 3880 1 (2.0) 38.3 112
40 Big Sandy 96 7 1 12 517 2 (47) 38.1 112
Lower Ohio (Burr & Page, 1986)
41 Scioto 112 9 3(2) 17 129 4 (30.5) 39.7 100
42 Little Miami 88 4 2(7) 4612 1 (2.6) 39.5 100
43 Licking 96 5 1(2) 9955 2 (8.3) 379 112
44 Great Miami 99 9 2 (4) 13 652 3(29.4) 39.9 100
45 Kentucky 115 10 2(1) 18 410 0 38.0 112
46 Salt 80 2 2 (1) 7283 1(9.3) 38.0 100
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Appendix 1. Continued

Threatened Number of  Mean

Number of Number of or endangered Estimated reservoirs latitude  Rainfall
Region Drainage natives introduced  (extirpated) area (km?) [area (km?)] (°) (cm)
47 Green 143 5 1(3) 23 571 4 (23.5) 372 125
48 Wabash 138 2 2 (12) 37 296 5(23.0) 40.0 87
49 Little Wabash 71 2 2 (8) 8015 2 (5.5) 39.3 87
50 White 107 5 3(4) 32135 8 (33.2) 39.4 100
51 Embarras 83 2 14) 5344 0 38.7 100
52 Cache 68 1 13) 2050 0 37.5 112
53 Big Muddy 67 3 1(7) 5344 3(7.3) 38.0 112
54 Kaskaskia 95 4 1(8) 16 068 3(2.2) 39.0 100
55 Illinois 116 9 1(8) 31952 0 39.3 87
56 Sangamon 78 3 109 13 176 2 (19.7) 39.2 87
57 Fox 84 6 1(2) 7686 0 423 87
58 Kankakee 86 1 1(2) 19 142 0 413 87
59 Salt 60 2 14) 7540 0 39.3 87
60 Des Moines 83 3 1(8) 36 966 3 (58.9) 425 75
61 Skunk 66 4 1(4) 10 834 0 41.7 87
62 Towa—-Cedar 96 7 109 32940 2 (23.7) 424 87
63 Rock 110 6 109 28 219 2 (53.1) 425 87
64 Wapsipinicon 71 3 1) 6295 0 42.5 87
65 Wisconsin 116 4 1 30 964 17 (325.9) 444 87
66 Black 80 3 1(1) 5344 1(3.3) 445 87
67 Chippewa 107 6 1 22 985 12 (142.9) 455 87
68 St Croix 94 5 1) 18 556 3 (38.0) 45.8 62
69 Minnesota 84 5 0 (4) 44 908 1 (3.0) 45.1 62
Tennesse/Cumberland (Etnier & Starnes, 1993)
70 Tennessee 205 18 17 (4) 104 020 10 (505.7) 434 150
71 Cumberland 161 11 5(3) 48 221 34 (1777.4) 35.6 125
Miississippi (S. T. Ross, personal communication)
72 Lake Pontchatran 67 0 0 13 688 0 30.9 175
73 Pearl 119 3 2 22 180 1 (125.5) 31.8 160
74 Costal Rivers 79 0 0 4319 0 30.8 175
75 Pascagoula 115 3 1 21118 1(2.0) 315 160
76 Yazoo 117 2 0 40 187 4 (336.7) 33.5 137
77 Big Black 112 2 1 8345 0 32.7 137
Alabama (H. T. Boschung, personal communication)
78 Tombigbee 140 4 2 (1) 50 472 6 (200.4) 327 137
79 Alabama 142 7 10 (3) 56 987 13 (413.0) 31.0 137
80 Perdido/Escambia 106 1 0 14 201 1(11.2) 31.3 160
81 Choctawhatchee 67 2 0 9992 0 31.1 160
82 Chattahoochee 89 4 0 20 789 11 (531.4) 323 125
Western Mississippi (Cross et al., 1986)
83 Ouachita 135 12 5 60 866 11 (249.9) 33.3 125
84 Lower Red 135 9 2 72 871 28 (248.9) 32.9 100
85 Upper Red 57 10 0 98 455 23 (280.7) 345 75
86 Lower Arkansas 119 9 2 34 368 10 (78.5) 35.2 112
87 Middle Arkansas 113 16 2 62 220 24 (729.3) 36.6 100
88 Canadian 59 13 0 120 342 15 (127.8) 35.8 65
89 Upper Arkansas 65 14 1) 182 306 19 (137.0) 37.3 65
90 White 151 12 2 68 406 9 (375.3) 36.0 112
91 St Francis-Little 139 8 1 16 031 1 (34.0) 37.1 125
92 Meramec-Mississippi 100 8 2 16 763 0 38.6 100
93 Lower Missouri 114 18 3 65 295 4 (541.3) 38.2 100
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Appendix 1. Continued

Threatened Number of  Mean

Number of Number of or endangered Estimated reservoirs latitude  Rainfall
Region  Drainage natives introduced  (extirpated) area (km?) [area (km?)] (°) (cm)
94 Chariton-Nishnabotna 67 12 2 75 763 2 (4.0) 40.8 87
95 Kansas 67 16 1 158 296 16 (258.2) 39.8 65
96 Platte-Niobrara 77 19 3 261 728 43 (427.3) 41.0 50
97 Sioux-James 67 7 1 103 286 7 (1409.4) 449 62
98 White-Lt Missouri 50 24 2 256 421 13 (1653.6)  45.6 37
99 Yellowstone 35 25 0 176 669 12 (128.4) 45.6 37
100 Upper Missouri 36 30 0 233 034 23 (1293.6)  47.0 37
Western Gulf Slope (Conner & Suttkus, 1986)
101 Nueces 78 9 0(2) 45 787 1(78.3) 29.0 62
102 S. A. Bay 89 17 1(2) 28 255 3 (25.4) 29.3 75
103 Colorado 100 17 2(2) 130 663 17 (321.1) 315 65
104 Brazos 109 10 1(2) 110 350 24 (403.8) 31.6 65
105 Galveston Bay 131 8 0(4) 54 534 26 (505.2) 317 100
106 Sabine Lake 133 9 0 (1) 50 216 18 (819.1) 31.6 125
107 Calcasieu 129 5 0(2) 9662 0 30.7 137
Rio Grande (S. P. Platania, personal communication)
108 Rio Grande 38 26 5 (6) 319 630 20 (305.4) 31.3 25
109 Pecos 44 19 7 (3) 97 540 6 (47.4) 32.8 37
California (Moyle, 1976)
110 Klamath 26 19 3(1) 52 814 11 (124.8) 418 75
111 Sacramento-San Joaquin 44 37 4 (2) 133 664 59 (841.0) 39.1 75
112 Death Valley 7 20 5 (5) 143 290 9 (59.4) 36.6 12
113 Lahontan 9 14 3 71297 2 (41.7) 43.4 25
Colorado River (114: Tyus et al., 1982; 115: W.L. Minckley, personal communication)
114 Upper Colorado 13 48 7 282 554 28 (774.2) 41.0 37
115 Lower Colorado 30 30 14 (1) 377 422 18 (410.7) 34.4 25
Columbia/Cascadia (McPhail & Lindsey, 1986)
116 Lower Columbia 37 16 1 49 703 7 (284.2) 45.1 125
117 Middle Columbia 32 25 1 331 598 27 (479.4) 44.1 75
118 Upper Columbia 28 18 0 8823 30 (1147.0) 48.1 75
119 Upper Snake 14 13 0 (1) 51 387 18 (602.2) 43.1 50
120 Chehalis 34 12 0 12 595 0 46.0 175
121 Lower Frasier 27 8 1 24 617 0 48.3 150
122 Upper Frasier 29 0 233 013 3 (415.5) 53.0 75
123 Skeena 32 1 0 58 321 0 54.6 75
124 Nass 25 1 0 20 365 0 55.0 75
125 Stikine 26 12 0 51 598 0 56.1 50
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