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man 1997. Chapin et al. 1998). However. the evidence 
for such biotic resistance in freshwater systems is 
mixed, with studies finding both negative and positive 
correlations between native and nonnative fish species 
diversity (Gido and Brown 1999. Ross et al. 2001). 
Similar mixed findings in recent studies of plants have 
sparked a lively debate on the relationship between 
diversity of native and nonnative species (Lonsdale 
1999, Stohlgren et al. 1999. 2003, Naeem et al. 2000. 
Kennedy et al. 2002. Rejmanek 2003). 

The diversity of invasive species and invaded hab- 
itats and the complexity of the invasion process indi- 
cate that the success or failure of biotic invasions is 
highly idiosyncratic. The observation that "any species 
can invade and any environment can be invaded" 
(Moyle and Light 1996b. Marchetti et al. 2004) sug- 
gests that a search for generalities useful in making 
predictions may be challenging. Kolar and Lodge 
(2001) and D'Antonio et al. (2001) argue that more 
quantitative approaches (including meta-analysis of di- 
verse sources of information) are likely to result in 
useful predictions. Part of the prediction difficulty may 
lie in the scale at which analyses of invasions have 
been performed. In order to generate numbers large 
enough to be analyzed using multivariate statistics, in- 
vasion patterns are generally studied either at conti- 
nentallglobal scales (e.g., Gido and Brown 1999, Lock- 
wood 1999, Rahel 2000) or at small regional areas 
which are studied intensively (Ross et al. 2001). These 
two scales of analysis may be inappropriate to effec- 
tively answer questions regarding landscape patterns. 

Here we examine landscape-level patterns of fresh- 
water fish invasions in California and their associations 
with measures of watershed disturbance, environmental 
characteristics. and native fish diversity. The detailed 
distributional information on California fishes in Moyle 
(2002) allows us to consider invasion patterns at what 
we feel is an appropriate scale of resolution, the in- 
dividual watersheds of California. California is large 
enbugh (over 41 1 000 kml) and long enough (spanning 
10" of latitude) to encompass a diversity of environ- 
ments, from arid desert to coastal temperate rainforest. 
which contain a wide variety of aquatic habitats (Moyle 
and Ellison 1991). The state is geographically complex, 
containing distinct zoogeographic regions and numer- 
ous watersheds that are isolated from one another so 
that each can be treated as an independent invasion 
site. California also has a history of rapid development 
of its water resources (its modem history essentially 
begins with the Gold Rush of 1849). resulting in highly 
disturbed aquatic environments statewide, as well as a 
hi$tory of frequent introductions. At the watershed 
scale. we therefore sample enough variance in both 
natural and anthropogenic watershed features to detect 
patterns 'structuring fish assemblages. This analysis 
should also help to answer questi~ns about .watersheds 
as the most appropriate unit for aquatic conservation 

agers during the late 19th and early to 

et al. 2004). Kolar and Lodge (2000) suggest 
tentional stocking efforts will have a strong ass 
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gradients of rainfall and species diversity (M. P. Mar- 
chetti, unpublished data). Yet some of this natury var- 
iation in native species associations is swamped by the 
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Variable . . .  

agriculture 

0.356t 0.158 
(0.165, 0.548) (-0.001, 0.3 17) 

. 0.466* 
(0.272, 0.660) 

the lack of correspondence between watershed bound- 
aries and political boundaries, the 'proportion of de- 
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FISH INVASIONS IN CALIFORNIA WATERSHEDS 

. All nonnative fishes Stocked ' Not stocked 

Dams . ' 0.85 ,0.22 0.99 ' 1.00 .0.45 0.1 1 
Reservoir area 0.29 0.03 0.93 0.10 0.03 0.00 
Ditch density' 0.29 0.80 .0.93 0.98 0.03 ' 0.00 
Aqueduct density . . 0.85 0.67 0.99 0.37 0.45. 0.74 

0.97 0.99. Proportion developed 0.26 0.65 
Proportion agriculture 0.97 .O.ll 0.26 0.02 
Proportion protected 0.05 0.01 0.02 0.00 0.13 0.03 . 
Mean rainfall 0.17 . 0.22 0.02' 0.02 0.09 0.02 

0.00 0.13 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 . 0.00 

I 1.00 0.87 1.00 1.00 0.99 1.00 
0.44 0.62 0.78 0.67 ' 0.25 0.44 

Human interest 
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other means, important details emerge which are ob- 
scured in the larger overall analysis. Stocked fishes 
were strongly associated with measures of hydrologic 
disturbance, particularly the presence of dams and 
ditches, while other nonnative fishes were strongly as- 
sociated with measures of land-use disturbance. par- 
ticularly development, and secondarily with the pres- 
ence of aqueducts. 

The relationship of dams to the presence of stocked 
fishes is intuitive given the wide variety of spo? and 
forage fishes that are routinely stocked in reservoirs. 
The importance of ditch density in both the analysis of 
stocked fishes and the overall analysis, however, is a 
bit obscure. The density of ditches (which include all 
unlined canals and other water diversions) may simply 
reflect an overall level of hydrologic alteration. Such 
diversions are likely to be particularly common in 
stream reaches downstream of dams which are used to 
deliver imgation water. These systems typically have 
highly altered hydrology, with winter flood flows re- 
duced or lacking, and summer (imgation season) flows 
much higher than prealtered levels. These streams tend 
to support large numbers of nonnative sportiishes such 
as sunfishes, basses, and catfishes, which may be unable 
to persist in the more fluctuating flows common in un- 
altered California streams (Brown 2000. Marchetti and 
Moyle 2001). 

In contrast, the diversity of other nonnative fishes 
(e-g., goldfish Carc~ssius auratus, sailfin molly Poecilia 
latipinnu, and shimofuri goby Tridentiger bifasciatus), 
has very little association with the variable' dams. 
which is probably why this variable did not receive 
strong support in the overall analysis. Instead, land- 
use disturbance, particularly development, was the 
most important predictor (along with watershed size) 
of number of non-stocked introduced fishes in water- 
sheds. As pointed out above, the amount of developed 
land area in a watershed may serve as a surrogate for 
human population density, which is likely a contrib- 
uting factor in several important vectors of fish intro- 
ductions, including aquarium releases, bait-bucket re- 
leases, biocontrol releases, and even ballast-water 
transfers. 

Conclusions 

The invasion process is inherently complex. A suc- 
cessful invader must survive a series of events: trans- 
port to the invasion site. initial establishment, spread 
to a broad area, and then integration into the existing 
biotic community (Moyle and Light 19963, Kolar and 
Lodge 2001). Not surprisingly. most invasions fail 
(Moyle and Light 19966. Williamson 1996). Success 
of invaders in the face of such low odds is often related 
to frequent invasion attempts (i.e.. introductions by hu- 
mans), release from natural enemies (predators, com- 
petitors, disease, parasites) and the presence of; novel, 
unu'sually favorable. environments (generally created 

. ' ,by .humans; .Elton 1958, Sax and Brown 2000). The 
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fornia watersheds. Biotic resistance from 

important avenue of future research. 
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Arroyo chub 
Bigscale logperch P e r c i ~  mqcrolepida 
Black bullhead Ameiurus melm 
Black crappie . Pomoxis nigromaculatus BCR E . 
Blue catfish'. Icralurus furcarus . ' BCF 

, Blue tilapia . ' Oreochromis aurea ' 

Bluegill , . Lepomis nrpcrochirus 
Brook stickleback . Culea inconstans 
Brook trout . 

- .  Brown bullhead ' '. 
Brown trout 
California killifish 
California roach 
Channel catfish 
Chinook salmon Oncorhynchus tshawyrscha . CNS 

.Oncorhynchus kera 
Coastrange bculpin . ' Coitus aleuticus ' . , 
Coho salmon Oncorhynchus kisutch 
Common carp Cyprinus carpi0 
Cutthroat trout Oncorhynchus clarki . , 

Dblta smelt . Hypomesus transpacijicus 
Desert pupfish Cyprinodon macularius 
Eulachon Thaleichthys pacijicus . 
Fathead 'minnow .. , Pimephales promelas 
Golden shiner Notemigonus cryioleucas 

Carassius auratus 
Green sturgeon Acipenser medirostris 
Green sunfish , Lepomis cyanellus 
Hardhead . , Mylopharodon conocephalus 

'Hitch Lavinia exilicauda 
Inland silverside , Menidia beryllina 
Kern brook lamprey Lampetra hubbsi 
Klamath small scale sucker Catostomus rimiculus 
Kokanee . , ' Oncorhynchus nerka 

Richardsonius egregius 
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not 
Lumpetra ayersi 
Conus asperrimus 
Otihodon microlepidotus 
Archoplites Interruprus 
Ptychocheilus grandis 

' Pogonichthys macrolepidotus 
Cdtosromris occidentalis - , 
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Cyprinodon salinus SPF N con 
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Rhinichrhys oscuIus SPD 
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Micropterus punctulatus SPB ' sto 
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Platichthys stellatus S T F  . N  not ' 
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. Mugil cephalus STM , ' : N st0 
Catostomus tahoensis 

. Dorosonia petenense 
@sterosteus aculeatus ' TSB" 
.Eucyclogobius newberryi 
Siphateles bicolor 

, Hysterocarpus traski 
Hypomesu, nipponensis 
Lepomis gulosus 
Gambusia afinis 
.Morone chrysops 
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