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m Abstract Biotic homogenization is the increased similarity of biotas over time
caused by the replacement of native species with nonindigenous species, usually as a
result of introductions by humans. Homogenization is the outcome of three interacting
processes: introductions of nonnative species, extirpation of native species, and habitat
alterations that facilitate these two processes. A central aspect of the homogeniza-
tion process is the ability of species to overcome natural biogeographic barriers either
through intentional transport by humans or through colonization routes created by hu-
man activities. Habitat homogenization through reservoir construction contributes to
biotic homogenization as local riverine faunas are replaced with cosmopolitan lentic
species. The homogenization process has generally increased biodiversity in most
freshwater faunas, as the establishment of new species has outpaced the extinction
of native species. There are important exceptions, however, where the establishment
of nonindigenous species has had devastating impacts on endemic species. The ho-
mogenization process appears likely to continue, although it could be slowed through
reductions in the rate of invasions and extirpations and by rehabilitating aquatic habitats
so as to favor native species.

INTRODUCTION

Biotic homogenization is the increased similarity of biotas over time caused by the
replacement of native species with nonindigenous species, usually as a result of
introductions by humans. It is an accelerating phenomenon that is a consequence
of human domination of Earth’s ecosystems (Vitousek et al. 1997, McKinney
& Lockwood 2001). Biologists are concerned about homogenization because it
often results in a decline in biodiversity (McKinney & Lockwood 1999). Even
when biodiversity is enhanced through species introductions, the enhancement
often includes taxa that are already widespread, tolerant of degraded habitats, and
considered a nuisance by humans (Angermeier 1994, Pimentel et al. 2000, Scott
& Helfman 2001).

Homogenization is a complicated process because it integrates many aspects
of the biodiversity crisis such as species introductions, extirpations, and habi-
tat alteration. The introduction of cosmopolitan species will, by itself, increase
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homogenization, but this effect will be magnified if the introduced species also
cause extinction of endemic species that make the aguatic system unique. An un-
fortunate example is the loss of almost 200 species of endemic cichlids following
introduction of the predatory Nile pertlates niloticainto Lake Victoria in Africa
(Kaufman 1992). Habitat alteration may directly cause the extirpation of native
species that cannot tolerate the new abiotic conditions. A well known example is
the loss of mussel species following reservoir creation on rivers in the southeastern
United States (Williams et al. 1993). But sometimes the effect of habitat alteration
in causing extirpations is indirect. For example, Baltz & Moyle (1993) reported
that altered abiotic conditions allow nonnative fishes to become established in
California streams, and these new species then eliminate native species through
competition or predation.

Much of the literature on biotic homogenization has focused on quantifying how
the species composition of disjunct regions has become more similar. However,
the process of homogenization extends across all levels of biological organization.
For example, habitat homogenization has resulted in similar habitats across North
America such as urban business districts, golf courses, canals, and warmwater
reservoirs. In these human-created habitats, endemic species typically are replaced
by cosmopolitan species with the result that entire ecosystems resembling each
other now occur in disparate parts of the country. Blair (2001) reported that bird
and butterfly assemblages from urban areas in California and Ohio were more sim-
ilar to each other than they were to the native assemblages they replaced. The same
phenomenon occurs in urban lakes across North America that tend to be domi-
nated by a suite of organisms tolerant of degraded water quality, such as aquatic
oligochaetes, common ca@yprinus carpig and goldfistCarassius auratuBe-
low the species level, genetic homogenization is of concern for taxa subject to
artificial propagation and widespread stocking, such as many species of salmonids.

In the following sections | discuss how biotic homogenization is measured
and examine three interacting mechanisms that result in homogenization: intro-
ductions, extirpations, and habitat alterations. Next, | discuss the consequences
of homogenization on aquatic systems such as the replacement of unique re-
gional biotas with cosmopolitan species, and the loss of genetic diversity for
some widely cultivated species. | end with future scenarios of biotic homoge-
nization and how the process may be slowed, although it is not likely to be stopped
altogether. My review is focused on North America because much of the work
on homogenization of aquatic biotas has been done there, but homogenization is
a global phenomenon (Arthington 1991, Holcik 1991, Ogutu-Ohwayo & Hecky
1991, Contreras-Balderas 1999, Lodge et al. 2000a).

HOW HOMOGENIZATION IS MEASURED

Homogenization is defined as an increase in the similarity of biotas over time,
and an obvious way to measure this increase is through similarity indices. A
widely used index is Jaccard's coefficient of similarity, calculated as percent



HOMOGENIZATION OF FRESHWATER FAUNAS 293

similarity = [a/(a+ b+ c)] x 100 where & number of species present in both
biotas, b=number of species present only in the first biota argdnumber of
species present only in the second biota (Radomski & Goeman 1995, Marchetti
et al. 2001). Values can range from 0% (biotas have no species in common) to
100% (biotas have identical species composition). Acommon approach for assess-
ing temporal changes in homogenization is to calculate the similarity between a
pair of biotas at two times, typically pre- and post-alteration by humans. If similar-

ity has increased, then the biotas have become more homogeneous. Rahel (2000)
used this approach to quantify the change in similarity of fish faunas among the
48 coterminous United States from pre-European settlement to the present.

Ecologists distinguish betweendiversity (the number of species in a specific
habitat) and8 diversity (the turnover of species across habitats). A decrease in
B diversity indicates that homogenization has occurred. Spatial turnovgr or
diversity can be measured by counting the number of species lost or gained as
one moves from one site to another site along a spatial continuum (Russell 1999).
The resultant value is then scaled to the size of the combined species pool at
both sites. One formula for measuriggdiversity is T=(G + L)/a where T is
spatial turnover, G is the number of species found in the first site but not in the
second, L is the number of species found in the second site but not the first, and
« is the total number of species found within both. Duncan & Lockwood (2001)
used this approach to examine the change in spatial turnover of fish, amphibian,
and mussel species across zoogeographic zones in Tennessee. Other measure
of species turnover along spatial gradients are discussed by Sheldon (1988) and
Russell (1999).

Cluster analysis and ordinations are multivariate approaches used to assess sim-
ilarity among a group of sampling sites. In a cluster analysis, sites with similar
faunal assemblages are sorted into hierarchical groups showing a progressive in-
crease in their similarity. This approach allows one to see relationships among
all sites, not just one pair at a time. Blair (2001) used cluster analysis to show
that the physical habitat and biotic communities of urban areas in California and
Ohio were more similar than the original ecosystems present in these areas. Thus,
these areas have experienced homogenization of both habitats and biota. In an
ordination, sites are projected onto a reduced set of axes that represent gradients
of community composition. Sites close together in the ordination plot are more
similar in their faunal composition than sites located far apart. Jackson (2002)
used this approach to examine homogenization of fish faunas in lakes following
the addition of a piscivore.

CAUSES OF BIOTIC HOMOGENIZATION

Biotic homogenization is the outcome of three interacting processes: introductions
of nonnative species, extirpation of native species, and habitat alterations that
facilitate these two processes. Although invasions have always been a part of nature,
they now occur at an accelerated rate as a result of human activities (Vermeij 1991,
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Benson & Boydstun 1999, Fuller et al. 1999). Ecologists often describe the species
assemblage of a local area as the result of filters that reduce the regional species
pool to a subset of species that have had the opportunity to colonize the habitat,
are physiologically adapted to the abiotic conditions, and have the ecological
characteristics needed to interact successfully with the other species present. In
such a model of community assembly, the firstfilter is represented by glacial events
and biogeographic barriers that prevent many species from colonizing a region
(Figure 1). Some of these species are physiologically and ecologically suited to
the region but have not had the opportunity to realize this potential. A major effect
of humans is to move species across barriers to colonization and thus to eliminate
the biogeographic filter as a factor in determining the species composition of local
assemblages (Figure 1). Bypassing of the biogeographic filter can occur when
species are transplanted across basin divides within a region (Brown & Moyle
1997) or when species are transported to new continents or oceans (Baltz 1991,
Ricciardi & Maclsaac 2000). In some cases, humans may not actively transport
species but may create colonization routes that did not exist naturally. For example,
shipping canals near Chicago, lllinois that link the Great Lakes with the Mississippi
River have allowed the exchange of 15 species of fish and invertebrates formerly
confined to just one of the basins (Kolar & Lodge 2000).

Introductions can either increase or decrease the similarity among biotas. In-
creased similarity occurs when the same group of species is introduced into two
biotas that originally had few species in common (Scenario 1 in Figure 2). The
widespread introduction of a group of common sport fish such as largemouth bass
Micropterus salmoideand rainbow trouOncorhynchus mykisgross the United
States is a good example of this phenomenon (Rahel 2000). By contrast, decreased
similarity occurs when different species are introduced into initially similar biotas
(Scenario 2 in Figure 2). Marchetti et al. (2001) provided an example of this phe-
nomenon for watersheds in California. Within a given ecoregion, watershed fish
faunas that were initially similar because of zoogeographic and historical reasons
have diverged as a result of haphazard introductions among different watersheds.

Extirpations also can increase or decrease the similarity of biotas. Anincrease in
similarity occurs when each biota loses its unique species but retains widespread
species (Scenario 3 in Figure 2). Duncan & Lockwood (2001) argue that this
scenario will result in the future homogenization of amphibian, fish, and mussel
faunas in Tennessee. Their rationale is that different ecoregions currently have a
large number of unique species that are localized with small population sizes and
thus highly vulnerable to extinction. As these species become extinct in the future,
only relatively widespread and abundant species will remain. Hence the ecore-
gions will become more similar, even without introductions of new, cosmopolitan
species. A decrease in similarity due to extirpation would happen if two biotas
lose the species they have in common and retain their unique species (Scenario 4
in Figure 2). It is difficult to imagine this phenomenon occurring on a large
scale because widespread species tend to be abundant and have many populations
that facilitate recolonization if local extinction occurs. Thus, widespread species



& ‘abe|quiasse [e20] ay) JO S1aquiall aWwo2ag uay) sialjl anolq pue [eaibojoisAyd ayr ybnoiy) ssed
An§3nbasqgns 1ey) | pue H se yoans salads PaINPOIIU| "UMO JIBL] UO SZIUOJOI 0] 3|qe aq 10U PINOM Aay) Seale ojul saldads Buronponui Aq
SE olydesboaboiqg JusAwNIID 01 198 suewnH "abe|jguasse [e20] ayl paslidwod sia)jl 9alyl |re ybnoiyl 1l apew eyl D pue ‘g ‘v se yons

wwwseaw “sed ayy uj (181 onoiq) uasald sainads J1aylo ayr Yyim AjIngssaaons 1oeialul uayl pue (1814 reaibojoisAyd) suonipuod onoige ay)
21eI»|P} 01 8|qe 8q Isnw 18}l SIyl ybnoayl I axew eyl sa10ads ‘swaisAs abeurelp 10 SaIpoq Jatem ureuad bBuiziuojod woly selvads awos
1uadald sialeq oiydeiboab pue uoneloe|b se yons sialjy o1ydeiboabolg "siuana Areuonn|oAs pue suianed JUswaAOW [eIUSUNUOD JO )NSal

e m@cmmma sa19ads Jo |0od © s a1ay] 8[eds [euoifial 8yl 1y "SIl [BISASS JO 1NSal 8y} ale 9|eds [ed0] e Je Juasald saads ay] T ainbi4

Al

[I H 09 V| _ 0gv| obequesse g0

-~

18}l onoig
A

Af,: A4 _.l\U q \\U 18}y reviBojoisAyd

I A

SuoljonpoJiul L] | -
uewnH ﬁ» _\\V ,_, \.\U 18] o_caﬂmommo_m

[IHD d|]3ao08avVv I HD 43009V |oodsepads [euoibey

HOMOGENIZATION OF FRESHWAT

Jussald 1Sed



RAHEL

296

2aX 1jueseid
ogv 1Sed
| Bjoig

3aX

aayv
¢ €lolgd

¥ OlIBUBOS

sa9sealoop
uoneziuasbowoH

\

/

@av (©4gv 1ueseid
av av Ised
cejolg | elog

2 OlIeuUsdS

suonedinx3

/

SUoIdNPOJIU|

\

Wav gdav iuesaid
agvy 04V Jsed
zejolg | ejoig
€ OlIBUSOS
s9sealoul

uoneziuabowoH

@ao (@av lesald
aos av Ised
cEelolg | eloig
| OlLleusdg




HOMOGENIZATION OF FRESHWATER FAUNAS 297

generally are not vulnerable to extinction. However, at a local scale, it is possible
for two water bodies to lose some species they originally had in common and
thus experience a decrease in their similarity. This scenario might be important for
rehabilitation efforts involving degraded urban water bodies that currently share
the same group of nonnative, pollution-tolerant species. As habitat conditions im-
prove, cosmopolitan species such as common carp, goldfish, and bullheads may
be replaced by more distinctive species native to the region (Kanehl et al. 1997).

Introductions and extirpations can facilitate each other and habitat alterations
can strongly influence both (Figure 3). For example, the introduction of a preda-
tor or strong competitor can eliminate native species even when habitat remains
relatively intact (Path A in Figure 3). Examples include the replacement of na-
tive trout by introduced trout in many pristine habitats in western North America
(Harig et al. 2000), loss of amphibians in high elevation lakes to predation from
introduced fish (Bradford et al. 1993), and replacement of native crayfish by in-
troduced crayfish in undisturbed habitats in the midwestern United States (Lodge
et al. 2000a). Conversely, loss of a native species may allow nonnatives to invade
as resources and living space are freed up (Path B in Figure 3). An example is
the changed fish assemblage in Lake Michigan. Overfishing and predation by sea
lampreysPetromyzon marinudevastated the native top predators in the system,
especially lake trouBalvelinus namaycusihe absence of predators provided
an opportunity for introduction of nonnative predators such as Pacific salmon and
steelhead tro®ncorhynchus mykigkat would use nuisance prey fish populations
such as alewifé\losa pseudoharengdude & Leach 1999). The predators were
intentionally introduced by management agencies, but their success was due partly
to the loss of native piscivores from the system. In a similar vein, loss of native
crayfish populations in Europe as a result of introduced diseases has facilitated
invasion by species introduced from North America (Lodge et al. 2000a).

Habitat alterations can lead to establishment of nonnative species (Path C in
Figure 3) or extirpation of native species (Path D in Figure 3). As an example of
Path C, flow regulation favors nonnative over native fishes in California streams
(Marchetti & Moyle 2001). Under natural flow regimes, high flows in winter
and spring prevent the establishment of nonnative species. But when flows are
stabilized by dams, nonnatives dominate and displace natives through competition
and predation. The role of habitat alteration in causing extirpations (Path D) is

Figure 2 Introductions and extirpations can either decrease or increase the similarity
of biotas. Introduced species are indicated by circles and extirpated species are in-
dicated by being crossed out. Introductions increase homogenization when the same
cosmopolitan species are introduced to sites with initially distinct biotas (Scenario 1)
or decrease homogenization if disparate species are introduced into sites with ini-
tially similar biotas (Scenario 2). Extirpations increase homogenization when disparate
species are eliminated from biotas (Scenario 3) and decrease homogenization when
common species are eliminated (Scenario 4).
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clearly documented for freshwater mussels. The extirpation of many populations in
the southeastern United States is attributed to reservoir construction that eliminated
the riffle-habitats required by many species (Williams et al. 1993, Bogan 1993).

An interesting situation is when establishment of nonnative species leads to a
major alteration of the habitat (Path E in Figure 3). Establishment of the zebra
musselDreissena polymorphan the Great Lakes has substantially altered water
clarity, primary productivity, and benthic substrates (Dermott & Kerec 1997).
Because of their tremendous capacity for filtering algae and detritus from the
water, energy is shifted away from the pelagic zone to the benthic zone. The result
is less energy for pelagic organisms including larval fish. Because of their high
numbers, zebra mussels replace complex benthic substrates with a more uniform
carpet of mussel shells. This change has negative consequences for other benthic
fauna, especially native mussels (Nalepa et al. 1996). The establishment of the
Asian clamPotamocorbula amurensia San Francisco Bay also has redirected
energy pathways to the benthic zone with negative consequences for many pelagic
species in this ecosystem (Grosholz 2002).

Sometimes extirpation of a native species can lead to major habitat alterations
(Path Fin Figure 3). An example is extirpation of the sea &tdrydra lutrisoff the
Pacific coast of North America (Estes & Palmisano 1974). Loss of otters resulted
in loss of kelp forests in the near shore region. This was a major habitat alteration
because the kelp forests reduced the effects of waves and provided structure for an
entire fish assemblage. The otters preyed on the sea urchins and the loss of otters
through overhunting allowed sea urchin populations to expand and decimate the
kelp forests. Cessation of hunting allowed sea otter populations to recover, which
led to a reduction in sea urchin populations and, subsequently, expansion of kelp
forests. Recently, sea otter populations have declined again in some areas because
of increased predation by killer whal€scinus orca The result has been another
cascade of trophic interactions ultimately leading to reduction of kelp beds. (Estes
et al. 1998). BeaveCastor canadensigrovide another example where extirpation
of a species causes significant habitat alteration. Beaver create smallimpoundments
that provide habitat for a different assemblage of fishes than normally occurs in
free-flowing stream reaches (Snodgrass & Meffe 1998, Schlosser & Kallemeyn
2000). Loss of beaver results in a reversion to flowing water habitat and loss
of many pond-dependent taxa. Ecologists refer to species such as sea otters and
beavers as ecosystem engineers because of their dominant role in determining the
structure of the habitats they inhabit (Jones et al. 1994).

Introductions, extirpations and habitat alterations often will interact in complex
ways. For example, habitat alteration in the California streams discussed above
leads to establishment of nonnative fish species that then extirpate native species.
This process corresponds to a combination of Paths C and A (Path CA in Figure 3).
Loss of sea otters or beavers leads to loss of many other species that depend on
habitat conditions maintained by these ecosystem engineers. This process would
correspond to community changes along Path FD in Figure 3. Introduction of
zebra mussels causes major habitat changes that have negative effects on many
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native species; hence this case would exemplify Path ED in Figure 3. A particularly
insidious mechanism altering biotas is represented by Path EC in Figure 3 where
the introduction of a nonnative species alters the environmentto favor introductions
of additional nonnative species. Simberloff & Von Holle (1999) referred to this
positive feedback loop as “invasional meltdown.” A recent series of invasions
by euryhaline organisms from the Black and Caspian seas might be the start of
an invasional meltdown in the North American Great Lakes. Ricciardi (2001)
reported that establishment of large zebra mussel populations likely facilitated the
rapid invasion of the round gollyeogobius melanostomwsmajor predator of the
mussel in the Caspian Sea basin. Additiondighinogammarusa deposit-feeder
associated with zebra mussels in Europe, has replaced other amphipods in zebra
mussel beds in Lake Erie and Lake Ontario. And a hydroid from the Black and
Caspian seag;ordylophora caspiathat feeds on zebra mussel larvae and uses
mussel shells as a substrate has produced luxuriant colonies on newly formed
mussel beds in Lake Michigan. It seems likely that zebra mussels have altered the
benthic environment of the Great Lakes so as to facilitate invasions by additional
exotic species.

EVIDENCE OF BIOTIC HOMOGENIZATION
IN AQUATIC SYSTEMS

Rahel (2000) reported that fish faunas across the United States have become in-
creasingly homogenized, largely as the result of introductions of sport and food
fishes. Jaccard’s coefficient was used to calculate the similarity between each pair
of states based on species presence and absence data. Similarity was calculated for
two time periods, past and present, with the latter accounting for species extirpa-
tions and introductions that have occurred since European settlement. When the
change in similarity (present minus past similarity) was determined for all 1,128
possible pairwise combinations of the 48 coterminous states, it was clear that fish
faunas had become more similar (Figusg.4Also, pairs of states averaged 15.4
more species in common now than they did in the past. The 89 pairs of states
that historically had zero similarity (no species in common) now have an average
similarity of 12.2% and an average of 25 species in common. The cause of ho-
mogenization was examined by calculating the change in similarity assuming only
extirpations had occurred (i.e., omitting all introduced species from current state
fish faunas) or that only introductions had occurred (i.e., assuming no species had
been extirpated). Extirpations accounted for little of the observed change in simi-
larity between past and present fish faunas (FigbyeBly contrast, introductions
produced big increases in similarity and were clearly the key factor homogenizing
fish faunas (Figured). Most of the introductions were of species intentionally in-
troduced for sport or aquaculture purposes by management agencies. This example
parallels the situation for birds, where most introductions result from intentional
transport by humans (Lockwood et al. 2000).
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Figure 4 Changes in similarity of fish faunas among 1128 pairwise combinations of the 48
coterminous United StatesA) Change in similarity based on combined effects of species
extirpations and introductions. Distribution is skewed toward positive values indicating fish
faunas have become more similar by an average of 7.By&ljange in similarity based on
species extirpations only. Extirpations have caused a negligible change in the similarity among
state fish faunasQ) Change in similarity based on introductions only. Distribution resembles
that inA, indicating most of the increased similarity in fish faunas is due to introduction of a
group of cosmopolitan species. (From Rahel 2000).

Radomski & Goeman (1995) found an increase in homogenization of fish as-
semblages among lakes in Minnesota. They quantified the similarity of past and
present fish assemblages among pairs of lakes using Jaccard’s coefficient of simi-
larity and presence and absence data from fisheries surveys. Changes in similarity
were contrasted between a group of lakes subject to extensive stocking and a
group with little stocking activity. Fish assemblages had become more similar
among the stocked lakes but not the unstocked lakes, again implicating the role of
intentional introductions in homogenizing fish faunas. Most of the stocked lakes
increased their richness by one to three species. As a result of stocking activities,
six species had become significantly more widespread including five game fish
species and common carp. One species was less widespread, the Amidin
calva, which is piscivorous and a likely competitor with the introduced game fish
species.
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Marchetti et al. (2001) studied homogenization of California fish assemblages,
using Jaccard’s coefficient to measure the similarity of past (pre-1850) and cur-
rent assemblages. A unique aspect of this study was examination of changes in
similarity at three spatial scales. At the largest scale, there was an increase in the
similarity of fish faunas across the six zoogeographic provinces of California. This
increase was largely due to all six provinces’ having gained a similar set of species
not native to California. At the middle spatial scale, similarity either decreased
or showed no clear pattern for fish assemblages in watersheds within each of the
zoogeographic provinces. This result was attributed to the haphazard nature of in-
troductions within individual watersheds that diversified the historically uniform
within-province faunas. At the finest spatial scale, within-province comparisons
were made among the fish faunas of reservoirs and the river reaches they replaced.
For one province, the reservoir fish faunas were more similar today than the cor-
responding river reaches were in the past. No pattern was evident for the other
province for which adequate data were available. To explore the relationship be-
tween habitat alteration and faunal change, Marchetti et al. (2001) examined the
effects of environmental variables on the change in composition between each
watershed’s original (pre-1850) and current fish fauna. The degree of change be-
tween historical and current fish faunas was quantified using Jaccard’s coefficient
of similarity and species presence/absence data. A low similarity indicated exten-
sive faunal change within the watershed. Extent of water development, degree of
urban development, watershed area and mean elevation were positively associated
with the degree of faunal change in a watershed. Only mean rainfall was negatively
associated with the degree of faunal change. These results supported the idea that
habitat alterations drove alteration of fish faunas at the watershed scale.

Duncan & Lockwood (2001) examined homogenization of amphibian, fish, and
mussel faunas by quantifying the spatial turnover of species (beta diversity) across
ecoregions in Tennessee. They first estimated spatial turnover for pre-settlement
faunas prior to extirpations or introductions. This analysis provided a baseline
for spatial turnover prior to significant human disturbance. Then they estimated
turnover when introduced species were included but extirpated species as well as
those classified as threatened, endangered, or vulnerable were omitted from the
data set. The idea was to simulate spatial turnover in the future following species
losses. Under the future scenarios, regional differences in species composition
(spatial turnover) declined an average of 16% for fish, 21% for mussels, and 30% for
amphibians. This represents a significant homogenization of aquatic faunas among
ecoregions in Tennessee. In contrast to the studies discussed previously (Radomski
& Goeman 1995, Rahel 2000, Marchetti et al. 2001), the future homogenization of
aquatic faunas in Tennessee was predicted to result from extirpations rather than
introductions. This prediction was based on the assumptions that no new species
would invade and all threatened, endangered, and vulnerable species would be
extirpated. Whereas these assumptions may be somewhat extreme, they do indicate
that in regions with diverse faunas characterized by many endemic species with
limited geographic ranges, extirpation rather than introductions will be the major
homogenizing factor (Warren et al. 2000).
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Scott & Helfman (2001) discussed the influence of native species invasions
on the homogenization of fish faunas in the southeastern United States where
headwater streams have many endemic fishes adapted to cool, clear, nutrient-poor
conditions, and low sediment loads. As these streams flow into lower elevations,
they are inhabited by widespread, generalist fish species adapted to warm, turbid,
sediment-rich, and nutrient-rich conditions. Headwater species occur, on aver-
age, in only 3.3 drainages, whereas downstream species occur in an average of
29.5 drainages. Land use practices such as deforestation degrade stream habitat:
and reduce habitat diversity. As a result of this habitat homogenization, endemic
headwater species are lost and the streams are invaded by generalist, downstrean
species. Even though the invaders are native to the drainage, they are not native
to the headwater reaches. Although this process was not quantified, it seems plau-
sible that replacement of unique headwater species with widespread downstream
species will homogenize fish faunas across the region. Scott & Helfman (2001)
cautioned that assessments of the integrity or conservation value of aquatic habi-
tats should consider the effects of native invasions, as well as invasions by exotic
species.

Jackson (2002) found that Ontario lakes containing biEsr@pterusspp.)
were grouped together more closely in an ordination plot than lakes without bass.
Thus, as a group, lakes with bass had more similar fish assemblages than lakes
without bass. Bass were not native to the region, and all lakes were assumed to have
had the same initial suite of species. The implication, therefore, was that bass had
homogenized the fish assemblages by eliminating a diverse group of small-bodied
prey species.

To date, much of the effort in quantifying faunal homogenization in freshwaters
has focused on fish. Two other taxa that appear vulnerable to large-scale homog-
enization in North America are crayfish and freshwater mussels. In both cases,
extirpation of many endemic species and their replacement by a few generalist
species is considered likely. Lodge et al. (2000a) reviewed the status of crayfish
and concluded that “the most important threat to native North American crayfish
biodiversity is nonindigenous crayfishes (many from within North America).” Two
species in particular, the signal crayfigPa€ifastacus leniusculignd the rusty
crayfish QOrconectes rusticyshave proven to be aggressive invaders that have
contributed to the extinction of one crayfish species, the endangerment of another,
and the loss of many populations of other species. There is concern that introduc-
tion of the rusty crayfish into the southeastern United States would be devastating
to the many endemic crayfish found there (Taylor et al. 1996). Many of these
species have small native ranges and thus are highly vulnerable to extirpation by
competitively superior species such as the rusty crayfish (Hill & Lodge 1999).

Freshwater mussels in the families Margaritiferidae and Unionidae are world-
wide in distribution but reach their greatest diversity in North America with 281
species and 16 subspecies (Williams et al. 1993). They are the most imperiled
freshwater fauna with 12% of the taxa listed as probably extinct and 60% consid-
ered endangered, threatened, or of special concern (Ricciardi et al. 1998). During
the twentieth century, the most important source of imperilment was destruction
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of habitat by damming, dredging, and channelization of rivers, especially in the
southeastern United States. Dams were particularly harmful because of the change
from riverine to reservoir habitat and the disruption of the reproductive cycle by
eliminating host fish species needed to harbor the larval stages (Bogan 1993). Over-
exploitation by commercial harvest also has been a concern (Anthony & Downing
2001). In the 1990s, a significant new threat was added with the establishment
of the Eurasian zebra mussel, a suspension feeding organism that smothers the
shells of other mollusks and competes with them for food (Nalepa et al. 1996).
This species has rapidly spread throughout the Great Lakes and the Mississippi
River basin, often reaching densities in excess of 3000 individuafsamd ex-
tirpating native mussel species within 4—8 years. Ricciardi et al. (1998) projected
that if the current rate of spread continues, the zebra mussel will accelerate the
regional extinction rates of North American freshwater mussels by ten-fold and
will threaten the existence of over 60 endemic species in the Mississippi River
basin. The replacement of so many native mussel species by a single nonnative
species would constitute an extreme case of biotic homogenization.

Another example of biotic homogenization is the establishment of over 145
nonnative species in the North American Great Lakes (Mills et al. 1993). Espe-
cially noteworthy is that since 1985, 70% of the invading species are native to fresh
and brackish waters of the Ponto-Caspian region (Black, Caspian, and Azov seas)
(Ricciardi & Maclsaac 2000). Some of these species have achieved high abun-
dance and now play a major role in Great Lake food webs. Examples include ruffe
Gymnocephalus cemuusund gobyNeogobius melanostomutsibenose goby
Proterorhinus marmoratygzebra mussel, quagga musBetissena bugensiand
the amphipodEchinogammarus ischnuMost of the invasions result from ship
ballast water release. This invasion is decidedly one-sided, as few North Ameri-
can species have invaded the Ponto-Caspian region. Still, it illustrates a situation
where the introduction of diverse taxonomic groups is contributing to an increasing
similarity between major water bodies located half a world apart.

CONSEQUENCES OF BIOTIC HOMOGENIZATION

Biotic homogenization results in the paradox of gaining species but losing diversity.
This is because local richness often increases with the introduction of cosmopolitan
species while, at the same time, regional and global diversity decrease as endemic
species are driven to extinction. Consider Clear Lake, California, which originally
contained 12 native fish taxa, including three endemic to the lake (Hunter 1996).
As a result of efforts to increase the fish diversity in the lake, 16 species have
been introduced and become established. Most are common sport fishes such as
sunfishes, basses, and catfishes, and their establishment has made the fish fauna
in Clear Lake more similar to fish faunas across the United States. But these
introductions along with habitat alterations caused the global extinction of two
native species, the Clear Lake splittRibgonichthys ciscoideand the thicktail

chub Gila crassicauda Thus, although Clear Lake has gained 16 species, the
earth’s fish fauna has declined by two species. The gain in species and loss of
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diversity is evident at the scale of the United States where 39 species have been
added to the fish fauna, all of which were already common in other parts of the
world, and 19 species found nowhere else in the world have become extinct (Miller
et al. 1989, Rahel 2000).

Because biotic homogenization is the combined result of introductions and ex-
tirpations, the negative consequences of both processes also apply to the process
of homogenization (Tilman 1999, Mack et al. 2000). Concerns about introductions
typically center on species that become pests or reduce the abundance of more de-
sirable species. Most introduced species do not have major, detectable effects on
native species, and in some cases they provide economic benefits related to sport
fishing or aquaculture (Horak 1995). Mills et al. (1993) estimated that only 10% of
the 139 introduced species in the North American Great Lakes have had demon-
strably substantial impacts. In a review of the literature on invasive species, Lodge
(1993) noted that between 2 and 40% of introduced species had an impact large
enough to be detected. But the minority of introduced species that prove harmful
can have major ecological and economic impacts (Pimental et al. 2000). Zebra
mussels, for example, have had negative economic effects by clogging water in-
take structures, and they appear poised to have major ecological effects by causing
the extinction of native mussel species in North America (Ricciardi et al. 1998).
Common carp reduce the abundance of native fish species, and there is a long
history of expensive and generally unsuccessful efforts to control them (Cooper
1987). Nile perch have contributed to the global extinction of hundreds of endemic
cichlid speciesinthe Great Lakes of Africa (Kaufman 1992). Most natural resource
managers today are aware of the dangers of introducing nonnative species, and
the rate of official introductions has declined (Townsend & Winterbourn 1992,
Rahel 1997). However, unofficial and often illegal introductions continue to be a
problem. There have been 210 instances of illegal fish species introductions within
the state of Montana (Vashro 1995). And in the Pacific northwest of the United
States, illegal introductions of northern piksox luciusand walleyeStizestidion
vitreumare a concern (McMahon & Bennett 1996).

The consequences of species extinctions include lost opportunities for human
use and potential negative effects on ecosystem services (Tilman 1999). Even the
loss of seemingly unimportant species can be detrimental because such species may
play a hidden role in supporting other species and because biodiversity provides
insurance that ecosystem functions will be maintained in the face of environmental
change (Yachi & Loreau 1999). As Hector et al. (2001) noted, we are far from
being able to identify which subset of species is most important for the long-term
health of ecosystems and whose conservation would preclude the need for other
species. From a homogenization viewpoint, introductions are especially important
when they cause extirpations of native species either through direct interactions
(Path A in Figure 3) or by making habitats unsuitable for native species (Path ED
in Figure 3).

Aninteresting question is whether aquatic biotas are more vulnerable to homog-
enization than terrestrial biotas. This question has three components: Are aquatic
habitats more invasible than other habitats, are extinctions more likely for aquatic
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thanterrestrial organisms, and are aquatic habitats more altered by human activities
than terrestrial habitats? Moyle (1999) noted that many freshwater and estuarine
ecosystems have been extensively invaded by nonnative species, but he did not at-
tribute this pattern to aquatic systems being innately more invasible. Rather, Moyle
felt the high frequency of successful invasions indicag@dr(ost aquatic environ-
ments have been altered by human activiby,tbere has been a high frequency

of introductions into aquatic systems, both intentionally (sport fish) and as by-
product introductions (e.g., canal building, ballast water discharge, aguaculture
operations) anddj people have been highly successful introducing aquatic organ-
isms in matching the organism to the local environment. There does appear to be a
difference in extinction rates for aquatic taxa compared to terrestrial taxa. Ricciardi

& Rasmussen (1999) reported that extinction rates for North American freshwater
fauna (fish, crayfish, mussels, gastropods, and amphibians) were five times higher
than extinction rates for terrestrial and marine fauna (birds, reptiles, land mammals,
and marine mammals). Extinction rates for all taxa were projected to increase, but
rates for aquatic fauna would remain higher. The high extinction rate of aquatic
organisms has been attributed to the extensive deterioration of aquatic ecosystems
(Richter et al. 1997, Ricciardi & Rasmussen 1999, Pringle et al. 2000). Moyle
(1999) indicated that freshwater and estuarine habitats are among the most altered
ecosystems on Earth because they are the ultimate sumps for watershed pollutants,
their water is increasingly diverted for human use through dams and reservoirs that
alter flow regimes and fragment drainages, they are the focus of most human ac-
tivity, especially large cities and agriculture that degrade water quality, and their
biota is subject to intense exploitation.

Homogenization of terrestrial faunas is in large part driven by human habitat
alteration. This is because the biodiversity of a region is strongly linked to the
diversity of habitats, and human activities tend to replace diverse natural habitats
with already common agricultural and urban landscapes (Blair 2001, McKinney
& Lockwood 2001). Thus, homogenization of terrestrial faunas is a consequence
of spatial homogenization followed by range expansions of species adapted to
human-created habitats. McKinney & Lockwood (1999) referred to this process
as a few winners replacing many losers. Habitat homogenization also plays a role
in homogenizing aquatic biotas. The effects of urbanization are similar in streams
across North America and include flashier hydrographs, increased nutrients and
toxicants, absence of woody debris, and warmer temperatures (Paul & Meyer
2001). As aresult, urban streams tend to be dominated by the same suite of pollu-
tion tolerant taxa. Also, diverse riverine habitats have been replaced by reservoirs
dominated by the same suite of introduced game fishes (Marchetti et al. 2001).
Thus the physical convergence of habitats (abiotic homogenization) has facilitated
an increase in faunal similarity (biotic homogenization) in many aquatic systems.
However, habitat alteration is not always the major cause of biotic homogenization
in aquatic systems. Even relatively undisturbed aquatic habitats can harbor many
nonnative species as a result of human introductions (Drake & Naiman 2000,
Findlay et al. 2000, Lodge et al. 2000a).
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Loss of genetic diversity is another aspect of biotic homogenization. Genetic
homogenization reduces the ability of species to adapt to changing environmental
conditions or new diseases (Allendorf et al. 2001). In many species, there is a
large spatial component to genetic variation that is lost when one or a few hatchery
stocks are used to replace extirpated populations or supplement declining popula-
tions (Allendorf & Leary 1988, Nehlsen et al. 1991). Genetic homogenization is
especially a problem for cultured species that are widely distributed into the natu-
ral environment through intentional stocking or escapes from aquaculture facilities
(Hindar etal. 1991, Beveridge et al. 1994). Also, introduction of genotypes outside
of their native range can disrupt native gene pools (Philipp et al. 1993, Bulak et al.
1995). Allendorf et al. (2001) cautioned against the genetic homogenization of
trout populations that would occur if a single strain resistant to whirling disease
was developed and adopted for widespread stocking throughout North America. In
addition to genetic homogenization at the intraspecific level, a similar process can
reduce biotic diversity at the species level. Hybridization with introduced species
is thought to have been a major factor in the extinction of several fish species in
North America and hybridization with introduced rainbow trout currently threat-
ens several native trout species in the southwestern United States (Miller et al.
1989, Rhymer & Simberloff 1996).

FUTURE TRENDS IN BIOTIC HOMOGENIZATION

The increase in similarity among aquatic ecosystems will continue because the
three main drivers of homogenization—species introductions, species extirpations,
and habitat alteration—are likely to continue (Vitousek et al. 1997, Ricciardi &
Rasmussen 1999, Fuller et al. 1999). An important issue is whether the primary
consequence of homogenization will be the addition of new species with relatively
minor effects on ecosystems, or mass extinctions of current species and substantial
alteration of ecosystems. To date, most studies have shown an increase in biodi-
versity because the introduction of new species has outpaced extirpation of native
species (Hobbs & Mooney 1998, Gido & Brown 1999, Rahel 2000). Additionally,
most invaders become integrated without major negative effects (e.g., extirpations)
on the communities being invaded. Moyle & Light (1996) felt this was true for
most fish assemblages, although they noted important exceptions when the in-
vading species was an effective piscivore such as bass or Nile perch (Kaufman
1992, Jackson 2002). Gido & Brown (1999) found that, in 80% of the drainages
across North America, the number of introduced species exceeded the number of
extirpated species, indicating a netincrease in species richness due to species intro-
ductions. Rahel (2000) reported 4.6 introductions for every extirpation among fish
faunas of the 48 coterminous United States, again supporting the view that most
introductions do not result in extirpations. Griffiths (1997) found that local fish
species richness was proportional to regional species richness in North American
lakes. He noted that lakes do not appear to be species-saturated, suggesting that
new species could be added without eliminating existing species.
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Some of the increased biodiversity from homogenization may prove to be tran-
sient. Most introductions are relatively recent, and there simply may not have been
enough time for the extinction process to complete its course. McKinney (2002)
argued this would be the scenario for fish assemblages across the United States
because extirpations would outpace introductions in the future. Scott & Helfman
(2001) presented a similar scenario for upland streams in the southeastern United
States, where biodiversity would initially increase because of invasions by native,
downstream species but would eventually decline as endemic upland species were
extirpated. These scenarios resemble the process of faunal relaxation that is hy-
pothesized to occur when islands are created from formerly contiguous habitat
(Brooks et al. 1999). The islands initially contain more species than predicted by
species-areas curves but then slowly lose species until they reach a number more
in line with other islands of similar size. We may have inflated the species richness
in some habitats through introductions, and the result could be a return to lower
levels of richness, albeit with a biota containing many nonindigenous species.
Continued habitat alteration also may cause extinctions to outpace introductions
as the extinction debt is paid off (Tilman et al. 1994). This seems to be the case for
plants on Staten Island, New York. Robinson et al. (1994) documented a net gain
of several hundred plant species through 1930, but most of this gain was erased by
1991 by the extinction of hundreds of native species attributable, in part, to habitat
loss from urbanization.

Even if most introduced species are relatively harmless, a minority have dis-
astrous effects, and we often lack the ecological knowledge to forecast whether a
species will be relatively benign or will cause major environmental harm (Moyle
etal. 1986). An important research agenda for conservation biology is determining
whether future biodiversity will decrease or increase and how invasion/extinction
processes are influenced by the initial species composition of communities, char-
acteristics of the invading species, and the degree of habitat alteration (Moyle &
Light 1996, Kolar & Lodge 2001).

WHAT CAN BE DONE TO REDUCE THE RATE
OF BIOTIC HOMOGENIZATION?

What can be done to reduce the rate of biotic homogenization in freshwater habi-
tats? Solutions involve controlling the three factors promoting homogenization:
introductions, extinctions, and habitat homogenization. Agency-sponsored intro-
ductions have declined in recent years as natural resource managers have gained an
awareness of the problems nonnative species can cause (Rahel 1997, Moyle 1999).
Sterile hybrids are increasingly used for aquaculture or stocking, which should
reduce the risk of nonnative species becoming established (Hindar et al. 1991).
We are beginning to take steps to curb inadvertent introductions such as those
associated with ballast water release or the pet industry, although regulatory stat-
utes remain weak and enforcement is problematic (Locke et al. 1993, Dextrase &
Coscarelli 1999). Most states and provinces regulate the use of crayfish or fish as
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bait, and there is an increased awareness of problems caused by bait bucket re-
leases (Litvak & Mandrak 1999, Lodge etal. 2000b). However, illegal introductions
remain a problem, and public education about the harmful effects of introduced
species (Vashro 1995) or rewards for the identification of violators could help
(Kaeding et al. 1996). The U.S. Geological Survey maintains a web site that offers
ideas on how to dispose of unwanted pet fish humanely instead of releasing them
into local waters (http://nas.er.usgs.gov/fishes/).

In addition to preventing new introductions, resource managers also are working
to remove naturalized populations of nonnative species prior to reestablishing
native species (Bradford et al. 1993, Thompson & Rahel 1996, Young & Harig
2001). In big river systems or large lakes, elimination of nonnatives may not be
possible, but controlling their abundance helps in recovery efforts for native species
(Tyus & Saunders 2000).

Preventing species extinctions is an ongoing effort (Rahel et al. 1999, Abell
et al. 2000). Unfortunately, no fish species have been removed from the U.S. en-
dangered species list because of successful recovery, although several have been
removed because they became extinct (Williams et al. 1989, Young & Harig 2001).
Because people often do not discriminate between native and nonnative diversity
(Brown etal. 1979), resource managers must find ways to promote the appreciation
of native taxa. This may be easier to accomplish with bird and mammal species that
have more charisma with the public than do most aquatic taxa (Meffe & Carroll
1997). Still, efforts could be made to capitalize on regionally unique organisms.
One example is the Cutt-Slam Program of the Wyoming Game and Fish Depart-
ment. The program is designed to have anglers learn about the four subspecies
of cutthroat trout that occur in Wyoming and to develop more appreciation and
support for conservation efforts. When an angler catches all four subspecies, s/he
is awarded a certificate featuring color pictures of all four subspecies. The program
also promotes catch-and-release fishing to prevent mortality of the fish. Such pro-
grams encourage the public to discriminate between native and introduced fishes
and to appreciate biodiversity even at the subspecies level. Partnering with the fish-
ing public could be an important tool for preservation of native species because
anglers can be an important political force.

The third approach for reducing biotic homogenization is to minimize habitat
alteration and homogenization. Habitat preservation and rehabilitation is a corner-
stone of most species recovery efforts and there is an increasing recognition of the
need to deal with habitat issues at larger spatial scales than we have in the past
(Angermeier & Schlosser 1995, Poff et al. 1997). For example, the natural-flow
paradigm has been proposed as a landscape-level approach for restoring native
assemblages in streams and rivers. The idea is that restoring natural flow regimes
will favor native species that are better adapted to these conditions than introduced
species (Minckley & Meffe 1987, Marchetti & Moyle 2001, Valdez et al. 2001).
Removing dams and their associated reservoirs is another ecosystem-level ap-
proach to restoring native biodiversity (Fahlund 2000). Removal of a dam from
the Milwaukee River in Wisconsin resulted in a switch from a fish assemblage
dominated by pollution-tolerant nonnative species that are common in urban
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environments across North America to a fish assemblage characterized by re-
gionally distinctive darter and sucker species (Kanehl et al. 1997). Cleaning up
pollution also can reverse the effects of biotic homogenization. For example, a re-
versal of eutrophication in Lake Erie has resulted in a decline in pollution-tolerant
exotic species such as common carp and goldfish; recovery of native species such
as burbot_ota lota, lake whitefishCoregonus clupeaformigsind several minnow
species and the reappearance of nine aquatic plants species thought to have been
extirpated (Stuckey & Moore 1995, Ludsin et al. 2001). Thus habitat rehabilitation
through restoration of natural flows, removal of dams, and elimination of pollution
can reverse biotic homogenization. Of course, there can never be a complete re-
versal of biotic homogenization if endemic taxa, such as the blueStikestedion
vitreum glaucumin Lake Erie, have become globally extinct or nonnatives such
as the round goby have established widespread reproducing populations.

CONCLUSION

Despite progress in dealing with the above issues, it is apparent that during the
next 100 years the earth will lose many more species through human-related ex-
tinctions than it will gain through the evolutionary creation of new ones. Thus on

a global scale, species richness will continue to decline (McKinney & Lockwood
1999). Continued introductions of cosmopolitan species both intentionally and
inadvertently likely will continue and may even accelerate with climate change
(Leach 1999). The prognosis then is for the continued homogenization of aquatic
systems. With greater awareness of the problems, however, and more attention to
reducing the rate of both extirpations and introductions, there is hope that the rate
of biotic homogenization in freshwater systems can be lessened.
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