lection clearly can favor sperm quality (e.g.,
length) at the expense of sperm quantity, even
when males have limited resources for ga-
mete production (26).

Although we now understand what drives
sperm length evolution, we do not know what
is driving the evolution of SR length. None-
theless, this trait offers an exceptionally trac-
table system for studying the evolution of a
female preference and of male-female inter-
actions. The functional relationship between
the female preference and the corresponding
male ornament is unambiguous, the prefer-
ence and ornament are both easy to quantify,
the macroevolutionary pattern of coevolution
between the preference and ornament has
been established (/7), costs of relative ex-
pression of each have been quantified (19, 23,
26), and each is amenable to genetic analysis
and artificial selection (27).

Our results are consistent with several mod-
els developed to explain the evolution of female
mate preferences. Linkage disequilibrium be-
tween the female preference and male ornament
is consistent with the Fisherian runaway pro-
cess and “good genes” models (28). Also con-
sistent with good genes models, recent studies
have suggested a link between male condition
and sperm quality (29), including sperm length
(30). Next, interactions between the sexes are
rife with conflict in D. melanogaster (31) and
the coevolution of sperm and SR length may be
sexually antagonistic, as has been suggested for
sperm length and sperm-storage tubule length
in birds (15). Finally, data reported here refute
predictions of two sexual selection models as
applied to this system. First, the “direct bene-
fits” model (28) cannot apply, as the long sperm
tails are not absorbed by females and have not
evolved to serve a post-fertilization function
(32). Second, the “sensory exploitation” model
(28) is not applicable, as phylogenetic analysis
reveals a pattern of correlated evolution be-
tween the female preference and male trait (/7)
rather than a pattern of the male trait evolving in
response to a preexisting female bias.

The sperm-female coevolution demon-
strated here has important implications for
diversification and speciation. Rapid mor-
phological divergence of sperm has been re-
ported for numerous taxa, including primates
(33). Such divergence has been shown to
drive correlated divergence of important life
history traits (19, 26). Further, as sperm mor-
phology and sperm usage by females are
central to successful reproduction, their di-
vergence will likely contribute to reproduc-
tive isolation between populations and the
formation of new species (1, 7, 34).
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Ecological Predictions and Risk
Assessment for Alien Fishes in
North America

Cynthia S. Kolar*1 and David M. Lodge

Methods of risk assessment for alien species, especially for nonagricultural systems,
are largely qualitative. Using a generalizable risk assessment approach and statis-
tical models of fish introductions into the Great Lakes, North America, we devel-
oped a quantitative approach to target prevention efforts on species most likely
to cause damage. Models correctly categorized established, quickly spreading, and
nuisance fishes with 87 to 94% accuracy. We then identified fishes that pose
a high risk to the Great Lakes if introduced from unintentional (ballast water)
or intentional pathways (sport, pet, bait, and aquaculture industries).

Increased trade and tourism associated with
globalization have facilitated one of the least
reversible human-induced global changes
now under way: the homogenization of
Earth’s biota through the establishment and
spread of alien species (I, 2). Given the
myriad detrimental impacts attributed to alien
species in invaded ecosystems (3, 4) and the
limited possibilities for eradication, predict-
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ing potential alien species and preventing
their establishment are important policy goals
(5). Invasion biology has, however, been
plagued by a paradox that has hindered pre-
vention. On the one hand, there is a wide-
spread perception that diagnostic characteris-
tics of weedy species have long since been
identified (6). Current risk-screening proto-
cols, such as the Weed Risk Assessment of
Australia (7) and the Ecological Risk Assess-
ment Framework of the U.S. Government (),
are based on largely qualitative categoriza-
tions of such putative diagnostic characteris-
tics. On the other hand, there is a widespread
perception that predictions about which
species will invade are impossible (9). This
perception has emerged from searching for
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characteristics that apply generally to all tax-
onomic groups and in all ecosystems (6). It
should not be surprising, however, that such
overarching characteristics do not exist. Fur-
ther, growing evidence suggests that charac-
teristics important at the spread stage differ
from those important to other stages of the
invasion sequence (/0). Recognition of the
incommensurability of these two perceptions,
therefore, is the key to the paradox and is the
basis on which we build an approach to quan-
titative, predictive risk assessments of alien
species consistent with recommendations of
the U.S. National Research Council (/7).
Here, we develop quantitative models
using species characteristics to predict po-
tential alien species and their impact. A
similar approach has been used to predict
invasiveness of terrestrial plants (12, 13)
and provides the foundation of our ap-
proach. We control for factors not usually
considered explicitly in previous investiga-

Fig. 1. Invasion by alien species
is a process consisting of several
transitions, each with an inde-
pendent probability of failure,
and cumulative failure rates are
high. Here, we first compare
characteristics of failed with suc-
cessful fishes in the Great Lakes
to predict fishes capable of be-
coming established in the future.
To further predict high-risk po-

REPORTS

tions: We examine one ecosystem (the
Great Lakes of North America) and one
taxon (fishes) and consider invasion stages
independently (establishment, spread, and
impact) (Fig. 1). We develop and use mul-
tivariate models to assess the risk to the
Great Lakes from fishes introduced unin-
tentionally from ballast water or intention-
ally from the aquaculture, bait, sport, or pet
industries. Such models and predictions
could provide the basis for quantitative risk
assessment and management tools essential
in reducing the threat of alien species (5).
This approach could also be extended to
other taxonomic groups and ecosystems.
We first identified the 24 established and
21 introduced but not established alien fishes
in the Great Lakes (/4) (table S1), and then
further identified the established fishes that
spread quickly through the ecosystem (tables
S2 and S3) and those that are perceived as a
nuisance. We then collected data from the

Transport

4

Introduction

1. Establishment

tential invaders, we then com- Y Fal
pare characteristics of successful Siccess
fishes that spread quickly with
those that spread slowly and
those of fishes that are perceived
as a nuisance with those that are 2. Spread 3. Impact
not.
Fast Slow Nuisance Non-
nuisance
Relative growth
<685 @zyrs. >68.5
Number taxa Minimum
in diet < 4.5? temperature °C
<45 >55

Number taxa
in diet < 1.5?

1 Success/0 fail 0 Success/13 fail

3 Success/1 fail

Relative growth
@ 1yr(%)

0 Success/5 fail
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0 Success/1 fail
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Fig. 2. CART decision tree of successful and failed introduced fishes in the Great Lakes. Ovals
represent decision points; rectangles are terminal points in the tree resulting in classification. The
numbers of known successful and failed alien species categorized into each terminus are given,
illustrating that 2 of 45 species were misclassified.

1234

literature on 13 life-history characteristics, 5
habitat needs, 6 aspects of invasion history,
and human use (table S4). Unfortunately, we
could not perform phylogenetically indepen-
dent contrasts, because the systematics of
fishes is not sufficiently understood. To re-
duce the likelihood that significant associa-
tion was due to phylogenetic similarity, we
included a variable ranking fish families by
degree of derived characters (15).

Discriminant analysis (DA) revealed that
successful fishes in the establishment stage
(Fig. 1) grew relatively faster, tolerated wider
ranges of temperature and salinity, and were
more likely to have a history of invasiveness
than were failed fishes. A discriminant func-
tion using these four characteristics discrim-
inated between failed and successful fishes
with 87% accuracy (83% in jackknife valida-
tion) (16, 17). Categorical and regression tree
analysis (CART), using minimum tempera-
ture threshold, diet breadth, and two mea-
sures of relative growth, classified failed and
successful fishes with 94% accuracy (82%
upon cross-validation) (Fig. 2) (/8).

Quickly spreading fishes had slower relative
growth rates, survived poorly in high water
temperatures, and tolerated a wider temperature
range than did slowly spreading fishes (dis-
criminant function 94% accurate; 90% in jack-
knife validation) (Fig. 1, spread stage) (/9)
(supporting online text). Nuisance fishes had
smaller eggs, had wider salinity tolerances, and
survived in lower water temperatures than did
nonnuisance fishes (discriminant function 89%
accurate; 80% in jackknife validation) (Fig. 1,
impact stage) (20) (supporting online text). For
each stage of the invasion sequence, only three
or four characteristics were necessary to cor-
rectly classify 87 to 94% of alien fishes docu-
mented in the Great Lakes.

Different traits were important for different
stages of invasion. For example, relatively fast
growth was positively associated with estab-
lishment but was negatively associated with
quickly spreading species. These patterns con-
firmed the necessity of invasion stage—specific
analyses (supporting online text). Overall, our
results demonstrate that quantitative analyses
that are ecosystem specific, taxon specific, and
stage specific provide a firm quantitative basis
for risk assessment.

We next used our models to predict the risk
to the Great Lakes from potential unintentional
introductions through ballast water from the
Ponto Caspian basin (Black Sea, Caspian Sea,
and surrounding watersheds), a recent source of
alien species in the Great Lakes (21). We found
sufficient species characteristics for 66 (out of
110) of these fishes (22). DA predicted that 24
species could become established; CART pre-
dicted 36. The predictions of DA and CART
were 57% similar [Jaccard’s similarity coeffi-
cient (23)]. We suggest that the 22 fishes com-
mon to both predictive models (Table 1) pose
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the greatest risk of establishment in the Great
Lakes. Sixteen of these species were predicted
to be able to spread through the Great Lakes
quickly (Table 1). Of these, five were predicted
to become nuisance species (Table 1) and
would therefore be the least desirable additions
to the Great Lakes. A previous study based on
a qualitative assessment also predicted that the
tyulka (Clupeonella cultriventris) and monkey
goby (Neogobius fluviatilis) would be detri-
mental to the Great Lakes if introduced (24).
From greatest to least risk to the Great Lakes,
these five species are followed by the remaining
17 species listed in Table 1, the 15 species
predicted by only one of the establishment
models to be able to colonize the Great Lakes
(17), and finally the 29 fishes predicted by both
models to fail in the Great Lakes (/7).

High-risk fishes from the Ponto Caspian
may also be introduced into the Great Lakes by
intentional introduction. The Ponto Caspian na-
tie rudd, Scardinius erythrophthalmus, became
established in the United States by the live-bait
industry, for example (25). Three high-risk spe-
cies not yet established would also be appealing
bait species, and seven are already in the cool-
water aquaria and water garden trades in Eu-
rope (Table 1). Efforts to educate consumers
and industries and/or the mandatory application
of legally binding species-specific risk assess-
ments could greatly reduce the risks from in-
tentional pathways.

We also compiled a list of 14 additional
fishes that are potential aquaculture, bait, sport,
or pet fishes and used our models to assess their
risk of establishment, spread, and impact in the
Great Lakes if introduced. Four of these species
were predicted by both the DA and CART to
become established in the Great Lakes (Table
1) (supporting online text). None were predict-
ed to spread quickly and to be perceived as a
nuisance in the Great Lakes. All but redear
sunfish (Lepomis microlophus) were predicted
to have a low impact; two were predicted to
spread slowly (Table 1).

Our predictions about two fishes, in par-
ticular, should be interpreted with caution.
Our models predict that the controversial
black carp, Mylopharyngodon piceus, now
being considered for listing as an injurious
species in the Lacey Act because of potential
negative impacts (26), would not become
established in the Great Lakes if introduced.
Our models also predict that the silver carp,
Hypopthalmichthys molitrix, which has
quickly spread through the upper Mississippi-
Illinois river systems and sometimes hurts
boaters as the fish leap from the water (27),
would neither spread quickly nor be per-
ceived as a nuisance in the Great Lakes.
These species exhibit characteristics (diet
specialization of black carp on abundant mol-
luscan resources in the Great Lakes, and rare
leaping behavior in silver carp) that differ
substantially from those of species on which
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the models were developed, and our models
may not be robust to such deviations. In
addition, all our predictions are applicable to
the Great Lakes proper, not to tributaries and
large river systems in which these carp spe-
cies, for example, are already established and
causing strongly negative consequences.
Recent history suggests that unless appro-
priate changes occur in education, policy, and
management, there is a high likelihood that
some of the high-risk fishes listed in Table 1
will be introduced into the Great Lakes re-
gion. The utility of identifying species at a
high risk of becoming established, spreading,
or impacting an ecosystem is most apparent
for intentional pathways. If the perceived risk
of allowing these species into the Great Lakes
basin is greater than the perceived benefit,
then their entry into particular states, the re-
gion, or the country could be controlled. Un-
intentional pathways, especially the ballast
water and hulls of ships, are also important

pathways for some species we identify as
high risk (Table 1). Since 1985, ruffe (Gym-
nocephalus cernuus), round goby (Neogobius
melanostomus), and tubenose goby (Protero-
rhinus marmoratus) have become established
in the Great Lakes by the shipping industry.
Changes in the seasonal timing and location
of ballasting could reduce the risk of intro-
ducing high-risk species not yet in the Great
Lakes (Table 1). For example, to reduce the
risk of transporting bottom-dwelling monkey
gobies, ballast water could be drawn from the
upper regions of the water column or could
be treated (e.g., with filtration or short-lived
toxins) during times of peak larval goby
abundance. Our analyses provide the basis
for targeting such education, policy, and
management efforts directed toward high-risk
species and the pathways that are most likely
to transport them.

Most risk-assessment protocols, such as
the Weed Risk Assessment (7) and the Ge-

Table 1. Ponto Caspian fishes and pet, sport, aquaculture, and bait species predicted by both DA and
CART models to become established in the Laurentian Great Lakes if introduced. Bold indicates species
predicted to pose the highest risk to the Great Lakes. Fishes are listed by family from the most ancestral

to the most derived.

Predicted successful fishes

Predicted rate Predicted level

of spread of impact
Unintentional introductions: Ponto Caspian fishes

Family Clupeidae

Caspian shad (Caspialosa caspia) Fast Nonnuisance

Pontic shad (Caspialosa pontica) Fast Nonnuisance

Tyulka (Clupeonella cultriventris) Fast Nuisance
Family Cyprinidae

Roach (Rutilus rutilus)* Fast Nonnuisance

Sunbleak (Leucaspius delineatus)* Slow Nonnuisance

Chub (Leuciscus cephalus)*t Slow Nonnuisance

Common dace (Leuciscus leuciscus)t Fast Nonnuisance

Eurasian minnow (Phoxinus phoxinus)*t Fast Nuisance

Tench (Tinca tinca)* Slow Nonnuisance

Bleak (Alburnus alburnus) Fast Nonnuisance
Family Cyprinidontidae

Toothed carp (Aphanius fasciatus) Slow Nonnuisance

Black Sea silverside (Aphanius boyeri) Fast Nuisance
Family Percidae

European perch (Perca fluviatilis)* Fast Nuisance

Zander (Stizostedion lucioperca) Slow Nonnuisance
Family Gobiidae

Caucasian goby (Knipowitschia caucasica) Fast Nonnuisance

Longtail goby (Knipowitschia longecaudatus) Fast Nonnuisance

Monkey goby (Neogobius fluviatilis)* Fast Nuisance

Racer goby (Neogobius gymnotrachelus) Fast Nonnuisance

Sand goby (Pomatoschistus minutus) Slow Nonnuisance

Starry goby (Benthophilus stellatus) Fast Nonnuisance
Family Cottidae

Bullhead (Cottus gobio) Fast Nonnuisance
Family Gasterosteidae

Ukranian stickleback (Pungitius platygaster) Fast Nonnuisance

Intentional introductions: aquaculture, sport, pet, and bait fishes

Family Cyprinidae

Silver carp (Hypopthalmichthys molitrix)
Family Salmonidae

European whitefish (Coregonus albula)

Chum salmon (Onchorhynchus keta)
Family Centrarchidae

Redear sunfish (Lepomis microlophus)

Slow Nonnuisance
Fast Nonnuisance
Fast Nonnuisance
Slow Nuisance

*Currently in water garden or aquarium trade in Europe.

tPotential use as live bait.
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neric Nonindigenous Aquatic Organisms
Risk Analysis Review Process recently up-
dated in the United States (28), are based on
expert opinion or qualitative assessments,
and not on rigorously quantitative statistics.
In contrast, the approach illustrated here is
quantitative, repeatable, and transparent—
characteristics a recent National Research
Council report urges should apply to the next
generation of risk assessments (/7).
Although the results presented here are
specific to the Great Lakes, this approach to
constructing predictive models could be ap-
plied to a diversity of plant and animal taxa
inhabiting a variety of terrestrial and aquatic
ecosystems. As highlighted by the U.S. Na-
tional Management Plan on invasive species
(5), the urgent need to focus attention on
prevention requires the development of spe-
cies risk-assessment protocols. As alien spe-
cies move along the invasion sequence (from
transport to introduction, establishment,
spread, and impact), management options be-
come more limited. Even in the rare cases in
which the knowledge and technology exist to
control an established species, such efforts
are expensive and must be practiced in per-
petuity (29). For example, the United States
and Canada jointly spend about U.S. $15
million annually to control sea lamprey
(Petromyzon marinus) in the Great Lakes
(30); these costs have been incurred since
1956 and will continue as long as sea lamprey
control remains a management goal. Quanti-
tative risk assessments that identify the alien
species most likely to establish, spread quick-
ly, and become a nuisance could be the foun-
dation for efforts to prevent future expensive
and environmentally damaging invasions.
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Avian Persistence in
Fragmented Rainforest

Luc Lens,’-* Stefan Van Dongen,' Ken Norris,?
Mwangi Githiru,?>* Erik Matthysen

What factors determine the persistence of species in fragmented habitats? To
address this question, we studied the relative impacts of forest deterioration and
fragmentation on bird species in 12 rainforest fragments in Kenya, combining 6
years of individual capture-recapture data with measurements of current captures
and museum specimens. Species mobility, as estimated from species-specific dis-
persal rates, and tolerance to habitat deterioration, as estimated from change in
fluctuating asymmetry with increasing habitat disturbance, explained 88% of the
variation in patch occupancy among eight forest bird species. Occupancy increased
with mobility and with tolerance to deterioration, where both variables contributed
equally to this relationship. We conclude that individual-level study, such as of
dispersal behavior and phenotypic development, can predict patterns of persistence
at the species level. More generally, for conservation tactics to stand a high
chance of success, they should include action both within sites, to minimize
habitat deterioration, and across landscapes, to maximize dispersal.

Anthropogenic habitat deterioration is impos-
ing new selection pressures on organisms,
increasing local extinction rates (/). Simulta-
neously, reduced movement among remnant
patches lowers colonization rates, which fur-
ther negatively affects demographic and ge-

netic population parameters (2). From a con-
servation perspective, the impacts of habitat
deterioration and the impacts of habitat frag-
mentation might demand different strategies.
Whereas the former often requires manage-
ment of populations within local (protected)
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