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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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Table 1. Species-specific dispersal probabilities as estimated with recapture rates and multistrata models

fitted in MARK.

. Recapture Dispersal Dispersal

Species rate* Model probability, ¥ Modelt probability, Ut
A. milanjensis 0.083 D.p Y, 0.002535 P.p Y, 0.005994
N. olivacea 0.114 A 0.003958 P.p Y, 0.007775
P. cabanisi 0.077 D.p Y, 0.002161§ @.p.¥, 0.001998

) P.p. Y, 0.002102
P. ruficapillus 0.000 D.p Y, 0.000000 P.p Y, 0.000000
P. stellata 0.024 PPV, 0.000761 D.p.Y, 0.001881
T. helleri 0.006 D.p Y. 0.000184 P p Y, 0.000132
Z. silvanus 0.079 P p Y. 0.003080 Pp Y, 0.006849
*Calculated as the proportion of all recaptured birds that moved between the three large fragments. tMultistrata
3

model that estimates dispersal probabilities between pairs of fragments irrespective of the direction of

dispersal.
estimates were used for further modeling.

Species-specific probability of dispersal, controlling for dispersal distance (see text for details). These
§For P. cabanisi, two models were equally parsimonious. The ¥ estimated

from the model with the lowest AIC value was selected for further analysis.

areas, the latter may require conservation at
the landscape level, within a metapopulation
framework (3).

We evaluated the impact of habitat deterio-
ration and fragmentation on the persistence of
eight forest-restricted small- to medium-sized
bird species within 430 ha of rainforest rem-
nants in southeast Kenya. Three species are
endemic to the Taita Hills forest, which is part
of the Eastern Arc biodiversity hotspot (4).
Over the past decades, the forest has been re-
duced to 12 patches, of which only the three
largest ones (Chawia, 94 ha; Ngangao, 136 ha;
and Mbololo, 179 ha) are inhabited by all study
species. The nine other remnants are tiny (1 to
8 ha) and heavily disturbed, and they host
breeding populations of a subset of species only
(5). At a landscape level, pronounced heteroge-
neity in habitat quality, such as among the Taita
forest fragments, may give rise to source-sink
dynamics within a metapopulation (6). From
metapopulation theory, we hypothesized occu-
pancy of the smaller forest patches (7) to be a
function of both species-specific levels of mo-
bility, affecting (re)colonization rates from the
three large patches, and sensitivity to forest
deterioration, affecting local extinction rates.

Species-specific levels of mobility were
estimated with the program MARK (8) from
capture-recapture histories of 3089 individu-
als trapped and individually marked in the
large fragments Chawia, Ngangao, and Mbo-
lolo between 1996 and 2002 (9). Monthly
probabilities of between-fragment dispersal
were estimated from multistrata mark-recap-
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ture models and corrected for between-
species heterogeneity in survival and/or re-
capture rates (/0). Initially, we estimated
species-specific rates of dispersal by assum-
ing a constant dispersal probability for each
species. This resulted in four candidate mod-
els: (i) ,p, ¥, (i) P_p, WV, (i) D,p. Y.,
and (iv) ®_p ¥ _ where ® is the monthly
survival probability, p is the monthly recap-
ture probability, W is the monthly dispersal
probability, and the subscripts g and c refer to
fragment-dependent or constant probabilities,
respectively. From these models, the most
parsimonious one was selected for each spe-
cies. However, because distances differed be-
tween pairs of fragments (Mbololo to Ngan-
gao, 11.3 km; Mbololo to Chawia, 19.4 km;
Ngangao to Chawia, 10.9 km), estimates of
dispersal might be biased by differences in
abundance between fragments for the dif-
ferent species. We therefore constructed
multistrata models that estimated monthly
dispersal probabilities between each pair of
fragments irrespective of the direction of dis-
persal, by allowing ¥ to vary between frag-
ment pairs (/7). The process of selecting the
most parsimonious model among the new
candidate set was then repeated for each spe-
cies. In a final step, we regressed pairwise
dispersal probabilities against pairwise dis-
tances between the three forest fragments for
each species, then used the intercept of each
regression equation as the species-specific
measure of dispersal (mobility) for further
modeling. The multistrata models and dis-
persal probabilities estimated for each species
are listed in Table 1. All methods of estimat-
ing species-specific dispersal produced
comparable between-species differences in
mobility.

Species-specific levels of stress tolerance
were estimated from levels of fluctuating asym-
metry (FA) in tarsus length. FA refers to small,
nondirectional differences in the development
of the left and right sides of bilateral traits (/2)
and is widely regarded as a measure of devel-
opmental stability and a predictor of stress-

Probability of dispersal

0.000 0.002 0.004 0.006

Residual patch occupancy
o

06 04 02 00 02 04 06
Change in asymmetry

Fig. 1. Relationship between persistence and
species-specific levels of (A) mobility and (B)
stress tolerance. Ordinates represent residual
values of patch occupancy (7) after (A) correc-
tion for the effects of change in asymmetry and
(B) correction for dispersal rate. Patch occupan-
cy was positively related to dispersal rate (pa-
rameter estimate 301 = 111, 95% Cl 94 to
532) and negatively related to change in asym-
metry (shown in millimeters, parameter esti-
mate —1.87 = 0.74, 95% Cl -3.39 to —0.50).
Parameter estimates of the two variables were
not statistically correlated (P = 0.3) and re-
mained unaffected after variable body size was
included in the model. Am, Andropadus milan-
jensis (3 small forest fragments occupied,
N, = 9); At, Apalis thoracica (1); No, Nectar-
inia olivacea (7); Pc, Phyllastrephus cabanisi (4);
Pr, Phylloscopus ruficapillus (0); Ps, Pogono-
cichla stellata (8); Th, Turdus helleri (1); Zs,
Zosterops silvanus (5).

mediated changes in fitness (/3). Individual FA
estimates were based on repeated measure-
ments, corrected for body size, and obtained
from mixed model analysis with restricted max-
imum likelihood parameter estimation to distin-
guish FA from directional asymmetry and mea-
surement error (/4). We previously showed a
consistent, positive relationship between cur-
rent population levels of tarsus FA and the
degree of forest deterioration (15, 16). We fur-
ther measured tarsus FA in 133 museum spec-
imens of six study species that were collected
before the majority of the Taita Hills forest
patches became severely deteriorated several
decades ago (7). Sensitivity to forest deterio-
ration was calculated as the species-specific
deviance from the average increase in tarsus FA
between museum samples and current captures
in the most degraded of the larger fragments
(Chawia), relative to a control patch with the
most intact indigenous vegetation (Mbololo)
(18). Previous analyses confirmed that levels of
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FA increased over time in the degraded patch
but not in the control patch (/5).

More mobile species showed a signifi-
cantly higher level of persistence than less
mobile species after correction for the effects
of change in asymmetry, i.e., they occupied a
higher proportion of patches than expected
from their estimated stress sensitivity (Fig.
1A). Highly comparable results (/9) were
obtained when we used the estimates of re-
capture rate and constant dispersal probabil-
ity listed in Table 1. Change in asymmetry, in
turn, significantly explained residual variance
in patch occupancy (Fig. 1B), i.e., less sensi-
tive species occupied a higher proportion of
patches than predicted from their estimated
level of mobility (20). Together, dispersal
rate and change in asymmetry explained 88%
of the observed variation in patch occupancy
between species, with each factor contribut-
ing equally to the relationship (45% of the
variation was explained by probability of dis-
persal; 43% of the variation was explained by
change in asymmetry).

On the basis of these results, we conclude
that individual-level parameters, such as mo-
bility and developmental homeostasis, can be
scaled up to predict species-specific patterns
at landscape level [the “behavioral ecology of
ecological landscapes” concept (2/)]. In a
comparable approach, models have been de-
veloped that scale mass-related energy re-
quirements with population density (22). The
use of simple, accurate, and cost-effective
biomarkers, such as individual asymmetry,
further permits us to measure the impact of
environmental stress and to take appropriate
conservation action before species become
irreversibly affected [the “early warning”
concept (23, 24)]. Application of such an
individual-level approach, in part of one of
the world’s most threatened biodiversity hot-
spots, suggests that conservation tactics may
fail unless they include action both within
sites, to minimize habitat deterioration, and
across landscapes, to maximize dispersal.
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The Control of Spikelet Meristem
Identity by the branched silkless1

Gene in Maize
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Most of the world's food supply is derived from cereal grains that are borne in a
unique structure called the spikelet, the fundamental unit of inflorescence archi-
tecture in all grasses. branched silkless1 (bd1) is a maize mutation that alters the
identity of the spikelet meristem, causing indeterminate branches to form in place
of spikelets. We show that bd7 encodes a putative ERF transcription factor that is
conserved in different grasses and is expressed in a distinct domain of the spikelet
meristem. Its expression pattern suggests that signaling pathways regulate
meristem identity from lateral domains of the spikelet meristem.

Development in plants depends primarily on
the activity of meristems, indeterminate
cell populations whose derivatives form
lateral organs. Meristems can be considered
determinate or indeterminate, depending on
whether they are consumed in the produc-
tion of lateral primordia. Grass species
have evolved unique meristem fates that are
central to orchestrating the diverse inflores-

cence architecture found in this extensive
family (7, 2).

Both the male and female inflorescence
meristems of maize (tassel and ear, respec-
tively) produce spikelet meristems, deter-
minate branches that produce two glumes
and two florets before undergoing sex-
ual specialization (2). bd/ mutants show a
loss of determinacy in the maize ear,
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