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Introduction

Abstract

Large portions of anadromous salmonid habitat in the western United States
has been lost because of dams and other blockages. This loss has the potential
to affect salmonid evolution through natural selection if the loss is biased,
affecting certain types of habitat differentially, and if phenotypic traits corre-
lated with those habitat types are heritable. Habitat loss can also affect salmo-
nid evolution indirectly, by reducing genetic variation and changing its
distribution within and among populations. In this paper, we compare the
characteristics of lost habitats with currently accessible habitats and review the
heritability of traits which show correlations with habitat/environmental gradi-
ents. We find that although there is some regional variation, inaccessible habi-
tats tend to be higher in elevation, wetter and both warmer in the summer and
colder in the winter than habitats currently available to anadromous salmonids.
We present several case studies that demonstrate either a change in phenotypic
or life history expression or an apparent reduction in genetic variation associ-
ated with habitat blockages. These results suggest that loss of habitat will alter
evolutionary trajectories in salmonid populations and Evolutionarily Significant
Units. Changes in both selective regime and standing genetic diversity might
affect the ability of these taxa to respond to subsequent environmental pertur-
bations. Both natural and anthropogenic and should be considered seriously in
developing management and conservation strategies.

have been converted to human uses (Millennium Ecosys-
tem Assessment (MA) (2005).

Loss of habitat and its attendant consequences have been
implicated as the largest threat to endangered species in
the United States (Wilcove et al. 1998), and the loss of
habitat is seen as the major cause of extinctions (Ehrlich
and Ehrlich 1981; Wilson et al. 2003). World-wide habitat
loss is enormous; up to one-half of the earth’s land sur-
face has been transformed by human activity (Vitousek
et al. 1997) and more than two-thirds of some ecosystems
(Mediterranean and temperate forests and woodlands)
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Studies investigating the impact of lost habitat have
usually focused on demographic or ecological effects
including extinction risk (Fahrig 2001; Seabloom et al.
2002), species richness (Goodsell and Connell 2002; Helm
et al. 2006), population trends (Browne and Hecnar 2007;
Rannap et al. 2007) or range restriction (Benson and
Chamberlain 2007). However, the loss of habitat can
potentially affect the evolutionary trajectories of affected
species in significant ways. First, a biased loss of particular
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habitat types might substantially alter the selective regime
a species experiences. If a species shows local adaptation
to particularly habitats, habitat loss will reduce the variety
of traits displayed by a species; if the loss of primary
habitat displaces a species into less favorable or previously
unutilized habitats with novel selective regimes, survival
will require new phenotypes to emerge and spread (Miller
and Sadro 2003). When there is considerable phenotypic
plasticity underlying trait expression, individual response
patterns (‘norms of reaction’) themselves can adaptively
evolve as the benefit of responses for some habitats are
lost (Scheiner 1993, 2002, and references therein).

Secondly, even when habitat loss is not biased, the
reduction in habitat area and changes in its distribution
in space can affect the potential for future evolution by
altering the level and distribution of genetic variation.
A large reduction in carrying capacity will reduce the
effective population size, which both enhances the effects
of random genetic drift and limits the potential for
adaptation to new conditions. The impact of lower popu-
lation size will be particularly severe if migration among
populations is also reduced as a result of blockages.
This combination of habitat loss and fragmentation can
reshape the dynamic balance between gene flow, genetic
drift and natural selection.

Anadromous salmonids, which travel between freshwa-
ter and marine habitats, offer a prime example of how
habitat loss can alter evolutionary trajectories. Pacific sal-
mon and steelhead (Oncorhynchus spp.) have been
excluded from large portions of historically accessible
habitats in the western United States, either by passage
barriers or by large-scale changes in habitat quality. In
fact, nearly 45% of the area historically available to these
fishes in the contiguous United States is now inaccessible
(Fig. 1). This loss of habitat is clearly reflected in their
current status — over half of the Pacific anadromous sal-
monid Evolutionarily Significant Units (ESUs) in the con-
tiguous United States are listed as endangered or
threatened under the Endangered Species Act (NMFS
1992). ESUs in this context are defined by two criteria:
(i) they must be substantially reproductively isolated from
other conspecific units, and (ii) they must represent an
important component of the evolutionary legacy of the
species. ESUs can be listed as ‘distinct population seg-
ments’ under the Endangered Species Act (Waples 1995).
In addition, habitat loss might affect evolutionary trajec-
tories because a number of salmonid life history traits,
including spawn timing and run timing vary adaptively
with environmental parameters such as elevation, temper-
ature and hydrology (Quinn 2005; Beechie et al. 2006;
Achord et al. 2007).

The associations of salmonid life histories with envi-
ronmental characteristics can result from either geneti-
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Figure 1 Area in the western United States (and portions of British
Columbia, Canada in the Columbia River drainage) that were histori-
cally accessible to anadromous fishes. Area that is currently blocked
by anthropogenic barriers is marked in dark gray.

cally-based adaptive evolution or individual phenotypic
plasticity. In phenotypically plastic traits, environment-
trait associations reflect immediate environmental
responses rather than local genetic adaptation, and selec-
tive change might be buffered in complex ways (Sultan
2007). Accordingly, in this paper we focus on heritable
traits likely to be strongly influenced by the altered selec-
tion pressures that result from biased patterns of habitat
loss. Adaptive evolution, which tailors organisms to their
local environment, is likely a strong driver of habitat-spe-
cific fitness-related traits (e.g., life history traits) and is
the net effect of selection and inheritance. The so-called
breeder’s equation: R = h* x S, is a heuristic model for
this process. The quantity S, is the selection differential or
the change in the mean phenotypic value within a genera-
tion, which can also be expressed as the slope of a regres-
sion of relative fitness on the values of the character
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(Brodie et al. 1995). The term #?, called the narrow-sense
heritability, is the proportion of the phenotypic variance
in a trait that is due to the additive effect of genes (e.g.,
Roff 1997). The quantity R, the response to selection, is
the net change in the mean phenotypic value across
generations (Falconer and Mackay 1996). The breeder’s
equation is useful for focusing attention on the two
components of selective change — the selective regime and
the level of genetic variation.

To date, studies have examined the demographic con-
sequences of habitat losses to salmonids (e.g., loss of
capacity), but the possible evolutionary consequences of
these habitat losses have not been considered. In this
paper, we first examine the potential for selective change
of salmonids as a result of habitat loss. Specifically, we (i)
quantify the loss of habitat in the western United States,
comparing the environmental characteristics of accessible
habitats and now inaccessible habitats to reveal changes
in selective regime or selection differential; (ii) summarize
what is known about the heritability of ecologically
important traits and their associations with habitat char-
acteristics; and (iii) present case studies that show how
particular habitat losses can affect the response or evolu-
tion of salmonid populations through altered selective
regimes. Finally, we discuss nonselective change that
might be caused in salmonid populations by rendering
large portions of habitat inaccessible and discuss implica-
tions for conservation biology in general.

Habitat loss and selective change for salmonids

Biased loss of habitats — a change in selective regime
Historically, anadromous salmonids utilized freshwater
habitats in the western United States (excluding Alaska)
from the coast inland to Montana and Nevada totaling
nearly 633 000 km?. Large-scale blockages in this region
have left only about 56% of that area (~355 000 km?)
accessible (Fig. 1). Dams constructed for irrigation and
hydroelectric power generation are one of the largest cul-
prits in blocking access for these fishes, but culverts and
river engineering have also reduced the amount of habitat
that anadromous fishes can use (Furniss et al. 1991; NRC
1996). Modification to currently accessible rivers and
their surrounding landscapes has also changed environ-
mental conditions in rivers, sometimes rendering them
uninhabitable. For example, in the Grande Ronde basin,
in the Snake River drainage, low-lying wide flood-plain
habitats have been channelized and are currently much
warmer than historically, precluding occupancy during
many months of the year (McIntosh et al. 1994, 2000).

A qualitative perusal suggests that neither the loss of
habitats nor the change in habitats appears to have been
uniformly distributed across habitat types. Rather, low-
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lands have been drained, and estuaries channelized and
diked. In addition, the upper reaches of larger rivers have
tended to be blocked, potentially resulting in loss of
access to particular kinds of habitat. For example, access
to nearly 50% of the habitat previously occupied by Chi-
nook salmon (Oncorhynchus tshawytscha) and steelhead
(Oncorhynchus mykiss) in the Snake River drainage is now
blocked (NRC 1996); these blocked areas in the upper
reaches appear to be drier than other regions of the Snake
River basin. In contrast, inaccessible regions in the Puget
Sound, in the Willamette Valley, and other locations
throughout Oregon, Washington, California and Idaho
contain unique habitats, many of these in the lower por-
tions of river basins. From 1870 to 1970, for example, an
estimated 77% of the 10 500 ha of tidal swamps and 63%
of the 6500 ha of tidal marshes around the mouth of the
Columbia River were diked or filled (Sherwood et al.
1990), obliterating overwintering area for coho (Tscha-
plinski and Hartman 1983) and rearing habitat for chum,
Chinook salmon, and sea-run cutthroat (Healey 1991;
Salo 1991; Simenstad et al. 1992). Complete habitat char-
acterizations are not available across the western USA,
but environmental data allow us to compare and contrast
general characteristics of accessible and inaccessible habi-
tats.

Methods

We used a geographic information system (GIS) based
analysis to determine characteristics of subwatersheds
within river systems of the western United States (Wash-
ington, Idaho, Oregon, California, and Nevada) and con-
tiguous portions of British Columbia, Canada that were
historically accessible to anadromous salmonids. To
define the overall geographic area and its sub-units, we
merged existing GIS watershed features from three sepa-
rate datasets (The California Interagency Watershed Map,
California Interagency Watershed Mapping Committee
and Department of Water Resources 2004; British Colum-
bia Ministry of Environment 2005; National Marine Fish-
eries Service, NOAA Fisheries 2006) into a seamless layer
with shared attributes.

We defined historically accessible areas by identifying
areas with documented past presence of anadromous sal-
monids, current resident forms of anadromous salmonids,
or predicted historical occupation estimated using land-
scape characteristics. These data and analyses have been
developed by NOAA Fisheries Technical Recovery Teams
(Interior Columbia Basin, Puget Sound, Lower Columbia
Willamette, Oregon Coast, Southern Oregon and North-
ern California Coast, Central Valley, Central and South-
ern California Coast) and local agencies and recently
compiled in a single database (NWFSC 2007). In Califor-
nia and portions of southern Oregon, we incorporated
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species-specific intrinsic potential analyses to identify pre-
viously occupied subwatersheds (Lindley et al. 2006b;
Williams et al. 2006). Current distributions of resident
species were used to represent historical conditions only
in portions of British Columbia where no assessments of
previous anadromy were available, and where native rain-
bow trout and kokanee (freshwater resident O. nerka)
populations were clearly identified (BCME 2006). To
compensate for anthropogenic habitat loss within these
data, we compared current distributions to GIS features
representing dams and reservoirs. If an anthropogenic
feature was found at the limit of current distribution, we
considered upstream watersheds as historically accessible.
Historical accessibility was truncated at natural barriers,
as compiled by federal, state, and local agency sources
(ODFW 2004; CALFISH 2006; Northwest Fisheries Sci-
ence Center 2007) and reaches at (200 m) with a stream
gradient 220% (ICTRT 2007). In cases where GIS data
had not been developed or was not provided, we geo-ref-
erenced hardcopy maps found within report documents.

Within the historically accessible areas, we defined
areas that are anthropogenically blocked and currently
inaccessible using blockage data compiled by technical
recovery teams (Lindley et al. 2006b; Williams et al. 2006;
NWESC 2007). Because this project encompasses a large
area and data availability was limited, this analysis
focused on large blockages such as dams rather than
smaller-scale blockages such as culverts. While dams do
cause a number of other changes to the environment that
can result in selection, we restrict this discussion to selec-
tion as a result of habitat losses.

Large watersheds in the USA have been divided hierar-
chically into subwatersheds based on hydrologic charac-
teristics (USEPA/USGS 2005). For this analysis, we used
subwatersheds delineated by 6th-field Hydrologic Unit
Code (HUC-6) in the United States (CWMP/CDWR
2004; NOAA Fisheries 2006) and approximate equivalents
for Canadian territory (Environment Canada 1994). We
recorded habitat and climate characteristics for each
historically accessible subwatershed, focusing on attributes
associated with stream temperature, morphology and
flow, as salmonid phenotypic traits are correlated with
both these factors (see below). These attributes included
mean stream elevation, mean January minimum air tem-
perature, and mean July maximum air temperature, mean
stream gradient and mean annual precipitation. In addi-
tion, we quantified level IV ecoregions (USEPA 2007)
occurred within the boundaries of each subwatershed; we
used these ecoregions as proxies for overall habitat char-
acteristics as they identify areas of similar climate and
landscape characteristics (Omernik 1987; USEPA 2007).

We also examined potential anthropogenic stresses to
streams to identify habitats likely affected by changes in
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temperature, flow regime or other characteristics impor-
tant for salmonid phenotypic trait expression (Gregory
and Bisson 1997; MclIntosh et al. 2000; Allen 2004). We
used the USEPA Environmental Monitoring and Assess-
ment Program monitoring data (USEPA 2005) as a grid-
ded vector point layer with 3 km spacing and assigned
each feature to its underlying sub-basin. Specific impacts
included: the percent of stream length located adjacent to
human-impacted land cover types (Anderson et al. 1976);
nitrogen and phosphorous loads; road density; and, the
percentage of land cover types within each hydrological
unit that were developed for agricultural or urban uses.

We compared the characteristics of inaccessible and
accessible habitats at two scales: (i) across the entire con-
tiguous western United States; and (ii) within major geo-
graphic regions that each support separate ESUs: Puget
Sound, Olympic Peninsula/Washington Coast, Lower
Columbia/Willamette, Mid-Columbia, Upper Columbia,
Snake River, Oregon Coast, Southern Oregon and North-
ern California Coast, Central Valley, Central and South-
ern California Coast. We used simple two-sample
comparison tests of the subwatersheds within each area.
We normalized some data sets by applying square root
(elevation, gradient) and natural logarithm (precipitation,
percent of human-impacted land cover types) transforma-
tions prior to applying two-sided #-tests. When the com-
pared samples’ variances were unequal (Levene’s test) we
applied Welch’s approximate t-test (Zar 1999). For those
data sets for which no suitable normalizing transforma-
tion was found, we used the distribution-independent
Wilcoxon (Mann—Whitney) rank sum test (Zar 1999).
We applied the false discovery rate correction to the
P-values to account for multiple comparisons (Benjamini
and Hochberg 1995) and the global significance level, o,
was set to 0.05.

Results

Across the western United States, we found significant
differences between accessible and inaccessible areas in
every metric (Table 1). Because these data were non-nor-
mally distributed, we plotted medians and 95% confi-
dence intervals. As such the figures do not visually
emphasize the statistical differences in the data. At this
gross scale, areas that are currently inaccessible are signifi-
cantly higher in elevation, are colder in the winter, war-
mer in the summer, and drier than those that continue to
be accessible to anadromous salmonids. They also have
somewhat lower gradient (Table 1, Fig. 2). This might be
due in part to the exclusion of extremely high gradient
(and thus unusable) habitat from the analysis. In addi-
tion, a number of EPA ecoregions present in inaccessible
areas were not represented at all in available portions of
large basins (Table 2). Finally, for every measure of
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Table 1. Habitat characteristics for accessible and inaccessible areas in the western contiguous United States. The number of subwatersheds con-

sidered for each characteristic is denoted 'n’.

Accessible Inaccessible

Characteristic Median  Min. Max. n Median ~ Min. Max. n Test Test statistic ~ P-value

Elevation [Mean elevation 425 0 2682 6541 994 0 3150 2060 t 40.09 <0.001
(m) of reach segments]*

Gradient [Mean gradient or 0.06 0 0.55 4805 0.06 0 0.503 3878 t 3.22 0.001
slope of reach segments]t, i

Precipitation [Mean annual 106 17 489 8151 64 17 383 602 t 27.42 <0.001
precipitation (cm)]8, Y|

Jan. min. temp. [Mean -0.57 -16.73 9.04 5247 -4.98 -16.75 7.23 3509 w 6966863 <0.001

minimum January air
temperature (°C)]8,9

July max. temp. [Mean 26.69 13.85 37 5999
maximum July air
temperature (°C)18,9

Percent human-impacted 002 0 0.99 2286
(Percent of land cover
classified as human-developed)*

Nitrogen loading [Nitrogen 214 0 6.43 4731
export coefficient (kg/hasyear)]*,**
Phosphorus loading 022 0 1.62 4731

[Phosphorus export

coefficient (kg/ha/year)]*,**
Road density (km x km™2)* 1.05 0 13.24 4132
Percent stream length 0.01 0 0.99 2033
(Percent of stream length

adjacent to human land use)t+t

29.36 12.86 3743 2754 t 25.30 <0.001
0.01 0 096 1150 w 7466189 <0.001
1.74 0 7.16 3745 w 11136858 <0.001
0.19 0 172 3745 w 11533153 <0.001
0.91 0 9.43 22w 9561634 <0.001
0.005 O 095 1120 w 8066700 <0.001

*U.S. Environmental Protection Agency (2005).

+U.S. Environmental Protection Agency, and U.S. Geological Survey (2005).

$USGS (2005).

§NRC (2001).

CSCAS (2003).
**Reckhow et al. (1980).
ttAnderson et al. (1976).

human impact — nitrogen and phosphorus loading, road
density, and % of anthropogenically altered land -
blocked areas had a significantly lower value than areas
that are currently accessible (Table 1, Fig. 2), meaning
that previously used, but now inaccessible habitats are less
affected by human activities and associated changes in
flow, temperature and other characteristics.

Interestingly, however, the results for the entire USA
West coast are not uniform across all geographic regions
(Fig. 3). (Complete details of these analyses for both the
entire area and geographic regions are available online:
see Supplementary material) The inaccessible areas of
geographic regions that included large river systems (Sac-
ramento, Skagit, Klamath and Columbia Rivers), were
significantly different from accessible areas. Inaccessible
areas in nearly all of these regions were all higher in ele-
vation and cooler than accessible areas, although the inac-
cessible areas in the Snake River were warmer and not
significantly different in elevation than currently accessible
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areas in the Snake. In addition, the accessible areas of
more southerly and interior recovery domains (Snake
River, Southern Oregon and Northern California Coast,
Central Valley and Central and Southern California
Coast) receive significantly more precipitation than the
inaccessible regions, whereas the accessible regions of
more northerly and coastal recovery domains tended to
be significantly drier than the currently blocked areas
(Fig. 3). These results suggest that the changes in selective
regime and potential evolutionary impacts on affected sal-
monid populations might be region or ESU-specific.

Biological relevance

Many studies correlate environmental gradients with vari-
ation in salmonid life history and morphological traits,
suggesting that diversity in these traits reflects adaptive
evolutionary responses to local selective pressures (Bran-
non et al. 1981; Taylor 1990; Quinn and Buck 2001;
Quinn 2005). With respect to our questions about poten-
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Figure 2 Physical characteristics and measures of anthropogenic
impacts compared between basins of the West Coast (see Table 3)
that are accessible (white rectangles) to anadromous salmonids with
those that are no longer accessible (gray rectangles). All values shown
are medians with error bars depicting 95% confidence intervals. Sta-
tistical tests were conducted for some characteristics on transformed
variables and were significant for each of the comparisons shown
(P < 0.05).

tial evolutionary consequences for salmonids, many stud-
ies identify correlations between fitness-related traits and
either stream temperatures (Brannon 1987; Beacham and
Murray 1989; Unwin et al. 2000; Hodgson and Quinn
2002) or stream flows (Smith 1969; Beacham and Murray
1989; Quinn et al. 2001). For instance, median spawning
date across populations of Chinook salmon from Califor-
nia to Alaska is positively related to average incubation
temperatures (e.g., fig. 8-1, Quinn 2005). In fact, a differ-
ence of 2°C can be associated with differences in spawn-
ing dates of 2 weeks to over a month (Myers et al. 1998).
Moreover, within systems, small changes in spring tem-
peratures drive interannual variation in the timing of
smolt migration (e.g., fig. 12-4, Quinn 2005). On average,
accessible and inaccessible areas of geographic regions
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that support salmonid ESUs differed by 2°C in air tem-
perature (Fig. 3 and see Appendix S1). Obviously, differ-
ences in air temperature do not translate directly to
differences in water temperature, but they are tightly cor-
related, suggesting that this magnitude of difference is
ecologically (and thus selectively) relevant for these fishes.

Stream flows also affect fitness components. For
instance, peak flows are negatively and exponentially cor-
related with egg-to-fry survival in the Cedar River, WA,
USA (e.g., fig. 8-6, Quinn 2005), meaning that small
changes in flow are associated with very large reductions
in egg-to-fry survival, especially at the lower range of nat-
ural flow rates. Direct measures of flow across the entire
western USA were not available, but measures of precipi-
tation and gradient — both of which are correlated with
flow — differ significantly between accessible and inacces-
sible areas of geographic regions. The differences in aver-
age precipitation between accessible and inaccessible areas
ranged from —42 cm (inaccessible > accessible) in Puget
Sound to 31 cm in the Snake River (accessible
areas > inaccessible areas). Such differences are large
enough that the flow conditions experienced in the acces-
sible and inaccessible regions are likely to be different.
Another important difference is that in areas of low pre-
cipitation, many stream reaches are dry in summer and
salmon adapt to these conditions through life history
strategies that avoid late summer dry periods (e.g., out-
migration in spring as age-0 smolts or movement to other
reaches during summer). Together, these differences in
temperature and flow-related parameters are substantial
enough that it is reasonable to posit a non-negligible
selection differential.

Heritability of ecologically important traits

A selection differential, such as is likely (above), however,
is only one of two things required for an evolutionary
response to be elicited. The affected traits must also be
heritable for adaptive evolution to occur. In fact, many
salmonid phenotypic traits display significant narrow-
sense heritabilities although their levels of heritability are
quite varied [see recent reviews by Carlson and Seamons
(2008) and Garcia de Leaniz et al. (2007)]. These values
lead us to expect that they can respond to selection but
the net the rate of response of different traits will vary
widely. It is important to recognize that traits with low
narrow-sense heritabilities can still be underlain by a sub-
stantial amount of additive genetic variance; heritability is
a proportion and if there is substantial phenotypic plas-
ticity in a triat or only weak canalization, then the
denominator will be such that the proportion will appear
small. We take the demonstration of significant heritabil-
ity to indicate a realistic potential for future evolutionary
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Table 2. USEPA Level IV Ecoregions (Omernik 1987) accessible and inaccessible areas of three steelhead ESUs in the Pacific Northwest, and km?

of inaccessible habitat.

Level Ill ecoregions Accessible Inaccessible Km? inaccessible
Middle Columbia Steelhead ESU
Cascade Crest Montane Forest X X 320
Cascade Subalpine/Alpine X
Chiwaukum Hills and lowlands X
Cold Basins X X 75
Continental Zone Highlands X
Deep Loess Foothills X
Deschutes River Valley X X 2497
Deschutes/John Day Canyons X
Grand Fir Mixed Forest X X 571
High Lava Plains X 460
John Day/Clarno Highlands X X 1958
John Day/Clarno Uplands X X 4776
Loess Islands X
Maritime-Influenced Zone X X 256
Melange X
Mesic Forest Zone X
North Cascades Highland Forests X X 438
North Cascades Subalpine/Alpine X X 123
Oak/Conifer Foothills X X 350
Pleistocene Lake Basins X X 107
Pluvial Lake Basins X 1058
Ponderosa Pine/Bitterbrush Woodland X X 1276
Pumice Plateau Forest X 216
Subalpine-Alpine Zone X
Umatilla Dissected Uplands X X 657
Umatilla Plateau X X 659
Western Cascades Montane Highlands X
Yakima Folds X
Yakima Plateau and Slopes X
Total (n) 26 17 15797
Puget Sound Steelhead ESU*
Cascade Subalpine/Alpine X
Central Puget Lowland X
Eastern Puget Riverine Lowlands X
Eastern Puget Uplands X
Fraser Lowland X
High Olympics X X 382
Low Olympics X X 381
North Cascades Highland Forests X X 241
North Cascades Lowland Forests X X 935
North Cascades Subalpine/Alpine X
Olympic Rainshadow X
Southern Puget Praries X
Volcanics X X 234
Western Cascades Lowlands and Valleys X X 1306
Western Cascades Montane Highlands X 1446
Total (n) 14 7 4925
Upper Columbia Steelhead ESU*
Channeled Scablands X X 2416
Chelan Tephra Hills X
Chiwaukum Hills and Lowlands X
Granitic Selkirk Mountains X 165
Inland Maritime Foothills and Valleys X 59
Loess Islands X 3121
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Table 2. (continued)

Salmonid habitat loss and evolution

Level Ill ecoregions Accessible Inaccessible Km? inaccessible
North Cascades Highland Forests X
North Cascades Subalpine/Alpine X
Northern Idaho Hills and Low Relief Mtns X 67
Okanogan-Colville Xeric Valleys and Foothills X 4725
Okanogan Drift Hills X X 430
Okanogan Highland Dry Forest X 2771
Okanogan Pine/Fir Hills X X 684
Okanogan Valley X X 787
Palouse Hills X 1333
Pasayten/Sawtooth Highlands
Pleistocene Lake Basins X 1185
Spokane Valley Outwash Plains X 1155
Wenatchee/Chelan Highlands X
Western Okanogan Semiarid Foothills X X 693
Western Selkirk Maritime Forest X 103
Yakima Folds X
Total (n) 13 15 19 694
Grand total 53 39 40 416
*Excluding portions in Canada.
Elevation Gradient Precipitation  Jan. min. temp. Jul max. temp.
Puget
Sound
Washington
Coast
Lower
Columbia
Mid—
Columbia
Upper
Columbia
Snake
River
Oregon
Coast
Northern
California
Southern
California
Figure 3 Median differences between basins
) . . Central
that are accessible and inaccessible to anadro- Valley
mous salmonids for selected physical charac-
teristics within 10 West Coast geographic — . . A . . — — T
regions. Black boxes indicate where inaccessi- -05 0 05 -005 0 005-50 O 50 2 0 2 -4-20 2 4
ble areas were greater and white boxes m-10° % cm °C °C

indicate areas where accessible areas were
greater for a given characteristic.

change. Hereafter, we focus on a subset of heritable phys-
iological and life-history traits that have clear connections
to the environmental parameters we have examined
above.
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Selection on salmon body size is related to variation in
stream size and flow. Larger fish can better maintain posi-
tion in larger streams, and also are favored by the positive
relationship between female body size and fecundity
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(reviewed in Quinn 2005). In addition, deeper scour of
bed material in large rivers (Montgomery et al. 1999; R. S.
Waples, G. R. Pess and T. J. Beechie, unpublished manu-
scripts) should select for larger and older fish so that nests
can be excavated to a depth that will minimize scour-
induced egg mortality (Steen and Quinn 1999). Indeed,
larger, older fish tend to be found in larger streams with
stronger flow (e.g., Quinn et al. 2001). Both body size and
age-at-maturity, which affects size-at-age, have positive
heritabilities (Carlson and Seamons 2008; Table 3) and so
should respond to these selective pressures.

Temperature regime strongly affects development rate
and so, not surprisingly, the timing of egg hatching and
the timing of fry emergence from the gravel are tempera-
ture dependent. Adults are expected to breed at a time of
year that, given the long-term average local temperature
regime, will lead to fry emerging during a period that max-
imizes their growth and survival (Brannon 1987; Webb
and McLay 1996; Quinn 2005). Previous research has dem-
onstrated that populations breeding in colder areas (higher
latitude, higher altitude) typically arrive on the breeding
grounds and breed earlier in the year than populations
breeding in relatively warmer/milder areas (Quinn 2005).
Many traits affect the timing of fry emergence including
the timing of arrival to the breeding grounds (‘run tim-
ing’), timing of maturation, and the timing of spawning.
Because all of these traits have positive narrow-sense herit-
abilities (Table 3), they are expected to respond to this
temperature-induced selection.

Temperature regime also appears to affect spawn tim-
ing both by stabilizing selection acting on the time of fry
emergence (discussed above) and by selection to avoid
high stream temperatures during the spawning period
(Beer and Anderson 2001). Populations occupying high
elevation streams experience colder incubation tempera-
tures and longer incubation times, so earlier spawning
favors earlier fry emergence in spring that coincides with
favorable environmental conditions (Beacham and Mur-
ray 1987; Brannon 1987). In contrast, fish spawning in
low elevation reaches can face high summer stream tem-
peratures and be forced to spawn later when stream tem-
peratures are lower (Beer and Anderson 2001). The
observation that salmon spawn across a wide range of
temperatures and the fact that narrow-sense heritabilities
for spawn timing are sometimes extremely large
(Table 3), together suggest that spawn timing might
evolve quickly in response to changing local conditions.

Selective responses to loss of habitat: case studies

Clearly, salmonid habitat has not been lost at random,
but rather has been rendered inaccessible in a biased fash-
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ion. Moreover, the factors that differ between accessible
and inaccessible habitats are associated with heritable var-
iation in morphology and life history. Unfortunately, no
study has looked explicitly at the selection imposed by
differential habitat loss. However, there are a number of
situations in which selection because of habitat loss
appears to have occurred.

Change in run and spawn-timing — Lemhi River Chinook
salmon

The Lembhi River sits in a high elevation glacial valley in
central Idaho. Surrounded by steep peaks, its wide, flat
valley historically hosted wide, braided channels (Konrad
2006). This Chinook salmon population is thought to
have included fish that returned to the Columbia Basin
in both the late spring (spring-run) and summer (sum-
mer-run) (Bjornn 1978). While it is not entirely certain
that summer-run fish occupied the Lemhi basin, nearby
rivers with similar attributes do contain both life history
types (ICTRT 2003). Both spring and summer run fish
in this ESU rear in fresh water for approximately 1 year
before migrating to the ocean (Folmar and Dickhoff
1980; Myers et al. 1998; Gustafson et al. 2007), but
spring-run fish return to fresh water and spawn earlier
in the year than do summer-run fish (Bjornn 1978;
Groot and Margolis 1991, Quinn 2005). In addition,
spring-run fish tend to spawn earlier in smaller, higher
elevation tributary habitats, while summer-run fish tend
to spawn in larger streams and rivers (Feist et al. 2003;
Interior Columbia Technical Recovery Team 2003). Exact
spatial and temporal boundaries between the two types,
however, have not been documented (Interior Columbia
Technical Recovery Team 2003). In 1907, a hydroelectric
dam constructed at the lower end of the Lemhi River
diverted all its flow to a powerhouse on the Salmon
River and prevented passage during the summer-run
(Bjornn 1978; SBT/NPT/IDFG 2004). This barrier was
removed in the 1950s (Furness 1989; B. Smith, USDA
Forest Service, pers. comm.), but ongoing water with-
drawals increase the river temperature and de-water
stretches of the lower river, often rendering it uninhabit-
able for salmonids (NPCC 2004).

Although current conservation efforts in the area are
working to address these and other issues, there are no
summer-run fish currently in this population as a direct
result of initial habitat blockage and subsequent habitat
modifications. The truncation of run and spawn timing
in this population in response to this inadvertent selec-
tion depletes both the phenotypic and genetic (as these
traits can be highly heritable) diversity in this population,
and might affect its resilience to environmental fluctua-
tions (Hilborn et al. 2003).
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Table 3. Narrow-sense heritability estimates for life history and morphological traits with connections to environmental parameters in the Pacific
salmon. We present median heritability for studies providing separate estimates for sexes, strains/lines, cohorts, or populations. Sample sizes for
each study are presented in parentheses. ‘Broodstock’ and ‘treatment’ were defined following Carlson and Seamons (2008), where broodstock
represents the recent history of the population and treatment represents the setting where the heritabilities were estimated. See original studies
for individual estimates and details on significance and estimation methods.

Trait Study Species Broodstock Treatment h? (n)
Hatching time Sato (1980) O. kisutch Unknown Hatchery 0.261 (1)
Mclntyre and Blanc (1973) O. mykiss Unknown Hatchery 0.115 (2)
Kinnison et al. (1998) O. tshawytscha Wild Hatchery 0.140 (2)
Run timing Dickerson et al. (2005) O. gorbuscha Wild Wild 0.029 (8)
Smoker et al. (1994) O. gorbuscha Wild Sea-ranched 0.225 (6)
Smoker et al. (1998) O. gorbuscha Wild Sea-ranched 0.285 (2)
Quinn et al. (2000) O. tshawytscha Wild Sea-ranched 1.260 (1)
Maturation timing Quinn et al. (2000) O. tshawytscha Wild Sea-ranched 1.070 (4)
Spawn timing Gall and Neira (2004) O. kisutch Farmed Farmed 0.240 (1)
Neira et al. (2006a) O. kisutch Farmed Farmed 1.110 (4)
Siitonen and Gall (1989) O. mykiss* Hatchery Hatchery 0.540 (2)
Su et al. (1997) O. mykiss* Hatchery Hatchery 0.842 (3)
Su et al. (1999) O. mykiss* Hatchery Hatchery 0.739 (6)
Wilson et al. (2003) O. mykiss* Farmed Unknown 0.062 (6)
Age-at-maturity Iwamoto et al. (1984)F O. kisutch Sea-ranched Hatchery 0.133 (6)
Silverstein and Hershberger (1992)1 O. kisutch Sea-ranched Hatchery 0.050 (1)
Gjerde and Gjedrem (1984) O. mykiss Farmed Farmed 0.160 (3)
McKay et al.(1986) O. mykiss* Hatchery Hatchery 0.210 (1)
Sylvén and Elvingson (1992) O. mykiss Unknown Farmed/Hatchery 0.020 (2)
Hankin et al. (1993) O. tshawytscha Sea-ranched Sea-ranched 0.490 (9)
Heath et al. (1994)1 O. tshawytscha Farmed Farmed 0.750 (8)
Heath et al. (2002)+ O. tshawytscha Farmed Farmed 0.650 (2)
Gjerde (1984) S. salar Unknown Farmed 0.570 (2)
Gjerde et al. (1994) S. salar Farmed Farmed 0.120 (2)
Gjerde and Gjedrem (1984) S. salar Farmed/Wild Farmed 0.140 (3)
Standal and Gjerde (1987) S. salar Hatchery Farmed 0.125 (2)
Wild et al. (1994)t S. salar Farmed Farmed 0.145 (8)
Length-at-maturity Dickerson et al. (2005) O. gorbuscha Wild Wild 0.060 (8)
Funk et al. (2005) O. gorbuscha Wild Sea-Ranched 0.395 (2)
Smoker et al. (1994) O. gorbuscha Wild Sea-ranched 0.250 (18)
Gall and Neira (2004) O. kisutch Farmed Farmed 0.330 (1)
Silverstein and Hershberger (1995) O. kisutch Hatchery Hatchery 0.260 (1)
Gjerde and Gjedrem (1984) O. mykiss Farmed Farmed 0.160 (1)
Gjerde and Gjedrem (1984) S. salar Farmed/Wild Farmed 0.350 (1)
Mass-at-maturity Smoker et al. (1994) O. gorbuscha Wild Sea-Ranched 0.000 (18)
Gall and Neira (2004) O. kisutch Farmed Farmed 0.290 (3)
Neira et al. (2006a) O. kisutch Farmed Farmed 0.135 (2)
Neira et al. (2006b) O. kisutch Farmed Farmed 0.395 (2)
Silverstein and Hershberger (1995) O. kisutch Hatchery Hatchery 0.190 (1)
Crandall and Gall (1993a) O. mykiss* Hatchery Hatchery 0.230 (14)
Crandall and Gall (1993b) O. mykiss* Hatchery Hatchery 0.580 (2)
Gall and Huang (1988) O. mykiss* Hatchery Hatchery 0.200 (1)
Su et al. (1997) O. mykiss* Hatchery Hatchery 0.135 (3)
Jonasson and Gjedrem (1997) S. salar Sea-ranched Hatchery/sea-ranched 0.250 (4)
Jonasson et al. (1997) S. salar Sea-ranched Sea-ranched 0.290 (5)
Anadromy Thrower et al. (2004) (smoltification) O. mykiss Wild Wild 0.726 (3)
Theriault et al. (2007) S. fontinalis Wild Wild 0.560 (89)
*Estimates generated for resident (nonanadromous) O. mykiss.
tFocused on early maturity in males.
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Selection for a resident life-history — Central Valley
steelhead
The Sacramento and San Joaquin river systems drain
much of the Sierra mountain range and the expansive
Central Valley of California, joining in the San Francisco
Bay Delta and entering the Pacific Ocean under the
Golden Gate Bridge. The two systems historically sup-
ported spatially extensive populations of steelhead, but
recent estimates suggest that approximately 80% of the
natural spawning and rearing habitat is now inaccessible
because of impassable dams (McEwan 2001; Lindley et al.
2006a). In particular, the higher gradient, upstream
reaches steelhead prefer for spawning are virtually absent
now in Central Valley rivers (Fig. 1), although some high
gradient habitat is still accessible in small tributary creeks
of the northern Sacramento River. All steelhead currently
present in the Central Valley system are considered to be
winter run, or ocean maturing. McEwan (2001) provides
some evidence that summer run (stream maturing) steel-
head were present prior to dam construction but have
since been extirpated because of the loss of access to
holding habitats in upper reaches. Most steelhead popula-
tions remaining in the system now spawn and rear in low
gradient mainstem habitats that differ markedly in sub-
strate composition, current velocity, temperature, and
volume compared with historical spawning habitats.

There is extensive evidence that formerly anadromous
populations of O. mykiss have residualized and become
established as residents above passage barriers in Califor-
nia rivers (Gall and Bentley 1990). Although otolith
microchemistry studies have demonstrated that anadro-
mous progeny can be derived naturally from resident
parents and vice versa (Zimmerman and Reeves 2000;
Ruzycki et al. 2003), there does appear to be a maternal
effect, with anadromous mothers more often giving rise
to anadromous offspring than resident mothers (Ruzycki
et al. 2003; Thrower et al. 2004). In addition, in a study
that compared survival of all possible resident by anadro-
mous crosses, the return survival of resident-origin prog-
eny that migrated was markedly reduced compared with
that of crosses in which one or both parents were anad-
romous fish (Thrower et al. 2004). Heritability of smol-
ting in this species (Thrower etal. 2004) and of
anadromy in brook trout (Theriault et al. 2007) have
been shown to be quite high (Table 3) in comparison
with other life history traits (Carlson and Seamons 2008).
As anadromous offspring from individuals above a bar-
rier cannot contribute to subsequent generations, we
would expect selection to eliminate the anadromous life
history above barriers.

There is, in fact, general consensus that an anadromous
to resident switch is far more likely than the reverse,
again suggesting eventual loss of the anadromous life
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history without continual interbreeding of the two types
(Waples et al. 2001).

In addition to the forced residualization of O. mykiss
populations in tributaries above barriers, some Central
Valley populations below barriers also appear to have a
higher than expected proportion of residents. Tailwater
sections below dams often develop deep pools with mod-
erated temperatures and unnaturally high levels of food
availability, conditions conducive to very rapid growth
for juvenile salmonids. Steelhead are predicted to follow
the general life history model developed by Thorpe et al.
(1998). Under this model, emigration is a life history
option selected when environmental conditions no longer
meet the energetic needs of the individual. To compete
effectively and be successful in mating, migration to the
ocean with its superior growth opportunity is presumably
necessary when freshwater food supplies are relatively
low. However, fish that can grow rapidly in fresh water
avoid the risks associated with migration, and in such a
situation, anadromy would be expected to be selected
against. As an example, a 35 km reach of the Upper Sac-
ramento River below Keswick Dam has developed a
renowned recreational fishery for resident rainbow trout.
According to Dean (2005), this population dramatically
increased following dam construction and subsequent
temperature controls that maintain water temperatures at
around 13°C. Analysis of adult scales confirmed that the
large fish in this system are residents, with only one fish
out of 101 showing evidence of a marine growth period
(Dean 2005). Prior to dam construction, this reach likely
had low flows and high temperatures during summer,
presumably favoring an anadromous life history, but cur-
rent, high productivity conditions likely select against
anadromy and for residency.

To summarize, impassable barriers have impacted Cen-
tral Valley steelhead populations in at least two major
ways. First, formerly anadromous populations upstream
of barriers have necessarily adopted a resident life history
or have been extirpated (summer run). And, second, hab-
itats below barriers have changed to become more condu-
cive to the resident life history even though ocean
migration is possible. The loss and change of habitat
because of blockages in the Central Valley might thus
have substantial evolutionary consequences as a result of
an altered selection regime. In particular, the selective
pressure against an anadromous life history reduces the
variability of life history expression in the population(s).
Likewise, the segregation of upstream and downstream
habitats likely inhibits natural fluctuations in life history
expression associated with juveniles rearing across a spec-
trum of environmental conditions. Any buffering against
the impact of environmental perturbations, that is pro-
vided by this diversity of life histories will have been
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reduced especially in the freshwater environments. As
emphasized by McEwan (2001), the interdependence of
the different life histories has presumably contributed to
the success and persistence of populations throughout a
highly variable range of habitats and environmental con-
ditions in California. Steelhead are plastic, so alterna-
tively, the changes exerted by a biased loss of habitats
might alter the norms of reaction for life history plastic-
ity. This, in turn, could also affect the populations’ ability
to respond to future environmental perturbations or
changes. In addition, selection against anadromy might
reduce gene flow between geographic regions, as steelhead
migrate between populations. This could also strongly
affect the genetic variation within these populations.

Reduction in rearing time — Puget Sound coho salmon
Coho salmon (Oncorhynchus kisutch) in Puget Sound
migrate downstream to overwinter in lower mainstem
floodplain and delta habitats. Historically, this typically
occurred during the high flow season after rearing in
upper areas for a year (Quinn 2005). Like Central Valley
steelhead, this ESU is showing a reduction in a previously
common life history strategy (age-1 out-migration) with a
concomitant increase in a previously rare phenotype (age-
0 out-migration) in response to loss of habitat.

Historic reconstruction of riverine landscapes in the
North Puget Sound (Beechie et al. 2001; Pess et al. 2002)
have quantified the loss of floodplain and delta off-chan-
nel habitats in Puget Sound since the turn of the 20th
century. Over 50% of the floodplain habitats and over
70% of the estuarine environment have been either filled
or disconnected from the Skagit and Stillaguamish River
systems since the turn of the 20th century (collective
basin area 10 040 km?) (Beechie et al. 2001; Pess et al.
2002). In addition, one of the main geomorphic drivers
that create side channel and slough habitats, channel
migration of the main river across the floodplain, has
been significantly reduced due to physical constraints by
diking and levees along the main stem (Pess et al. 2002).
This change in habitat has dramatically reduced the carry-
ing capacity of these systems for overwintering coho.
This, in turn, might lead to changes in the proportion of
juvenile coho that overwinter for up to 1 year versus
those that leave as age-0 smolts. In fact, recent work by
Bennett (2006) has shown that up to 50% of a coho pop-
ulation can outmigrate as age-0 smolts in watersheds
where off-channel habitats are minimal.

Age-at-smoltification in salmonids appears to have a
positive narrow-sense heritability (Table 3), although data
are somewhat limited. A heritability of approximately
0.5 combined with the loss of habitats conducive to a
more typical, overwintering life history strategy suggest
that biased habitat loss is exerting a selective influence
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on the population and that the increase in age-0 smolts
could be a response to that selection. Such a change
could have an effect on overall population viability, since
age-0 coho smolts are typically smaller than age-1 smolts.
If such differences in size and related survival translate
into a reduction in fitness of the individuals, the produc-
tivity and viability of the population might be compro-
mised. Additional work clarifying fitness consequences
of such life history and morphological changes is clearly
needed.

Habitat loss and nonselective change for
salmonids

Passage barriers have two effects that can create impor-
tant evolutionary consequences even in the absence of
any direct changes in selective regime. First, large reduc-
tions in habitat area can reduce system capacity. The
immediate evolutionary concern would be whether this
loss of capacity creates a reduction in the effective popu-
lation size (N.) sufficient to affect the level of genetic var-
iation in local populations or the ESU as a whole (Wayne
et al. 1991; Alter et al. 2007; Willi et al. 2007). Reduced
levels of genetic variation can accelerate the emergence of
inbreeding effects and limit a population’s ability to adapt
to novel conditions in the future (Futuyma 2005; Willi
et al. 2006). If local populations are completely closed to
migration and gene flow from other populations, this
concern could be justified. However, with any appreciable
dispersal among populations, the actual level of genetic
variation that will be maintained in a local population
will approach that in the ESU as a whole (Slatkin 1987;
Strobeck 1987; Lande 1992) and the reduction in capacity
would have to be catastrophic over the entire ESU to cre-
ate a genetic crisis.

In this light, the second potential effect of passage bar-
riers, the disruption of connections among local popula-
tions, is probably much more important. For one, if
barriers preclude some populations from exchanging
migrants with others, then the system as a whole will be
broken into isolated subsystems, each of which will sus-
tain lower overall levels of genetic variation than would
have been sustained in the system as a whole, even for
the same total numbers of adult fish (Whitlock and Bar-
ton 1997). In this case, the genetic consequences of a sub-
stantial reduction in capacity in one or more of the
subsystems will not be mitigated by the re-introduction
of variation through migration and the prospects for
genetic concerns will increase substantially. The problem
can be exacerbated if there are local population extinc-
tions and passage barriers restrict the number of popula-
tions from which recolonizing individuals are drawn
(Slatkin 1987; Whitlock and Barton 1997; Waples 2002).
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These impacts of habitat loss have not been well-stud-
ied, but may be widespread because there are many situa-
tions in which much of the historical habitat capacity has
been removed. For example, the Snake River fall Chinook
salmon ESU, which once spawned from the confluence of
the Snake with the Columbia River upstream 990 km to
Shoshone Falls is now confined to the area below the
Hells Canyon Dam complex at river km 397, downstream
of areas in which nearly all historical spawning activity
was reported (Evermann 1896; CBIC 1957; Haas 1965;
Fulton 1970; Van Hyning 1973; Lavier 1976). Historical
abundance estimates for this ESU do not exist, but they
likely numbered in the hundreds of thousands, given
catch estimates of 3-9 million pounds (1.4—4.1 million
kg) annually (Waples et al. 1991; Williams et al. 2008).
Over the last 20 years the number of wild spawners has
ranged from 78 to about 5000 (ICTRT, unpublished data,
derived from Fish Passage Center data); a recent study by
Williams et al. (2008) estimated the N./generation for this
population as approximately 1000 for the 1960s—1990s.
Clearly, there has been a decrease in effective population
size for this ESU of several orders of magnitude. With a
decrease of this magnitude, rare and not-so-rare alleles
have almost certainly been lost, and homozygosity within
the population is almost certainly greater than it was his-
torically. How much of the final effect is attributable to
numerical changes and how much to disruptions of the
historical population structure cannot be determined but
the net effect has been dramatic. While this example
might be an extreme one, it is not unique, and the
genetic effects of habitat loss and passage barriers deserve
greater attention.

Discussion

Evolutionary consequences of anthropogenic impacts on
salmonids are only now beginning to be examined in the
conservation literature. Those evolutionary effects that
have been considered to date tend to be the result of
direct intentional or unintentional selection (e.g. harvest
and hydropower effects Ricker 1981; Quinn and Adams
1996; Achord et al. 2007). However, more ‘passive’ selec-
tion exerted by differential loss of habitat types and non-
selective change because of large reductions in carrying
capacity can also exert profound evolutionary effects that
are relevant for conservation.

We evaluated loss of habitats due to large-scale anthro-
pogenic barriers and showed that this loss is not random.
Rather, habitats with unique characteristics have been dif-
ferentially blocked and rendered inaccessible to anadro-
mous fishes. Specifically, in the contiguous western
United States, blocked areas are higher in elevation, more
extreme in temperature, and receive more precipitation
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than areas that are currently accessible. In addition, the
magnitude of human impacts varied between inaccessible
and accessible areas; blocked areas were typically less
impacted than currently accessible areas. The agricultural
and urban land uses tracked in this study are also com-
monly associated with changes in stream flow patterns
and temperature. At a more regional level, there were
some differences between geographic areas in these pat-
terns, suggesting that the direction of selection can vary
from region to region.

Both the magnitude of habitat loss and the differential
loss of specific types of habitats have evolutionary implica-
tions. The biased loss of habitat types can result in a dra-
matically altered selective regime for affected populations.
In the case of genetically based trait variation, such biased
habitat loss in turn can select against particular pheno-
types and, in extreme cases, can result in local or regional
extirpation of particular phenotypes. The loss of primary
habitat area could also result in colonization of novel
environments or increased reliance on marginal habitat
either of which might exert new selective pressures result-
ing in phenotypic change. Such altered selective regimes
can also lead to changes in individual norms of reaction
(plasticity patterns), including possible loss of adaptive
plasticity for response to inaccessible habitats. These selec-
tive reductions of genetic diversity can potentially affect
the long-term ability of populations to respond adaptively
to either natural or anthropogenic environmental change.

In addition, habitat blockage can have evolutionary
effects apart from these selective changes. In particular, a
substantive reduction in capacity associated with anthro-
pogenic barriers can reduce the effective population size
and consequently genetic variation within the population.
Blockages and extirpations can compound this effect by
fragmenting populations and thus severely disrupting nat-
ural patterns of gene flow. Together, these effects can all
result in less diversity at a variety of levels.

Less genetic and phenotypic diversity at the population,
ESU and species level could compromise the ability of
these groups to weather large-scale environmental fluctua-
tions in the future. Loss of particular genotypes and phe-
notypes via directional selection in altered habitat regimes
is likely to be of particular concern in a world with
changing climates, where the potential for response to
novel environments is crucial for survival. Indeed, areas
that are no longer inhabited by anadromous salmonids
tend, in general, to have warmer summers than those that
are currently accessible. Phenotypes and genotypes (and
potentially norms of reaction) selected for in these
warmer areas have been lost, potentially hampering the
ability of these species to adapt to a change in climates.

We have used salmonids to illustrate the range of poten-
tial effects of habitat loss on the evolutionary trajectories
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of populations and species. However, these effects are not
confined to salmonids, fishes or freshwater habitats. Virtu-
ally all taxa are losing habitat as human uses of natural
landscapes expand (Vitousek et al. 1997; Kerr and Deguise
2004). Human uses do not tend to be distributed ran-
domly across habitat types, suggesting that the biased loss
of habitats we found for salmonids also applies to other
species. In addition, the ‘passive’ effects of reduced effec-
tive population size and altered population structure and
reduced genetic diversity are also likely to be replicated in
other species. In fact, a recent study has shown that high-
ways and other anthropogenic constructs blocking migra-
tion of bighorn sheep have resulted in a rapid and
dramatic decline in genetic diversity in their populations
(Epps et al. z2005). Similarly, butterfly populations in Fin-
land subject to loss of habitat have shown a decrease in
effective population size and an increase in extinction risk
(Saccheri et al. 1998). Together, these observations suggest
that the effects of loss of habitat are likely to be more
diverse and potentially of longer-term impact than are
commonly accounted for. Conservation strategies that
address habitat loss should consider the evolutionary
impacts of that loss as well as the demographic effects, and
in particular seek to maintain or restore natural patterns
of phenotypic and genotypic variability.
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