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ABSTRACT: Pacific jumping mice (Zapus trinotatus) live in riparian
habitats that are discontinuously distributed and subject to regular
flooding. Both of these characteristics have a spatial component.
Habitat-restricted dispersal frequently leads to spatial genetic struc-
ture among individuals, and flooding often imposes spatially specific
mortality. Here I report that following a severe flood, an interaction
between these factors resulted in an immediate reduction of genetic
diversity and genetic divergence of the postflood population. Survival
was spatially biased toward more closely related individuals, and this
was propagated throughout the postflood population by changes in
reproduction. Not only did the number of closely related breeding
pairs increase, but so did the production of offspring by individuals.
These changes precipitated strong genetic effects, including a reduc-
tion in observed heterozygosity, an increase in relatedness, a doubling
of inbreeding levels, and significant genetic divergence from previous
years.

Keywords: bottleneck, founder effects, genetic diversity, inbreeding,
spatial genetic structure, Zapus trinotatus.

Introduction

Habitat patchiness is common in nature, and its occur-
rence is becoming increasingly widespread as a result of
anthropogenic habitat fragmentation. Species affiliated
with patchy habitats are often ecologically and behaviorally
adapted to existence within these discontinuous environ-
ments. One of the most common of these adaptations is
restricted dispersal (Dieckmann et al. 1999; Wiens 2001).
In a subdivided habitat, individual movement between
suitable habitat patches can entail substantial risk of mor-
tality. Such risk can exert pressure on dispersing individ-
uals, such that there is an advantage to limiting dispersal
distance (Wiens 2001).

In such dispersal-limited species, we also expect the for-
mation of spatial genetic structure among individuals
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(Wright 1943; Epperson 1995). Such structure can result
not only from short dispersal distances but also from other
traits you might expect within patchily distributed species:
persistent home range or territory use, philopatry, and
nonrandom mating (Shields 1987; Smouse and Peakall
1999; Hansson et al. 2002). The presence of spatial genetic
structure can also affect ecological systems and evolution-
ary dynamics. In particular, patterns of spatial relatedness
among individuals can amplify the impacts of mortality
events on genetic diversity (Barton and Wilson 1995; Leb-
lois et al. 2006). For example, if survivors of an event share
a high proportion of genes, the genes that survive will be
biased toward those carried by the related survivors. This
can result in rapid genetic divergence in the surviving
population as well as possible increases in inbreeding, de-
creases in heterozygosity, and even reduced genetic diver-
sity (Leblois et al. 2006). This may be especially true in
cases where survival is spatially biased, such as distur-
bances that are spatial in nature (flooding, fire, logging,
urban encroachment, etc.).

Interactions between habitat heterogeneity and distur-
bance are known to have profound influences on ecolog-
ical processes across scales (Brown 2007), and habitats
characterized by a patchy distribution are often prone to
disturbance. Thus, the potential for an interaction between
spatial genetic structure among individuals, as often found
in patchy habitats, and genetic drift, as induced by dis-
turbance, is especially interesting. These interactions are
important from a population ecology perspective, partic-
ularly where natural disturbance is an integral part of a
species’ existence. They are also pertinent to conservation
because changes in genetic variation, diversity, and in-
breeding can affect species persistence, adaptability, and
evolutionary trajectory (Frankel 1974; Frankham 2005;
O’Grady et al. 2006). Moreover, the increase in habitat
loss and fragmentation occurring in areas influenced by
humans makes these interactions particularly relevant.

The Pacific jumping mouse (Zapus trinotatus) is a small
North American rodent in the family Dipodidae that is
distributed from southern British Columbia to northern
California. They are affiliated with mesic and heteroge-



neously distributed habitat types, especially riparian alder/
salmonberry (Alnus-Rubus spectabilis) and skunk cabbage
(Veratrum) marsh ecosystems within Douglas-fir (Pseu-
dotsuga menziesii) forest (Maser et al. 1981), but also alpine
meadows and marshy thickets (Svihla and Svihla 1933).
Dispersal is limited in this species (Vignieri 2005, 2007),
and they exhibit migration largely along riparian pathways
(Vignieri 2005). Work within the flood-impacted popu-
lation demonstrated that animals show site fidelity and
that these home ranges are persistent both within and
across years (Vignieri 2007). Most relevant, and as pre-
dicted based on the characterized ecology of the species,
spatial patterns of relatedness among individuals exist
(Vignieri 2005, 2007).

In this study, I characterize the impact of a natural flood
on the population dynamics and genetics of this jumping
mouse population, with a particular focus on the hypoth-
esis that spatial genetic structure can facilitate rapid genetic
divergence and increases in inbreeding. To do so, I used
mark-recapture data to characterize demographic and spa-
tial patterns of survival and parentage analysis to identify
patterns of postflood reproduction. Additionally, using
eight microsatellite markers, patterns of fine-scale spatial
genetic structure, genetic diversity, inbreeding, and relat-
edness were determined before and after the flood to char-
acterize structure and test for bottleneck effects and genetic
divergence. While much work has been done on the im-
pacts and importance of specieswide bottlenecks (Bouzat
et al. 1998; Glenn et al. 1999; Hoelzel 1999; Whitehouse
and Harley 2001; Leonard et al. 2005), this study provides
insight into the mechanics of natural bottlenecks and foun-
der events in action, about which we know considerably
less (Keller et al. 1994, 2001; Queney et al. 2000; Eldridge
et al. 2004; Fauvelot et al. 2006; Busch et al. 2007). This
study uniquely demonstrates that interactions between dis-
turbance, intrapopulation structure, and recovery can rap-
idly alter the genetic composition of small, structured, and
semi-isolated populations.

Methods
Study Site

Population Study. 1 constructed a 25,600-m’ trapping grid
consisting of 250 traps spaced at 10-m intervals in June
2000 on a section of riparian habitat surrounded by a
meander in the Dosewallips River on the Olympic Pen-
insula in Washington State (fig. 1). This habitat contains
a small population of Pacific jumping mice semi-isolated
on three sides by the river meander and on the fourth by
a steep slope beneath a road. Trapping and nonlethal sam-
pling was conducted during the active season (details in
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Vignieri 2007) over 2,205 trap nights in 2000, 6,125 in
2001, and 7,105 in 2002.

The 2002 Flood. On January 6-7, 2002, a storm increased
the flow of the river to 260 m’/s from the typical rate of
34 m’/s. Such a flow is estimated to have a recurrence rate
of 25 years (Cenderelli et al. 2003). The overbank discharge
in this flood resulted in a large degree of overwash (cross-
sectional average flow width of 71.54 m and cross-sectional
flow area of 121.02 m®), which scoured vegetation and
washed away approximately 50 m” of river bank on the
northeastern edge of the habitat patch.

Genetic Sampling and Analyses

I genotyped each individual at eight microsatellite loci,
isolated from Zapus trinotatus, on a MegaBACE 1000 (Mo-
lecular Dynamics) automated sequencer. DNA extraction,
isolation of microsatellite loci, names of loci, oligo se-
quences, determination of linkage disequilibria for loci,
polymerase chain reaction conditions, and genotyping of
individuals are as in Vignieri (2003). Per-locus observed
and expected heterozygosities as averaged across all years
were as reported by Vignieri (2007).

Demographic Flood Impacts

Pacific jumping mice hibernate from approximately Sep-
tember to March (Bailey 1936); thus mortality induced by
the flood occurred while animals were hibernating in their
nests. To quantify the spatial nature of this mortality I
plotted the last capture location from the previous year
for each animal to survive and be recaptured between both
of the overwinter seasons, 2000-2001 and 2001-2002. I
then constructed a 99% minimum convex polygon (MCP)
around these points to create a “survivor region” for each
of the overwinter seasons, within the program Biotas (Eco-
logical Software Solutions). Additionally, I conducted a
Poisson test for complete spatial randomness (Greig-Smith
1964), also in Biotas, to determine whether survival pat-
terns varied from random in each of the overwinter
seasons.

To determine whether flooding affected reproduction in
the surviving population, I measured output of males and
females before and after the flood. Parentage assignments
were conducted using the program CERVUS (Marshall et
al. 1998), followed methods in Vignieri (2007), and made
with 95% confidence and manual confirmation of parent-
offspring matches. Each juvenile assigned to a mother or
father was recorded as that individual’s offspring, and each
individual assigned an offspring was counted as a parent.
I then compared counts of offspring assigned to mothers
and fathers across years. I used ANOVA and planned com-
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Figure 1: Diagram of the sample grid consisting of traps placed 10 m apart along a 220° compass heading (trap locations indicated by dots) and
the preflood (unshaded) and postflood (shaded) survivor regions in a population of jumping mice before and after a severe flood. Inset, aerial
photograph of habitat patch corresponds to diagram. After Vignieri (2007).

parisons to assess the difference in offspring production
before and after the flood and linear regression to test for
a correlation between offspring output and adult census
size. Further, I calculated pairwise relatedness, pR, within
the program RELATEDNESS (Queller and Goodnight
1989), between the male and female in each identified
breeding pair (those individuals identified as the parents
of a sampled juvenile) to investigate whether there were
population-level changes in the proportion of closely re-
lated breeding pairs. I tested for significance of changes
using G-tests with the expected proportion of pairs based
on those observed in the preflood years.

Interactions between Survival and Spatial
Genetic Structure

To characterize a possible interaction between spatial pat-
terns of survival and spatial genetic structure among sur-
vivors I constructed detailed “genetic landscape shape”
(GLS) interpolation surfaces (Miller 2005) for all adults

in the years preceding and following the flood. I similarly
constructed GLS surfaces based on all members of the pre-
and postflood populations (i.e., both adults and juveniles)
to determine how flood-induced demographic changes in
offspring production affected overall patterns of genetic
distance. Following the procedure outlined in Miller
(2005), a Delauney triangulation connectivity matrix was
constructed between home range centroids identified for
each individual (as described in Vignieri 2007). Genetic
distances between individuals were calculated following
Miller (2005, eq. 3). Calculated raw genetic distances were
then assigned to landscape coordinates at the midpoints
of the connectivity network edges. Patterns of genetic
structure across the network were inferred through an in-
verse distance-weighted interpolation (with a distance
weight of a = 0.5; Watson and Philip 1985; Watson 1992)
across a uniform grid laid over the entire trapping area
(see eq. 1 in Miller et al. 2006). A grid of 11 x 30 cells
was used to best match the 10-m trap spacing and di-
mensions of the trapping grid (other dimensions were



Disturbance Effects in Jumping Mice 129

Table 1: Pre- and postflood measures of genetic diversity

Year N, N A E, H. H, Dine By
Preflood:

2000 60 36 94 .019 834 823 .070 .004**

2001 71 24 98 .017 834  .826 .070 .009**
Postflood:

2002 35 52 94 .043%% 822 .787** <.001***  .014*

Note. N, = number of adults captured in each year; N; = number of juveniles captured

in each year; Ay = allelic richness across all eight loci; F,, = Wright’s inbreeding coefficient;

H, = expected heterozygosity; H, = observed heterozygosity; Dy;,y = deviation from Hardy-

Weinberg equilibrium; and B,, = Wilcoxon tests for evidence of a bottleneck. Significance is

indicated by asterisks for (1) F, as a deficit of heterozygotes, indicative of inbreeding, within

a year, (2) H, as a deviation from that expected under Hardy-Weinberg proportions within
a year across all loci, (3) Dy, as an overall deviation from Hardy-Weinberg equilibrium within

years and across loci, and (4) B,, as a bottleneck-induced excess of heterozygosity within a

year.
* P<.05.
** P<.01.
e P<.001.

tested to ensure that grid size did not affect surface mor-
phology). This procedure produced an interpolation across
a rectangular grid 30 cells wide and 11 cells deep (with a
cell roughly equal to 10 m?); however, the actual trapping
grid is irregular, as it was set to fill the natural landform
created by a river meander. Thus, the interpolation surface
was pruned to match the exact dimensions of this grid
through the removal of values interpolated for cells in areas
outside of the habitat patch.

Spatial patterns of survival were plotted on GLS to de-
termine whether survival patterns interacted with spatial
patterns of genetic distance. I used G-tests to determine
whether patterns of genetic distance among individuals
were different inside and outside of the flood survival
range (in the preflood year) and before and after the flood.

Population Comparisons Before and After the Flood

A Wilcoxon signed rank test under the two-phase muta-
tion model (with 70% TPM) was used, within the program
Bottleneck (Cornuet and Luikart 1996), to test for a
bottleneck-induced deficit of heterozygosity (H;y) in pre-
and postflood populations. In addition, measures of ge-
netic diversity were estimated before and after the flood.
To determine whether the overall relatedness of individuals
within the population increased, I estimated the related-
ness coefficient, R, among all individuals, adults, and ju-
veniles, and between adults and juveniles in each year
using the program RELATEDNESS (Queller and Good-
night 1989). I tested for significant differences between
these values through t-test comparisons of jackknife pseu-
dovalues (which corrects for possible pseudoreplication)
as implemented within the RELATEDNESS program. To
determine whether there was an increase in inbreeding, I

estimated F, (Wright 1978) with the program FSTAT
(Goudet 2001) and used a randomization procedure to
determine significance. In addition, I tested each year for
deviation from Hardy-Weinberg equilibrium (Djy,) using
the exact test of Guo and Thompson (1992) within
GENEPOP (ver. 3.4; Raymond and Rousset 1995). To test
for a reduction in genetic diversity I measured allelic rich-
ness (Ag) and the levels of observed and expected hetero-
zygosity (H, and H,) across all loci in each year within
the program TFPGA (ver. 1.3; Miller 1997). I used a Wil-
coxon paired sign-rank test (Zar 1999) to test for differ-
ences between pre- and postflood levels of heterozygosity
across loci.

To investigate whether the flood precipitated genetic
divergence, I compared allele frequency distributions be-
tween years using Fisher’s exact test (Raymond and Rous-
set 1995) and used Fisher’s combined probability test (So-
kal and Rohlf 1995) to determine significance across loci
in TFPGA (ver. 1.3). I determined the level of postflood
divergence through estimation of pairwise F, between
years (Weir and Cockerham 1984), and significant differ-
ences of these values from 0 were determined using a
nonparametric permutation approach (Excoffier et al.
1992) within the program Arlequin (ver. 2; Schneider et
al. 2000).

Results
Demographic Flood Impacts

In the preflood years, 2000 and 2001, 96 and 95 individuals
were captured, respectively. In 2002, following the flood,
the number of individuals decreased slightly, with a total
of 87 individuals captured. Unlike total size, the flood
substantially altered age structure in the population. In
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2000 and 2001, adults represented 63% and 75% of the
population, respectively. Following the flood only 40% of
individuals captured were adults—half the number cap-
tured in preflood years (table 1). Overwinter survival de-
creased by 44% following the flood, with 34 individuals
captured in 2000 recaptured in 2001 versus 19 captured
in 2001 and recaptured in 2002.

Roughly half the sampled juveniles were assigned par-
ents in each year (14, 12, and 24, respectively). The total
number of individuals identified as parents did not in-
crease following the flood (parents,, = 21, parents,, =
14, parents,, = 14) despite the twofold increase in the
number of juveniles. However, the mean number of off-
spring identified per parent did increase (M,, = 14,
SE =0.17, N=125 M, =15, SE =027, N=38
M, =4, SE =095 N=15 F, =12 SE=0.11,
N=36; F, =15 SE=034, N=36 E,=27,
SE = 0.67, N = 20; ANOVA, P = .001), and there was a
strong negative correlation between the census number of
adults and the mean number of offspring produced per
breeding adult (R2,., = 0.664, R} ... = 0.955, R, =
0.665; P = .03). Following the flood there were upward
shifts in both the distribution of related breeding pairs
(G = 23.87, df = 7, P = .001; fig. 2A) and the average
number of offspring produced by pairs of a given pR
(G = 42.87, df = 7, P<.001; fig. 2B).

Spatial Flood Impacts

The postflood survivor region was 9,000 m> as compared
to 15,850 m’ for that over the nonflood winter season (fig.
1). Survivor capture points were distributed in a signifi-
cantly nonrandom way postflood (P = .01, x*> = 6.28)
but not preflood (P = .16, x> = 2.01).

In the adult GLS, G-tests revealed that the proportion
of cells falling below the average genetic distance as com-
puted across the surface in the preflood year (0.739) was
higher inside the survival range than it was outside (fig.
3A; G = 6.68, df = 1, P<.01). Further, following the
flood, the proportion of all cells with below-average
(0.737) genetic distance increased (fig. 3B; G = 5.86,
df = 1, P<.05). In the population-wide GLS, 94% and
100% of the cells fell below the average adult GLS genetic
distance pre- and postflood, respectively, demonstrating
that the vast majority of recruits to the population were
locally generated in both cases (fig. 3C, 3D). However,
the inclusion of new recruits in the year following the
flood decreased population-wide GLS genetic distance
(Adult,,,, = 0.737, Population,, = 0.715) nearly three
times more than it did in the preflood year (Adult,,, =
0.739, Population ., = 0.731).
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Figure 2: Population level increase in relatedness among mates, and
production of offspring by related mates, following severe flood in 2002.
A, Number of breeding pairs identified with given pR; B, average number
of offspring produced by pairs with given pR. The number of pairs
contributing to the average in B can be found in A.

Genetic Effects

Interestingly, Wilcoxon tests revealed the signature of a
bottleneck in all three years (table 1). Average relatedness
among all comparisons did not change between the first
two years, and thus these populations were combined such
that all subsequent relatedness comparisons consisted of
preflood (2000 and 2001) and postflood (2002). Relat-
edness among all individuals and among adults increased
nearly threefold following the flood (fig. 44, 4D). Increases
in relatedness among juveniles and between adults and
juveniles were smaller but also significant (fig. 4B, 4C). F,
values in the two preflood years were similarly low and
were not significantly different from 0, but F, in the year
following the flood doubled (table 1) and showed a sig-
nificant deficit of heterozygotes (table 1). Expected het-
erozygosities were similar in all three years (table 1), as
were allelic richness values (table 1). Observed heterozy-
gosities in the first two years did not differ from expec-
tation. However, observed heterozygosity in the postflood
population was different from that expected under Hardy-
Weinberg proportions and significantly lower than that of
the previous years (table 1; B),_,, = .01 and B, ,, = .05).
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Figure 3: Overlap between flood survival region and patterns of genetic distance for adult jumping mice existing within a habitat patch created by
a river meander; before (A) and after (B) winter flood; and change in patterns of genetic distance following recruitment (i.e., including both adults
and juveniles) before (C) and after (D) flood. Genetic distance relationships are represented across a genetic landscape surface that corresponds to
the dimensions of the habitat patch, and survival range is surrounded by an irregular pentagon. Interpolation cells with values that fall at and below
average genetic distance across the surface for adults in each year are indicated by darker shading and those that fall above by lighter shading.
Genetic distance values for each cell are coded according to the scale bar, and X- and Y-axes indicate distance along the sampling grid, with X

parallel to and Y perpendicular to the river.

Only the postflood population was significantly out of
Hardy-Weinberg equilibrium (table 1).

The postflood population diverged genetically from the
preflood population as revealed through significant allele
frequency differences (P, ,, <.001, B, _,, = .024). Allele
distributions did not differ between the two preflood years
(P)y_o; = .209). Similarly, low but significant F, values
were found between the pre- and postflood populations
(F. 000 = 0.003, F, o, = 0.003; both P<.05), whereas
E, between the preflood years was three times lower and
not significantly different from 0 (E _,_,;, = 0.001; P>
.05).

Discussion

Pacific jumping mice live in extremely dynamic habitats
prone to regular flooding. In this study we have observed
how such floods, and the recovery process that follows
them, directly shape the population. In particular, the sur-
vival of, and increased reproduction by, mice in a distinct
region of the habitat resulted in significant changes in the
genetic diversity and composition of the population.

Survivors and Recovery

Survival decreased by nearly half, precipitating a moderate
bottleneck in abundance; nonetheless, the population re-
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Figure 4: Relatedness coefficient, R, in a population of jumping mice as determined before (2000 and 2001 combined) and after (2002) the flood,
among all individuals, adults, and juveniles. Bars around estimates are standard errors produced by jackknife resampling of loci. All comparisons
reveal significant differences determined through #-tests conducted on jackknife pseudovalues; among adults and all individuals, P<.001; among

juveniles and between adults and juveniles, P <.05.

covered to nearly preflood size by the end of the following
season, with twice the number of juveniles. This rapid
recovery to near preflood size is interesting given that
jumping mice hibernate for the majority of the year, pro-
duce only a single litter per year, and have a relatively
small litter size (4—6; Bailey 1936). However, the increase
in the mean number of offspring produced following the
flood and a trend for increased “production” of juveniles
when the number of census adults was low suggest a nu-
merical response. There are three main, nonexclusive, pro-
cesses that could have contributed to this response: (1)
increased juvenile production, (2) increased juvenile sur-
vival, and (3) increased juvenile retention. In all cases
increases could have been facilitated by decreased intra-
specific competition expected to follow a population de-
cline. It is likely that a combination of these processes were
acting. Importantly, however, our main concern here is
not how the number of related offspring increased fol-
lowing the flood but whether these offspring were pro-
duced locally.

Although the study population is somewhat isolated and
migration among habitat patches is limited in jumping
mice (Vignieri 2005), migration into the population could
have also contributed to the recovery, as observed in other
systems (Keller et al. 2001; Berthier et al. 2006; Fauvelot
et al. 2006). In fact, in the postflood adult GLS there are
three upslope areas where genetic distance among adults
is elevated (visible as light areas in fig. 3B), a pattern that
could be due to adult migration into the population or a

breakdown in structure due to movement of residents.
More broadly, however, the results of the study support
the hypothesis that population recovery was primarily lo-
cally driven. In particular, relatedness increased not only
among adults and among juveniles as separate demo-
graphic groups but also between adults and juveniles (i.e.,
juveniles were more closely related to adults in the pop-
ulation after the flood than they were before). This result
is strongly supported by the population-wide GLS anal-
yses, which show that in both years juveniles throughout
the habitat patch were related to resident adults and thus
locally produced. This pattern was amplified in the year
following the flood, in which population-wide genetic dis-
tances decreased substantially from those found in the
population before the flood. This further demonstrates
that the increase in the number of juveniles found in the
postflood population was due to increased production (or
survival) of offspring by surviving adults. These results are
contrary to those expected for increased migration
(wherein we would expect to see increases in genetic dis-
tance, especially following inclusion of juveniles) and
clearly show that migration contributed minimally to post-
flood genetic structure. This finding is also consistent with
strong habitat affiliation, relatively long life span (5-7
years), stable home range use, and limited dispersal dis-
tances characteristic of jumping mice. A similar result was
observed by Peakall and Lindenmayer (2006), who found
that populations of bush rats (Rattus fuscipes) exposed to
experimental perturbation were genetically more similar



to their predisturbance population than to neighboring
populations. In contrast, Fauvelot et al. (2006) found that
recovery in postfire populations of butterflies (Drupadia
theda Felder) was directly related to their proximity to
source populations and thus dependent on migration. It
is likely that postdisturbance recovery is highly dependent
on an interaction between the natural history of a species
(e.g., dispersal ability and propensity) and the connect-
edness of the impacted population to source populations.

Genetic Effects

The change in overwinter recapture rates indicated a mod-
erate, but clear, bottleneck in abundance. Interestingly,
however, excess heterozygosity was present in all three
years. A bottleneck-induced excess of heterozygosity is
transitory but is detectable for 0.2—4 N, generations (Lui-
kart et al. 1998). Estimates of N, made in each of the three
years (using the method of Hill [1981] within the program
NeEstimator [Peel et al. 2004]) indicate a 95% confidence
range of N, = 46-132. Assuming a 1-year generation time,
which is consistent with jumping mouse natural history,
a bottleneck within this population would be detectable
for 9.2-528 years. While severe floods are relatively infre-
quent, they do happen at the rate of roughly one every
25 years. Given this level of regularity and the time re-
quired for the transitory signal to dissipate, it appears that
the test for heterozygosity excess cannot differentiate the
current bottleneck from those in the past. Instead, these
results suggest that disturbance-induced bottlenecks are a
regular component of this population.

Examination of the interaction between survival, relat-
edness, and reproduction provides a more direct approach
for understanding how decline and recovery influence ge-
netic composition. Genetic distance among animals living
in the survival region before the flood was lower than it
was for animals living outside of this region; this pattern
could be due to persistent philopatry of mice in the up-
slope, and more stable, region of the patch. The elevated
relatedness present among the survivors was propagated
throughout the postflood population through a change in
reproductive patterns. Not only was there an upward shift
in the distribution of pairwise relatedness between mates,
but this shift coincided with an increase in the average
number of offspring produced per pair and the average
number of offspring produced by more closely related
pairs. Importantly, not all mated individuals were closely
related. These results suggest that relatively small increases
in the relatedness of breeding pairs can increase inbreeding
and amplify relatedness at the population level.
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Conclusions and Implications

Disturbances are quite common in nature. Similarly, spa-
tial genetic structure among individuals is a component
of many natural populations (Epperson and Li 1997; Sum-
ner et al. 2001). Interactions between mortality, genetic
structure, demographics, and genetic variation are likely
to be typical responses to environmental change within
natural populations. Thus, detailed knowledge of these
interactions can help us to better understand evolutionary
processes in systems subject to disturbance. Additionally,
anthropogenically induced climate change is predicted to
precipitate large increases in both the frequency and se-
verity of spatial disturbance events such as fire and flood-
ing within the next 100 years (Fowler and Hennessy 1995;
Hennessy et al. 1997; McCarthy et al. 2001; Brown et al.
2004). An improved knowledge of how populations re-
spond to disturbance may help us to foster persistence in
species influenced by such anthropogenically induced
increases.

Acknowledgments

I thank J. Kenagy for inspiration and support; S. Barga,
N. Chew, and J. Cornelius for work in the field; P. Bentzen
and the Marine Molecular Biotechnology Laboratory for
space and molecular genetic knowledge; C. Benkman, C.
Fauvelot, H. Fisher, and two anonymous reviewers for
valuable comments; and the Burke Museum Mammalogy
program, Richard C. Snyder fund, American Society of
Mammalogists, Sigma Xi, and EPA STAR fellowship pro-
gram for essential funding.

Literature Cited

Bailey, V. 1936. The mammals and life zones of Oregon. North Amer-
ican Fauna 55:1-416.

Barton, N. H., and I. Wilson. 1995. Genealogies and geography. Phil-
osophical Transactions of the Royal Society B: Biological Sciences
349:49-59.

Berthier, K., N. Charbonnel, M. Galan, Y. Chaval, and J. F. Cosson.
2006. Migration and recovery of genetic diversity during the in-
creasing phase in cyclic vole populations. Molecular Ecology 15:
2665-2676.

Bouzat, J. L., H. A. Lewin, and K. N. Paige. 1998. The ghost of genetic
diversity past: historical DNA analysis of the greater prairie
chicken. American Naturalist 152:1-6.

Brown, B. L. 2007. Habitat heterogeneity and disturbance influence
patterns of community temporal variability in a small temperate
stream. Hydrobiologia 586:93-106.

Brown, T. J., B. L. Hall, and A. L. Westerling. 2004. The impact of
twenty-first century climate change on wildland fire danger in the
western United States: an applications perspective. Climatic
Change 62:365-388.

Busch, J. D., P. M. Waser, and J. A. DeWoody. 2007. Recent de-
mographic bottlenecks are not accompanied by a genetic signature



134  The American Naturalist

in banner-tailed kangaroo rats (Dipodomys spectabilis). Molecular
Ecology 16:2450-2462.

Cenderelli, D., B. Schelmerdine, and M. McHenry. 2003. Geomorphic
processes and habitat conditions along the Dosewallips River in
the vicinity of the washout on U.S. Forest Service Road 2610.
Olympia National Forest, Olympia, WA.

Cornuet, J. M., and G. Luikart. 1996. Description and power analysis
of two tests for detecting recent population bottlenecks from allele
frequency data. Genetics 144:2001-2014.

Dieckmann, U., B. O’Hara, and W. Weisser. 1999. The evolutionary
ecology of dispersal. Trends in Ecology & Evolution 14:88-90.
Eldridge, M. D. B., C. Rummery, C. Bray, K. R. Zenger, T. L. Brown-
ing, and R. L. Close. 2004. Genetic analysis of a population crash
in brush-tailed rock-wallabies (Petrogale penicillata) from Jenolan

Caves, south-eastern Australia. Wildlife Research 31:229-240.

Epperson, B. K. 1995. Spatial distributions of genotypes under iso-
lation by distance. Genetics 140:1431-1440.

Epperson, B. K., and T. Q. Li. 1997. Gene dispersal and spatial genetic
structure. Evolution 51:672—681.

Excoffier, L., P. E. Smouse, and J. M. Quattro. 1992. Analysis of
molecular variance inferred from metric distances among DNA
haplotypes: application to human mitochondrial DNA restriction
data. Genetics 131:479—-491.

Fauvelot, C.,, D. E. R. Cleary, and S. B. J. Menken. 2006. Short-term
impact of disturbance on genetic diversity and structure of In-
donesian populations of the butterfly Drupadia theda in East Ka-
limantan. Molecular Ecology 15:2069-2081.

Fowler, A. M., and K. J. Hennessy. 1995. Potential impacts of global
warming on the frequency and magnitude of heavy precipitation.
Natural Hazards 11:283-303.

Frankel, O. H. 1974. Genetic conservation: our evolutionary re-
sponsibility. Genetics 78:53-65.

Frankham, R. 2005. Genetics and extinction. Biological Conservation
126:131-140.

Glenn, T. C., W. Stephan, and M. J. Braun. 1999. Effects of a pop-
ulation bottleneck on whooping crane mitochondrial DNA vari-
ation. Conservation Biology 13:1097-1107.

Goudet, J. 2001. FSTAT, a program to estimate and test gene diver-
sities and fixation indices. Version 2.9.3. http://www2.unil.ch/
popgen/softwares/fstat.htm.

Greig-Smith, P. 1964. Quantitative plant ecology. Butterworths,
London.

Guo, S. W, and E. A. Thompson. 1992. Performing the exact test
of Hardy-Weinberg proportion for multiple alleles. Biometrics 48:
361-372.

Hansson, B., S. Bensch, D. Hasselquist, and B. Nielsen. 2002. Re-
stricted dispersal in a long-distance migrant bird with patchy dis-
tribution, the great reed warbler. Oecologia (Berlin) 130:536-542.

Hennessy, K. J., J. M. Gregory, and J. E B. Mitchell. 1997. Changes
in daily precipitation under enhanced greenhouse conditions. Cli-
mate Dynamics 13:667—680.

Hill, W. G. 1981. Estimation of effective population size from data
on linkage disequilibrium. Genetical Research 38:209-216.

Hoelzel, A. R. 1999. Impact of population bottlenecks on genetic
variation and the importance of life-history: a case study of the
northern elephant seal. Biological Journal of the Linnean Society
68:23-39.

Keller, L. E, P. Arcese, J. N. M. Smith, W. M. Hochachka, and S. C.
Stearns. 1994. Selection against inbred song sparrows during a
natural population bottleneck. Nature 372:356-357.

Keller, L. E, K. J. Jeffery, P. Arcese, M. A. Beaumont, W. M. Ho-
chachka, J. N. W. Smith, and M. W. Bruford. 2001. Immigration
and ephemerality of a natural population bottleneck: evidence
from molecular markers. Proceedings of the Royal Society B: Bi-
ological Sciences 268:1387—1394.

Leblois, R., A. Estoup, and R. Streiff. 2006. Genetics of recent habitat
contraction and reduction in population size: does isolation by
distance matter? Molecular Ecology 15:3601-3615.

Leonard, J. A., C. Vila, and R. K. Wayne. 2005. Legacy lost: genetic
variability and population size of extirpated US grey wolves (Canis
lupus). Molecular Ecology 14:9-17.

Luikart, G., W. B. Sherwin, B. M. Steele, and F. W. Allendorf. 1998.
Usefulness of molecular markers for detecting population bottle-
necks via monitoring genetic change. Molecular Ecology 7:963—
974.

Marshall, T. C,, J. Slate, L. E. B. Kruuk, and J. M. Pemberton. 1998.
Statistical confidence for likelihood-based paternity inference in
natural populations. Molecular Ecology 7:639-655.

Maser, C., B. R. Mate, J. E Franklin, and C. T. Dyrness. 1981. Natural
history of Oregon coast mammals. USDA Forest Service, Pacific
Northwest Forest and Range Experiment Station, General Tech-
nical Report PNW 133.

McCarthy, J. J., O. E Canziani, N. A. Leary, D. J. Dokken, and K.
S. White. 2001. Climate change 2001: impacts, adaptation, and
vulnerability. Cambridge University Press, Cambridge.

Miller, M. P. 1997. Tools for population genetic analyses (TFPGA)
1.3: a Windows program for the analysis of allozyme and molecular
population genetic data. Computer software distributed by the
author. http://www.marksgeneticsoftware.net.

. 2005. Alleles in Space (AIS): computer software for the joint
analysis of interindividual spatial and genetic information. Journal
of Heredity 96:722-724.

Miller, M. P, M. R. Bellinger, E. D. Forsman, and S. M. Haig. 2006.
Effects of historical climate change, habitat connectivity, and vi-
cariance on genetic structure and diversity across the range of the
red tree vole (Phenacomys longicaudus) in the Pacific Northwestern
United States. Molecular Ecology 15:145-159.

O’Grady, J. J., B. W. Brook, D. H. Reed, J. D. Ballou, D. W. Tonkyn,
and R. Frankham. 2006. Realistic levels of inbreeding depression
strongly affect extinction risk in wild populations. Biological Con-
servation 133:42-51.

Peakall, R., and D. B. Lindenmayer. 2006. Genetic insights into pop-
ulation recovery following experimental perturbation in a frag-
mented landscape. Biological Conservation 132:520-532.

Peel, D, J. R. Ovenden, and S. L. Peel. 2004. NeEstimator: software
for estimating effective population size. Queensland Government,
Department of Primary Industries and Fisheries. http://www.dpi
.qld.gov.au/28_6908.htm.

Queller, D. C., and K. E. Goodnight. 1989. Estimating relatedness
using genetic markers. Evolution 43:258-275.

Queney, G., N. Ferrand, S. Marchandeau, M. Azevedo, F. Mougel,
M. Monnerot, and M. Branco. 2000. Absence of a genetic bottle-
neck in a wild rabbit (Oryctolagus cuniculus) population exposed
to a severe viral epizootic. Molecular Ecology 9:1253-1264.

Raymond, M., and E Rousset. 1995. Genepop (version 1.2):
population-genetics software for exact tests and ecumenicism.
Journal of Heredity 86:248-249.

Schneider, S., D. Roessli, and L. Excoffier. 2000. Arlequin: a software
for population genetics data analysis. Version 2.0. Genetics and




Biometry Lab, Department of Biology, University of Geneva,
Geneva.

Shields, W. M. 1987. Dispersal and mating systems: investigating their
causal connections. Pages 3-25 in B. D. Chepko-Sade and Z. T.
Halping, eds. Mammalian dispersal patterns: the effects of social
structure on population genetics. University of Chicago Press,
Chicago.

Smouse, P. E., and R. Peakall. 1999. Spatial autocorrelation analysis
of individual multiallele and multilocus genetic structure. Heredity
82:561-573.

Sokal, R. R., and E J. Rohlf. 1995. Biometry. W. H. Freeman, New
York.

Sumner, J., F Rousset, A. Estoup, and C. Moritz. 2001. “Neigh-
bourhood” size, dispersal and density estimates in the prickly forest
skink (Gnypetoscincus queenslandiae) using individual genetic and
demographic methods. Molecular Ecology 10:1917-1927.

Svihla, A., and R. Svihla. 1933. Notes on the jumping mouse Zapus
trinotatus trinotatus Rhoads. Journal of Mammalogy 14:131-134.

Vignieri, S. N. 2003. Isolation and characterization of eight highly
variable microsatellite markers in the Pacific jumping mouse (Za-
pus trinotatus). Molecular Ecology Notes 3:638—640.

. 2005. Streams over mountains: influence of riparian con-

nectivity on gene flow in the Pacific jumping mouse (Zapus tri-

notatus). Molecular Ecology 14:1925-1937.

Disturbance Effects in Jumping Mice 135

. 2007. Cryptic behaviours, inverse genetic landscapes, and
spatial avoidance of inbreeding in the Pacific jumping mouse.
Molecular Ecology 16:853-866.

Watson, D. F. 1992. Contouring: a guide to the analysis and display
of spatial data. Pergamon, New York.

Watson, D. E, and G. M. Philip. 1985. A refinement of inverse dis-
tance weighted interpolations. Geo-Processing 2:315-327.

Weir, B. S., and C. C. Cockerham. 1984. Estimating F-statistics for
the analysis of population structure. Evolution 38:1358-1370.
Whitehouse, A. M., and E. H. Harley. 2001. Post-bottleneck genetic
diversity of elephant populations in South Africa, revealed using

microsatellite analysis. Molecular Ecology 10:2139-2149.

Wiens, J. 2001. The landscape context of dispersal. Pages 98-109 in
J. Clobert, E. Danchin, A. A. Dhondt, and J. D. Nichols, eds.
Dispersal. Oxford University Press, New York.

Wright, S. 1943. Isolation by distance. Genetics 28:114-138.

. 1978. Evolution and the genetics of populations. Vol. 4.

University of Chicago Press, Chicago.
Zar, J. 1999. Biostatistical analysis. Prentice Hall, Upper Saddle River,
NJ.

Natural History Editor: Craig W. Benkman
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