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Abstract: In semiarid regions, the deer mouse (Peromyscus maniculatus) is a major small mammal
species occupying perennial grassland habitats that include old-fields, native bunchgrass–sagebrush,
and some agricultural settings. We investigated population changes in deer mouse populations in
perennial grasslands, both natural and old-field, from 1982 to 2003 in southern British Columbia,
Canada. Hypotheses (H) predicted that P. maniculatus populations will have (H1) multiannual
fluctuations in abundance driven by population increases from extended breeding in summer and
winter; (H2) relaxed spring reorganization events in some years leading to higher overall recruitment
and survival; and (H3) interspecific competition with montane voles that causes deer mice to be
lower in density when voles are higher. P. maniculatus populations in old-field and grass–sagebrush
sites had clearly defined periods of high “peak” mean numbers (32–52/ha) and other times of low
mean numbers (20–22/ha). Based on mean annual peak density in autumn, deer mouse populations
exhibited fluctuations of 3–4 years in both habitats, but this pattern was not always present. The
greater numbers of P. maniculatus in high than low years was directly related to population increases
from extended breeding seasons and an increased number of lactating females, thereby supporting
H1. Spring breeding season declines occurred but were similar or less in high than low years of
mean abundance and were relaxed in comparison to forest populations of deer mice in other studies.
Thus, H2 was supported for recruitment with high numbers of young-of-the-year breeding and total
number of juvenile recruits but for survival was equivocal. Total summer survival was consistently
higher in high than low population years but juvenile productivity in all years was poor. Mean
abundance of P. maniculatus and M. montanus in old-field sites were highly correlated, and hence
H3 was not supported. This latter result is the first, to our knowledge, of P. maniculatus coexisting
in a similar pattern of population fluctuations with a Microtus species in a mainland grassland
habitat. Higher than average precipitation in the year preceding a peak population of deer mice may
have enhanced herbaceous vegetation and contributed to population increases in both habitats. We
conclude that the old-field habitat associated with this agricultural setting provides optimum habitat
for P. maniculatus and facilitates multiannual population fluctuations in this species.

Keywords: bunchgrass; climate change; demographic changes; old-fields; perennial grasslands;
Peromyscus maniculatus; population fluctuations; semiarid climate

1. Introduction

The ecological zones of semiarid intermontane grasslands and shrub-steppe range-
lands extend from the northwestern United States (US) into southern British Columbia (BC),
Canada, and constitute a major part of the interior Pacific Northwest of North America
(PNW). In the semiarid Okanagan and Similkameen valleys of southern BC, perennial
grassland habitats are often a mixture of native bluebunch wheatgrass (Agropyron spicatum),
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Idaho fescue (Festuca idahoensis), rough fescue (F. scabrella), needle and thread grass (Hesper-
ostipa comata), and big sagebrush (Artemisia tridentata). There is less than 10% of the semiarid
intermontane grassland in the PNW that has not suffered some degree of habitat loss owing
to agricultural (including cattle grazing), urban, and recreational developments [1–3].

However, there are many abandoned croplands such as forage fields and orchards
that are in various states of recovery after abandonment and these habitats constitute
“old-fields”; often situated within or near active agricultural settings. Old-field and na-
tive bunchgrass–sagebrush habitats had the highest mean species richness and diversity
in terrestrial small mammals within a mosaic of various tree fruit orchards, vineyards,
hedgerows, riparian zones, and ponderosa pine (Pinus ponderosa) forest in the southern
Okanagan Valley of BC [4]. Thus, within these landscapes of agricultural settings, we
suggest that old-fields and bunchgrass–sagebrush may be optimum habitats for at least
some species of small mammals.

The deer mouse (Peromyscus maniculatus) is a major small mammal species that occurs
in a wide variety of forest, shrub, and grassland habitats [5–7]. In semiarid regions, this
species occupies perennial grassland habitats that include old-fields, native bunchgrass–
sagebrush, ponderosa pine (Pinus ponderosa) forest, and tree fruit orchards [3,4,8]. In
grassland and sagebrush habitats P. maniculatus feed on a wide range of plant and plant
products including grass seeds, arthropods, and occasionally berries when shrubs are
present [3,9–11].

The white-footed mouse (P. leucopus) is sympatric with P. maniculatus occupying decid-
uous hardwood forests, shrubby fields, hedgerows, and croplands in the midwestern and
northeastern US [12]. In general, Peromyscus populations show a seasonal change in abun-
dance with low breeding densities in spring and moderate densities through the fall and
winter with similar patterns of abundance from year to year [13–18]. A long-term (26-year)
trapping program of P. maniculatus in coniferous forest of southern BC showed dramatic
declines in numbers overwinter with moderate density ranges of mice per ha as high as 8
to 13 in autumn and as low as 2 to 3 in the following spring [19]. This pattern of low annual
variation in population density was similar to those of long-term (17-year) studies in the
Yukon (10–15/ha) and southern Alberta (5–15/ha), Canada [20,21]. These generally low
densities and occasional short-term extirpations reported for forest populations of P. manic-
ulatus were caused by breeding season declines leading to poorer survival in summer than
winter [19]. In addition, very few (5% to 12%) of young-of-the-year mice bred and 69% of
adult females were lactating with 51% having just one litter. Young deer mice not breeding
in their first year was also recorded in other northern and alpine environments [21–23]. A
long-term decline in P. maniculatus to very low numbers < 5 mice/ha over a 20-year period
was reported in the Yukon [24,25]. Thus, at least in these forest ecosystems, habitat quality
seems to be marginal most of the time for P. maniculatus and constrains their productivity.

The consistent annual abundance patterns of P. maniculatus suggest that multiannual
population changes are rare. However, some Peromyscus populations do seem to have
multiannual or irregular fluctuations in abundance associated with large crops of coniferous
seed or deciduous mast in forested ecosystems [19,26–33]. Increased survival in the winter
after a substantial seed or mast crop and enhanced reproduction in the following summer
seem to be the variables driving population increases in these Peromyscus populations. In
all of these studies, there was one or more years of irruptive populations presumably owing
to the substantial surplus in natural foods. Temporary irruptions of P. leucopus populations
in woodlots were discussed in [34]. In terms of multiannual fluctuations, spectral analysis
of long-term population data showed P. maniculatus to have periodicities of 3.5 years in
perennial grassland in Kansas [35], 5.0 years in coniferous forest in BC [19], and 3 to 4 years
on Santa Barbara Island in California [36].

Thus, we ask if optimum habitat in perennial grasslands, both natural and old-field,
may provide conditions to generate multiannual population fluctuations via extended
breeding seasons and enhanced reproduction of adults and young-of-the-year. In habitats
with extended breeding seasons, multiple sampling periods are essential to capture the
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relevant seasonal changes in reproduction, abundance, and socially induced territorial
spring reorganization [37]. A reorganization event within populations of P. maniculatus at
the start of some breeding seasons seems to be based on juvenile mice being forced out of a
given habitat by competitive interactions with aggressive adult mice [38–40].

Peromyscus commonly occur with Microtus in old-fields and other perennial grassland
habitats [3,41–44]. Authors of [5] originally noted that Peromyscus are usually secondary
to Microtus in perennial grasslands of north temperate and boreal ecological zones. In
at least some situations, voles are competitively dominant to deer mice and may ex-
clude them from perennial grassland sites that would appear to be optimal habitat for
P. maniculatus [41,45–50]. However, in forested study areas, the meadow vole (M. penn-
sylvanicus) and red-backed vole (Clethrionomys) seemed to have no effect on abundance
of deer mice [23,51,52]. Long-term monitoring of population changes of montane voles
(M. montanus) in old-fields indicated occasional multiannual fluctuations of 3–4 years with
breeding occurring in both summer and winter [53]. P. maniculatus also occurred in these
grassland sites and there may be competitive interactions between these two species.

We report on a 17-year data set (1982–2003), with multiple sampling periods each
summer and winter, of changes in abundance and demography of P. maniculatus in old-field
grassland and bunchgrass–sagebrush habitats in southern BC. Our objective was to provide
a description of demographic changes and evaluate three separate hypotheses (H) that may
explain those changes: (H1) deer mouse populations will have multiannual fluctuations in
abundance driven by population increases from an extended breeding season in summer
and winter; (H2) if optimum habitat, spring reorganization events will be relaxed in some
years leading to higher overall recruitment and survival; and (H3) interspecific competition
between deer mice and montane voles will cause deer mice to be lower in density when
voles are higher. A third objective was to compare abundance and demography of deer
mice in remnant natural bunchgrass–sagebrush habitat with those in perennial old-field
grasslands during 9 of the 13 years when there were adequate data.

2. Materials and Methods
2.1. Study Area

Our study was located in the Okanagan Valley near Summerland BC (49◦34′ N;
119◦40′ W) in perennial old-field grasslands and bunchgrass–sagebrush habitats at an el-
evation range of 400–464 m and similar soil profiles. These sites were within a 400 ha
mosaic of tree fruit orchards, vineyards, big sagebrush, rabbit brush (Chrysothamnus nau-
seosus), bluebunch wheatgrass, balsamroot (Balsamorhiza sagittata), and ponderosa pine
forest (Figure 1). All study sites were located in the Bunchgrass biogeoclimatic zone [54].
The climate is characterized by warm to hot–dry summers and moderately cold winters
with little snowfall. June and November are the wettest months with the driest months in
September and October. The range between high and low mean monthly temperatures is
23–27 ◦C with mean (± SE) annual precipitation of 339.7± 14.0 mm during the 1980 to 2003
period. Summer drought is the primary factor promoting the development of graminoid
vegetation [54]. The old-fields were perennial hay fields abandoned about 25 years ago
prior to the start of our trapping (Figure 2). Vegetation was dominated by several forage
and other introduced grass and forb species. These sites were each 2–3 ha in area.
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Figure 1. Photograph of the mosaic of old-field sites (black closed circles), natural bunchgrass–
sagebrush sites (white open circles), tree fruit orchards, vineyards, and ponderosa pine forest habitats
at the Summerland Research Station, southern British Columbia, Canada.
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native bunchgrass–sagebrush (hereafter “grass–sagebrush”) site with two additional 
grids added through time (Figure 3a,b). These sites were natural habitats that were rela-
tively undisturbed, except for some grazing by feral horses. Vegetation in the grass–sage-
brush sites had a similar species composition to that of the old-fields with the addition of 
six-week fescue (Vulpia octoflora), common yarrow (Achillea millefolium), and Saskatoon 
berry (Amelanchier alnifolia). These replicate sites were each 5–6 ha in area and were spa-
tially segregated (0.20–0.62 km apart) to enhance statistical and biological independence 
[55]. Again, there were few movements of mice among sites. 

Figure 2. Photograph of perennial grassland (old-field site) with a mixture of forage and forb species
at the Summerland Research Station, southern British Columbia, Canada.

Starting in June 1982, we set up trapping grids in 2 or 3 replicate old-field sites
to investigate the dynamics of P. maniculatus populations. The sites were separated by
a mean (±SE) distance of 0.48 ± 0.17 km (range of 0.15–1.20 km) and there were few
movements of mice among sites. At the same time, a single trapping grid was installed in a
native bunchgrass–sagebrush (hereafter “grass–sagebrush”) site with two additional grids
added through time (Figure 3a,b). These sites were natural habitats that were relatively
undisturbed, except for some grazing by feral horses. Vegetation in the grass–sagebrush
sites had a similar species composition to that of the old-fields with the addition of six-
week fescue (Vulpia octoflora), common yarrow (Achillea millefolium), and Saskatoon berry
(Amelanchier alnifolia). These replicate sites were each 5–6 ha in area and were spatially
segregated (0.20–0.62 km apart) to enhance statistical and biological independence [55].
Again, there were few movements of mice among sites.

2.2. Deer Mouse Populations

In the old-field sites, deer mouse populations were live-trapped at 3- to 4-week in-
tervals annually during summer (March to October) and at 4- to 8-week intervals during
winter (November to February) from 1982 to 1987 and 1993 to 2003. Sampling was not
carried out during winter 1986–1987, summer 1995, winter 1995–1996, summer 1998, and
winters 1998–1999, 1999–2000, and 2000–2001. In the native grass–sagebrush sites, deer
mouse populations were live-trapped from 1982 to 1986, 1997, and 1999 to 2003 on the
same schedule as the old-field sites.

A trapping grid (1 ha) had 49 (7 × 7) trap stations at 14.3 m intervals with one Long-
worth live-trap permanently located at each station; additional live-traps were added
during high populations. Traps were supplied with whole oats and carrot, cotton as
bedding, and plywood covers. In winter, snow conditions necessitated the use of trap
chimneys [56]. The trapping regime and processing of animals followed that of [53,57].
All handling of animals followed guidelines approved by the American Society of Mam-
malogists [58] and the Animal Care Committee, University of British Columbia. Seasons
were defined as summer (March to October) when most breeding mice were captured and
winter (November to February) when few breeding mice were captured. Thus, there were
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13 summer and 11 winter periods in the old-field sites and 9 summers and 7 winters in the
grass–sagebrush sites that each had at least three trapping sessions.
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Figure 3. Photographs of natural bunchgrass–sagebrush sites (a,b) with a mixture of bunchgrass and
forb species at the Summerland Research Station, southern British Columbia, Canada.

2.3. Population Data Analyses

Abundance estimates of deer mice were derived from the Jolly–Seber (J–S) stochastic
model for open populations with small sample size corrections [59,60]. We calculated the
effective trapped area (ETA) for P. maniculatus on each grid based on mean maximum
distance moved (MMDM) as a boundary strip method [61]. Estimates of population size
were converted to a density estimate by dividing population estimates for each trapping
period by the overall mean (±SE) ETA (ha), which was 1.37 (±0.04) in the old-field sites
and 1.34 (±0.04) in the grass–sagebrush sites. We consider this estimate to be a “density
index” [61]. Jolly trappability was calculated according to [62].

Reproduction and survival measurements followed those of [33,53,57].

2.4. Statistical Analyses

Mean values and 95% confidence intervals were calculated for all demographic pa-
rameters to compare high and low years for P. maniculatus populations for 13 of 21 years in
the old-field sites and for 9 of 21 years in grass–sagebrush sites from 1982 to 2003. Linear
regression analysis was used to determine the influence of mean annual abundance and
peak abundance of montane voles on comparable estimates for deer mice in the old-field
sites during the 13 years when there were adequate data. Similarly, this regression analysis
compared mean annual abundance of deer mice in old-field and grass–sagebrush sites for
the 9 years when there were adequate data. In all analyses, the level of significance was at
p = 0.05 [63].

3. Results

We conducted 157 trapping periods (40,670 trap nights) and 106 trapping periods
(19,404 trap nights) on sampling grids in the old-field and grass–sagebrush sites, respec-
tively, from June 1982 to March 2003. The total number of individual P. maniculatus captured
was 3232. Other small mammal species regularly captured were montane voles and west-
ern harvest mice (Reithrodontomys megalotus). Occasional captures included northwestern
chipmunks (Neotamias amoenus), long-tailed voles (M. longicaudus), Great Basin pocket
mice (Perognathus parvus), and vagrant shrews (Sorex vagrans). Overall mean (±SE) J–S
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trappability (likelihood of capture on any given trap-night) estimate of P. maniculatus was
61.7% ± 3.1 in the old-field and 63.4% ± 4.8 in the grass–sagebrush sites.

3.1. Population Changes in Old-Field Sites

In terms of identifiable phases of multiannual population fluctuations of P. maniculatus
in the old-field sites, when data were available for annual peak numbers for autumn-early
winter (e.g., September–December) for 13 of 21 years, there were 6 years (1983, 1984, 1987,
1994, 1996, and 1997) of high “peak” numbers and 7 years (1982, 1985, 1993, and 1999–2002)
of “low” numbers (Figure 4). Deer mice reached estimated mean (± SE) peak numbers per
ha of 52.1 ± 5.8 animals in high years and 19.9 ± 4.5 in low years (Table 1). Mean (±SE)
annual abundance per ha was 33.9± 2.6 in high years and 12.8± 2.3 in low years, declining
to lowest abundance of 18.3± 2.8 and 6.7± 1.1 in high and low years, respectively (Table 1).
All of these estimates had nonoverlapping 95% CIs that indicated a significant difference in
mean abundance of P. maniculatus between periods of high and low numbers.
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Figure 4. Mean (n = 2 or 3 replicate sites ± SE) number of Peromyscus maniculatus per ha as an index
based on Jolly–Seber population estimates and effective trapped area, 1982 to 2003, in perennial
grasslands (old-field sites) in southern British Columbia, Canada. Data points indicate individual
trapping weeks in summer (March to October) and winter (November to February) periods. Years of
“high” abundance are indicated along x-axis. Diagonal marker indicates years and periods when we
did not sample populations.
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Table 1. Mean (n = 2 or 3 replicate sites) ± SE estimates of population and demographic responses of
P. maniculatus over 13 of 21 years in perennial grasslands (old-field) in southern British Columbia,
Canada. High years were 1983, 1984, 1987, 1994, 1996, and 1997; low years were 1982, 1985, 1993,
and 1999–2002. Breeding cessation midsummer (July–August) are number of populations (grids).
Recruits and lactating females are number per trapping period per year. Sample size in parentheses.
J–S = Jolly–Seber.

Parameter High Years (6) Low Years (7) Overall (13)

Annual peak abundance/ha * 52.1 ± 5.8 19.9 ± 4.5 34.8 ± 5.8

Annual abundance/ha * 33.9 ± 2.6 12.8 ± 2.3 22.6 ± 3.5

Annual low abundance/ha * 18.3 ± 2.8 6.7 ± 1.1 12.0 ± 2.2

Mean abundance

Spring season decline (%) 20.5 ± 8.3 (5) 16.7 ± 6.0 (8) 18.2 ± 4.7 (13)

Summer decline (%) 13.7± 4.4 (5) 34.3 ± 7.0 (7) 25.7 ± 5.3 (12)

Breeding cessation midsummer (%) 77.7 (9) 61.1 (18) 66.7 (27)

Breeding season (weeks) 25.5 ± 0.5 (4) 23.0 ± 2.0 (6) 24.0 ± 1.3 (10)

Number of lactating females * 4.3 ± 0.4 1.9 ± 0.5 3.0 ± 0.4

Total recruits 12.0 ± 2.1 5.6 ± 0.9 8.5 ± 1.4

Juvenile recruits 8.0 ± 1.5 3.6 ± 0.5 5.6 ± 0.9

Index of juvenile productivity 2.29 ± 0.29 2.66 ± 0.25 2.49 ± 0.19

Proportion of young-of-year breeding

Males 0.41 ± 0.07 0.59 ± 0.06 0.51 ± 0.05

Females 0.14 ± 0.02 0.29 ± 0.04 0.22 ± 0.03

Summer J–S survival * (rate per 28 days) 0.78 ± 0.01 0.66 ± 0.03 0.71 ± 0.03

Winter J–S survival (rate per 28 days) 0.81 ± 0.03 0.75 ± 0.03 0.78 ± 0.02

Number of years n = 6 n = 7 n = 13
* Nonoverlapping 95% CIs between high and low years.

Deer mouse mean numbers increased or remained similar from fall (e.g., end of breed-
ing season) to the next spring in only 3 of 13 overwinter periods (1993–1994, 1997–1998,
and 2002–2003); otherwise, there were dramatic overwinter declines in all other years
(Figure 4). In 9 of 13 breeding seasons, mean abundance in early spring declined by an
overall 18.2 ± 4.7% ranging from 16.7 ± 6.0% in the low years to 20.5 ± 8.3% in the high
years (Table 1). In 12 breeding seasons, mean abundance in midsummer (July–August) de-
clined by an overall 25.7 ± 5.3%, ranging from 13.7 ± 4.4% in the high years to 34.3 ± 7.0%
in the low years (Table 1).

3.2. Population Changes in Grass–Sagebrush Sites

Where data were available in the grass–sagebrush sites, there were the same “peak”
years in 1983, 1984, and 1997 and the same six “low” years in 1982, 1985, 1999, 2000, 2001,
and 2002 (Figure 5). P. maniculatus reached estimated mean (± SE) peak numbers per ha
of 32.0 ± 2.3 animals in high years and 21.7 ± 3.9 in low years (Table 2). Mean (± SE)
annual abundance per ha was 22.8± 0.5 in high years and 10.8± 1.7 in low years, declining
to lowest abundance of 10.3 ± 3.3 and 4.4 ± 1.5 in high and low years, respectively
(Table 2). The mean annual abundance of P. maniculatus had nonoverlapping 95% CIs,
thereby indicating a significant difference between periods of high and low numbers.
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Figure 5. Mean (n = 1 or 3 replicate sites ± SE) number of Peromyscus maniculatus per ha as an index
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grasslands (grass–sagebrush sites) in southern British Columbia, Canada. Data points indicate
individual trapping weeks in summer (March to October) and winter (November to February)
periods. Years of “high” abundance are indicated along x-axis. Diagonal marker indicates years and
periods when we did not sample populations.

Table 2. Mean (n = 1 or 3 replicate sites) ± SE estimates of population and demographic responses
of P. maniculatus over 9 of 21 years in perennial grasslands (grass–sagebrush) in southern British
Columbia, Canada. High years were 1983, 1984, and 1997; low years were 1982, 1985, and 1999–2002.
Breeding cessation midsummer (July–August) are number of populations (grids). Recruits and
lactating females are number per trapping period per year. Sample size in parentheses. J–S =
Jolly–Seber.

Parameter High Years (3) Low Years (6) Overall (9)

Annual peak abundance/ha 32.0 ± 2.3 21.7 ± 3.9 25.2 ± 3.1

Annual abundance/ha * 22.8 ± 0.5 10.8 ± 1.7 14.8 ± 2.3

Annual low abundance/ha 10.3 ± 3.3 4.4 ± 1.5 6.4 ± 1.7

Mean abundance

Spring season decline (%) 2.3 ± 2.3 (2) 13.2 ± 5.0 (7) 11.1 ± 4.2 (9)

Summer decline (%) 33.4± 9.7 (3) 55.5 ± 12.0 (6) 48.2 ± 9.0 (9)

Breeding cessation midsummer (%) 0.0 (5) 85.7 (14) 63.2 (19)

Breeding season (weeks) 25.5 ± 0.5 (4) 23.0 ± 2.0 (6) 24.0 ± 1.3 (10)

Number of lactating females * 3.5 ± 0.3 1.4 ± 0.3 2.1 ± 0.4

Total recruits 8.2 ± 2.3 2.9 ± 0.3 4.7 ± 1.1

Juvenile recruits 5.6 ± 1.2 1.9 ± 0.3 3.2 ± 0.7
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Table 2. Cont.

Parameter High Years (3) Low Years (6) Overall (9)

Index of juvenile productivity 1.31 ± 0.17 0.95 ± 0.27 1.07 ± 0.19

Proportion of young-of-year breeding

Males 0.72 ± 0.13 0.55 ± 0.12 0.61 ± 0.09

Females 0.10 ± 0.05 0.29 ± 0.08 0.23 ± 0.06

Summer J–S survival (rate per 28 days) 0.80 ± 0.02 0.69 ± 0.05 0.73 ± 0.04

Winter J–S survival (rate per 28 days) 0.82 ± 0.07 0.84 ± 0.02 0.83 ± 0.02

Number of years n = 3 n = 6 n = 9
* Nonoverlapping 95% CIs between high and low years.

In the grass–sagebrush sites, deer mouse numbers declined from fall (e.g., end of breed-
ing season) to the next spring in all four winters 1982–1983 to 1985–1986. However, mean
abundance then remained similar or increased in the four overwinter periods 1999–2000 to
2002–2003 (Figure 5). In 5 of 9 breeding seasons, mean (±SE) abundance in early spring
declined by an overall 11.1 ± 4.2% ranging from 13.7 ± 5.0% in the low years to 2.3 ± 2.3%
in the high years (Table 2). In 9 breeding seasons, mean (±SE) abundance in midsummer
(July–August) declined by an overall 48.2 ± 9.0% ranging from 33.4 ± 9.7% in the high
years to 55.5 ± 12.0% in the low years (Table 2).

Although spectral analysis was not possible with the interrupted timeseries of popula-
tion numbers, evaluation of observed changes in mean annual abundance suggested a 3- to
4-year cyclic fluctuation of deer mice in these perennial grassland sites (Figure 6). Mean
annual abundance of P. maniculatus in old-field and grass-sagebrush sites were positively
and significantly correlated (linear regression; R2 = 0.59; p = 0.02).
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Figure 6. Mean (n = 1, 2, or 3 replicate sites ± 95% CIs) annual number of Peromyscus maniculatus per
ha as an index based on Jolly–Seber population estimates and effective trapped area, 1982 to 2003,
in perennial grasslands (old-field and grass–sagebrush sites) in southern British Columbia, Canada.
Years of “high” abundance are indicated along x-axis. Diagonal marker indicates years and periods
when we did not sample populations.
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3.3. Demographic Responses in Old-Field Sites

Length of breeding season, mean number of lactating females (successful pregnan-
cies), and mean number of recruits per trapping period per year provided a measure of
reproductive performance of P. maniculatus (Table 1). Mean length of breeding season was
similar between low and high years ranging from 23 to 25.5 weeks. In the years where we
had complete overwinter samples, breeding began in January or February in 6 of 7 years
(e.g., 1983, 1984, 1994, 1995, 1997, and 1998). In general, breeding declined somewhat in
July and August, often to cessation by September. Overall, of 27 deer mouse populations
(grids), breeding in midsummer declined in 7 of 9 (77.7%) and 11 of 18 (61.1%) in high and
low years, respectively (Table 1).

Mean (±SE) number of lactating females per trapping period per year in the high
years was 2.3 times higher (4.3 ± 0.4) (nonoverlapping 95% CIs) than in the low years
(1.9 ± 0.5) (Table 1; Figure 7). Mean numbers of total and juvenile recruits of deer mice per
trapping period per year were 2.1 to 2.2 times greater in high than in low years (Table 1;
Figure 7). However, the mean (±SE) index of early juvenile productivity (surviving young
per female) was similar in high (2.29 ± 0.29) and low (2.66 ± 0.25) years (Table 1; Figure 8).
Mean percentages of young-of-the-year deer mice remaining on the grids and breeding in
their first summer ranged from 41.0% (high years) to 59.0% (low years) for males (Table 1).
These measurements for females were 14.0% (high years) and 29.0% (low years).
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for Peromyscus maniculatus, 1982 to 2003, in perennial grasslands (old-field sites) of southern British
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Mean (±SE) monthly Jolly–Seber summer survival was consistently higher (12%) in
high (0.78 ± 0.01) than low (0.66 ± 0.03) years with nonoverlapping 95% CIs (Table 1).
Mean (±SE) monthly J–S winter survival also tended to be higher in high (0.81 ± 0.03) than
low (0.75 ± 0.03) years but was not statistically different (Figure 9; Table 1). Mean (±95%
CIs) overall survival rates were 0.71 (0.65–0.77) for summer (n = 12) and 0.78 (0.73–0.83) for
winter (n = 12).

3.4. Demographic Responses in Grass–Sagebrush Sites

Mean length of breeding season was similar in grass–sagebrush sites as in old-field
sites. Breeding began in January or February in all five years where we had complete
overwinter samples. Overall, of 19 deer mouse populations (grids), breeding in July–
August declined to cessation in 0 of 5 (0%) high years and 12 of 14 (85.7%) low years but
appeared again in September and October in some years (Table 2).

Mean (±SE) number of lactating females per trapping period per year in the high
years was 2.5 times higher (3.5 ± 0.3) (nonoverlapping 95% CIs) than in the low years
(1.4 ± 0.3) (Table 2). Mean numbers of total and juvenile recruits of deer mice were 2.8 to
2.9 times greater, respectively, in high than in low years. However, the mean (±SE) index
of early juvenile productivity was more similar in high (1.31 ± 0.17) than low (0.95 ± 0.27)
years (Table 2). Mean percentages of young-of-the-year deer mice remaining on the grids
and breeding in their first summer ranged from 72.0% (high years) to 55.0% (low years)
for males (Table 2). These measurements for females were 10.0% (high years) and 29.0%
(low years).

Mean (±SE) monthly Jolly–Seber summer survival was consistently higher (11%) in
high (0.80 ± 0.02) than low (0.69 ± 0.05) years (Table 2; Figure 9). Mean (±SE) monthly
J–S winter survival was similar in high (0.82 ± 0.07) and low (0.84 ± 0.02) years (Table 2).
Mean (± 95% CIs) overall survival rates were 0.73 (0.64–0.81) for summer (n = 9) and 0.83
(0.78–0.88) for winter (n = 8).
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Figure 9. Mean Jolly–Seber total survival estimates (± SE) for live-trapped populations of Peromyscus
maniculatus in seasonal summer and winter periods each year, 1982 to 2003, in perennial grasslands
(old-field sites) of southern British Columbia, Canada. Years of “high” abundance are indicated along
x-axis.

3.5. Association with Montane Voles

Mean annual abundance and mean peak abundance of P. maniculatus were positively
and significantly correlated (linear regression; R2 = 0.78; p < 0.01 and R2 = 0.70; p < 0.01,
respectively) with the same metrics for M. montanus (Figure 10a,b).
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4. Discussion
4.1. Multiannual Population Changes

P. maniculatus populations in old-field and grass–sagebrush sites had clearly defined
periods of high “peak” mean numbers (32–52/ha) and other times of low mean numbers
(20–22/ha) in an intensive long-term trapping program over 21 years. Mean annual num-
bers per ha were as high as 34 mice in high years and as low as 7 mice in low years. Based
on mean annual peak density in autumn, deer mouse populations exhibited fluctuations
of 3–4 years in both old-field and grass–sage habitats, but this pattern was not always
present. The greater numbers of P. maniculatus in high than low years was directly related
to population increases from extended breeding seasons over both summer and winter and
an increased number of lactating females. Thus, H1 that deer mouse populations will have
multiannual fluctuations in abundance driven by population increases from an extended
breeding season was supported.

Peak populations in our study reached 36–44 deer mice/ha in old-field sites in 1983,
1984, and 1987 with low numbers of 8–10/ha. In 1994, 1996, and 1997, peak numbers were
57–68 deer mice/ha and low numbers were 10–11 mice/ha. Overall, these fluctuations
seemed to occur at 3–4 year intervals. Differences between high and low density ranged
from about four- to seven-fold, which is near or within the five-fold difference between
peak and low numbers characteristic of cycles [64]. Multiannual or irregular population
fluctuations of P. maniculatus have been reported in forested sites with large crops of
coniferous seed or deciduous mast [19,30–34]. However, in relatively long-term studies
in perennial grassland and low herb–shrub sites without natural food supplementation,
P. maniculatus had 3–4 year population fluctuations with peak numbers reaching 350/ha on
Santa Barbara Island in California and 33/ha in Kansas [35,36]. Suggested explanations for
increases in abundance in these population fluctuations of deer mice were winter rainfall,
and consequent vegetative growth [36], and the overwhelming influence of fluctuations in
abundance of the numerically dominant prairie vole (M. ochrogaster) [35].

Historically, irruptions of deer mice have been rare in those sites without natural food
supplementation [65]. Irruptive events (autumn peak densities up to 44–52 mice/ha) were
reported near a newly logged site in coastal coniferous forest and a 10-year-old clearcut
in spruce–subalpine fir forest in northern BC [66,67]. Most other studies of changes in
abundance of Peromyscus across North America have reported a similar pattern of density
from year to year with only very occasional irruptions [15–18,65].

4.2. Spring and Summer Reorganization Events

A spring decline in numbers of deer mice occurred in 9 of 13 and 5 of 9 breeding
seasons in the old-field and grass–sagebrush sites, respectively. However, the decline in
mean abundance was comparable (16.7–20.5%) in the old-field sites and substantially less
in the high (2.3%) than low (13.2%) years in the grass–sagebrush sites. Thus, H2—if the
old-field is optimum habitat, then spring reorganization events would be relaxed in some
years leading to higher overall recruitment and survival—was supported for recruitment,
with high numbers of young-of-the-year breeding and total number of juvenile recruits,
but not for survival. Proportion of young-of-the-year breeding was 1.4 and 2.1 times higher
in low than high years for males and females, respectively. Overall, there were 2.3 times as
many male as female young-of-the-year breeding. These values were 7.3 (males) and 2.8
(females) times higher than those recorded in coniferous forest for deer mice [19]. In terms
of total survival, early juvenile productivity was low in both habitats in high and low years.
In addition, mean monthly summer survival was 11–12% higher in high (0.78–0.80) than
low (0.66–0.69) years in the two habitats. This difference in survival was similar to mean
summer survival (0.67) reported for P. maniculatus in old-growth coniferous forest where
mean abundance ranged from 2–13 mice/ha over a 26-year period [19].

Breeding season declines (i.e., spring reorganization) may arise from social strife
among adult and juvenile mice that could lead to physiological changes that affect repro-
duction and survival of juveniles [40,68,69]. There may also be dispersal of juvenile mice
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into suboptimal habitat in their first year of life, owing to negative social interactions with
adult mice [22,38–40,70]. We have no observations of a potential relaxation of agonistic
interactions among adult and juvenile deer mice during these spring reorganization events.
However, temporary breeding season declines in abundance of P. maniculatus in our peren-
nial grassland sites resulted in an overall loss of 11–18% of mice compared with 51% loss in
coniferous forest habitat [19].

The midsummer (July–August) decline in breeding and usual cessation by September
in most years occurred in 61% of populations in low years and 78% in high years in the
old-field habitat. This summer decline did not happen in high years but did (86% of
populations) in low years in the grass–sagebrush habitat. However, the decline in mean
abundance during the lull in summer breeding was 34% in low years and 14% in high years
in the old-field. There is a reasonably well-documented lull in breeding in midsummer in
Peromyscus populations [71,72], with both climate (hot or dry weather in summer) and high
population density as possible causes [34]. Thus, the postulated relationship of midsummer
cessation of breeding in peak populations of deer mice leading to major declines in density
advocated by [34,36] seemed to not apply to our populations. In 5 of 6 high-population
years, deer mouse populations continued increasing into November–December before
declining overwinter to lower spring densities.

4.3. Association with Montane Voles

Our H3 predicted that interspecific competition between deer mice and montane voles
will cause deer mice to be at a lower density when voles are higher. Contrary to this
prediction, mean abundance of both species were highly correlated throughout the study
period, and hence H3 was not supported. This result is the first, to our knowledge, of P.
maniculatus coexisting, at these densities, with a Microtus species in a mainland grassland
habitat. Our old-field and grass–sagebrush sites had the highest crown volume indices
of herbaceous plant species, of which 80.0% and 60.7% were composed of grass species,
respectively, among the agrarian and natural habitats at the Research Station [4]. Thus, we
suggest that our old-field sites, in particular, are a rich optimum habitat able to support
both rodent species. Montane vole populations followed the same pattern of changes
in abundance as deer mice but at much higher densities ranging from 10/ha to 250/ha
and with concurrent multiannual fluctuations of 3–4 years over the 21-year period [53].
As noted in the scientific literature, at least in perennial grasslands, Microtus voles are
competitively dominant to deer mice and may exclude them from grassland sites that
would appear to be optimal habitat for P. maniculatus [35,41,45–47,50]. This premise does
not necessarily hold in forest ecosystems where the meadow vole and Clethrionomys spp.
seemed to have no effect on abundance of deer mice [23,51,52], nor on some islands where
deer mice coexisted with both vole species [73,74].

An alternative explanation may be the “fence effect” whereby dispersal of animals
is prevented, such as on islands or in enclosures [57,75,76]. Dispersal possibilities for
montane voles may have been limited by the location of our old-field sites within the
mosaic of managed and natural habitats, which may have simulated a “fence effect”.
However, both deer mice and montane voles occurred within tree fruit orchards, field
edges, and hedgerows bordering orchards and vineyards where there was sufficient cover of
herbaceous vegetation [49,77]. In addition, deer mice clearly occupied the grass–sagebrush
sites with a pattern of population change following that of the old-field sites. Domination
of semiarid grasslands by P. maniculatus has been reported across much of the Pacific
Northwest of North America [3,78–80]. Populations of montane voles also inhabited the
grass–sagebrush sites but at relatively low levels of abundance (5–15/ha) and declined
occasionally to extirpation during low years (unpublished data). Not surprisingly, montane
voles selected habitats with higher herbaceous cover and lower shrub cover in other
semiarid grasslands [81,82]. Thus, we could not measure potential interactions between
the two species in our grass–sagebrush sites.
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Various microtine species seem to inhabit similar habitats without obvious evidence
of competitive interactions. Examples include the heather vole (Phenacomys intermedius),
which seemed to coexist with the long-tailed vole and meadow vole in similar habitats [83,84].
Similarly, the group of Microtus species in the Yukon have few direct interactions of a
competitive nature and seem to persist despite different habitat requirements and possibly
variable food preferences [25]. However, these latter examples include vole species at
consistently low abundance compared with our populations of montane voles and deer
mice fluctuating through low and high years of a few to several hundred animals per ha.
To this end, a 20-year study in the eastern deciduous forests of North America concluded
that intra- and interspecific competitive interactions between deer mice and voles were the
basis of their population dynamics [18]. For example, dramatic population fluctuations
in numbers of M. ochrogaster were considered a driving force in determining the 3–4 year
fluctuation of P. maniculatus in Kansas old-fields [35].

Another possibility is that resource competition for food may be less important in these
semiarid grassland habitats with concurrent high populations of these two species. If deer
mice are primarily insectivorous and granivorous [9,85] and montane voles herbivorous [86]
in these sites, then this would allow their coexistence at high numbers. Unfortunately, we
do not have any data on food availability or consumption by either species in our habitats.

4.4. Role of Agricultural Setting and Optimum Habitat

We suggest that these two habitats, particularly the old-field, provide optimum con-
ditions for deer mice at least within this agricultural setting with relatively moderate
overwinter temperatures and low snowfall within the broad distributional range of P.
maniculatus. Although not monitored in this study, there was consistent availability of
water, fertilizer, and other plant growth media in adjacent managed habitats near our
old-fields. As discussed in [87], there may be spillover of increased nutrient input and
herbicide residues near the edge of agricultural fields that could affect plant production
both positively and negatively in adjacent natural habitats.

The dramatic decline in abundance of deer mice in both habitats during low years and
particularly in 1999–2003 suggested a link to possible drought conditions from warm dry
weather in those years. Precipitation levels are highly correlated to net primary productivity
in arid and semiarid systems [88,89]. In addition, small mammal abundance also increases
as precipitation increases with consequent enhancement of plant productivity, but lagging
up to a season behind [35,90,91]. The deer mouse, in particular, seems to decrease in
abundance with a relatively small reduction in mean precipitation and may decline over
time in perennial grasslands [92]. The relationship between rainfall and population peaks
of P. maniculatus on Santa Barbara Island was very strong [36]. Examination of annual
precipitation levels for the period 1980 to 2003 had a mean (±SE) of 339.7 ± 14.0 mm
(Penticton, BC, Canada, from Environment Canada records). The years prior to peak
populations of deer mice and their respective mean annual precipitation amounts (mm)
were 1982 (397.8; +17.1%), 1983 (469.5; +38.2%), 1986 (333.2; −2.0%), 1993 (402.3; +18.4%),
1995 (449.7; +32.4%), and 1996 (413.5; +21.7%). Thus, in 5 of 6 cases, the mean (±SE) annual
precipitation in the pre-peak years was 426.6± 14.1 mm, which was 86.9± 14.1 mm (25.6%)
above the 24-year average.

For the low population years: 1985, 1993, and 1995, the mean (±SE) annual precip-
itation preceding these years was 313.0 ± 2.2 mm (−7.9%) of the 24-year average. Over
the low population years of 1999–2003, starting in 1998, annual precipitation was 14.2%
lower than the annual average, with 2002 at 197.3 mm (−41.9%) the lowest annual precip-
itation in 24 years. Thus, it is possible that these changes in precipitation and potential
primary production of herbaceous vegetation may be driving the multiannual fluctuations
of P. maniculatus in our old-field and grass–sagebrush habitats. The trigger may be climate
change and the consequent highly variable precipitation regimes that are now affecting all
ecosystems [91,93].
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5. Conclusions

P. maniculatus populations in old-field and grass–sagebrush sites had clearly defined
periods of high “peak” mean numbers (32–52/ha) and other times of low mean numbers
(20–22/ha) in an intensive long-term trapping program over 21 years. These fluctuations oc-
curred at 3–4 year intervals but were not always present. Greater numbers of P. maniculatus
in high than low years was directly related to population increases from extended breeding
seasons and number of lactating females, and hence H1 was supported. Spring breeding
season declines occurred but were similar or less in high than low years of mean abundance
and were relaxed in comparison to forest populations of deer mice in other studies. Thus,
H2 was supported for recruitment with high numbers of young-of-the-year breeding and
total number of juvenile recruits, particularly males, but for survival was equivocal. Total
summer survival was consistently higher in high than low population years but the index
of juvenile productivity in all years was poor. Spring declines were presumably caused
by density-related social inhibition and summer declines in breeding and abundance may
have been caused by dry conditions or social inhibition. Mean abundance patterns of
P. maniculatus and M. montanus in old-field sites were highly correlated throughout the
study period, and hence H3 was not supported. This latter result is the first, to our knowl-
edge, of P. maniculatus coexisting in a similar pattern of population fluctuations with a
Microtus species in a mainland grassland habitat. Population changes in both habitats were
similar with an indication that higher than average precipitation in the year preceding a
peak population of deer mice may have enhanced primary productivity of herbaceous
vegetation and contributed to population increases. Old-field habitat, and secondarily
bunchgrass–sagebrush habitat, associated with this agricultural setting, provides the op-
timum habitat for P. maniculatus and facilitates multiannual population fluctuations in
this species.
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