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We used stage-structured matrix population models, derived from 3 years with disparate levels of precipitation, to

assess the potential effects of climate change on annual population growth (k) of deer mice (Peromyscus
maniculatus). Populations of deer mice increased during a year of normal precipitation (k ¼ 1.69 6 0.02 SE) and

a wet year (k ¼ 1.03 6 0.02), but declined in a dry year (k ¼ 0.34 6 0.02). Life-table response experiment

analyses indicated that reduced survival of adults in the dry year, and reduced survival of pups and juveniles in

the wet year, exerted the greatest influence on variation in population growth. Stochastic models that projected

populations of deer mice for a 50-year period predicted that populations would not be able to persist if mean

annual precipitation was reduced �11% by increasing the frequency of dry years. Furthermore, the stochastic

population growth rate declined more quickly when the probability of a normal year was reduced, simulating

increased variability in rainfall, relative to other scenarios examined. Our stochastic models indicate that

a relatively small reduction in mean precipitation could result in substantial population declines of P. maniculatus
in the mixed-grass prairie of central North America.
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Anthropogenic change to the environment, specifically the

addition of CO2 and other greenhouse gases to the atmosphere,

is predicted to have significant consequences for global

climates (Smith et al. 2005). Change in global climate patterns,

in turn, likely will affect the distribution and abundance of

plant and animal populations (McLaughlin et al. 2002; Stenseth

et al. 2002). Efforts to assess organismal response to climate

change primarily have examined geographic shifts in range

distributions, or temporal changes in the timing of life-cycle

events (Hughes 2000; Root et al. 2003). In the case of small

mammals, most investigators have examined changes in

geographic distribution as a response to changes in plant

communities (Brown et al. 1997; Cameron and Scheel 2001).

Animal populations might incur negative effects of climate

change through changes in demographic rates before the

signature of climate change is apparent in plant communities

(Boyce et al. 2006). Environmental variability can directly

influence demographic rates such as reproduction (Bolger et al.

2005), recruitment (Lima et al. 2001), and survival (Barbraud

and Weimerskirch 2001) that can lead to changes in population

growth rate and reduce the likelihood of population persistence.

Among the possible consequences of climate change in

central North America is a reduction in soil moisture, caused by

increased evaporation and decreased precipitation during the

growing season (Smith et al. 2005), and by alteration of the

temporal distribution of rain events (Easterling et al. 2000).

Decreased water availability associated with climate change is

predicted to lead to significant, rapid changes in aboveground

net primary productivity in the grasslands of central North

America (Izaurralde et al. 2005; Knapp and Smith 2001). Over

temporal scales , 1 year, the abundance of some small

mammal species was related positively to productivity in

grassland systems (Whitford 1976). The numerical responses

of small mammals to long-term reductions in precipitation that

may be associated with climate change are unclear. Further, the

effect of decreased aboveground net primary productivity on

demographic parameters, and therefore rates of population

change, is unknown because most previous studies have

assessed only total population numbers.

Reduction in abundance or extinction of small mammal

species is likely to have substantial impacts on ecosystem

processes. In temperate grasslands, rodents are significant seed

and egg predators and directly affect grassland plants and birds

through their foraging activities (Bradley and Marzluff 2003;
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Hoffmann et al. 1995). Rodents are a significant prey item in

the diets of mammalian and avian predators (Brillhart and

Kaufman 1994; Huebschman et al. 2000). Furthermore, rodents

can affect nutrient cycling through urine deposition and

physical disturbance of soils (Clark et al. 2005; Sirotnak and

Huntly 2000). Loss of numerically dominant rodents in prairie

ecosystems would have important consequences on population

dynamics of other trophic levels, community structure, and

ecosystem processes.

In this study, we examined the population dynamics of the

deer mouse (Peromyscus maniculatus) in the mixed-grass

prairie ecosystem. We used stage-classified matrix models

derived from 3 years of natural variation in annual precipitation

to assess changes in population growth (Sauer and Slade 1987).

Based on the known effects of precipitation on aboveground

net primary productivity, seed production, and inverte-

brate biomass, we predicted that population growth rates of

P. maniculatus would be positively correlated with annual

precipitation. Second, we used retrospective analyses based on

life-table response experiment methods to assess the relative

contribution of demographic rates to differences in annual

population growth. Deer mice are short-lived mammals and we

predicted that variation in fecundity rates would make the

greatest contributions to seasonal and annual differences in

population growth (Oli and Dobson 2003). Last, we used

stochastic models to assess the effect of changes in total

precipitation and variability in precipitation on the population

viability of deer mice in mixed-grass prairie ecosystems. We

predicted that population growth rates would decline with

a simulated decrease in average precipitation, but that the rate

of decline would be dependent on the manner in which average

precipitation was decreased.

MATERIALS AND METHODS

Demographic data for P. maniculatus were collected from

1986 to 1988 in native mixed-grass prairie near Lucas, Kansas,

(398049N, 988289W; Lincoln County). The dominant vegeta-

tion at the site consisted of bluestem–grama prairie with a mix

of perennial grasses including blue grama (Bouteloua gracilis)

and big bluestem (Andropogon gerardii). Annual precipitation

(data from National Atmospheric and Oceanic Administration

weather station, Lake Wilson, Kansas) averaged 680 mm

(1961–1990; 30-year SD ¼ 165.7 mm). A total of 711 mm of

precipitation was recorded in 1986 (z-score ¼ 0.19; hereafter

‘‘normal’’), 834 mm in 1987 (z ¼ 0.93; hereafter ‘‘wet’’), and

493 mm in 1988 (z ¼ �1.13; hereafter ‘‘dry’’).
Small mammals were sampled on a 10.8-ha grid consisting

of 480 stations with a single Sherman live trap (H. B. Sherman

Traps, Inc., Tallahassee, Florida) at each station (Kaufman

1990). Traps were baited with rolled oats and peanut butter.

Alternate lines of the grid were trapped biweekly over 2-day

sampling periods from March to October during 1986–1988.

Small mammals were identified to species, weighed, and sex

was determined by examining external genitalia. Reproductive

condition was ascertained through palpation of the abdomen

and inspection of external genitalia. Individuals were marked

by toe-clips and ear tags. Artificial burrows were used to collect

data on reproduction and winter survival (Kaufman 1990;

Kaufman and Kaufman 1989). Burrows were constructed of

polyvinyl chloride pipe (25 cm height and 20.3 cm diameter)

with a single 2.5-cm-diameter pipe leading to the soil surface

from the nest chamber. Within the boundaries of the grid, 100

burrows were placed in a stratified random manner. Burrows

were checked every 7–10 days throughout the year from July

1986 to January 1989. Adults and pups were captured by hand

within burrows. Pups were weighed, their sex was determined,

and they were marked by toe-clips (if possible) or by injecting

a small amount of India ink in appendages to identify indi-

viduals until toe-clipping and ear-tagging were possible. Field

methods followed guidelines recommended by the American

Society of Mammalogists at the time of the field study

(Ad Hoc Committee for Acceptable Field Methods in

Mammalogy 1987).

We synthesized demographic data for P. maniculatus with

a female-only, stage-classified matrix model based on a post-

breeding census (Sauer and Slade 1987). We did not detect

regression of any individuals into a smaller size class during the

study and did not include transitions for regression in our

population model. The population of P. maniculatus was

divided into 4 stages by body mass, as follows: pups: �5 g,

juveniles: 5 g to ,10 g, small adults: 10 g to ,15 g, and large

adults: �15 g. Each individual was assigned to a stage at 1st

capture in each time period. Because of sparse sample sizes and

within-year variability, we grouped demographic data by 2-

month intervals (hereafter, ‘‘periods’’). The field data were then

used to parameterize the following projection matrix:

0 0 F3 F4

G12 S22 0 0
0 G23 S33 0
0 0 G34 S44

0
BB@

1
CCA; ð1Þ

where F is fecundity, G is the transition between stage classes,

S is survival without transition into the next stage class, and

subscripts indicate stage class at time t and time t þ 1.

We used data from both livetrapping and burrow monitoring

to estimate demographic parameters for each 2-month period.

Only 2 of 390 animals (on 1 occasion each) were not captured

in consecutive periods. Therefore, we used simple proportions,

and not mark–recapture statistics, to calculate survival and

growth probabilities. Variance of the binomial distribution was

used to estimate variability of probability estimates (Var(p) ¼
p(1 � p)/n]. Survival probabilities (r) were calculated as the

proportion of individuals surviving from time t to t þ 1.

Growth into a new stage (c) and pregnancy probabilities (w)

were calculated conditional upon survival. Birth rates (b) were

calculated as the average number of female offspring per preg-

nant female per period. Immigration (i) was included as a per

capita rate for each size class, except pups, during each period

(Sandercock and Beissinger 2002). An individual was

considered an immigrant if it was unmarked at the beginning

of a period. Because artificial burrows were not established

until July 1986, survival and fecundity of pups for the first 2

periods of 1986 were calculated in a different manner. Survival
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of pups was calculated as the number of new juveniles captured

during time t þ 1 divided by the expected number of pups born

during time t. The expected number of pups (fecundity) was

calculated using mean litter size from the rest of the year

multiplied by the proportion of pregnant females.

The 5 demographic rates (r, c, w, b, and i) then were used

to parameterize the matrix model (Table 1). All analyses of

projection matrices were performed using MATLAB (version

7; MathWorks Inc., Natick, Massachusetts). We estimated

period-specific population growth rates by calculating the

dominant eigenvalue of each 2-month matrix. To compare

demographic parameters among years, we used life-table

response experiment analysis. The life-table response experi-

ment is a retrospective examination of how demographic

parameters differed between treatments (i.e., years), as well as

the contributions of those differences to the population growth

rate. We used a fixed-effect analysis to assess the changes in

parameters between the wet and dry years compared to the

normal year as a baseline reference year:

�k ¼ ðaij
N � aij

WÞ � SijjAþ ; ð2Þ

where aij
N is the transition value in the normal year, aij

W is the

corresponding transition in either the wet or dry year, and Sij

is the sensitivity of this transition calculated from the mean

matrix Aþ (Caswell 2000). We did not conduct life-table

response experiment analyses for the January period because

sampling did not begin until March 1986.

We multiplied matrices from six 2-month periods in

sequential order to calculate a single projection matrix for

each year (Caswell 2001). We then calculated the dominant

eigenvalue for these matrices as our estimate of annual

population growth rate and used bootstrap resampling (200

iterations) to calculate 95% confidence intervals (95% CIs).

Annual matrices were used to assess population response to

changes in precipitation. Transitions were not temporally

autocorrelated so we used each matrix as an independent

observation. Although we used 3 years of demographic data,

our study years represent the range of variation in annual

precipitation present in the mixed-grass prairie and are

a reasonable representation of the response of P. maniculatus
to variability in precipitation. We projected populations of deer

mice for 50 years by randomly drawing an independent,

identically distributed series of annual matrices. We used initial

probabilities (0.18 for wet year, 0.69 for normal, and 0.13 for

dry) that corresponded to the observed frequency of these

levels of precipitation based on the 30-year mean for the site.

We then projected the population by postmultiplying a pop-

ulation vector and the random series of projection matrices. We

then calculated a maximum-likelihood estimate of the sto-

chastic growth rate (log k—Caswell 2001). Projections were

repeated for 10,000 replicates to obtain the geometric mean

stochastic growth rate and the 95% CIs.

We modeled 3 possible scenarios of regional climate change.

First, we modeled ‘‘gradual drying’’ by reducing the probability

of both wet and normal years by 0.01 each and increasing the

probability of a dry year by 0.02. Second, we modeled ‘‘rapid

drying’’ by reducing the probability of a wet year by 0.02 with

a concomitant increase in the probability of a dry year. After the

probability of a wet year was decreased to 0.0, we decreased

the probability of a normal year by 0.02. Last, we modeled

‘‘increased variability’’ by reducing the probability of a normal

year and increasing that of a dry year by 0.02 with the likelihood

of a wet year fixed at 0.18. Each scenario decreased the nominal

mean precipitation by approximately 0.3% per replicate. For

each scenario, we continued to reduce mean precipitation until

the 95% CI of the stochastic growth rate no longer included

0 (equivalent to k ¼ 1) for 2 successive simulations.

RESULTS

During 1986–1988, 390 female deer mice were captured and

marked on the study area. Overall, the patterns of population

growth were similar in each year (Fig. 1), with seasonal peaks

in k occurring in March–April and in September–October.

However, period-specific k differed among years, exceeding

k ¼ 1 in 4 of 5 periods of the normal year, but only 2 of 6

periods in the wet year, and 0 of the 6 periods in the dry year.

The pattern of population growth in the wet year was similar to

that of the dry year, except during the September–October

period when the population grew rapidly (k ¼ 1.6). Confidence

intervals for the annual population growth rates, calculated

from the composite matrices for the normal (k ¼ 1.69; 95%

CI ¼ 1.65–1.73), wet (1.03; 0.99–1.07), and dry years (0.34;

0.30–0.38) did not overlap.

Contribution values of the life-table response experiment

analysis were positive in most 2-month periods, indicating

better demographic performance by deer mice in the year of

normal precipitation than other years (Fig. 2). The largest

positive contribution values (c . 0.1) were recorded for the

growth of small adults (G34) and survival of large adults (S44),

especially during the first 3 periods. Growth of pups (G12) and

survival of juveniles (S22) also had positive values, but mainly

during March and July and in comparison to the wet year. The

largest negative contribution values were observed for growth

of juveniles (G23) and survival of small adults (S33), but only

during March. Contribution values were negative for fecundity

TABLE 1.—Formulae used to calculate transition probabilities and

fecundities for matrices, where r is survival within a stage, i is the per

capita immigration rate, c is probability of growing into the next stage,

b is the number of female offspring per pregnant female, and w is the

conditional probability of a female being pregnant. Subscripts indicate

transitions between stages where p ¼ pup, j ¼ juvenile, sa ¼ small

adult, and la ¼ large adult.

Parameter Formula

F3 rsabsawsa

F4 rlablawla

G12 rp

S22 (1 þ ij)rj(1 � cj)

G23 (1 þ ij)rjcj

S33 (1 þ isa)rsa(1 � csa)

G34 (1 þ isa)rsacsa

S44 (1 þ ila)rla
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(F3, F4) and a few other demographic rates during September

and November of the wet year, presumably as the result of late-

season breeding by deer mice.

The stochastic models predicted a marked decrease in

population growth rate as the frequency of dry years increased

(Fig. 3). For all scenarios, the stochastic growth rate decreased

below 0 if the frequency of a dry year was .0.45, indicating

that the population would not persist for a 50-year period.

However, the pattern of decline differed among the 3 scenarios.

In the rapid-drying scenario, the stochastic growth rate

declined at a relatively slow rate until the probability of a

wet year was 0, at which point the stochastic growth rate

declined more rapidly as the probability of a normal year was

reduced. The stochastic growth rate declined more quickly in

the gradual-drying scenario relative to the rapid-drying

scenario. The stochastic growth rate declined most rapidly in

the increased-variability scenario and the population was

predicted to be unable to persist when the frequency of dry

years exceeded 0.33, which corresponds to an 11% decrease in

mean annual precipitation.

DISCUSSION

Climatic variability had strong effects on both seasonal and

annual population growth rates of P. maniculatus. Population

growth rates, both seasonal and annual, were highest in a year

of normal precipitation and lowest in a dry year. Annual

population growth rate was intermediate in a wet year, as were

seasonal rates, with the exception of the September period. A

fixed-effect life-table response experiment analysis indicated

that growth of individuals and survival, particularly of the large

size classes, contributed most to high population growth rates

in the normal year relative to both the wet and dry years.

Finally, stochastic models revealed that population viability of

P. maniculatus would likely be reduced under the 3 scenarios

of increased variability and intensity of precipitation.

We predicted that precipitation would affect populations of

P. maniculatus indirectly through impacts on primary pro-

ductivity and changes in resource availability. Primary pro-

ductivity in temperate grasslands is related directly to rainfall

(Sala et al. 1988), and seed production and invertebrate biomass

are in turn related directly to primary productivity (Knapp and

Seastedt 1986; Siemann 1998). Changes in resource availability

were not measured but likely would affect demographic

parameters of P. maniculatus (e.g., fecundity and survival),

resulting in high population growth rates in favorable years and

low population growth rates in unfavorable years. The annual

model predicted that the population would decline precipitously

during the dry year (k¼ 0.34). Contrary to our expectations, the

FIG. 1.—Period-specific population growth rates (k 6 SE) for

a population of the deer mouse (Peromyscus maniculatus) near Lucas,

Kansas, in normal, wet, and dry years. The dashed line represents

k ¼ 1. Each period represents data collected during 2 months (e.g.,

March period consists of data collected in March and April).

FIG. 2.—Life-table response experiment analyses that compare

parameters in normal year and dry year and normal year with wet year

(right-side panels) during five 2-month sample periods. Sample

periods are March–April, May–June, July–August, September–

October, and November–December. Labels on x axis represent

transitions. Positive values indicate an advantage in the normal year

for a given parameter.
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observed population growth rate was stationary (k ¼ 1.03; 95%

CI included 1) in the wet year. Increased intensity of pre-

cipitation events may have negated the positive effects of

increased amount of precipitation on population growth rate of

P. maniculatus, both indirectly and directly. Direct effects of

intense precipitation on P. maniculatus included decreased

survival and recruitment caused by flooding. Eight extreme

rainfall events (.3.75 cm/24 h) flooded some artificial burrows,

and presumably natural burrows, during the wet year (1987),

resulting in litter abandonment (Kaufman 1990). Reproductive

failures combined with low pup and juvenile survival con-

tributed to the low population growth rates in some seasonal

periods. Low population growth was not an artifact of our

sampling design because immigration onto the site, an indirect

measure of broadscale fecundity, also was reduced during this

year. Indirectly, the population could have been affected

through reduced aboveground net primary productivity in the

wet year. Intense rainfall events do not recharge soil moisture

(Fay et al. 2002; Knapp et al. 2001), resulting in lower

aboveground net primary productivity that would likely affect

demographic rates in a manner similar to that of a drought year.

A rich body of theory exists on the relative influence of vital

rates on population growth rates in mammals (Gaillard and

Yoccoz 2003; Oli and Dobson 2003; Promislow and Harvey

1990; Stearns 1983). Generally, one would expect changes in

fecundity to have the greatest effect, and survival of adults the

least effect, on population growth rate of short-lived mammals

during the reproductive season (Oli and Dobson 2003).

Moreover, survival should have the greatest effect on

population growth rate during the nonreproductive season

(Lima et al. 2003). We expected to observe greater re-

production in periods with high population growth rates

relative to those with low population growth rates, particularly

in those periods of active reproduction (March–September).

In contrast to these predictions, our analyses indicated that

survival had the greatest influence on the population growth

rate of P. maniculatus in all seasons. The difference between

our results and theoretical predictions might be due to

differences in analytical procedures. Predictions of the relative

influence of fecundity and survival tend to be based on

prospective analyses (e.g., elasticity—Oli and Dobson 2003),

which examine the effect of small changes in demographic

parameters on future population growth rates. Our life-table

response experiment analyses were retrospective and assessed

the observed changes in demographic parameters between time

periods and the effect of this change on the population growth

rate. Prospective and retrospective analyses address different

questions but may have complementary results (Coulson et al.

2005). Further, vital rates that have the greatest impact on

future population growth (i.e., high elasticities) may have the

least variability (Gaillard and Yoccoz 2003). Retrospective

analyses assess the difference in vital rates among treatments,

in this case years, and estimate the effect of that difference on

the population growth rate by using the sensitivities of each

vital rate. Vital rates with low variability likely would be

similar among years and, therefore, have little effect on

variation in population growth rates among years.

Our stochastic models indicated that a relatively small

decrease in mean precipitation is likely to affect the long-term

population viability of P. maniculatus in the mixed-grass

prairie of central North America. Moreover, the variability in

precipitation, and not only total rainfall, will affect the

population dynamics of P. maniculatus. Tallgrass prairie plants

are clearly sensitive to patterns of change in precipitation

because aboveground net primary productivity was lower in

experimental treatments with increased variability and intensity

of rainfall events relative to simply decreased amount of

precipitation (Fay et al. 2002; Knapp et al. 2002). Further,

changes in the variance of precipitation have been shown to

impact some mammal populations without a change in mean

precipitation (Saltz et al. 2006). Our research suggests that the

pattern of change in precipitation also will affect the de-

mographic response of small mammals in grasslands. When we

reduced precipitation by 1st reducing the probability of a year

with above-average rainfall, and then the probability of a year

with average precipitation (rapid drying), the stochastic

population growth rate declined relatively slowly, indicating

that the population would persist with a relatively high

frequency of drought years. Persistence likely was due to the

higher frequency of normal years, the year with the highest rate

of population growth, being fixed in the model for the first 10

simulations. However, when we reduced only the probability of

a year with average precipitation (increased variability), which

simulated an increase in the frequency of extreme weather

events, the stochastic growth rate declined quickly past the

extinction threshold.

Although our stochastic model indicates that populations of

P. maniculatus would not persist with decreasing precipitation,

a more likely outcome would be either a change in the dis-

persion of P. maniculatus or a subspecific range shift in the

Great Plains. The deer mouse is the most abundant and wide-

spread small mammal species in the mixed-grass prairie of

central North America and can be found in nearly every habitat

FIG. 3.—Geometric mean of stochastic growth rate (log k) with

decreasing precipitation. Error bars were too small to represent on

graph. Dashed line indicates the population growth rate necessary for

population persistence (equal to k ¼ 1).
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(Kaufman et al. 2000). Our models are based on a single

10.8-ha patch that, although representative of mixed-grass

prairie, may not describe the population dynamics of P.
maniculatus in all habitat patches. One possible outcome of the

reduced precipitation associated with climate change could be

a more patchy distribution of P. maniculatus across the

landscape. The taxon might become locally extinct in habitats

similar to the study area, but persist in other habitats. A similar

pattern has been observed in populations of P. maniculatus in

Michigan and has been attributed to climatic change (Myers

et al. 2005). Our study area also lies near the boundary of 2

subspecies of P. maniculatus. P. m. bairdii occurs on the study

area, whereas P. m. luteus occurs ,50 km to the west of it in

the shortgrass prairie (Hall 1981). With climate change, the

border between these subspecies might shift to the east. That

is, as abundance of P. m. bairdii decreases, it might be replaced

by P. m. luteus, a subspecies that is better adapted to xeric

grasslands.

Our study complements previous investigations of the effects

of climate change on vertebrate populations. Several research

groups have predicted that the ranges of common small

mammals will change with changes in floral communities

(Brown et al. 1997; Cameron and Scheel 2001) or due to

physiological constraints (Humphries et al. 2002; Root et al.

2003). Our study extends this previous work by showing that

changes in demographic rates associated with decreased

precipitation might lead to localized extinction independent

of any changes in plant communities or physiological con-

straints. The demographic mechanisms of population response

to climate change should receive greater attention in the future.
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