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Abstract: It has long been theorized that deer mice (Peromyscus maniculatus) are a primary reservoir of

Yersinia pestis in California. However, recent research from other parts of the western USA has implicated deer

mice as spillover hosts during epizootic plague transmission. This retrospective study analyzed deer mouse data

collected for plague surveillance by public health agencies in California from 1971 to 2016 to help elucidate the

role of deer mice in plague transmission. The fleas most commonly found on deer mice were poor vectors of Y.

pestis and occurred in insufficient numbers to maintain transmission of the pathogen, while fleas whose natural

hosts are deer mice were rarely observed and even more rarely found infected with Y. pestis on other rodent

hosts. Seroprevalence of Y. pestis antibodies in deer mice was significantly lower than that of several chipmunk

and squirrel species. These analyses suggest that it is unlikely that deer mice play an important role in

maintaining plague transmission in California. While they may not be primary reservoirs, results supported the

premise that deer mice are occasionally exposed to and infected by Y. pestis and instead may be spillover hosts.
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INTRODUCTION

The conventional view of sylvatic plague transmission in

the western USA is that it consists of two cycles: an enzootic

or maintenance cycle, in which Yersinia pestis, the causative

agent, is transmitted between moderately resistant rodent

reservoir hosts, and an epizootic cycle, which occurs when

more susceptible hosts are infected with Y. pestis and am-

plify its transmission (Quan and Kartman 1956; Pollitzer

and Meyer 1961). Deer mice (Peromyscus maniculatus) have

been hypothesized to be an important enzootic reservoir

for Y. pestis (Pollitzer and Meyer 1961; Quan and Kartman

1962; Nelson 1980; Stark et al. 1966). Deer mice with

antibodies to Y. pestis have been found (Cavanaugh et al.

1965; Hudson and Kartman 1967), and Y. pestis-positive

deer mouse carcasses and fleas have also been collected

(Hudson et al. 1964; Smith et al. 2010). Plague-infected

deer mice and their fleas have been found in association

with other more susceptible rodent hosts during epizootic

transmission (Cully and Williams 2001), including chip-

munks (Tamias spp.) (Smith et al. 2010) and the California

ground squirrel (Otospermophilus beecheyi) (Rutledge et al.

1979), the latter of which is often associated with plague

transmission to humans (Craven et al. 1993). Positive fleas
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have also been found on deer mice during enzootic trans-

mission (Thiagarajan et al. 2008).

Recent research has reexamined the role of deer mice

in plague transmission (Gage and Kosoy 2005; Maher et al.

2010). Individual populations of deer mice had varying

levels of susceptibility to Y. pestis infection (Gage and

Kosoy 2005). A study of woodrats and plague concluded

that the presence of Peromyscus in the vicinity of woodrat

(Neotoma spp.) nests was insufficient evidence that Per-

omyscus was essential for plague maintenance (Kosoy et al.

2017). In prairie dog (Cynomys ludovicianus) plague ecol-

ogy studies, researchers hypothesized that deer mice are

more likely to be spillover hosts: infected during or after an

epizootic event (Salkeld and Stapp 2008; Salkeld et al.

2016). While seropositive deer mice were found within

colonies of the plague-susceptible prairie dog, they were

detected in the year after the initial plague epizootic event

(Salkeld and Stapp 2008; Salkeld et al. 2016). At that site,

fleas whose natural hosts are deer mice (i.e., deer mouse-

specific fleas) were never found infected with Y. pestis,

while prairie dog fleas were found on deer mice during

active plague transmission, indicating that they were feed-

ing on deer mice in the absence of their primary hosts

(Salkeld and Stapp 2008). Aetheca wagneri, one of the most

common species of fleas on deer mice, has been found

infected with Y. pestis, but is a very poor vector of the

bacteria (Eisen et al. 2008). A predictive model estimated

that at least 68 A. wagneri are required per deer mouse to

maintain enzootic transmission of plague; however, most

individual deer mice carry less than three A. wagneri (Eisen

et al. 2008). Flea species that are competent for plague

transmission are rarely found on deer mice (Maestas and

Britten 2017). Therefore, it is more likely that deer mice act

as short-term reservoirs of Y. pestis and are incapable of

maintaining the level of transmission required for enzootic

maintenance (Eisen and Gage 2009).

The role of deer mice in sylvatic plague transmission

has long been studied in California (Quan et al. 1960;

Nelson and Smith 1976; Nelson 1980; Davis et al. 2002;

Smith et al. 2010), and its importance as an enzootic

reservoir has not been refuted. Plague-positive deer mice

and their fleas were found in the 1940s in coastal Monterey

County (Kartman et al. 1958). Since then, plague has been

detected in deer mice in other distinct bioregions of Cali-

fornia, including the Transverse Ranges (Davis et al. 2002),

the Cascades (Nelson and Smith 1976, 1980; Smith et al.

2010), and the Sierra Nevada (Holt et al. 2009; Smith et al.

2010; Danforth et al. 2016). In the Coastal region, plague

outbreaks were never found in the absence of deer mice and

California meadow voles (Microtus californicus) (Quan and

Kartman 1962), another species that is considered an en-

zootic reservoir of plague (Gage and Kosoy 2005). At one

site in the Transverse Ranges with evidence of ongoing

epizootic transmission, deer mice were the second most

prevalent rodent species and had the highest diversity of

fleas in 18 years of surveillance (Davis et al. 2002). In the

Cascades, deer mice were found in close association with

plague-susceptible bushy-tailed woodrats (Neotoma ciner-

ea), leading researchers to hypothesize that deer mice using

abandoned woodrat dens enhanced the spread of a plague

epizootic (Nelson and Smith 1976). In the Sierra Nevada,

fleas collected from a deer mouse during an epizootic event

tested positive for Y. pestis (Danforth et al. 2016).

In light of the recent deer mouse studies from other

areas of the western USA, we analyzed 46 years of deer

mouse samples collected during plague surveillance events

in California for evidence of consistent and widespread

exposure to Y. pestis, indicative of an enzootic plague

reservoir. We hypothesized that deer mice are not a sig-

nificant plague reservoir in California because (1) flea

species found on deer mice have low vector competence for

Y. pestis and occur in insufficient numbers to maintain Y.

pestis transmission, (2) there is little evidence of flea ex-

change with other plague reservoirs or more susceptible

amplifying hosts, and (3) deer mice show little evidence of

exposure to Y. pestis, as demonstrated by serological testing.

Instead, we hypothesized that deer mice are most com-

monly involved with plague transmission as a spillover host

for Y. pestis, becoming infected during or after epizootic

transmission events.

METHODS

Data Collection

Data used in this analysis were collected by the California

Department of Public Health, Vector-Borne Disease Sec-

tion (CDPH-VBDS) and collaborating local agencies for

plague surveillance from 1971 to 2016. Records from 1984

to 2016 were available in a searchable database, while those

from 1971 to 1983 were in handwritten log books, and

relevant data were extracted and entered into Excel

spreadsheets. Rodent flea and carcass samples had been

tested for the presence of Y. pestis via laboratory mouse

inoculation, direct fluorescence antibody, culture, and/or
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PCR, while sera samples were tested for antibodies to Y.

pestis by passive hemagglutination and passive hemagglu-

tination inhibition (Kartman et al. 1958; Davis et al. 2002;

Danforth et al. 2016). Rodent serum samples tested for

antibodies to Y. pestis were considered positive if they had a

titer of 1:16 or greater. For most flea samples, individuals

were pooled into groups of 10 or fewer fleas of the same

species collected off the same rodent host. To evaluate re-

gional differences in deer mice exposure to Y. pestis, sam-

ples were assigned to one of four regions of the state with

known plague transmission based on collection location:

the Sierra Nevada, the Coastal region, the Cascade Range,

and the Transverse Ranges (Fig. 1). Samples collected from

the same county were placed in the same region, except for

samples from Kern County, which were split between the

Sierra Nevada and Transverse Ranges based on the specific

location of the collection.

Variables Used

For the entire 46-year period, we evaluated the following

data: deer mouse sera, deer mouse carcasses, fleas on deer

mice, and deer mouse-specific flea species (Hubbard 1947;

Lewis et al. 1988; Lewis and Haas 2001) found on other

hosts. Data fields for all deer mouse samples (sera, flea

pools, and carcasses) included: date, county, geographic

region, specific location of collection, and samples collected

from other rodent genera (seroprevalence as a continuous

variable; carcasses and flea pools as presence/absence) from

the same location within one calendar month of the deer

mouse samples. Human cases with probable exposure from

the same location and time period as deer mouse samples

were also noted. A broad categorical variable we termed

‘‘epizootic conditions’’ was created to score whether each

deer mouse sample was collected within 1 month of any

indicator of epizootic plague activity at the same location

(‘‘1’’) or without such indicators (‘‘0’’). Epizootic indica-

tors were based on criteria in the California Compendium

of Plague Control (CDPH 2016) and defined as: presence of

a human plague case, Y. pestis-positive rodent carcass or

flea pool (other than from deer mouse or other Peromyscus

spp.), and/or elevated seroprevalence (� 25%) in rodents

sampled (other than Peromyscus species). Collection events

without one of these epizootic indicators were classified as

enzootic transmission collections.

For deer mouse samples collected from 1985 to 2016,

we used the database to match deer mouse samples col-

lected in that time period with epizootic conditions and

seroprevalence in other rodent genera at the same location

from 6 months and 12 months prior. Additionally, for this

time period, seroprevalence of Y. pestis antibodies for ro-

dent species commonly involved with plague transmission

in California was extracted from the database for com-

parison with deer mouse seroprevalence.

Data Analysis

Data were analyzed with R statistical software (R Core

Team 2015). Fleas found on deer mice were evaluated for

their Y. pestis-vector competence, derived from the pub-

lished literature (Burroughs 1947; Kartman and Prince

1956; Pollitzer and Meyer 1961; Eisen et al. 2009), and by

calculating the flea index (i.e., the total number of fleas

collected on deer mice divided by the total number of deer

mice sampled for fleas). To assess flea sharing between deer

mice and other rodent hosts, fleas collected from deer mice

were classified by their natural hosts (Hubbard 1947; Lewis

et al. 1988; Lewis and Haas 2001) and deer mouse-specific

fleas were analyzed to compare their occurrence on deer

mice or other mammalian species. The extent of Y. pestis

exposure in deer mice was analyzed by calculating the

seroprevalence of Y. pestis antibodies in deer mice and then

compared to seroprevalences of other rodent hosts. Finally,

to determine whether deer mice are spillover hosts, the

probability of detecting a positive deer mouse sample was

analyzed with logistic regression, with candidate models

ranked by Akaike’s information criterion (AIC). For each

outcome, models were run using intercept only and with

the following predictors: epizootic conditions (current,

6 months prior, and 12 months prior), seroprevalence in

other rodents (current, 6 months prior, and 12 months

prior), year, and region.

RESULTS

Summary Statistics

From 1971 to 2016, 6808 samples were collected from deer

mice, 5981 of which were tested for Y. pestis (flea pools and

carcasses) or antibodies to Y. pestis (sera). In addition, 555

flea pools containing one or more deer mouse-specific flea

species were collected on other rodents, 378 of which were

tested for Y. pestis. Data were collected at 822 locations

from 43 of California’s 58 counties, representing four broad

regions where plague is endemic in California; 1317 sam-

ples were collected from the Coastal region, 1804 from the
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Cascades, 1721 from the Sierra Nevada, and 970 from the

Transverse Ranges (Fig. 1).

The tested samples from deer mice included 1162 flea

pools, 4588 sera, and 231 carcasses. Eighty (1.4%) samples

tested positive. Five (0.4%) of the flea pools collected from

deer mice and 9 (3.9%) of the deer mouse carcasses tested

positive for Y. pestis bacteria, while 66 (1.4%) of the serum

samples tested were positive for Y. pestis antibodies. Posi-

tive deer mouse sera were collected in all four regions, but

no positive deer mouse fleas or deer mouse carcasses were

detected on the Coast or Transverse Ranges. There was no

significant difference in regional-level plague detection in

deer mouse sera (P = 0.10), fleas (P = 0.76), or carcasses

(P = 0.60). Deer mouse samples were collected in every

year, with the number of samples collected each year

ranging widely, from 7 in 1996 to 627 in 1977. There was a

decline in the number of deer mice sampled after 1984. On

average, deer mouse samples represented 16.8% of all ro-

dent samples collected from 1971 to 1984, but only 3.4%

from 1985 to 2016 (Fig. 2).

Fleas on Deer Mice

A total of 1989 flea pools were collected from deer mice,

representing 3647 individual fleas of at least 36 species

(Table 1). The three most commonly found flea species on

deer mice were A. wagneri (647 pools, 32.5%), Opisodasys

keeni (463 pools, 23.3%), and Malareus telchinus (224

pools, 11.3%). A review of published literature indicated

that A. wagneri and M. telchinus are poor vectors of Y.

pestis, while no vector competence information was found

for O. keeni. The number of fleas of any species collected

per deer mouse ranged from 1 to 27, with an overall flea

index of 1.8. A maximum of 12 A. wagneri were collected

per deer mouse with an index of 1.9. Of the 1162 flea pools

tested for Y. pestis, just 5 (0.4%) were positive. Two of these

flea pools consisted of O. keeni (1 pool of 1, 1 pool of 6),

one contained one Catallagia chamberlini, one consisted of

three Phalacropsylla allos, and the fifth positive pool con-

sisted of three Peromyscopsylla hesperomys adelpha; there is

no published vector competence data on the latter three

species. Including deer mouse-specific fleas found on other

hosts (Table 2, SI), only 0.4% (2/452) of A. wagneri flea

pools, 1.3% (5/399) of O. keeni flea pools, and 0.3% (1/329)

of M. telchinus flea pools tested positive for Y. pestis. For

comparison, from 1985 to 2016, the three most common

rodent flea species collected were Oropsylla montana, Cer-

atophyllus ciliatus, and Eumolpianus eumolpi, with � 98.8%

of those pools collected from sciurids, primarily chipmunks

and ground squirrels. For these species, respectively, 2.9%

(21/726), 2.5% (7/283), and 5.7% (9/157) of flea pools

tested positive for Y. pestis bacteria.

Flea Exchange Between Deer Mice and Other

Reservoirs

The majority (1466/1989 pools, 73.7%) of fleas from deer

mice consisted of species whose natural host is the deer

mouse and 409 (20.6%) came from flea species associated

with Peromyscus species in general (Table 1). Only 70 flea

pools (3.5%) came from flea species associated with sciurid

rodents, none of which tested positive for Y. pestis. In

comparison, over the 46-year time period 2021 flea pools

consisting of species whose natural hosts are deer mice were

identified on deer mice (Table 1) and other animals (Ta-

ble 2, SI). Of those flea pools, 1466 (72.5%) were collected

from deer mice. An additional 240 flea pools (11.9%) were

collected from other Peromyscus hosts and 194 flea pools

(9.6%) were collected from other rodents in the family

Figure 1. California counties where Peromyscus maniculatus were

tested for Yersinia pestis from 1971 to 2016, highlighted by

geographic region.
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Cricetidae, primarily Microtus and Neotoma species. Only

119 (5.9%) of the deer mouse flea pools were collected

from other members of the order Rodentia, 74 of which

were sciurids. Just 2 (< 0.1%) were collected from another

mammal (short-tailed weasel, Mustela erminea). Of the

deer mouse-specific flea pools found on other rodents, 5

(1.3%) of the 378 tested were positive for Y. pestis. These

consisted of A. wagneri (2) collected from Neotoma cinerea

and Tamias townsendii (now T. senex), O. keeni (2) from N.

cinerea, and M. telchinus also from N. cinerea.

Deer Mouse Seroprevalence

Deer mouse sera samples were collected from 1024 trap-

ping events over the 46-year period, with seropositive deer

mice detected at 46 (4.5%) events. As stated previously, 66

(1.9%) of 4588 deer mouse sera samples were positive for

Y. pestis antibodies. From 1985 to 2016, the seroprevalence

of Y. pestis antibodies in deer mice was 1.4% (25/1730, 95%

CI 0.9, 2.0). For comparison, over the same time period,

several rodent species often associated with transmission in

California had significantly higher seroprevalences, such as

13.2% in shadow chipmunks (Tamias senex, 193/1467, 95%

CI 11.4, 14.9), 8.5% in long-eared chipmunks (Tamias

quadrimaculatus, 21/247, 95% CI 5.0, 12.0), 16.2% in

Douglas squirrels (Tamiasciurus douglasii, 51/315, 95% CI

12.1, 20.3), and 5.4% in California ground squirrels (697/

13,037, 95% CI 5.0, 5.7).

Deer Mice as Spillover Hosts

Of the samples collected from deer mice, 1288 were col-

lected at locations where other sampling provided indica-

tors of contemporaneous epizootic plague activity. Deer

mouse samples collected from 1985 to 2016 were more likely

to be collected during an epizootic than those from 1971 to

1984 (v2 = 9.14, P < 0.01), likely a result of unofficial

changes in sampling priorities. However, there was no sta-

tistically significant difference in the average seroprevalence

in other rodents during those time periods (P = 0.08).

Therefore, models for predicting positive deer mouse sam-

ples were based on seroprevalence in other rodents.

The detection of any positive deermouse sample was best

predicted by the model using current seroprevalence in other

rodents alone (Table 3). As therewere no prior seroprevalence

data from other rodent genera readily available for all samples

collected before 1985, regressions involving seroprevalence

from 6 or 12 months prior did not converge. In order to

determine whether these relationships varied by type of deer

mouse sample, the analysis was run for each sample type: flea

pools, sera, and carcasses. The probability of detecting a pos-

itive deer mouse flea pool was not strongly associated with

seroprevalence in other rodents. However, the model pre-

dicting detection of positive deer mouse sera was significantly

associated with seroprevalence in other rodents, which varied

by year and region of sample collection. All logistic regression

models involving deer mouse carcasses and seroprevalence

failed due to perfect separation of the variables; all nine pos-

itive rodent carcasses were collected when the seroprevalence

in other rodents was zero or not tested.

DISCUSSION

We found little evidence to suggest deer mice are significant

enzootic plague reservoirs in California. The most com-

Figure 2. Number of Peromyscus manic-

ulatus samples collected each year in

California from 1971 to 2016 and percent

of total samples each year that were

collected from P. maniculatus.
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monly found flea species on deer mice was A. wagneri, a

poor vector of Y. pestis (Salkeld and Stapp 2008; Eisen et al.

2008, 2009), with a lower pathogen acquisition efficiency

and vector efficiency than O. montana and Xenopsylla

cheopis, the two flea species most commonly associated

with human plague cases (Eisen et al. 2009). The A. wagneri

flea index and maximum load observed in this study are

considerably lower than the predicted mean of 68 A. wag-

Table 1. Fleas Collected on Deer Mice (Peromyscus maniculatus)

in California and Tested for Yersinia pestis, 1971–2016. Bold text

indicates a flea species that tested positive for Y. pestis.

Species name #Flea pools

(#pos/

#tested)

Natural hosta,b,c

Aetheca wagneri 647 (0/368) Peromyscus maniculatus

Anomiopsyllus falsicali-

fornicus

2 (0/1) Neotoma fuscipes

Anomiopsyllus spp. 1 (0/1) Neotoma spp.

Atyphloceras multiden-

tatus

12 (0/3) Peromyscus and Microtus

spp.

Atyphloceras spp. 3 (0/1) Cricetids

Callistopsyllus terinus

deuterus

29 (0/12) Peromyscus maniculatus

Callistopsyllus spp. 2 (-/-) Peromyscus spp.

Carteretta carteri 2 (0/1) Perognathus californicus

Catallagia chamberlini 13 (1/3) Peromyscus and Micro-

tus spp.

Catallagia decipiens 1 (-/-) Peromyscus and Microtus

spp.

Catallagia mathesoni 17 (0/9) Peromyscus spp.

Catallagia rutherfordi 20 (0/10) Microtus spp.

Catallagia sculleni 52 (0/32) Peromyscus spp.

Catallagia wymani 2 (-/-) Microtus spp.

Catallagia spp. 117 (0/57) Peromyscus and Microtus

spp.

Ceratophyllus ciliatus 20 (0/10) Tamias spp.

Eumolpianus eumolpi 11 (0/5) Tamias spp.

Eumolpianus eutami-

adis

6 (0/3) Tamias spp.

Epitedia stanfordi 1 (-/-) Peromyscus and Microtus

spp.

Epitedia wenmanni 6 (0/5) Peromyscus spp.

Epitedia spp. 3 (0/2) Peromyscus and Microtus

spp.

Hoplopsyllus anomalus 2 (0/1) Sciurids

Hoplopsyllus glacialis 2 (0/2) Lagomorphs

Hystrichopsylla occiden-

talis

12 (0/6) Peromyscus and Microtus

spp.

Hystrichopsylla spp. 2 (0/1) Peromyscus and Microtus

spp.

Malaraeous telchinus 224 (0/119) Peromyscus maniculatus

Malaraeous sinomus 10 (0/2) Peromyscus spp.

Malaraeous spp. 31 (0/18) Peromyscus spp.

Megabothris abantis 8 (0/2) Microtus spp.

Megabothris spp. 2 (-/-) Rodents

Table 1. continued

Species name #Flea pools

(#pos/#tes-

ted)

Natural hosta,b,c

Megarthroglossus procus 1 (-/-) Sciurid

Megarthroglossus spen-

ceri

1 (-/-) Neotoma spp.

Meringis cummingi 1 (0/1) Dipodomys spp.

Meringis spp. 1 (0/1) Dipodomys and

Perognathus spp.

Opisodasys keeni 463 (3/348) Peromyscus manic-

ulatus

Opisodasys nesiotus 15 (0/4) Peromyscus manicu-

latus

Orchopeas leucopus 3 (0/3) Peromyscus spp.

Orchopeas sexdentatus 3 (0/3) Sciurids

Oropsylla idahoensis 6 (0/3) Sciurids

Oropsylla montana 16 (0/10) Otospermophilus

beecheyi

Peromyscopsylla hes-

peromys adelpha

72 (1/51) Peromyscus manic-

ulatus

Peromyscopsylla hesper-

omys pacifica

16 (-/-) Peromyscus manicu-

latus

Peromyscopsylla hesper-

omys sp.

68 (0/27) Peromyscus spp.

Peromyscopsylla selenis 21 (0/16) Peromyscus and Mi-

crotus spp.

Peromyscopsylla spp. 24 (0/13) Peromyscus and Mi-

crotus spp.

Phalacropsylla allos 3 (1/3) Neotoma spp.

Phalacropsylla spp. 1 (-/-) Neotoma spp.

Rhadinopsylla sectilis 14 (0/5) Peromyscus and Mi-

crotus spp.

aHubbard (1947).
bLewis et al. (1988).
cLewis and Haas (2001).
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Table 2. Deer Mouse (Peromyscus maniculatus) Specific Fleas Collected on Other Rodents in California and Tested for Yersinia pestis,

1971–2016. Bold text indicates a host with a flea pool that tested positive for Y. pestis.

Flea species name (total pools) (#positive/#tested) Shared phylogeny with P. maniculatus Host name (#flea pools from host: #positive)

Aetheca wagneri (115) (2/74) Genus: Peromyscus Peromyscus spp. (22)

Family: Cricetidae Microtus spp. (7)

Neotoma spp. (17: 1 pos)

Order: Rodentia Callospermophilus lateralis (9)

Dipodomys californicus (1)

Otospermophilus beecheyi (5)

Otospermophilus beecheyi burrows (3)

Perognathus spp. (2)

Rattus rattus (1)

Tamias spp. (41: 1 pos)

Tamiasciurus douglasii (3)

Zapus princeps (3)

Class: Mammalia Mustela erminea (1)

Callistopsyllus terinus deuterus (27) (0/18) Genus: Peromyscus Peromyscus spp. (22)

Family: Cricetidae Neotoma lepida (1)

Order: Rodentia Phenacomys intermedius (1)

Tamias spp. (3)

Malaraeous telchinus (280) (1/210) Genus: Peromyscus Peromyscus spp. (107)

Family: Cricetidae Microtus spp. (94)

Neotoma spp. (48: 1 pos)

Reithrodontomys megalotis (2)

Order: Rodentia Dipodomys californicus (1)

Mus musculus (1)

Otospermophilus beecheyi burrow (4)

Perognathus spp. (6)

Rattus spp. (14)

Tamias spp. (2)

Class: Mammalia Mustela erminea (1)

Opisodasys keeni (95) (2/51) Genus: Peromyscus Peromyscus spp. (72)

Family: Cricetidae Microtus spp. (3)

Neotoma spp. (9: 2 pos)

Reithrodontomys megalotis (3)

Order: Rodentia Glaucomys sabrinus (1)

Otospermophilus beecheyi burrow (1)

Perognathus californicus (2)

Phenacomys intermedius (1)

Tamias spp. (3)

Opisodasys nesiotus (13) (0/11) Genus: Peromyscus Peromyscus californicus (5)

Family: Cricetidae Microtus californicus (3)

Neotoma fuscipes (1)

Reithrodontomys megalotis (1)

Order: Rodentia Dipodomys spp. (1)

Glaucomys sabrinus (1)

Otospermophilus beecheyi burrow (1)
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neri required per deer mouse to maintain transmission

(Eisen et al. 2008). O. keeni, the second most frequently

found flea species on deer mice, has been found to be

naturally infected with Y. pestis (Pollitzer and Meyer 1961),

but there are no data on its ability to transmit the bacteria.

The third most commonly collected flea species, M. telch-

inus, is a poor vector, even less efficient than A. wagneri

(Burroughs 1947). The Y. pestis-positive flea pools repre-

sented only 0.5% of the deer mice flea pools tested, con-

siderably lower than the statewide average of 2.5% of all

rodent flea pools tested (CDPH unpublished data 1984–

2016). Those flea pools contained O. keeni, C. chamberlini,

Ph. allos, and P. h. adelpha. As with O. keeni, there are

records of Ph. allos and P. h. adelpha found to be naturally

infected with Y. pestis (Stark and Kinney 1969; Danforth

et al. 2016), but we found no published studies about their

ability to transmit the bacteria. Similarly, we were unable to

find information published on the vector capacity of C.

chamberlini.

We found that most fleas collected on deer mice were

deer mouse-specific fleas and that few deer mouse-specific

fleas were found on species besides P. maniculatus or other

Peromyscus species. These observations support the

hypothesis that deer mice rarely share fleas with other ro-

dent species, particularly those recognized as amplifying

hosts for Y. pestis in California (Rutledge et al. 1979; Smith

et al. 2010). California ground squirrels and chipmunks

typically have larger flea loads, more Y. pestis-positive fleas,

and host flea species known to be more efficient vectors of

Y. pestis (Smith et al. 2010). Only five Y. pestis-positive

pools of deer mouse-specific fleas were collected from other

hosts, and none of those flea species are known to be

efficient plague vectors. O. montana, the most commonly

collected rodent flea species in California and a highly

efficient vector (Eisen et al. 2009), was rarely found on deer

mice and none of these tested positive for Y. pestis bacteria.

Furthermore, the low seroprevalence observed in deer

mice in this analysis does not support their role as an

Table 2. continued

Flea species name (total pools) (#positive/#tested) Shared phylogeny with P. maniculatus Host name (#flea pools from host: #positive)

Peromyscopsylla hesperomys adelpha (25) (0/14) Genus: Peromyscus Peromyscus spp. (12)

Family: Cricetidae Microtus spp. (4)

Neotoma cinerea (1)

Order: Rodentia Callospermophilus lateralis (2)

Dipodomys californicus (1)

Perognathus californicus (1)

Tamias spp. (4)

Table 3. Logistic Regression Models Predicting the Detection of Positive Deer Mouse (Peromyscus maniculatus) Samples, with Type of

Deer Mouse Sample, Predictors Used, Number of Variables (k), Deviance Residual (DR), and the Change Akaike’s Information Criterion

(AIC) from the Lowest Rated Model.

Outcome Predictors k DR D AIC

Any deer mouse sample Current seroprevalence in other rodents 2 - 0.16 (Referent)

Current seroprevalence in other rodents, year, region 4 - 0.15 0

Intercept only 1 - 0.17 89.61

Deer mouse flea pool Intercept only 1 - 0.11 (Referent)

Current seroprevalence in other rodents, year, region 4 - 0.09 0.67

Current seroprevalence in other rodents 2 - 0.17 2.09

Deer mouse serum Current seroprevalence in other rodents, year, region 4 - 0.15 (Referent)

Current seroprevalence in other rodents 2 - 0.16 3.40

Intercept only 1 - 0.17 52.99
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important plague reservoir. Though deer mice are occa-

sionally found to have antibodies to Y. pestis, their sero-

prevalence is often much lower than that of other species

sampled in California, including chipmunks and ground

squirrels. Between 1984 and 2004, the deer mouse was the

fourth most common animal tested for plague serology in

California (n = 1776), but its seroprevalence of 1.1%

ranked only 13th highest (Holt et al. 2009), suggesting a

more peripheral exposure to Y. pestis than other species

tested. In the northern Sierra and Cascades, a higher

prevalence of Y. pestis antibodies was found in chipmunks,

Douglas squirrels, and California ground squirrels than in

deer mice (Smith et al. 2010). The recognized plague en-

demic areas of California (CDPH 2016) generally coincide

with the habitat ranges of one or more of the Tamias or

other sciurid species (Jameson and Peeters 2004). In con-

trast, deer mice are widely distributed in California (Ja-

meson and Peeters 2004), including lower elevations where

plague transmission had been rarely detected in recent

decades. Although plague occurrence is more likely limited

by environmental factors (i.e., plague niche hypothesis)

rather than host assemblages (Maher et al. 2010), there is

little evidence to indicate that the deer mouse or its fleas

play a significant role in maintaining Y. pestis transmission.

Prior evidence also suggested that deer mice were not

an important enzootic reservoir of plague in California. In

several investigations, seroprevalence in deer mice tested

was 0% at most trapping events, regardless of region

(Kartman et al. 1958; Hudson et al. 1964; Nelson and Smith

1976; Davis et al. 2002; Smith et al. 2010), though during

epizootics in the Coastal region, seroprevalence was as high

as 50% (n = 42) (Hudson et al. 1964). In the Cascades,

seropositive deer mice were found in abandoned woodrat

dens after the more susceptible species was extirpated by

plague, not before (Nelson and Smith 1976). Researchers

thought Microtus species were more likely to be the en-

zootic reservoir in the San Francisco Bay Area as they are

more resistant than deer mice (Kartman et al. 1958). De-

spite its high flea diversity, other studies found deer mice in

California only carry an average flea load of 0.1–1.5 (Stark

and Miles 1962; Nelson and Smith 1976), again suggesting

that maintaining plague transmission is highly unlikely

(Eisen et al. 2008).

Though deer mice are not a primary reservoir of Y.

pestis in California, they may be a spillover host. Regression

analysis highlighted associations between the different

indicators of plague transmission in deer mice and preva-

lence of Y. pestis antibodies in non-Peromyscus rodents

collected at the same site within 1 month of deer mouse

sample collection. Increasing seroprevalence in other ro-

dents was positively associated with seropositive deer mice;

however, that relationship was impacted by the year and

region in which samples were collected. The effects of year

and region may be due to the cyclical increases in plague

transmission (Ben Ari et al. 2008) and regional variations in

plague ecology (Holt et al. 2009; Smith et al. 2010).

There were several limitations to the analyses in this

study that made it difficult to definitively determine whe-

ther deer mice are primarily spillover hosts for Y. pestis.

Data were most often collected during public health re-

sponses when epizootic activity was suspected and less of-

ten from routine surveys during enzootic periods or from a

designed study, particularly after 1984. After the early

1980s, a smaller proportion of plague samples collected in

California came from deer mice. CDPH-VBDS staff during

that time period observed that deer mice sera testing rarely

found antibodies to Y. pestis, so they purposely reduced

deer mice sampling (C. Smith, retired CDPH-VBDS, pers.

comm. 2017 February 23) to focus on rodents demon-

strating more consistent exposure to the pathogen.

Inconsistent sampling of the same locations also made it

difficult to ascertain when or if deer mouse seroprevalence

rose in relationship to seroprevalence in other rodents,

indicative of a spillover host. Evaluation of epizootic

indicators prior to 1985 also would have provided a more

robust data set to evaluate the influence of prior epizootic

activity on deer mice samples. There is also evidence that

flea infestations of deer mice occur more frequently and in

higher numbers in the winter (Campos et al. 1985), but as

most of our data were collected during the spring and

summer, we did not include seasonality in flea-based

models.
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