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Hantavirus outbreaks in the American Southwest are hypothesized to be driven by
episodic seasonal events of high precipitation, promoting rapid increases in virus-
reservoir rodent species that then move across the landscape from high quality montane
forested habitats (refugia), eventually over-running human residences and increasing
disease risk. In this study, the velocities of rodents and virus diffusion wave propaga-
tion and retraction were documented and quantified in the sky-islands of northern New
Mexico and related to rodent-virus relationships in refugia versus nonrefugia habitats.
Deer mouse (Peromyscus maniculatus) refugia populations exhibited higher Sin Nombre
Virus (SNV) infection prevalence than nonrefugia populations. The velocity of propagat-
ing diffusion waves of Peromyscus from montane to lower grassland habitats was mea-
sured at 24.6 £ 5.6 m/day (SE), with wave retraction velocities of 28 + 8.4 m/day. SNV
infection diffusion wave propagation velocity within a deer mouse population averaged
27.5+ 7.8 m/day, with a faster retraction wave velocity of 161.5+80.7 m/day. A spatio-
temporal analysis of human Hantavirus Pulmonary Syndrome (HPS) cases during the
initial 1993 epidemic revealed a positive linear relationship between the time during the
epidemic and the distance of human cases from the nearest deer mouse refugium, with
a landscape diffusion wave velocity of 19.6 + 1.0 m/day (r? = 0.96). These consistent
diffusion propagation wave velocity results support the traveling wave component of the
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HPS outbreak theory and can provide information on space—time constraints for future
outbreak forecasts.

Keywords: Climate change; disease; El Nifio—Southern Oscillation (ENSO); resource
pulse; rodent dispersal.

PACS number: 87.19.Xx

1. Introduction

The scientific understanding of epidemics has improved greatly over the past several
decades, through many field and laboratory research projects and with the devel-
opment of mathematical models of disease dynamics.! In particular, zoonotic dis-
eases, involving animal hosts or vectors of disease pathogens (viruses, bacteria and
parasites), have received considerable attention by zoologists, ecologists, epidemiol-
ogists and mathematicians.?3 Studies on the dynamics and interactions of humans
and pathogens using Susceptible, Exposed, Infectious and Recovered (SEIR) pop-
ulations have been particularly fruitful, especially when details of the ecology of
participating species are included.! However, many important life-history factors
of pathogen, host and vector species remain to be quantified, thereby limiting the
accuracy and precision of some zoonotic disease models. Two of these factors are
spatial heterogeneity and temporal diffusion of epidemics.

One intensively studied zoonotic disease is the Hantavirus Pulmonary Syndrome
(HPS),* a respiratory disease in humans caused by rodent-borne viruses in the
genus Hantavirus (family Bunyaviridae). HPS provides a useful opportunity to
better explore the ecological, epidemiological and mathematical aspects of real-life
pathogen-host /reservoir systems. In the United States, numerous species of rodents
in the family Muridae are hosts to species-specific serotypes of Hantavirus, having
evolved in North America over the past 20 million years.® The most serious North
American Hantavirus serotype is the Sin Nombre Virus (SNV),® carried by the
deer mouse (Peromyscus maniculatus), a common, native widespread rodent species
that also frequently inhabits human residences (peri-domestic). Human HPS disease
cases are thought to be caused by aerosolized viral transmission from deer mouse
urine and feces, inhaled by humans during domestic activities.” First discovered
during an outbreak in 1993 in New Mexico, Arizona and Colorado, with a mortality
rate of 60%,% HPS today still has no vaccine or cure, and the mortality rate remains
at ~40%.4

The ecology of SNV and HPS in the western United States has been recently
reviewed? and is briefly summarized here. SNV is maintained in populations of deer
mice, which typically occupy montane shrubland, woodland and forested habitats at
medium to high elevations (> 2100 m).° In the Southwest, these habitats occur on
“sky-islands”, isolated mountainous areas surrounded by lower elevation grasslands
and deserts. During periods of increased rainfall (e.g., El Nino events), ecosystem
productivity increases with the enhanced growth of plants and insect populations,
providing greater food resources for rodents (resource pulse); this, in turn, leads
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Fig. 1. Left: Relationship between precipitation (PPT) and vegetation production (indexed
via the normalized difference vegetation index (NDVI)) on the Sevilleta Long Term Ecological
Research site in central New Mexico. Right: Relationship between precipitation and Peromyscus
density (no/ha) lagged 1 year. Data are adapted from Ref. 5.

to greater rodent reproduction and population density with a time lag of 9-12
months® (Fig. 1). As rodent populations increase, mice disperse in propagating
waves into the adjacent grassland/desert habitats that are temporarily suitable due
to the additional moisture and food resources. Higher rodent densities also facilitate
SNV spread within the deer mouse population. As the propagating wave of deer
mice and SNV over-run human residences, rodents enter houses and outbuildings,
increasing the human risk of contracting HPS. As the environment returns to normal
(drier) conditions, deer mice are unable to survive in the lower-elevation habitats
and either return to their mountain refugia or perish in the arid landscape. HPS
cases decline as the rodent population retracts or dissolves. An important feature
of this conceptual model is that there are high-elevation optimal habitats (termed
“refugia”) where the deer mouse population always survives under the range of
environmental conditions in sufficient densities to maintain the virus population;
these refugia serve as the epicenters for periodic diffusive propagating and retracting
waves of rodents and virus.!?

Early progress in developing mathematical models of rodents and SNV dynam-
ics incorporated most elements of deer mouse ecology and diffusion waves across
a temporally changing landscape.!’ '3 These models used the Fisher equation to
describe the physics of traveling waves,

oM M 2
at:(b_c)M(1—(bC)K>+Dv M, (1)

where M is the deer mouse population density, b is the birth rate, ¢ is the death
rate, K is the habitat carrying capacity and D is the diffusion coefficient.

When a spatial gradient of the habitat heterogeneity function was incor-
porated,'* simulating the elevational change from high-quality refugia to
lower-quality habitats, the model shifted to a one-dimensional heterogeneous
Fisher—Kolmogorov—Petrovsky—Piskunov equation,

oM M 0?*M
W:(b—c)M <1_K(x,t)> DW’ (2)
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with a space and time-dependent carrying capacity environmental parameter
K (x,t) modeling the diversity of habitats.

The basic formulation of the diffusion rate (velocity of the two traveling waves:
rodent population spread and the virus infection through the rodent popula-
tion),'112 derived from the Fisher equation (Eq. (1)) model above, was

v >2y/D[-b+aK(b—c)], (3)

where v is the velocity and a is the contagion rate between the susceptible and
infected mice.

When gradients of habitat types with different carrying capacities were
included,'* the velocity of the traveling wave was found to be

rD
o(r) = \/ T(T)(K(T> —2A(7)), (4)

where 7 = is the time, r is the intrinsic rate of increase of M, or (b-¢), and A is a
density-dependent Allee effect parameter.

While the physics and ecological components (functions and parameters) of
traveling waves of both the rodent populations across landscapes and virus infection
spread within rodent populations have been incorporated into these models, no
empirical measures of the velocity (v) of rodent traveling waves propagating from
refugia outward to the adjacent sub-optimal habitats have been made in the field.
In addition, the spatial rate of spread of SNV infections within rodent populations
during outbreaks remains unknown. Finally, the relationship between landscape-
scale diffusion waves of rodents and virus with human populations and HPS disease
has not been demonstrated.

Hence, this report (1) summarizes the data from sky-island refugia versus non-
refugia habitats with respect to deer mouse SNV infection prevalence, (2) measures
the velocity of rodent diffusion wave propagation from sky-island habitats to lower-
elevation habitats, (3) documents elevational rates of spread of SNV within a deer
mouse population and (4) compares the observed rates of rodent and virus traveling
waves with historic landscape-scale patterns of human SNV-caused HPS cases. The
results of the field observations were then integrated into the conceptual model to
test the model’s efficacy in understanding the spatio-temporal dynamics and limits
of SNV HPS infections during the outbreak in 1993 in the American Southwest.

2. Methods
2.1. Refugia rodent-virus characterization

To characterize the features of the physical environment that might correspond
to refugia for infected mice, locations of human households where the disease had
occurred, as well as households without HPS, were geotagged'® and monthly 1992
1993 satellite imagery from up to a year prior to the 1993 HPS outbreak were used
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to create a spectral signature for HPS risk in a 120,000 km? region.'® The subse-
quent five years (1993-1998) were treated similarly and overlain. Areas that were
persistently in the highest annual 2.5% tail of HPS risk signature were identified to
a 1 ha resolution and the characteristics of elevation, vegetation growth (NDVI) and
land cover were measured. These candidate sites for refugia were compared with a
random group of sites that were not persistently the highest risk.'® A further sub-
sample of 40 locations was surveyed for deer mouse populations over two years'” as
described in Sec. 2.2. Changes in local deer mouse population demographics, espe-
cially the occurrence of SNV, were compared among three categories of sites: sites
that were the highest risk during both the years of monitoring, those that were
never in the highest risk and those sites that changed from one year to the next.

2.2. Rodent diffusion wave propagation

Rodent diffusion wave velocities were derived from repeated live-trapping of rodents
along a series of transect lines arranged along the length of a large mountain canyon
emerging into the grassland in the Cibola National Forest, Sandia Mountains of
central New Mexico (Fig. 2, top). Live capture-mark-recapture field sampling of
rodents was conducted monthly for three consecutive nights from April 2004 to
November 2006; trapping protocols and safety procedures followed the Federal Cen-
ters for Disease Control and Prevention (CDC) guidelines.'® Each transect consisted
of ten live-traps at 10-m intervals running perpendicular to the canyon. Wave prop-
agation and retraction velocities (m/day) were calculated using month-to-month
changes in distributions among transects, using inter-transect distances and the
number of days between sampling periods. Field sampling of rodents was conducted
under the University of New Mexico’s Institutional Animal Care and Use Commit-
tee (IACUC) Protocol #04MCC002 and Animal Welfare Assurance #A4023-01.

2.3. SNV diffusion wave propagation

Propagation waves of SNV infections in rodents were measured over another set of
transects in the Redondo Canyon, a high-elevation site in Valles Caldera National
Preserve, Jemez Mountains, in northern New Mexico (Fig. 2, bottom). This canyon
was inhabited by deer mice along its entire length and had an identified “refugium”
near the top of the canyon. Rodents were sampled monthly during the snow-free
months (spring through autumn) from 2004 to 2006 using the protocols described
above (Sec. 2.2). Blood samples collected from the captured rodents were tested
for SNV infection by CDC using the enzyme-linked immunosorbent assay using
a SNV recombinant antigen (ELISA). As above, SNV infection wave propagation
velocities (m/day) within the deer mouse population were calculated using month-
to-month changes in distributions among transects, using inter-transect distances
and the number of days between sampling periods.
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Fig. 2. (Color online) Maps of rodent sampling transects in the (top) Sandia Mountains, Cibola
National Forest (2.86 km long, lat. 35°16 44", long. 106°28’ 42" midpoint elevation 1838 m) and
(bottom) Redondo Canyon, Valles Caldera National Preserve, Jemez Mountains, NM (5.68 km
long, lat. 35°52" 50", long. 106°35’ 15", midpoint elevation 2615 m). Yellow lines indicate the
100 m trapping transects for dispersal measurements. Red-dot circles are trapping webs for rodent
density estimation.

2.4. Diffusion waves and human HPS spatio-temporal patterns

The premise for testing the spatio-temporal patterns of human HPS cases was
that if deer mouse populations in montane refugia were expanding outwards from
the refugia in traveling waves, with SNV simultaneously propagating through the
mouse population, then the prediction would be that human HPS cases closest to
the identified refugia would be the first to occur along an outbreak’s timeline, and
cases later in the outbreak would occur further away from rodent refugia (given the
time lags for the rodent diffusion wave to propagate greater distances). As such, the
pattern of human HPS cases across the landscape during an outbreak would appear
to have a linear positive relationship between time (number of days from the initial
HPS case) and the distance from the nearest refugium. The slope of this linear
relationship would describe the velocity of wave propagation of the rodents/virus
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across the landscape. If the overall wave theory is correct, the predicted outcomes for
wave velocities would be that rodent diffusion propagation velocities, virus diffusion
velocities, and human HPS wave velocities would all have similar values.

To test this relationship, satellite-derived geographical data on rodent/SNV
refugia locations were paired with the nearest locations of residences of human HPS
cases from the 1993 outbreak in the Southwest (location and date data were from
CDC). A total of 16 residences (of 34 total HPS cases in 1993) were confirmed as
highly likely points of human SNV exposure via paired genetic sequencing of local
peri-domestic deer mice SNV serotypes and the SNV serotype in the human HPS
patients.® Measured distances of residences from the nearest deer mouse refugia
were then arranged in chronological order from the estimated infection date of
the first to last human HPS cases from May to August 1993. Linear regression
analysis was used to derive the HPS wave velocity estimate and test for a significant
relationship (with P-values representing two-tailed probabilities).

3. Results
3.1. Refugia rodent-virus characterization

The spectral signature associated with where HPS cases occurred during the 1993—
1994 outbreak was well defined and most marked at the end of the dry season during

1992 Imagery/1993 risk 1993 Imagery/1994 risk 1995 Imagery/1996 risk
30 HPS cases in 1993 7 HPS cases in 1994 1 HPS case in 1996

1997 Imagery/1998 risk 1998 Tmagery/1999 risk
6 HPS cases in 1998 8 HPS cases in 1999

Colorado

1 [study Area |
\\ T /
Anzcna»"‘ { New Mexico

' J{J

X

Fig. 3. (Color online) Satellite imagery of areas with high risk of persistent SNV infection preva-
lence in deer mice (Peromyscus maniculatus) populations during 1992-1998, and the number of
actual HPS human cases; red colors indicate high SNV prevalence, blue colors indicate low SNV
prevalence. Adapted from Ref. 19.
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the prior year (June 1992; Fig. 3). The signature was characterized by reflectance in
the blue, near- and mid-infra-red portions of the spectrum, as well as higher eleva-
tions.'® Those characteristics are usually interpreted as actively growing vegetation.
Further studies showed that, in years in which the environmental signature was not
elevated, few human cases occurred (Fig. 3).!® Examination of multiple years of
data showed that a surprisingly small portion of the landscape remained high risk
for HPS across multiple years (0.3% of the region). These persistently highest risk
sites tended to be on steep slopes above 2100 m elevation and were predominantly,
but not exclusively, deciduous or mixed-deciduous/coniferous forests — although
not all locations with these land types were persistently high risk.'® One aspect
that distinguished these high risk locations was that they had much longer grow-
ing seasons than sites that were not persistently high risk. As such, they were often
found in stream valleys and canyons coming from higher elevations.'?

Field data from the identified SNV high risk refugia and low risk sites con-
firmed that greater proportions of the deer mouse populations were positive for
SNV infection in the high risk sites (Fig. 4). Local deer mouse populations in per-
sistently highest risk areas were biased towards the populations that were most
likely to carry virus (adult males) and the highest risk areas were the only sites
where the deer mouse populations increased during years when overall risk was

Sandia Mts Navajo Zuni
Valles Caldera Apache Cibola

Fig. 4. (Color online) Proportion of deer mice (Peromyscus maniculatus) testing positive for
SNV (red color) in representative areas identified as low risk (top row) and high risk (bottom row);
the total number of sites = 40, data are from 1999. Site risk levels were determined from satellite
imagery (see Fig. 3). Mean SNV +prevalences across all sites were 30.8% (n = 185 deer mice) in
high risk sites, compared to 8.3% (n = 24) in low risk sites. Data are adapted from Ref. 17.
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not elevated. Most importantly, these sites supported populations of SNV-infected
mice that persisted from one year to the next.!” As such, persistently highest risk
areas corresponded to proposed conceptual refugia for SNV.

3.2. Rodent diffusion wave propagation

The rodent wave propagation velocities from the Sandia Mountains were calculated
from the most abundant species of resident Peromyscus, the brush mouse (P. boyliz).
This species is very similar to the deer mouse and carries the Hantavirus serotype

Table 1. Dispersal patterns through time of the brush mouse, Peromyscus boylii, across trapping
transects® in the Sandia Mountains, NM.

Sandia Mountains transect number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Total

Distance (m) 0 50 50 50 154 250 262 143 251 250 250 231 174 201 269 captures
2004 Apr. 6
May 15
June 12
July 0
Aug. 0
Sept. 1
Oct. 13
Nov. 28
Dec. 25
2005 Jan. 13
Feb. 11
Mar. 3
Apr. 6
May 3
June 10
July 1
Aug. 2
Sept. 2 2 7
Oct. 3 2 2 9
Nov. 2 4 2 27
2006 Jan. 3 4 3 21
Feb. 4 4 3 31
Mar. 2 1 5 14
Apr. 1 7 2 58
May 5 4 18
June 4 5 26
July 1 1 12
Aug. 6 8 38
Oct. 7 41
Nov. 8 7 k 38
Total: 61 95 89 37 29 6 6 5 27 9 3 5 2 2 489

2Distances are incremental values between transects from the uppermost transect in the canyon
(Transect 1; see site map in Fig. 2). Darkened boxes represent the geographic range of captures.
Values are the number of mouse captures on each transect during each sample period.
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Table 2. Summary of brush mouse (Peromyscus boylii) diffusion wave velocities
during rodent wave propagations and retractions from the Sandia Mountains, NM;
from data in Table 1.

Wave behavior  Year Period Diffusion velocity (m/day)
Propagation 2004  April-June 15.9
September—November 46.1
2005  April-June 33.6
September—January(2006) 19.3
2006  February—May 19.3
June—-August 13.6
Mean: 24.6
Standard Error: 5.6
95% C.I.: +14.5
Retraction 2004  June-July 32.0
November-December 17.4
December—January (2005) 17.7
2005  February—March 17.3
March—April 24.7
June—July 76.5
2006  January-February 70.0
May—June 9.6
August—October 9.4
October—-November 5.5
Mean 28.0
Standard Error: 8.4
95% C.I.: +17.6

Limestone Canyon Virus. Brush mice typically inhabit forests and woodlands at
slightly lower elevations than deer mice but also exhibit similar population density
dynamics; during high-density periods, brush mice will disperse into the adjacent
sub-optimal habitats. A total of 248 brush mice were captured 489 times during the
study (Table 1), with 10 of the marked individuals (8 adults and 2 juveniles, and 5
females and 5 males) moving between transect lines during the study; three moved
down-slope, six moved up-slope and one moved both up and down. Six periods of
population expansion were identified (Table 2). The mean (and SE) diffusion wave
propagation velocity was 24.6 £5.6 m/day, with a range of 13.6 —46.1 m/day, while
the wave retraction velocity was 28 + 8.4 m/day (range of 5.5 — 76.5 m/day).

3.3. SNV diffusion wave propagation

In the Redondo Canyon deer mouse population, 222 mice tested positive for SNV
out of 1459 mice tested over the three years of the study; males were twice as
likely to be SNV than females, and nearly all age (weight) classes showed infected
mice (Fig. 5). Overall, as mouse abundance increased, SNV infection prevalence
increased as well, indicating density-dependence (Fig. 6). SNV infection prevalence
ranged from 0% to 33.3%, with a mean of 11.1% over the entire study period.
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Fig. 5. Demographics of the deer mouse (Peromyscus maniculatus) population infected with
SNV in Redondo Canyon, NM. A total of 222 mice were positive for SNV out of 1459 deer mice
sampled (708 females, 751 males) on all trapping transects and webs. Mean infection rates were
10.2% for females and 20.0% for males.

SNV*% = 0.0546/n(N) -0.108
25% [ ) #2=0.206, P =0.039

SNV* infection (%)
3

0 50 100 150 200
Number of deer mice captured (N)

Fig. 6. Relationship between deer mouse (Peromyscus maniculatus) abundance and infection
prevalence of SNV in Redondo Canyon, NM. Abundance defined as the number of unique mice
sampled per three nights of trapping each month on transects. Data are from Table 3.

Propagation of an SNV infection wave within the Redondo Canyon deer mouse
population was evident during an SNV outbreak during 2004-2005 (Table 3). In
June 2004, SNV* deer mice were only found at high elevations, near the identified
refugium location. By the autumn of 2004, SNV deer mice were found sporadically
all along the transects, and during 2005, SNVT deer mice filled in nearly all the
transects along the canyon (Table 3). Infection prevalence declined precipitously
in 2006, with no SNVT deer mice on the study site in midsummer; some infected
mice began reappearing in late summer and fall 2006. Six distribution expansion
events were recognized (gray cells in Table 3), producing a mean (SE) virus wave
propagation velocity estimate of 27.5 + 7.8 m/day, with a range of 8.0-59.7 m/day;
two SNV retraction events were observed, with a larger mean velocity value of
161.5 £+ 80.7 m/day (Table 4).

2140052-11



R. R. Parmenter & G. E. Glass

aUI[D9p 09 Ue3a( 9dIW 183p +ANS U2IYM I8Ye ‘GO0

Amp ur uwornquiysip snara yeod oy 03dn ‘GO0z—F00g JO YeoIqIno oy} SULNp Ieok [ore UIYM [juow snoiaeid oY) wolj pealds SNIA WNWIXRUW JO
SPOUR)SUI MOYS S[[99 AvIr) *(g "S1 ur dew 991s 998 (T 909suel],) uoLued ay) Jo doj oy} WOIJ SIDOSURI} USIM)O( SON[RA [RIUSWOIIUT I8 SOOURISI(T,

860 ‘T 6€1 6 01 6 I 8 1 € 8 ¢ 4 LT € T¢ L L [e107,
%67 19 € 100
%0°G 08 A T | K “dog
%6°C qe I sny
%00 a1 0 Amp
%0°0 6 0 sunp
%L°0T 8T € AeN
%LL 6€ € 1dy 900%
%ETT 18 o1 “AON
%L 61 99 €1 I 100
%0°8T 00T 8T ¢ sy
%Eeee L8 6C z Amp
%V ST €9 91 ¢ aunf g00g
%6°T1 16T 8T g 00
%0°€¢ ger i 4 “ydog
%GTT 70T 4! 8 Amp
%Y1l 44 g € sunf $00z
%S ¥01 ¢l I Amp
%V 1L 44 g ¢ sunf $00z
YJUOTA -TRD X
uorpeul  edmm  +ANS 009 9SS G09 SI¥  ¥Le  I¢F  OFe 89 FIG 108 LPE  ¥SE 008 G9% 0  (w) eouessiq
ANS %  [e30L  [e10],

©
10
<t
o
N
—

g1 it €1 [48 1T 0T 6 8 L

IoQUINT }09SURI) UOAUR)) OPUOPIY

'900%—F00g SULINp ,s109sURI) U0 painided (SnIDnoIUDUWL SNISAWLO0LIJ) 90T 199p PajdeJul ANS JO sIoqunN ‘¢ 9[qe],

*so[onIe ssa00y uad( 10§ 1deoxo ‘panrurad jou A0S ST UONNQINSIP pue asn-ay "[¢/TT/11 U0 L1T°8L 191°SL Aq
WO JIIIIUSISPIIOM™ MMM WOTJ PIPEOUMO(] g “SAYJ "POIA [ "]

2140052-12



Int. J. Mod. Phys. B Downloaded from www.worldscientific.com
by 75.161.78.217 on 11/11/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Hantavirus outbreaks in the American Southwest

Table 4. Summary of SNV diffusion wave velocity rates during virus infection wave prop-
agation and retraction in the Redondo Canyon deer mouse population (Peromyscus man-
iculatus); from data in Table 3.

Wave behavior  Year Period Diffusion velocity (m/day)
Propagation 2004  June—July 19.5
July—September 27.1
September—October 59.7
2005  June—July (upslope to Tr 1) 8.0
June—July (downslope to Tr 7) 23.0
June—July (downslope to Tr 11) 28.0
Mean: 27.5
Standard Error: 7.8
95% C.IL.: +19.9
Retraction 2006 May—June 218.5
2006  September—October 104.4
Mean: 161.5
Standard Error: 80.7
2,500 1

2,000

DIST=19.6t - 188.6
r»=0.961, P=0.0000

1,500

1,000

500

Distance (m) from residence
to nearest refugium

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Number of days (#) from first human case

Fig. 7. Spatial-temporal progression of human cases of HPS during the 1993 outbreak in New
Mexico and Arizona, USA. Rate of HPS spread from rodent refugia was estimated at 19.6 +
1.05 m/day. Rodent refugia locations were determined from satellite multispectral data®; human
HPS case data were from CDC.

3.4. Diffusion waves and human HPS spatio-temporal patterns

The regression of the distance of human HPS case residences from the nearest deer
mouse refugium against the timeline of the 1993 HPS outbreak produced a highly
significant relationship (Fig. 7).

From May through August, the HPS cases occurred consistently at increasing
distances from the nearest refugium, with a maximum distance of ~2 km in some
of the late August cases. The human HPS case diffusion wave velocity was 19.6 +
1.05 m/day (SE).
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4. Discussion

The results of these studies indicate substantial support for the landscape-level the-
ory of traveling waves of rodents and SNV from sky-island refugia in the American
Southwest, propagating outward and over-running human residences, ultimately
increasing the risk of human HPS infection. All the observed values of wave diffusion
velocities (v in Eq. (4)) proved remarkably consistent: rodent diffusion waves from
the Sandia Mountains onto the adjacent grasslands during periods of higher mouse
densities averaged 25 m/day; SNV infection diffusion wave velocities in the deer
mouse population of the Jemez Mountains averaged 27 m/day; and the observed
velocity of human HPS spread across the landscape averaged 20 m/day. The consis-
tency of these values provides increased confidence that the landscape wave theory
is supported.

It should be noted that these results can be used to put spatial quantitative
constraints on future HPS outbreak forecasts, at least in areas with similar topog-
raphy. First, by employing year-to-year satellite imagery and multispectral analyses
of remote-sensing data, one can identify very specific geographic regions that may
be susceptible to HPS outbreaks; such a concept has already been demonstrated
prior to the HPS outbreak in 2006, when an increased risk of HPS was forecasted
for 2006 based on the 2005 satellite imagery.'® During 2006, human HPS cases
increased to levels of 50% above normal.

In addition, the results herein indicate a geographical limit to the extent of
rodent and virus spread across the landscape. In the 1993 HPS outbreak, the disease
diffusion wave reached its maximum at 2 km from the known deer mouse refugia,
beyond which no additional recorded HPS cases occurred. While future HPS out-
breaks will depend on the ecosystem carrying capacities that change through time,
and the resulting rodent densities and virus prevalence dynamics, it is extremely
unlikely that a wave of HPS cases would cover the entire landscape — deer mouse
populations cannot propagate more than a few km from their normal montane refu-
gia habitats. This contributes additional understanding of why HPS appears to be
a rural disease, generally not observed in lower-elevation cities and towns (unless
residents contract the SNV infection while traveling/visiting in rural areas).®

Incorporation of diffusion wave velocity values into models of hantavirus out-
breaks should increase the precision and accuracy of predictive models. Inclusion
of environmental variables (precipitation, temperature, ecosystem productivity and
carrying capacity), rodent population demographics and SEIR dynamics have led
to both conceptual and statistical models that are consistent with the observed
disease dynamics at landscape scales?® 27 but have not addressed fine-resolution
geographic patterns in rodents, virus and human diseases. With the knowledge of
local-scale rates of spread of both reservoir rodent species and hantavirus infec-
tions, descriptive models may be developed for higher-resolution understanding and
predictions for future disease outbreaks.
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Finally, these results have implications for forecasting HPS disease trends with
future climate changes. Warming atmospheric temperatures will tend to push
species distributions north in latitude and/or higher in elevation. This pattern will
tend to shrink deer mouse refugia in woodlands and forests at the higher elevations
in southwestern sky-island mountains, with expanding grasslands and deserts mov-
ing upward or northward at the expense of forested habitat. Such shifts in habitat
types will reduce the areal extent of refugia, and with it the potential area in which
rodents and SNV diffusion waves can propagate. Overall, this should theoretically
produce a lower risk of human HPS cases at the landscape level; however, increased
human habitation of higher-elevation environments (the Wildland-Urban Interface,
or WUI) will likely increase the human risk of exposure as residential development
expands into rodent and SNV refugia.
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