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Predicting the dynamics of zoonoses in wildlife is important not only for prevention of transmission to
humans, but also for improving the general understanding of epidemiological processes. A large dataset
on sylvatic plague in the Pre-Balkhash area of Kazakhstan (collected for surveillance purposes) provides a
rare opportunity for detailed statistical modelling of an infectious disease. Previous work using these data
has revealed a host abundance threshold for epizootics, and climatic influences on plague prevalence.
Here, we present a model describing the local space—time dynamics of the disease at a spatial scale of
20 x 20km? and a biannual temporal scale, distinguishing between invasion and persistence events.
We used a Bayesian imputation method to account for uncertainties resulting from poor data in explana-
tory variables and response variables. Spatial autocorrelation in the data was accounted for in imputations
and analyses through random effects. The results show (i) a clear effect of spatial transmission, (ii) a high
probability of persistence compared with invasion, and (iii) a stronger influence of rodent abundance on
invasion than on persistence. In particular, there was a substantial probability of persistence also at low
host abundance.
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1. INTRODUCTION

Plague, caused by the bacterium Yersinia pestis, is known
for its impact on human history through a series of pan-
demics: the Justinian plague in the sixth century, the
Black Death starting around 1350 and the Third
Pandemic in the nineteenth century [1]. The primary
reservoir of the bacterium is populations of wild rodents
in Central Asia, where the bacterium evolved some
1500—20 000 years ago [2]. Today, a few thousand
cases of human plague are reported each year from
countries in Asia, Africa and the Americas, and most
of these are believed to be linked to local wildlife reser-
voirs of plague [3-5]. In many countries, early
treatment with antibiotics can be problematic, and in
these places plague remains a serious threat to public
health [6,7].

A better understanding of the dynamics of sylvatic
plague would improve the predictions of new outbreaks,
making early warning and treatment possible. The dataset
from the Pre-Balkhash plague system in Kazakhstan
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(electronic supplementary material, figure S1), where
the main host and vectors of plague are the great gerbils
(Rhombomys opimus) and their fleas (Xenopsylla spp.)
[8,9], has been monitored since 1949 in order to prevent
transmission of the disease to humans. The high spatial
resolution and the long study period of the resulting
dataset make the types of analyses we do here, possible.

Previous studies based on the Pre-Balkhash dataset
include Davis er al. [10,11], who studied predictive
gerbil abundance thresholds for plague, and Stenseth
et al. [12] and Samia er al. [13], who studied climatic
influences on plague occurrence. All these studies (but
the second) concentrated on data from up to four selected
areas of 40 x 40 km? where plague monitoring had been
most regular. At the scale of 20 x 20 km?, Kausrud
et al. [14] studied great gerbil dynamics, and at an even
finer scale, 10 x 10 km?, Frigessi e al. [15] developed a
model of the great gerbil-flea dynamics. At the scale of
the whole focus, Kausrud ez al. [16] reconstructed past
plague outbreaks based on climatic indices.

In the stochastic model presented here, we distinguish
between plague invasion and persistence at the scale
of 20 x 20 km?, and take into account the presence of
plague in neighbouring areas. A Bayesian imputation
technique was used in order to handle poor data in the
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mailto:n.c.stenseth@bio.uio.no
http://dx.doi.org/10.1098/rspb.2010.2614
http://dx.doi.org/10.1098/rspb.2010.2614
http://dx.doi.org/10.1098/rspb.2010.2614
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org

2916 L. Heier ez al.  Spatio-temporal dynamics of plague

response and explanatory variables. Our resulting model
describes the local space—time dynamics of sylvatic
plague, and is an improvement on the threshold model
by Davis et al. [10], which was fitted to annual time-
series data from just two of the 40 x 40 km? areas from
which data were collected. The importance of separating
the phases of invasion and persistence when modelling
abundance thresholds for infectious diseases was empha-
sized by Lloyd-Smith er al. [17], partly in response to
Davis er al. [10], who presented a model with a single
abundance threshold for both processes. Here, we study
whether differences between invasion and persistence
are detectable in the Pre-Balkhash dataset, and relate
them to known and plausible mechanisms.

When a disease appears in an area with apparently no
endemic cycle going on inside it or in the vicinity of it,
the invasion may be called an emergence (or re-emergence if
it has been there before). Human plague is infamous for
its ability to re-emerge after long periods of (seeming)
absence [18,19], and the Pre-Balkhash dataset suggests
that the same phenomenon happens in wildlife, although
in this case at a smaller temporal scale. The mechanism(s)
for re-emergence of plague is unknown, although many
hypotheses exist [20], including survival of bacteria in the
soil [21] or fleas [22], phases with less virulent bacteria
in the hosts [22,23] and long-distance transportation by
birds or carnivores from areas with ongoing epizootics
[24,25]. Recent studies of the plague system in Colorado,
USA, indicate a low, but non-zero prevalence of
plague in inter-epizootic periods [26,27], supporting the
hypothesis that plague circulates among favourable
microfoci [28].

Spatial transmission of plague is suggested when the
risk of having plague in an area is greater when nearby
areas are infected. Spread of plague has been studied by
several authors: Stapp et al. [29], Girard et al. [25] and
Snéll er al. [30] focused on plague outbreaks among
prairie dogs in the USA; Davis er al. [31] showed in a
simulation model that stochastic spread from colony to
colony will naturally lead to the existence of an abun-
dance threshold for invasion of plague; and Salkeld
et al. [32] found a similar percolation threshold for an
alternate host to be an important driver for plague out-
breaks in prairie dogs. Here, we investigate how the
extent of plague in neighbouring areas, as well as past
host abundance, influences the probability of plague
invasion. Possible explanations for emergence and spread
are discussed.

2. MATERIAL AND METHODS

(a) The Pre-Balkhash plague ecosystem

Our study area was the Pre-Balkhash plague focus in Kazakh-
stan, a semi-desert covering 32 000 km? southwest of Lake
Balkhash (electronic supplementary material, figure S1).
The main host of plague in this area is the great gerbil,
R. opimus [8,33], and the main vectors are fleas of the genus
Xenopsylla [8,9]. The great gerbil is a facultatively social
rodent, living in family groups of 3—14 individuals inhabiting
and defending discrete, permanent burrow systems [34,35].
They can have up to three litters during one season, and
those born in spring can have their first litter the following
autumn [34]. The abundance of great gerbils fluctuates greatly
from year to year, and with it the proportion of occupied
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burrow systems. Plague epizootics are observed at irregular
intervals, each epizootic lasting for 2—5 years, separated by
periods of 2—8 years [10]. Although many great gerbils die
from plague, many others are relatively resistant to the disease
[36], and the abundance of great gerbils can remain high
during outbreaks [10], contrasting the devastating effect that
plague has on prairie dog colonies in the USA [36].

Plague outbreaks in the Pre-Balkhash area are typically
preceded by a build-up of great gerbil abundance. That is,
the average abundance over 2 years is observed to exceed a
threshold before an epizootic occurs [10]. Climatic con-
ditions influence the plague system further: Stenseth ez al.
[12] found that high temperatures in spring and high precipi-
tation in summer each leads to increased plague prevalence
once the host abundance is above the threshold.

The epizootic during 1988—-1995 may serve as an illus-
tration of a typical outbreak: after a period of low gerbil
abundance, it started to increase in autumn 1986 in areas
close to the Iliy and Karatal rivers (electronic supplementary
material, figure S1). In spring 1988, an outbreak started in
the western part of the area (figure 1), and the following
autumn, additional emergences were observed in the eastern
part. In spring 1989, the active sites had moved (but note
that plague may have been present also where it was not
observed; while observed presences are certain, observed
absences are not). In the autumn, the outbreak had spread
to a larger area. In spring 1990, the gerbil abundance dropped
in the western parts, and from then on, plague was hardly
observed in these areas, but persisted in the eastern area
throughout the rest of the study period (not shown in the
figure). This example illustrates how the location and extent
of outbreaks change as they progress. This observation
motivated our study of the space—time dynamics of plague.

(b) The dataset

The data were collected every spring and autumn from 1949
to 1995 at a number of sites within the focus, and include
abundance estimates of great gerbils and fleas, as well as
results of testing great gerbils and other small mammals
and their fleas for plague (electronic supplementary
material). We did not include data on flea abundance or
plague presence in fleas in our analyses, both because the
sampling process was partly unknown, and because inclusion
of fleas would require imputation of missing data at an extra
level, implying an even more complex analysis. Hence, we
based our models on data from great gerbils only.

The focus is divided into ca 90 so-called primary squares,
areas of 20 x 20 km?. Abundance measures were mostly at
this scale, the observation point being located in the middle
of the square. The primary squares are in turn divided into
four 10 x 10 km? sector areas. The results from plague
testing of trapped rodents and fleas are recorded at the
sector scale.

In any particular season, zoologists would visit only a frac-
tion of the many sectors in the focus. Because of many
missing values at the sector level, we aggregated records
from up to four sectors to form estimates at the primary
square level, on which we based our analyses. Because the
observation process was designed for plague surveillance
and not for statistical analysis, the method of sector selection
is complex and partly unknown. We chose to ignore this,
treating the data as though the selection of sectors was
random.
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Autumn 1987

Spring 1988

Autumn 1988

Figure 1. Example of a plague epizootic in the Pre-Balkhash area (see electronic supplementary material, figure S1, for reference
to map). Open circles, no great gerbils found positive for plague; filled circles, at least one great gerbil found positive. Circle size
indicates the number of individuals tested. Colour indicates great gerbil abundance, from yellow (low) to red (high).

(¢) Defining invasion, persistence and ‘plague in
nearby areas’

We define an invasion event to be the appearance of plague in
a square where it was absent the season before. Likewise, a
persistence event may be defined as the continuation of
plague presence in a square from one season to the next.
Our modelling approach will be based on using the
presence/absence of plague as a response variable.
Thus, we used in our model the possibility of invasion
or persistence, using the previous season’s absence or
presence of plague, respectively, as an explanatory variable
(electronic supplementary material, figure S2).

The true presence/absence of plague is only partly
reflected by the data, since the records are based on relatively
small numbers of gerbils tested. Thus, no positive tests may
sometimes be recorded even if plague was present. For this
reason, we do not use the observations directly as response
and explanatory variables; instead, variables describing the
true state of the system are treated as hidden. Our analyses
are performed on multiple simulations (imputations) of the
real presence and absence of plague (§2¢).

The extent of plague in nearby areas the previous season was
defined as the weighted average of the binary variables cor-
responding to the presence/absence of plague in the eight
neighbouring squares (electronic supplementary material,
figure S2). In this second explanatory variable, the corner
squares were given weight = 0.4 compared with the adjacent
squares, based on preliminary analyses using the Akaike
information criterion (AIC) (electronic supplementary
material). Other formulae for the extent of nearby infection
were also tested (e.g. just presence/absence of plague in
neighbouring squares). The results showed that the specific
form in which the presence of plague in neighbouring
squares was defined was not very important.

An emergence event may be defined as an invasion event
where plague was absent from neighbouring squares the pre-
vious season. An illustration of invasion and persistence is
given in the electronic supplementary material, as well as
an overview of the raw data where these definitions have
been applied.
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(d) Great gerbil abundance

For a specific season, great gerbil abundance was defined as
the proportion of burrow systems that were occupied by
family groups of great gerbils. It was estimated every
spring and autumn by walking a field transect that included
either 15 or 30 burrow systems. Davis ez al. [10] used a
temporal mean of abundance as a predictor for plague,
formed by values up to 2 years before the plague obser-
vations. Here too, past gerbil abundance was defined as a
temporal mean, but over a slightly different time period.
We included the season when plague testing was performed,
and went only 1.5 years back in time. This set of four sea-
sons was chosen on the basis of preliminary analyses of the
raw dataset, where abundance measures based on different
sets of seasons were ranked by the use of the AIC. As an
alternative, estimates of the great gerbil density were also
tested as a covariate. This alternative showed less explana-
tory power, partly because the density estimates were
inherently more uncertain, and has not been considered
further.

(e) Analyses

We modelled the probability that plague was present in a
square ¢ at time 2, y,,, as a logistic function of the following
explanatory variables: y;,_;, presence/absence of plague in
the square the previous season; n;, ;, extent of plague in
nearby areas the previous season as explained above; g;,,
past gerbil abundance in square ¢ s, season (spring/
autumn). The software R [37] was used for all data
manipulation and analyses.

Limited sample sizes and missing observations presented
challenges to the analyses. Standard GLM-type models do
not account for uncertainty in explanatory variables, and
only data points with complete records can be included. In
order to effectively use the available data, imputation
methods were applied. Only space—time points (z,¢) that
became complete after imputation were included in the
final analysis.

Firstly, while records with one or more positive tests imply
that plague was present, records with only negative tests may
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be due to an insufficient number of tests performed, giving
uncertainty about presence of plague. This was accounted
for in the analyses by the use of a Bayesian imputation tech-
nique [38]: instead of analysing the recorded presence/
absence data directly, we made multiple simulations (imputa-
tions) of the true presence/absence of plague, based on
observations, number of gerbils tested and a prior: probabil-
ities of plague presence. The spatial correlation structure
seen in the plague records was incorporated in the imputa-
tions through spatially correlated random effects (see the
electronic supplementary material for details). In cases
where no tests were performed, data were not imputed, as
this might introduce additional noise in the models.

Secondly, the extent of plague in neighbouring squares
(ni 1) was often unknown because of missing values, as
plague data were not imputed where no gerbils had been
tested. We introduced a pragmatic criterion that at least five
neighbouring squares, of which at least two adjacent squares,
must be sampled if the extent of plague was to be calculated.
This was a compromise between having good information
about each data point, and having enough data in the analyses.

Thirdly, there were missing observations of great gerbil
abundance. These values were imputed as well, again based
on a model taking spatial correlation into account (electronic
supplementary material). In this case, we averaged over a
large number of imputations, as the strong spatial correlation
in the abundance data [14] made this part of the uncertainty
less important than the uncertainty in the plague data. Where
abundance records were missing from a larger area, some of
the imputed values were not included in the further analysis
owing to their high level of uncertainty.

For each of 50 imputed datasets, we performed a logistic
regression with spatial correlation using generalized linear
mixed model (GLMM) analyses [39]. A model with no
interaction effects can be formulated as

logit(P(y;, = 1))

= Bo + BiYie1 + Bony, y + Bsgiy + Bas: + sy
2.1)

where ¢;, are zero-mean spatially correlated random effects
modelling the spatial correlation in the response variable.
The random effects are assumed to be Gaussian distributed
with an exponential correlation structure including a
nugget effect. Alternative models including interactions
between the explanatory variables were considered as well.
Generalized additive mixed models were also tried, but did
not give significant nonlinear effects, and hence the models
were reduced to the GLMM.

Estimation of parameters and standard errors was per-
formed for each imputed dataset independently by the
glmmPQL routine contained in the MASS library [40].
The results were combined through the routine MIcombine
within the mitools package [41] to give estimates, confidence
intervals and p-values for testing whether coefficients were
significantly different from zero [38].

Model selection was performed by backward selection from
a full model, i.e. with all interaction terms included. No AIC
value was available, firstly because spatial correlation was
included in the analyses, secondly because the results from
the imputed datasets must be combined. Hence, we used a
selection criterion based on the significance values of the covari-
ates and interaction terms in the model, with an acceptance
level of 0.05. The resulting model is reported in §3a.
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The testing of interaction terms asks whether the influence of
one explanatory variable depends on the value of another, e.g.
whether gerbil abundance has a different effect on persistence
than on invasion. A non-significant result will show that we
cannot prove that there is such a difference. This could mean
that they are more or less equal, but it could also result from scar-
city of data. Because of the latter possibility, it may be interesting
to ask an alternative question: whether the effect of one variable
is different from zero for all categories of the other. Through
specific parametrizations of the model, we consider the question:
Is there a significant effect of gerbil abundance on persistence as
well as on invasion? Similarly, the effect of plague in neighbour-
ing squares is tested for persistence versus invasion, spring versus
autumn, etc. Results of these tests are reported in §35.

Evaluation of the model was performed by a receiver oper-
ating characteristic (ROC) analysis [42] for the final model in
§3b. This was done by calculating true and false positive rates
for each of the 50 imputations separately, using the model
estimates corresponding to each imputation. The results
were combined by calculation of the mean and standard
error at each threshold value. The resulting ROC graph is
presented in §3c.

3. RESULTS

(a) Basic model

After model selection, the model included all main effects
except season, and no interaction effects.

logit(P( y;, = 1))
— 442+ 1.19y;, , +185%

1,0—1
+ 3.64 gi:t e

It showed that the probability of plague presence increased
with plague presence the previous season ( y;,—; = 1), with
the extent of plague in neighbouring squares the previous
season (7!, ;) and with past great gerbil abundance (g;,)
(table 1 and electronic supplementary material, figure S5).
The probability of invasion (y;,—; = 0) was close to 0 at
low gerbil abundances, and increased to 0.2—0.5 at high
abundances, depending on the extent of plague in neighbour-
ing squares. For persistence (y;,—; = 1), the probability
increased from 0.1-0.3 at low abundances to 0.4—-0.8 at
high abundances. No interaction terms were found to be
significant, meaning, for example, that the influence of
plague in neighbouring squares was not found to differ
between invasion and persistence.

(b) Reparametrized models

The reparametrized model for testing whether the effect
of plague in neighbouring squares was significant for per-
sistence as well as invasion was as follows (notation
simplified w.r.t. spatial correlation):

logit(P( y;, = 1))

= Bo + B
Baon, ; if invasion possibility
+ , . . o
32,1"?, .1 if persistence possibility
+ B3gi1

(3.1)
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Figure 2. Reparametrized model including one non-significant parameter estimate: influence of gerbil abundance on plague
persistence. This parameter cannot be shown to be different from neither zero nor the joint value for invasion and persistence.
(a,b) Probability of plague presence (ordinate), given past great gerbil abundance (abscissa) and extent of plague in neighbour-
ing squares. Solid lines correspond to nly 1 = 05 dashed lines correspond to nf’ .1 =0.2,0.4,0.6 and 0.8, in increasing distance
to the abscissa. (¢, d) Corresponding contour plots showing probability of plague presence, including data from a
randomly selected imputation. Large points denote imputed presence of plague, small points denote imputed absence of

plague.

Table 1. Estimated parameters in the basic model. Betas are
defined in model (2.1).

parameter estimate  s.e. p-value

Bo: constant term —4.42 0.46 <1.00x 10 '

B1: presence of plague 1.19 0.27 1.67 x 107°
previous season

B.: extent of plague in 1.85 0.53 5.16 x 10~*
neighbouring
squares previous
season

B5: past great gerbil 3.64 0.76 2.06 x 107
abundance

All parameters were found to be statistically significant,
and the estimates of B8, and (8, for nf . for invasion
versus persistence, respectively, were rélatively similar
(electronic supplementary material, table S2a). Hence,
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the effect of plague in neighbouring squares was found
to be important in both invasion and persistence events,
and of similar magnitude.

The reparametrized model for testing the effect of
gerbil abundance for persistence versus invasion was as
follows:

logit(P(y;, = 1))
= Bo + Biis1 + By,

+ { .33,0gi,z

if invasion possibility }
.33,1&‘,:

if persistence possibility

(3.2)

Here, the influence of gerbil abundance was found
to be highly significant for invasion (B3,), but non-
significant for persistence (B3;). The estimate of the
latter was about half the estimate of the former (electronic
supplementary material, table S2b and figure 2). This
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result shows that gerbil abundance is important in inva-
sion events, but that we cannot make such a conclusion
for persistence events. Seen together with the result
from the basic model, the effect of gerbil abundance on
persistence events is unknown, having a range of possible
values including 0 and the combined estimate 35 from the
basic model, and a point estimate approximately halfway
between the two.

Analogous models were tested with respect to season,
as well as combinations of season and plague presence
previous season. The general result showed that
parameter estimates and significance levels were similar
for spring and autumn, confirming the main result that
seasonal effects could not be shown. The exception was
that the effect of spread seemed clear for invasion in
autumn but not in spring, and for persistence in spring
but not in autumn (electronic supplementary material,
table S2¢-d).

(¢) Model evaluation by receiver operating
characteristic analysis

ROC analysis was performed on the final model in §35.
The results are presented in figure 3, showing the good
fit of the model to the imputed data.

4. DISCUSSION

In this study, we present a statistical model seeking to
describe the complex and ever-changing spatial distri-
bution of plague in the Pre-Balkhash region. We found
invasion of plague to be highly dependent on past great
gerbil abundance, as was also found by Davis ez al. [10].
This agrees with percolation models for the spatial
spread of infectious diseases [31]. Persistence of plague
was found to be highly probable at the biannual scale,
reflecting the inherent resistance of great gerbils to the
disease, and their high reproductive rate. That persistence
frequently occurred despite low abundances suggests that
the threshold identified by Davis ez al. [10] is less reliable
for predicting persistence than invasion, at least at
the temporal and spatial scales used in this paper.
Presence of plague in neighbouring areas was found to
increase the risk of both invasion and persistence; for
invasion, this suggests spread from one area to another;
for persistence, the interpretation seems less clear.

No differences between seasons were found. Still,
differences are likely to exist, because of, for example,
different behaviour of great gerbils in summer and
winter, and seasonal variation in flea dynamics [43,44].
Climatic variation from year to year might explain the
lack of statistical significance of season. Stenseth er al.
[12] found, for a different model formulation, climatic
and seasonal effects in their plague threshold model; how-
ever, additional analyses including the same variables in
our model showed no effects. Likewise, more differences
between invasion and persistence could be expected, as
well as interaction between gerbil abundance and plague
in neighbouring areas. More regular sampling, generally
larger samples for plague testing, and greater accuracy
in gerbil and flea abundance would probably give more
details on the plague dynamics in this area.

Plague is a vector-borne disease, and flea abundance
is likely to be an important determinant of plague
transmission rates [44—46]. The flea data in the
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true positive rate

T T
0 0.2 0.4 0.6 0.8 1.0
false positive rate

Figure 3. ROC curve for the final model reported in §3b6
(figure 2). Each point on the curve corresponds to a
threshold defining whether plague absence or presence
should be predicted, based on the estimated probability.
Mean + 2 s.e. are shown for the false positive rate and true
positive rate for each threshold value, based on the 50 impu-
tations. The diagonal line shows the performance of a model
with no predictive power. Threshold values: cross symbol,
0.05; filled square, 0.25; filled triangle, 0.5; filled circle, 0.75.

Pre-Balkhash dataset make it in principle possible
to include fleas in a more complete dynamic model
[47-49]. However, because the sampling process is
partly unknown and more complicated than for the
gerbil data, inclusion of flea data would demand more
sophisticated modelling and inference methods than dis-
cussed in this paper. The data suggest, though, that flea
abundance may explain part of the observed lag between
gerbil abundance increase and plague outbreaks (cur-
rently being the subject of further work within our
research group). Further, plague in fleas is a possible
factor facilitating persistence [22]. In the Pre-Balkhash
dataset, however, plague was not found in fleas in inter-
epizootic periods, except immediately before or after an
outbreak (electronic supplementary material). A closer
study of this would require additional fieldwork with
subsequent use of modern molecular techniques.

(a) Invasion versus persistence

The probability of an invasion event was found to be gen-
erally lower than that of a persistence event. Persistence,
in contrast to invasion, does not depend on arrival or acti-
vation of bacteria from a reservoir. It does, however,
depend on a continued influx of new susceptibles, or on
a large number of individuals surviving the disease.
Great gerbils are relatively resistant to plague, and can
have three litters in each season. Further, their aggregated
spatial structure may lead to metapopulation dynamics,
which enhances persistence of predators and diseases
[32,50].

Great gerbil abundance had a strong effect on inva-
sion, while its influence on persistence was less clear:
for invasion, the slope (at logit scale) was 4.31 with a
p-value of 4.03 x 10~ >, while for persistence, the estimate



Spatio-temporal dynamics of plague L. Heier et al. 2921

was 2.10 with a p-value of 0.087 (electronic supplementary
material, table S2b4). One explanation may be that the
length of the fade-out process depends on the rate of
host population decrease, another that an important pre-
dictor has been ignored. This may be the flea
abundance, or the influx of susceptible gerbils through
births and immigration, which may be measured
for example by the change in abundance or density.
Attempts were made to include the latter covariate; how-
ever, no significant results were obtained (see electronic
supplementary material for a list of covariates tested).

Comparing our results with the threshold model by
Davis et al. [10], our findings reflect theirs for invasion
events, but diverge in persistence events. Both models
found very low invasion probabilities at low gerbil abun-
dances (the lack of a sharp threshold in our results may
be due to our choice of method and spatial scale). Like
invasion, persistence may be expected to show threshold
behaviour. However, a persistence threshold may not be
easily observed in the data, for reasons given above.
Moreover, the time lags used in the gerbil abundance esti-
mates may be important. Davis ez al. [10], working with a
lag of 2 years, found that a threshold corresponding to an
abundance of 0.33 worked well for persistence as well as
invasion. With a 1.5 year lag, on the other hand, we found
a substantial probability (0.1-0.5) of plague persistence
also below this threshold. A preliminary analysis of per-
sistence over the whole year, which gives a longer lag
between abundance estimate and plague sampling,
showed that the persistence probability at low abundances
indeed drops to low levels.

(b) Emergence

We found that emergence at the scale of 20 x 20 km? was
observable as a distinct event; in the raw dataset as well,
there were clear examples of this. In agreement with pre-
vious analyses [11], the emergence probability depended
on past great gerbil abundance. The abundance threshold
found in Davis et al. [11] corresponds to 0.4 in our
analyses, below which we found the probability to be
smaller than 0.05.

Although our analysis cannot confirm or rule out any
of the proposed explanations for emergence, there may
be indirect support to the hypothesis that the migratory
bird Oenanthe isabellina and its fleas play a role in import-
ing the disease to an area and spreading it fast [24,51].
Seen in the data are two cases of spatial clusters of emer-
gence events in spring, at times when no plague was
found anywhere else in the focus. O. isabellina nests in
gerbil burrows, and in order to find a suitable nesting
place, flies from burrow to burrow, possibly transporting
infected fleas.

(c) Spatial transmission

For invasion, we found a significant effect of spread over
summer. A plausible explanation is dispersal by the host:
although great gerbils are mostly stationary, staying close
to and defending their burrow systems, they also under-
take shorter or longer travels. Shorter travels are up to
400 m away [52] and include those to so-called outskirt
colonies, which are small, non-defended burrow systems
where the gerbils can hide if a danger appears while
they collect food. These outskirt colonies can be shared
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by several gerbil families and are believed by zoologists
in Kazakhstan to be important for transmission of
infected fleas from one gerbil colony to another. Longer
travels include dispersal, happening in the summer
mostly by young males, which travel up to 5 km to join
a new family group [52,53]. This, with the observation
that the number of sick animals peaks during summer
[54], may explain the summer spread of plague.

For persistence, we also found an effect of plague in
neighbouring areas, at least between autumn and next
spring. This result raises the question why spread
should be important for maintenance of plague in one
area—one might think that the already ongoing epizootic
would be sufficient to fuel its continuation. The mechan-
ism for spread is also unclear: during the winter months,
great gerbils are relatively inactive, although they do show
movement in late autumn and early spring, when they
move into or out of winter-dwelling burrows. Alterna-
tively, the effect of plague in neighbouring squares
could be due to spatial correlation not captured by the
analyses, meaning that the general prevalence is high,
which facilitates persistence to the next season.

5. CONCLUSION

The categorization of plague data into invasion and per-
sistence showed that these event types depended
differently on host abundance, as anticipated by Lloyd-
Smith ez al. [17]. Our results confirm that the distinction
may be important in analysis of zoonosis data. Further,
presence of plague in neighbouring areas was found to
be important for both invasion and persistence. A plaus-
ible mechanism for spread is transport from colony to
colony by great gerbils and their fleas, but birds and
larger mammals may also contribute. Regardless of the
mechanism, it is of great practical interest that the distri-
bution of plague in the current season can help predict
the distribution of plague in the next, along with infor-
mation on the abundance of the rodent host. This is a
valuable scientific basis for improving plague surveillance
in Kazakhstan, where predictive models stand to relieve
the financial pressures brought about by labour-intensive
surveillance programmes.
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Kausrud for fruitful discussions. We are also grateful to the
hundreds of zoologists in Kazakhstan who collected the
data. Finally, we wish to thank two anonymous reviewers
for their valuable comments and suggestions.

ENDNOTES

'Referring to wildlife, in contrast to domestic animals or humans.
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