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Abstract.

Rift Valley fever virus (RVFV) is an emerging biodefense pathogen that poses significant threats to human

and livestock health. To date, the interepidemic reservoirs of RVFV are not well defined. In a longitudinal survey of
infectious diseases among African buffalo during 2000-2006, 550 buffalo were tested for antibodies against RVFV in
820 capture events in 302 georeferenced locations in Kruger National Park, South Africa. Overall, 115 buffalo (21%) were
seropositive. Seroprevalence of RVFV was highest (32%) in the first study year, and decreased progressively in subse-
quent years, but had no detectable impact on survival. Nine (7%) of 126 resampled, initially seronegative animals sero-
converted during periods outside any reported regional RVFV outbreaks. Seroconversions for RVFV were detected in
significant temporal clusters during 2001-2003 and in 2004. These findings highlight the potential importance of wildlife as
reservoirs for RVFV and interepidemic RVFV transmission in perpetuating regional RVFV transmission risk.

INTRODUCTION

Rift Valley fever virus (RVFV) causes intermittent epizoot-
ics and epidemics that result in massive losses of livestock and
significant human morbidity and mortality within affected
locations.'* Consequent animal export embargoes create sig-
nificant economic hardship for affected local ranchers and
pastoralist communities. Because of the ability of RVFV to
infect many vector and animal species, and the likelihood of
its regional persistence once introduced, it is essential to learn
more about how RVFV is spread and persists within its trans-
mission zones.

Rift Valley fever virus is transmitted to animals and humans
through blood feeding of infected insect vectors, typically
any of several locally abundant mosquito species.! This virus
can also be transmitted to humans by direct contact with, or
aerosolization of, infected bodily fluids of viremic animals.!*
Reported large outbreaks of RVFV in humans and domestic
and wildlife species are often associated with heavy rainfall and
flooding events, which enable an abrupt bloom of competent
mosquito vectors that facilitate transmission.>® Floodwater
Aedes species are known to infect their eggs transovarially,
enabling persistence of RVFV in semi-arid areas during pro-
longed dry periods.”®

During epizootics, many domestic and wildlife species
become infected with RVFV, but during interepidemic peri-
ods (IEP), the dominant mechanisms for local maintenance
or persistence of the virus remain uncertain. Most arthropod-
borne viral infections persist in nature because of mainte-
nance of the virus in an animal reservoir, but a predominant
animal reservoir of RVFV has not been identified. Bats and
vervet monkeys have been suggested as possible reservoirs,
but no conclusive evidence has been obtained.”’ Some mod-
els suggest that a long-term animal reservoir is not necessary
for persistence of RVFV in nature, and instead persistence
among mosquito species is sufficient.!! Nevertheless, domestic
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and wild ruminants are known to be amplifying hosts for
RVFYV, likely facilitating epizootics and epidemics in livestock
and wildlife areas.’

Many wild animals have been shown to be seropositive for
RVFV-neutralizing antibodies during IEP, including African
buffalo, black rhino, lesser kudu, impala, African elephant,
kongoni, and waterbuck."? Of interest, the highest wild animal
RVFV antibody prevalence (> 15%) was observed in black
rhinos and among ruminants (kudu, impala, African buffalo,
and waterbuck) and the highest hemagglutination-inhibition
titers (< 1:1,280) were observed primarily in buffalo, includ-
ing young animals born after known epizootics, i.e., during the
IEP."? African buffalo (Syncerus caffer) and Asian water buf-
falo (Bubalus bubalis) have been found to have high RVFV
seroprevalence in other cross-sectional surveillance studies in
Africa, and it has been suggested that they may serve as one
of the amplifying hosts for RVFV.!3!4 Published reports also
document that buffalo experience significant morbidity (fetal
loss) from wild-type RVFV infections, and RVFV has been
isolated from a water buffalo (Bubalus bubalis) fetus.!*!3

The objectives of this study were to identify whether low-
level RVFV transmission is ongoing in African Buffalo
(Syncerus caffer caffer) in Kruger National Park, South Africa,
to examine the variation in buffalo RVFV seroprevalence over
time, and to re-examine the potential contribution of infected
buffalo to local RVFV transmission during and in between
periods of known epizootics.

POPULATIONS, MATERIALS, AND METHODS

Study population. The results reported here were obtained
as part of a larger program to study infectious disease
dynamics among African buffalo in Kruger National Park on
the northeastern border of South Africa. Description of area
habitat and the details of animal capture, clinical assessment,
specimen sampling, and tracking have been presented in
detail elsewhere.'*'® During November 2000-July 2006, the
estimated overall buffalo population in Kruger National Park
was 23,000-25,500. Capture and survival data in the present
study were part of an area-focused, annual disease survey
in which sampling (n = 99-200/year) was performed in the
central Satara (2001-2006) and the more southern Lower
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Sabie (2003-2006) regions of the park (Figure 1). Briefly,
from a defined sub-region of Kruger National Park having a
buffalo population of approximately 3,000, 593 buffalo were
captured at 302 georeferenced locations by using aerial or
ground darting techniques, working in close collaboration with
veterinarians in Kruger National Park.

Captured animals were tested for exposure to infections
and uniquely branded and given subcutaneous insertion of
microchip tags for later identification. A subset (n = 167)
were fitted with either radio collars or global positioning
system collars for tracking and weekly to monthly follow-up.
Because male and female buffalo have horns, it was impos-
sible for a radio collar to come off an animal without tear-
ing through the belting. We identified mortality events by
the belting still being intact and the remains of a carcass. We
assumed that a radio collar had fallen off if the belting was
severed and no carcass was present after an extensive search
of the area.'® We estimated time since death (0-30 days)
using the extent of carcass remains.!® During the study, there
were 288 live repeat captures among the 593 buffalo studied
and 55 documented deaths among the 167 tracked animals.

Ethical approval. Institutional Animal Care and Use
Committee approval was through University of California
Berkeley #R217-0402 to Wayne M. Getz. This protocol was
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Ficure 1. Kruger National Park in northeastern South Africa,
showing the 820 capture locations of African buffalo (Syncerus caf-
fer caffer) (light circles) during the November 2000-July 2006 study
period. Capture locations of animals detected to be seropositive for
antibody against Rift Valley fever virus (n = 115) are indicated by
smaller dark circles.

also reviewed and approved by the Animal Care and Use
Committee for the South Africa National Parks.

Animal assessment. Animals < 5 years of age were assigned
to an age group on the basis of physical examination for incisor
eruption pattern.”” Age of animals > 5 years of age at the time
of first examination was determined by visual comparison of
horn development and body size to a calibrated photographic
reference collection.'”? Four age groups were considered:
youngest = 1-3 years, mid-low = 3-5 years, mid-high = 5-8
years, highest = more than 8 years.

Testing for antibodies against RVFV was performed at the
Agricultural Research Council, Onderstepoort Veterinary
Institute in Onderstepoort, South Africa, by using a hemag-
glutination-inhibition (HAI) titration assay.”!?? In areas with-
out circulation of other known phleboviruses (e.g., Toscana,
Naples, Sicilian, Arumowot, and Punta Toro viruses),”? the
HAI has shown high sensitivity and specificity (compared
with plaque reduction neutralization testing) for detection of
RVFYV infection in animals, with performance equal to that
of an IgG enzyme-linked immunosorbent assay.”> At the time
of the study reported here, the HAI was the only assay used
at the collaborating South African veterinary laboratory. The
median positive titer was 1:160 and the range was 1:5 (6 animals)
to 1:320 (31 animals). For the present analysis, an HAI titer
> 1:5 was considered positive. All nine seroconversions
observed during the IEP resulted in HAI titers > 1:10, suggest-
ing recent transmission.

Climate and rainfall. Kruger National Park is a fenced
wooded savannah that covers 19,485 km? in the northeastern
corner of South Africa and is bordered by Mozambique and
Zimbabwe. The Kruger National Park habitat was effectively
expanded in 2003 by removal of some fencing for the
creation of the international Greater Limpopo Transfrontier
Conservation Area. The area has wet—dry seasonality, and most
rainfall occurs in the summer months.'® Average annual rainfall
varies from 700 mm in the southwestern region of the park to
approximately 400 mm in the northern plains. Soil composition
is predominantly granitic in the western half of the park and
basaltic clay in the eastern half.!® Park rainfall data were
obtained from Scientific Services, Kruger National Park.

Statistical analysis. Univariate and bivariate analysis of
animal characteristics and outcomes were performed using
SPSS version 16 (SPSS Inc., Chicago, IL). Mapping of the
Kruger National Park study areas and capture events was
performed by using ArcGIS version 9.2 (ESRI, Redlands, CA).
Analysis for significant global spatial clustering of detection
sites for seroconverted animals was tested by using a weighted
Ripley’s K statistic and the Point Pattern Analysis program.??’
The weighted K-function analysis is used to determine if the
rates or values at each point are clustered, dispersed, or random
within the pattern of points. The weighted Ripley’s K test
determines whether seroconversion events were significantly
more clustered or dispersed (i.e., outside the 95% confidence
envelope) than observed clustering among all sampling
sites relative to a pattern of complete spatial randomness
(Supplemental Figure 1). Significant temporal clustering of
seroconversions was identified by using Grimson’s empty cells
method and Clusterseer2 software (Terraseer, Ann Arbor,
MI).?® Grimson’s empty cells method examines the number of
adjacent quarterly seroconversion events over the time series
of the study to determine whether temporal clustering deviates
significantly from a random Poisson distribution of events.
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Kaplan-Meier survival curves were used to examine survival
duration on the basis of seropositivity. Cox proportional
hazards regression was used to model survival time predicted
by seropositivity while adjusting for important covariates such
as age and sex. For all analyses, a-level for P values was set to
0.05, indicating statistical significance below this threshold.

RESULTS

Five hundred fifty African buffalo were tested for antibod-
ies against RVFV by HAI assay in 820 capture events. Overall,
115 (21%) of the buffaloes were seropositive for RVFV across
the sampling locations in Kruger National Park (Figure 1).
No significant global spatial clustering or annual local/focal
clustering was detected for buffalo seropositive for RVFV
tested among the georeferenced capture events in the study
(Supplemental Figure 1).

Seroprevalence varied depending on the year of study.
Prevalence of animals seropositive for antibodies against
RVFV was highest (32%) in the first year of the study (2001).
Prevalence then decreased progressively in subsequent years
(30%, 18%, 19%, and 14% in 2002, 2003, 2004, and 2005,
respectively) (Figure 2). Seropositivity among sampled male
animals was 16% in any period; among females it was 24%
(x*=5.21, P = 0.022). Seroprevalence also varied by age, such
that during each study year, the older animals were most likely
to be seropositive (Figure 3). Interestingly, young animals were
identified as seropositive in year 5 during a prolonged period
without reported RVFV outbreaks in South Africa. Five ani-
mals, which initially were seropositive for RVFV, seroreverted
during the study. These animals had titers of 1:5,1:20, 1:40, 1:80,
and 1:160, respectively, before converting to a negative status.

Of 126 African buffalo that were initially seronegative (i.e.,
at risk for new RVFV infection) and had repeat blood sam-
pling and RVFV testing, nine seroconverted during the study
(Figure 4). Seroconversions were detected in significant tem-
poral clusters during mid-2001-mid-2003 (seven of nine sero-
conversions) and during March-October 2004 (two of nine
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Ficure 2. Overall prevalence of seropositivity for antibodies
against Rift Valley fever virus (solid line indicates prevalence and
dashed lines indicate upper and lower 95% confidence limits) among
550 African buffalo captured and serotested in Kruger National
Park during the 2000-2006 study period. Numbers tested each year
were as follows: year 1 = 78; year 2 = 142; year 3 = 177; year 4 = 159;
year 5 = 161; year 6 = 19. Total number of tests indicates that
126 animals had repeated sampling during the study.

seroconversions) (Grimson’s statistic E(E) = 16.362, P =
0.0008 for the observed data). As shown in Figure 5, observed
seroconversions were detected after normal rainy seasons in
Kruger National Park. No seroconversions were documented
during or after the below-average rainfall during the rainy sea-
son in 2003, although sampling effort during this period was
similar.

To assess whether recovery from a past RVFV infection had
an impact on long-term African buffalo survival, we examined
outcomes in a cohort of 167 buffalo with known serostatus
that were monitored monthly by radio collar. There were 52
documented deaths among the cohort, and survival analysis
compared outcomes for 51 seropositive and 116 seronegative
animals. Although analysis of crude mortality suggested that
RVFV-seropositive animals were less likely to survive than
seronegative animals, seropositive animals were also more
likely to be older and female, and these characteristics were
associated with differences in mortality risk."” After multivari-
able adjustment of mortality hazard for age, sex, and age—sex
interaction with the use of Cox proportional hazards tech-
nique, mortality rates were not significantly different between
RVFV-seronegative and RVFV-seropositive buffalo (Figure 6).
The multiply-adjusted hazard ratio for RVFV seropositivity
was 1.09 (95% confidence interval = 0.57-2.08) for seronega-
tive versus seropositive animals (x> = 0.074, degrees of free-
dom =1, P = 0.78, not significant).

DISCUSSION

This longitudinal study suggests that low-level RVFV trans-
mission occurred among African buffalo in Kruger National
Park during 2000-2006. Although no South African epizootics
were reported to the World Organisation for Animal Health
during the study, we detected nine buffalo seroconversions
during the program follow-up.” Evidence of IEP transmission
was also provided by detection of seropositivity among the
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FiGure 3. Seroprevalence of antibody against Rift Valley fever
virus, by age category, among African buffalo in Kruger National Park
during initial years 1-5 of the study (2001-2005). Bars indicate age-
specific seroprevalence (in each year) for animal subgroups (defined
as youngest group = 1-3 years of age; middle-low group = 3-5 years of
age; middle-high group = 5-8 years of age; oldest group = more than
8 years of age) during that particular study year. Numbers above each
bar indicate the number of animals that were tested in that age group
in that study year.
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Ficure 4. Capture locations (gray stars) of nine African buffalo
found to have seroconverted for antibodies against Rift Valley fever
virus (upon recapture and repeat serologic testing). Numbers next to
starred locations indicate the order of detection of these seroconvert-
ing animals. Open circles indicate the distribution of all other capture
events during November 2000-July 2006. Borders of Kruger National
Park are indicated by the solid line.

youngest age group of animals (1-3 years of age) born dur-
ing the study period. The apparent continuing low-level trans-
mission to wild ruminants during periods of average rainfall
suggests that such undetected transmission may be important
to the maintenance of RVFV in natural habitats. Continuing
local transmission could be an important factor in earlier and
more rapid RVFV amplification and transmission to humans
during recognized epizootic/epidemic periods.

Initial RVFV seroprevalence was high in our buffalo sam-
ple, consonant with rates detected in previous cross-sectional
surveys of RVFV seroprevalence among wild ruminants in
Kenya and Zimbabwe.>!* Overall, in our Kruger National
Park sample, seropositivity was highest in the first year of
study (2000-2001), likely secondary to anomalous heavy rain-
fall that had occurred in 2000 (Figure 5). Transmission of
RVFV is associated with excessive rainfall in high-risk areas
because of the abrupt increase in mosquito numbers after
flooding events.>*” Thus, it is possible that many of the buffalo
that we documented to be RVFV seropositive at the onset of
the study had just recently seroconverted during this preced-
ing heavy rainfall season. In addition, an RVFV outbreak was
reported to have occurred in 1999 among wild fauna in South
Africa, although its location was not described.?’ Furthermore,
two RVFV outbreaks were reported among cattle in nearby
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FiGUre 5. Time series of seroconversion events, relative to rain-
fall, in Kruger National Park. Circles indicate monthly rainfall for
the study area during 2000-2006. Horizontal gray bars indicate the
intervals (period between observations) for the nine seroconversion
events to antibody against Rift Valley fever virus among 126 initially
seronegative buffalo that were repeatedly sampled during the study.
To indicate their location, numbers in parentheses correspond to sites
indicated in Figure 4 and reflect the order of detection of serocon-
verted animals during the period of the study.

Zimbabwe during 2001. Those outbreaks resulted in 791 cases
in cattle and 4 animal deaths.”

Among the study animals sampled, the observed RVFV
seroprevalence waned over the study period. This finding
could have been the result of several causes, including loss
of immunity over time, insensitive testing (variable detection
of HAI levels), or selective loss of seropositive individuals
over the study period. Although the observed seroprevalence
decreased in later years of the study, there were nine nega-
tive-to-positive seroconversions documented during the 2001
2004 interval. These conversions occurred after more typical
November—April wet seasons had average rainfall, suggesting
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Ficure 6. Kaplan-Meier survival plots of African buffalo in the
Kruger Park study according to their serostatus for antibody against
Rift Valley fever virus (RVFV). Lines indicate the cumulative age- and
sex-adjusted percent survival (in years) of 51 animals seropositive for
antibodies against RVFV (gray line) or 116 animals seronegative for
antibodies against RVFV (dark line) that were serially monitored
for survival during the period of the study.
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a connection between local seasonal weather patterns and
RVFV transmission. This pattern appears more subtle than
the large outbreaks of zoonotic RVFV disease seen after
extreme rainfall events.>7 It is possible that these lower levels
of seroconversion may represent echo events of heavy RVFV
transmission that occur during extremely heavy rainy seasons.
These findings suggest the likelihood of continuing low-level
transmission of RVFV to buffalo and other animals during
non-flooding off years in suitable RVFV vector habitats.

Seroprevalence of RVFYV, indicating past exposure to viral
infection, was not associated with worsened survival during
long-term follow-up of a closely monitored cohort of animals.
Among humans, RVFV infection can be the cause of long-term
neurologic sequelae and visual impairment caused by retinitis
and anterior chamber eye inflammation.>*® For buffalo sur-
vivors of RVFV infections, we were unable to detect a per-
sistent health impact. Given the limited size of our available
longitudinal sample, the confidence interval for the adjusted
hazard ratio associated with RVFV seropositivity remains
fairly broad, and it is possible that we missed a clinically sig-
nificant effect caused by type II error in statistical inference.
In addition, the RVFV testing performed yields evidence only
of past RVFV infection, and we cannot comment on whether
acute RVFV-related disease has a significant impact on buf-
falo survival. Previous analysis found no detectable delayed
effects of the capture interventions of the study on buffalo
survival.!8

This study has several limitations. First, the RVFV study was
a sub-study of a larger program that focused on infectious dis-
ease dynamics, particularly bovine tuberculosis (TB), among
African buffalo. Our RVFV results may be biased because
recaptures of African buffalo were intended to exclude those
that were known to be TB positive from prior capture. Because
TB-negative buffalo are more likely to be younger, recaptures
were more likely to be younger. However, in years 2-6 of the
study, buffalo > 8 years of age were adequately represented
in serologic testing (> 30% of all animals sampled), such that
the rates measured were unlikely to be markedly influenced
by age bias.

Second, the method of RVFV testing in this study was HAI
Although HAI has been shown to have 100% sensitivity and
specificity compared with plaque-reduction neutralization
testing in sheep samples, no published studies have reported
the test characteristics for buffalo.?? Five buffalo that initially
tested positive by HAT (titers 1:5, 1:20, 1:40, 1:80, and 1:160,
respectively) seroreverted during the course of the study,
which may indicate a higher false-positive rate of HAI in buf-
falo than in sheep, or a loss of antibody levels, a loss of immu-
nity, or both, in these buffalo over time.

In summary, in a prospective longitudinal African buf-
falo survey in Kruger National Park during 2000-2006, sero-
logic testing for antibodies against RVFV showed a buffalo
seroprevalence of 21% and 7% of retested individuals sero-
converted, highlighting the potential importance of local
interepidemic RVFV transmission among wildlife in perpet-
uating regional risk for RVFV transmission. Although there
may be considerable variation of RVFV transmission across
regional habitats and over time, it is evident that transmission
continues on a regular basis in suitable locales. Better defini-
tion of the long-term patterns of transmission will provide bet-
ter insights for planning for vector and population-based RVF
prevention and control.
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