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Analyses of the dynamics of diseases in wild populations typically assume all individuals to be identical. However, profound
effects on the long-term impact on the host population can be expected if the disease has age and sex dependent dynamics.
The Phocine Distemper Virus (PDV) caused two mass mortalities in European harbour seals in 1988 and in 2002. We show the
mortality patterns were highly age specific on both occasions, where young of the year and adult (>4 yrs) animals suffered
extremely high mortality, and sub-adult seals (1-3 yrs) of both sexes experienced low mortality. Consequently, genetic
differences cannot have played a main role explaining why some seals survived and some did not in the study region, since
parents had higher mortality levels than their progeny. Furthermore, there was a conspicuous absence of animals older than
14 years among the victims in 2002, which strongly indicates that the survivors from the previous disease outbreak in 1988
had acquired and maintained immunity to PDV. These specific mortality patterns imply that contact rates and susceptibility to
the disease are strongly age and sex dependent variables, underlining the need for structured epidemic models for wildlife
diseases. Detailed data can thus provide crucial information about a number of vital parameters such as functional herd
immunity. One of many future challenges in understanding the epidemiology of the PDV and other wildlife diseases is to
reveal how immune system responses differ among animals in different stages during their life cycle. The influence of such
underlying mechanisms may also explain the limited evidence for abrupt disease thresholds in wild populations.
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INTRODUCTION

An array of new emerging diseases originating from wildlife
reservoirs elucidates the need for more detailed epidemiological
models to predict new outbreaks and facilitate their control [1].
However, owing to practical circumstances in sampling wild
animal populations, vital information necessary to develop more
pertinent models is mostly lacking. In particular, models of wildlife
diseases are often compelled to ignore age and sex dependent
features of the epidemiology, which is unfortunate since the
pattern of age specific mortality can have a profound influence on
the evolution of disease resistance [2,3] and the rate of decline in
herd immunity [3]. In this case study, we investigate the age and
sex specific aspect of recurrent outbreaks in one of the best
documented large-scale wildlife epidemics: the Phocine Distemper
Virus (PDV) that caused two severe mass mortalities in the
European metapopulation of harbour seals (Phoca vitulina) [4,5,6,7].
More than 23,000 seals died in the 1988 epidemic, whereas the
death toll exceeded 30,000 seals in the 2002 event. [7]. Mortality
rates ranged between 22% and 66% in populations along mainland
Europe, while British stocks were less affected [7]. The disease is
enzootic in Arctic seals such as harp seals (Pagophilus groenlandica) [8],
and the risk for repeated cross-species infection in the future is
pending, since grey seals (Halichoerus grypus) could act as immune
carriers in this process [7,9,10]. Mathematical modelling has shown
that the risk for quasi extinction in harbour seals is substantially
increased by repeated PDV outbreaks [11], where one major
component affecting the mortality rate of repeated epidemics is the
level of immunity amongst survivors [12,13].

However, quantifying immunity and pathogen exposure in
surviving seals has proven difficult. Serological studies following
the 1988 epidemic gave estimates for the proportion of seals that
might have escaped infection. Although these studies encompassed
more than a thousand serum samples [4,14], results were
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inconclusive, since it remains difficult to relate specific titre levels
to PDV exposure to functional immunity [15]. Whilst individuals
with titres over a certain threshold level have clearly been in
contact with the virus or a similar virus such as CDV, individuals
with lower titres cannot be excluded from having been exposed to
the virus, nor do they necessarily lack innate immunity to the PDV
[15]. A conclusive test on functional immunity is a repeated
exposure to the same infective agent. The second outbreak of PDV
in 2002 across mainland Europe provided a full scale natural
experiment. The current study analyses the age- and sex-
composition of the disease-related mortality in the two outbreaks
and draws conclusions about disease dynamics and immunity.

RESULTS AND DISCUSSION

Males suffered significantly greater mortality (430 in 1988 and
1,142 in 2002) as compared with females (354 and 1,003) in both
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Table 1. Age categories of actually observed numbers (N) and
: expected numbers (E") of female (f) and male (m) seals that
: died in the 1988 and 2002 PDV epidemics.

: Year 1988 2002

: Agegroup (Y) N & N, E. N E Ne En

© Juvenile (1-3) 103 141 85 194 341 424 311 544
© Adults (4-13) 191 170 297 204 657 455 822 506
* Adults (14) 10 6 10 6 1 0 1 0
Adults (>14) 50 37 38 26 4 124 8 922
© sum 354 354 430 430 1003 1003 1142 1142

* 'Expected numbers based on the stable age distribution in 1988, and the
projected age distribution in 2002 (Figs 1 and 2).

* ?The 95% confidence interval (0.012) of the mean annual rate of increase
(4=1.116) gives a range of expected numbers of 108-142 for females and 80-

105 for males.

. doi:10.1371/journal.pone.0000887.t001

epidemics (Chi-square test p= 2.6 "), a difference that would be
further enhanced if the fact that sex ratios in harbour seal
populations are biased in favour of females (1:0.88) had been taken
into account. The skew in sex ratio in non epidemic conditions
originates from a higher annual mortality of adult males [16].
The age structure of female and male seals that died during the
1988 epidemic deviated substantially from the estimated pre-
epidemic stable age distributions. Adults (4—35 yrs) suffered
substantially higher mortality rates than sub-adults (1-3 yrs)
(Table 1). The age specific mortality rates were remarkably similar
in 1988 and 2002 for seals up to 13 years of age. The age
distributions deviated from the projected age distributions for both
females (Kolmogorov-Smirnov two-sample test, p<<0.01) and males
(p<<0.001). Again sub-adults suffered lower mortality than expected
compared to adults in age classes 4-13 (Table 1). However, seals in
age class 14 years and older showed substantially lower mortality
rates in 2002 compared with 1988. In 1988 60 females (14+years)
were found while 43 females were expected to be found (based on
the estimated age distribution and sample size), and 48 males
(14+years) were found compared to the 32 expected. Out of the
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total 1,003 females and 1,142 males collected in 2002 , 124 females
and 92 males were expected to be 14 years or older. However, only
four females and eight males were 14 years or older (Table 1). The
number of older seals found in 2002 is therefore an order of
magnitude lower than expected, and indistinguishable from the
natural annual mortality, i.e. about 5% for adult females and 9%
for adult males [17]. The absence of seals older than 14 years in the
2002 sample strongly indicates that all seals were exposed to PDV
in 1988 and that the survivors developed complete immunity,
protecting them from elevated mortality in 2002.

The data presented here indicate that PDV exposure leads to
complete life-long immunity of survivors. Immunity of survivors
has been shown to decrease the impact of repeated epizootics on
population growth rates and to decrease the risk for quasi-
extinction [13,14]. On the other hand, acquired immunity can
influence the selection pressure on innate disease resistant
genotypes and can thereby maintain high levels of mortality
during outbreaks for a longer time period than would be expected
if only innate immunity had been present [3].

The low prevalence of PDV-specific anti-bodies in serological
samples from Scottish harbour seals after 1988 [14] suggests the
dynamics of the PDV could have been different in this region,
a pattern repeated in 2002 when the disease barely reached
epidemic levels [7]. Also in England, different dynamics are
suggested by the substantially lower mortality rates in 2002, both
compared with the 1988 epidemic, and populations along
mainland Europe in 2002 [18].

We found that adults suffered substantially greater mortality
rates compared with juveniles (1-3 years), both in 1988 and in
2002 (Figs 1 and 2). Since genetic differences are not to be
expected among these age groups, this finding indicates that
genetic differences cannot play an important role in explaining
survival patterns in the study region. Rather, physiological
differences co-varying with age and sex, governed the mortality
patterns across mainland Europe. One of many future challenges
in understanding the epidemiology of the PDV and other wildlife
diseases is to discern how immune system responses differ among
seals in different stages during their life cycle. The influence of
such underlying mechanisms may explain the limited evidence for
abrupt disease thresholds in wild populations.
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Figure 1. Age structures (%) of 354 females that died in the Skagerrak, Kattegat and the Baltic collected during the 1988 epidemic (white
columns) compared with the age structure of the 1003 female seals collected in the Skagerrak, Kattegat , Baltic and the Danish Wadden Sea in
2002 (filled columns). The age structure (AS) just prior to the 2002 epidemic (line) is indicated.

doi:10.1371/journal.pone.0000887.g001
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Figure 2. Age structures (%) of 430 males that died in 1988 (white columns) and of the 1142 males collected in 2002 (filled columns). The

estimated age structure (AS) of total population in 2002 (line) is indicated.

doi:10.1371/journal.pone.0000887.g002

MATERIALS AND METHODS

Among many other samples, canine teeth were collected from
each sampled seal carcass during both mass mortalities. In 1988
teeth from 784 animals older than pups of the year were taken
from the Danish and Swedish parts of the Skagerrak, the Kattegat,
and the Baltic, whereas 1,953 teeth were taken from the same
areas in 2002. In the latter year the material was supplemented
with 192 teeth from seals older than pups from the Danish
Wadden Sea, giving a total of 2,145 teeth (Table 1). Thus, samples
were obtained from all major populations across mainland
Europe. In 2002 we also collected 377 pups of the year (POY),
out of which larger pups were aged using tecth, whereas seals
shorter than 95 ¢cm were regarded as pups of the year [17]. POY
were excluded from comparisons of age specific mortality, due to
their varying association to their mothers over the nursing period,
and lower recovery rate of pup carcasses, but data indicate that
close to 100% of the pups died in 1988 in severely affected regions
[16].

Crowns of sampled teeth were removed, and the cementum of
the roots were used for age determination [19]. Teeth from both
epidemics were sectioned using a freezing microtome (Leica
Cryostat CM 1510 and Frigomobil 1206) at the National
Environmental Research Institute, Denmark. Central longitudinal
l4pum thick sections were cut [19]. Before mounting on glass
slides and being treated with 5% gelatine, the sections were kept
in demineralised water (pH 8) for a minimum of 20 minutes.
About 4-5 sections of each tooth were mounted on glass slides.
The dried sections were stained with a 0.032% solution of
Toluidine Blue 0 (“Certistan”, Merk, Germany), and dissolved in
alkaline water (pH 8-9) for ten minutes. Excess stain was
removed in two successive demineralised water baths. The
sections were mounted permanently using Entellan, and cover
clips. Using a reference material of animals with known age, teeth
were then determined to age by counting the growth layer
groups. A sub-sample of teeth was used in blind tests with three
different readers [19].

To project age structure and population size from time ¢ to #+1,
a column vector (m), which includes the number of individuals
in each age class, is multiplied by the population projection
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matrix (L). Thus,

Lnlan_l‘ (1)

The asymptotic population growth rate is given by the dominant
eigenvalue of L and denoted 4; and the stable age distribution is
given by the right eigenvector [20].

Before 1988, the harbour seal population across mainland
Europe had been increasing steadily by 12% per annum, which is
close to the maximum growth capacity of harbour seals [21,22],
implying fertility rates close to 1 in sexually mature females, which
also was confirmed by histological investigations of ovaries [17]. A
well known fact is that after periods of exponential growth the age
structure stabilises, and the expected numbers of individuals in
each age class can be estimated from the life history matrix
[20,22,23]. Given the observed annual rate of increase at 12%, it is
readily seen that the deviation from the stable age distribution is
negligible after 10 years [16,24,25] also in extreme scenarios. This
is also confirmed by empirical studies, where proportions of pups
remained constant in relation to the size and structure of the
population [22]. Consequently, the possible minor deviations from
assumed stable age distributions do not affect the results of this
study.

To avoid sample biases, all carcasses washed ashore from the
largest colonies were collected, which represented about 95% of all
seals that died at those sites [16]. Further, the estimated age
structure of the surviving population in 1988 was projected
20 years ahead, and the population growth rate was predicted to
substantially exceed the maximum long-term growth rate of
harbour seals (13% per annum). Later empirical studies showed
that the population growth rate was close to 20% per annum
during the years following the 1988 epidemic, which could be
explained by that the population was initially dominated by young
adult females [22].

The age structure of the seals killed in the 1988 epidemic [17]
was used to estimate the age composition of the survivors in 1988
[16] (Figs 1 and 2). Constructing Leslie matrices for the female and
male segments separately, and parameterised by the rate of annual
population increase at 1.116 (95% confidence interval®0.012)
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over the period 1988 to 2000 [22], and age specific fertility and
survival rates [16], we projected the population structure up to
2002 (Figs 1 and 2). The estimated pre-epidemic age composition
in 2002 also represents the expected age structure of seals that died
during the 2002 epidemic, if mortality rates in all age classes had
been identical. We compare the age structure of the seals that died
in 2002 to the estimated age composition of the total population in
2002 before the disease outbreak.

REFERENCES

1. Woolhouse MEJ, Haydon DT, Antia R (2005) Emerging pathogens: the
epidemiology and evolution of species jumps. TREE 20: 238-244.

2. Galvani AP, Slatkin M (2003) Intense selection in an age-structured population.
Proc R Soc Lond B 271: 171-176.

3. Harding KC, Hansen BJL, Goodman SG (2005) Acquired immunity and
stochastisity in epidemic intervals impede the evolution of host disease resistance
Am Nat 166: (on line).

4. Osterhaus ADME, Vedder EJ (1988) Identification of virus causing recent seal
deaths. Nature 335: 20.

5. Dietz R, Heide-Jorgensen MP, Hirkonen T (1989) Mass deaths of harbour seals
(Phoca vitulina) in Europe. Ambio 18: 258-264.

6. Jensen T, van de Bildt M, Dietz HH, Andersen TH, Hammer AS, et al. (2002)
Another phocine distemper outbreak in Europe. Science 297: 209.

7. Harkénen T, Dietz R, Reijnders P, Teilmann J, Harding K, et al. (2006) A
review of the 1988 and 2002 phocine distemper virus epidemics in European
harbour seals. Dis Aquat Org 68: 115-130.

8. Duignan PJ, Nielsen O, House C, Kovacs KM, Duffy N, et al. (1997)
Epizootiology of morbillivirus infection in harp, hooded, and ringed seals from
the Canadian Arctic and western Atlantic. ] Wildl Dis 33: 7-19.

9. Hammond JA, Pomeroy PP, Hall AJ, Smith V] (2005) Identification of real-time
PCR quantification of Phocine distemper virus from two colonies of Scottish
grey seals in 2002. J Gen Virol 86: 2563-2567.

10. Pomeroy PP, Hammond JA, Hall AJ, Lonergan M, Duck CD, et al. (2005)
Morbillivirus neutralising antibodies in Scottish grey seals Halichoerus grypus:
assessing the effects of the 1988 and 2002 PDV epizootics. MEPS 287: 241-250.

11. Harding KC, Harkénen T, Caswell H (2002) The 2002 European seal plague:
Epidemiology and population consequences. Ecol Let 5: 727-732.

12. Lonergan M, Harwood ] (2003) The potential effects of repeated outbreaks of
phocine distemper among harbour seals: a response to Harding et al. (2002). Ecol
Let 6: 889-893.

@ PLoS ONE | www.plosone.org

Demography and Epidemics

ACKNOWLEDGMENTS

We thank Susan Wilson for commenting an earlier version of the
manuscript, and Kristin Johansson and Frank Riget for technical
assistance.

Author Contributions

Conceived and designed the experiments: TH TR JT RD KH. Performed
the experiments: TH JT RD. Analyzed the data: TH TR KH. Contributed
reagents/materials/analysis tools: TH RD. Wrote the paper: TH KH.

13. Harding KC, Harkénen T, Pineda J (2003) Estimating quasi-extinction risk of
European harbour seals: a reply to Lonergan and Harwood. Ecol Let 6:
894-897.

14. Thompson PM, Thompson H, Hall A (2002) Prevalence of morbillivirus
antibodies in Scottish seals. Vet Rec 151: 609-610.

15. Kennedy S (1990) A Review of the 1988 European Seal Morbillivirus Epizootic.
Vet Rec 127: 563-567.

16. Heide-Jorgensen MP, Hirkonen T, Aberg P (1992) Long-term effects of the seal
epizootic. Ambio 21: 511-516.

17. Harkonen T, Heide-Jorgensen MP (1990) Comparative life histories of East
Atlantic and other harbour seal populations. Ophelia 32: 211-235.

18. Thompson D, Lonergan ME, Duck CD (2005) Population dynamics of harbour
seals Phoca vitulina in England: monitoring growth and catastrophic declines.
population changes in the UK. J Appl Ecol 42: 638-648.

19. Dietz R, Heide-Jorgensen M-P, Hirkénen T, Teilmann J, Valentin N (1991)
Age determination of European harbour seals. Sarsia 76: 17-21.

20. Leslie PH (1948) Some further notes on the use of matrices in population
mathematics. Biometrica 35: 213-245.

21. Hirkénen T, Harding KC, Lunneryd SG (1999) Age and sex specific behaviour
in harbour seals leads to biased estimates of vital population parameters J Appl
Ecol 36: 824-840.

22. Hirkénen T, Harding KC, Heide-Jorgensen MP (2002) Rates of increase in age
structured populations: A lesson from the European harbour seals. Can J Zool
80: 1498-1510.

23. Caswell H (2001) Matrix population models: Construction, Analysis, and
Interpretation, 2nd edn. Sinauer Associates Incorporated, Sunderland, Mass,
USA.

24. Keyfitz N (1971) On the momentum of population growth. Demography 8:
71-80.

25. Cohen JE (1979) The cumulative distance from an observed to a stable age
structure. SIAM J Appl Math 36: 169-175.

September 2007 | Issue 9 | e887



