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FIG. 2 a, Mean + s.e.m. of total plant caver (fitted curve: ¥ =461 + 1.40x,
R*=0.16,n=120, P < 0.001) and b, soil mitrate in the rooting zone
(fitted curve: y = 0.92 — 0.045, A* =022, n =120, P « 0.001) both
plotted against plant-species richness in 12C native grassland piots.
Figures indicate the number of plots with a gven level of plant species
richness, Simpte curvilinear fits were no better than lines.

METHODS. Native, undisturbed grassland in Field O (ref. 24) was sampled
for plant species cover and species richness (nurnber of vascular piant
species per plot) in 120 pfots, each 1m x 1m, with a biock of 4 such plots
in each of 30 iccalities. Four 0-20cm soif cores per plot were extracted for
measunng NO; and NH; levels.

work is needed to determine how interspecific morphological and
physiological differences™? influence the dependence of eco-
System functioning on biodiversity in this and other ecosystems.
1t is known that soil fertility and productivity influence diver-
sity™ . Our results demonstrate that the converse is also true: in
our experiment using initially homogeneous soils, plant diversity
had a significant effect on productivity, nutrient use, and qutrient
retention. The establishment and functioning of these grassland
ecosystems depended on their species richness, with more diverse
ccosystems being more productive and having lower nutrient
losses than less diverse ecosystems. This extends earlier resujs®!®
to the field, providing direct evidence that the current rapid loss of
species on Earth®, and management practices that decrease local
biodiversity, threaten ccosystem productivity and the sustain-
ability of nutrien: cycling. Observational, laboratory and now
field experimental evidence supports the hypotheses that bio-
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diversity influences ecosystem productivity®718 sustainability*s?
and stability 414, O
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Allometry and simple epidemic
models for microparasites

Giulio A. De Leo & Andy P. Dobson

Ecology and Evolutionary Biology, Princeton University, Princeton, New
Jersey 08544-1003, ysA

SivPLE mathematical models for microparasites offer a usefol
Wway fo examine the population dynamies of different viral and
bacterial pathogens. One constraint in applying these models in
free-living host Populations is the paucity of data with which to
estimate transmission rates, Here we recast a standard epi-
demiological model by setting the birth and death rates of the
host popuiation ard its density as simple allometric fanctions of
host body weight. We then use standard threshold theorems for
the model in order to estimate the minimuin rate of transmissjon
for the parasite to establigh itself in a mammalian host popula-
tion. Traosmission rates that produce different comparable
values of the parasites’ basic reproductive number, R, are
themselves allometric functions of host body size. We have
extended the model to show that hosts having different body
sizes suffer epidemic outbreaks whose frequency scales with body
size. The expected epidemic periods for pathogens in different
mammalian populations correspond to cycles observed in free.
living populations.

The basic microparasite model takes the form' dS/d¢ =
(v—ul(1-8/K)5 — ANS, and &7 /dr = A(1)S — (1 + 2)I, where
S and 7 are the density of susceptible and infected individuals
respectively, K the carrying capacity in absence of the pathogen™,
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AG. 1 Allometric refationships of ., for density-
dependent UANSMISSIon {in a, f., = 0.0247 mw**)
and frequency-dependent transmission {in ¢, o =
0.4mw " Host demographic parameters are:
K=162w"" (number km™®), r=v-pu=
0.6w % {years~Y), u = 0.4w™* (years™'); m indi-
cates the diseased induced mertality factor for infected
individuals. If infection spreads {§ > ). host density
witl drop below the natural cammying capacity. Densities
of susceptibies and infectives at equitibrium are inver-
sely related to w (b and d). in contrast, the fraction of
infected hosts and the degree of depression,
d = N {w)/K(w), below the carmying capacity are
independent of w. To derive the refationships in & and
d, transrussion rates have been chosen to produce ~
comparable vaiues of R, for mammais of different
size, namely f{w) = 58m{w}, and thus R, =
KBf(a+u) =5 in the case of density-dependent
transmission, and B{w) = 1.1248,.(w), and thus
R, = B/{a+u) = 1124 in the case of frequency-
dependent transmission. In the latter case, the host
population is always driven to extinction when
Ry 2 1.22. The allometric exponents of I,iw) and
S.qlw) are, to a farge extent, determined by the carrying
capacity K(w} of the disease-free popuiation, and are
largely insensitive to the actual values of R, and «
(provided R, > 1). Although transmission parameters

combine several different epidemioiogical, envirenmental and social
factors, the scaling of B is basically due to the foilowing reasons: S
increases with w in the density-dependent case because the number of
encounters per unit time decreases with body size as a consequence of the
tower population density, thus higher transmission rates are required for the

u the host narural mortality rate, v the maximum birth rate, « the
disease-induced mortality, and A{J) the ‘force of infectiont’, that is,
the rate at which animals become infected. The actual relationship
between A and I depends upon the type of interaction among
infected and susceptibles. We examine two main types of trans-
mission: density-dependent, in which the probability of a suscep-

tible becoming infected is proportional to the density of
infectives through the rransmission rate f, namely
A(I) = BI; and frequency-dependent, in which the
same probability is a function of the proportion of
infectives, namely A(l) = BI/N (where N =[+3).
Density-dependent transmission is usually assumed for
wild-animal diseases*’, but frequency dependence may
characterize sexually and vectoriaily transmitted patho-
gens®’. It may also apply to species that are strongly
territorial.

Following the introduction of a single infective into a

population of X susceptibles, the disease wiil only spread '

provided df /dt > 0. For this to occur, £ must exceed a
critical value f_., where f_., = (u +«}/K for density-
dependent transmission, and Bun = u+a for fre-
quency-dependent transmission. These thresholds are
directly related to the basic reproductive number R,
defined as the average number of secondary cases
generated by one primary case in a susceptible popula-
tion®®. The disease spreads in the population if Rg > 1.

These threshold theorems are very useful in invest-
gating disease dynamics and control policies like culling
and vaccination, but their use is hampered in practice
because direct measurements of § are difficult, if not
impossibie, t0 obtain without extensive field data'®. In
contrast, estimates of the basic host demography (v, gt
and K) are available for many species. Extensive com-
parative studies'™"* relate v, u and X to body size and
show that they scale with height w as simple allemetric
relationships.

We can thus derive a similar allometric relationship
for the transmission rate and predict the threshold
values of B for species aver a wide range of body sizes.
To generalize this calculation we rescale the disease-
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decreases with w.

disease 10 spread. In contrast, when transmission is frequency-dependent.
the probabiiity of successfully transmitting the disease does not depend
upon density, but s proportional to the time spent in the infective ctass,
(x+ #)y"': as larger individuals have a longer infectious period, Broun

induced mortality rate  with respect to the average lifespan of the
species. By assuming that a is {m — 1) times the natural mortality
u, more (or less) virulent pathogens will be characterized by larger
{or smaller) values of m, as this produces an m-fold reduction of
the (i + )" life expectancy of infected individuals.

After replacing v(w), u(w), K (w) and «{w) into the equations for

FIG. 2 The osciliation period T (in
years) of the host population as a
function of the body mass w (in a),
the basic reproductive numper
Ry = KB/{z+ ) (in b} and the dis-
ease-induced mortality factor m ({in ¢}
in the case of density-dependent
transmission. Note that for a pathogen
that produces a 5-20-fold reduction
of life expectancy of a 1-kg animai, the
oscillation period ranges between 3
and 7 years, whereas T is practicaily
constant for Ry > 3. Scaling of the
oscillation period is basically deter-
mined by the scaling of the intnnsic
growth rate'®. The stability properties
and the transient dynamics 10 equili-
briumn are different when transmissian
is frequency-dependent: when
w < 10kg, the system approaches
equilipium  without  csciliations,
whereas for w > 10 kg, damped oscii-
lations with a very long periad (>60
years) may occur. In any case, no
significant  refgtionship  can  be
detected between body size and equl-
librium eigenvalues.
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TABLE 1. Threshold conditions on A for five epidemiological models assumi

ng different courses of infection and the density dependence of the host

Basic reproductive

Threshold criterion for

Model number transmission rate Allometric reiationship S(w)
a, Sl modet with noniinear density-dependent fecundity
==L — (N/K)FIS = BST N=i+Sc>1 PR B> f =t Bowe = 2.47 10 I mws
Fr=BS—(z+u) a={m=-1)u S - K
b, Sl model with density-dependent adult mortality
S'=(v—ul -N/KIS—BSI] N=i+S§ R - KB > g, =2t Bom = (2.47m +-8.02) 10-14P4
F=BSt—(a+u+N) 7=y — /K 2T i+ TR
c. SIR: susceptble, infective and recovered
S'=(v-pl-F/K|S- S F=5+R o - KB B> 8 Itu+o Brn =247 1072 (m + nwo
l=88=(x+u+p) L T atu o) - rme K where n = p/u
R o= pl - uR N
d, SEl: suscepubie, exposed and infective
S=(v—wl-F/KIS- S F=S8S+E+I R . OBK 8> 8 =(1+ﬁ)“+# B 2 2.47 1072 muPs
E=pSl-{g+pE ° (o + e+ 4 = e when o = g

f'=0E — (z+ u)

e, SEIR: susceptible, exposed, infective and recovered

S = -w1-F/KIS—BSI F=S+E+R B o afK 5>8 =(1+E) B = 2.47 1072 (m + n) w™*
E'=pS-(a+uE 0”"(,,.,_#')(1+y+p) = e F wheren = pfuand ¢
!’=oE—(a+,u+p)l 2+pu+p

R =pl - 4R TR

v and i are the maxirmum fecundity and minimum morality, respectively, The

allometric relaltionship B(w) between transmission and body size does not

change with respect to the basic S| model when infected individuals can reproduce and the density-dependent reduction in host fecundity is not linear (model
a). Ifdensity affects aduit mortality rather than fecundity (modei b}, the threshold condition becomes B2 By = (v +a)/K. As fecundity has roughiy the same
allometric coefficient as that of host mortaiity, ..., scates with bady mass as in model a. Furthermore, if the disease-induced mortaiity factor m equals 20, 3.,
is only about 10% larger than in model a for the same m. The introduction of an immune class (modei ¢} ora latent class (models d and @) slightly compiicates
the formula forthe g threshold, but does not modify the allometry of 5., with respect 1o the previous models. In fact, the average time spentin the latent ctass,
Lo, 15 usually much smaller than the average life expectancy 1/u, therefora ufo = Q. Also, the rate of recovery p for the immune class can reasonably be
assumed to scale with body size as u. This explains why the exponent of the w-f relationship is the same as usual, Although the allometric property of the

Bunins we find that it scales allometrically with body size. g
increases with w when transmission is density-dependent and
decreases when transmission is frequency-dependent (Fig. 1).
With  density-dependent transmission, the model exhibits
damped oscillations towards equilibrium densities for any body
size (Fig. 1), provided f(w) > Bra(w}. The oscillation period is
allometric (Fig. 2}, with an exponent of 0.260. Peterson er ol
analysed popuiation cycles of 41 species of birds and mammais:
they found that populations fluctuate with a period related to body
mass as 8.51w ™", Although our finding matches their data very
well, other factors such as spatial and age structure, predation,
plant-herbivore relationships and seasonality may be important
in explaining the observed patterns. Osciliations are not detect-
able in the frequency-dependent case, which actually appiies only
to a minority of wild-animal diseases.

This model does not incorporate many features of the popula-
tion at the epizoological level, such as different forms of density-
dependent growth and the presence of latent and/or recovered
classes. But several logical embeilishments do not significantly
modify the relationship between the body size of the host and the
characteristic transmission rate: allometry holds for a wide class of
epidemiological models (Table 1). These retations shouid not be
interpreted as deterministic laws giving the exact transmission rate
for any species, however, because other important details must be
considered. For instance, there is considerabie variability in the
relationship between population density and body size™. Several
studies™* have shown that carnivore populations are significantly
less dense than those of herbivores and frugivores, so the relation-
ships we described shouid be modified to include these differ-
ences. Also, the two components of the transmission rate should
be included: production of infective agents and actual transmis-
sion of those agents from infective to susceptible. Large body size
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may allow greater production of infective viral particles—this
wouid boost the transmission rate in the absence of any compen-
satory decrease in the actual transmission rate of pathogens.
The allometric relationships shown in Table 1 are a good
indication of the general trends underlying the available data and
provide a useful initial estimate of § for pathogens of mammals over
a wide range of bady sizes and population densities. The resuits in
Fig. la,c offer an important insight into whether emergent
diseases such as Hantavirus and Ebola virus could become
established in the human population. If pathogens use mammais
as their normal hosts and transmission is density-dependent, then
outbreaks of these pathogens should die out in ail but the most
crowded human populations; in contrast, if transmission is
frequency-dependent, as in the case of human immunodeficiency
virus, they should be abie to become established. n

Recenved 2 August; accepted 15 Novernber 1995,

L. Andersort. R. M. & May, R. M. infectious Diseases of Humans: Dynamics and Controd (Oxford
Unw. Press, 1992).

Anderson, R M, & Trewheita, W. Phil. Trans R. Soc. tond. B 310, 327381 (1985).

Fowler, C. W. Ecology 82, 602-610 (1981).

Hermack, W, 0. & McKendnek, A. G. Proc. R, Soc. Lond. A 118, 700~721 (1927},
Anderson. F. M. & May, R. M, Nature 280, 361-367 (1979,

Antonovics, J., wasa, J. Y. & Hassell, M. P. Am. Nat. 148, B61-875 (1995},

Thrak, P. 1., Biere, A & Lyenoyama, M. K. Am. Nat. 145, 43-62 (1995).

Anderson, R. M. & May, R. M, Phil. Trans. R, Soc. Lond. B 291, 451-524 (1981),

Grenfell, B. T. & Dabson, A P. Infechous Disegses in Maturad Populagorns {Cambndge Unp.
Prass, 1995),

. Peters, R. H. The Ecological Implications of Body Size {Cambndge Univ. Press, 1983).
Calder, W. A. Size, Functions and Life History (Harvard Univ. Press, Boston, 1984),

- Schmict-Nielsen, K. Scaling: Why is Animai Size so important? {Cambndge Univ. Press, 1ga4).
13. Chamaw, E. L Life History imvaniants {Oxford Unev. Press, 1993).

14, Siva M. & Downing, J. A. Am. Nat 148, 704-727 (1995).

15. Peterson, R. 0., Page, R.E. & Dodge, K. M. Science 224, 1350-1352 (1984),

6. Moltisan, D. Narure 310, 224-225 (1984). .

IR NU Y

Bes

ACKNOWLEDGEMENTS. A.P.D. thanks the Geraldine R. Dodge Foundaton for financia subgan:
G.D.L thanks S, Lewin ang M. Gatto for ther SUPPOL

NATURE - VOL 379 - 22 FEBRUARY 1596




