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Summary 

1. A two-host shared-macroparasite model was parameterized from the results of 
infection and transmission experiments, to investigate whether apparent competi- 
tion between the ring-necked pheasant (Phasianus colchicus) and the grey partridge 
(Perdix perdix), mediated via the shared nematode Heterakis gallinarumn, could the- 
oretically cause partridge exclusion. 
2. Both the model created and the experiments conducted show that the bulk of H. 
gallinarum infection to partridges, when they occur in the same locations as phea- 
sants, will be from the pheasants and not from the partridges themselves. This is 
due to Ro for the parasite being 1.23 when infecting pheasants, but only 0.0057 
when infecting partridges. Thus, when the pheasant is present in the model the par- 
tridge population is impacted by the shared parasite but, when the pheasant is 
absent, the parasite is lost from the system. 
3. Based on best available parameter estimates, the observed impact of H. galli- 
narum on the grey partridge may be sufficient to cause exclusion when the pheasant 
is present in the model. This supports the hypothesis that the UK grey partridge 
decline observed over the past 50 years may be partly due to apparent competition 
with pheasants. 
4. Habitat separation between the two host species, where it decreases the rate of 
H. gallinarum transmission from the pheasant to the partridge, may allow them to 
co-exist in the field in the presence of the parasite. We predict, however, that grey 
partridge exclusion would still occur if separation was less than 43%. 

Key-words: apparent competition, nematode, parasite-mediated competition, Per- 
dix perdix, Phasianus colchicus. 
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Introduction 

Indirect interactions between species may play a cri- 
tical role in determining the community structure 
and dynamics of ecological assemblages (Abrams 
et al. 1995; Menge 1997; Schmitz 1998). One form 
of such interaction is where two species, which do 
not compete for resources, share natural enemies 
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(Holt & Lawton 1994; Abrams & Matsuda 1996; 
MWiller & Godfray 1997; Bonsall & Hassell 1998; 
Hudson & Greenman 1998). Under these circum- 
stances the density of shared enemies supported by 
each species individually will impact on both species 
present. Since each of the two species can suffer as a 
consequence of the presence of the other species, as 
in competitive situations, this type of interaction has 
been termed 'apparent competition' (Holt 1977). 
Apparent competition between two species can lead 
to the rapid local extinction of one of the two spe- 
cies, with the species that persists being the one that 
can tolerate the higher densities of shared enemies 
(Holt & Lawton 1993; Bonsall & Hassell 1997). 
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Cases where host exclusion can be attributed to 
the presence of shared parasites are often cited as 
examples of apparent competition (e.g. Settle & Wil- 
son 1990; Grosholz 1992). However, conclusively 
demonstrating that host exclusion is due to apparent 
competition, as opposed to either direct competition 
or other parasite effects can be difficult to accom- 
plish (as discussed in Hudson & Greenman 1998). A 
recent series of controlled experiments, conducted 
on laboratory populations of two moth species (Plo- 
clia interptnctella and Ephestia kuehiella) and the 
parasitoid Venturia canescenis, has provided the first 
explicit demonstration of apparent competition 
mediated via a shared parasitoid (Bonsall & Hassell 
1997, 1998). Providing an explicit demonstration is 
far harder to accomplish in natural systems, how- 
ever, due to the logistical constraints involved. In 
many circumstances the controlled experiments 
required are unworkable. The majority of field stu- 
dies to date have thus been descriptive, often failing 
to disentangle parasite effects from resource compe- 
tition among hosts (e.g. Schall 1992; Schmitz & 
Nudds 1994; Hanley, Volimer & Case 1995). 

Definitive proof that apparent competition 
mediated via shared parasites occurs in the field will 
reqtuire the large scale manipulation of host popula- 
tions as employed in other gamebird-parasite studies 
(Hudson, Dobson & Newborn 1998; May 1999). It 
would be premature to conduct such an experiment 
with any natural system, however, without first 
demonstrating that model simulations run with the 
best available parameter estimates do, indeed, pre- 
dict that apparent competitive effects are of suffi- 
cient magnitude to be detectable. This is in line with 
the view that mathematical modelling is a valuable 
precursor to conducting population scale manipula- 
tions in the wild, in order to justify the time and 
expense involved (Tompkins & Begon 1999). The 
aim of this study is to provide such a demonstration 
for two gamebirds, the ring-necked pheasant [Pha- 
sianus coichicus (L.)] and the grey partridge [Perdix 
perdcix (L.)], investigating whether the biology of the 
shared caecal nematode Heterakis gallinarwtn 
(Schrank) could result in exclusion of the partridge. 
H. gallinarum occurs in several species of galliform 
birds, transmitted via an actively ingested egg stage 
(Lund & Chute 1974). 

Numbers of wild grey partridge have declined 
dramatically in the UK within the past 50 years 
(Tapper 1992). This decline is linked primarily to 
the intensification of agriculture and increased pre- 
dation pressure (Potts 1986, 1997; Sotherton 1998), 
as supported by large scale field experimentation 
(Rands 1985; Tapper, Potts & Brockless 1996). 
However, recent studies indicate that apparent com- 
petition with the ring-necked pheasant may also be 
involved (Wright et al. 1980; Tompkins, Dickson & 
Hudson 1999; Tompkins, Draycott & Hudson 
2000). The experimental exposure of naive birds to 

infection suggests that the pheasant acts as a reser- 
voir host for H. gallinarum, the negative impact of 
which is greater on the partridge (Tompkins et al. 
1999, 2000). This is supported by fully controlled 
experiments with singly housed birds, which clearly 
demonstrate that the parasite is a cause of decreased 
body condition in the grey partridge and not vice- 
versa (D.M. Tompkins, in preparation). Therefore, 
this study will determine whether a two-host shared- 
macroparasite model, parameterized from the results 
of infection and transmission experiments, predicts 
exclusion of the grey partridge due to apparent com- 
petition with the ring-necked pheasant. 

Methods 

THE MODEL EQUATIONS 

The model used to describe the two-host shared- 
parasite system is illustrated in Fig. 1, and is defined 
by the following equations (for ij= 1,2; i #1 j): 

dH1/dt riH1(l - Hl/Ki) -(xi + bi)Pi eqn la 

dP,/dt - qif/WHi - (p + bi + xi)Pi 

- C4XPi(PilHi) eqn lb 

dW/dt = XPi + 22P2 - yOW- l/3WHI 

- /32WH2 eqn Ic 

The model explores the dynamics of W, the num- 
ber of free-living stages in the common infective 
pool, Pi, the adult parasite in the ith host, and Hi, 
the host population. The natural exponential growth 
of the host population (ri) in equation 1 a is offset by 
density dependent host mortality (with Ki being the 
carrying capacity) and by the parasite induced 
effects on host survival (oci) and fecundity (bi). The 
number of free living stages (equation ic) increases 
through the deposition of worm eggs (21) and 
decreases through both natural mortality (YO) and 
ingestion of eggs by the host (/3k). The number of 
parasitic worms (equation ib) increases with the 
ingestion of eggs by hosts (/3i), modified by the pro- 
portion that survive to become mature worms (01), 
and decreases due to the combined effects of worm 
mortality (pi), and natural (b1) and infection-induced 
(oc) host mortality. The natural host mortality rate 
(b1) incorporates density dependence, whereby bi- 
bio+ riHl/Ki. The natural host birth rate is ai, with 
the net population growth rate at low population 
levels expressed as r -. - b. The last term in 
equation lb models parasite mortality arising from 
parnasite-induced host deaths, assuming a negative 
binomial distribution of parasites among hosts 
(Anlderson & May 1978). Parameter kj' equals 1 + 1/ 
kj, where kj is the negative binomial parameter, an 
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Fig. 1. Flow diagram of the basic two-host/shared-parasite model, where W denotes the number of parasite eggs in a com- 
mon infective pool while, for the ith host, Pi denotes the adult parasite and Hi the host populations. See Table 1 for para- 
meter definitions and estimates. 

inverse measure of aggregation. A full list of para- 
meters is given in Table 1. 

In terms of parasite intensity Zi = Pl/Hi (M. 
Roberts, personal communication), the equations 
become (for i #j): 

dHi/dt = rjH,(l - UliHi-u2ZU ) eqn 2a 

dZi/dt = 4iAfi W - siZi -eZ2 eqn 2b 

dW/dt = 2iHIZ1 + )2H2Z2 - yOW 

-f3I WHI - #2 WH2 eqn 2c 

where uIi = Ki- and u2i = (Oi +b6)/ri. These coeffi- 
cients scale the host density dependence and parasite 
effect terms, respectively. The transformed equations 
involve two composite parameters: (i) sj=(ij+aj+ 
al), measuring the loss of parasite intensity due to 
both adult parasite and infection-induced host mor- 
tality, and dilution through host births, and (ii) ei= 
ailki-bi, where 5i is the parasite-induced reduction 
in host fecundity. Parameter ei therefore relates 
parasite-induced mortality and the reduction in 
fecundity. The relevance and stability of the point 
equilibria of model equation 2(a,b,c) have been fully 
discussed elsewhere (Greenman & Hudson 1999). In 

Table 1. Parameter definitions and estimates used in the mathematical model. Empirical values for opartridge and 3partridge 

have not yet been determined. 

Pheasant Partridge 
Parameter Symbol value value Units Source 

Natural host fecundity a 1-55 1.50 year- Brittas et al. (1992); 
Tapper et al. 1996 

Natural host mortality b 0-65 0.80 year- Robertson & Dowell 
(1990) 

Host carrying capacity K 6 3 home range-' R.A.H. Draycott, 
personal com 

Mortality of parasite eggs y 0.90 0.90 egg-' year-' Lund (1960) 
Ingestion of parasite eggs ,B 6.70 x 10-5 5.58 x 10-5 egg-'host-V year-l This study 
by hosts 
Parasite establishment 0.590 0.065 egg- This study 
Parasite fecundity A 26666 2761 eggs year-' This study 
Parasite mortality p 4.15 4.17 eggs year-' This study 
Aggregation of parasites k 0.30 0.30 Tompkins & Hudson 1999 
in hosts 
Parasite increase in host a 0.00 ? worm- Iyear-' Tompkins et al. 1999 
mortality 
Parasite reduction in host 5 8.28 x 10-4 ? worm-1 year-' M. Woodburn, 
fecundity personal com 
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this study the relevant results are summarized and 
applied to the pheasant/partridge system. Parameter 
estimates were obtained from a combination of 
infection and transmission experiments (as detailed 
below), together with sources in the literature and 
unpublished data. Note that the model is con- 
structed excluding direct interactions between the 
two host species. Any predicted outcome will thus 
be due to parasite effects alone. 

INFECTION EXPERIMENT 

Experimental design 

The object of the infection experiment was to deter- 
mine the establishment success and fecundity of H. 
gallinarum worms in both pheasants and partridges, 
from which the values for 0, At and A could be esti- 
mated (see Fig. 1). All of the birds used in the infec- 
tion experiment were reared from day-old chicks on 
sterilized concrete to ensure that all birds were naive 
to parasite infection. At 12weeks of age, five indivi- 
duals of each species were culled to confirm the 
absence of parasites and 30 birds (15 male and 15 
female) of each species placed into individual cages 
with wire mesh floors. 

The H. gallinarunm eggs used in this study were 
from worms collected from pheasants that had 
acquired natural infections. Female worms were col- 
lected from each bird, maintained for 21 days in 
0.5% formalin solution at 210C to embryonate all 
viable eggs, and broken down in saline using a small 
electric blender. Embryonated eggs were then 
counted in 10 0.1 nL samples, and the volume of 
saline adjusted to 100 embryonated eggs per ml. 
Infections were carried out on the 21st day of the 
embryonation period. Fifteen individuals of each 
host species were randomly selected and given a sin- 
gle dose of approximately 100 embryonated H. galli- 
narum eggs. Nematode eggs, suspended in 1 mL of 
saline, were administered orally via a tube into the 
birds crop. The remaining 15 birds of each species 
were treated as controls and given 1 mL of saline 
containing no nematode eggs. An infective dose of 
100 eggs was chosen since this was the largest that 
could be used, whilst avoiding previously documen- 
ted density-dependent influences on H. gallinarumn 
fecundity (Tompkins & Hudson 1999). The birds 
were maintained for 100 days and supplied with 
food (gamebird maintenance pellets), water and grit 
(medium flint grit) ad libitum. Preliminary infection 
trials indicated that 100 days was sufficient to moni- 
tor worm life expectancy (unpublished data). 

Estimation of parasite establishment success 

Previous work has shown that once H. gailinaruin 

worms reach maturity (at approximately 30 days in 
pheasants), they undergo negligible mortality for at 

least the following 20 days (Tompkins & Hudson 
1999). Thus, to estimate the rate at which ingested 
H. gallinarum eggs survived to become mature para- 
sites within each host species, six birds (three of 
each sex) from both experimental and control 
groups were randomly selected, and culled at 40 
days post-infection and their worm burdens deter- 
mined. All worms were removed from both caeca of 
each bird by sequentially washing the caecal con- 
tents through a course sieve (1.4 mm), to remove 
host tissue, and a fine sieve (0.2 mm), to collect the 
worms, using standard techniques (Doster & Goater 
1997). Worms were counted under a binocular 
microscope. 

Estimation of parasite fecundity 

To monitor H. gallinarum egg production the num- 
ber of H. gallinarum eggs present in the caecal drop- 
pings of individual hosts was counted at 5-day 
intervals. Half a gram of each sample was suspended 
in lOmL of saturated salt solution and eggs 
counted, using McMasters chambers under x 100 
magnification, in five 0.1-mL subsamples. To con- 
vert egg counts (expressed as eggs per gram of cae- 
cal dropping) into number of eggs expelled per day, 
they were multiplied by the total mass of caecal 
droppings produced by that host on that day. The 
total number of nematode eggs expelled per infected 
individual was estimated for each host species by 
multiplying the overall mean number of eggs 
expelled per day by individuals of that species by 
100days. Each estimate was then converted into the 
total number of eggs expelled per mature H. galli- 
narum worm infecting that host species, using the 
previously determined success rates for parasite 
establishment (see above). 

TRANSMISSION TRIAL 

Experimental design 

The aim of the transmission trial was to determine 
the rate at which individuals of both host species 
ingest H. gallinarum eggs from the environment, and 
from this estimate the transmission coefficient ,B 
(Fig. 1). Birds were kept for a set period of time in 
pens (measuring 1.8 x 3.6m), where the density of 
worm eggs was known. Prior to the transmission 
trial, 13 000 embryonated H. gallinarum eggs 
(-2000 eggs m-2) were distributed evenly on the 
ground in three pens; three other pens were left 
unmanipulated to control for background levels of 
nematode eggs. As with the infection experiment, all 
of the birds used in the transmission trial were 
reared from day-old chicks on sterilized concrete. At 
12 weeks of age, three birds of each species were 
placed into each of the six pens, where they were 
maintained for the following 50 days. Fifty days was 
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considered sufficient time for mature worms to accu- 
mulate before either worm mortality or host re- 
infection occurred. Birds were supplied with food 
(gamebird maintenance pellets), water and grit 
(medium flint grit) ad libitum. All of the birds were 
culled at the end of the transmission trial and indivi- 
dual worm burdens determined. 

Esti.mation of parasite transmiissioni r ates 

To convert worm burdens into transmission rate 
estimates, calculations were based on the results 
from the infection experiment. First, to estimate the 
number of days during which any mature H. gailli- 
narumn worms found in birds at the end of the trans- 
mission trial must have actually initially infected the 
host, the mean age at maturity for worms in each of 
the two host species was subtracted from the 50-day 
exposure period. The mean age at maturity for 
worms in each host species was estimated as the 
mean day post-infection at which worm eggs were 
first observed in host caecal droppings in the infec- 
tion experiment. This is a valid estimate since the 
maturation of individuals within a cohort of H. gal- 
linarum worms is highly correlated (unpublished 
data). Secondly, to estimate the number of H. galli- 
narum eggs that would have been ingested by each 
individual host, the number of mature worms found 
in each exposed host was divided by the mean suc- 
cess rate of H. gallinarum establishment in that host 
species. The number of mature worms in each host 
was estimated as twice the number of mature female 
worms, since mature females can be more accurately 
distinguished from immature worms (by the pre- 
sence of viable eggs) than can mature males, and the 
sex ratio of H. gallinarum is 1:1 (Tompkins & Hud- 
son 1999). Prior to calculating numbers of eggs, 
each estimate of mature worms was adjusted to con- 
trol for infection from background levels of nema- 
tode eggs by subtracting the mean number of 
mature worms observed in the control birds of the 
appropriate host species from each estimate. A rate 
of egg ingestion for each host was then calculated 
by dividing the number of eggs ingested by the num- 
ber of days during which those eggs could have been 
taken up. Note that this approach assumes negligi- 
ble egg mortality. 

MODEL PREDICTIONS 

Since empirical values for ocpartridge and bpartridge 

(parasite impact on wild partridge survival and 
fecundity) have not yet been determined (accurate 
estimation requires controlled population manipula- 
tions), we investigated whether a previously docu- 
mented impact of H. galli.narurn on grey partridge 
body condition (Tompkins et al. 1999) was of suffi- 
cient magnitude for host exclusion to be a possibi- 
lity. Calculations were made to estimate the levels of 

?Cpartridge and bpartridge in which the observed impact 
could theoretically result. These calculations were 
based on the intensively studied gamebird-nematode 
system, Tr-ichostrongylus tenuis in red grouse, where 
parasites increase host mortality (from a non-parasi- 
tized rate of 1 .05 year-) by 3 x I 0-4 worm-1 year-1 
and decrease fecundity (from a non-parasitized rate 
of 1.8 year-) by 5 x 10-4 worm- year-' (Hudson 
& Dobson 1997). 

Figure 7.4 of Hudson (1986) illustrates how a 
sample of 'very thin' grouse (having lost 70% of 
their breast muscle mass) had average worm bur- 
dens of 7800 T. tentiis, a sample of grouse in 'poor 
condition' (having lost 50% of their breast muscle 
mass) had average burdens of 3250 worms and a 
sample of grouse in 'average to good' condition 
(having lost 20% of their breast muscle mass) had 
average burdens of only 1850 worms. This approxi- 
mates to a linear reduction in host body condition 
of 1.12 x 10-2 worm-'. Thus, a parasite-induced 
reduction in grouse body condition of 1 % equates 
to a 2 5% increase in the yearly mortality rate 
and a 2 5% decrease in the yearly fecundity rate. 

Applying this relationship to the grey partridge 
converts the observed reduction in body condition 
(Fig. 2) to an increase in partridge mortality of 2 15 
x 10-2 worm- 1 year-1 and a decrease in partridge 
fecundity of 4.04 x 10-2 worm-1 year-'. The model 
was run using these parameter values. However, 
since this is only a rough approximation, sensitivity 
analyses were conducted to determine the robustness 
of any finding. Note, this approach does not imply 

110 
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g 95 X 

9 90 \ 
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80 
0 4 8 12 16 

Parasite intensity 

Fig. 2. Relationship between Hete,akis gallinarumwz intensity 
and grey partridge breast muscle mass adjusted for body 
size (an index of body condition), obtained from an experi- 
mental exposure of naive birds to infection. Muscle mass 
was adjusted to a mean tarsal length of 52-7 mm. Fitting a 
linear regression to the data illustrates that, on average, 
there is a drop of 1.076% in body condition for each H. 
gallinZarum worm infecting (n =12 birds). Modified from 
Tompkins et al. (1999). 
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similar pathogenicity of H. gallinarum and T. tenuis, 
rather it assumes that the relationship between host 
body condition and host fitness is similar for the 
two gamebirds. 

SPATIAL SEPARATION 

An assumption implicit in the model is that the two 
host species sharing the same parasite also share 
precisely the same habitat. This condition, however, 
will rarely be met for wild systems; it certainly does 
not hold for the ring-necked pheasant and the grey 
partridge (Cocchi et al. 1990). Since the driving 
force behind host exclusion due to apparent compe- 
tition mediated via shared parasites is the transmis- 
sion of parasites between host species, spatial 
separation (when it decreases such transmission) 
would allow species to co-exist that would not 
otherwise. If the model does, indeed, predict exclu- 
sion, the important question is then whether or not 
the level of separation between the two host species 
in the wild is sufficient to prevent such exclusion 
from actually occurring. As a preliminary investiga- 
tion, parameters of the current model were adjusted 
to approximate the effect of spatial separation 
between the pheasant and the partridge. Since the 
basic reproductive number (Ro; the number of adult 
female parasites derived from each adult female 
parasite in a population of uninfected hosts) for H. 
gallinarum infecting pheasants is at least x100 that 
for the parasite infecting partridges (see Results), 
the pheasant is indeed primarily responsible for the 
spread of infection. Therefore, an approximation of 
spatial separation was modelled by simply reducing 
the rate at which the partridges were ingesting the 
nematode eggs (i.e. a 50% decline in flpartridge 

mimics 50% spatial separation between the two host 
species). 

Results 

PARASITE ESTABLISHMENT 

Forty days after being infected, H. gallinarum inten- 
sities in pheasants were significantly higher than 
those in partridges (Fig. 3). Infected pheasants were 
host to a mean (+ SE) of 59.00 + 14.83 worms, 
whilst infected partridges were host to only 6.50 ? 
3.62 worms (Mann-Whitney U= 5, P= 0.04). Thus, 
considering that each infected host was given 
approximately 100 embryonated H. gallinarum eggs, 
0.590 of the eggs given to pheasants survived to 
become mature parasites, whilst only 0.065 of the 
eggs given to partridges survived. None of the con- 
trol birds of either host species contained any 
worms. 

3 
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Parasite intensity 

Fig. 3. Frequency distribution of Heterakis gallinarum 
intensity in (a) pheasants (n = 6 birds), and (b) grey par- 
tridges (n = 6 birds), 40 days after being infected with 
approximately 100 embryonated H. gallinarum eggs. 

PARASITE FECUNDITY 

Over the course of the infection experiment, six 
pheasants and four partridges were euthanased due 
to husbandry problems unrelated to parasite infec- 
tion. In the remainder, the number of worm eggs 
expelled was significantly higher in the caecal drop- 
pings of pheasants than in the caecal droppings of 
partridges (Fig. 4); infected pheasants expelled a 
mean (+ SE) of 3793 ? 3117 eggs day-', whilst 
infected partridges expelled only 43 ? 30 eggs day-1 
(U= 6, P = 0 02). Since no worm eggs were detected 
in the caecal droppings of any of the control birds, 
the average total egg production by each mature H. 
gallinarum worm was estimated as 6429 in pheasants 
and 662 in partridges. 

PARASITE TRANSMISSION 

After the transmission trial, H. gallinarum intensity 
was significantly higher in the exposed pheasants (U 
= 13.5, P=0.04) and partridges (U= 15, P=0-05) 
than in the control birds (Fig. 5). Controlling for 
background infection, the 13 000 worm eggs laid 
down in each pen resulted in infections of 151.50 
mature worms per exposed pheasant and 7.17 
mature worms per exposed partridge. Since the 
mean age of maturity for H. gallinarum was esti- 
mated as 35 days in pheasants and 42.5 days in par- 
tridges (see Fig. 4), only those H. gallinarum eggs 
picked up by pheasants in the first 15 days, or by 
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Fig. 4. Number of Heterakis gallin1afrUM eggs expelled in 
the caecal droppings of (a) pheasants (n = 6 birds), and (b) 
grey partridges (n7=8 birds), over the 100 days following 
infection with approximately 100 embryonated H. galli- 
narum eggs. Mean numbers (I SE) are shown. Note the 
different y-axis scales. 

partridges in the first 7.5 days of the trial, would 
have developed to mature worms. Daily rates of 
worm ingestion were thus estimated as 17.12 eggs 
bird-' for the pheasants, and 14.70 eggs bird-' for 
the partridges. 

MODEL PARAMETERIZATION 

Model parameters, and the sources from which they 
were estimated, are listed in Table 1. The experi- 
ments detailed in this study were used to quantify 
parasite transmission, establishment, fecundity and 
mortality. 

Instantaneous rates of parasite fecundity in both 
host species were obtained by dividing the mean 
number of eggs produced by worms in each host 
(quantified in the infection experiment) by parasite 
longevity in that host species (measured in years). 
Assuming that the cessation of egg production in 
infected individuals represented the age at which 
infecting worms died (an assumption supported by 
the fact that no worms were found in hosts when 

culled at 100 days post-infection), parasite life expec- 
tancy was estimated as a mean of 88 days in phea- 
sants and a mean of 87.5 days in partridges (see Fig. 
4). 

The values obtained for H. gallinarumni transmis- 
sion were converted into instantaneous rates per 
parasite egg by taking into account the number of 
eggs to which experimental birds were exposed in 
the transmission trial (13 000 per pen), adjusting for 
uptake during the trial. Since the birds were main- 
tained in 6.5 mr2 pens during the transmission trial, 
when they would normally occur on home ranges of 
approximately 5 ha (50 000 m2; R. A. H. Draycott, 
personal communication), each transmission rate 
was adjusted to a realistic level by multiplying by 
6.5 and dividing by 50 000. 

Although captive work has failed to demonstrate 
an impact of H. gallinaiulmni on pheasant body condi- 
tion (Tompkins et al. 1999), parasite removal experi- 
ments indicate that there is an impact on their 
reproductive success in the field, possibly due to an 
interaction with host nutrition (M. Woodburn, per- 
sonal communication). A value for H. gallina7rUmx1 
induced reduction in pheasant fecundity, of 8.28 x 
10-4 worm-1 years-1, was estimated from these 
experiments. Host carrying capacities for wild popu- 
lations were estimated from field observations as six 
pheasants, and three partridges, per 5 ha (R. A. H. 
Draycott, personal communication). 

MODEL PREDICTIONS 

When solved for the best available parameter esti- 
mates, the two-host shared-parasite model predicts 

280 

240 I 

j 200 

8 160 - 

. 120 I 

| 80 I 

40 

0 I 
Pheasant Partridge 

Fig. 5. Heterakis gallinarani burdens in both pheasants and 
partridges after being maintained for 50 days in pens on a 
grass field. Mean burdens (?t SE) are shown. Filled points 
indicate the birds (12 of each species) which were main- 
tained in pens where approximately 13 000 embryonated 
H. gallinar Um1 eggs had been distributed evenly on the 
ground prior to the transmission trial; open points indicate 
the birds (six of each species) maintained in unmanipulated 
pens to control for background levels of nematode eggs. 
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exclusion of the grey partridge. In general, in the 
absence of direct competition, host exclusion 
requires that: 

Soi > 1 eqn 3a 

where Soi is the 'tolerance' index (Greenman & Hud- 
son 1998, 1999): 

Soi = (0J Wio)/1( W1o) eqn 3b 

(i#Aj), with: 

Wio = (di1fl)[1/iA6)] eqn 3c 

where: 

cli = si + riei/(oci + 5i) 

= ti + oci + bi + rioikiil(aj + 6i) eqn 3d 

where di > 0. Wio denotes the equilibrium value of 
W when host j (j :# i) is absent and density depen- 
dence can be ignored. If condition equation 3a 
holds, host exclusion will occur for: 

Roi > R4 > 1 eqn 4a 

where: 

Roi = (Oi2s/sj - 1)(f3jKj)/y0 eqn 4b 

is the basic reproductive number for the parasite 
infecting host i and ROj* is the threshold value of 
Roi for which the host co-existence equilibrium first 

becomes biologically feasible, when all population 
densities are above zero. Algebraically, Roj* is found 
frollm the condition Z2* =r2/(02 + 2), where Z2* iS 
the value of Z2 at this co-existence threshold. Since, 
by definition, the product of Soi and Soj necessarily 
equals 1, only one of the two hosts can exclude the 
other. From the parameter values listed in Table 1, 
and impacts of H. gallinarurn on partridge fecundity 
and survival of 4.04 x 10-2 worm-' year- and 
2.15 x 10-2 worm-'l year- I respectively, we find that 
SOpileasai-t = 7.09 and RO*pheasant = 1.12. Since 
Ropheasaint = 1.23 (see next section) the model pre- 
dicts that the partridge will be excluded by the phea- 
sant, with the pheasant remaining in co-existence 
with the parasite. 

The closeness in value of Ropheasant and Ro*pheasant 

suggests that the point in parameter space defined 
by the empirically determined parameter values lies 
close to the exclusion-co-existence boundary. This 
proximity to the threshold was studied in more 
detail by carrying out sensitivity analysis on indivi- 
dual parameters. Varying the calculated parameters 
3partridge and apartridge singly (with all other model 
equation parameters kept fixed) found a boundary 
value of 6partridge = 1 02 x 10-2 worm- year-' for 
the switch in model outcome from exclusion to co- 
existence, whilst there was no boundary intersection 
for Opartridge. Thus, while a 75% lower 6partridge leads 
to co-existence of the two host species, co-existence 
cannot be brought about by altering apartridge alone 
(Fig. 6). 
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Fig. 6. Exclusion-co-existence boundary curve in the apartridge, c5pairtridge cross-section of parameter space for the two-host/ 
shared parasite model. The parameters on both axes are scaled from one tenth to 10 times their empirical values. '' denotes 
co-existence of the two host species, '0 denotes exclusion of the grey partridge. The number in bold text indicates the pre- 
dicted outcome at the empirically determined values. 
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Table 2. Threshold values (and percentage change from estimated value) for the change in predicted model outcome, from 
partridge exclusion to pheasant and partridge co-existence, for those parameters not directly estimated in this study to 
which the model outcome was considered to be highly sensitive. In all cases, values were determined with all other model 
equation parameters kept fixed at their estimated levels. Percentage change cannot be calculated for either aCpheasant or 
Cpartridge since the estimated value of gplieasant is 0, and there is no threshold value for gpartridge 

Parameter Pheasant value Partridge value 
Symbol Threshold % Change Threshold % Change 

Natural host fecundity a 1.06 - 32% 2.11 + 41% 
Natural host mortality b 1.12 +72% 0.25 -69% 
Ingestion of parasite eggs by hosts fi 4.23 x 10-4 -84% 3.17 x 10-5 -43% 
Parasite increase in host mortality o 5.33 x 10-4 - - - 

Parasite reduction in host fecundity 6 1.65 x 10-3 +99% 1-02 x 10-2 - 75% 

Sensitivity analyses were also conducted on 
Ocpheasant6 6pheasant7 and 13, a and b for both host spe- 
cies, since these were the other quantities not 
directly estimated in this study to which the model 
outcome was considered to be highly sensitive. 
However, the model outcome of partridge exclusion 
was also relatively robust to changes in these values 
(see Table 2 for a summary of all sensitivity analyses 
conducted). 

SPATIAL SEPARATION 

When the model was run for each host species alone 
with the parasite, the qualitative outcome for the 
pheasant was unchanged (remaining in co-existence 
with the parasite), while that for the partridge chan- 
ged from exclusion of the host to exclusion of the 
parasite. The model equilibrium, describing an unin- 
fected single host (host i) at its carrying capacity, is 
stable against parasite invasion provided Roi < 1. In 
the two-host simulations, this equilibrium is not 
stable against invasion by the other host if we 
assume C > 0 (j 0 i). From the parameter values 
listed in Table 1 we infer that the pheasant co-exists 
in equilibrium with the parasite when the partridge 
is absent since Ropheasant = 1.23. The average worm 
burden is 235 worms host-l and the pheasant popu- 
lation is 0 94 birds ha-'. The basic reproductive 
number for the parasite infecting the partridge, 
when the pheasant is absent, is Ropartridge= 0.0057, 
i.e. the parasite is excluded. This shift in model out- 
come, from partridge exclusion when the pheasant is 
present, to parasite exclusion when the pheasant is 
absent, demonstrates that the host exclusion pre- 
dicted by the two-host shared-parasite model is 
indeed due to the transmission of parasites from the 
pheasant. These single-host simulations also demon- 
strate how this parasite-mediated interaction 
between the pheasant and partridge is not strictly 
apparent competition, where the presence of either 
host indirectly affects the density of the other (Holt 
1977, 1984), but is an amensal form whereby one 
host (the partridge) suffers a reduction in density, 

while the other (the pheasant) is relatively unaf- 
fected. This is because the bulk of H. gallinaruini 
transmission to the pheasant is intra-specific, whilst 
the opposite is true for the partridge. 

To determine the level of spatial separation 
between the two host species at which the model 
predicts the inter-specific transmission of H. galli- 
narumn from the pheasant to the partridge is low 
enough to allow their co-existence, the model was 
ran with Ipartridge set at differing levels below the 
empirically determined value (5.58 x 10-5 egg-l 
host-' year-'). A boundary value of /3partridge = 

3.17 x 10-5 egg-' host-' year-' was identified, 
below which the partridge was no longer excluded 
from the system. This implies that spatial separation 
of greater than 43% between the two host species 
will allow the grey partridge to co-exist with the 
pheasant in the presence of H. gallinarumn. 

Discussion 

Based on the best available parameter estimates, the 
macroparasite model discussed in this paper predicts 
that apparent competition with the ring-necked 
pheasant is sufficient to cause exclusion of the grey 
partridge. This result provides strong evidence for 
the view that apparent competition plays a vital role 
in determining the structure of natural communities, 
and suggests that a population scale experiment 
with pheasants and partridges could provide proof 
that apparent competition mediated by shared para- 
sites occurs in the wild. 

Apparent competition is but one mechanism by 
which shared parasites can influence host popula- 
tions. However, it is fundamentally different from 
all other parasite effects in that the driving force 
behind host exclusion, when it occurs, is the pre- 
sence of alternative host species and not the shared 
parasite per- se. It is this characteristic which requires 
demonstration if the occurrence of apparent compe- 
tition is to be proven. This study provides such a 
demonstration for the pheasant/partridge system, 
confirming that any detrimental effects of the nema- 
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tode H. gallinar1ni on wild grey partridge popula- 
tions will, indeed, be due to apparent competition 
with the ring-necked pheasant. Both the model cre- 
ated and the experiments conducted show that the 
bulk of H. gallinaruim infections in partridges, when 
they occur in the same locations as pheasants, will 
be from the pheasants and not from the partridges 
themselves. This is due to the success rate of H. gal- 
linarumlZn establishment being nine times greater in 
pheasants than in partridges, and the fecundity of 
established worms being approximately 10 times 
greater in pheasants than in partridges. This results 
in predicted Ros of 1.23 for the parasite infecting 
pheasants and 0.0057 for the parasite infecting par- 
tridges. Since the Ro for H. gallinarumil/1 infecting grey 
partridges is much less than unity, the parasite can- 
not be maintained within partridge populations 
without the presence of alternative hosts. Thus, 
when the pheasant is present in the model the par- 
tridge population is impacted by the shared parasite, 
but when the pheasant is absent, the parasite is lost 
from the system. This clearly illustrates how the 
force of H. gallinartin infection to grey partridges, 
in areas where pheasants are also present, will be 
from the pheasants and any resulting impact will be 
due to apparent competition. 

A potential source of error in the calculation of 
Ro for the parasite infecting partridges is that the H. 
galliinarum eggs used in the infection and transmis- 
sion experiments were obtained from worms infect- 
ing pheasants. Since adaptations of H. gallinarum to 
particular host species have been previously demon- 
strated (Lund, Chute & Myers 1970), our calculated 
value of Ropartridge may be an under-estimate. How- 
ever, work by Lund & Chute (1974) has shown that 
this is likely not the case. In their trials, where H. 
gallinarumn eggs for experimental infections were 
obtained from a mix of host species, the 'reproduc- 
tive potential' of the parasite (number of viable eggs 
produced per embryonated egg infecting) was 243 
times less when infecting grey partridges than when 
infecting pheasants. This difference is of similar 
magnitude to that between the values of Ro calcu- 
lated in the present study (216 times less when 
infecting grey partridges than when infecting phea- 
sants). 

The observed impact of H. gallinarum on the grey 
partridge appears to be sufficient to cause exclusion 
when the pheasant is present. However, this out- 
come could be incorrect for at least three reasons. 
First, it is possible that the values for parasite- 
induced increase in partridge mortality (?cpartridge) 

and decrease in partridge fecundity (bpar-tr-idge) used 
in the model, as estimated from the observed impact 
on body condition, are too high. The true values 
may not lead to partridge exclusion. However, as 
the sensitivity analysis shows, the predicted outcomle 
is relatively robust - partridge and pheasant co-exis- 
tence cannot be bought about in the model by alter- 

ing ocpartridge alone, whilst a drop in 3partridge Of 75% 
is required. Secondly, as outlined earlier, even 
though the potential for partridge exclusion exists in 
this non-spatial model, habitat separation between 
the two hosts in the wild may decrease the transmis- 
sion of H. gallinarumn from pheasants to partridges 
sufficiently for the two species to co-exist in the 
parasites presence. Our prediction, based on the 
approximation of spatial separation employed in 
this study, is that partridge exclusion would still 
occur if separation was less than 43%. Further 
work, both modelling and experimental, is required 
to test this prediction. However, since H. gallinarum 
has been recorded from wild grey partridges (Clap- 
ham 1935; Keymer et al. 1962), and we have shown 
here that the parasite cannot be maintained within a 
population of grey partridges alone, it is apparent 
that at least some parasite transmission to this spe- 
cies does occur from other sources in the wild. 
Finally, the model outcome of partridge exclusion 
may also be incorrect since our estimation of H. gal- 
linaruni fitness when infecting the pheasant may be 
too high. This estimate was based on experiments 
with naive individuals, while evidence suggests there 
may be some acquired resistance to H. gallinarum 
infection in the ring-necked pheasant (Lund 1967). 

Inaccurate estimation of other parameters is 
another possible source of error in model predic- 
tions. The greatest error may result from the manner 
in which values of 0 (parasite establishment success) 
and /B (rate of ingestion of parasite eggs by hosts) 
were estimated. This is not surprising, since trans- 
mission rates are generally considered the hardest of 
epidemiological parameters to quantify (McCallum 
& Scott 1994). Experiments documented in Tomp- 
kins & Hudson (1999) suggest that density depen- 
dence may operate to limit the success of 
establishing H. gallinarum worms down to a maxi- 
mum of approximately 50 worms per dose. Since 
the highest value of /3 obtained was only approxi- 
mately 17 eggs per day, this is unlikely to affect the 
results of the transmission trial. If slight density 
dependence was operating at this level, however, our 
point estimates of ,B would be slight under-estimates 
and our model would be predicting partridge exclu- 
sion whilst erring on the side of caution. Another 
possibility is that our infection experiment, where 
infective doses of 100 eggs were used, may be under- 
estimating 0. However, due to the manner in which 
/3 was estimated, and the manner by which both 
parameters are incorporated into the model, erro- 
neous estimates of 0 will not affect model output. 
What may be causing inaccuracies in model output, 
however, is the linear fashion by which we scaled 
estimates of /3 from values obtained when birds were 
exposed to known numbers of H. gallinarumn eggs 
on unrealistically small areas of ground to values 
applicable to birds on their natural home ranges. 
This scaling will be highly sensitive to any inaccura- 
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cies in the estimates of home range size and will 
only give approximations of /B, since nematode 
infective stages in the wild are not spread evenly 
over the habitat, but tend to be localized in 'hot- 
spot' areas of high use (Saunders, Tompkins & Hud- 
son 1999). This uneven spread will increase rates of 
H. gallinarumn transmission, making partridge exclu- 
sion more likely to occur in the wild than is pre- 
dicted here. 

A further factor which may also increase the pos- 
sibility of grey partridge exclusion is the pathogenic 
protozoan Histomonas nieleagridis. This parasite, 
which is the causative agent of 'blackhead', can be 
transmitted between individuals inside the eggs of 
H. gallinarum (Ruff, McDougald & Hansen 1970). 
Evidence suggests that while partridges which ingest 
H. gallinarun eggs carrying the protozoan are killed 
by 'blackhead' before the nematode worms mature, 
pheasants can survive long enough for next-genera- 
tion nematode eggs carrying the protozoan to be 
expelled (Lund & Chute 1974; D.M. Tompkins & 
P.J. Hudson, unpublished data). Thus, when the 
protozoan is present, the deleterious effects of H. 
gallinarumn transmission from pheasants to par- 
tridges would most likely be exacerbated. On a more 
positive note, however, is the fact that the sensitivity 
analyses indicate that an increase in partridge 
fecundity of 41 % would alter the model outcome 
from partridge exclusion to pheasant and partridge 
co-existence. Since this increased value is within the 
documented range of natural grey partridge fecund- 
ity (Tapper et al. 1996), it suggests that management 
techniques that increase partridge breeding success 
(such as predation control or habitat improvement) 
would prevent exclusion due to apparent competi- 
tion. A decrease in pheasant fecundity of just -32% 
would also shift the model outcome to pheasant and 
partridge co-existence. 

This study has accomplished its goal, in demon- 
strating that model simulations run with best avail- 
able parameter estimates predict that apparent 
competitive effects of sufficient magnitude to be 
detectable do occur between the ring-necked phea- 
sant and the grey partridge. Furthermore, the dele- 
terious effects of H. gallinarum may be sufficient to 
cause exclusion of the partridge in areas where a 
high degree of spatial overlap with pheasants occurs. 
Thus, this parasite may have played a contributary 
role in the UK grey partridge decline, and may also 
be hampering current efforts to re-establish and 
increase wild partridge populations. However, 
experimental manipulations at the population scale 
are required before the role of H. gallinaritn can be 
unequivocally proven. 
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