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numerical modelling has been used to examine deformation in the
lower mantle associated with downwelling of subducting slabs. It
has been suggested that dislocation creep is expected to concentrate
in these regions®. This deformation mechanism leads to the devel-
opment of crystal preferred orientation (CPO), which is a major
source of seismic anisotropy. In the absence of experimental data on
the plastic deformation of magnesium silicate perovskite, previous
studies have focused on the contribution of magnesiowustite only.
The present study shows that dislocation creep can be activated in
MgSiOs; perovskite at high temperature, contrary to what has been
reported at room temperature®'. Our results provide information
on the geometry of slip in perovskite that is needed to model CPO in
perovskite. However, forward modelling of seismic anisotropy
requires the understanding of how strain partitions between the
minor, weak phase and the major, hard phase of the magnesiowus-
tite-perovskite assemblage. This could be achieved through high-
pressure/high-temperature deformation experiments such as those
described here, or by three-dimensional modelling of plastic defor-
mation of a two-phase polycrystalline aggregate. ]
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Most animal species are infected with multiple parasite species;
however, the role of interspecific parasite interactions in
influencing parasite dynamics and shaping parasite communities
has been unclear. Although laboratory studies have found evi-
dence of cross-immunity, immunosuppression and compe-
tition', analyses of hosts in the field have generally concluded
that parasite communities are little more than random assem-
blages”'*. Here we present evidence of consistent interspecific
interactions in a natural mammalian system, revealed through
the analysis of parasite intensity data collected from a free-
ranging rabbit (Oryctolagus cuniculus) population, sampled
monthly for a period of 23 yr. The wild rabbit plays host to a
diverse gut helminth community'>"” that reflects the commu-
nities seen in other economically important domestic herbi-
vores'®'". These findings suggest that parasite interactions
could have profound implications for the dynamics of parasite
communities. The efficacy of parasite control programmes could
be jeopardized if such interactions are not taken into account.
In contrast, a clear understanding of such interactions may
provide the basis for the development of more environmentally
acceptable methods of parasite control.

The wild rabbit population in the United Kingdom is dominated
by five gut helminths: the strongylid nematodes Graphidium stri-
gosum (in the stomach) and Trichostrongylus retortaeformis (small
intestine); the anoplocephaloid cestodes Mosgovoyia pectinata
(small intestine) and Cittotaenia denticulata (small intestine); and
the oxyurid nematode Passalurus ambiguus (large intestine and
colon). Our objectives were to identify (1) whether interspecific
interactions could be detected within this parasite community; (2)
quantify the strengths of these interactions; (3) identify the putative
mechanisms by which interactions may be mediated; and (4)
propose the possible consequences of such interactions for future
parasite control.

We used a combination of generalized linear modelling (GLM)
and residual maximum likelihood (REML) linear mixed model
analyses of parasite count data to test the null hypothesis that
parasite interactions do not influence parasite numbers. We
included aspects of the host biology and the external environment
that if excluded would be most likely to create the appearance of
interspecific interactions where none exist (for further details see
Supplementary Information). All predictions are presented as the
percentage difference between the predicted level of the dependent
variable (after back-transformation) when the interacting species
has a zero count, compared with the predicted level of the depen-
dent variable (after back-transformation) when the interacting
species is at its geometric mean (in concomitant infection).

According to the models, same-locale, downstream (anterior to
posterior) and upstream (posterior to anterior) interactions
occurred between the helminths. One significant (P < 0.001) inter-
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action was seen between two species in the same location in the gut,
with the model predicting a positive effect of C. denticulata on the
intensity of T. retortaeformis infection (Fig. la and Table 1). The
geometric mean of C. denticulata when in a concomitant infection
with T. retortaeformis was around two individuals, which was
predicted to increase the number of T. refortaeformis by 51% relative
to a rabbit harbouring no C. denticulata.

Trichostrongylus retortaeformis was subject to a predicted, positive
downstream influence from G. strigosum (P < 0.001; Fig. 1b and
Table 1). In concomitant infections, the geometric mean of 18
G. strigosum was predicted to increase the number of T. retortae-
formis by 36%. A more complex downstream interaction was seen
with M. pectinata in the small intestine, which was predicted to have
a positive effect in female (P = 0.003), but not male, hosts on the
intensity of P. ambiguus in the large intestine/colon (Fig. 1c and
Table 1). The geometric mean of three M. pectinata was predicted to
increase the intensity of P. ambiguus by 163% relative to a host
containing no M. pectinata.

The model predicted that the association between these two
species also operated in the opposite, upstream direction, with
P. ambiguus having a positive effect on M. pectinata. Again, this
association was complicated by host sex, such that P. ambiguus
increased the intensity of M. pectinata in male but not female rabbits
(P = 0.008; Fig. 1d and Table 1). The geometric mean of P. ambiguus
(in concomitant infection) in male rabbits was 127, which was
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predicted to increase M. pectinata numbers by 67% relative to hosts
not infected with P. ambiguus. Mosgovoyia pectinata also had an
upstream effect, reducing the intensity of G. strigosum in the
stomach (P = 0.011; Fig. le and Table 1) by 19% on average.
Finally, the presence of T. retortaeformis was predicted to affect
negatively the numbers of G. strigosum in an upstream position
(P = 0.018; Fig. 1fand Table 1). This effect was complicated by host
mass (a proxy for age*), such that the effect decreased as rabbit mass
increased; however, in a rabbit of average mass (1,590 g in con-
comitantly infected rabbits), T. retortaeformis was predicted to
reduce G. strigosum numbers by 29%.

Analyses indicate the existence of a network of interactions
between these helminths (Fig. 2). In most cases, based on the
biology of the parasites, we can postulate the likely mechanisms
underlying these interactions. The observed same-locale or down-
stream interactions may be due to direct influences of one parasite
on another through by-products, manipulation of gut physiology,
competition or physical crowding. However, for upstream inter-
actions, the most likely route would be interaction mediated
through the host’s immune system, although changes in gut
physiology, for example pH change, cannot be entirely ruled out®'.

The putative explanation for the observed interactions between
G. strigosum and T. retortaeformis is cross-immunity between these
species. Age—intensity curves for T. retortaeformis and G. strigosum
(with mass used as a proxy for age) support previous findings**>*
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Figure 1 Predictions from generalized linear and restricted maximum likelihood models of
the relationships between the dependent variable (affected species log(x) helminth
intensity with zeros removed) and the independent variable a—e, effector species

log(x + 1) helminth intensity, or f, effector species presence-absence data (in rabbits of
average mass, 1,590 g). All analyses were conducted on adult rabbit data. Lines of
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predicted fit and residual fit points (or 95% confidence intervals) are shown in each case.
Trichostrongylus retortaeformiswith C. denticulata (a); T. retortaeformis with G. strigosum
(b); P. ambiguus with M. pectinata (c); M. pectinata with P. ambiguus (d); G. strigosum
with M. pectinata (€); and G. strigosum with T. retortaeformis (f).
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Table 1 Significance of factors affecting the log intensity of gut helminths of
O. cuniculus

Model term Test d.f. P value
statistict
log G. strigosum intensityf
Month 182.50 11 <0.001
Host food type 25.18 1 <0.001
Presence/absence of myxomatosis 8.84 1 0.018
T. retortaeformis™ host mass log(x + 1) M. pectinata 6.6 1 0.011
log M. pectinata intensity§
Month 62.49 11 <0.001
Sex 0.00 0.951
Sex*Log(x + 1) P. ambiguus 714 1 0.008
log T. retortaeformis intensity||
Month*host sex 31.5 11,1195  <0.001
Host sex*host mass 2.8 1,1195 0.003
Presence/absence of myxomatosis 12.8 1,1195  <0.001
Log(x + 1) C. denticulata 23.98 1,1195  <0.001
Log(x + 1) G. strigosum 31.94 1,11956  <0.001
log C. denticulata intensity||
Month 1.41 11,288  <0.001
log P. ambiguus intensity||
Month 26.4 11,280 0.011
Host sex 1.6 1,280 0.223
Host sex*Log(x + 1) M. pectinata 9.3 1,280 0.003
Warren vegetation class 16.2 1,280 <0.001
Presence/absence of myxomatosis 8.1 1,280 0.011

Alleffects displayed were significant in the minimal model after bootstrapping (with the P value set to
0.05 and iterations = 1,000). d.f., degrees of freedom.

1The test statistic was the Wald Statistic (x ) for G. strigosum and M. pectinata, and the F Statistic
for T. retortaeformis, C. denticulata and P. ambiguus.

FModel type: REML (random terms = warren number + year).

§Model type: REML (random term = warren number).

||Model type: GLM.

that T. retortaeformis stimulates an acquired immune response
whereas the G. strigosum numbers show no decline, suggesting no
response to host immunity (Supplementary Note and Fig. S1). It is
likely that an ability of G. strigosum, as seen in other helminths®, to
modulate host immunity explains the positive effect this species
appears to have on T. refortaeformis. Conversely, stimulation of
acquired immunity by T. refortaeformis may negatively affect the
related G. strigosum.

The interaction of P. ambiguus and M. pectinata is affected in both
directions by host sex, once again implying mediation through host
biology. Similarly, the negative effect of M. pectinata on upstream
abundance of G. strigosum must be host mediated but the mecha-
nism for these interactions is not discernible from the current data.
The mechanism for the relationship between the cestode C. denti-
culata and the nematode T. retortaeformis cannot be determined, as
the current data do not indicate whether the interaction is direct or
host mediated.

These analyses provide credible evidence for the presence of
interspecific parasite interactions throughout a community of gut
parasites, suggesting that host immunity may have a role in shaping
that community. Although we wish to stress that the predictions are
based on analysis of correlated data and must be validated experi-
mentally, the biology of the helminths provides support that the
interactions are genuine.

Notably, there is no reason to believe that the rabbit system is
unusual and therefore such analyses applied to other systems,
particularly those of economically important livestock (where
laboratory experiments have provided evidence of interaction®"*¢),
are likely to reveal similar networks of interactions. The presence
and detection of interspecific parasite interactions, particularly
where they are immune mediated, could have important impli-
cations for parasite control strategies. This is particularly pertinent
to the future of helminth control, where rapidly developing resist-
ance to chemotherapeutics is leading to increased efforts in the field
of vaccine development”. The work described here suggests that
within-host interspecific parasite interactions may have a role in
determining the overall impact of such vaccines on gut helminth
communities. To illustrate this we used a simple generic model,
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Figure 2 Relative positions of the rabbit gut helminths in the host gut, with interaction
directions and strengths, based on observed mean burdens.

which may be adapted to represent any system. The model consisted
of three parasite species within a single host (for details see
Supplementary Methods). Each parasite stimulated a specific
immune response at a rate proportional to the abundance of that
parasite, and this immune response acted on the establishment rate
of the parasite. Interspecific interactions were incorporated by
allowing the immune response against one parasite to affect one
of the other species, either increasing or suppressing the action of
the immune response against that species. A simple network of
interactions between the parasites was constructed such that para-
site 1 (P,) had a negative effect on parasite 2 (P,), P, a positive effect
on parasite 3 (P;), and the effect of P5 on P, (described by the
parameter vy 3) was varied from highly negative to highly positive. A
species-specific vaccine was then applied, targeted solely against Py,
and the impact of the strength of interaction between P5 and P, on
the efficacy of this vaccine was assessed.

Vaccination against the target parasite always suppressed its
abundance below pre-treatment levels (A, < 1; Fig. 3b). However,
vaccination against P, tended to have a positive effect on P,
(A, > 1) (Fig. 3¢), but little impact on P; (A5 ~ 1; Fig. 3d),
presumably because P; was two steps away from the target of the
vaccine and was to some extent buffered from its effects.

When 75 was 0 (that is, P5 did not interact with P), vaccination
reduced P; to approximately 15% of its pre-vaccination level
(Fig. 3b). Furthermore, as P, had a negative interaction with P,,
its suppression meant that vaccination increased the abundance of
P, (Fig. 3c). When P; had a strong negative interaction with P,
(y3 = —1) the vaccine, combined with this negative interaction,
reduced P, abundance to approximately 1% of it pre-vaccination
level. As P; was at very low abundance, its impact on P, was
negligible and so P, approximated its pre-vaccination level (A,
approached 1). However, when +y; was strongly positive (+1) P,
abundance was only reduced to about 50% of its pre-vaccination
level; the positive impact of P; on P; diminished the efficacy of the
vaccine. Notably, given a positive interaction between P; and Pj,
vaccinating to control P, resulted in a massive relative increase in
the abundance of P,, up to an order of magnitude greater than its
pre-vaccination level. This is surprising because P; abundance is
increased by the presence of P; and so P, abundance should be
further suppressed due to the negative interaction between P; and
P,. The explanation for this counterintuitive result lies in the subtle
nonlinear effects of the interactions. Before vaccination, the positive
impact of P; on P; meant that P; was at a very high equilibrium
level. Hence, P, was suppressed to a very low level. By applying
the vaccine, P; abundance was reduced to approximately half of its
pre-vaccination level, thereby decreasing the negative impact on P,.
P, abundance therefore increased substantially, resulting in a
massive relative increase compared with its pre-vaccination level.
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Figure 3 Three species parasite interaction model. a, Schematic of three parasite species
interaction model (for details see Supplementary Methods) where P+, P> and P are the
parasite species, l1, I, and |5 are the species-specific immune responses, V is the vaccine
applied against species 1 and 4, vy and 3 are the parameters describing the strength of
the effect of one species on another. b—d, Proportional change (A ;) in equilibrium
abundances of parasite species / where /=1 (b), /=2 (¢) and / = 3 (d), following
vaccination (that is, post-vaccination equilibrium level/pre-vaccination equilibrium) at
varying levels of « 3, the parameter describing the strength of the effect of P3 on P.
The dotted horizontal line represents where the post-vaccination level = pre-vaccination
level.

Hence, vaccination against one parasite species produced unex-
pected and marked increases in the abundance of another, pre-
viously innocuous parasite species, by releasing it from the negative
impact of the targeted parasite. These, and other, important effects
would be missed if we ignored the possibility of such interactions.

The models used here have revealed an array of potential
interactions between parasites, which would not have been eluci-
dated by less powerful techniques. As concomitant infections are the
norm rather than the exception®, application of these techniques to
other mammalian-parasite data sets is likely to reveal similar
interactions. Given the increase of anthelmintic resistance among
gut helminths®’, alternative control strategies are urgently needed. A
clearer understanding of parasite community ecology may provide
such an alternative. One implication is that parasites could be used
to control other infections. For example, artificial infection with one
relatively benign species could be used to stimulate cross-immunity
and prevent subsequent infection with a deleterious species without
resorting to anthelmintics. However, without the knowledge of the
community relationships, treatment against one deleterious species
could allow an increase in the intensity of a second harmful species.
Previously unexplored interactions may be one explanation for the
failure of laboratory proven vaccines to work under more natural
conditions. It is clear that such interactions need to be incorporated
into future dynamical studies of parasite communities where (with
a few exceptions™) parasite interspecific conflicts and mutualisms
are ignored in the null models. O

Methods

Rabbits were collected from a 400 ha site in Perthshire, Scotland (ordnance grid reference
NO 280 340) between the months of January 1977 and December 1999. Total gut helminth
counts, presence of myxomatosis and presence of Eimeria stiedae were recorded along with
details of the external environment and aspects of host biology. Further details of the study
site, collection protocols and data may be found in ref. 17.

All analyses were conducted using the GENSTAT statistical package (VSN International
Ltd) and all models were initially run as REMLs with the random terms of warren code and
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year of capture. Interactions between all model terms were initially included up to third
order. Only adult rabbits (mass >1,249 g; n = 1,526) were used for this analysis because
they were likely to have been exposed to infective stages of all parasites by this age. In
addition, the distributions of the gut helminth parasites in different age classes of the
rabbit have been shown to be different and must therefore be analysed separately'”. The
data for the gut helminths do not conform to the negative binomial distribution and in
order to obtain a ‘near’ normal distribution for the dependent variable, zeros had to be
removed from the data before a log transformation was applied"’. We therefore considered
those factors that affected the intensity of the species treated as the dependent variable (in
infected animals only). Each helminth species in turn was treated as the dependent
variable. The helminths not being treated as the dependent variable were included in the
model (as determined from submodels) as independent factors (presence/absence) or as
independent variables (log(x + 1) intensity data) as appropriate. Nonsignificant terms
were removed from the models in a stepwise manner until a minimal model was produced.
This model was further refined following bootstrapping of the model effects and removal
of any terms that were not significantly different from zero. Once the bootstrapping
refinements were completed, each model was run once again in its final form to obtain
effect sizes and significance levels. As model terms were only retained after the bootstrap of
their effect size, log(x + 1) transformation was considered sufficient for the species treated
as independent variables and allowed comparison of concomitantly infected rabbits with
those only infected with the species treated as the dependent variable.
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One of the main transitions in evolution is the shift from solitary
organisms to societies with reproductive division of labour"*
Understanding social evolution requires us to determine how
ecological, social and genetic factors jointly influence group
stability and partitioning of reproduction between group mem-
bers®®. Here we test the role of the three key factors predicted to
influence social evolution by experimentally manipulating them
in a social allodapine bee. We show that increased relatedness
between nestmates results in more even reproduction among
group members and a greater productivity per individual. By
contrast, the degree of reproductive skew is not influenced by the
opportunity for solitary breeding or by the potential benefits of
cooperation. Relatedness also has a positive effect on group
stability and overall productivity. These findings are in line
with predictions of the tug-of-war models, in which the degree
of reproductive division of labour is determined primarily by
selfish competition between group members. The alternative
view, where the degree of reproductive skew is the outcome of
a social contract between potential breeders, was not supported
by the data.

Reproductive skew models can be divided into two classes on the
basis of the assumed power relations in a social group. In transac-
tional models, group members yield reproduction to each other in
return for specific benefits, whereas in tug-of-war models repro-
ductive sharing reflects each group member’s inability to effectively
monopolize reproduction®® (Table 1). The first of the two main
transactional models, the concession model, assumes that a domi-
nant individual fully controls both group membership and the
fraction of total group reproduction that a subordinate obtains®™".
Under this model, the dominant yields just enough reproduction to
a subordinate to make it worthwhile for the subordinate to stay and
cooperate peacefully rather than leave the group to reproduce
solitarily. This model predicts that reproductive skew increases
with higher genetic relatedness between the dominant and the
subordinate (r), and higher overall reproductive output of a
group of two breeders relative to the output of a single dominant
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(k), but decreases with higher expected solitary reproduction of a
potential subordinate relative to that of a lone dominant (x, lower
values of x indicating harsher ecological constraints on solitary
breeding). This is because the subordinate gains greater fitness
benefits from cooperation with increased r and k, and thus requires
less direct reproduction. However, when the chances of successful
solitary breeding of the subordinate are high (increased x), the
dominant has to concede a larger fraction of colony reproduction to
the subordinate to make staying in the group profitable for the
latter. The other main transactional model, the restraint model,
assumes that the dominant controls group membership but that a
subordinate fully controls its reproductive share within the group'*.
Under this model, the subordinate captures the largest share of
reproduction that the dominant will tolerate before ejecting the
subordinate, resulting in opposite predictions to the concession
model (Table 1). Finally, tug-of-war models assume that both
dominant and subordinate individuals have only limited control
over the allocation of reproduction and must expend effort to
increase their shares of the total group output. The main prediction
of this model is that reproductive skew is negatively correlated with
or independent of relatedness because struggle over reproduction
takes place at the cost of overall group productivity, with the effect
that higher relatedness acts as a break on the investment in
reproductive competition". This model predicts that skew is not
correlated with group productivity (k) or the ecological constraint
on solitary breeding (x). Unlike the two transactional models, where
relatedness has no influence on group productivity, the tug-of-war
model predicts a positive correlation between breeder relatedness
and total group output, because related females allocate less energy
to reproductive competition.

We tested the predictions of reproductive skew models in the
Australian allodapine bee Exoneura nigrescens by experimentally
manipulating all three parameters (r, x and k). Several character-
istics make this species an ideal experimental system. First,
cooperation is facultative, with females nesting either solitarily or
with up to three other females', which allows direct comparison
between social and solitary productivities (k). Second, there are no
morphological castes, hence all females have the potential to
reproduce'’. Third, a high proportion (51%) of multi-female
nests contain two females', the type of groups for which most
reproductive skew models have been developed. Fourth, within-
nest relatedness (r) is variable''®'” and can be experimentally
manipulated. Fifth, nests are built primarily in dead dried flower
stalks of grasstrees (Xanthorrhoea minor) and Melaleuca squarrosa®,
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Figure 1 Reproductive skew in nests of the high- and low-relatedness treatment, and in
unmanipulated control nests. Overall skew was significantly greater than zero in both the
low-relatedness treatment (one-sample t-test, t = 4.2, d.f. = 6, P = 0.005) and natural
nests (t= 3.2, d.f. =8, P=0.01). In the high-relatedness treatment, however, skew
was not significantly different from zero (t= 1.2, d.f. = 12, P= 0.24), the expected
value if breeders share reproduction equally?®. Error bars indicate standard errors,
n=29.
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