vol. 179, no. 3

the american naturalist

march 2012

Allee Effects May Slow the Spread of Parasites
in a Coastal Marine Ecosystem
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abstract: Allee effects are thought to mediate the dynamics of
population colonization, particularly for invasive species. However,
Allee effects acting on parasites have rarely been considered in the
analogous process of infectious disease establishment and spread. We
studied the colonization of uninfected wild juvenile Pacific salmon
populations by ectoparasitic salmon lice (Lepeophtheirus salmonis)
over a 4-year period. In a data set of 68,376 fish, we observed 85
occurrences of precopular pair formation among 1,259 preadult female and 613 adult male lice. The probability of pair formation was
dependent on the local abundance of lice, but this mate limitation
is likely offset somewhat by mate-searching dispersal of males among
host fish. A mathematical model of macroparasite population dynamics that incorporates the empirical results suggests a high likelihood of a demographic Allee effect, which can cause the colonizing
parasite populations to die out. These results may provide the first
empirical evidence for Allee effects in a macroparasite. Furthermore,
the data give a rare detailed view of Allee effects in colonization
dynamics and suggest that Allee effects may dampen the spread of
parasites in a coastal marine ecosystem.
Keywords: aquaculture, conservation, epidemiology, fisheries, ocean.

Introduction
Colonization, in which a population is introduced and
becomes established, is a fundamental ecological process
that is rarely observed in detail. Theory predicts that colonization dynamics may be mediated by Allee effects,
which, at low population size, may depress the fitness of
individuals (component Allee effect) and population
growth (demographic Allee effect; Allee 1931; Courchamp
et al. 1999; Stephens et al. 1999). Allee effects in colonization processes can slow the spread of invasive species
(Lewis and Kareiva 1993; Tobin et al. 2007) as well as the
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recovery of endemic species following disturbance (Kramer et al. 2008). The most common Allee effect in dioecious species is likely to be mate limitation, where low
population density reduces the probability of male-female
pair formation and subsequent reproductive success (Taylor and Hastings 2005; Gascoigne et al. 2009; Kramer et
al. 2009).
Colonization is also analogous to an outbreak of infectious disease, whereby a colonizing parasite population is
introduced to an uninfected host population. However,
the possibility that Allee effects may dampen parasite
transmission and thereby slow or prevent the spread of
infectious disease has rarely been considered. The few
studies that have considered Allee effects and disease
spread have been theoretical, such as the emergence of
Allee effects from dose-dependent establishment or infectiousness for microparasites (e.g., viruses; Dushoff 1996;
Regoes et al. 2002). Models for macroparasites (e.g.,
worms) have considered how theoretical mating probabilities under various mating systems and parasite distributions give rise to a demographic Allee effect in the parasite population (May 1977; Anderson and May 1991; May
and Woolhouse 1993; Cornell et al. 2004).
Several studies have empirically documented dosedependent establishment, incubation time, and host mortality for microparasites (Agnew and Koella 1999; McLean
and Bostock 2000; Hughes et al. 2004; Devi and Rao 2006),
which are processes that may lead to a demographic Allee
effect in the population dynamics of the parasite (Regoes
et al. 2002). Nonetheless, for macroparasites, we are unaware of empirical examples of Allee effects, including
mate limitation or other effects. However, many macroparasite taxa are dioecious and reproduce sexually, including numerous species of relevance to veterinary science and wildlife management, ranging from nematodes
to ticks. Similar to the colonization dynamics of invasive
or recovering species (Lewis and Kareiva 1993; Tobin et
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al. 2007), mate limitation could play a significant role in
the establishment and spread of these kinds of parasites.
Other mechanisms may act to decrease potential Allee
effects. Dispersal, or active mate searching, is a common
mechanism by which mate limitation may be overcome
(Gascoigne et al. 2009). Differences between sexes in dispersal behavior arise when the benefits (and/or costs) of
dispersing differ between sexes (Clobert et al. 2001). For
example, in polygynous taxa, mating opportunities limit
male fitness, whereas resources for offspring production
and care limit female fitness, resulting in male-biased dispersal and female philopatry (Croft et al. 2003). Although
well described in free-living organisms (Greenwood 1980),
the same selective pressures that lead to sex-biased dispersal in these organisms are likely to also occur in sexually
reproducing parasites (Hakalahti-Siren et al. 2008; Connors et al. 2011). Such behavior in parasites may limit the
role of mate limitation in mediating a disease outbreak.
A demographic Allee effect may also be overcome if
decreases in parasite fitness caused by mate limitation are
offset by increases in other fitness components, such as
parasite survival. For host-macroparasite systems, this may
involve the effects of parasite pathogenicity, abundance,
and aggregation on their own survival through that of their
host. Increased aggregation would tend to increase the
probability of male-female pair formation (May 1977) but
also increase the rate of parasite-induced host mortality
(Anderson and May 1978). For parasite species in which
males search for females among hosts, the pathogenicity
and aggregation of females may be an important determinant of reproductive success, because these factors
would mediate the duration of female availability for males
as well as the duration of egg production.
Using a model host-parasite system in which malebiased dispersal of adult parasites occurs (Connors et al.
2011), we combine empirical and theoretical approaches
to study Allee effects in the parasite’s population dynamics.
The model system consists of a marine ectoparasite, the
salmon louse (Lepeophtheirus salmonis), and wild pink
(Oncorhynchus gorbuscha) and chum (Oncorhynchus keta)
salmon in British Columbia, Canada. After entering the
ocean, the uninfected juvenile salmon commence a period
of exposure to lice emanating from wild and farmed
sources in the marine environment (Krkošek 2010). Using
a data set of 68,376 fish, we investigate density dependence
and intersex differences in mating probabilities of lice; the
results of these investigations are then incorporated into
an Anderson-May-type model for macroparasite population dynamics (Grenfell and Dobson 1995).
Life History
Salmon lice are directly transmitted polygynous parasites
that reproduce sexually while attached to a host (Pike and

Wadsworth 2000). Mated adult females extrude eggstrings
from which free-swimming and nonfeeding nauplii hatch,
moult into copepodites, attach to a host fish, and then
develop through a series of chalimus stages and then motile
preadult and adult stages (Johnson and Albright 1991).
Individuals in the motile stages are mobile over the surface
of their host and can also move among host fish (Ritchie
1997; Connors et al. 2011). Lice feed on host surface tissues, causing morbidity and mortality at high infection
intensities (Pike and Wadsworth 2000) as well as sublethal
effects on physiology and behavior (Krkošek et al. 2011;
Nendick et al. 2011). Mating typically occurs with the
formation of a precopular pair between an adult male and
a preadult female, which persists until shortly after her
terminal moult, when copulation takes place (Ritchie et
al. 1996; Hull et al. 1998). The male places spermatophores
into the genital orifices of the female, which he then fills
with sealing cement before leaving the female (Ritchie et
al. 1996; Hull et al. 1998).
Empirical Methods
The data come from years 2006–2009 of a long-term monitoring program of juvenile pink and chum salmon migrating past salmon farms in the Broughton Archipelago,
British Columbia, Canada (Krkošek et al. 2005b, 2006).
The monitoring program conducted several surveys each
spring (March–June), and for each survey we collected
juvenile salmon by beach seine at 1–3-km intervals along
∼100 km of marine migration routes (fig. 1). At each site,
we retained approximately 50 pink and 50 chum salmon,
usually from a single beach seine set, and nonlethally analyzed the fish to identify and enumerate sea lice on each
(Krkošek et al. 2005a). Among the characteristics that we
scored was the occurrence of mate guarding, in which an
adult male louse had formed a precopulatory pair with a
preadult female louse. We also recorded the number of
preadult and adult male and female lice as well as the sea
surface salinity and temperature at the site of collection.
We investigated density dependence in the probability
of pair formation in two ways: (1) the probability that a
focal preadult female has formed a precopulatory pair with
an adult male and (2) the probability that a focal adult
male has formed a precopulatory pair with a preadult
female. These are both conditional probabilities in which
the probability of pair formation is conditional on the
presence of (1) a preadult female or (2) an adult male.
Therefore, we first subsetted the data for only those fish
that host (1) a preadult female or (2) an adult male. For
these two scenarios, the variable representing louse density
was (1) the average abundance of adult male lice per fish
at the sample location or (2) the average abundance of
preadult female lice per fish at the sample location. These
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Figure 1: Map of the Broughton Archipelago showing the location of salmon farms (squares) and sample locations (stars). Sample sites
study sea lice parasites on juvenile pink and chum salmon as they migrate to sea from Knight Inlet through northern and southern routes
around Gilford Island.

estimates occur at the appropriate spatial scale by accommodating the ability of motile-stage lice to swim among
fish hosts (Ritchie 1997; Hull et al. 1998; Connors et al.
2008, 2011).
We used a hierarchical generalized linear model with
binomial error (i.e., logistic regression) to test (1) whether
the probability that a preadult female forms a precopulatory pair depends on the local average abundance of
adult male lice per fish and, separately, (2) whether the
probability that an adult male forms a precopulatory pair
depends on the local average abundance of preadult female
lice per fish. To control for nonindependence of observations from the same beach seine catch, we applied a
random effect to the identity of the beach seine catch. We
also considered the effects of fish body length, temperature,
and salinity by including these as explanatory factors in
the model. Finally, we compared the estimated probabilities of pair formation for males and females with those
predicted by a Poisson distribution, which is a null model
for random assortment of parasites among hosts. We used
the lme4 package and function lmer in the program R for
the analysis (available at http://www.R-project.org).
We further tested for evidence of aggregation of males
with females via an analysis of aggregation. First, we compared Poisson and negative binomial distributions for the
number of preadult females and, separately, the number
of adult males among fish per collection. We assumed the
aggregation parameter in the negative binomial distribution, k, was constant across samples. We used profile likelihood to obtain the maximum likelihood estimates and
95% confidence intervals of k for adult males (km) and

preadult females (kf) system-wide (lice abundances were
too low to estimate k for each collection). To evaluate
aggregation of males with females, we used a goodnessof-fit test to test whether the frequency of presence of
preadult female and adult male lice on the same fish exceeded that predicted by the corresponding preadult female–adult male bivariate negative binomial distribution
as parameterized above. That is, the predicted number of
observations in which a preadult female and an adult male
are on the same fish in a beach seine collection is
Yˆ i p Ni[1 ⫺ Pr (X f, i p 0Fk f , ¯xf, i)]

(1)

# [1 ⫺ Pr (X m, i p 0Fk m, ¯xm, i)],
where Ŷi is the predicted number of fish in collection i
that are infected with at least one preadult female and one
adult male louse and Ni is the number of fish in collection
i. The random variable X f, I represents the number of
preadult female lice on a fish in collection i and follows
a negative binomial distribution with aggregation parameter k f estimated from the overall database and the mean
x̄ f, i number of preadult female lice per fish in collection
i. Similarly for males, Xm, I is the number of adult male
lice on a fish in collection i and follows a negative binomial
distribution with aggregation parameter k m estimated from
the overall database and mean x̄ m, i number of adult male
lice per fish in collection i.
Empirical Results
Overall, we observed 85 occurrences of mate guarding
among a total of 1,259 preadult females and 613 adult
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males in the data set, which consisted of 68,376 juvenile
pink and chum salmon that averaged 48.5 mm in body
length (SD p 12.7 mm). These data came from a total of
303 beach seine sets that contained preadult female lice
for which the average abundance of adult male lice per
fish in a beach seine catch ranged from 0 to 0.41 (fig. 2).
The adult male lice came from 172 beach seine sets for
which the average abundance of preadult female lice per
fish in a beach seine catch ranged from 0 to 0.79 (fig. 2).
For both preadult female lice and adult male lice, there
was strong evidence that the probability of forming a
precopulatory pair was dependent on the local density of
the opposite sex as well as moderate-to-weak evidence that
this probability was also mediated by the body length of
host fish, local temperature, and local salinity (table 1).
The inclusion of a random effect for the identity of each
beach seine catch did not improve the fit of the model to
the data. Comparing the Akaike Information Criterion
(AIC) values between the best-supported models in table
1 and the corresponding models without random effects
showed that the DAIC values favored the generalized linear
model over the generalized linear mixed model in both
cases (male DAIC p 2 for the mixed model; female
DAIC p 1.8 for the mixed model). We therefore used the
generalized linear model (i.e., a logistic regression) to calculate the 95% confidence intervals on the parameter estimates. These results indicate that the effect of mate abundance on mating probability was different between sexes
(table 2): for any probability, x, that a louse forms a precopulatory pair, there are fewer adult male lice needed to
produce this probability for a focal preadult female than
the abundance of preadult females needed to produce this
probability for a focal adult male.
To further compare results between males and females,
we used the parameter estimates from the full model in
table 1 (model 8) and assumed a fish length of 50 mm
and marine conditions of 32‰ salinity and 10⬚C. We then
compared the abundances of mates needed to produce a
probability of 0.5 that a focal louse has formed a precopulatory pair. We used this reference point because it is estimable and comparable, whereas abundances required to
produce 100% probability of mating are, by definition,
infinite under the logistic regression model. For adult
males, the average local abundance of preadult female lice
per fish needed to produce a precopulatory pair at probability 0.5 was 1.03. For preadult females, the average
abundance of adult males per fish needed to form a precopulatory pair at probability 0.5 was 0.52.
Both preadult females and adult males conformed to a
negative binomial distribution, but aggregation was more
pronounced for adult males than for preadult females (table 3; note that the parameter k is inversely proportional
to the degree of aggregation). There were also differences

Figure 2: Frequency distribution of the average abundances of adult
male lice per fish (a) and preadult female lice per fish (b) for each
beach seine catch in the data set.

in aggregation among host species; lice were more aggregated on chum than on pink salmon (table 3). To test for
aggregation of males with females, we used the pooled
pink and chum estimates for the negative binomial distribution, because these species form mixed-species
schools within which the parasites can disperse among fish.
There were 93 occurrences in the data set for which at
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Table 1: Model selection statistics for the hierarchical generalized linear
model with binomial error for the probability that a preadult female or an
adult male has formed a precopulatory pair
Focal sex, model
Preadult females:
Null
AM
AM⫹S
AM⫹T
AM⫹L
AM⫹S⫹T
AM⫹S⫹L
AM⫹T⫹L
AM⫹S⫹T⫹L
Adult males:
Null
PAF
PAF⫹S
PAF⫹T
PAF⫹L
PAF⫹S⫹T
PAF⫹S⫹L
PAF⫹T⫹L
PAF⫹S⫹T⫹L

NLL

AIC

DAIC

154.53
139.27
137.71
136.99
138.77
134.65
135.27
136.75
132.31

313.06
284.53
283.42
281.99
285.53
279.29
280.55
283.5
276.61

36.45
7.92
6.81
5.38
8.92
2.68
3.94
6.89
0

212.13
202.9
202.73
198.71
199.13
198.13
196.76
196.24
193.09

428.27
411.8
413.46
405.42
406.27
406.27
403.52
402.47
398.17

30.1
13.63
15.29
7.25
8.1
8.1
5.35
4.3
0

Note: For each model, an additive random effect for the identity of a beach seine catch
was placed on the intercept. AIC, Akaike Information Criterion; AM, average abundance
per fish of adult males; L, length; NLL, negative log likelihood value of the model; Null, no
explanatory factors; PAF, average abundance of preadult females; S, salinity; T, temperature;
DAIC, AIC differences between the best-supported model and each other model for each
focal sex.

least one preadult female and at least one adult male were
observed on a fish, of which 85 had formed a mate-guarding pair. The predicted number of such occurrences, according to the bivariate negative binomial distribution, was
55.74, for which the P value of the goodness-of-fit test

(one degree of freedom) was 8.9 # 10⫺5, suggesting there
was significant aggregation of males with females beyond
that predicted by their separate distributions.

Population Model
Table 2: Parameter estimates (Point) and 95% confidence intervals (Lower and Higher) for the intercept (Int), mate abundance (Mates), salinity (Salt), temperature (Temp), and fish
length (Length) in the logistic regression model for each focal
sex
Focal sex, estimate
Preadult female:
Point
Lower
Higher
Adult male:
Point
Lower
Higher

Int

Mates

Salt

Temp

Length

⫺11.144
⫺16.215
⫺6.460

7.935
5.355
10.588

.186
.066
.317

⫺.058
⫺.123
⫺.010

.035
.005
.065

⫺6.734
⫺9.996
⫺3.718

2.472
1.217
3.726

.100
.027
.179

⫺.042
⫺.082
⫺.009

.033
.012
.055

Note: Mate abundance is the average abundance of adult male lice in the
beach seine collection that are available for preadult female lice (the focal sex)
or the average abundance of preadult female lice in the beach seine collection
that are available for adult male lice (the focal sex).

In this section, we develop a mathematical model to examine the implications of the empirical results for the
dynamics of louse population growth. Specifically, we
asked whether the component Allee effect of mate limitation during louse colonization was likely to give rise to
a demographic Allee effect that suppressed population
growth. A demographic Allee effect in the parasite population dynamics might not occur if the decrease in mating
probability is compensated for by a change in another lifehistory parameter, such as increased survival. This could
occur for parasites, because as abundance decreases, so too
does the rate of host mortality induced by parasites. Other
possible sources of increased survival include relief from
competition among parasites or the loss of a larval louse
search image in planktivores. However, these other sources
seem unlikely for salmon-lice systems because of the low
abundance of parasites on fish as well as in the plankton
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Table 3: Fits of the negative binomial distribution (NB) and Poisson distribution (Pois)
for the distribution of adult male lice (AM) and preadult female lice (PAF) per catch
when pink (P) and chum (C) salmon are pooled or treated separately
Host, lice
P and C:
AM
PAF
P:
AM
PAF
C:
AM
PAF

k

LCI

UCI

NLL-NB

NLL-Pois

R

P

.77
3.14

.53
1.61

1.21
14.5

2,207.057
4,568.893

2,235.452
4,572.228

56.79
6.67

4.85 # 10⫺14
.0098

1.59
82.71

.89
3.44

3.75
NA

1,292.538
2,496.829

1,301.24
2,496.834

17.4
.0098

3.02 # 10⫺5
.92

.61
2.11

.34
.96

1.3
21.09

765.352
1,846.67

777.824
1,849.135

24.94
4.928

5.90 # 10⫺7
.026

Note: Shown are the negative log-likelihoods (NLL) for each distribution, the maximum likelihood
estimates of the aggregation parameter k in the negative binomial distribution, and the lower (LCI) and
upper (UCI) 95% confidence intervals for k. Poisson and negative binomial distributions were compared
via a likelihood ratio test where R is the test statistic, which is x2 distributed with 1 df for each test.

relative to other plankton species. Finally, the femalebiased sex ratio estimated in the previous section is another
component of the louse mating system. We assess the implications of these complexities for demographic Allee effects in louse population dynamics via a population model.
We begin with a standard Anderson-May type model
for macroparasite population dynamics (Anderson and
May 1991) that is modified to include the mating probability function we estimated above. The model has the
form
dP
dt

bLN

p

\

⫺

m PP

\

Larval attachment
to fish hosts

⫺

Natural mortality of
attached parasites

( )
\
a⫹

a
P P,
k

Parasite mortality due to
parasite-induced host mortality

dL
p
dt

lNPF(P)

\
Prohibition of free-swimming
larvae by parasites

⫺

(2)
m LL

\
Natural mortality
of free-swimming larvae

⫺\
bLN ,
Larval attachment
to fish hosts

where N is the abundance of the juvenile salmon population (assumed to be constant over the period of colonization), P is the average number of adult female lice per
juvenile salmon, and L is the abundance of free-living
larvae. Parasites kill the juvenile salmon hosts at a perparasite rate a, which affects the dynamics of the colonizing louse population (which is small) but not those of
the host population (because it is large and parasites are
rare). Larvae have natural death rate mL and infect a host

at a rate determined by the transmission coefficient b.
Once attached to a fish, lice die at rate mP and also die
when their host dies due to a per-parasite host mortality
rate a. The average number of free-living female larvae
produced per female parasite is l. The quantity k comes
from the negative binomial distribution, which accounts
for the aggregated nature of parasites on the host population (Shaw and Dobson 1995; Shaw et al. 1998). The
term F is a density-dependent mating probability function,
for which we use the logit function for the probability of
pair formation between preadult female lice and adult male
lice as estimated in the empirical results.
To analyze this model, we take an approach similar to
that of Anderson and May (1991) and begin with a pseudosteady-state approximation and then analyze the dynamics
relative to the net reproductive rate, R0. Similar to Anderson and May (1991), we use the interpretation that R0
is the average number of adult female parasite offspring
produced by a mated female parasite during her lifetime
when introduced into a susceptible host population. The
parasite will spread in the host population if R 0 1 1 or die
out if R 0 ! 1. For the pseudo-steady-state approximation,
we note that the duration of the free-living larval stage is
short (∼5 days) relative to the duration of the attached
parasitic stage (several weeks or months; Pike and Wadsworth 2000). This implies that, all else being equal, the
abundance of larval lice will quickly equilibrate and track
the dynamics of the parasitic lice. We therefore let
dL/dt r 0, solve for L, and substitute L into equation (2)
to get
dP
dt

blNPF(P)
p

m L ⫹ bN

(

⫺ mP ⫹ a ⫹

)

a
P P.
k

(3)

It is possible to evaluate the trade-off between mating
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probability and parasite longevity using equation (3). The
average lifetime of an attached parasite is
⫺1

(

)

a
T p mP ⫹ a ⫹
k

,

(4)

which decreases as parasite abundance increases, whereas
the mating probability increases with increasing parasite
abundance (fig. 3). To parameterize T, we set m P p
(30 days)⫺1 (i.e., the life span of an adult female is ∼30
days) and a p 0.01 day⫺1. These parameters are likely to
vary considerably depending on abiotic factors, the size of
the fish, and whether parasite-induced host mortality includes indirect effects of predation risk (Stien et al. 2005;
Bricknell et al. 2006; Krkošek et al. 2006, 2009, 2011).
Parasite aggregation has an important effect on the outcome of the trade-off between parasite longevity and mating probability in producing an Allee effect: when parasite
aggregation is small (i.e., when there are high k values),
the density dependence of longevity, T, becomes weak (fig.
3). At the levels of aggregation estimated for female lice,
there are only marginal gains in average louse longevity
as parasite abundance decreases. Over this same range of
parasite abundance, the estimated logit function for mating probabilities at observed salinity and temperature conditions and average fish size shows a sharp decrease in
mating probability as the average abundance of preadult
females decreases (fig. 3; assuming a 2 : 1 sex ratio of females to males as indicated in the empirical results).
The analysis thus far suggests that we should expect a
demographic Allee effect in sea lice population dynamics.
To study these dynamics, we follow the approach of Anderson and May (1991) and look for unstable equilibria
in the parasite population dynamics, conditional on local
host population size and in relation to the net reproductive
rate, R0. The expression for R0 that comes from equation
(3) is
R0 p

l
bN
,
m P ⫹ a m L ⫹ bN

(5)

where the first term is the lifetime reproductive output of
larvae by a mated female parasite and the second term is
the probability that a larva will attach to a host. Substitution of equation (5) into equation (3) gives
dP
dt

[

(

p (R 0F ⫺ 1) m P ⫹ a ⫹

)]

a
P P
k

(6)

as our model for the dynamics of the colonizing louse
population.
For the mating probability function, F, the formulae of
May (1977) are not applicable, because those functions
did not consider the mate-searching dispersal behavior of

Figure 3: Density dependence of parasite longevity (T ) in days (a)
and the estimated logit function (gray line Ⳳ 95% confidence region)
for the probability of pair formation for preadult female lice (b) on
fish with a body length of 50 mm in marine conditions of 32‰
salinity and 10⬚C. Parasite abundance is the average number of parasites per fish. For a, thin lines correspond to different values of the
aggregation parameter k from 0.1, 1, 10, and 1,000. The confidence
region in b was generated by simulating parameter values for the
mating probability function (eq. [7]) from a multivariate normal
distribution for the parameters of the logistic regression (table 2)
and their associated means and variance-covariance matrix. For each
value of parasite abundance, 1,000 sets of parameter values were
generated. For these, the probability of pair formation was calculated
and the 0.025 and 0.975 percentiles were found.

male parasites. For our purposes, to evaluate the possibility
that demographic Allee effects may occur in sea lice population dynamics due to mate limitation, we use the estimated logit function from the empirical analysis. The
mating probability function, adjusted for marine conditions of 32‰ salinity, 10⬚C, a fish length of 50 mm, and
a sex ratio of 2 : 1 for preadult females to adult males is
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4). The stability analysis for the breakpoint equilibrium is
given in appendix A.
The uncertainty in parameter estimates of the logistic
regression for pair formation (table 2) produces a fairly
narrow range of uncertainty in mating probabilities and
breakpoint values across a wide region of R0 parameter
space (figs. 3, 4). However, the logistic regression also indicated that salinity and fish size also affect mating probabilities and, hence, breakpoints in louse population dynamics (table 2). In particular, breakpoint values increase
with decreasing salinity and decreasing fish size (fig. 5).

Figure 4: Estimated breakpoint in louse abundance (average number
of parasites per fish; thick gray line) and 95% confidence region
across the net reproductive rate (R0) parameter space for lice on fish
with 50-mm body length and in marine conditions of 32‰ salinity
and 10⬚C. The confidence region was generated by simulating parameter values for the mating probability function (eq. [7]) from a
multivariate normal dstribution for the parameters of the logistic
regression (table 2) and their associated means and variance-covariance matrix. For each value of R0, 1,000 sets of parameter values
were generated, for each of which the breakpoint louse abundance
was calculated and the 0.025 and 0.975 percentiles of the breakpoint
were found. The vertical dashed line marks R 0 p 1.

F ( P) p

exp (a ⫹ bP)
1 ⫹ exp (a ⫹ bP)

,

(7)

where a captures the effects of fish size, temperature, and
salinity and b p 7.9 (SE p 1.6) captures density dependence, as estimated in the empirical results. To calculate
an expression for the unstable equilibrium value (known
as the breakpoint), we set dP/dt p 0 and solve for P ∗. We
also simplify the model further by noting that the quadratic term in equations (2) and (3) will become very small
as P ! 1 because a ! 1 and k 1 1, and so we can reasonably
set aP¯ 2/k r 0. This gives the breakpoint abundances of
lice
1
P ∗ ≈ ⫺ [a ⫹ ln (R 0 ⫺ 1)] ,
b

(8)

for which the predicted values and 95% confidence intervals occupy a large portion of R0 parameter space (fig.

∗

Figure 5: Breakpoint preadult female louse abundance, P , over a
range of plausible values for the net reproductive rate of sea lice R0
for (a) three different conditions of salinity (10‰, 20‰, and 30‰),
as shown, and (b) three different sizes of host fish (body length of
30, 50, and 70 mm), as shown. Initial colonizing louse populations
∗
∗
that are above P are expected to grow, and those below P are expected
to die out. Parasite abundance is the average number of parasites
per fish. The vertical dashed line marks R 0 p 1.
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Many other life-history parameters of lice are also likely
to vary spatially and temporally because of their sensitivity
to abiotic factors, such as temperature and salinity (Stien
et al. 2005; Bricknell et al. 2006). Also, the value of N is
likely to be highly variable among years (due to variation
in the number of spawners that produce the juvenile
salmon and environmental conditions) as well as within
years (due to mortality of juvenile salmon during their
migration). Thus, R0 is likely to also vary with N as well
as with other life-history parameters. However, over a wide
range of plausible R0 values, there is considerable potential
for a demographic Allee effect to suppress louse population
growth when colonizing a new host population (figs. 4, 5).
Discussion
Mate limitation is one of many potential component Allee
effects that can affect the fitness of individuals at low population size (Stephens et al. 1999; Kramer et al. 2009). A
demographic Allee effect is likely if the decrease in mating
probability at low abundance is not offset by increases in
other fitness components, such as survival. Our results
provide strong empirical evidence that mate limitation occurs for salmon lice and that there is limited scope for
increases in parasite survival at low parasite abundance
because of parasite pathogenicity and aggregation. The
theoretical results, based on an Anderson-May type macroparasite model that was modified to accommodate the
empirical parameter estimates and uncertainty, suggest
that a demographic Allee effect is likely to be a part of the
population dynamics of salmon lice colonizing juvenile
salmon.
Mate guarding was an exceptionally rare event and was
observed only 85 times in 1,259 preadult females and 613
adult males among a data set consisting of 68,376 fish.
The large sample size allowed us to study the colonization
process in detail, but our analysis likely underestimates the
overall mating success of lice. Because lice are polygynous
(Hull et al. 1998), an observation of a lone male does not
imply that it has not previously mated with a female on
another fish. The occurrence of a lone preadult female
suggests she has not previously paired with a male, because
precopula persist until the female is mated shortly after
her terminal moult (Ritchie et al. 1996). However, it is
possible that a virgin adult female will go on to mate
(Ritchie et al. 1996; Hull et al. 1998), and our data do not
capture this event. Our results may therefore underestimate true mating probabilities and thereby overestimate
the potential for a demographic Allee effect. However, the
results do indicate that density dependence affects the rates
of mate encounter.
Our analysis of patterns of overdispersion for adult male
and preadult female lice indicates that males were more

aggregated than females and that there may be active aggregation of males with females, as suggested in experimental work (Connors et al. 2011). If among-host movement occurs as a random process, the distribution of males
among fish would be Poisson. However, if the rate parameter in a Poisson process is itself stochastic, then this
can give rise to the negative binomial, which commonly
characterizes parasite distributions (Shaw and Dobson
1995), and thus provides an explanation for the increased
aggregation of adult males relative to females. Other passive processes, such as variation in host quality or resistance, may also lead to overdispersion but would affect
both males and females and therefore cannot explain why
males are more aggregated than females.
Sex-biased dispersal in search of mates is widespread
throughout the animal kingdom. In general, the sex that
invests the least in offspring care is the sex that disperses
the most. Best described in birds and mammals (Greenwood 1980), asymmetry in reproductive investment can
also select for sex-biased movement in search of mates in
fish (Hutchings and Gerber 2002; Croft et al. 2003) and
likely drives selection for male mate searching and female
philopatry in salmon lice (Connors et al. 2011). Malebiased dispersal (de Meeus et al. 2002, 2004) as well as
multiple paternity (Hasle et al. 2008) have also been detected in ectoparasitic ticks Ixodes ricinus, although the
implications for Allee effects have not been investigated.
Ticks, however, are vectors for several human diseases, and
the movement among hosts has large implications for the
relationship between biodiversity and infectious disease
risk (LoGiedice et al. 2003; Keesing et al. 2010). Similar
to ticks, movement of lice among hosts may have implications for the spread of other viral and bacterial marine
diseases (Barker et al. 2009; Petterson et al. 2009).
The louse population model characterized the qualitative dynamics and identified the parameter space where
demographic Allee effects are likely. However, many parameters are uncertain, and estimation is further complicated by interannual and seasonal variation in many factors. We therefore analyzed the model over a range of R0
values and accounted for parameter uncertainty, which
showed that there is a large region of parameter space in
which demographic Allee effects could occur. The region
of demographic Allee effects was sensitive to salinity, suggesting that the often estuarine conditions of coastal marine systems may further suppress parasite outbreaks. The
region of demographic Allee effects was also larger on
smaller host fish, suggesting that perhaps parasite-induced
host mortality or motility of lice away from smaller fish
may increase Allee effects on smaller hosts. However, although the model incorporated the empirical results, it
did not provide a full mechanistic connection among louse
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dispersal, parasite aggregation, and mating probability,
leaving scope for further theoretical development.
The conceptual framework for population colonization
has useful analogies for understanding the spread of infectious disease. For example, the role of propagule pressure in the establishment of invasive species (Lockwood
et al. 2005) is analogous to dose dependency in microparasite infections (McLean and Bostock 2000), in that
both yield similar dynamical outcomes for population establishment and spread (Regoes et al. 2002; Taylor and
Hastings 2005). We draw a similar analogy between propagule pressure and exposure to macroparasites, for which
mate limitation can be an ecological mechanism mediating
the spread of both invasive species and dioecious parasites.
For macroparasites, our results may be the first evidence
for a component Allee effect, and they suggest that a demographic Allee effect may slow the spread of infectious
disease in a coastal marine ecosystem.

amount, r, away from P ∗. That is, following Murray
(1989), we set
dP
F(P) p

dt

[

(

p (R 0F(P) ⫺ 1) m P ⫹ a ⫹

)]

a
P P,
k

and then we calculate the derivative of F with respect to
P and substitute P ∗to obtain
L p F (P ∗) p (R 0bk)⫺1 {[a ⫹ log (R 0 ⫺ 1)]
# [a (a ⫹ log (R 0 ⫺ 1)) ⫺ bk (a ⫹ m P)]

In the vicinity of P ∗, the dynamics of the small perturbation will then be governed by
(A3)
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and so the equilibrium is unstable if L 1 0 and locally
asymptotically stable if L ! 0 (Murray 1989). For our parameter values (as indicated in the main text: a p ⫺7.3,
b p 2.65, k p 3.14, m p 1/30, a p 0.01), the breakpoint
equilibrium is unstable (fig. A1).
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Stability of the Breakpoint Equilibrium
To analyze the stability of the breakpoint equilibrium P ∗
(equation [8]), we linearize equation (6) about P ∗to see
whether the system will return to P ∗ if perturbed a small

Figure A1: Eigenvalue (eq. [A2]) of the linearization (eq. [A3]) of
the macroparasite population model (eq. [6]) about the breakpoint
∗
equilibrium, P .
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