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Abstract Whether the invasive freshwater cladoceran
Bythotrephes longimanus can establish after intro-
duction into a water body depends on several biotic
and abiotic factors. Among these, water temperature
is important because both development rates and
mode of reproduction (parthenogenetic or sexual) in
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Bythotrephes are influenced by temperature. We built
a stage-structured model for the population dynamics
of Bythotrephes based on the temperature-depen-
dency of events in its life cycle and used the density
of resting eggs at the end of each year to track
changes in population density. The model was
parameterized using data from published laboratory
experiments and data on the Bythotrephes population
in Harp Lake, Canada, from 1994 to 2005. The
parameterized model was then used to simulate the
outcome of invasions with different initial resting egg
densities under different temperature regimes. A
strong Allee effect emerged from the model, i.e.
there is a critical threshold density above which the
population can establish and below which it goes
extinct. We showed analytically that the existence of
an Allee effect arises from the model structure and is
therefore robust to the parameter values. An increase
in temperature reduces the establishment threshold
for introductions in the same year as well as for
introductions in the previous years. We therefore
hypothesize that climate warming might facilitate
Bythotrephes invasions. Finally, we study how the
establishment threshold is influenced by the timing of
the introduction event and thus identify time periods
during the year when lakes may be particularly
susceptible to Bythotrephes invasions.

Keywords Bythotrephes - Life cycle - Allee effect -

Invasive species - Climate change - Propagule
pressure
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Introduction

The spread of Bythotrephes longimanus
in North America

The spiny water flea, Bythotrephes longimanus
Leydig, is a freshwater cladoceran native to the
Palearctic region that is spreading in North America.
Bythotrephes is a predatory species whose diet
consists of small crustaceans (e.g. Daphnia), Bos-
minidae, and copepods (Lehman and Branstrator
1995; Schulz and Yurista 1995, 1998; Pothoven et al.
2001). As a generalist predator, Bythotrephes can
have strong effects on the diversity and structure of
invaded aquatic communities (Lehman 1991;
Lehman and Caceres 1993; Dumitru et al. 2001;
Yan et al. 2002). The first North American occur-
rence of Bythotrephes was reported in 1982 for Lake
Ontario (Johannsson et al. 1991). Genetic studies
suggest that the North American Bythotrephes pop-
ulation originated from the Baltic Sea/Lake Ladoga
area (Berg et al. 2002). Bythotrephes individuals
presumably travelled to North America in the ballast
water of a cargo ship (Sprules et al. 1990). The
current North American distribution of Bythotrephes
includes all of the Great Lakes as well as many inland
lakes and reservoirs in Ontario, Manitoba, Minnesota,
Michigan, Ohio and Wisconsin (Therriault et al.
2002; Branstrator et al. 2006). The spread of Bytho-
trephes to new water bodies in the invaded range
seems to be largely human-mediated, with boater
traffic as an important vector (MaclIsaac et al. 2004;
Weisz and Yan 2010).

Bythotrephes individuals that have been intro-
duced to a new water body will initially form a sparse
population. Although reproduction in Bythotrephes is
asexual throughout most of the year, the population
needs to reproduce sexually to survive as resting eggs
to the next year, which requires a sufficient number of
encounters between females and males. Thus, we
suspect that Bythotrephes populations might be
subject to a demographic Allee effect, i.e. the per
capita growth rate of Bythotrephes populations might
be positively density-dependent at low population
sizes (Stephens et al. 1999). A strong demographic
Allee effect exists if there is a critical density above
which a population can establish and below which it
goes extinct (Taylor and Hastings 2005). In natural
populations, there are many possible causes for such
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an Allee effect. Apart from the difficulty of encoun-
tering mates at low densities, it can be caused by
inbreeding depression, stochastic sex-ratio fluctua-
tions at low densities, or predator—prey interactions
(Gascoigne et al. 2009; Kramer et al. 2009; McLellan
et al. 2010). Allee effects can have a significant
impact on whether and how fast a species can spread
into a new habitat (Lewis and Kareiva 1993; Taylor
and Hastings 2005). The implications of an Allee
effect for Bythotrephes establishment probability in a
stochastic model have been examined by Drake
(2004). Quantifying the strength of a potential Allee
effect in Bythotrephes and its dependence on biotic
and abiotic factors might help us to better understand
the geographical pattern of the Bythotrephes spread
in North America and to identify currently uninvaded
waterbodies that are at a high risk of being invaded.

Modeling populations exhibiting an Allee effect

Often, models for species that are known to have a
critical establishment threshold include an Allee
effect that is explicitly built into the model equations
(many expamples can be found in Boukal and Berec
2002). This phenomenological approach, however,
requires a priori knowledge on the magnitude of the
Allee threshold. It does not model the biological
processes explicitly that lead to a reduction in per
capita growth rate at low densities. In contrast to
these phenomenological models, there are more
mechanistic models, where the existence and magni-
tude of the Allee effect is allowed to emerge from the
biologically motivated model structure (Veit and
Lewis 1996; McCarthy 1997; Drake 2004; Molnar
et al. 2008; Jerde et al. 2009). In this study, we take
this mechanistic approach and demonstrate that an
Allee effect emerges from a model based on the life
cycle of Bythotrephes.

Bythotrephes life cycle (see Fig. 1)

Since adults do not overwinter in North American
lakes (Yurista 1997), each year in spring, a new
Bythotrephes population is initiated when neonate
females hatch from resting eggs that were sexually
produced in the previous year. To reach maturity, a
sexually produced female molts three times, each
time adding a segment with a pair of barbs (paired
articular spines) to its tail spine (Burkhardt 1994).
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Fig. 1 A graphical representation of our Bythotrephes life
cycle model. The variables (shown in circles), transitions
(arrows and text), and transition rates (formulas) are explained
in the text and defined in Tables 1 and 2. The dashed arrow
indicates that there is a discrete-time model that links the
numbers of resting eggs in subsequent years (see Eq. 9).
Mortality is not shown in this graph

The number of pairs of barbs allows one to distin-
guish between individuals belonging to different life-
history stages. Once mature, a female starts to
reproduce parthenogenetically. It deposits a clutch
of ameiotic eggs without shell into its brood sac. The
embryos go through several stages (early embryo,
“red-eye” stage, and “black-eye” stage, Yurista
1992) before they are finally released as neonates
by the rupture of the softened brood sac. In general, a
parthenogenetically produced female reaches matu-
rity in the third instar (Branstrator 2005) whereas
adult males carry only two pairs of barbs (Yurista
1992). Throughout most of the season, Bythotrephes
populations reproduce parthenogenetically. Since the
sex in Bythotrephes and other cladocerans is deter-
mined environmentally and not genetically (Egloff
et al. 1997), females can produce male and female
clones of themselves. The question how environmen-
tal factors like temperature, starvation, crowding and
photoperiod act together to determine the sex of
cladocerans has mainly been studied in Daphnia thus
far and is not well understood yet (Hobzk and
Larsson 1990; Eads et al. 2008). Some males can be
observed in summer, but male production peaks in
autumn when water temperatures go down (Straile
and Hilbich 2000). At about the same time, mature
females start to undergo an anatomical transforma-
tion that enables them to produce meiotic resting eggs

after internal fertilization by males (Egloff et al.
1997). However, male and resting egg production
might have different environmental cues (Hobak and
Larsson 1990). The resting eggs sink to the sediment,
where they stay until the next spring. Some eggs
produced early in the season might already hatch in
autumn, but in general they need a refractory period
during which they are exposed to cold temperatures
before they can be activated for hatching by warmer
temperatures (Brown and Branstrator 2005).

There are different ways of translating information
on an organism’s life cycle into a quantitative model,
each with specific applications. We chose to describe the
densities of the different life-history stages and the
transitions between them as a system of ordinary
differential equations because Bythotrephes populations
have discrete life-history stages while reproduction and
development from one stage to the next happen
continuously throughout the season. The mostimportant
part of a life history model framed in terms of ordinary
differential equations are the transition rates between the
stages. The rates at which events in the Bythotrephes life
cycle occur (e.g. development from one stage to the
next, production of resting eggs) are influenced by
several factors including temperature and food abun-
dance. In this study, we focus on temperature as the
driving factor of the Bythotrephes life cycle.

Climate change and biological invasions

Global warming is leading to an increase in average
water temperature of North American lakes (Hoste-
tler and Small 1999). Since many processes in the life
cycle of Bythotrephes are temperature-dependent,
this will have an impact on population dynamics and
spread of the invader. Like the rates of most other
biological and biochemical processes, the develop-
ment rates in the Bythotrephes life cycle increase
with temperature, allowing for higher per capita
growth rates, but only up to an optimum temperature.
Furthermore, warmer temperatures in spring may
lead to an earlier hatching of resting eggs so that the
population has a longer growing season. However,
the impacts of climate change on lakes and their
communities might not always be easy to predict.
Complex models have been developed to understand
the dynamics of temperature profiles in lakes (e.g.
Gal et al. 2003).
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Objectives

In this study, we synthesize current knowledge on the
Bythotrephes life cycle within a quantitative model
and try to obtain realistic estimates for its parameters,
from the literature and from information on the
Bythotrephes population in Harp Lake, Ontario (see
“Data on the Bythotrephes population of Harp
Lake”). We use the model to derive hypotheses on
the influence of temperature shifts and introduction
scenario on the number of introduced individuals
required for successful establishment. While previous
studies on Bythotrephes population dynamics have
mostly focused on parthenogenetic reproduction (e.g.
Hall and Yan 1997), we explicitly model the
production of males and subsequent sexual reproduc-
tion. Since all individuals in a given year are
recruited from resting eggs produced sexually in the
previous year, these processes are important for the
interannual dynamics of Bythotrephes populations.

Model

The intra-annual dynamics of a Bythotrephes popu-
lation in year n are formulated as a system of coupled
non-autonomous ordinary differential equations that
track the volumetric densities of each of the life-
history stages (defined in Table 1, see also Fig. 1) as
a function of the day of the year, :
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Model structure

Our model with its seven state variables is one of
potentially many possible simplified representations
of the complex Bythotrephes life cycle. The state
variables correspond to classes of individuals that can
be distinguished in lake samples (see “Data on the
Bythotrephes population of Harp Lake”) and for
which knowledge on development rates is available.
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Table 1 The model variables

Name Explanation Unit

Eoia Density of resting eggs produced in the m
previous year that will hatch in the current
year (number of eggs in the sediment /
volume of the corresponding water body)

F Density of first instar females m

F, Density of second instar females m~>
F; Density of mature females (3rd or 4th instar) m3
M, Density of first instar males m~?
M, Density of second instar males m~?
E,..  Density of resting eggs produced in the current m~—

year that will hatch in the following year
(number of eggs in the sediment / volume of
the corresponding water body)

It would be possible to further simplify the model by
collapsing several developmental stages and summa-
rizing their development rates within one rate con-
stant. In this case, however, the model would lose its
ability to mechanistically explain how perturbations
acting on different life-history stages would affect the
overall population dynamics.

In this simplified model, fourth instar sexually
produced and third instar asexually produced females
were combined into one stage, F3, as it is assumed that
neonates and resting eggs are released only in these two
stages. In nature, however, when the abundance of
third instar females is very low, second instar females
are often similar in size to third instar females and have
also been observed to reproduce (Pothoven et al.
2001). We do not take this phenomenon into account
as high densities of third instar females have been

Table 2 The model coefficients.

observed for all years in Harp Lake, Ontario, the lake
used for model parameterization.

Since this model attempts to describe Bythotrephes
population dynamics at very low densities initially
after the introduction event, we can assume that resting
egg production is limited by and thus proportional to
the number of encounters between males and females.
At low densities, the encounter rate of an individual
female with males is proportional to the density of
males. The encounter rates of all females taken
together is thus proportional to both the density of
sexually reproducing females and males Eq. 7, thereby
adding a nonlinearity to the otherwise linear model.

Model coefficients

Most of the coefficients in this model (Table 2) are
time-dependent and can be understood as the average
rates of the respective processes in the population on a
certain day of the year. Since the rates of life-history
processes in individual Bythotrephes depend on the
temperature they experience, we obtained the model
coefficients by calculating a weighted average of the
corresponding rates in individual Bythotrephes located
in different vertical temperature zones (see ““ Account-
ing for the vertical distribution of Bythotrephes in the
water column”). The temperature-dependency of
development rates and resting egg hatching rate were
assumed to be linear and their parameters were
extracted from Lehman et al. (1997) and Yurista
(1992), respectively (see “Development rates,
d.(1), dn(1), dp(1), d,1(1)” and “Population hatching
rate of resting eggs, h(¢)”). The clutch size, c(f), and the

Name Explanation Unit Parameterization

h(t) Hatching rate of resting eggs day™! Yurista (1992)

dp (1) Development rate from female instar 1 to instar 2 day_1 Lehman et al. (1997)

dp(t) Development rate from female instar 2 to instar 3 day_l Lehman et al. (1997)

d,, (1) Development rate from male instar 1 to male instar 2 day’1 Lehman et al. (1997)

d.(1) Embryonic development rate day7l Lehman et al. (1997)

a(t) Proportion of females that are reproducing sexually 1 Harp Lake data (generalized linear model)
() Proportion of males in parthenogenetic offspring 1 Harp Lake data (nonlinear least squares)
c(t) Clutch size of parthenogenetic broods 1 Harp Lake data (generalized linear model)
u Density-independent death rate (e.g. predation) day™! Harp Lake data (nonlinear least squares)
p Rate constant of resting egg production day_1 m’ Harp Lake data (nonlinear least squares)

(corrected for resting egg mortality)

The parameterization is explained in the text and in the “Appendix”
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proportion of females that are reproducing sexually,
o(t), were parameterized by fitting generalized linear
models with temperature and day of the year as
explanatory variables to data from Harp Lake, Ontario
(n = 1,047 and n = 5,064, respectively, see “Clutch
size, ¢()” and “Proportion of females that are repro-
ducing sexually, o(7)”’). Day of the year was used as a
surrogate for factors other than temperature that varied
seasonally and influenced the model coefficients.

Since males have been observed mainly at the end
of the season, even although similarly low temper-
atures also occur at the beginning of the season, we
hypothesized that the proportion of females in
parthenogenetic broods, r(f), is not temperature- but
time-dependent. We assumed that early in the year,
parthenogenetic females produce only female off-
spring and that there is a critical time #, after when
females switch to also producing a proportion p of
males. This behavior can be modeled as:

o={p et w

with # measured in days.

The mortality, y, was assumed to be constant for all
times and all stages (exceptresting eggs). It summarizes
density-independent mortality that may come from
different sources such as predation or starvation due to
interspecific competition for food. Since our model
describes population dynamics at low densities, intra-
specific competition for resources is not included. We
also assumed f to be constant, so that the resting egg
production is determined only by the densities of both
third instar sexually reproducing females and second
instar males. The parameters y, p, ty, and f were
unknown, and had to be estimated from time series
data on the Bythotrephes population in Harp Lake.

Solving the model

To solve this system of ordinary differential Eqs. 1-7
for multiple years, we solve it for 1 year over a time
interval from the beginning of the growing season in
spring, indicated by #,, to its end in fall, indicated by
15 and use the density of new resting eggs at the end

of the season Eﬁ,ﬁzt(t,) as initial condition for

Eg;; b (t,) in the subsequent year. We thereby assume

that resting eggs cannot stay in the sediment for more
than one winter, which is supported by evidence that
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Bythotrephes diapausing eggs last only 3/4 of a year
(Andrew and Herzig 1984) and are thus short-lived in
comparison to the diapausing eggs of other cladoc-
erans (Yurista 1997).

Since resting eggs in the model are not available for
hatching until the next year, there is no feedback of the
density of new resting eggs on the other variables within
the same year. We can thus split the model (Egs. 1-7)
into a linear (Eqgs. 1-6) and a nonlinear part (Eq. 7),
which is convenient for analytical purposes. The linear
continuous time part (Eqs. 1-6) describes all processes in
the life cycle of Bythotrephes, except for the production
of resting eggs. The nonlinear part models the production
of resting eggs, a key process for the year-to-year
dynamics of Bythotrephes populations. Instead of solv-
ing Eq. 7 simultaneously with the linear differential
equations, we can first solve the linear system (Egs. 1-6)
and then integrate the rate of resting egg production over
the course of a year n (from ; to #;) and take the value of
this integral as the initial condition for the continuous-
time model in the following year n + 1:

En+1 = f (En)
= -~

new resting eggs after year n+1 new resting eggs after year n

rate of resting egg production

G(I) 'F§n+l>(t7En) 'Mém_])(taEn) dla

I sexually reproducing 3rd instar females  2nd instar males
©)

where E,, :Eflﬁzv(tf) and Fg"H) (t,E,) and Mé"H) (t,E,)
are the densities at time ¢ of third instar females and
second instar males in year n + 1, respectively, if the
resting egg density at the beginning of the year was E,,.
Equation 9 is a discrete-time model that links the
densities of resting eggs in subsequent years. The
continuous-time model described above (Egs. 1-6) is
nested inside this discrete-time model, because the
solution to the continuous-time model is needed to
obtain F5(t,E,) and M,(t,E,). As a whole, our model
can be classified as a semi-discrete model (Mailleret
and Lemesle 2009).

We have derived a model that links Bythotrephes
resting egg densities in subsequent years via a
mechanistic model for the life cycle. This is the first
time a model for the population dynamics of Bytho-
trephes is based on its full life cycle, including key
processes such as the production of males and sexual
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reproduction. This allows us to explore the dynamics
of Bythotrephes populations spanning multiple years,
whereas previous models have focused on population
growth within one season.

Model analysis for an Allee effect

We will now analyze the interannual dynamics of the
model and demonstrate that a population described by
Egs. 1-6 and 9 inherently exhibits a strong demographic
Allee effect, and identify the source of this phenomenon.
A strong demographic Allee effect exists if there is a
critical establishment threshold such that the population
can only establish if its initial size is above this threshold.
To demonstrate this for our model, we need to show that
ithas a stable equilibrium at 0 and that there is at least one
more equilibrium at a positive density, such that the
smallest non-zero equilibrium is unstable.

As the continuous-time model describing the
densities of the different stages (except resting eggs)
over one season (Egs. 1-6) is linear and homoge-
neous, the density of a certain stage at a certain point
in time in year n + 1 is proportional to the number of
resting eggs, E,, at the beginning of the year. We can
imagine each resting egg going through its life stages
and eventually producing a clonal offspring popula-
tion independently of all other resting eggs that were
present at the beginning of the year. If there are no
resting eggs at the beginning of the year, there will be
none at the end of the year either. We can thus

decompose F\"" (1, E,) and MYV (1, E,):

FU'" (4 E) =E, £ (1)>0, and (10)
MY (4B = Ey-my ) (1) >0, (11)
where the functions f3("+1>(t) >0 and mé’1+l)(t) >0
describe the densities of third instar females and second

instar males in year n + 1, respectively, resulting from
one unit of resting eggs. Then Eq. 9 becomes:

En+l :f(En)

=E- B / a(t) £V (1) - my (1)
(12)

where k = - f;f o(t) - £V (@) - mU ™V ()dt > 0 is a

constant with respect to E, that summarizes the effect

of all parameter values of the stage-structured model
and the temperature regime. f(E,,) has thus the form of
a parabola. Solving E* = k - E*? for E* yields the two
equilibria £{ = 0 and E; = . Stability is assessed by
evaluating the first derivative of Eq. 12,
f'(E,) =2-k-E,, at the equilibria. An equilibrium
E* is stable if |f'(E*)| < 1 and unstable if |[f'(E*)| > 1.
Since f(0) = 0 and f’(;) = 2, our model has a stable
equilibrium at 0 and an unstable equilibrium at the
positive density % Thus, there is always a strong
demographic Allee effect for models such as ours that
rely on sexual reproduction.

We compared the model specification given in Eq.
9 with an alternative model that assumes that there
are always enough males so that the resting egg
production is proportional to the density of third
instar females (which could be realistic at high
population densities, where the number of encounters
between males and females is no longer limiting for
sexual reproduction):

I
Evii = f(E)) = / B-o()- FO V(4 Edr,  (13)

which can be written as:

I

Evir = f(E,) = [3~En/a(t) S (Nt = 1B,

Is

(14)

where the constant [ = f3 - ftif a(t) - f3(¢)dt is the slope
of the linear discrete model function. This slope is
independent of E,, and depends only on the parameter
combination and temperature curve. Therefore, 0 is
the only equilibrium of the model (neglecting the
special case where the slope is exactly 1). If the slope
is smaller than 1, the population goes extinct for all
initial egg densities. If the slope is greater than 1, the
population can establish, even with a very small
density of resting eggs, i.e. there is no Allee effect.
We have thus shown that the Allee effect in our
model is a consequence of the nonlinear interaction
of males and females required for the production of
resting eggs. Although the presence of an Allee effect
does not depend on the values of the coefficients in
Egs. 1-6, the magnitude of the establishment thresh-
old, 1/k, does. It is influenced by processes acting at
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different life-history stages and by changes in tem-
perature, both if the mean temperature or only the
distribution of temperatures over the season is
changed.

Numerical methods
Simulations

It is not feasible to analytically calculate the magni-
tude of the establishment threshold because this
would require solving the non-autonomous system of
ordinary differential Eqs. 1-6. Thus, we used simu-
lations to determine the critical establishment thresh-
old under different temperature regimes and
introduction scenarios. Simulations were also needed
to estimate the unknown parameters. The simulations
were performed in Matlab R2009b. The system of
differential Eqs. 1-7 was solved for 1 year from day
ty = 132 (beginning of the growing season in middle
May) to day #;= 312 (end of the season in early
November) using the differential equation solver
ode45, which is based on a 4th/5th order Runge-
Kutta scheme (Dormand and Prince 1980). The
resulting E,,(t) served as initial condition for
E, . (t,) in the following year. The initial densities
of all other stages were zero. A function specifying
how the temperature depends on time and water
depth is needed as input. We used temperature data
from Harp Lake, Ontario (see “Data on the Bytho-
trephes population of Harp Lake”).

Nonlinear least squares parameter estimation

In order to estimate the unknown parameters u, p, t,
and f that are part of the parameterized model
coefficients, we fit the numerical solution of
the model to time series data on the densities of the
stages Fy, F, F3, My, and M, in Harp Lake in the
years 2002-2004 (see “Data on the Bythotrephes
population of Harp Lake”). The data of these years
were selected for parameter estimation because they
have a comparatively high number (43) of sampling
dates and contain information on the sex of individ-
uals in the sample. To fit the model, we used a
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nonlinear least squares method (1sgcurvefit in the
Matlab optimization toolbox). If errors are indepen-
dent and normally distributed, the nonlinear least
squares parameter estimates correspond to the max-
imum likelihood estimates. The densities of resting
eggs E,.., and E,,; were unobserved and did not
contribute to the residuals of the model fit. To
generate the numerical solution of the model for a
given combination of parameters, we used the
simulation procedure described above. For each
simulation, we needed an initial condition on the
number of resting eggs at the beginning of the year to
be simulated, E, (). Since we did not have a priori
information on the number of resting eggs produced
in any year, we estimated the initial condition for the
first year of data as an additional parameter. The
nonlinear least squares algorithm requires the spec-
ification of initial guesses for the parameters and
gives the option of putting contraints on them. By
constraining the parameter space, we ensured that
parameter estimates are biologically reasonable
(Table 3). We also had to provide an initial guess
for the initial resting egg density, E,;(t;), and we
constrained it to the positive real numbers. The ability
of the algorithm to identify model parameters was
checked using simulated data. Starting with different
initial guesses for the parameters, we eventually
arrived at the same fit of the model to the data
(Fig. 2). The parameter estimates and their 95%
confidence intervals are given in Table 3. These
estimates were used as default parameter values in all
of the following methods.

Determination of the establishment threshold

The establishment threshold, E., is the non-zero
equilibrium of the model Eq. 9. We used simulations
to determine the magnitude of this threshold for a
given combination of parameter values and a given
temperature profile (assumed to be the same for every
year). We interpreted this task as a boundary value
problem with the initial condition for resting eggs,
E, . (t,), as unknown parameter and used bvpdc,
Matlab’s boundary value solver for ordinary differ-
ential equations, which implements a collocation
method (Shampine et al. 2000). The condition to be
fulfilled was that the density of resting eggs produced
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Fig. 2 Model fit to the 2002-2004 Harp Lake data for third instar females (F3) and second instar males (M»)

Table 3 Estimation of unknown model parameters

Parameter Meaning Unit Lower Upper Estimate 95% confidence
constraint constraint interval

u Mortality day™ 0 00 0.186 (0.174,0.199)

P Proportion of males in parthenogenetic 1 0 1 0.300 (0.173,0.427)
broods late in the season

to Time of the year at which male day 120 330 208 (204,213)
production starts

p Rate constant of resting egg production m?® day~! 0 00 4.83 (0.002,9.69)

at the end of a year equals the unknown starting
density of resting eggs:

Eoa(ts) = Ec, Fi(t;) = Fa(ty) =
FS(ts) =M (ts) = MZ(ts) = Enew(tx) = 07
EneW(tf) =Ec.

and
(15)

To study how the critical introduction density of both

resting eggs and third instar females depends on the
timing of the introduction event, #;, we solved the
boundary value problem again, this time searching
for the density of resting eggs or third instar females
at time ¢; that lets the population reach the critical
establishment threshold, E, by the end of the season,
given that there were no individuals of the other
stages at the time of introduction. If the critical
density obtained from the model is multiplied by the
volume of a given body of water, we obtain the
critical propagule size for a single introduction to
result in establishment.

Sensitivity analysis

A local sensitivity analysis was performed for each of
the model coefficients. The sensitivity to a change in
the proportion of males in parthenogenetic offspring,
r(f), was studied by separately determining the
sensitivity with respect to the parameters p and T
in Eq. 8. The local sensitivity of the establishment
threshold, E- with respect to a perturbation of the
parameter 7 away from its estimated value 7 is:

EF!’V_E('JI
C C
n dEc TEY
E : dTE 7 Tper _gest (16)
C

rest

where EJ' is the establishment threshold for the
estimated parameters, 77 = 7% 4 0.001 - || is
the perturbed parameter value, and EY" is the
establishment threshold for the perturbed parameter
combination. For each parameter combination, the
magnitude of the establishment threshold was
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determined using the boundary value approach out-
lined above.

In the case of the proportion of females that are
reproducing sexually, o(f), the sensitivity was
assessed with respect to the logit of the proportion
to avoid proportions greater than one.

Temperature-dependency of the establishment
threshold

To study how the establishment threshold depends on
temperature, we chose the 2002 temperature curve as
an example and transformed it by adding the same
constant 7 to the temperature throughout the whole
year for each depth. The magnitude of the establish-
ment threshold was determined over a range of values
for 7.

Analysis of multi-year dynamics with different
temperature regimes

It is possible to simulate subsequent years with
different temperature regimes but also to plot the
model curves (Eq. 9) and analyze them graphically
using a variant of the cobwebbing method (for an
introduction see Otto and Day 2007). We explored
two scenarios: a series of years, each of which is
warmer than the previous year, and the case of
alternating warm and cold years.

Numerical results

Plotting the graph of the discrete-time model (Eq. 9)
using the estimated parameters (see Table 3) and the
2002 temperature data, we see that there is an
unstable equilibrium at a positive resting egg density
(Fig. 3), as expected from the analytical proof for the
existence of an Allee effect. The simulations predict
the establishment threshold to be at 26.6 resting eggs
per m®. In Harp Lake, which has a total volume of
approximately 9.5 x 10°m?, this would correspond
to 2.5 x 10® resting eggs.

Our analytical considerations above tell us that
independently of the parameter choice, there will
always be an unstable equilibrium at a positive
density of resting eggs. However, the magnitude
of the establishment threshold may vary strongly
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70

n+1

Fig. 3 Graph of the discrete-time model (Eq. 9) that links
resting egg densities (E,) from year to year (solid line), based
on the estimated parameters and the 2002 temperature curve.
The equilibria are the intersections with the 45°-line (dashed
line). There is a stable equilibrium (filled circle) at O and an
unstable equilibrium (open circle) at % =26.6

between different parameter combinations. The local
sensitivity analysis shows that it is especially sensi-
tive to the parameters y and ¢, (Fig. 4). The estab-
lishment threshold increases if u, a(f), or p are
perturbed in positive direction form the estimated
values. It decreases with increasing hatching and
development rates, clutch size, ty, or f. Since the
magnitude of the establishment threshold is % and k is
proportional to f, the establishment threshold is
proportional to the inverse of f3.

If we shift the 2002 temperature curve by a
constant over the whole year and over all depths of
the lake, we observe that the establishment threshold
decreases in a nonlinear way with the increasing
temperature, approaching zero for high temperatures
(Fig. 5).

The density of introduced individuals required to
establish a population depends strongly on the time of
the introduction event (Fig. 6). If resting eggs are
introduced (Fig. 6a, b), the critical introduction
density stays approximately constant throughout
spring and summer with a minimum in late May
(Fig. 6b). It increases sharply toward the end of the
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Fig. 5 Influence of a temperature shift in °C on the
establishment threshold. The simulations are based on the
parameter estimates in Table 3 and the 2002 temperature data

season (Fig. 6a). The critical introduction density for
third instar females displays a more complex behav-
ior (Fig. 6¢). It is high at the beginning and end of the
season and exhibits two minima and a maximum in
between.

If there is variation in temperature between years,
the number of individuals required for successful
establishment depends on the year of introduction and
is also influenced by the temperatures in the follow-
ing years. If Bythotrephes individuals are introduced
at a density below the establishment threshold for the
year of introduction but above the threshold of one of
the following warmer years under a climate warming
scenario (Fig. 7a), establishment can still be possible
(Fig. 7b). In the case of fluctuating temperatures
(Fig. 8a), more individuals are required for successful
establishment in cold years than in warm years.
However, the required densities are both intermediate

between the establishment thresholds for scenarios
with only warm years or only cold years (Fig. 8b).

Discussion
Overview

A strong demographic Allee effect emerged from the
structure of our Bythotrephes life cycle model. It
results from the nonlinearity caused by the necessity
of interaction between males and females for sexual
reproduction. We saw that an increase in temperature
over the whole year can lead to a strong decline in the
establishment threshold due to the additive effects of
temperature on different life-history processes. An
increase in temperature makes the growing season
longer and speeds up developmental processes.
Furthermore, introductions in cold years are more
successful if the following years are warmer. All
other things being equal, we would expect climate
warming to facilitate Bythotrephes invasions.

We found that the density of introduced individ-
uals required for establishment depends on the timing
of introduction as well as on the life-history stage
being introduced. Throughout most of the season, the
density of third instar females required for establish-
ment is lower than the critical density of resting eggs,
the reason being that a high proportion of resting eggs
die before becoming mature Bythotrephes. For rest-
ing eggs, we predict that the critical density remains
in the same order of magnitude from May to August
but increases sharply in September, indicating that,
for such a late introduction, there is not enough time
remaining to go through all life-history stages,
reproduce parthenogenetically, and reach a sufficient
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Fig. 6 The critical introduction density of resting eggs a, b and
third instar females ¢ as a function of time. The magnificationin b
shows that the critical resting egg density has a minimum of
25.47 individuals/m® at day 144. The critical density of third
instar females has a global minimum of 3.741 atday 157, alocal
maximum of 10.03 atday 209 and a local minimum 6.358 at day
270. Simulations were based on the parameter estimates in
Table 3 and the 2002 temperature data

density for overwintering by the end of the season.
Using estimated parameters and the 2002 temperature
curve, the minimum critical density occurs at the end
of May. At this time of the year, resting egg
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Fig. 7 A climate warming scenario. The temperature shift
parameter t in °C is added to the 2002 temperature data (a).
The corresponding model curves that map the numbers of
resting eggs in year n, E,, to the number of resting eggs in the
following year, E,, ;, are given in (b). The numbers above the
x-axis indicate how long it takes for a population of this size
introduced in year O to reach positive growth rates. The
intervals can be constructed by following the straight lines
backwards from the equilibria (intersection points with the
dashed 45°-line) of the different model curves

introductions would be most likely to result in
establishment, while earlier introductions might have
a higher mortality relative to development rates.
These predictions assume that the introduced resting
eggs will all hatch in the year of introduction and do
not overwinter until the next year. Introductions of
third instar females at the beginning of the season do
not seem to have a very high establishment proba-
bility. This is because, unlike resting eggs, they
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Fig. 8 A scenario with fluctuating temperature. Even years
correspond to the 2002 temperature data. Uneven years are 1°C
warmer (a). The corresponding model curves for cold years
and warm years that map the numbers of resting eggs in year
n, E,, to the number of resting eggs in the following year,
E,.1, are given in (b). E,,.,, and E.,,; are the densities
required for successful establishment for introductions in warm
and cold years, respectively. The black arrows indicate an
unstable equilibrium trajectory, which corresponds to oscilla-
tions in population densities

cannot remain in the sediment until conditions
become favorable, and, because of low temperatures,
reproduction is slow while mortality is relatively
high. The critical introduction threshold for third
instar females goes down in late May, when invasions
become possible. The different minima and the
maximum of the establishment threshold during
summer indicate that there is a trade-off between
the time remaining for population growth, which is
decreasing with time, and the availability of males,

which is increasing with time. At the very end of the
season, invasions caused by third instar females
become less likely again. This happens much later
than for resting eggs because third instar females do
not have to go through a whole life cycle before they
can start producing resting eggs that will survive to
the next year. Similarly to these results, Drake et al.
(2006) described an invasion window for Bythotre-
phes based on a stochastic model that opens in late
May. However, their invasion window does not really
close until the end of the season. For the production
of resting eggs, they take into account only the
individuals present at the end of the season whereas
we integrate the rate of resting egg production over
the whole year.

The model parameterization provides additional
information on Bythotrephes biology: The results of
the model selection for clutch size and the proportion
of sexually reproducing females indicate that tem-
perature, other time-dependent factors, as well as
interactions between temperature and time play an
important role for these life-history processes.
According to the results of the nonlinear least squares
parameter estimation (Table 3), the Harp Lake
Bythotrephes population is suffering a mortality of
around 0.19 per day. In late July, females are starting
to produce about 30% male offspring. The mortality
and the onset of male production have narrow
confidence intervals. The highest uncertainty is
associated with the rate of resting egg production,
p. Its confidence interval spans several orders of
magnitude.

Model limitations

As with other similar nonlinear least squares prob-
lems, there is no guarantee of exactly finding the
parameter combination that yields a global minimum
for the residuals. However, in our analyses the results
were robust to different initial guesses for parameters
fed into the optimization algorithm. Nonetheless we
believe that broad confidence intervals for f and p are
reflective of rather flat likelihood surfaces. These are
the parameters for which the establishment threshold
has a relatively low sensitivity. Examination of the
model showed that the establishment threshold is
proportional to 1/f. It is much more sensitive to the
mortality u, the onset of male production f,, the
embryonic development rate, and the clutch size.
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These parameters are essential for the rate of asexual
reproduction and thus our study broadly agrees with
Drake (2004) who found that the critical density for
his stochastic model for Bythotrephes population
growth was most sensitive to the length of the
summer growing season and the parthenogenetic
growth rate.

We attempted to find a combination of parameters
that fits the population dynamics of Bythotrephes in
Harp Lake from 2002 to 2004. Thus, our estimates of
some parameters (e.g. the mortality) might reflect
local conditions (e.g. the abundance of predators in
Harp Lake). Therefore, we have to be careful when
applying our parameterized model to lakes with
different local conditions and consider reestimating
those parameters that are most affected by external
conditions, such as the mortality.

If our assumption that resting eggs cannot remain
in the sediment for more than one winter is relaxed
such that every spring only a proportion o of all
resting eggs is hatching, the critical introduction
density would be 1/a times (i.e. higher than) the
establishment threshold without multiple-year egg
survival. This is interesting for a potential appication
of our model to other cyclically parthenogenetic
species that form egg banks to a greater extent than
Bythotrephes does. If, in contrast to literature infor-
mation (Andrew and Herzig 1984; Yurista 1997),
there is considerable impact from an egg bank to the
Harp Lake Bythotrephes population this could have
influenced our estimate of the rate constant of resting
egg production, f.

Since it would be difficult to study the tempera-
ture-dependency of the establishment threshold for
Bythotrephes empirically, we might need to use data
on changes in the phenology of already established
populations in response to changes in temperature
(Manca et al. 2007), which can give indirect infor-
mation on the establishment threshold. However,
climate change may have unpredictable effects on
thermal stratification, chemical conditions, and on
other species in the lake community, so that it will be
difficult to make quantitative predictions on how
establishment thresholds for Bythotrephes popula-
tions will change over the next decades. However, we
could make our predictions more realistic by incor-
porating a model of how the temperature in different
depths of a lake changes in response to a change in air
temperature.
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Allee effects

The strong demographic Allee effect detected in our
model poses the question as to the biological
relevance and the implications of this model phe-
nomenon in natural populations on different scales.
An Allee effect on the population level might also
lead to an Allee-like effect on the spatial scale of all
the lakes available to colonization by Bythotrephes.
Lewis and Kareiva (1993) have shown in a spatially
continuous models that if the local population
dynamics exhibit an Allee effect, the species can
spread only if a critical area is occupied initially.
Analogous predictions result from spatially discrete
models. Populations in different lakes can be seen as
a metapopulation that might experience a metapop-
ulation Allee effect, i.e. there is a critical number of
lakes inhabited by Bythotrephes, in order for them to
establish on the whole landscape (Zhou and Wang
2004). It could be a fruitful approach to identify
regions that might be more or less vulnerable to
Bythotrephes establishment given their spatial habitat
structure.

At low population densities, where the Allee
effect plays a role, population dynamics might not
be adequately described by a deterministic model
because environmental and demographic stochastic-
ity play an important role. With stochasticity,
populations can establish even though they start
out below the Allee threshold, and populations
above the threshold can go extinct (Taylor and
Hastings 2005). However, if one includes stochas-
ticity into a deterministic ordinary differential
equation model, thus turning it into a diffusion
process, the Allee threshold from the deterministic
model remains an important quantity. It marks now
the inflection point of the extinction probability as
a function of the starting population size (Dennis
2002).

In our model, the lower probability of encounter-
ing a mate for sexual reproduction at low densities
directly translates into an Allee effect on the popu-
lation level because our model does not include
mechanisms for negative density dependence. Cer-
tainly, Bythotrephes populations will experience
negative density dependence at high densities, but
we are interested in the establishment process of
Bythotrephes and therefore in population dynamics at
low densities where negative density dependence
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should not play a major role. However, for parameter
combinations and temperature regimes where posi-
tive density dependence is very weak, i.e. the
establishment threshold is very small, a small amount
of negative density dependence might be enough to
compensate the positive density dependence and
remove the demographic Allee effect.

Another reason why Allee effects in natural
Bythotrephes populations might be weaker than
predicted by our model or even absent are evolu-
tionary adaptations to life at low densities (Kanarek
and Webb 2010), such as aggregations of males
and females for mating as they have been observed
in other cladocerans (Young 1978), sperm storage,
or specialized chemical or mechanic sensing abil-
ities that help males and females to detect each
other (Gerritsen 1980). At low densities, such
adaptations would not change the structure of the
mating function in the model but lead to a
modification of the rate constant of resting egg
production, f.

The Allee effect we observed resulted from the
structure of our model. A similar model, parame-
terized for another cyclically parthenogenetic inva-
der (i.e. a species that reproduces asexually most of
the time, but requires sexual reproduction regu-
larly), would also exhibit an Allee effect. Whenever
processes in the life cycle are influenced by
temperature, the magnitude of the establishment
threshold would also be temperature-dependent. In
general, an increase in temperature in the course of
climate change would speed up developmental
processes, reduce establishment thresholds, and thus
facilitate invasions of cyclical parthenogens. If such
an Allee effect is not only a model property but
also present in natural populations there will be
important implications for risk assessment and
management. Without an Allee effect, the intro-
duction of a single asexually reproducing individual
can be sufficient to start an invasion if the abiotic
and biotic conditions are favourable. Models for
risk assessment for a cyclically parthenogenetic
invader that do not take into account the Allee
effect might overestimate establishment probabili-
ties. If an Allee effect exists, invasions would be
no longer inevitable despite occasional accidental
introduction events, but reducing propagule pres-
sure below the critical threshold could prevent
invasions to as yet uninvaded sites.

Propagule pressure

Propagule pressure is one of the few consistent
predictors of invasion success (Williamson and Fitter
1996; Colautti et al. 2006; Jeschke and Strayer 2006).
It can be partitioned into propagule size (the number
of individuals released per introduction event) and
propagule number (the number of introduction
events, Lockwood et al. 2005). Our model considers
the local dynamics of a Bythotrephes population after
a single introduction event. The critical densities
obtained from our model lead to high estimated
critical propagule sizes for establishment in any given
lake if a homogeneous distribution of Bythotrephes
individuals in the lake is assumed. The order of
magnitude of critical density and propagule sizes
agrees with the numbers reported by Kramer et al.
(2008) for copepod introductions. However, Bytho-
trephes may stay close to the site of introduction or
aggregate in some parts of the lake, such that
successful establishment does not necessarily require
that the critical density is reached everywhere in the
lake. If there are multiple introduction events the
spatial distribution of releases strongly influences
establishment success. The closer together in space
and time and the closer to reflecting boundaries like
shores or harbors multiple introduction events are, the
higher the invasion success (Drury et al. 2007).

Possible future work

Since the interaction of males and females for sexual
production of diapausing eggs is a key process in the
life cycle of Bythotrephes that determines whether a
population can establish at a certain location or not, it
is important to study this process and factors that
influence it in detail. Most studies on the population
dynamics of Bythotrephes so far have concentrated
on parthenogenetic reproduction and the development
rates of females. These processes are certainly very
important because they determine whether the pop-
ulation can increase in numbers throughout the year.
But ultimately, males and sexual reproduction are
necessary for successful establishment of a popula-
tion in a North American lake on the interannual time
scale. This is the first study that calculates establish-
ment thresholds for Bythotrephes under consideration
of the whole complex life cycle. However, there is a
lot of uncertainty associated with the corresponding
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parameters and their dependence on temperature. Sex
ratio, development rates of males, and rates of resting
egg production have hardly been studied in the lab, in
contrast to development times of parthenogenetic
females. It should be an objective of future Bytho-
trephes to close these gaps of knowledge.

If we want to validate the model presented here, we
need three kinds of data for a set of water bodies:
temperature curves, presence-absence data, and mea-
sures of typical propagule sizes. Thus far, there have
been the so-called gravity models which describe
propagule pressure as a function of lake characteristics,
such as area or diameter, and geographical properties,
such as proximity to invaded lakes or big cities
(Maclsaac et al. 2004). To be able to make a fruitful
link between our mechanistic model for the establish-
ment of Bythotrephes and a gravity model, we need to
develop a better understanding for the interplay of
propagule size and propagule number. For example,
the establishment risk would be higher if there is a
small number of large releases of Bythotrephes than if
there is a large number of small releases, possibly
distributed over several years. An extension of our
model that includes the possibility of multiple intro-
ductions combined with a gravity model that predicts
propagule sizes and numbers could give a more
complete picture of the Bythotrephes invasion to North
America and allow for a more realistic risk assessment.
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Appendix: Model parameterization details

Data on the Bythotrephes population of Harp
Lake

Harp Lake, Ontario, (45°23'N, 79°07'W) is an inland
lake on the Canadian Shield and has an area of 71.4 ha
and a maximum depth of 37.5 m (Hall and Yan 1997).
Bythotrephes was first detected in 1993 during routine
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monitoring by the Ontario Ministry of the Environment
(Yan and Pawson 1997), but could have been present at
low densities in the previous 1 or 2 years. The data we
used for parameter estimation span the years 1994 to
2005. In the years 1994, 1995, and 1997 to 2004,
following a stratified random sampling regime, on each
sampling date, one randomly chosen location in each of
three depth zones in each of three lake regions was
sampled. Additionally, a sample was always taken at
the deepest position of the lake, resulting in a total of 10
sample locations per sampling date (Hall and Yan
1997). Samples were taken as vertical hauls of a
closing tow net with a diameter of 0.75 m, a length of
2.5 m and a 285-pum mesh (Yan and Pawson 1997). For
each Bythotrephes individual found, instar number,
gender, shape of the tail spine, state of the brood and
clutch size were determined and stored in a database,
with some exceptions: In 1994 and 1997 gender was
not determined, so that the variables F; and F, also
include first and second instar males, respectively. For
these years, we only use the brood size data, not the
densities of each stage. In general, it is difficult to
distinguish first instar males from females, which
might be a reason for the low observed densities of first
instar males.

These data were used to create time series of the
densities of the model variables F;, F», F5, M;, and
M,. We calculated densities for each station sepa-
rately as number of individuals within a stage divided
by the sample volume (corrected for filtration
efficiency) in m’. The model variables F 1 and F,
consist of sexually or parthenogenetically produced
females of instars one and two, respectively. F; is a
combination of third instar sexually produced
females, which need to molt once more to reproduce,
mature fourth instar sexually produced females, and
mature third instar parthenogenetically produced
females. The density of resting eggs cannot be
assessed by sampling the water column. There have
been attempts to monitor the number of resting eggs
in the sediment (Yurista 1997), but this was not done
for Harp Lake during the time period of interest. We
averaged the densities of the other stages at all 10
sampling sites to get the average density for each
sampling date. The number of sampling dates
throughout the growing season differed from year
to year, ranging from only 4 in 1999 and 2000 to 25
in 2003. We also extracted information on clutch
sizes and mode of reproduction from the Harp Lake
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Bythotrephes database. In 2003, there were additional
horizontal tows at different depths that can be used to
characterize the vertical distribution of the Bythotre-
phes population (Young and Yan 2008).

Temperature profiles from the lake surface to the
bottom were measured at the deepest station in Harp
Lake by the Ontario Ministry of the Environment on
each visit. To obtain the temperature values for depth
¢ on a certain day of the year ¢, T(¢, ¢), we linearly
interpolated between the measured time points and
depths.

Accounting for the vertical distribution
of Bythotrephes in the water column

At any moment in time, the individuals of a Bythotre-
phes population are distributed over a range of water
depths and thus experience different temperatures,
which leads to differences in the rates of temperature-
dependent life-history processes. Therefore, we
weighted all functions in our model that vary with
temperature (e.g., development rates) by the probabil-
ity of experiencing a certain temperature, which can be
constructed from the vertical distribution and the
temperature profile. The vertical distribution differs
between the life-history stages and varies both season-
ally and from day to night (Young and Yan 2008). For
any time point and life-history stage, the cumulative
Bythotrephes proportion Pr(¢p < x), i.e. the probability
of the depth ¢ of an individual to be smaller or equal to
x, can be well described by a function of the form:

k

Pr¢ <) = oo et —a)

(17)

where k, a, and x. are fitted parameters. By differ-
entiating and normalizing the cumulative density

function, we obtained the corresponding density
function that gives the probability density of an
individual to be located at depth x:

_ ka - exp(—a(x — x.))
1 +exp(—a(x—x.))-K

¥ (x) ; (18)

where K = [ %de is a normalization

constant that ensures that the probability of an
individual to be located somewhere between the
lake surface and its maximum depth is 1.

Young and Yan (2008) obtained cumulative
density functions by fitting Eq. 17 to the distribu-
tions measured in Harp Lake in 2003. From their
fitted parameters, we constructed probability distri-
butions for day and night for first instar females
(Prf,g,/,,l-gh[), second instar females (Prgza’y/m-gh[), third
instar females (Prﬁ,?l?v/mgh,), and males (Pr%g/m»gh,).
Young and Yan (2008) also modeled the distribu-
tion of females that are carrying brood, but since
their vertical distribution did not differ from other
third instar females, we will use Pr(di,?y,nigh, for all
processes involving third instar females. To eval-
uate the time-dependent population mean, f{(f), for a
given function of temperature, g(7) (e.g. the
development rates), we weighted the value of the
temperature-dependent function at a given depth
and its specific temperature with the probability
density of a Bythotrephes individual of the stage of
interest to be at this depth and integrated this
expression over all relevant depths. Additionally,
we weighted the values of the integral for day and
night by the proportions of day and night, p,,, and
1 — paay. respectively, which are functions of the
time of the year (analogous to equation B2 in
Young et al. 2009):

value of the depth—weighted function during the day

Prnax
f(t) = pday(t) g(T(ta x))
~~ SN~

population function value proportion day

lpday ()C ) dx
——

——
0 function value atdepthX  daytime Bythotrephes probability density at depth x

value of the depth—weighted function during the night

d’m(lx
+ (1 = paay(1)) -
——

proportion night

8(7(1,x))
————

‘//night(x) dx (19)
P

0 function value atdepthX nighttime Bythotrephes probability density at depth x
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Since the probability distributions have been
parameterized only for a number of sampling dates,
we linearly interpolated f(r) between these sampling
dates. The vertical distribution of Bythotrephes has
been studied in Harp Lake only for 2003. We
assumed that the vertical distribution as a function
of the day of the year will be similar in other years.

Development rates, d (1), dn(t), dp(t), di(1)

Lehman et al. (1997) found that the relationship
between temperature and the embryonic development
rate can be described by three models that perform
equally well over an ecologically relevant range of
temperatures. Therefore, we chose their first and most
simple model

1
s=aT+b (20)

to parameterize the development rates in our dynam-
ical system. It describes the inverse of the develop-
ment time D, i.e. the development rate, as a linear
function of the temperature, 7. For the development
time from the embryonic red-eye stage, when the eye
pigment first becomes visible, to the release as
neonate, a and b are 0.0024 and 0.01151, respectively
(Lehman et al. 1997). We assumed with Lehman
et al. (1997) that all other development times scale
linearly with the embryonic development time and
used their scaling factors. Restricting the develop-
ment rates to positive values, we obtained for the
development rate between male and female instars 1
and 2:

01(T) = max(0.022879(°Cday)~'-T
—0.12908day ', 0). (21)

The development rate between female instar 2 and 3
is:

0,(T) = max(0.02464(°C day) ™" -T
—0.13902day ', 0). (22)

The time from beginning of instar 3 to primiparity
that Lehman et al. (1997) measured served as
approximation for the total embryonic development
time in our model, from the deposition of eggs in the
brood pouch to their release. Using the appropriate
scaling factor, we obtain:

@ Springer

¢(T) = max(0.018991(°C day) "-T
—0.10715day ", 0). (23)

All three development rates are for an individual
Bythotrephes that is experiencing temperature T SO
we used Eq. 19 with g(7) = 6(7) and the corre-
sponding stage-specific vertical distributions Pr,y,
night(3)’ Prflla)y/night» Prgliz)y/nightv and Prfi'z))//night to obtain
d(1), dn (1), dp(t), and d,, (1), respectively.

Population hatching rate of resting eggs, h(?)

We developed an individual resting egg hatching rate
function dependent on the temperature, 7, by taking
Yurista’s (1992) hatching rate of 0.014 per day at
10.6°C, a critical temperature of 4°C for hatching to
initiate, and the temperature dependency of Eq. 20:

H(T) = max(0.00214(°Cday) '-T
—0.00858day ', 0). (24)

To calculate the population hatching rate at time
t, h(t), we incorporated the temperature the resting
eggs were exposed to at the lake bottom, assuming
that they were evenly distributed across the lake.
With g(¢) as the density of Harp Lake’s surface area
that has depth ¢, we can write:

Drmax
O e
~~ ———
populationhatchingrate 0 individual hatching
rateatdepth ¢

We approximated the integral by summing over a
range of depth classes (Fig.9), with temperatures
corresponding to the temperature at the midpoint of
each depth class.

Clutch size, c(t)

Parthenogenetic clutch size, c(f), the number of
asexual embryos per brood, has been observed to
change over the course of a year (Pothoven et al.
2001; Yan et al. 2001; Young 2008). Where data
were available for the early season, a rapid decline
has been observed from clutch sizes as high as 9 to
averages between 2 and 4 later in summer (Young
2008). Since we do not know of any functional form
that has been suggested to describe the clutch size as
a function of time or temperature, we fit a generalized
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Fig. 9 Bathymetric information for Harp Lake, Ontario, used
to calculate the hatching rate of resting eggs h(f). The
proportion of each depth class is plotted against the midpoint
depth of the class

linear model to relate clutch size data to time and
effective temperature experienced by third instar
females, TS(r). To calculate T9(7r), we evaluated
Eq. 19 with g(T(¢, x)) = T(¢, x) and the vertical
distribution for third instar females (P74 mign)-

We pooled parthenogenetically reproducing
females from all years whose clutch size had been
scored (n = 1,047) and fit a zero-truncated Poisson
generalized linear model with a log link (as described
in Zuur et al. 2009) using the VGAM package (Yee
2008) in R version 2.10.1 (R Development Core
Team 2009) with day of the year and effective
temperature experienced by third instar females as
factors. Based on Akaike’s information -criterion
(AIC), we chose the model that includes both
temperature and day, as well as their interaction:

c(r) = exp(—7.83 + 0.581 - T (1) + 0.0468 - ¢
—0.00308 - T (1) - 1). (26)

Proportion of females that are reproducing sexually,

a(t)

To obtain a relationship between the proportion of
females that are reproducing sexually and the
predictors time and effective temperature, we fit a
binomial generalized linear model with a logit link
(Zuur et al. 2009) to data on the reproduction mode
extracted from the Harp Lake database for the years
1994-2004 (n=5,064). The best model according to
AIC contains temperature, time, and their interaction
as factors and is given by:

a(t)=
1

14+exp(—60.9+0.200-1+4.43-T5 (1)—0.0146.+- T (1))

References

Andrew TE, Herzig A (1984) The respiration rate of the resting eggs
of Leptodora kindti (Focke 1844) and Bythotrephes longim-
anus Leydig 1860 (Crustacea, Cladocera) at environmentally
encountered temperatures. Oecologia 64:241-244

Berg DJ, Garton DW, Maclsaac HJ, Panov VE, Telesh I (2002)
Changes in genetic structure of North American Bytho-
trephes populations following invasion from Lake La-
doga, Russia. Freshw Biol 47:275-282

Boukal D, Berec L (2002) Single-species models of the Allee
effect: extinction boundaries, sex ratios and mate
encounters. J Theor Biol 218:375-394. doi:10.1006/yjtbi.
3084

Branstrator DK (2005) Contrasting life histories of the preda-
tory cladocerans Leptodora kindtii and Bythotrephes
longimanus. J Plankton Res 27:569-585

Branstrator DK, Brown ME, Shannon LJ, Thabes M, Heim-
gartner K (2006) Range expansion of Bythotrephes lon-
gimanus in  North America: evaluating habitat
characteristics in the spread of an exotic zooplankter. Biol
Invasion 8:1367-1379

Brown ME, Branstrator DK (2005) Seasonal dynamics in By-
thotrephes diapausing egg emergence and production, and
the role of dormancy in range expansion. Int Ver The 29:
174-178

Burkhardt S (1994) Seasonal size variation in the predatory
cladoceran Bythotrephes cederstroemii in Lake Michigan.
Freshw Biol 31:97-108

Colautti RI, Grigorovich IA, Maclsaac HJ (2006) Propagule
pressure: a null model for biological invasions. Biol
Invasions 8:1023-1037. doi:10.1007/s10530-005-3735-y

Dennis B (2002) Allee effects in stochastic populations. Oikos
96:389-401

Dormand JR, Prince PJ (1980) A family of embedded Runge-
Kutta formulae. J] Comput Appl Math 6:19-26

Drake J (2004) Allee effects and the risk of biological invasion.
Risk Anal 24:795-802

Drake JM, Drury KLS, Lodge DM, Blukacz A, Yan ND,
Dwyer G (2006) Demographic stochasticity, environ-
mental variability, and windows of invasion risk for By-
thotrephes longimanus in North America. Biol Invasions
8:843-861

Drury KLS, Drake JM, Lodge DM, Dwyer G (2007) Immi-
gration events dispersed in space and time: factors
affecting invasion success. Ecol Model 206:63-78. doi:
10.1016/j.ecolmodel.2007.03.017

Dumitru C, Sprules WG, Yan ND (2001) Impact of Bythotre-
phes longimanus on zooplankton assemblages of Harp
Lake, Canada: an assessment based on predator con-
sumption and prey production. Freshw Biol 46:241-251

@ Springer


http://dx.doi.org/10.1006/yjtbi.3084
http://dx.doi.org/10.1006/yjtbi.3084
http://dx.doi.org/10.1007/s10530-005-3735-y
http://dx.doi.org/10.1016/j.ecolmodel.2007.03.017

2496

M. J. Wittmann et al.

Eads BD, Andrews J, Colbourne JK (2008) Ecological
genomics in Daphnia: stress responses and environmental
sex determination. Heredity 100:184-190. doi:10.1038/sj.
hdy.6800999

Egloff DA, Fofonoff PW, Onbe T (1997) Reproductive biology
of marine cladocerans. Adv Mar Biol 31:79-167

Gal G, Imberger J, Zohary T, Antenucci J, Anis A, Rosenberg
T (2003) Simulating the thermal dynamics of Lake Kin-
neret. Ecol Model 162:69-86

Gascoigne J, Berec L, Gregory S, Courchamp F (2009) Dan-
gerously few liaisons: a review of mate-finding Allee
effects. Popul Ecol 51:355-372. doi:10.1007/s10144-009-
0146-4

Gerritsen J (1980) Sex and parthenogenesis in sparse popula-
tions. Am Nat 115:718-742

Hall RI, Yan ND (1997) Comparing annual population growth
estimates of the exotic invader Bythotrephes by using sed-
iment and plankton records. Limnol Oceanogr 42:112-120

Hobzk A, Larsson P (1990) Sex determination in Daphnia
magna. Ecology 71:2255-2268

Hostetler SW, Small EE (1999) Response of North American
freshwater lakes to simulated future climates. J] Am Water
Resour As 35:1625-1637

Jerde CL, Bampfylde CJ, Lewis MA (2009) Chance estab-
lishment for sexual, semelparous species: Overcoming the
Allee effect. Am Nat 173:734-746. doi:10.1086/598496

Jeschke JM, Strayer DL (2006) Determinants of vertebrate
invasion success in Europe and North America. Glob
Change Biol 12:1608-1619

Johannsson OE, Mills EL, O’Gorman R (1991) Changes in the
nearshore and offshore zooplankton communities in Lake
Ontario. Can J Fish Aquat Sci 48:1546-1557

Kanarek AR, Webb CT (2010) Allee effects, adaptive evolu-
tion, and invasion success. Evol Appl 3:122-135. doi:
10.1111/3.1752-4571.2009.00112.x

Kramer AM, Sarnelle O, Knapp RA (2008) Allee effect limits
colonization success of sexually reproducing zooplankton.
Ecology 89:2760-2769

Kramer AM, Dennis B, Liebhold AM, Drake JM (2009) The
evidence for Allee effects. Popul Ecol 51:341-354. doi:
10.1007/s10144-009-0152-6

Lehman JT (1991) Causes and consequences of cladoceran
dynamics in Lake Michigan—implications of species
invasion by Bythotrephes. J Great Lakes Res 17:437-445

Lehman JT, Branstrator DK (1995) A model for growth,
development, and diet selection by the invertebrate
predator Bythotrephes cederstroemi. J Great Lakes Res
21:610-619

Lehman JT, Caceres CE (1993) Food-web responses to species
invasion by a predatory invertebrate—Bythotrephes in
Lake Michigan. Limnol Oceanogr 38:879-891

Lehman JT, Bilkovic DM, Sullivan C (1997) Predicting
development, metabolism and secondary production for
the invertebrate predator Bythotrephes. Freshwater Biol
38:343-352

Lewis MA, Kareiva P (1993) Allee dynamics and the spread of
invading organisms. Theor Popul Biol 43:141-158

Lockwood J, Cassey P, Blackburn T (2005) The role of
propagule pressure in explaining species invasions.
Trends Ecol Evol 20:223-228. doi:10.1016/j.tree.2005.
02.004

@ Springer

Maclsaac H, Borbely J, Muirhead J, Graniero P (2004) Back-
casting and forecasting biological invasions of inland
lakes. Ecol Appl 14:773-783

Mailleret L, Lemesle V (2009) A note on semi-discrete mod-
elling in the life sciences. Philos T R Soc A 367:
4779-4799. doi:10.1098/rsta.2009.0153

Manca MM, Portogallo M, Brown ME (2007) Shifts in phe-
nology of Bythotrephes longimanus and its modern suc-
cess in Lake Maggiore as a result of changes in climate
and trophy. J Plankton Res 29:515-525

McCarthy MA (1997) The Allee effect, finding mates and
theoretical models. Ecol Model 103:99-102

McLellan BN, Serrouya R, Wittmer HU, Boutin S (2010)
Predator-mediated Allee effects in multi-prey systems.
Ecology 91:286-292

Molnar PK, Derocher AE, Lewis MA, Taylor MK (2008)
Modelling the mating system of polar bears: a mechanistic
approach to the Allee effect. P Roy Soc B-Biol Sci
275:217-226. doi:10.1098/rspb.2007.1307

Otto SP, Day T (2007) A biologist’s guide to mathematical
modeling in ecology and evolution, st edn. Princeton
University Press, Princeton, New Jersey

Pothoven SA, Fahnenstiel GL, Vanderploeg HA (2001) Popula-
tion dynamics of Bythotrephes cederstroemii in south-east
Lake Michigan 1995-1998. Freshw Biol 46:1491-1501

R Development Core Team (2009) R: A language and environ-
ment for statistical computing. http://www.R-project.org

Schulz K, Yurista P (1998) Implications of an invertebrate
predator’s (Bythotrephes cederstroemi) atypical effects on
a pelagic zooplankton community. Hydrobiologia 380:
179-193

Schulz KL, Yurista PM (1995) Diet composition from allo-
zyme analysis in the predatory cladoceran Bythotrephes
cederstroemi. Limnol Oceanogr 40:821-826

Shampine LF, Kierzenka J, Reichelt MW (2000) Solving
boundary value problems for ordinary differential equations
in MATLAB with bvp4c. http://www.mathworks.com/
bvp_tutorial. Accessed 9 Aug 2011

Sprules WG, Riessen HP, Jin EH (1990) Dynamics of the
Bythotrephes invasion of the St. Lawrence Great Lakes.
J Great Lakes Res 16:346-351

Stephens PA, Sutherland WJ, Freckleton RP (1999) What is the
Allee effect. Oikos 87:185-190

Straile D, Hélbich A (2000) Life history and multiple anti-
predator defenses of an invertebrate pelagic predator,
Bythotrephes longimanus. Ecology 81:150-163

Taylor CM, Hastings A (2005) Allee effects in biological
invasions. Ecol Lett 8:895-908

Therriault TW, Grigorovich IA, Cristescu ME, Ketelaars HA,
Viljanen M, Heath DD, Maclsaac HJ (2002) Taxonomic
resolution of the genus Bythotrephes Leydig using
molecular markers and re-evaluation of its global distri-
bution. Divers Distrib 8:67-84

Veit R, Lewis M (1996) Dispersal, population growth, and the
Allee effect: Dynamics of the house finch invasion of
eastern North America. Am Nat 148:255-274

Weisz EJ, Yan ND (2010) Relative value of limnological,
geographic, and human use variables as predictors of the
presence of Bythotrephes longimanus in Canadian Shield
lakes. Can J Fish Aquat Sci 67:462-472. doi:10.1139/
F09-197


http://dx.doi.org/10.1038/sj.hdy.6800999
http://dx.doi.org/10.1038/sj.hdy.6800999
http://dx.doi.org/10.1007/s10144-009-0146-4
http://dx.doi.org/10.1007/s10144-009-0146-4
http://dx.doi.org/10.1086/598496
http://dx.doi.org/10.1111/j.1752-4571.2009.00112.x
http://dx.doi.org/10.1007/s10144-009-0152-6
http://dx.doi.org/10.1016/j.tree.2005.02.004
http://dx.doi.org/10.1016/j.tree.2005.02.004
http://dx.doi.org/10.1098/rsta.2009.0153
http://dx.doi.org/10.1098/rspb.2007.1307
http://www.R-project.org
http://www.mathworks.com/bvp_tutorial
http://www.mathworks.com/bvp_tutorial
http://dx.doi.org/10.1139/F09-197
http://dx.doi.org/10.1139/F09-197

Allee effects in a stage-structured model

2497

Williamson M, Fitter A (1996) The characters of successful
invaders. Biol Conserv 78:163-170

Yan ND, Pawson TW (1997) Changes in the crustacean zoo-
plankton community of Harp Lake, Canada, following
invasion by Bythotrephes cederstroemi. Freshw Biol
37:409-425

Yan ND, Blukacz A, Sprules WG, Kindy PK, Hackett D,
Girard RE, Clark BJ (2001) Changes in zooplankton and
the phenology of the spiny water flea, Bythotrephes, fol-
lowing its invasion of Harp Lake, Ontario, Canada. Can J
Fish Aquat Sci 58:2341-2350

Yan ND, Girard R, Boudreau S (2002) An introduced inver-
tebrate predator (Bythotrephes) reduces zooplankton spe-
cies richness. Ecol Lett 5:481-485

Yee TW (2008) The VGAM package. R News 8(2):28-39.
http://CRAN.R-project.org/doc/Rnews/

Young JD (2008) Ecological regulators of the life history,
morphology, behaviour and abundance of the invasive
zooplanktivore Bythotrephes longimanus in South-Central
Ontario Lakes. Dissertation, York University, Toronto

Young JD, Yan ND (2008) Modification of the diel vertical
migration of Bythotrephes longimanus by the cold-water

planktivore, Coregonus artedi. Freshw Biol 53:981-995.
doi:10.1111/j.1365-2427.2008.01954.x

Young JD, Loew ER, Yan ND (2009) Examination of direct
daytime predation by Coregonus artedi on Bythotrephes
longimanus in Harp Lake, Ontario, Canada: no evidence
for the refuge hypothesis. Can J Fish Aquat Sci 66(3):
449-459. doi:10.1139/F09-006

Young JP (1978) Sexual swarms in Daphnia magna, a cyclic
parthenogen. Freshw Biol 8:279-281

Yurista PM (1992) Embryonic and postembryonic develop-
ment in Bythotrephes cederstroemii. Can J Fish Aquat Sci
49:1118-1125

Yurista PM (1997) Bythotrephes cederstroemi diapausing egg
distribution and abundance in Lake Michigan and the
environmental cues for breaking diapause. J Great Lakes
Res 23:202-209

Zhou S, Wang G (2004) Allee-like effects in metapopulation
dynamics. Math Biosci 189:103-113. doi:10.1016/j.mbs.
2003.06.001

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (2009)
Mixed effects models and extensions in ecology with R.
Springer, New York

@ Springer


http://CRAN.R-project.org/doc/Rnews/
http://dx.doi.org/10.1111/j.1365-2427.2008.01954.x
http://dx.doi.org/10.1139/F09-006
http://dx.doi.org/10.1016/j.mbs.2003.06.001
http://dx.doi.org/10.1016/j.mbs.2003.06.001

	Temperature-dependent Allee effects in a stage-structured model for Bythotrephes establishment
	Abstract
	Introduction
	The spread of Bythotrephes longimanus in North America
	Modeling populations exhibiting an Allee effect
	Bythotrephes life cycle (see Fig. 1)
	Climate change and biological invasions
	Objectives

	Model
	Model structure
	Model coefficients
	Solving the model
	Model analysis for an Allee effect

	Numerical methods
	Simulations
	Nonlinear least squares parameter estimation
	Determination of the establishment threshold
	Sensitivity analysis
	Temperature-dependency of the establishment threshold
	Analysis of multi-year dynamics with different temperature regimes

	Numerical results
	Discussion
	Overview
	Model limitations
	Allee effects
	Propagule pressure
	Possible future work

	Acknowledgments
	Appendix: Model parameterization details
	Data on the Bythotrephes population of Harp Lake
	Accounting for the vertical distribution of Bythotrephes in the water column
	 Development rates, de(t), df1(t), df2(t), dm1(t)
	Population hatching rate of resting eggs, h(t)
	Clutch size, c(t)
	Proportion of females that are reproducing sexually, sigma (t)

	References


