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A model of plant-pollinator mutualism with population structure is studied.
The stability of the mutualism is highly sensitive to pollinator population structure.
The interaction is at risk when external factors (e.g. pesticides) reduce larval development.
A sudden collapse of pollination service can occur due to changes on pollinator population structure.
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Plant–pollinator interactions are among the best known and ubiquitous plant–animal mutualisms and
are crucial for ecosystem functioning and the maintenance of biodiversity. Most pollinators are insects
with several life-stages (e.g. egg, larva, pupa, adult) and the mutualistic interaction depends on the
pollinator surviving these different life-stages. However, to our knowledge, pollinator population
structure has been ignored in most theoretical models of plant–pollinator dynamics, and we lack
understanding of the role of different life-stages in determining the stability of the mutualism. Here we
therefore develop a simple plant–pollinator model with a facultative plant and an obligate pollinator
with stage-structure. Our model predicts a globally stable equilibrium when pollinator demography is
dominated by adults and a locally stable equilibrium when the plants are strongly dependent on
pollination and pollinator demography is dominated by the larval stage. In the latter case, the mutualism
is vulnerable to ﬂuctuations in the pollinator population size or structure caused by external factors (e.g.
pesticides) reducing larval development and increasing adult mortality. This may cause a sudden collapse
rather than gradual decrease of the mutualism, after which the pollination service cannot be recovered
by reducing these detrimental external factors, but must be accompanied by large increases in pollinator
populations. This highlights the importance of considering population structure in plant–pollinator
interactions.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Plant–pollinator interactions are essential for ecosystem functioning and the maintenance of biodiversity (Balvanera et al., 2005).
Many angiosperm plants depend on the service provided by pollinators to reproduce (Kearns et al., 1998). Empirical studies of this
type of mutualistic interaction are abundant (Waser, 2006). However,
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theoretical studies of plant–pollinator interactions are relatively
scarce, originally focusing on very speciﬁc systems (e.g. ﬁg–ﬁg wasp)
(Bronstein et al., 2003; Wilson et al., 2003) but more recently on
mutualistic community dynamics (Bastolla et al., 2009). Holland and
DeAngelis (2010) have proposed to study plant–pollinator systems,
and other types of mutualism (e.g. plant–mycorrhiza), in terms
of consumer–resource interactions to develop more mechanistic
models of mutualism. The theory of plant–pollinator interactions is
progressing (Bronstein et al., 2006; Bascompte and Jordano, 2007;
Holland et al., 2004, 2002), but a crucial component of this interaction is missing in many theoretical studies: the consideration of
population structure. Many pollinators are insects with complex lifecycles, i.e. they have several life-stages (e.g. egg, larva, pupa, adult)
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and each life-stage is subject to different selective pressures (Wilbur
and Rudolf, 2006; Herrera, 1984) and can have multiple indirect
effects on their mutualistic partners (i.e. plants) (Adler and Bronstein,
2004).
In predator–prey models with population structure, indirect
effects along the trophic chain can produce very different dynamics
from unstructured populations (Abrams and Quince, 2005; Rudolf,
2007). For example, Rudolf (2007) found that behavioral interactions between predator stages (e.g. cannibalism) can alter the
dynamics of predator–prey systems producing positive indirect
effects that alter the strength of trophic cascades. Thus, we can
expect different dynamics and stability conditions when considering population structure in plant–pollinator systems.
It is well known that mutualistic models with at least one
obligatory mutualistic partner will show positive density-dependence (i.e. Allee effect) under certain conditions and therefore
there will be regions of bistability where the obligate mutualist
runs a risk of extinction (Vandermeer and Boucher, 1978; Dean,
1983; Wilson et al., 2003). However, it is not yet known how
population structure will affect the Allee effect and hence the
stability of the plant–pollinator mutualism and thus the quality of
the pollination service.
Here, we study a facultative–obligate plant–pollinator system
with pollinator population structure and consumer–resource interactions (Holland and DeAngelis, 2010). This simple model assumes a
more mechanistic plant–pollinator interaction (Soberón and
Martínez del Río, 1981) than Lotka–Volterra models of mutualism
(Addicott, 1981; Dean, 1983; May, 1976) by explicitly describing the
resource and consumer dynamics between plants and pollinators,
where there is an exchange of resources (i.e. nectar) for an ecological
service (i.e. pollination). This allows us to go beyond the simple
assumption of a mutualistic interaction coefﬁcient that most mutualistic models make. This mutualistic coefﬁcient usually does not
reﬂect any biological mechanism or trait related to the speciﬁc
mutualistic interaction, as for example in plant–pollinator interactions. Thus, by assuming the mechanism of nectar consumption we
can incorporate more realism to the model and provide a better
biological interpretation of the results. Our results indicate that
population structure is highly important for the stability of plant–
pollinator interactions and the management of pollination service.

2. The models
We consider two models of plant–pollinator interactions in which
the pollinator has a population structure consisting of pollinating
adults and non-interacting larvae. In both models the adults consume
nectar, produced by the plants, in order to reproduce, and consumption leads to the plant being pollinated. In model (I) consumption
follows a type I functional response and in model (II) a type II
functional response (Holling's disc equation). Model (II) is biologically
more realistic, but the predictions are qualitatively similar to those of
model (I), which is analytically more tractable.
The general structure of both models describes the dynamics of
plants and their insect pollinators with a system of ordinary
differential equations for the plants biomass (P), the nectar
provided by the plants (N), and the biomass densities of adult
insects (A) and their larvae (L). Pollination is modelled as a
consumer–resource interaction. In the absence of insect pollination, the plant biomass increases vegetatively according to the
logistic model, but pollination by insects increases the growth rate
by reproduction. The differential equations for plants and nectar
are
dP
¼ rPð1  δP PÞ þ sf ðNÞA
dt

ð1Þ

dN
¼ ρP  δN N  f ðNÞA
dt

25

ð2Þ

where in the ﬁrst term in Eq. (1) r is the intrinsic growth rate and
δP is a self-limitation coefﬁcient, e.g. due to limiting nutrients.
The second term accounts for the reproductive growth from
pollination, which depends on the rate of nectar consumption,
with a functional response f(N). The parameter s represents the
pollination efﬁciency in terms of amount of plant biomass produced per nectar consumed, but it can also be taken as a proxy for
the number of fertilized ovules per insect visit. Pollination efﬁciency can also be described by a plant trait (e.g. ﬂoral morphology), for example the anther exertion length, which determines
the number of pollen grains removed by pollinators (Conner et al.,
1995). Evidently, the beneﬁts of pollination for the plant lie in
increasing its equilibrium abundance (Addicott, 1981; Wolin and
Lawlor, 1984). Nectar increases in proportion to plant biomass with
production rate per plant biomass ρ, and decreases with a ﬁrst
order decay rate δN and with the nectar consumption rate f ðNÞA.
Insects use nectar to produce eggs from which larvae emerge.
Thus, the number of larvae produced is directly proportional to the
amount of nectar consumed. Only the adult stage exploits
resources (i.e. nectar), implying that larvae do not interact with
the plant. This could be the case for some Hymenopteran pollinators (e.g. honey bees), which spend their larval stage in nest
cavities without interacting with plants directly (Roulston and
Goodell, 2011) or pollinators that feed on different plant species in
their larval and adult stages. The equations describing pollinator
dynamics are
dL
¼ ϵf ðNÞA  γ L  δL L
dt

ð3Þ

dA
¼ γ L  δA A
dt

ð4Þ

where ϵ is the conversion efﬁciency for the transformation
of nectar consumed into larvae, γ is the per capita maturation
rate and δL is the per capita larva mortality rate. Adult density
increases by maturation of larvae and decreases by adult mortality
at per capita rate δA .
Thus, the mutualistic interaction is assumed to be a facultative–
obligatory mutualistic system. Plants are facultative mutualists
because they can grow by means of vegetative growth, but insect
pollinators are obligatory mutualists because they depend entirely
on the consumption of nectar by the plants in order to produce
larvae.
In model I, the pollinator functional response is of type I
(linear):
f ðNÞ ¼ αN

ð5Þ

where α is the consumption rate per unit of nectar and per
pollinator. In reality, a type I response is linear only up to a point
N ¼ N n after which f(N) becomes constant. However, it is customary to assume that such point is not achieved during the dynamics,
or that equilibrium states lie below it. In model II, pollination is
modelled with a type II (saturating) functional response:
f ðNÞ ¼

αN
1 þt h αN

ð6Þ

where th is the handling time of the pollinators. Insect pollinators,
like other consumers (e.g. herbivores), invest time in resource
manipulation (i.e. handling time) (Holling, 1959; Ingvarsson and
Lundberg, 1995; Herrera, 1989). Thus, the pollination beneﬁts for
both plants and pollinators do not grow linearly, but in a saturating fashion.
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In the Appendix we list the system parameters for both model
alternatives (I and II) together with the values employed for the
numerical analysis.

3. Analysis and results
The analysis of the models consists of characterizing the
^ and their stability. There are
^ Ag
equilibrium states E ¼ fP^ ; N^ ; L;
three classes of equilibrium states: the trivial equilibrium
E0 ¼ f0; 0; 0; 0g with plants and pollinators absent, the plant-only
equilibrium E1 ¼ fP^ 4 0; N^ 40; L^ ¼ 0; A^ ¼ 0g with the pollinators
absent, and the plant–pollinator equilibrium with plants and
pollinators present E2 ¼ fP^ 40; N^ 4 0; L^ 4 0; A^ 4 0g. Because r is
considered to be always positive, it immediately follows that E0
is always unstable, i.e. a small amount of plant biomass always
leads from E0 to E1 when all the other variables are N ¼ L ¼ A ¼ 0.
E0 is also unstable when a small amount of nectar and adult
pollinators is initially present and P ¼ L ¼ 0. However, this scenario
is ruled out from all the analyses because there cannot be nectar
without plants, as the plants provide the ﬂowers that make
pollination possible in the ﬁrst place.
The stability of E1 and E2 can be determined by the analysis of
the eigenvalues of the Jacobian matrix of the system evaluated at
E1 and E2 (details in the Appendix).
3.1. Model I
In the absence of the pollinators, the plants grow logistically
1
and a plant-only equilibrium is attained: E1 ¼ fP^ ¼ δP ; N^ ¼
ρ=ðδP δN Þ; L^ ¼ 0; A^ ¼ 0g. This equilibrium is unstable for invasion
by a low number of animals, if and only if
R0 ¼

ϵαργ
41
δ P δ N δ A ðγ þ δ L Þ

ð7Þ

We call R0 the pollinator basic reproduction ratio. It is the
expected number of adults produced by one adult during its lifetime. The rationale of Eq. (7) is as follows: from Eq. (3) the number
of larvae produced by an average adult during an arbitrary time
span Δt must be equal to ϵαN Δt. During an invasion the amount
of nectar available for the pollinators is N ¼ ρ=ðδP δN Þ, i.e. the
equilibrium level when pollinators are absent. If the time span is
1
the same as the life-span of an adult ði:e: Δt ¼ δA Þ, the average
number of larvae produced by an adult during its life-time is
ϵαρ=ðδP δN δA Þ. According to Eq. (3), the fraction of larvae that
become adults is γ =ðγ þ δL Þ while the complement δL =ðγ þ δL Þ dies.
Thus, after one life-time cycle, 1 adult is replaced by
½ϵαρ=ðδP δN δA Þ  ½γ =ðγ þ δL Þ new adults.
To obtain the plant–pollinator equilibrium E2 we start by
setting dA=dt ¼ 0 in Eq. (4). This shows that the pollinator adult:
larva ratio at E2 is
A^
γ
¼
L^ δA

ð8Þ

i.e. the pollinator population structure depends on the larval
maturation rate and the adult mortality rate. If maturation is fast
relative to adult mortality (γ b δA ) the system will shift to a large
^ and vice versa, slow
proportion of adults versus larvae (A^ 4 L),
maturation relative to adult mortality (δA b γ ) shifts the popula^
tion towards a large proportion of larvae relative to adults (L^ 4 A).
Eq. (8) also tells us that R0 is proportional to the adult:larva ratio, if
δL b γ , but in more general situations R0 and the adult:larva ratio
are just positively related.
We now set dL=dt ¼ 0 in Eq. (3), where L^ and A^ can be
eliminated using Eq. (8). This gives us the nectar equilibrium

abundance:
ðγ þ δ L Þ δ A
N^ ¼


ϵα

γ

ð9Þ

For the plant abundance we combine Eqs. (1) and (2) with
dP=dt ¼ dN=dt ¼ 0. This results in a quadratic equation in P^ , the
solutions of which are
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
1þω
4ω
ð10Þ
17 1
P^ ¼
2δ P
ð1 þ ωÞ2 R0
where

ω¼

sρ

ð11Þ

r

is the “plant's mutualistic offset”. The ω ratio indicates how much
the plant's per capita growth rate is raised due to the pollination
services ðsÞ of the resources provided ðρÞ in comparison with the
growth rate in the absence of the services. From Eq. (1) with
dP=dt ¼ 0 Eq. (9), and Eq. (8), we can obtain the adult A^ and larval
equilibrium L^ densities:
 
ϵρP^ ðδP P^  1Þ γ
A^ ¼
ð12Þ
ωðγ þ δL Þ δA

ϵρP^ ðδP P^ 1Þ
L^ ¼
ωð γ þ δ L Þ

ð13Þ

Given (10), (12) and (13), a mutualistic equilibrium is feasible
1
(real and positive) if P^ is real and if it is larger than δP , i.e. the
plant's equilibrium in the absence of the pollinators. It turns out
that both requirements are simultaneously fulﬁlled if
R0 Z

4ω

ð1 þ ωÞ2

ð14Þ

In general (14) will be an inequality, where P^ exists as a realvalued pair ðP^ HI ; P^ LO Þ corresponding to the “þ ” and “  ” cases in
Eq. (10). Hence, A^ and L^ also exist as pairs ðA^ HI ; A^ LO Þ and ðL^ HI ; L^ LO Þ,
respectively. Thus, the plant–pollinator mutualism involves two
^ L^ LO ; A^ LO g.
real equilibria: E2;HI ¼ fP^ HI ; N^ ; L^ HI ; A^ HI g and E2;LO ¼ fP^ LO ; N;
The equality case in (14) corresponds to the coincidence of the two
equilibria. In Eqs. (12) and (13) we see that E2;HI or E2;LO will be
biologically feasible (positive) if and only if P^ HI or P^ LO , respectively,
1
is larger than δP , which is the plant equilibrium in the absence of
the mutualism. In Fig. 1 we sketch the plant equilibrium abundance (graph of (10)) as a function of the pollinator's R0 to
illustrate the feasibility conditions of the mutualistic equilibrium.
In this ﬁgure we can see that if the pollinator is able to invade
when rare ðR0 4 1Þ, there will be only one feasible plant–pollinator
equilibrium ðE2;HI Þ, corresponding to the upper branch of P^ in (10)
(the “þ” case). If the pollinator is not able to invade when rare
ðR0 o1Þ, two plant–pollinator equilibria (E2;HI and E2;LO , corresponding to the “þ ” and “  ” cases in (10)) are feasible if
4ω

ð1 þ ωÞ2

o R0 o 1

ð15Þ

and for R0 4 1, only E2;HI is feasible.
The fact that the pollinator is always able to invade if there is a
single feasible plant–pollinator equilibrium, and that the pollinator cannot invade if there are two plant–pollinator equilibria,
suggests the existence of a strong Allee effect, like in other models
with at least one obligate mutualist partner (Wilson et al., 2003;
Holland, 2002; Vandermeer and Boucher, 1978; Soberón and
Martínez del Río, 1981). With numerical stability analyses (see
Appendix), we determined that if ω 41 equilibrium E2;HI is always
locally stable and E2;LO is always unstable, i.e. E2;LO must be an
extinction and invasion threshold for the pollinator. If ω o 1 and
E2;LO is not feasible, then E2;HI is stable for R0 41. Summarizing,
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Fig. 1. Plant equilibrium densities as a function of animal basic reproductive ratio R0 in model type I. The horizontal line at P^ ¼ δP 1 corresponds to the plant-only
equilibrium, which is locally stable for R0 r 1 and unstable for R0 4 1. The plant–animal equilibria are represented by a curve starting with two symmetric branches P^ HI and
P^ LO above and below P ¼ ð1 þ ωÞ=2δP . The upper branch P^ HI corresponds to the plant–animal mutualism, and is stable (numerically determined); the lower branch P^ LO is
unstable and corresponds to a saddle point. Equilibrium values in the hatched region are unfeasible (i.e. they correspond with negative pollinator densities). (A) If sρ o 1 the
system shows mutualism for R0 41 without the Allee effect. (B) If ω 41 the system shows mutualism with Allee effect for 4ω=ð1þ ωÞ2 o R0 o 1 and without the Allee effect
for R0 4 1.

3

plant equilibrium abundance

ω=2
2.5

ω=1.6
ω=1.2

2

ω=0.8
1.5
ω=0.4
ω=0

1
Fig. 2. Parameter space of the plant–pollinator mutualism model type I, animal
basic reproductive ratio (R0) versus plant's mutualistic offset (ω). The parameter
space is divided into three regions of coexistence and stability: (i) Pollinator
extinction: R0 o 1 for ω o 1 and R0 o 4ω=ð1 þ ωÞ2 for ω 41; this is the region where
animal pollinators cannot survive under any condition and consequently the
mutualism is not possible. (ii) Allee effect: 4r sρ=ð1 þ ωÞ2 o R0 o 1; this is the Allee
effect area for animal pollinators, which increases with the plant's mutualistic
offset (ω 4 1). This region is unstable for the plant–pollinator mutualism, only
pollinators above the extinction threshold can survive. (iii) Plant–pollinator coexistence: R0 41. In this region, the plant–pollinator mutualism is globally stable. For
parameters values used, see the appendix.

from Fig. 1 and the stability analysis, we can classify three different
mutualistic regimes:

ω

8
o1 :
>
>
>
<
>
41 :
>
>
:

mutualism without Allee effect when : R0 4 1
8
>
< without Allee effect when : R0 4 1
4ω
mutualism with Allee effect when
o R0 o 1
>
:
ð1 þ ωÞ2

ð16Þ
The Allee effect can occur under ecological scenarios in which
the plant's mutualistic offset ω is greater than 1, i.e. when
pollination is more important than vegetative growth for the
plants. The three regimes listed by (16) are represented in Fig. 2.
The analysis so far indicates that the stable branch of P^ in
Eq. (10) (the “ þ” case) is positively related with the pollinator's R0,
which in turn is related to the adult to larva equilibrium ratio, as
mentioned earlier. This means that plant population abundances
increase when pollinator maturation rates γ are very large compared with adult mortalities δA . This is because the faster the

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

adult:larva equilibrium ratio
Fig. 3. Relationship between the plant equilibrium abundances ðP^ Þ and the
^ LÞ
^ for different amounts of the plant mutualistic
equilibrium adult to larva ratio ðA=
offset ðωÞ, in model I. In the absence of beneﬁts from pollination ðω ¼ 0Þ, plant
abundances are not affected. When plants experience beneﬁts from pollination
ðω 40Þ, an increase in the relative proportion of adults causes an increase in plant
abundance. If the relative beneﬁts of pollination for growth are low ðω o 1Þ, the
plant equilibrium decreases continuously towards its condition without beneﬁts, as
the proportion of adults in the pollinator population decreases. But if the beneﬁts
are high ðω 4 1Þ the decrease can be abrupt rather than continuous. For parameters
values used, see the appendix.

maturation and the slower the adult mortality, the larger the
proportion of adults in the pollinator population, the ones providing the services for the plant. A relation between the plant
equilibrium abundance and the equilibrium adult:larva ratio can
be obtained by substituting the deﬁnition of R0 (Eq. (7)) in the
stable branch of (10) and substituting the γ =δA ratio by the adult:
larva ratio from the Eq. (8),
1þω
1þ
P^ ¼
2δ P

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
4ω δP δN ðγ þ δL Þ
1
^ LÞ
^
ð1 þ ωÞ2 ϵαρðA=

ð17Þ

^ L^ for several values of the
Fig. 3 shows P^ as a function of A=
mutualistic offset. This relationship permits us to make a prediction
for real systems. For real plant–pollinator systems, one could ﬁnd
positive relationships between the abundance of plant populations
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and the relative ratio of adults versus larva in the populations of
^ A^ and P^ , which are
their pollinators. This prediction involves the L;
in principle easier to quantify in the ﬁeld (censuses) than the
parameters of the model, which involve physiology and metabolism
(usually measured under artiﬁcial conditions). In systems where
pollinators have little or no inﬂuence one would expect to see little
variation in plant abundances against large variations in the relative
ratio of adults in the pollination populations, whereas for plants
that depending strongly on pollination, one would expect to see
abrupt changes in population abundances caused by small changes
in the relative abundance of adult pollinators. The last case
exempliﬁes how a mutualistic interaction can become very sensitive to changes in the life cycles in one of the mutualistic
populations.
3.2. Model II
The model with type II functional response exhibits the same
qualitative behavior with respect to stability and coexistence of
plant–pollinator mutualism as model I (see Appendix for details).
The condition of pollinator growth when rare in this model is that
the basic reproduction ratio is again higher than 1:
R0 ¼

ϵραγ
41
δA ðδP δN þ t h αρÞðγ þ δL Þ

ð18Þ

The main difference between the models is related to the effect
of the pollinator's handling time, as can be seen in the basic
reproductive ratio (Eq. (18)). An increase in handling time produces a saturating effect in the pollination service and the
equilibrium density of the animals. The condition for the Allee
effect (Eq. (14)) is exactly the same as in model I and the stability
conditions for the plant–pollinator coexistence are qualitatively
similar to the previous model (see Appendix). Interestingly,
pollinators with larger handling times (t h b 0) and therefore
relatively low R0 are able to exist in the Allee effect region as long
as pollination service is highly rewarding (ω 4 1). This is because
there is no relationship between handling time (th) and pollination
efﬁciency (s) . R0 is only affected by th (Eq. (18)) while the lower
bound to R0 is only affected by s (see Eq. (16)). Thus, many but
short visits to ﬂowers can be viable as well as with efﬁcient
pollination of only few ﬂowers that takes a long time per visit.

4. Discussion
Determining the stability of mutualistic interactions has been the
main interest of classical theoretical studies. May (1976) found that
obligate mutualistic interactions are very unstable and prone to
extinction. Later, several studies showed that mutualism can be
stable when intraspeciﬁc competition is strong relative to the
mutualistic interaction (Dean, 1983; Addicott, 1981). Addicott
(1981) argued that if mutualistic interaction coefﬁcients are decreasing functions of density (Vandermeer and Boucher, 1978), then a
locally unstable equilibrium does not necessarily imply that the
system is globally unstable (Travis and Post, 1979). Recently, theoretical research has mainly focused on more mechanistic models of
obligatory plant–pollinator interactions (e.g. ﬁg–ﬁg wasp) on ecoevolutionary dynamics (Ferriere et al., 2007; Ferdy et al., 2002) and
on other types of ecological interactions mediating mutualism
(Bronstein et al., 2006); for example, antagonistic interactions (e.g.
herbivores, parasites) in mutualistic systems (Wilson et al., 2003;
Bronstein et al., 2003) can make mutualism more unstable and prone
to extinction under certain conditions.
In mutualisms in which one or both partners are obligate,
coexistence depends on partners attaining minimum abundance
thresholds. Below such threshold, net population growth is negative

and leads to extinction, whereas above the threshold, growth is
positive leading to preservation. This is commonly interpreted as an
Allee effect of mutualism (Wilson et al., 2003; Wolin and Lawlor,
1984). Thus, models of obligate mutualisms will display bi-stability
and Allee effects in some region of the space of parameters,
whether we explicitly consider population structure or not. However, we consider it because larval stages, by being idle and not
taking direct a role in pollination, reduce the effective abundance of
the pollinator population making more difﬁcult to achieve the
necessary numbers that prevent a plant–insect mutualism from
collapsing.
Our results point at the important but currently ignored role
that population structure has on this Allee effect and therefore
on the stability and conservation of mutualisms. In our model
pollination is performed by adult pollinators, that is, a fraction of
the population of one of the mutualistic partners is performing the
service. Consequently, alterations of the pollinator life-cycle such
as the decrease of the maturation rate can lead to large numbers of
larvae relative to pollinating adults, thus decreasing the mutual
beneﬁt received by both partner species. In the particular case of
the plant this can lead to lower abundances, but in the case of the
pollinator this could mean sudden extinction.
The question is what could cause such a detrimental effect in
plant–pollinator interactions. The current global pollinator decline,
particularly specialist bees (i.e. oligolectic bees) (Larsson and
Franzén, 2007; Biesmeijer et al., 2006), has stimulated research
aiming at understanding the multiple causes that impair pollinator
population growth (Potts et al., 2010). Apart from natural pathogens (Pettis et al., 2012), pesticides are among the most important
causes, slowing the larval maturation rate and increasing the adult
mortality rate, particularly in Hymenopteran pollinators (Wu et al.,
2011; Roulston and Goodell, 2011; Krupke et al., 2012). Pesticides
have various negative effects on the survivorship and the development of bee colonies: they can impair foraging behavior,
decrease egg production, delay larval development and shorten
adult longevity (Wu et al., 2011; Roulston and Goodell, 2011;
Krupke et al., 2012; Pettis et al., 2012; Morandin and Winston,
2003). Our model predicts that these effects of pesticides can
produce a shift in the pollinator population structure to higher
larva to adult ratios and decrease the population growth (R0 o 1)
putting the pollinators in the Allee effect region (i.e. bistability
region). Furthermore, due to hysteresis (Scheffer and Carpenter,
2003), after a perturbation a pollinator population that was close
to the fold bifurcation point (i.e. critical transition, Scheffer et al.,
2009) will not recover by, for example, an increase of nectar
production rate (ρ) to the values where the transition occurred, i.e.
it will not return to the alternative stable state of coexistence with
plants (EHI). Such a return requires a large increase not just in
pollinator abundance (adults and larvae), but also in the relative
proportion of adults, which cannot be achieved by restoring the
nectar production rate alone. This has important consequences for
the management of pollination service in crop-pollinated ﬁelds
because these critical transitions might be detectable before the
population collapses (Scheffer et al., 2009).
Our model only explores the dynamics between a facultative
plant and an obligate pollinator. That is, strictly speaking we only
investigate a case of specialist pollinators, such as oligolectic bees.
However, this type of pollinators is at a higher risk of collapse
(Biesmeijer et al., 2006). Furthermore, our model allows one to
draw some conclusions also in the case of generalist pollinators,
such as honey bees (Zayed et al., 2005; Biesmeijer et al., 2006).
Honey bees, which often depend on a limited number of pollen/
nectar resources because of habitat fragmentation (Kremen et al.,
2002; Roulston and Goodell, 2011; Franzén and Nilsson, 2009) or
suffer from a reduction in larval maturation rate due to pesticides
(Wu et al., 2011), show the same catastrophic consequences as
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specialist pollinators. Thus, we believe that our results are relevant
for plant–pollinator systems in general. Our model only studied a
pair-wise interaction and not a community. Although simple
models provide much insight, it is essential that future theoretical
studies incorporate population structure into mutualistic community dynamics models (Bastolla et al., 2009) to generate predictions for the management of pollination services and conservation
of threatened species. We also advocate the future consideration
of models that consider the conﬂict between mutualistic and
antagonistic effects from different pollinator life-stages on the
plants. This is particularly common in Lepidopteran pollinators
(Adler and Bronstein, 2004; Kessler et al., 2010)
Adding a nectar handling time does not change qualitatively
the conditions for an Allee effect, but it quantitatively directly
affects the stability of the mutualism, as has been found in other
models (Soberón and Martínez del Río, 1981; Ingvarsson and
Lundberg, 1995). Increases in handling time decrease the pollinator basic reproductive ratio (R0); hence longer handling times will
drive pollinators to extinction or to the Allee effect region if
pollination efﬁciency is high enough (see condition (15)). In our
model, pollination efﬁciency is independent of the pollinator's
handling time. Thus, in the Allee effect region we can ﬁnd ‘slow’
pollinators if there is high pollination efﬁciency. Several studies
have found a negative correlation between pollination efﬁciency
and handling time (Pattersson, 1991; Mitchell and Waser, 1992).
Other studies report that pollination efﬁciency and handling time
can be positively correlated (Conner et al., 1995; Ivey et al., 2003).
These differences seem to depend on the plant and pollinator
species studied and the components of pollination efﬁciency
measured (Herrera, 1989; Ivey et al., 2003). For the plants, there
is a clear advantage in having an efﬁcient pollination service and
different ﬂoral traits might evolve to increase ﬂower-handling
time (e.g. evolution of ﬂexible pedicels, Hurlbert et al., 1996), but
stability of this interaction essentially will depend on the cost–
beneﬁt balance (Holland, 2002) and the community context
(i.e. structure and composition of the community).
We conclude that population structure is crucial for the stability
of plant–pollinator interactions. The inclusion of population, temporal (i.e. phenology) and spatial structure is fundamental to
properly conserve and manage plant–pollinator communities.

Acknowledgements
We thank David Alonso for discussions on earlier versions of
this model and two anonymous reviewers for their comments and
suggestions. TAR thanks the support by the TULIP Laboratory of
Excellence (ANR-10-LABX-41).

Appendix A. Supplementary data
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.jtbi.2014.02.030.
References
Abrams, P., Quince, C., 2005. The impact of mortality on predator population size
and stability in systems with stage-structured prey. Theor. Pop. Biol. 68,
253–266.
Addicott, J., 1981. Stability properties of 2-species models of mutualism: simulation
studies. Oecologia 49, 42–49.
Adler, L.S., Bronstein, J.L., 2004. Attracting antagonists: does ﬂoral nectar increase
leaf herbivory?. Ecology 85 (6), 1519–1526.
Balvanera, P., Kremen, C., Martínez-Ramos, M., 2005. Applying community structure analysis to ecosystem function: examples from pollination and carbon
storage. Ecol. Appl. 15, 360–375.
Bascompte, J., Jordano, P., 2007. Plant-animal mutualistic networks: the architecture of biodiversity. Annu. Rev. Ecol. Evol. Syst. 38, 567–593.

29

Bastolla, U., Fortuna, M., Pascual-García, A., Ferrera, A., Luque, B., Bascompte, J.,
2009. The architecture of mutualistic networks minimizes competition and
increases biodiversity. Nature 458 (7241), 1018–1020.
Biesmeijer, J.C., Roberts, S.P.M., Reemer, M., Ohlemuller, R., Edwards, M., Peeters, T.,
Schaffers, A.P., Potts, S.G., Kleukers, R., Thomas, C.D., Settele, J., Kunin, W.E.,
2006. Parallel declines in pollinators and insect-pollinated plants in Britain and
the Netherlands. Science 313 (5785), 351–354.
Bronstein, J.L., Alarcon, R., Geber, M., 2006. The evolution of plant–insect mutualisms. New Phytol. 172 (3), 412–428.
Bronstein, J.L., Wilson, W.G., Morris, W.E., 2003. Ecological dynamics of mutualist/
antagonist communities. Am. Nat. 162 (4), S24–S39.
Conner, J., Davis, R., Rush, S., 1995. The effect of wild radish ﬂoral morphology on
pollination efﬁciency by four taxa of pollinators. Oecologia 104, 234–245.
Dean, A., 1983. A simple model of mutualism. Am. Nat. 121, 409–417.
Ferdy, J., Despres, L., Godelle, B., 2002. Evolution of mutualism between globeﬂowers and their pollinating ﬂies. J. Theor. Biol. 217, 219–234.
Ferriere, R., Gauduchon, M., Bronstein, J.L., 2007. Evolution and persistence of
obligate mutualists and exploiters: competition for partners and evolutionary
immunization. Ecol. Lett. 10 (2), 115–126.
Franzén, M., Nilsson, S., 2009. Both population size and patch quality affect local
extinctions and colonizations. Proc. R. Soc. B 277, 79–85.
Herrera, C., 1984. Fruit seediness: differential predation of ﬂy larvae on the fruits of
Berberis hispanica. Oikos 42, 166–170.
Herrera, C., 1989. Pollinator abundance, morphology, and ﬂower visitation rate:
analysis of the “quantity” component in a plant–pollinator system. Oecologia
80, 241–248.
Holland, J., 2002. Beneﬁts and costs of mutualism: demographic consequences
in a pollinating seed–consumer interaction. Proc. R. Soc. B 269 (1498),
1405–1412.
Holland, J., DeAngelis, D., 2010. A consumer-resource approach to the densitydependent population dynamics of mutualism. Ecology 91, 1285–1286.
Holland, J., DeAngelis, D., Bronstein, J., 2002. Population dynamics and mutualism:
functional responses of beneﬁts and costs. Am. Nat. 3, 231–244.
Holland, J.N., DeAngelis, D.L., Schultz, S.T., 2004. Evolutionary stability of mutualism: interspeciﬁc population regulation as an evolutionarily stable strategy.
Proc. R. Soc. B 271 (1550), 1807–1814.
Holling, C., 1959. Some characteristics of simple types of predation and parasitism.
Can. Entomol. 91, 385–398.
Hurlbert, A., Hosoi, S., Temeles, E., Ewald, P., 1996. Mobility of Impatiens capensis
ﬂowers: effect on pollen deposition and hummingbird foraging. Oecologia 105,
243–246.
Ingvarsson, P., Lundberg, S., 1995. Pollinator dynamics: functional response and
pollinators as a limiting plant population resource. Evol. Ecol. 9, 421–428.
Ivey, C., Martinez, P., Wyatt, R., 2003. Variation in pollinator effectiveness in swamp
milkweed, Asclepias incarnata (Apocynaceae). Am. J. Bot. 90, 214–225.
Kearns, C., Inouye, D., Waser, N., 1998. Endangered mutualims: the conservation of
plant–pollinator interactions. Annu. Rev. Ecol. Syst. 29, 83–112.
Kessler, D., Diezel, C., Baldwin, I., 2010. Changing pollinators as a means of escaping
herbivores. Curr. Biol. 20, 237–242.
Kremen, C., Williams, N., Thorp, R., 2002. Crop pollination from native bees at risk
from agricultural intensiﬁcation. Proc. Natl. Acad. Sci. USA 99, 16812–16816.
Krupke, C., Hunt, G., Eitzer, B., Andino, G., Given, K., 2012. Multiple routes of
pesticide exposure for honey bees living near agricultural ﬁelds. Plos One 7.
Larsson, M., Franzén, M., 2007. Critical resource levels of pollen for the declining
bee: Andrena hattorﬁana (Hymenoptera, Andrenidae). Biol. Conserv. 134,
405–414.
May, R.M. (Ed.), 1976. Theoretical Ecology: Principles and Applications, W.B.
Saunders Co., Philadelphia
Mitchell, R., Waser, N., 1992. Adaptive signiﬁcance of Ipomopsis aggregata nectar
production: pollination success of single ﬂowers. Ecology 73, 633–638.
Morandin, L., Winston, M., 2003. Effects of novel pesticides on bumble bee
(Hymenoptera: Apidae) colony health and foraging ability. Environ. Entomol.
32, 555–563.
Pattersson, M., 1991. Pollination by a guild of ﬂuctuating moth populations: option
for unspecialization in Silene vulgaris. J. Ecol. 79, 591–604.
Pettis, J., vanEngelsdorp, D., Johnson, J., Dively, G., 2012. Pesticide exposure in honey
bees results in increased levels of the gut pathogen Nosema. Naturwissenschaften 99, 153–158.
Potts, S., Biesmeijer, J., Kremen, C., Neumann, P., Schweiger, O., Kunin, W., 2010.
Global pollinator declines: trends, impacts and drivers. Trends Ecol. Evol. 25,
345–353.
Roulston, T., Goodell, K., 2011. The role of resources and risks in regulating wild bee
populations. Annu. Rev. Entomol. 56, 293–312.
Rudolf, V., 2007. Consequences of stage-structured predators: cannibalism, behavioral effects, and trophic cascades. Ecology 88, 2991–3003.
Scheffer, M., Bascompte, J., Brock, W.A., Brovkin, V., Carpenter, S.R., Dakos, V., Held,
H., van Nes, E.H., Rietkerk, M., Sugihara, G., 2009. Early-warning signals for
critical transitions. Nature 461, 53–59.
Scheffer, M., Carpenter, S., 2003. Catastrophic regime shifts in ecosystems: linking
theory to observation. Trends Ecol. Evol. 18, 648–656.
Soberón, J., Martínez del Río, C., 1981. The dynamics of plant–pollinator interactions. J. Theor. Biol. 91, 363–378.
Travis, C., Post, W., 1979. Dynamics and comparative statics of mutualistic
communities. J. Theor. Biol. 78, 553–571.
Vandermeer, J., Boucher, D., 1978. Varieties of mutualistic interaction in population
models. J. Theor. Biol. 74, 549–558.

30

F. Encinas-Viso et al. / Journal of Theoretical Biology 352 (2014) 24–30

Waser, N.M., Ollerton, J. (Eds.), 2006. Plant–pollinator interactions: from specialization to generalization, Univ. of Chicago Press, Chicago
Wilbur, H., Rudolf, V., 2006. Life-history evolution in uncertain environments: bet
hedging in time. Am. Nat. 168, 398–411.
Wilson, W., Morris, W., Bronstein, J., 2003. Coexistence of mutualists and exploiters
on spatial landscapes. Ecol. Monogr. 73, 397–413.
Wolin, C., Lawlor, L., 1984. Models of facultative mutualism: density effects. Am.
Nat. 124, 843–862.

Wu, J., Anelli, C., Sheppard, W., 2011. Sub-lethal effects of pesticide residues in
brood comb on worker honey bee (Apis mellifera) development and longevity.
Plos One 6.
Zayed, A., Packer, L., Grixti, J., Ruz, L., Owen, R., Toro, H., 2005. Increased genetic
differentiation in a specialist versus a generalist bee: implications for conservation. Conserv. Genet. 6, 1017–1026.

