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OIKOS 87: 549-560. Copenhagen 1999 

Pollinator-induced density dependence in deceptive species 

Jean-Baptiste Ferdy, Frederic Austerlitz, Jacques Moret, Pierre-Henri Gouyon and Bernard Godelle 

Ferdy, J.-B., Austerlitz, F., Moret, J., Gouyon, P. H. and Godelle, B. 1999. 
Pollinator-induced density dependence in deceptive species. - Oikos 87: 549-560. 

Many animal-pollinated species experience low visitation rates and, in some cases, 
stand on the brink of extinction because they are poorly fertilized. Among these 
plants, some are deceptive species (flowering plants that do not offer any reward to 
their pollinators). A learning process that pollinators undergo determines visitation 
rate in those food frauds that do not mimic rewarding models. Pollinators that visit 
cheating species avoid them after having experienced the absence of reward a few 
times and then visit rewarding plants. We modeled this learning process, using 
classical optimal foraging and game theory tools, and applied our model to survey 
how visitation rate can be adjusted in deceptive species in a density-dependent way 
and how it can influence the population dynamics of those species. We found 
pollinator behavior to induce positive density dependence at low density (Allee effect) 
and therefore to create a threshold density under which population survival is not 
possible. Moreover, negative density dependence occurs at high density so that in 
most cases pollination limitation creates a stable demographic equilibrium. Stochastic 
simulations were performed to investigate the stability of populations at these 
equilibria and estimate their mean time to extinction. Because some parameters such 
as pollinator density or habitat fragmentation were explicitly taken into account, we 
tried to describe environmental conditions conducive to a deceptive plant's survival. 

J.-B. Ferdy and J. Moret, Conservatoire Botanique National du Bassin Parisien, 
Museum National d'Histoire Naturelle, 61, rue Buffon, F-75005 Paris, France 
(ferdy@mnhn.fr). - F. Austerlitz, P.-H. Gouyon and B. Godelle, Laboratoire Evolution 
et Systematique, URA 2154, Bdt 362, Universite Paris Sud, F-91405 Orsay cedex, 
France. (BG also at Institut National Agronomique Paris-Grignon, 16, rue Claude 
Bernard. F-75231 Paris cedex 05.) 

A major goal of conservation biology is to understand 
the functioning of small populations in order to prevent 
threatened species from extinction. Among demo- 
graphic and genetic consequences that follow from 
small population size (Lande 1988, 1993, 1994), some 
points are still open to debate. 

For example, plant density has been proposed to 
adjust insect pollination efficiency and thereby to con- 
tribute to the disappearance of threatened flowering 
plants (Kearns and Inouye 1997). The weak recruit- 
ment in Centaurea corymbosa (Asteraceae) has been 
related to a lack of pollinator visits (Colas et al. 
1997). Low frequency of pollinator visits has also 
been invoked to explain the low fruit set in Thelymi- 
tra epipactoides (Orchidaceae) (Cropper and Calder 
1990). 

Such observations can be related to an Allee effect 
(Allee 1937), that is, a disproportionately low recruit- 
ment at low density (in this case due to low flower 
density, see for example, Widen 1993 and Groom 
1998). Flower density is indeed thought to govern the 
pollinator movements between populations at a land- 
scape level: the more numerous the flowers, the more 
attractive the population, the higher the visitation rate. 
Such an effect could even be higher in pollinator species 
approaching an optimal foraging strategy: a very dense 
population offers high benefits to pollinators (many 
rewarding flowers to visit) and costs little (little energy 
spent flying between flowers because they are close to 
each other). A high enough flower density can therefore 
be required to attract pollinators to a population and 
ensure a sufficient visitation rate so that the population 
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is maintained by seed production. Below this threshold 
density, the reproductive success within the population 
may decrease because of a lack of pollinator visits; the 
population would therefore accelerate toward 
extinction. 

The effect of flower density on reproductive success 
must be considered at a landscape level, because polli- 
nators (especially bees and bumblebees) choose among 
flower patches. It must also be considered at a multi- 
specific level, because pollinators, within a community 
of flowering plants, choose among species. For exam- 
ple, when being offered two variants of rewarding 
artificial flowers, bumblebees choose preferentially the 
most frequent one in the patch (Smithson and Macnair 
1996). The competition for pollinator visits between 
these two variants thus creates a new kind of Allee 
effect (under-visitation of the rare variant), which could 
exist in natural communities when several rewarding 
flowering species are co-occurring. 

Among-plant competition for pollinator visits is an 
effect of the pollinator learning process, which leads to 
a choice among patches and among species within each 
patch. Both of these choices have been predicted by 
optimal foraging theory (Charnov 1976, Waddington 
and Holden 1979) and some experimental evidence is 
now available that visitation rates can vary in a density- 
and frequency-dependent way (Smithson and Macnair 
1996, 1997a). Nevertheless, a better understanding of 
the way pollinator-induced density dependence can de- 
termine population extinction or survival can be 
reached only if both among-patches and among-species 
choices are taken into account in the same study. 

Non-model deceptive orchids are an extreme and 
particularly valuable case for such a study. These plants 
are food frauds that do not reward their pollinators 
(deceptive pollination) and do not mimic a particular 
model species (Dafni 1984, Ackerman 1986, Nilsson 
1992). Pollinators are thereby able to learn to avoid the 
cheating flowers, after which they visit only rewarding 
ones. Because of the great differential in reward be- 
tween deceptive species and nectariferous ones, the 
competition for pollinator visits between them is partic- 
ularly intense: the choice is rapid and once pollinators 
have chosen they seldom return to visiting deceptive 
flowers (Smithson and Macnair 1997b). Moreover, the 
ease of avoiding unrewarding flowers is determined by 
how frequently pollinators encounter them. Visitation 
rate in deceptive species is therefore expected to depend 
on their relative abundance in the patch (Ferdy et al. 
1998). 

As deceptive species do not produce any food for 
pollinators, the quality of a patch decreases when the 
proportion of cheating plants it contains increases. The 
intensity of competition between patches where decep- 
tive and rewarding species are co-occurring should 
therefore be highly dependent on the density of decep- 
tive plants (Laverty 1992). The way competition be- 

tween such patches can be adjusted by the density of 
deceptive plants should moreover be very particular, 
due to the negative correlation (instead of a positive 
one in the case of rewarding species) between their 
relative abundance and the patch quality. 

In order to investigate the intensity of between- 
patches (community) and between-species competition 
for pollinator visits, we modeled pollinator learning 
when foraging in patches composed of mixed deceptive 
and rewarding species, calculated the reproductive suc- 
cess and tried to estimate the extinction probability of a 
population in a given landscape. 

This model has been specifically designed for the 
study of wild deceptive European orchids (such as 
Dactylorhiza and Orchis), for the purpose of conserva- 
tion of those that are threatened. Population sizes of 
these species decrease and their habitat is increasingly 
fragmented, either because of agricultural practices or 
urbanization. As classical reinforcement and manage- 
ment tools are difficult to apply in such species (because 
of cultivation difficulties and complex life cycles), new 
methods of conservation have to be developed. A better 
understanding of reproduction systems is necessary to 
reach this goal. 

Material and methods 

What density means: absolute abundance in the 
within-patch learning model 

The density of an organism within a population is 
usually defined as the number of individuals. However, 
in the case of predator-prey systems, vector transmitted 
diseases or mimicry systems, density can influence both 
the number of organisms per unit area (Cibula and 
Zimmerman 1984) and the relative abundance of one of 
the two organisms involved in the biological interac- 
tion: relative abundance of prey in comparison to 
predator (Allen and Anderson 1984), relative abun- 
dance of uninfected vectors in comparison to infected 
ones (Antonovics et al. 1995), or relative abundance of 
mimicking organisms in comparison to the models 
(Turner et al. 1984). 

We thus make here the distinction between absolute 
abundance (AA) which refers to the number of inflores- 
cences (either deceptive or rewarding) per unit area and 
relative abundance (RA) which refers to the proportion 
of one of the two kinds of inflorescences within the 
community. In the following, RA will refer to the 
relative abundance of deceptive inflorescences in the 
patch. A decrease in population size can thus provoke 
either a decrease in relative abundance or a decrease in 
absolute abundance and, more probably in natural 
populations, a decrease in both. We consider AA as 
being constant in this work. Effects of variation in AA 
on the behavior of pollinators have been developed by 
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Ferdy et al. (1998). The way RA and AA are related 
and the parameters used in the simulations to estimate 
AA are detailed in Appendix I. 

Within-community learning model: adaptation of 
the relative payoff sum learning rule (Harley 
1981) 

Game theory predicts that, in many cases, animals 
facing a heterogeneous environment should adopt a 
mixed strategy as an ESS. When environment hetero- 
geneity is predictable, they can be led to the ESS by a 
learning rule whereby the probability of playing each of 
the strategies that compose the mixed ESS is adjusted 
to the particular environmental conditions. An Evolu- 
tionary Stable Learning Rule (ESLR) is a learning rule 
that leads the player as rapidly as possible as close as 
possible to the ESS, so that a population of individuals 
playing it cannot be invaded by individuals adopting 
another learning rule (Harley 1981, Maynard Smith 
1982). 

Harley (1981) defines a particular ESLR, the Relative 
Payoff Sum (RPS) learning rule, which is based on 
payoff estimations: the more profitable a strategy (that 
is the higher payoff it generated in the past in compari- 
son to all other strategies), the higher the probability of 
playing it. We used this principle to simulate pollinators 
estimating the quality of a community and of the two 
species it contains (a deceptive and a rewarding one) as 
in Ferdy et al. (1998). 

We simulate a pollinator foraging in a patch com- 
posed of mixed deceptive and rewarding plants. In the 
following we consider that pollinators behave as if each 
plant was a single-flowered inflorescence. At each time 
t (each step in its foraging path) the pollinator encoun- 
ters a plant. It can then display the following behaviors: 
1) stop foraging in the patch, 2) continue foraging but 
skip the encountered inflorescence, 3) continue foraging 
and visit the encountered inflorescence. 

These three behaviors are displayed with respect to 
the payoff estimates we mentioned above: a pollinator 
continues foraging in a patch while it estimates if it is 
profitable (in comparison to the average value of all 
patches in the neighborhood) and while it is not sati- 
ated. A pollinator visits an inflorescence it encounters if 
it estimates that this inflorescence type brought enough 
benefits to it in comparison to the mean of the commu- 
nity, that is if it expects more from a visit to this 
inflorescence than from skipping it and visiting the 
next, whose type it does not know. 

At time t, the payoff a pollinator estimates having 
drawn on average from the patch, Gpatch(t), takes the 
t-1 previous foraging events into account. Gr(t) and 
Gd(t), the payoff estimates, respectively, for rewarding 
and deceptive species, take into account all encounters, 
respectively, with rewarding and deceptive inflores- 

cences within the former t - 1 encounters. Let Gacc(t) 
be the cumulative payoffs (sum of costs and benefits) 
that a pollinator received at t. The decision rules that 
lead pollinators to display one of the three possible 
behaviors are summarized by the following equations: 

Gpatch(t) 2 b, 

Gacc(t) < gmax, 

(1) 

(2) 

Gd(t) Gpatch(t)- c, 

Gr(t) > Gpatch(t)- c, 

(3) 

(4) 

where gmax is the cumulative payoff required for polli- 
nators to be satiated, c the cost of a flight between two 
inflorescences, and b is the reward offered on average 
by all patches in the neighborhood. If eq. (1) is false, 
the pollinator stops foraging in the patch and flies 
toward another one. The parameter b therefore adjusts 
the intensity of competition between patches. If eq. (2) 
is false, the pollinator stops foraging but, as it is 
satiated, does not fly to another patch. A pollinator 
that encounters a deceptive inflorescence at time t de- 
cides to visit it if eq. (3) is true. Similarly, if this 
pollinator encounters a rewarding inflorescence at t, it 
will decide to visit it if eq. (4) is true. Eq. (1) corre- 
sponds to the marginal value theorem (Charnov 1976) 
while eqs (3) and (4) can be considered as a recast of 
this theorem at a within-patch, between-species, scale. 

The payoff estimates are reevaluated at each time t, 
whether the pollinator visited the inflorescence it en- 
countered at t- 1 or not. Estimates take into account 
the actual payoffs generated in the past at each forag- 
ing event. These actual payoffs are weighted by the 
memory length of the pollinator (m) and are averaged 
with a priori estimates which correspond to an attrac- 
tiveness (attractiveness of each type of inflorescence and 
of the whole community) following Harley (1981). 
Therefore, the payoff estimates for deceptive and re- 
warding inflorescences are as follows: 

t--1 

kad+ (1 -m) E mt-'- Gd(z) 
c= I 

t-- k +(1 - m) 
- 

mt'-I-T (r) 

t--1 

kar+(l-m) m 1t-l-TGr(T) 

t-l 

Gd(t) 

Gr(t) 

k +(1-m) E mt- l-r(T) 
Tc=I 

where ad and ar are the a priori estimates of the payoffs 
generated, respectively, by deceptive and rewarding infl- 
orescences, k the weight of these a priori estimates, 
Gd(r) and Gr(T) the actual gains generated, respectively, 
by deceptive and rewarding inflorescences at T. Xd(r) 

(5) 

(6) 
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and Xr(t) are functions equal to 1 if a deceptive, respec- 
tively, a rewarding, inflorescence is encountered at T 
and to 0 otherwise. The calculation of actual payoffs is 
summarized in Table 1. 

The payoff estimate at time t for the whole patch is 
calculated following the same principle: 

Gpatch(t) 
= 

t-1 

ka +( - m) I mt-l-'G(r) 
t= l 

(7) t-1 

k+(1-m) Z mt-l-" 
T= 1 

where G(z) is the gain generated by the patch at t 

(G(r) = Gr(T) + Gd(r), see above) and a is the average a 
priori estimate, that is the attractiveness of the commu- 
nity (d = RAa+ (1 - RA)ar, where RA is the relative 
abundance of the deceptive inflorescence within the 
patch). 

Payoffs (ar, ad and g) are not fixed but drawn at 
random from a Gaussian distribution in which the 
mean and the variance are fixed parameters of this 
model (see Table 2 for the values of mean and 
variance). 

Pollen transfer within and between patches, flower 
fertilization and estimation of reproductive success 

During its foraging bout, the pollinator carries pollen 
and pollinates deceptive inflorescences. We consider 
here that each inflorescence bears a single flower. The 
amount of pollen deposited on the stigma at each visit 
to a deceptive flower is a fixed proportion of the pollen 
load carried by the pollinator. The carry-over has been 
fixed here at 0.5, which seems to be consistent with 
experimental data (Peakall and Beattie 1996). At each 
visit to a deceptive flower, a pollinator has a probability 
of removing pollinia which depends on the number of 
pollinia it already carries: if it carries none, this proba- 
bility is 1; if it carries a pair of pollinia, the probability 
is 0.6, if it carries two pairs, the probability is 0. The 
maximum number of pollinia pairs a pollinator can 
carry in our model is therefore two, as indicated by 
some field and experimental data (Fritz 1990, Neiland 
and Wilcock 1995). 

The amount of deposited pollen divided by the total 
amount of removed pollen gave us an estimate for the 
deceptive flowers' reproductive success. We consider 
that reproductive success in plants bearing more than 
one flower would be proportional to this estimate. This 
estimate of reproductive success is calculated for 10000 
bouts for each parameter set. We calculated expecta- 
tions and the complete distribution for reproductive 
success over these 10000 replicates. 

Population dynamics of the deceptive plants 

The demography of the deceptive plant population 
depends on the number of fertilized flowers that is 
given by the behavioral model we presented above. We 
assume here that the deceptive species has only two size 
classes: seeds and flowering plants. The extension of the 
results to a perennial herb with three or more size 
classes is made in Appendix II. 

D, the number of pollinators foraging per unit area, 
defines the pollinators' activity. Let a be the propor- 
tion of sired seeds summed over all visited decep- 
tive flowers by a pollinator. oa is given by the within- 
patch behavioral model presented above; a is thus 
a function of the deceptive flowers' RA. The propor- 
tion of sired seeds cumulated per unit area is thus ocD. 
The reproductive success in the population is then given 
by: 

proportion of sired seeds oD 

number of deceptive flowers AARA (8) 

In eq. (8) aD is assumed to be always inferior to AARA 
so that aD/AARA can be considered as a measure of 
relative fitness. This corresponds to the assumption that 
the pollinator activity always limits the growth of the 
deceptive plant population and that the number of 
available flowers is always greater than the maximum 
number of flowers pollinators visit. Let Ny be the 
number of deceptive plants within a patch at year y, let 
t be the mortality rate of adult plants, f the maximal 

fecundity of an individual (number of seeds produced 
by an individual whose ovules are all fertilized) and s 

Table 1. Calculation of the exact payoff values for deceptive and rewarding plants as used in pollinator estimation of payoffs. 
g is the gross payoff delivered by a rewarding flower, c the cost of a flight between two consecutive inflorescences in the foraging 
bout and c' the cost of this flight plus the cost of flower handling. 

Actual payoff value Corresponding Value of the variable when: 
at time T variable 

no inflorescence of this type is an inflorescence of this type is 
encountered encountered 

and visited but not visited 

Deceptive inflorescences Gd(C) 0 -c' -c 
Rewarding inflorescences Gr(T) 0 g-c' -c 
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Table 2. Definition of parameters and default values. Numbers in italics indicate that the parameter is drawn at random from 
a Gaussian distribution. Mean value is then indicated by the first number (the variance is in parentheses). 

Parameter Signification Default value 

Pollinator learning parameters b value of the "foraging environment" 0.15 
k weight of the pollinators innate estimations 0.05 

weight of the estimations generated by 1 
foraging experience 

m pollinator's memory length 0.95 

Innate estimation (attractiveness through ar nectariferous inflorescences 0.79 (0.002) 
floral display) 

ad deceptive inflorescences 1.4 (0.002) 

Actual rewards (nectar content) g gross payoff delivered by a nectariferous 1 (0.002) 
inflorescence 

gross payoff delivered by a deceptive 0 
inflorescence 

Parameters depending on absolute c cost of a flight between two inflorescences 0.2 
abundance 

c' cost of a flight between two inflorescences 0.21 
and of an inflorescence handling 

Demographic parameters used in the D number of pollinators per unit area from 0.1 to 5 
stochastic model 

It death rate of adult plants 0.5 
s survival of seedlings 5 x 10-4 
f fertility of an inflorescence 20 000 

Pollen transfer q, carry over 0.5 
q2 probability of picking up a pair of pollinia 0.6 

when a first one is already carried 

the survival of the seedlings. The deceptive plant popu- 
lation dynamics is given by: 

+1 AARA I , fs + 1 - N. (9) 

The population size thus increases provided that: 

oD g aD> I 
(10) AARA Dfs' 

Eq. (10) allows us to predict the deceptive plant popula- 
tion dynamics without fixing any value for f, s, D or g. 

Mean time to extinction of the deceptive plant 
population 

The mean time to extinction (in years) of the deceptive 
plant population has been calculated by simulating the 
population dynamics as described by eq. (9) to which 
we added a stochastic component. The behavioral 
model we described above generated average values of 
the number of deceptive plants pollinated; we also 
calculated the complete probabilistic distribution of this 
variable under given environmental conditions. Know- 
ing this distribution, we drew at random, for each 
pollinator foraging in the simulated patch at a given 
year, a number of pollinated deceptive flowers. We built 

in this way a demographic model for the deceptive 
plant in which the growth rate of the population varies 
stochastically because of fluctuations in pollinator 
behavior. 

Let Npol be the number of pollinators foraging in the 
community. Let oi be the proportions of sired seeds 
summed for the ith pollinator (ai is drawn at random 
from a distribution that depends on both b and RA, 
and whose mean is c). Eq. (9) becomes, in the stochas- 
tic model: 

Ny + 1 = 

Npol \ 

E ai 
i= I + ,AA fs NY. 

NPO,AARA/ 
(11) 

Eq. (11), like eq. (9), describes the dynamics of the 
population of deceptive plants provided that: 

Npol 

I icj 

1 
I 

D<l. (12) 
NO,iAARA 

This criterion may not be met under certain conditions. 
In some conditions of pollinator density, for example, 
the number of flowers the pollinators visit is greater 
than the number of deceptive flowers in the patch. We 
assume here that, in such cases, pollinators visit some 
flowers multiple times, but that these re-visits have no 
impact on seed production (all ovules of a flower are 
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fertilized in a single pollination event). Each individual 
of the deceptive species was assumed to bear 20 flowers 
(we supposed here that the learning process, as de- 
scribed by the behavioral model, is not affected by the 
fact that deceptive individuals are not single-flowered; 
see Ferdy et al. (1998) for a discussion on this point). 
The number of available flowers at year y is therefore 
20Ny. 

We simulated populations of deceptive plants in envi- 
ronments of varying quality (b ranging from 0 to 0.79) 
and with varying density of pollinators (D ranging from 
0.1 to 5). AA and D were held constant within a 
simulation, and, at the beginning of each simulation, 
the RA within the considered patch was set so that, 
when possible, the population of deceptive plants was 
at its stable demographic equilibrium. In case of multi- 
ple possible demographic equilibria, the equilibrium 
corresponding to the lowest RA was chosen. We also 
held the number of pollinators per unit area constant 
through time. Let Ny be the number of deceptive plants 
and Npoly the number of pollinators foraging in the 
patch at year y: 

NAARA Npoly D D 
AARA 

therefore decreases when RA increases: pollinators 
rapidly learn that the mean gain a patch gives to them 
is low if this patch is mainly composed of deceptive 
plants. 

These two trends interact and create a maximum 
foraging path length at RA = 0.55. This point corre- 
sponds to cases in which, for pollinators, benefits in 
terms of reward approximately balance costs. In such 
cases, learning the actual patch quality and reaching 
satiation may both take quite a long time for 

pollinators. 
Pollinator behavior can also be described by its 

learning ability to discriminate deceptive and rewarding 
plants (which can be estimated by the proportion of 
deceptive plants it encounters without visiting them): 

1. for RA less than 0.4, the foraging path length is 
short. Few deceptive plants are therefore encountered 
and learning to avoid them is difficult. As the foraging 
bout lengthens when RA increases, the learning ability 
of pollinators increases, 

90 

(13) 1^ 
to I.) 

The number of deceptive plants is controlled, in these 
simulations, by the pollinator activity only. Variation in 
pollinator behavior is considered as the unique cause 
for stochasticity. The probabilities of extinction for the 
population of deceptive plants were estimated after 
having simulated 50 years and over 1000 replicates. 

Results 

How pollinators behave when the RA of the 

deceptive flowers varies 

Fig. 1 presents the total number of flowers a pollinator 
encounters (that is, the length of its foraging bout) and 
the proportion of deceptive flowers it encounters with- 
out visiting them, as functions of the RA of deceptive 
flowers within a patch. These two parameters describe 
pollinator behavior, and vary according to the RA of 
deceptive flowers. 

The length of a pollinator foraging bout is deter- 
mined by the "quality" of the patch (average nectar 
content): 

1. for RA less than 0.55, in the example considered in 
Fig. 1, patch quality is high and the pollinators stop 
foraging once satiated. It takes more time for pollina- 
tors to become satiated when the proportion of decep- 
tive flowers within the patch increases, 

2. for RA greater than 0.55, patch quality is low and 
pollinators stop foraging once they have estimated that 
it is no longer profitable. The foraging bout length 

5-4 
(3 

forage until 
satiated 

60 - 

30 

A 

learn the 
patch is of low 

quality and 
leave it 

0 02 0.4 0.6 0.8 1 

0 

0 Q 

0 0 

51- 
O 
o Q 

).6 
1D 

).4- / 

0.2 

0 0.2 0.4 0.6 0.8 1 

RA 

Fig. 1. A. Foraging path length as a function of the relative 
abundance (RA) of deceptive plants in the patch. For RA less 
than 0.55, the foraging path length is given by the time 
necessary to reach satiation and therefore increases when RA 
increases. For RA greater than 0.55, the foraging bout length 
is given by the time necessary to estimate the low reward the 
patch offers, which decreases as RA increases. The foraging 
path is therefore the longest at an intermediate value of RA 
(RA = 0.55). B. Proportion of avoided deceptive plants among 
those encountered by a pollinator as a function of RA. The 
efficiency of learning to avoid deceptive plants depends on 
both the frequency of encounters with them and on how poor 
they are in comparison to the average reward of the patch. As 
increasing RA depletes patch quality but also makes encoun- 
ters with deceptive plants more and more frequent, the maxi- 
mum learning efficiency is reached for an intermediate value of 
RA (RA = 0.4). 
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30 

0 0.2 0.4 0.6 0.8 1 

RA 

Fig. 2. Number of fertilized plants per pollinator (a) as a 
function of RA. a depends on the number of encountered 
deceptive plants (which is proportional to the length of the 
foraging path), oil the proportion of visited deceptive plants 
among those that have been encountered, and on the pollen 
transfer. The number of pollinated deceptive plants per polli- 
nator therefore reaches a maximum at an intermediate density. 
This maximum of reproductive success for deceptive plants 
neither corresponds to the longest foraging path nor to the 
minimum of learning efficiency. 

For convenience, let r be the first of the two terms of 
this inequality and S the second. F can be considered 
as a fitness index (FD is the proportion of the maxi- 
mum fertility achieved in the population) and 0 a 
threshold fitness below which the population goes to 
extinction deterministically. 

In Fig. 3A, r is represented as a function of RA. 
Assuming that the number of nectariferous plants is 
fixed, RA of deceptive plants is proportional to the 

12 

0.9 ------ --- --------- <;e < --A--l 009 

F 0.6 - 

0.3- 

0.6 

2. for RA greater than 0.4, foraging paths are longer 
than in the previous case. Nevertheless the average gain 
pollinators obtain from the patch decreases when RA 
increases. Because pollinators avoid deceptive plants by 
comparing what they offer to what the patch offers, the 
lower the patch quality, the slower is the learning 
process. Learning ability therefore decreases when RA 
increases. 

These two opposite trends determine a maximum 
learning ability at ca RA = 0.4. This point corresponds 
neither to the maximum foraging path length nor to the 
maximum patch quality but is reached at intermediate 
values of RA for which both encounters with deceptive 
plants and community quality are optimal for pollina- 
tor learning. 

Foraging path length and avoidance of deceptive 
plants determine the reproductive success in the popula- 
tion. Fig. 2 presents the number of fertilized flowers per 
pollinator as a function of RA. The maximum number 
of fertilized flowers is achieved for intermediate values 
of RA (RA = 0.6), which correspond neither to the RA 
of maximum foraging path length, nor to the RA of 
minimum learning ability. 

Demographic equilibria 

We demonstrated in previous paragraphs that a decep- 
tive plant population grows provided that: 

ao >p 
AARA Dfs 

r 
0.4 

0.2 1 

0 

0 0.2 

0 

0.2 0.4 0.6 0.8 

C 
I 

- - - - - - - - - - - 

e 

0 0. 04 0.6 0.8 

0 stable equilibrium 

RA 
o unstable equilibrium 

Fig. 3. Reproductive success of the deceptive plants (F) as a 
function of RA. The right Y-axis indicates the 0 parameter 
(see text for a more precise description of the F and 0 
parameters). The dashed lines correspond to three kinds of 
patches each being characterized by a value of 0. In A, 0 is 
always superior to F in the first case (e close to 1.15) so that 
the population of deceptive plants always goes to extinction. 
In the second and third cases in A, the population grows when 
r is greater than 0 and declines otherwise (arrows on the 
dashed lines indicate change in population size). Two demo- 
graphic equilibria can therefore be reached, a first at low RA, 
which is unstable (white circle), and a second at intermediate 
RA which is stable (gray circle). The population of deceptive 
plants goes extinct if RA is lower than RA at the unstable 
equilibrium, and converges toward the stable equilibrium oth- 
erwise. The effect of increased competition between patches 
can be seen by comparing A, B and C in which F is repre- 
sented as a function of RA for three different values of 
average patches quality (A: b = 0.15; B: b = 0.55, C: b = 0.7). 

OIKOS 87:3 (1999) 

0 - I I I I 

555 



number of deceptive plants. Fig. 3A therefore gives the 

reproductive success of deceptive flowers as a function 
of their population size. The right Y-axis in Fig. 3A 
indicates 0 which is supposed to be constant for a 
given community. Therefore, the point where the curve 
of F crosses the line corresponding to the 0 value of 
the patch indicates a demographic equilibrium. The 

corresponding RA gives the size of the population of 

deceptive plants at this equilibrium. Consequently, if 
the curve is above this line, the population is growing; 
otherwise, its size decreases. 

When 0 is very high (when the dashed line never 
crosses the curve of F in Fig. 3A) the population is not 
viable and there is no demographic equilibrium. With 
decreasing 0, the population can reach one equilibrium 
(if the line is tangential to the curve, cf. Fig. 3A) or 
two. When two equilibria exist, the first one, reached at 
low RA, is unstable: F is less than 0 when RA is 
inferior to the value corresponding to this equilibrium. 
The RA at which the unstable equilibrium is reached is 
thus a threshold density below which the population of 

deceptive plants goes toward extinction. If RA is supe- 
rior to this value, the population is led to the second 
and stable equilibrium (reached at high RA). 

Demographic equilibrium and competition between 
patches 

Fig. 3A represents the dynamics of a population of 

deceptive plants for a low value of environment quality 
(b = 0.15). Increasing this parameter, and thereby mak- 

ing more intense the competition for pollinator visits 
between patches, modifies the population dynamics, as 
shown in Fig. 3B (b = 0.55) and 3C (b = 0.7). 

The intensity of competition between patches affects 
the position and number of possible equilibria: in Fig. 
3B, the population of deceptive plants can reach four 

equilibria (two unstable and two stable) at low values 
of 0. The first unstable equilibrium creates a threshold 

density under which the population goes extinct (as in 
the case presented in the previous paragraph). The 
second unstable equilibrium delimits two domains of 
RA in which the population goes to the first of the 
stable equilibria (if RA is inferior to the RA at the 
unstable equilibrium) or to the second (if RA is supe- 
rior to the RA at the unstable equilibrium). The second 
stable equilibrium is due to the greater attractiveness we 

granted to deceptive flowers: as RA increases, the at- 
tractiveness of the patch increases and foraging paths 
may lengthen under certain conditions of between- 

patch competition. 
This case (two possible stable equilibria) was ob- 

served for intermediate intensity of competition be- 
tween communities: if the quality of the environment 
increases (Fig. 3C) there is a single possible stable 

equilibrium at low RA. 

0.8 

b 

0 
0.1 D5 

_i no possible demographic equilibrium 
* 0-21 

* 21-42 

U no extinction 
Fig. 4. Mean time (number of years) to extinction of the 
deceptive plant population as a function of b and D. For high 
b and low D the deceptive plant populations cannot reach a 
demographic equilibrium because the 0 parameter is over the 
maximum value for F (see text). For low b and high D, no 
extinction was observed during the 50 years of the simulation. 

Pollinator induced density dependence and 
extinction of a deceptive plant population 

Fig. 4 presents the mean time to extinction of deceptive 
plants in a patch with 100 individuals (either deceptive 
or rewarding). Mean time to extinction is given as a 
function of D and b. The population of deceptive plants 
can survive only when D is sufficiently large (D > 0.1) 
and when the average quality of patches is low (b < 
0.45). 

Discussion 

Population dynamics and competition for 
pollinator visits 

A critical flower density below which a population is 
fated to extinction is expected in both deceptive and 

rewarding species (Cropper and Calder 1990, Widen 
1993, Colas et al. 1997, Groom 1998). Competition 
between patches has often been invoked to support this 

expectation: patches with the highest flower density 
should be the most visited. We demonstrated here that 
such an effect may also be due to a kind of competition 
between co-occurring flowering species. In the case of 

deceptive species, this is because the higher the patch 
quality the less visited the deceptive flowers (Ferdy et 
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al. 1998). In the case of rewarding species, this may be 
due to a frequency-dependent choice: when offered two 

types of rewarding artificial flowers, bumblebees choose 
the commonest (Smithson and Macnair 1996). 

A difference between rewarding and deceptive plants 
nevertheless appears at high density. Whereas at high 
density reproductive success in rewarding plants is den- 
sity independent (Wid6n 1993), in deceptive species we 
found that reproductive success is reduced when RA is 

high and increases. This mechanism permits in decep- 
tive species the existence of a stable demographic equi- 
librium maintained by pollinator limitation, whatever 
their life cycle (see Appendix II for proof). Such an 
equilibrium should not exist in rewarding species. Evi- 
dence for negative density dependence at high density 
in deceptive species has already been experimentally 
provided (Sabat and Ackerman 1996). Moreover, nu- 
merous data shows that reproduction of deceptive 
plants is more limited by pollinator activity than by 
resource availability (Calvo and Horvitz 1989, Acker- 
man and Montalvo 1990, Cropper and Calder 1990, 
Calvo 1993, Alexandersson and Agren 1996, Sabat and 
Ackerman 1996). Our results nevertheless show that the 

population of deceptive plants can be maintained at a 
stable demographic equilibrium by pollination limita- 
tion when there is competition between patches. If there 
was absolutely no competition for pollinator visits be- 
tween patches (that is for b < -c in bur model), the 
negative density dependence would disappear and de- 
ceptive species would be subject to positive density 
dependence only, just like rewarding species. 

Remote habitat vs magnet species 

The demography of deceptive plants can be even more 

complicated by an additional effect of plant density. 
Though the RA of deceptive plants is negatively corre- 
lated to the quality of the patch, as the attractiveness of 
deceptive flowers is supposed to be higher than the one 
of rewarding flowers (Nilsson 1992), the higher the 
proportion of cheating plants, the more attractive it is. 
Two local maxima of visitation rate can therefore be 
reached. The first maximum is reached when a patch 
offers a payoff close to that provided on average by all 
patches. Pollinators therefore need time to decide 
whether to continue foraging or to leave the patch. The 
second maximum is reached when the attractiveness of 
the patch is very high, because of being mainly com- 
posed of cheating plants. The differential between the a 
priori expectation and the actual reward offered by the 
patch is thus quite large so that pollinators can reach a 
correct estimate only after a rather long foraging bout. 

In most cases only the first situation is observed. 
However, when pollinator learning is slow enough, that 
is, at intermediate intensity of between-patch competi- 
tion, the second phenomenon can be found (see Fig. 

3B). In such cases, the population of deceptive plants 
can reach four equilibria: two stable and two unstable. 
These two stable demographic equilibria correspond to 
two quite different ecological situations. Patches in 
which the deceptive plant population is at its first 
demographic equilibrium (at low RA) can sustain the 
interest of pollinators during quite a long time, by 
giving them reward frequently enough. Patches in 
which the deceptive plant population is at its second 

demographic equilibrium (at high RA) can lure the 

pollinators during quite a long time because they are 
very attractive. The existence of these two equilibria 
can be seen as an illustration of the controversy about 
evolution of deception: magnet species vs remote habi- 
tat hypotheses (Laverty 1992, Lammi and Kuitunen 
1995). In the first case, the population of deceptive 
plants is maintained because of the occurrence of re- 
warding plants in the neighborhood, which sustains the 
interest of pollinators in the patch (magnet species); in 
the second case, the deceptive plants avoid the competi- 
tion with co-occurring rewarding species and rely on 
their own attractiveness to ensure their perpetuation by 
seed production (remote habitat). The stability of these 

equilibria may nevertheless not be comparable and the 
probability of reaching one or the other remains to be 
surveyed. 

Inferences about conservation biology 

The specific density dependence induced by pollinators 
that we found in deceptive species may have some 
importance in terms of conservation biology. Indeed, 
pollination often seems to be a limiting factor in decep- 
tive species and any action susceptible to enhance its 
efficiency would be helpful for population management. 
For example, as species compete within patches for 
pollinator visits, the population dynamics of cheating 
species is, in our model, adjusted not only by popula- 
tion size but also by how common cheating plants are 
compared to rewarding ones. This leads to the simple 
conclusion that managing the cheaters requires con- 
trolling the rewarding plants. This is even more true 
when considering stochastic fluctuation in reproductive 
success due to variance in pollinator behavior: Fig. 4 
shows that deceptive plants have the greatest chance of 
survival when competition with nectariferous ones is 
the weakest (if RA of deceptive plants is above 0.5, they 
survive whatever values b and D). In other words, the 
conservation of deceptive plants implies proper man- 
agement of the whole flower community in which they 
are growing. 

Conservation biologists should consider competition 
for pollinator visits at a patch level, but considering it 
at a landscape scale is also necessary. Indeed, the 
environmental quality influences pollinator movements 
between patches. Environmental quality integrates the 

OIKOS 87:3 (1999) 557 



actual "quality" of the patches (in a pollinator point 
of view) but also the energy pollinators have to ex- 

pend when they decide to fly from one patch to an- 
other. A low-quality environment may correspond to 
a set of low-quality patches but also to good patches 
that are very distant from each other. An oilseed rape 
field 
could thereby (if we do not consider pesticides as 
part of the quality of an environment) be an excellent 
environment as it offers many flowers, and thus a 

great amount of reward, and does not require any 
energy expenditure to fly from one patch to another. 
Fig. 4 tends thereby to prove that deceptive plant 
populations should be threatened by the proximity of 
intensive agriculture of that kind. A very fragmented 
habitat would, on the contrary, well illustrate the case 
of a low quality environment which should, according 
to Fig. 4, be advantageous for deceptive plants be- 
cause it decreases the intensity of competition be- 
tween patches. 

These conclusions have to be tempered because low 
b with high D (low-quality environment with high 
density of pollinators) is unlikely under natural condi- 
tions. The most favorable environment for deceptive 
species should therefore not be like that in Fig. 4. A 
more likely most favorable situation for deceptive 
species occurs when competition between patches is 
not too strong but also when the resource levels are 
high enough to ensure the survival of pollinators at 
high density. Another ideal situation would exist 
when deceptive plants are among the first blooming 
species. In this case pollinator density may be high 
even if the available resource is low. Some deceptive 
species, such as the European orchids Dactylorhiza, 
may correspond to this case as they are blooming 
while the bumblebees start to emerge, at a period 
during which blooming rewarding species are scarce 
(Nilsson 1980). 

Simulating the extinction of deceptive plant popula- 
tions leads to the conclusion that both the inter-spe- 
cific and the between-patches (landscape) levels should 
be considered when taking plant-pollinator interac- 
tions into account in conservation biology. Our theo- 
retical work also brought to light the fact that 
biological interactions integrate many parameters and 
cannot lead to simple conclusions. The survival 
chances of deceptive plants are high for intermediate 
intensities of both inter-specific and between-patch 
competition, and a small change in any of these con- 
ditions can induce a sharp increase in the extinction 
risk (the area of intermediate mean times of extinc- 
tion is very narrow in Fig. 4, indicating that a small 
change in either b or D can make the extinction 
probability increase from 0 to 1). Field work and 
experiments on these subjects are therefore of dra- 
matic need to ensure the survival of those threatened 
species that experience low pollination rates. 
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K' is a constant term depending on K and on the 
proportionality factor existing between c and d. The 
AA of inflorescences within the population is thus, in 
the within-community learning model, proportional to 
the inverse of the square of the cost of a pollinator 
flight between two consecutive inflorescences. We as- 
sumed in all this work that K' is 1. 

Appendix II: Extension of the results to 
perennial herbs with more than two size 
classes 
We considered in previous calculations that deceptive 
plants have only two age classes: seeds and flowering 
plants. Let us now consider a perennial herb whose 
demography is simulated by a matrix model. We sup- 
pose here that plants can be separated into k distinct 
size classes, the first class corresponding to seeds (and 
thus being unable to reproduce). Let NI(y), N2(y)... 
Nk(y) be the number of individuals belonging to each 
of these k age classes at year y. Let M be the transi- 
tion matrix of the population dynamics model and 
N(y) the vector of the N,(y): 

Appendix I: Modeling absolute abundances 

RA corresponds to the probability of a pollinator en- 
countering along its foraging path one or the other 
kind of available inflorescences. AA, which corre- 
sponds to the plants' spacing, is incorporated through 
the cost of a pollinator flight between two inflores- 
cences. 

Let d be the distance between two consecutive infl- 
orescences within a pollinator foraging path and AA 
the absolute abundance. 

K 
AA = , (Al) 

where K is a constant term. Eq. (Al) holds true if 
inflorescences are uniformly distributed along the 
forging path of pollinators, whatever their spatial dis- 
tribution is (K= 1 when flowers are distributed on a 
rectangular lattice, K = 2///3 when they are dis- 
tributed on a triangular lattice and K= 4/3/3 when 
they are distributed on an hexagonal lattice). There- 
fore, let c be the cost of a pollinator flight between 
two inflorescences (provided that pollinator flight is a 
constant distance d between each consecutive plant 
they encounter, c is proportional to d): 

all 

M= 
a21 

-akl 

oDf2 aDfk 
RAAA RAAA 

a22 ... a2k 

ak2 ... akk - 

and 

N,(y) 

_ N2(y) N()= Nky) 

_- Nk0) _ 

where o and RA are functions of the total number of 
flowering individuals, as defined in the previous calcula- 
tion, fi is the fertility of the ith class and D is similar to 
the one used in eq. (9). The population dynamics is 
there described by the equation: 

N(y 1)= MN(y). (A3) 

Therefore, if Ni is the number of individuals in the 

(A2) ith age class at demographic equilibrium, equilibrium is 
reached when: 
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where 6,i is the Kronecker index such as 6 
equals I and 0 otherwise. 

Let us consider Ai and B such as: 

a22 - a23 ... a2(i-1) -a21 

a32 a33 -1 . a3(/- 1) - 31 
Ai- 

ak2 ak3 ... ak(i-- 1) - akl 

Therefore: 

oD k 

(A4) (1 -a 1)N1 A= N-2 
RAAA i=2 

A2 
N2 = N1 - 

B 

Nk = N1 B B 

(A6) 

' provided that the transition matrix M is such that 

(A5) B 0 
The demographic equilibrium of the deceptive plant 

, . . population is therefore reached when: 
i,l IS 1 I1 I 

a (l -a,l)B 
k 1 

RAAA- D i= ZIAi 
(A7) 

provided that 

ViE[2, k]Ai 0. (A8) 

a2(i+ 1) ... a2k 

a3(i+ l) ... a3k 

ak(i+ ) ... akk- 1 k- 

ajl- 6ji 

... .. k--. *-- k-1I 

The equilibrium defined in eq. (A7) is reached when the 
oa/AARA factor equals a combination of all the survival 
rates multiplied by 1/Df. Results established in the case 
of two age classes in eq. (10) can be demonstrated from 

< i < k, eq. (A7) when M is defined as follow: 

i2<j<k 
2 <l <k' 

0 oDf 
M = RAAA . 

s 1 - _ 

(A9) 
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