
Biol. Rev. (2009), pp. 000–000. 1
doi: 10.1111/j.1469-185X.2009.00108.x

A framework for comparing pollinator
performance: effectiveness and efficiency

Gidi Ne’eman1, Andreas Jürgens2, Linda Newstrom-Lloyd3, Simon G. Potts4

and Amots Dafni5∗
1 Department of Science Education-Biology, Faculty of Science and Science Education, University of Haifa-Oranim, Tivon, Israel
2 School of Biological and Conservation Sciences, University of KwaZulu-Natal, Post Bag X01 Scottsville, Pietermaritzburg 3209, South Africa
3 Landcare Research, Canterbury Agriculture and Science Centre, PO Box 40, Lincoln 7640, New Zealand.
4 Centre for Agri-Environmental Research, Reading University, PO Box 237, Reading, RG6 6AR, U.K.
5 Laboratory of Pollination Ecology, Institute of Evolution, Faculty of Science and Science Education,University of Haifa, Haifa 31905, Israel

(Received 16 September 2008; revised 06 October 2009; accepted 09 October 2009)

ABSTRACT

Measuring pollinator performance has become increasingly important with emerging needs for risk assessment in
conservation and sustainable agriculture that require multi-year and multi-site comparisons across studies. However,
comparing pollinator performance across studies is difficult because of the diversity of concepts and disparate methods in
use. Our review of the literature shows many unresolved ambiguities. Two different assessment concepts predominate:
the first estimates stigmatic pollen deposition and the underlying pollinator behaviour parameters, while the second
estimates the pollinator’s contribution to plant reproductive success, for example in terms of seed set. Both concepts
include a number of parameters combined in diverse ways and named under a diversity of synonyms and homonyms.
However, these concepts are overlapping because pollen deposition success is the most frequently used proxy for
assessing the pollinator’s contribution to plant reproductive success. We analyse the diverse concepts and methods in the
context of a new proposed conceptual framework with a modular approach based on pollen deposition, visit frequency,
and contribution to seed set relative to the plant’s maximum female reproductive potential. A system of equations
is proposed to optimize the balance between idealised theoretical concepts and practical operational methods. Our
framework permits comparisons over a range of floral phenotypes, and spatial and temporal scales, because scaling up
is based on the same fundamental unit of analysis, the single visit.

Key words: pollen deposition, pollen quality, pollinator performance, pollinator effectiveness, pollination efficiency, seed
set, visit frequency.

CONTENTS

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
II. Previous concepts and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

(1) Background and problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
(2) Conceptual overview and analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

(a) Pollinator behaviour and visit frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
(b) Pollen deposition on the stigma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
(c) Plant reproductive success . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
(d) Other variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

( i ) Stigma receptivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

* Address for correspondence: E-mail: adafni@research.haifa.ac.il.

Biological Reviews (2009) 000–000 © 2009 The Authors. Journal compilation © 2009 Cambridge Philosophical Society



2 Gidi Ne’eman and others

( ii ) Pollen quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
( iii ) Pollen numbers, ovule numbers and seed numbers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

III. A modular approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
IV. Equations for the modules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

(1) Pollen deposition effectiveness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
(a) Single visit scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
(b) Per time scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

(2) Pollen deposition efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
(a) Pollen quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
(b) Pollen surplus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
(c) Deriving pollen deposition efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

( i ) Single visit scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
( ii ) Per time scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

V. Using the modular approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
(1) Plant-pollinator overlap: duration and timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

(a) Pollen deposition effectiveness over flower lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
(b) Pollen deposition efficiency over flower lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

(2) Entire pollinator assemblages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
(a) Pollen deposition effectiveness of pollinator assemblages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
(b) Pollen deposition efficiency of pollinator assemblages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

(3) Autonomous selfing efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
(4) Open pollination efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

VI. Future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
VII. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

VIII. Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
IX. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

I. INTRODUCTION

Comparing the success or performance of different flower
visitors in achieving pollination and consequent seed set
has been a perennial problem in pollination biology.
A number of alternative terms for pollinator performance
have been used such as effectiveness, efficiency, efficacy,
importance etc. We include all of these in the general
term ‘‘pollinator performance’’ to avoid semantic issues
arising from the diverse and confusing proliferation of
terms used in the literature. In spite of over 30 years of
assessing pollinator performance, no commonly accepted
conceptual framework or consensus on definitions or
methodology has been adopted. This problem is a barrier
to making multi-site, multi-year comparisons across different
investigations, particularly those needed for international
long-term assessments of the status and trends of pollinators.

Comparing pollinator performance is integral to several
fields of investigation. Ecologists are interested in ranking
pollinators of a given plant species and relating their
performance to flower morphology, habitat type, temporal
or spatial patterns of plant distribution (individuals or
populations), and changes in the environment (Potts, Dafni &
Ne’eman, 2001). In addition, plant breeders and agronomists
are interested in the effectiveness of pollination methods, i.e.
which methods result in the highest seed or fruit set of a crop
(e.g. mechanical or wind pollination compared to different
types of pollinators) (e.g. Morison et al., 2000). Conservation
biologists are concerned with pollinator diversity and the
effects of pollinator extinction on the reproduction of

rare plants and their populations (Biesmeijer et al., 2006;
Bond, 1994; Kearns, Inouye & Waser, 1998). Evolutionary
biologists are interested in whether floral or other plant
traits are adaptations to a specific pollinator species, type or
assemblage (Fenster et al., 2004; Johnson & Steiner, 2000;
Waser et al., 1996).

Floral characteristics are considered to have evolved
mainly in response to a suite of traits of the pollinator with the
best ‘performance’ and contribution to plant reproductive
success (Stebbins, 1970; Grant, 1971; Wilson & Thomson,
1991; Olsen, 1997). Pollinators may have shaped the
evolution of floral characteristics (Campbell, 1989; Wilson,
1995; Wilson & Thomson, 1996; Schemske & Bradshaw,
1999) and of plant lineages (Stebbins, 1970; Crepet, 1983;
Grimaldi, 1991). In his ‘most effective pollinator principle’,
Stebbins (1970, p. 318) described the underlying processes in
the adaptation of flowers to their pollinators and stated, ‘‘the
characteristics of flowers will be moulded by those pollinators
that visit it most frequently and effectively’’. This definition
clearly highlights the two key components of pollinator
actions that shape pollinator performance: the ‘frequency’
and ‘effectiveness’ of flower visits. While ‘frequency’ is usually
simply defined as the number of visits per flower per unit time,
the ‘effectiveness’ component, often also called ‘efficiency’, is
open to various, and sometimes contrasting, interpretations.
These two components of pollinator activity are independent:
less frequent pollinators may deposit more pollen and elicit
more seeds (Mayfield, Waser & Price, 2001). In a refinement
of Stebbin’s (1970) ’most effective pollinator principle’,
Aigner (2001, 2004, 2006) used optimality modeling to
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calculate fitness trade-offs of plant-pollinator interactions.
Aigner (2001, 2004, 2006) argued that a plant should
evolve greater specialization to a particular pollinator when
the marginal fitness gain exceeds the marginal fitness
loss from becoming less adapted to all other pollinators.
Aigner (2004) demonstrated that phenotypic specialization
for hummingbirds in Dudleya greenei (Crassulaceae) might
evolve without trading-off the effectiveness of bumblebees.

We argue that such lack of standardisation has limited the
ability to compare the performance of different pollinators.
Considerable ambiguity arises from the diversity of synonyms
and homonyms as demonstrated in Table 1. In addition,
frequent partial overlap among these concepts has prevented
meaningful comparisons across pollination studies. These
issues arise from the many different methods that have
been used to estimate pollinator performance, which in
turn depend upon the particular criteria prioritized in
each conceptual approach. Conceptual approaches are often
influenced by logistical constraints on investigations in terms
of what can be measured with the available resources and
what opportunities are provided by the study organisms at
the sites. Compounding these issues are the general problems
that usually arise from the need to select different spatial and
temporal scales and levels of analyses to suit the objectives
of the study. A reconciliation of concepts, definitions, and
methods that incorporates scale issues would permit fruitful
comparisons across studies.

This review analyses the concepts, terms and methods
in use and provides an integrated conceptual framework
and methodology that can be used to compare pollinator
performance across studies. Based on a comprehensive
review of the literature and focusing on 70 representative
studies from 1975 to 2007 we analyse the issues described
above by categorising the various conceptual approaches
according to the types of parameters that have been
combined. We then clarify definitions for ‘effectiveness’ and
‘efficiency’ and the use of the terms ‘actual’ and ‘potential’
for pollinator performance measures. Finally, we present a
modular approach based on fundamental units defined at
the single visit level that can be scaled up temporally and
spatially so that subsequent equations can be tailored to
different purposes.

II. PREVIOUS CONCEPTS AND METHODS

(1) Background and problems

At present, the terms ‘pollination efficiency’ or ‘pollinator
efficiency’ have more than 30 different definitions (Table 1),
which demonstrates the level of ambiguity in the use of such
terms. This ambiguity led Inouye et al. (1994) to exclude
the terms ‘effectiveness’ and ‘efficiency’ from their lexicon,
proposing more specific terms for future use. Although they
formulated a consistent terminology of all aspects of the
pollination processes, ‘efficiency’ and ‘effectiveness’ are still
widely used and discussion of how to evaluate pollinator

performance has continued in the literature. Consequently,
there is still a need to establish a standardized conceptual
framework to clarify our understanding and communication
of ‘what we are measuring and what it means’. This
standardisation is essential to facilitate comparisons of
pollinator performance in terms of both evolutionary and
ecological contexts as well as agronomic and conservation
applications.

A few examples illustrate the issues for the most widely
used terms. For instance, Ivey, Martinez & Wyatt (2003)
defined ‘pollinator effectiveness’ as any characteristic of a
pollinator or a pollinator’s behaviour that contributes to its
ability to affect plant fitness, including components of both
pollen quality and quantity. Under this wide umbrella they
consider various factors such as visitation frequency, the
duration of a single visit, pollen transfer ability, number of
visits per plant (affecting the degree of geitonogamy and
breeding systems) and constancy (affecting proper pollen
transfer). By contrast, Sihag (1997), defined: ‘‘the term
pollination efficiency (PE), which would better estimate
the effectiveness of a pollinator species, as the average
number of flowers actually pollinated by a forager per unit
time specific to a species as a whole. PE is the result of
three parameters viz. (a) foraging mode (b) foraging rate and
(c) population abundance of a pollinator species on a plant
species’’. On the other hand, Keys, Buchmann & Smith
(1995) defined ‘pollination efficiency’ as ‘‘the relative ability
of an insect to pollinate flowers effectively as measured by
seed/fruit production per some unit of measure’’. Fishbein &
Venable (1996) noted that ‘pollination effectiveness’ can be
partitioned into components, including visitation rate, pollen
removal, and pollen deposition. Mayfield et al. (2001) defined
‘pollination effectiveness’ as the amount of pollen transferred
to a virgin flower after a single visit, and the resulting seed
set. Javorek, Mackenzie & Vander Kloet (2002) measured
‘pollination effectiveness’ in terms of floral visitation rate,
percentage of flowers pollinated, and pollen deposition. In
addition, terms other than effectiveness and efficiency have
been used, particularly efficacy, importance or intensity, but
much less frequently. In summary, the diversity in conceptual
approaches for selecting and combining parameters to
construct indices and the inconsistent use of terms (both
synonyms and homonyms) underpins the problems in
comparing pollinator performance across studies.

(2) Conceptual overview and analysis

Our analysis of the literature supports the conclusion
by Gross (2005) that there are two main types of
assessment concepts for comparing pollinator performance:
(1) ‘pollination success’ (contribution to stigmatic pollen
deposition) and (2) the consequent ‘female reproductive
success’ (contribution to seed set) of the pollinated plants.
However, our conceptual framework shows that in many
studies pollen deposition is used as a proxy for seed set
(see Fig. 1). In addition, both approaches can be further
analysed from the perspective of both male or female
fitness of the plant. However, for most questions about
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pollinator performance logistical constraints have resulted
in studies primarily focused on the female perspective
(pollen deposition on receptive stigma, fertilized ovules, seeds
produced per plant). In the field, it is much easier to follow
the fate of all ovules of a given plant and to compare the
absolute (total number of seeds) or relative (number of seeds
in relation to the number of ovules) success among plants than
to follow the fate of pollen grains. Nevertheless, a significant
research trend for assessing male fitness has been to include
pollen removal and pollen loss or wastage in pollinator
performance measures as found in pollen presentation theory
(PPT) (Harder & Wilson, 1994; LeBuhn & Holsinger, 1998;
Thomson et al., 2000; Thomson, 2006). This measure enables
evaluation of ‘pollen transfer efficiency’ (Thomson, 2006)
into four different categories based on high or low pollen
deposit in relation to high or low pollen removal (Thomson
et al., 2000). Good pollinators may become parasites in the
presence of better pollinators if they are wasting pollen that
the better pollinator could have been depositing. This focus
on the fate of the pollen that has been picked up has been
used to predict pollen presentation schedules and address
consequences for male fitness. These types of indices and the
male fitness component are not considered herein because
they are proxies of male success with a particular focus on
male function. At this point measuring male success involves
complex and expensive laboratory techniques, not suitable
for large-scale comparative pollination field studies. In this
review we are primarily interested in the contribution of
different pollinator species to plant reproductive success (e.g.
in terms of seed set, that is a combination of male and female
success) and not separately in male and female function.

Our conceptual scheme (Fig. 1) to analyse the different
approaches to measuring pollinator performance is divided
into two main assessment concepts: (1) pollination success
(how much pollen has been deposited?) and (2) plant repro-
ductive success (has a sufficient amount and quality of pollen
grains been deposited to reach full seed set?). We propose the
use of a fundamental unit of analysis at the level of a single
visit to one flower that can then be combined with other
measures to scale up to higher order levels such as temporal
replicates (i.e. per unit time) or spatial replicates (i.e. per
sample observation units such as a patch of flowers: Sih &
Baltus, 1987; Fumero-Cabán & Meléndez-Ackerman, 2007).
From this basis other modifications to produce higher order
estimates can be developed although they often cost more
time in the field. We emphasise the difference between direct
and indirect measures as highlighted in our scheme to indi-
cate the large gap between theoretical (ideal) concepts and
operational (practical) estimates to address these concepts.

In the first assessment concept (pollination success as
measured by stigmatic pollen deposition), the performance
of the pollinator ends with the deposition of pollen on
the stigma, so the direct measurable indicator of pollinator
performance is the number of pollen grains deposited
per (receptive) stigma (A in Fig. 1). In practice, pollinator
performance measured as pollen deposition has frequently
been modified by or substituted with other parameters such
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Measuring stigmatic pollen
deposition*

Measuring seed set*

Deducing stigmatic pollen deposition by means 
of “correlated” factors of pollinator behaviour

Deducing plant reproductive success by 
means of “correlated” factors

A1. Per single visit
B1. “Quality” of flower visitors: visit duration, pollen load on 
the pollinator body, stigma touches, pollen removal, pollen 
loss, pollen movement distance

C1. Per single visit

C2. Per time and/or observation unit 
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D2. Stigma receptivity at time of pollinator activity

Indicators of pollination success from A and B 

D4. Flowering phenology

Additional plant factors to consider:

D1. Pollen quality

Used as estimator, or as a substitute

A B

C D

Direct methods Indirect methods (proxies for direct methods)

* Achieved by a given pollinator species

D5. Breeding system

D3. Available resources (flowers, pollen, ovules)

Fig. 1. Overview of the direct and indirect methods used to measure pollen deposition success (pollen deposition) and plant female
reproductive success (seed set) of a given pollinator, pollinator group, or the total pollinator assemblage.

as pollinator behaviour in the flower (duration of visit) or by
pollinator visit frequency or abundance (B in Fig. 1).

In the second assessment concept (female reproductive
success, usually measured in terms of seed set), characteristics
of the plant are also included and a number of stages of the
pollination process leading to seed set are incorporated. For
this concept, many parameters have been used often in
combination with pollination success in order to assess the
contribution that a pollinator makes to female reproductive
success. The essential question is: how much of the pollen
deposited on the stigma has the potential to fertilise ovules
and sire seeds (C in Fig. 1). The direct link between a
given pollinator and the production of a seed is often
not accessible for estimation, so other types of variables
parameters are commonly substituted to estimate female
reproductive success, including measures pertaining to pollen
deposition success (A and B in Fig. 1) and variables pertaining
to plant characters (D in Fig. 1).

Based on our comprehensive literature review, we cate-
gorised 11 different ways that such variables have been com-
bined or substituted based on three main types of measures:
pollen deposition, plant characters and pollinator behaviour
characters. These diverse methods generally aimed to mea-
sure either pollen deposition success or female reproductive
success but this cannot be discerned from the terms used
for them. Some indices are narrow special purpose estimates
while others are highly generalised. It is beyond the scope

of this review to evaluate all of the types of combinations;
instead. we review here the most important variables that
promise to be the most biologically meaningful and practical.

(a) Pollinator behaviour and visit frequency

A pollinator’s behaviour in the flower and its frequency
of visits have often been used as proxies for either pollen
deposition success or female reproductive success. Stebbins
(1970) highlighted visit frequency as an integral component
of pollinator performance. We use this parameter to scale up
from a single visit in a single flower temporally or spatially
to derive a rate of pollen deposition (see A in Fig. 1). The
term ‘pollinator importance’ has frequently been used for the
product of two parameters: (i) the probability of a visit (e.g.
measured as visit frequency or relative abundance, following
Armbruster (1988), and (ii) the pollinator performance per
visit or unit time (e.g. average number of seeds produced, per
cent fruit set, or pollen grains deposited by a pollinator during
a single visit to a plant; in for example, Waser & Price, 1983;
Schemske & Horvitz, 1984; Inouye et al., 1994; Olsen, 1997).
In a review of 17 plant species, Sahli & Conner (2006) showed
that, for most species, pollinator importance was determined
primarily by differences in visitation rates rather than by
differences in performance per visit. However, due to the
limited number of species included in their analysis, Sahli &
Conner (2006) could not address whether performance per
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visit is more important for species with specialized pollen
removal/deposition mechanisms, although the two species
of Asclepias that were included in the study support this
idea. Vazquez. Morris & Jordano (2005) indicated at the
importance of visitation frequency as a proxy for pollination
success using a meta-analysis.

It is important to understand that visitation rate has
two components: (i) each individual pollinator’s visit activity
per unit time, and (ii) the number of visitors per flower
per unit time or per patch of flowers. This has significant
consequences for analysing pollen deposition patterns in
plant populations. For example, 10 flower visitors making
one visit per plant per unit time compared to a single flower
visitor making 10 visits per plant in a sequence may result
in the delivery of different pollen quantity or quality. The
reproductive output could be quite different particularly
when self-incompatible plants are concerned.

One of the problems in monitoring visitation frequencies is
the assumption of a random visitation pattern i.e. all flowers
have equal probabilities of being visited. Preferential visits to
particular flowers due to differential reward availability are
well-documented (Andersson, 1988). Thus, in cases where
significant deviation from a random visitation pattern is
suspected, e.g. bees visiting male-stage flowers for pollen
collection more often than female-stage flowers, flower
visitation preferences could be an issue. Using frequency
distributions of pollinator visits per flower instead of average
visit frequencies would underpin more realistic models.
Preferential visits of flower visitors to certain flowering
stages or sexes may be due to (i) specific food resources
that are available only at a certain time or from a certain
sex (e.g. pollen), (ii) differential nectar production by flowers
at different ages or sexual stages (e.g. higher production
in male phase). Furthermore, there may be an unbalanced
ratio of male to female (stage) flowers (Harder & Wilson,
1998; Thomson, 2001). In practice this would be difficult to
observe or measure, and more field studies are needed to
identify the underlying distribution patterns of visits that best
represent the real situation in natural plant populations and
crop species.

(b) Pollen deposition on the stigma

The number of pollen grains deposited on the stigma per
single visit (A1 in Fig. 1), or per unit time (A2 in Fig. 1)
regardless of their chances to germinate and sire seeds, has
often been used as a measure of pollinator performance. It is
sometimes not feasible to measure directly stigmatic pollen
deposition per single visit. There are some plants (e.g. some
Brassicaceae and Asteraceae) which already have a full self
pollen load on the non-receptive stigma at anthesis, and
therefore it is not possible to determine how many pollen
grains are being deposited by a single pollinator visit. In such
cases a number of estimators are substituted, for example,
visit frequency, visit duration, stigma contact and pollen load
on the pollinator’s body (B in Fig. 1). Scaling up beyond
the single-visit level to estimate pollen deposition per unit

time requires the inclusion of pollinator visitation rates as
a parameter.

Pollen deposition success is used in combination with other
parameters to (i) measure the potential (context independent)
performance of a given pollinator species, regardless of other
factors (e.g. comparison to other pollinator species) that
influence the final plant reproductive success, or (ii) infer the
actual (context dependent) performance of a given pollinator.
Estimates of the potential pollinator performance play a
particular role in conservation and agriculture in analysing
the ability of a given pollinator species (or group of species)
to be sufficient to produce full seed set for a given plant
or crop. For measuring the actual pollinator performance,
which is more important for evolutionary questions, factors
like time of pollen deposition (during the day or season) need
to be considered. Or in other words: flower visitor species
A may only become the best performer in the absence of
flower visitor species B because B deposits the pollen earlier
and pollen competition for ovules plays a role.

(c) Plant reproductive success

To represent female reproductive success, seed and fruit
set have been measured as a result of single sequential or
unrestricted visits of several pollinators and all these have
been used in assessing the performance of pollinators (see C
in Table 1). In some studies reproductive output has been
related to plant input such as ovule or flower production,
pollinator input such as pollen deposition, or to pollinator
behaviour such as visit frequency (see Fig. 1 and Table 1).

Analysis of literature indicates that most indices do
not include female reproductive success outcomes that
are directly measured, namely, ‘how many pollen grains
deposited on the stigma develop into seeds’. There may be
several reasons for this. First, Cane & Schiffhauer (2003)
pointed out that a drawback of using seed set as a measure of
pollinator performance is that post-pollination processes can
reduce actual relative to potential fruit or seed set. Despite
adequate pollination, a developing fruit may abort if limited
maternal resources are usurped by neighbouring fruits
(e.g. Stephenson, 1981; Corbet, 1998), leading to under-
estimation of pollinator performance. Second, a potential
source of error in measuring pollinator performance in terms
of seed set from single visits derives from the assumption
that single visits relate to a monotonic, incremental increase
in seed set for successive visits of the same pollinator to the
same flower, which is rarely true (Motten et al., 1981; Olsen,
1997). Third, using single visits for measuring pollinator
performance may not work in species with numerous ovules
per flower because flowers may require a minimum threshold
number of pollen grains to be deposited before any fruit
can develop and any seeds are produced (see Vaughton
& Ramsey, 2000; Cane & Schiffhauer, 2003). Because
such factors may influence measures of seed set from a
given pollinator and these measures are often impractical,
several indirect methods have been substituted to estimate
pollinator performance based on female reproductive success
(see Fig. 1). Of wide use are measures of pollinator activity
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and abundance such as visitation frequency and visit duration
(B in Fig. 1) as well as pollen deposition per flower and per
unit time (A1 and A2 in Fig. 1) which are also used as
proxies for pollen deposition success. The results of some
studies indicate that pollinator activity can be directly related
to seed production or fruit set with or without data on
pollen deposition on the stigma. For example an increase
in visitation frequency of a pollinator may increase the
chances of pollen delivery (Motten et al., 1981; Schemske
& Horvitz, 1984), the number of pollen grains deposited
(Bertin, 1982; Herrera, 1987), and consequent plant female
reproductive success (Schemske & Horvitz, 1984). However,
female reproductive success is not always correlated with
pollen deposition success, nor is it always correlated with
other variables such as the abundance of flower visitors
or their visit frequency (Crome & Irvine, 1986; Sahli &
Conner, 2006).

(d) Other variables

( i ) Stigma receptivity. The main roles of the stigma are
pollen-capture ability which depends mainly on its physical
characteristics and stigma selectivity which depends on
physiological and developmental processes such as supply
of germination substrate, receptivity and pollen recognition
(Lord & Russell, 2002). Stigma receptivity is an important
factor when measuring flower visitor activity, because only
visits to receptive stigmas can be regarded as successful
visits. Stigma receptivity (D2 in Fig. 1) has been used mostly
in combination with pollen deposition but also with other
factors.

( ii ) Pollen quality. Different aspects of ‘pollen quality’
(D1 in Fig. 1) have been used in combination with several
factors. From the plant’s viewpoint pollen quality is related
to a number of factors: conspecific pollen grains in a pollen
load (Rathcke, 1983; Wilcock & Neiland, 2002), pollen
viability (Dafni & Firmage, 2000), pollen compatibility (De
Jong et al., 1992; Ramsey & Vaughton, 2000), the genetic
identity and number of conspecific pollen donors represented
in the pollen load (Bertin, 1986; Price & Waser, 1979),
pollen allelopathy (Morison et al., 2000), or pollen clogging
(Ashman, Galloway & Stanton, 1993). Pollen quality is
influenced by a single pollinator’s behaviour because it
affects the composition of the pollen load brought to the
stigma. However, the quality of a stigmatic pollen load can
be assessed only in relation to the specific features of a given
plant. The number of pollen donors contributing to the
stigmatic pollen load may also influence the quality of the
offspring (Bertin, 1986). Pollinator foraging behaviour clearly
influences pollen quality via improper pollen transfer (sensu

Rathcke, 1983) as well as geitonogamous pollination (in self-
incompatible species). Long flight distance may improve the
quality of the deposited pollen on the stigma by increasing
the probability of cross pollination (Herrera, 1987), but
outcrossing depression may also occur.

( iii ) Pollen numbers, ovule numbers and seed numbers. A
number of studies combine pollinator behaviour parameters
with plant parameters such as number of pollen grains and

ovules produced (D3 in Fig. 1). This combination follows
an economics approach to judge pollinator performance
in relation to the used (or wasted) resources. Finally,
some studies use plant parameters alone as an indicator
of pollinator performance. In an evolutionary context the
pollen/ovule ratio (P/O) can be interpreted as an indicator
that reflects the effectiveness of pollination (Cruden, 1977),
and the reciprocal term O/P has been called ‘pollination
efficiency’ (Richards, 1996). The minimum number of pollen
grains that have the ability to fertilize ovules (pollen quality)
and are required to be deposited on the stigma for maximal
seed production is an important factor affecting pollination
efficiency but has hardly been investigated. Cruden (2002)
estimated that 4–6 pollen grains are required per ovule in
general. However, Hoffman (2006) found that on average
1.6 pollen grains per ovule were sufficient for maximal seed
production (3.4 seeds) under natural condition in Micromeria

fruticosa (Lamiaceae). Although data are lacking, this value
is expected to vary among species or even populations.
Therefore, in the absence of available knowledge, we have to
assume that the minimal number of good pollen grains
needed for maximal seed production per flower equals
the maximal number of seeds produced under natural
conditions. The exact solution of this problem is to analyse
the dose-response relationships between the number of pollen
grains in stigmatic loads and the consequent seed set (Bosch &
Waser, 2001; Cane & Schiffhauer, 2003; Hoffmann, 2006).
However, constructing such a pollen saturation curve is
labour intensive. Therefore, a practical approach would be
to ignore correction for the threshold number of pollen grains
needed for seed set per ovule but it could be incorporated as
needed if it was feasible.

III. A MODULAR APPROACH

We suggest a modular approach to measuring pollinator
performance based on our proposed conceptual scheme
(Fig. 1) and analysis of the most meaningful and practical
parameters from the literature outlined above. We follow
the two main assessment concepts for comparing pollinator
performance. The two most critical questions are: (1) what
is the contribution by a flower-visiting species to the pollen
deposited on a given plant species, and (2) what is the
contribution to the plant’s female reproductive success (in
terms of seed set)?

We deliberately avoid using the terms pollination efficiency
and pollinator effectiveness to avoid further confusion. As
can be seen from Table 1, each term has many variations.
However, an important component of our modular approach
is to use the terms effectiveness and efficiency to signify
different aspects of performance. Although these terms are
sometimes used interchangeably in ordinary English and this
is reflected in Table 1, we propose a more precise definition.
We define ‘effectiveness’ here in the narrow sense as the
potential to bring about an effect that is the capability of,
or success in, achieving a given goal. On the other hand,
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‘efficiency’ is here defined as an effect in relation to the
resources spent or the input or output of a system. Because
the essence of effectiveness is the achievement of the goal as
such and is not related to the resources spent or available,
then we can define ‘pollen deposition effectiveness’ as the
pollinator’s contribution to pollen deposition alone. This
does not take into account any variables involved in the
plant’s female reproductive success such as pollen quality,
plant input in pollen or ovule production, or any consequent
seed set.

By contrast, because our definition of efficiency includes
a consideration of how well the goal is achieved given
the available resources, we need to assess how much a
given pollinator contributes to female reproductive success.
To do this we need to consider seed set, which depends
on plant variables such as the quality of the pollen and
the availability of ovules to receive the pollen. Thus, to
judge whether a pollinator is a ‘good’ pollinator in terms
of seed set we need to relate the pollinator’s contribution
to the available maximal seed set of the flower under the
given resource constraints of the plant. We therefore define
‘pollen deposition efficiency’ as the pollinator’s contribution,
by deposition of conspecific, compatible and viable pollen
grains on the receptive target stigma in relation to the
maximal possible female reproductive success (i.e. maximum
seed set with no pollen limitation). Thus, pollen deposition
efficiency refers to a measure that reflects whether a pollinator
deposits enough pollen to achieve full seed set per flower.
Pollen deposition efficiency ranges from 0 to 1, that is,
from no contribution to full maximum contribution to seed
set.

These definitions of effectiveness and efficiency mean that
not every floral visitor that is effective (‘good’ in terms of
pollen deposition) is also efficient (‘good’ in terms of seed
production), but any visitor that is efficient has also to
be effective. We can extend these connotations to look at
indices for other parts of the pollination process. Hence the
term ‘pollen transfer efficiency’ is an appropriate derived
index because it relates to the efficiency of the transfer
process in terms of the pollen removed that gets wasted;
this term is well defined and consistently used in PPT (see
above).

The modular approach that we are proposing is built
upon a key basic unit, the number of pollen grains deposited
on the stigma at the single visit level. The next level is
based on temporal and spatial scaling up by incorporating
visit frequency (visits per flower per hour) when observing
a flowering patch. Both pollen deposition effectiveness
and pollen deposition efficiency can be scaled up to the
per hour level. From this second level, it is possible to
develop higher order indices by adding more parameters or
summarising to higher temporal or spatial scales (e.g. day
or seasonal levels or whole pollinator assemblage). Higher
order derived indices can be reduced back to their basic
units permitting comparisons across different temporal and
spatial scales to facilitate comparisons between different
investigations.

IV. EQUATIONS FOR THE MODULES

(1) Pollen deposition effectiveness

(a) Single visit scale

The single visit of a pollinator to a flower is the fundamental
unit of analysis for the entire pollination process in our
modular approach. Pollen deposition effectiveness Dv at the
single-visit level is equal to the number of pollen grains
delivered d by a given pollinator to the stigma of a given
flower in a single visit (Equation 1). Inouye et al. (1994) called
this the ‘‘stigmatic pollen load’’. In practice the researcher
waits in front of a virgin flower with a receptive stigma (or
a patch of virgin flowers) until a pollinator visits and then
counts the pollen deposited from this visit.

Dv = d. (1)

(b) Per time scale

Scaling up from the single-visit level is important because
pollen deposition can be improved if the flower receives
more visits over time and the rate of successive deposition
episodes is a critical part of the pollination process. A
pollinator species with low deposition per single visit can
increase its overall deposition by making more frequent
visits (activity of individuals) or by having many individuals
visiting the same flower (abundance of individuals). We
define pollen deposition effectiveness at the per hour level
(Dt, Equation 2) as the pollen deposition effecriveness per
single visit multiplied by visit frequency f .

Dt = Dv f r. (2)

Here, r is the proportion of flowers in the observed patch
of flowers that actually have receptive stigmata. Visits to
unreceptive flowers or flowers in their male stage do not
contribute to seed set. Ideally, this measure would be the
proportion of the pollinator visits to flowers with receptive
stigmata out of the total number of flowers visited by the given
pollinator. Measuring the actual visits would reveal if visits
to flowers in male or female stages diverge from a random
pattern. For practical reasons and under the assumption of
a random visitation pattern to all flowers, the proportion of
visits to receptive flowers can be inferred from the percentage
of flowers with receptive stigmata in the patch during flower
visitor observations. We have also to consider that when
flowers are chemically marked with scent by their visitors
(Eltz, 2006; Saleh & Chittka, 2006, and references therein)
the visits may not be at random but may depend on the
half-life of the chemical marking.

Another issue in estimating the per-hour pollen deposition
level is the variability of visitation frquency during the day
for different pollinators. Pollen deposition effectiveness can
be calculated for each period separately, and the daily
effectiveness then calculated as a weighted average of the
specific visitation rates during the day. Variable visitation
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rates over longer periods such as seasonal activity of
pollinators is discussed in Section V.1.

(2) Pollen deposition efficiency

Pollen deposition efficiency (P ) is a measure of how much the
pollinator is able to contribute to maximal seed set per flower
via pollen deposition. In other words, P indicates whether
the deposited pollen on the stigma is sufficient to produce full
seed set. This is related to the quality of the pollen and to the
maximal female reproductive potential of the flower under
no pollen limitation but considering resource constraints.
Because of the practical difficulties in assessing pollinator
performance, by measuring seed set after single visits (see
D in Fig. 1), we have elected to use the number of pollen
grains deposited on the stigma (A in Fig. 1) as a proxy for the
potential seed set that a given pollinator can contribute to a
given plant.

(a) Pollen quality

In contrast to pollen deposition effectiveness, which concerns
only the number of deposited pollen grains, pollen deposition
efficiency requires an evaluation of pollen quality. We define
‘pollen quality’ (q), as the number of pollen grains deposited
that are able to fertilize ovules and sire seeds. The quality of
pollen is determined by three independent factors: pollen
must be conspecific (k), viable (m) and compatible (n).
To determine this value it is necessary to determine how
much of the deposited pollen (d) meets all three conditions
at the same time. Mathematically this is equivalent to
the subset of deposited pollen grains that represent the
intersection of all three conditions (q = |k ∩ m ∩ n|). While
pollen conspecificity and viability can be determined easily
by microscopic techniques and enzymatic tests (Dafni,
Pacini & Nepi, 2005), determining pollen compatibility is
a complicated task that depends on the breeding system,
degree of self compatibility and the previous activity of
the pollen vector. Partitioning the total pollen load for
a given pollen vector into foreign outcrossing and local
geitonogamous or autogamous pollen is important mainly
for self-incompatible multi-flowered species (Sage, Husband
& Routley, 2005). So far, no fast and simple method exists
to determine the proportion of compatible pollen grains in
a deposited pollen load. Time-consuming investigations of
the breeding system, prior pollinator behaviour, and pollen
deposition patterns are necessary to estimate the proportion
of compatible pollen deposited. Using genetic markers will
enable direct measurements of the proportion of outcrossing
versus selfing pollen (Sage et al., 2005). In self-compatible
plants compatible pollen (n) can be assumed to equal 1, but
in cases of self-incompatible plants with a high proportion of
pollinator-mediated geitonogamy pollen compatibility can
not be ignored (De Jong, Waser & Klinkhamer, 1993; Snow
et al., 1996; Sage et al., 2005).

(b) Pollen surplus

The second step in estimating the pollinator’s contribution
to seed set is to relate the amount of deposited pollen to
how much is needed for maximum seed set under given
environmental conditions and no pollen limitations. While
pollen limitation is a well known concept in pollination
biology (Burd, 1994) (i.e. the reception of less pollen than
required to produce full seed set), the concept of pollen
surplus (i.e. the reception of more pollen than required to
produce full seed set) has received less attention. However,
for the assessment of pollen deposition efficiency this concept
is important as there seems to be no advantage to the plant
if a pollinator deposits surplus pollen compared to one that
deposits just the required amount for a maximal number
of seeds (unless a threshold level of excess pollen is needed
or additional pollen has an effect on seed quality via pollen
competition). The number of quality pollen grains (q) should
not exceed the number needed, thus it must be capped at the
maximum potential seed set per flower by subtracting out
the surplus pollen delivered. This gives the capped value for
quality pollen (c).

To calculate capped quality pollen (c), we first need to
estimate the maximal seed set capacity of a flower under
field conditions with no pollen limitation. The maximum
potential seed set (s) is estimated by artificially supplementing
pollen on flowers that are exposed to natural pollination
given current resource constraints. If the amount of quality
pollen in a single visit (q) is larger than the maximum potential
seed set (s) then q is capped at the upper limit of s to give c.
If, on the other hand the amount of quality pollen in a single
visit is less that the upper limit of s, then c is equal to the
value of q.

It is essential to calculate the final value of c in the correct
sequence. Capping to the limit of s should not be performed
on the overall average of quality pollen (q) for a given
pollinator. The truncation must be performed separately
for every value of quality pollen (q) at the single visit level
before averaging over all replicates. This sets s as the upper
limit for each single visit to a flower so that no extremely
high value of quality pollen will skew the results of the
average capped quality pollen (c). When maximum potential
seed production data are not available, average number of
ovules per flower can be used as an estimate to derive pollen
deposition efficiency. However, since it is common that due
to resource limitations or other constraints not all ovules
develop into seeds, such calculation of pollen deposition
efficiency overestimates the female reproductive potential of
the plant leading to an underestimation of pollen deposition
efficiency. Nevertheless, the relationship of the deposited
pollen to the potential seed set is addressed.

(c) Deriving pollen deposition efficiency

( i ) Single visit scale. Once the two preceding steps are
completed, pollen deposition efficiency can be calculated.
Pollen deposition efficiency (Pv, Equation 3) is the capped
quality pollen (c) divided by the maximum seed set potential
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for the flower (s). Because the value for capped quality pollen
can never exceed the maximum number of potential seed
set, this ratio will range from 0 to 1.

Pv = c/s. (3)

( ii ) Per time scale. The pollen deposition efficiency per
hour (Pt, Equation 4) is calculated by a method similar to
the pollinator deposition effectiveness per hour (Equation 2)
using visit frequency (f ) and the proportion of flowers
with receptive stigma (r). In addition, capping for pollen
surplus should also be applied in a similar manner for pollen
deposition efficiency per hour setting the upper limit of Pt
at 1.

Pt = Pv f r. (4)

V. USING THE MODULAR APPROACH

(1) Plant-pollinator overlap: duration and timing

One of the issues in making generalisations concerning
pollinator performance is the conversion from event-related
(single visits, Equations 1, 3) or time related (per hour,
Equations 2, 4) measurements of pollinator activity to longer
periods such as the lifetime of the flower. It is well known
that different pollinator species may have different duration
(length) and timing (start and end) of activity during the day.
For example, a certain bee species may be active only during
the early morning while another may be active over the
whole day (Herrera, 1990; Hoffmann, 2006). If observation
units are randomly (or evenly) distributed over the entire life-
time of the flower at the appropriate resolution for capturing
these differences then the results of the time-related indices
at the per hour level (Equations 2 and 4) can reflect the
different overlap times.

Observations of pollinator activity should be carefully
designed and evenly distributed during the activity period
of the pollinator for the entire lifetime of a flower to ensure
that the differential floral overlap durations are captured for
different pollinators. In addition, special attention should be
given to the chronological time of flower visitor activity. If
a pollinator starts early in the morning, it may have already
deposited sufficient pollen for producing full seed set. Then
all subsequent flower visitors will not contribute to the actual
seed set, even if they are good pollinators with a potential
for inducing high seed set in the given plant species, e.g. in
the absence of other pollinators (Herrera, 1990; Thomson
et al., 2000).

If a practical sampling regime cannot capture the
differences in overlap then a detailed analysis is required for
accurate pollinator performance comparisons. A measure
of the duration and timing of the overlap between stigma
receptivity of the flower and the pollinator’s activity can
be devised and incorporated into the equations as another
level of analysis as shown below. There is clear potential

for this type of modification of the basic equations to be
scaled up to other levels such as the inflorescence, plant
or population, or over longer durations such as the entire
season, etc. Developing such higher order indices will be
valuable for comparing pollinators’ performance at the level
of seed yield for the flowering season of plant populations.
The following equations are calculated at the single-flower
level over the lifetime of the flower.

(a) Pollen deposition effectiveness over flower lifetime

In order to calculate the stigmatic pollen deposition over
the lifetime of the flower, we must take into account pollen
deposition rate and floral lifespan. In other words, we need
to know the duration of stigma receptivity in relation to the
timing and duration of pollinator activity. The number
of hours in which pollinator visits overlap with stigma
receptivity (l) gives the duration of pollinator activity that can
be compared to other pollinators. For example in some cases,
pollinator activity does not overlap with the entire duration
of stigma receptivity, e.g. the stigma receptivity lasts for
three days (72 h) but the bees are active only during daytime
(36 h). Because high pollen deposition effectiveness per time
(Dt) of a pollinator assemblage enhances pollination and
consequently shortens floral longevity and stigma receptivity,
by introducing the term l, pollen deposition effectiveness of
a given pollinator species over flower lifetime (Dl) depends
on the performance of other pollinator species because this
will reduce flower lifetime (stigma receptivity). In contrast
to Equation 2 that is context independent, Equation 5
reflects the actual (context-dependent) pollen deposition
effectiveness.

Dl = Dt l. (5)

(b) Pollen deposition efficiency over flower lifetime

Pollen deposition efficiency over flower lifetime (Pl) describes,
in a quantitative way, the contribution of any given pollinator
to the deposition of sufficient pollen (in terms of quantity
and quality) to produce maximal seed set. Pl is calculated by
multiplying Pt (per hour) by the number of overlapping hours
of stigma receptivity and pollinator activity l (Equation 6).
Because the index has an upper limit of 1, then capping
pollen surplus should be applied to this result as well. This
is achieved in a similar way as for the per hour scale
(Pt, Equation 4).

Pl = Pt l. (6)

(2) Entire pollinator assemblages

(a) Pollen deposition effectiveness of pollinator assemblages

By summing pollen deposition effectiveness indices (Dt or
Dl) over all major pollinating species that visit the flowers
of a given plant species we obtain the corresponding
effectiveness of the whole pollinator assemblage per hour
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(
∑

Dt, Equation 7), or for flower lifetime scale (
∑

Dl,
Equation 8). These indices, summing over all pollinator
species (from i = 1 to i = n) in the assemblage, allow
comparisons of whole pollinator assemblages of a given plant
species among sites, habitats and estimations of seasonal as
well as yearly variations.

∑
Dt =

i∑

1

Dt, (7)

∑
Dl =

i∑

1

Dl. (8)

(b) Pollen deposition efficiency of pollinator assemblages

Similarly, the
∑

Pt and the
∑

Pl indices (Equations 9 and
10) express the pollen deposition efficiency of the whole
pollinator assemblage of a given plant species at a given time
period or for flower lifetime receptivity.

∑
Pt =

i∑

1

Pt, (9)

∑
Pl =

i∑

1

Pl. (10)

The greater the number of pollinator species studied the
more accurately will the index estimate the overall efficiency
of the pollinator assemblage. The results for the pollination
deposition efficiency of the total pollinator assemblage
can be compared with the autonomous selfing efficiency
(see Equation 11) and the open pollination efficiency (see
Equation 12).

(3) Autonomous selfing efficiency

In some plants, autonomous self-pollination may make a
significant contribution to pollen deposition and subsequent
seed set in the absence or presence of pollinator activity.
Plants with a high rate of autonomous self-pollination
are not dependent on pollinator services for seed set,
however they may suffer from inbreeding depression
(Charlesworth & Charlesworth, 1987; Byers & Waller, 1999).
Although measuring seed set as a result of autonomous
self-pollination under pollinator exclosure represents the
potential of a flower for autonomous selfing and not
the actual value under a natural pollination regime, it is
the only available field method. In self-compatible species,
with a high degree of autonomous self-pollination, the
autonomous selfing efficiency (A) can be calculated as the
proportion of the number of seeds produced under pollinator
exclosure (a, Equation 11) out of the maximal potential seed
production under no pollen limitation achieved by artificial
supplementary cross pollination of open naturally pollinated

flowers (s).

A = a/s. (11)

(4) Open pollination efficiency

Open pollination efficiency (O) is the proportion of seed
set in naturally open-pollinated flowers (o, Equation 12) out
of the maximal seed production (s), achieved by artificial
supplementary cross pollination of open naturally pollinated
flowers. This index can serve as an alternative to estimating
the performance of the whole pollinator assemblage.
However, this equation does not allow distinguishing
between the performances of different pollinator species
or outcrossed from selfed progeny.

O = o/s. (12)

VI. FUTURE RESEARCH

Our modular approach needs to be tested using sensitivity
analyses to determine which variables are in fact the best
predictors. Partitioning of the total pollen load into the
outcrossing pollen and autogamous or geitonogamous pollen
is important mainly for self-incompatible multi-flowered
species (Morris et al., 1994; Sage et al., 2005; Di Pasquale, &
Jacobi, 1998) and the development of such a method is a
future challenge. Furthermore, our model does not address
the issue of competition for ovules within pollen loads.
Differences in the genetic composition and/or variability of
the pollen loads may result in differences in their pollen
tube growth rate and consequent ability to sire seeds as well
as in offspring fitness (Janzen, 1977; Lee, 1984). Moreover,
pollinating species that deposit more pollen grains per visit,
even where the average pollen deposition is the same in the
long term, may have an advantage because there is evidence
that plants selectively mature fruits from flowers in which
there has been more pollen competition (Niesenbaum &
Casper, 1994; Niesenbaum, 1999).

VII. CONCLUSIONS

(1) Comparing the success or performance of different
flower visitors in achieving pollination and consequent seed
set is integral to several fields of investigation but has been
a perennial problem in pollination biology. We argue that
the lack of standardisation has limited the ability to compare
the performance of different pollinators. Here we analyse
the concepts, terms and methods in use and provide an
integrated conceptual framework and methodology that can
be used to compare pollinator performance across studies.

(2) Our conceptual scheme is divided into two
main assessment components: pollination success and
plant reproductive success. We define pollen deposition
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effectiveness as the pollinator’s contribution to pollen
deposition alone. This does not take into account any
variables involved in the plant’s female reproductive success.
We define pollen deposition efficiency as the pollinator’s
contribution, by deposition of conspecific, compatible and
viable pollen grains on the receptive target stigma in relation
to the maximal possible female reproductive success.

(3) Our modular approach is based upon a key basic
unit, the number of pollen grains deposited on the stigma at
the single-visit level. The next level is based on temporal
and spatial scaling up by incorporating visit frequency
when observing a flowering patch. Both pollen deposition
effectiveness and pollen deposition efficiency can be scaled
up to flower lifetime. From this level, it is possible to
develop higher order indices e.g. seasonal or whole pollinator
assemblage levels.

(4) Using our standardized methodology enables the
categorization of flower visitors by their relative role as
pollinators and contribution to plant female success. It also
allows us to estimate the effectiveness and efficiency of the
whole pollinator assemblage of a given flowering species and
to compare it with other species. Future challenges include
development of field techniques that will allow application
of our equations to self-incompatible species and plants with
small flowers or with special structures.
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