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ABSTRACT: We call attention to the continuing value of the contributions of K.

Fagri and L. van der Pijl in their

classic book on pollination ecology (1966,

1971, 1979). We try to show that: 1) Scme of the recent disagreement about the
importance of specialization in the evolution of pollination systems is the result

of confusing evolutionary special
pirical and theoretical arguments a

ization with ecological specialization. 2) Em-
bout the importance of multiple pollinator spe-

cies have sometimes ignored the observation that not all floral visitors are polli-
nators, only some of these pollinators are quantitatively important, and only a
further subset generates selection. 3) Several lines of empirical evidence support
the commonness of evolutionary specialization, although tight specialization in
pollination ecology is extremely rare. 4) There are limits to specialization in pol-
lination ecology and it is important {0 understand them. 5) If defined broadly,

pollination syndromes have utility,

and may reflect stable correlations among

functionally telated traits. The maintenance and stability of these traits may be
explained by contemporary stabilizing selection, genetic/developmental con-
straints or homeostasis, or some combination of these processes. .

¢ Det Norske Videnskaps-Akademi. L Matematisk Naturvidenskapelige Klasse, Skrifter, Ny Serie, 39; 179-200 (2000)

INTRODUCTION

- 1t is fitting that this volume on pollination
{ biology is dedicated to the life-time contri-
. bution that Knut Fagri has made to our un-
- derstanding of the subject. it is also appro-
. priate that this festschrift will appear $0
~ close to the start of the second millennium.
- His book, The Principles of Pollination
' Ecology, with van der Pijl, first published
' in 1966, is a standard first reference for
{ students interested in studying flower-
{ poliinator interactions. Its clear descrip-
. tions of the floral traits associated with
- specific pollination modes, mcluding a
| section on case histories, sumiarizes a
- wealth of natural history that has accumu-
" 1ated since Kolreuter's (1761), Sprengel’s

(1793, 1996), and Knuth’s (1898-1905)
garly contributions. All who read the book
are surely impressed at the richness and di-

versity of flowers and their pollinators, and
also gain a better understanding of the
sources of floral diversity. However, the
book is more, for it deftly spans the 19"
century naturalist to the 21%-century evolu-

tionary biologist. The book takes an adap-
tationist approach, emphasizing flower
form as it relates to pollination function. In
this way it is remarkably prescient and
continues to set the direction and focus on
future developments in pollination biology.
Fagri and van der Pijl (1979) continuaily
stress the importance of understanding fio-
ral diversity in the context of natural selec-
tion generating floral adaptations. By fo-
cusing on pollinators as the selective agents
of floral diversity they, like Darwin (1862)
and Miiller (1873) before them, construct a
testable paradigm. Thus we can quantify
the extent to which specific pollinators are
the selective agents of floral form and the
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role of pollinators in generating floral di-
versity and maintaining trait combinations
that make up pollination syndromes.

The paradigm that diversity of floral
phenotype largely reflects diversity of se-
lection by specific groups of pollinators has
been recently challenged. Both new and old
observations and models, cast doubt on the
importance and commonness of pollination
syndromes and specialization (see discus-
sions in Waser et al., 1996; Ollerton, 1996;
1998; Waser, 1998). These include the ob-
servation that often a large number of ani-
mal species -visit a single flower species
and the expectation that specialization may
lead to greater variance of reproductive
success across years and should therefore
rarely be favored (Robertson, 1928; Waser
et al., 1996; Waser, 1998). Indeed there
seems (o be some conflict between our
ecological data and our evolutionary in-
sights (Ollerton, 1996). However, the
adaptive framework posed by Fegri and
van der Pijl (1979) allows for the evalua-
tion of both issues.

Let us take as our starting definition that
pollination syndromes refer to those floral
traits and rewards that are associated with
the attraction of specific types of pollina-
tors. We can then guantily the actual con-
tribution of the various visitors, predicted
or not, to successful pollination. To test the
predictive power of pollination syndromes,
we need also a clear definition of floral ad-
aptation to pollinators. Here we take a
strictly plant-adaptation perspective: a
flower fits a pollination syndrome if its
pollinators fit into a category of functional
similarity, e.g., similar size, shape, and be-
havior, (“functional groups” of pollinators).
Thus we would amend any definition of
pollination syndrome by stating that its ori-
gin and/or maintenance reflects selectives
pressures imposed by certain functional
groups of similar visitors, past or present.

The importance of focusing on the
adaptive significance of floral traits per-
taining to functional groups of pollinators
cannot be overemphasized. We suspect that
some of the disagreement over the utility of
pollination syndromes results from a view
that syndromes indicate coevolution of

plant and pollinator species. This leads to
unrealistic expectations for the predictive
power of syndromes. As Waser et g}
(1996) pointed out, the relationship be.
tween plants and their pollinators usually
reflects “diffuse” coevolution at most (Jan-
zen, 1980, Schemske, 1983), hence the
need to focus on groups of selectively
similar pollinator species. We do not think,
however, that this means particular suites
of floral traits are less likely to be associ-
ated with particular functional groups of
pollinators, or that the rarity of coevolution
calls into question the validity of pollina-
tion syndromes. We suggest instead that
similar pollinators of a specific type can
exert selection pressures generating suites
of floral traits (pollination syndromes) with
or without coevolution between plant and
pollinator occurring. In other words, polii-
nation syndromes need not reflect the re-
ciprocal changes exerted by pairs of species
that act as selective agents on each other
{coevolution, sensu stricto; Janzen, 1980;
Kiester et al., 1984). Instead, pollination
syndromes simply reflect plant response to
selection exeried by a pollinator type,
without the plants themselves necessarily
exerting reciprocal selection on the polli-
nators.

As a first step in quantifying whether
uniform selection pressures have led to the
convergent evolution of floral traits repre-
senting pollination syndromes, Waser et al.
(1996) suggested valuable experimental
approaches, including documenting the
visitors and parameters determining their
effectiveness as pollinators, e.g., pollen
loads on floral visitors, rates of pollen arri-
val to stigmas, seed or fruit set per visit,
loss of pollen, etc. (Waser and Price, 1981;
1983; Motten et al., 1981; Young, 1988;
Inouye et al., 1994; Gomez and Zamora,
1999), for entire communities of plants and
their animal visitors. However, because of
the logistical demands of quantifying polii-
nator effectiveness, data collected on a
community level usually comprise visita-
tion data and/or analysis of pollen loads on
the presumed vectors (e.g., Momose et al,,
1998).

The role of visitors as selective agents
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in the evolution and maintenance of floral
traits associated with a pollination syn-
drome should be tested. It is clear from
many studies (e.g., Schemske and Horvitz,
1989; Herrera, 1995) that improvements in
our understanding of the evelution and
maintenance of pollination syndromes will
need to incorporate the role of temporal
and spatial variation in the importance of
different pollinator species (Herrera, 1988;
1995; Thompson, 1994).

In this contribution we intend to show
that most of the ideas presented by Fegri
and van der Pijl (1966; 1971; 1979) con-
cerning evolutionary specialization of plant
pollination and pollination syndromes are
largely valid, despite doubts voiced in the
recent literature. We hope to demonstrate

" that: 1) Some skepticism about the impor-

tance of specialization in the evolution of

- pollination systems may result from con-
. fusing evolutionary specialization with
. ecological specialization. 2) Many empiri-
- cal and theoretical arguments about the im-

portance of multiple pollinators ignore

. Stebbins’ {(1974) useful idea about the pri-
. macy of selection by the most important
- class of pollinators during critical periods
- of evolution (see also Waser, 1998). 3)
" Several lines of empirical evidence support
- the commonness of evolutionary speciali-
: zation, although tight specialization in pol-
- lination ecology is extremely rare. 4) It is
¥ important to understand and test the limits
¥ to, and reversals in, evolutionary speciali-
- zation in pollination. 5) If broadly defined,
. pollination syndromes explain some of the
‘- variance i plant-pollinator relationships,
- and may often reflect stable correlations
- among functionally related traits; the
# maintenance and stability of these traits
. may be explained by contemporary stabi-
1 lizing selection, genetic/developmental
- constraints or homeostasis, or some combi-
{ nation of these processes. To address thése
' points we examine how visitors, pollina-

~ tors, and selective agents can be distin-
% guished from one another using examples
§ from the literature and from our own work.
- We continue by reviewing the evidence for
§ evolutionary specialization, and discussing

imits to specialization. We also discuss the

+

importance of estimating the roles of con-
temporary selection Versus ge-
netic/developmental homeostasis in main-
taining trait combinations associated with
pollination syndromes, and conclude with
suggestions for future research.

EVOLUTIONARY SPECIALIZATION
VERSUS ECOLOGICAL
SPECIALIZATION

In this paper we will use a simple, opera-
tional definition of specialization: success-
ful pollination by a small number of animal
species (see discussion in Waser et al,
1996; Armbruster et al., 1999). Specializa-
tion is a relative concept, because absolute
specialization (e.g., pollination by one spe-
cies) is extremely rare. There are two dis-
tinct aspects of specialization, and much of
the literature on pollination has ignored the
differences between them. We argue here
that evolutionary specialization refers to
the process of evolving in the direction of
increasing specialization. In pollination,
this refers to evolution from pollination by
more species of animals to pollination by
fewer species. Because the process of evo-
lutionary specialization concerns the direc-
tion of evolutionary change, it does not im-
ply starting points or end points. IHence
specialization may have occurred even if
the resulting population is not very spe-
cialized ecologically, or if the starting
population was not especially generalized.
In contrast, ecological specialization in
pollination is a state and refers to having
only a few similar species of pollinators at
the present time.

Although it may sometimes be reason-
able to conclude that populations with

highly generalized pollination ecology

have not undergone specialization, we can
conclude rather little from ecological in-
formation on populations with moderately
generalized pollination. It would be unwise
to conclude they have not undergone spe-
cialization. Hence the distinction between

evolutionary specialization (a process) and .

ecological specialization (a state) is critical
to our understanding of specialization in
pollination ecology. In our view, failure to

- »—'W
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consider this distinction has led to confu-
sion about the importance of evolutionary
specialization in angiosperm evolution (see
discussion in Ollerton, 1996). For example,
consider pollination of species of Collinsia
(Scrophulariaceae). The flowers of all spe-
cies have highly modified tubular corollas,
with folded, keel-like, lower petals (e.g.,
Kalisz et al., 1999). Because the stigma and
anthers are contained in the keel, this fea-
ture restricts pollination only to bees large
enough to depress the keel. Most insects
that could visit more typical Scrophularia-
ceae flowers are denied access to the pol-
len. Morphological and phylogenetic
analyses (Armbruster, Baldwin, and Kalisz,
unpublished data) indicate that the sister
group and inferred ancestor of Collinsia
present exposed pollen in open or broadiy
tubular flowers. The unusual Collinsia flo-
ral morphology and hidden pollen appears
to be the product of evolutionary speciali-
zation. Yet the list of visitors and pollina-
tors of the flowers of Collinsia hetero-
phylln at one site was surprisingly long:
visitation by 17 diverse bee species, 14 of
which were effective pollinators (Arm-
bruster, unpubl. ms.). While Collinsia het-
erophylla could be viewed as having a
rather generalized pollination ecology (al-
though they are all bees; see Limits to Spe-
cialization), its appears to have evolved
from more generalized ancestors and is
hence evolutionarily specialized.

In this respect we are in a similar situa-
tion as community ecologists studying the
role of past competition in structuring
communities. To paraphrase Connell
(1980), we are looking for a “ghost of spe-
cialization past,” a much more challenging
proposition than detecting ecological spe-
cialization. We must look behind the cur-
rent ecological state and instead search for
evidence of the processes that generated it.
And in particular, we should not reject the
importance of floral specialization as an
evolutionary process just because there are
few examples of extreme specialization
(e.g., only one pollinator species). We
agree with Waser et al. (1996) that many,
probably most, temperate plants are visited
and pollinated by a wide variety of ani-

mals, and are hence to some degree ecol-
ogically generalized. However, this does
not lead us (nor Waser et al., 1996) 1o cop-
clude that most plants have not experienced
evolutionary specialization. Instead we
suggest that the process of evolutionary
specialization is quite common, even
though the state of narrow ecological spe-
cialization is extremely rare (see also O}
lerton, 1996},

This is obviously an area needing fur-
ther study. What proportion of species with
moderately generalized pollination have
actually experienced evolutionary speciali-
zation? How can we go about studying this
issue? We suggest that the most effective
approach is to map measures of specializa-
tion (e.g., number of species or functional
groups of pollinators) onto estimated phy-
logenies of groups of related plants (see
Armbruster, 1992; Johnson et al, 1998;
Armbruster and Baldwin, 1998). In this
way one can trace the historical course of
evolutionary specialization, as well as re-
versals to more generalized pollination, for
each lineage. After sampling a reasonable
number of lineages, it should be possible to
determine both how common evolutionary
specialization really is, and how commonly
it results in extreme ecological specializa-
tion. We can also address questions about
whether evolutionary specialization is re-
versible and at what frequency (see Arm-
bruster and Baldwin, 1998),

FLORAL VISITORS, PRINCIPAL
POLLINATORS, AND PRINCIPAL
SELECTIVE AGENTS

The nature of ecological specialization ob-
served in plant-pollinator relationships is
usually highly asymmetrical. Animals usu-
ally visit and obtain food or other resources
from many flower species, In contrast,
flowers may be visited by few or many
species of animals, but of these only a sub-
set is likely to act as successful pollinators.
Thus even the degree of ecological spe-
cialization may be difficult to determine,
and flowers visited by a large number of
animal species may actually be pollinated

by relatively few. Furthermore, of those .
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VISITORS VERSUS POLLINATORS

- The function of biotic pollination systems
i and the selective pressures generated by
i pollinators are based on two components of
. animal activity: 1) frequency of visitation
- during anthesis, and 2) effectiveness of
. pollen pickup and transfer to stigmas by
" floral visitors (Grant and Grant, 1965;
. Stebbins, 1970; 1974; Motten et al., 1981;
. Waser, 1983b; Herrera, 1987; Armbruster,
- 1988; 1990). Most studies have empha-
- sized the former, because the presence of

visitors is more easily observed and quanti-

I fied than is their transfer of pollen (see dis-
‘ cussion in Waser et al,, 1996). As Fagri
- and van der Pijl (1971, p. 7) and others
{ have pointed out, however, ignoring the ef-
~ fectiveness component can lead to serious
. misunderstanding of the pollination system
I (e.g., misidentifying the main pollinating
_ agent or misconstruing a specialized sys-

tem as generalized, or vice versa; Hagerup,

- 1951: Stebbins, 1974; Waser and Price,
1 1981; 1983; Schemske and Horvitz, 1984,
- Armbruster and Herzig, 1984; Armbiuster,
¥ 1985; Armbruster et al., 1989; Inouye et
i al, 1994).

There is general agreement on how to

- measure the visitation component of polli-
. nation. Presence of animals on flowers is
| usually easily observed, each visitor spe-
¥ cies can be counted, and relative or abso-

lute visitation rates estimated. These can be
corrected to number of visits by each spe-

§ cies per unit time (e.g., hour, day), and per
{ flower or blossom. For comparing among
i sites and species, the absolute or relative
I number of visits per blossom, per day+of
¢ anthesis, is probably the most useful met-
§ ric,

i There is much less agreement on how
i best to estimate pollinator effectiveness (or
{ efficacy or efficiency, as also termed; e.g.,
Inouye et al., 1994). Most simply, it is the
number of compatible pollen grains trans-
ferred as a result of a pollinator visit. A
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logical extension of this is that highest fit-
ness accrues to plants that attract pollina-
tors that transfer the best-quality pollen, re-
sulting in the highest fruit and seed set, and
highest offspring quality. These effects are
nearly impossible to measure in the field,
so all studies to date have focused on vari-
ous incomplete components of pollinator
effectiveness. For example Sugden (1986)
noted the frequency of each species of
visitor bearing pollen, an important first
step. Armbruster and Herzig (1984) and
Armbruster {1985; 1988; 1990} recorded
the frequency that each visitor species
contacted the anthers (hence probably
picked up pollen) and the stigmas (and
hence potentially deposited pollen). Polli-
nator effectiveness was calculated as the
product of these two frequencies, and pol-
linator importance was estimated by the
product of pollinator effectiveness and fre-
quency of visitation. This is an improve-
ment in that it incorporates both pollen-
removal and deposition components of
plant reproductive success, yet is feasible
to measure consistently in the field (at least
in plants with open blossoms). Additional
steps include estimating pollinator effec-
tiveness from rate of pollen deposition on
stigmas (Armbruster, 1985; Herrera, 1987),
number of pollen grains deposited on a sin-
gle visit (Herrera, 1987), fruit set per visit
(Schemske and Horvitz, 1994), or seed set
per visit (Parker, 1981; Motten et al., 1981;
McGuire and Armbruster, 1991; Olsen,
1997) for each species of visitor (see
Inouye et al., 1994 for a comprehensive re-
view of the term “pollination efficiency”).
Estimating seed set is attractive because
seed production is an important component
of fitness. The disadvantage is that it ig-
nores the male component of fitness, which
is sometimes uncorrelated with female re-
productive success (e.g., Dudash, 1991, and
discussion below). In their study of the
pollination of specialized Calathea flowers,
Schemske and Horvitz (1984; 1989) con-
sidered proportional fruit set effected by
each visitor species and measured the fre- -
quency at which flowers were tripped (re-
quired for both pollen pickup and deposi-
tion). They thus had indication of male and
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female reproductive success. Fishbein and
Venable (1996) estimated pollinium re-
moval and insertion rates and multiplied
these by visitor frequency to determine
“pollinator effectiveness” (= “pollinator
importance” of Armmbruster, 1988; 1990,
Olsen, 1997; and herein). Detailed analysis
of possible fates of pollen and ovules, and a
cogent terminology for its components has
been presented by Inouye et al. (1994). Yet
even these measures, as challenging as they
are, fail to address seeds produced by ani-
mals transferring pollen in visits subse-
quent to the first floral visit (which is what
usually is measured), or the consequences
of the complex dynamics of poilinator
movements among flowers.

Perhaps the best approach to under-
standing the relative importance of differ-
ent pollinators is to use experiments. Two
of us hdve been investigating the role of
pollinators as selective agents using Silene
virginica (Caryophyllaceae) as a model
system (Fenster et al., 1996; 2000; unpub-
lished; Dudash and Fenster, 1997; unpub-
lished). Silene virginica (Caryophyliaceae)
is a short-lived perennial found in eastern
North America. It exhibits traits commonly
associated with hummingbird pollination:
bright-red, pendulous flowers, (unfused)
petals forming a corolla tube, no landing
platform for pollinators, no nectar guides,
and copious sucrose-rich nectar. The flow-
ers are protandrous and highly outcrossing
(Dudash and Fenster, unpubl. data). We
have observed no evidence of pollen limi-
tation of female reproductive success {Du-
dash and Fenster, 1997), and humming-
birds appear to be efficient pollinators,
transferring several times the number of
pollen grains as ovules per visit (Fenster et
al., 1996). We first wanted to establish the
relative importance of the sole humming-
bird species in eastern North America, the
Ruby-throat, Archilochus colubris, and in-
vertebrate visitors, syrphid flies, solitary
bees, and Bombus spp., as pollinators of S.
virginica. We conducted this study for five
years at two sites (understory and meadow
sites) near Mountain Lake Biological Sta-
tion (Allegheny Mountains, Giles County;
Virginia, elevation approximately 1330 m).

We chose these two sites because of the
striking difference in canopy cover, which
might in turn Jead to different visitor fay-
nas. To estimate the amount of female re-
productive success due to hummingbirds
vs. invertebrate pollinators, we randomly
chose individuals to be placed into two ex-
perimental groups, caged and control. In
the cage treatment, poultry-wire cages (5 x
5 cm mesh) were placed around individuals
to exclude hummingbirds from visiting but
allowed complete access to potential in-
vertebrate pollinators. The control or open-
pollinated treatment group were uncaged
plants; this allowed complete access to ail
floral visitors. _

In general we found that hummingbirds
were the predominant pollinator of §. vir-
ginica, but there is considerable spatio-
temporal variation in their role (Fenster and
Dudash, 2000}. Based on the difference in
female reproductive success between the
caged and confrol plants, across the 5 years
of the study and the two sites, humming-
birds were responsible for 40 - 81% of the
fruit set of control plants, 12 - 67% of the
amount of seed set per fruit of control
plants, and in the woodland site, 62 - 95%
of the total seed of the control plants. It ap-
pears that hummingbirds are the most im-
portant pollinator of . virginica, and the
combination of floral traits found in . vir-
ginica also suggests that hummingbirds are
the primary selective agents in the evolu-
tion of floral morphology in this species.
However, we have not definitively demon-
strated that hummingbirds are the actual
selective agents of floral form in S. vir-
ginica, and we discuss below our investi-
gations to do so.

How often are we misled by interpret-
ing the commonest visitor as the most im-
portant pollinator? In a detailed study of
floral visitors to one species of plant, Arm-
bruster et al. (1989) found that the com-
monest visitor to Dalechampia magnoliifo-
lia (Euphorbiaceae) in Peru was Trigona
aff. pallens; it visited at nearly 6.5 times
the daily rate of the next most abundant
visitor, Eulaema meriana. Although the
frequency of contact with anthers was ca.
100%, frequency of contact with stigmas
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by this small bee was only about 5%. This
reduced the estimated pollinator impor-
tance to less than a third of that of the rarer,
but much larger Eulaema. In a more exten-
sive study of 25 populations belonging to
five species of Dalechampia, the most im-
portant pollinator was not the most abun-
dant floral visitor in four of nine popula-
tions with multiple visitor species (Arm-
bruster, 1985). Similarly Schemske and
Horvitz (1984) observed large variation in
pollinator effectiveness among visitors to
Calathea ovandensis, a neotropical under-
story herb. They documented that the most
frequent visitors were the least effective
pollinators. In contrast, Fishbein and Ve-
nable (1996) and Olsen (1997) found that
the commonest visitors were usually also
the most important pollinators. These ob-
servations together suggest that lists of
visitors, even when weighed by frequency,
may give little insight into the characteris-

~ tics of the main pollinators and their role as
© selective agents, a point also made by
- Waser et al. (1996).

Lists of visitors may also fail to tell us

~ much about the degree to which the polli-

nation system is generalized or specialized
and whether or not pollination ecology

- “correctly” matches the flower’s putative
" syndrome. For example, in the study of D.
- magnoliifolia cited above, we might have
+ concluded from the visitor list that the pol-
: lination system was generalized (7 bee spe-
. cies of diverse size and behavior) and pol-
L len served as the principal reward (col-
¥ lected by four of seven bee species). Qur

- results from pollinator-importance esti-
- mates, however, indicated that pollination

was specialized and fragrance was the ma-
jor reward. Thus we conclude that pollina-

© tion studies must include estimates of pol-
i linator importance if they are to allow us to

draw conclusions about floral adaptation

§ and specialization.

EVOLUTION IN RESPONSE TO
PRINCIPAL POLLINATORS

. The value of determining pollinator fre-
{ quency, effectiveness, and importance was

cogently expressed by Stebbins (1974). He

proposed that floral traits evolve primarily
in response to the selective forces gener-
ated by the most important pollinators.
With remarkable prescience of present dis-
cussions, Stebbins stated clearly the rele-
vance of this “principle” to the role of se-
lection and speciatization in the evolution
of syndromes:;

“Since selection is a quantitative proc-
ess, the characteristics of the flower will be
molded by those pollinators that visit it
most frequently and effectively in the re-
gion where it is evolving. ... Secondary
vectors ... may retard the process of evolu-
tionary change, but they are not likely to
destroy the genetic integration of the floral
type once it has evolved. Failure to recog-
nize this principle has resuited in some un-
warranted skepticism as to the action of
selection by pollinators in the origin of
particular forms of flowers.” (p. 62)

Several researchers have tried to opera-
tionalize Stebbins’ concept by assigning
primary evolutionary significance to char-
acteristics of the pollinator(s) with highest
scores in pollinator importance (as defined
above; Armbruster, 1985; Herrera, 1987;
Armbruster et al., 1989; Fishbein and Ve-
nable, 1996; Olsen, 1997). For example,
one of us found tight covariation, across
Dalechampia populations and species,
between the size of several floral structures
and the size of the principal pollinators.
This suggested that plants have indeed
evelved in response to selective pressures
generated by principal pollinators (Arm-
bruster, 1985; 1988; 1990). We can also
attempt to quantify the role of visitors as
selective agents, as we discuss below.

VISITORS VERSUS SELECTIVE AGENTS

if pollination syndromes are maintained by
current selection it, should be possible to
quantify the adaptive significance of floral
traits in relation to the pollination syn-
drome. To accomplish this it will be neces-
sary to establish the differential ability of
visitors to act as selective agents on floral
characters (Wilson and Thomson, 1996}. In
particular, to prove the utility of the polli-
nation-syndrome  concept, studies are
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needed that demonstrate explicitly that
pollinators associated with a particular
syndrome actually select for traits associ-
ated with that syndrome. Even though par-
ticular visitors may be important pollina-
tors, they may pollinate flowers equally
with regard to variation of floral traits
found in populations. These “indiscrimi-
nate” pollinators would not exert any se-
lective pressures on those floral traits,
while those that do pollinate differentially,
even if less abundant, will exert selective
pressures and may be responsible for the
evolutionary origin and maintenance of the
pollination syndrome. Note that “indis-
criminate” pollination requires behavioral
equivalence, both in selection of flowers
-{discrimination in the strict sense) and in
interaction and fit with flowers. Selection
may act on these traits. through either male
or female reproductive success or their
combination.

There are several very different ap-
proaches available to quantify selection on
floral features, including phenotypic selec-
tion analysis (e.g., Lande and Amold,
1983; Campbell, 1989; Schemske and Hor-
vitz, 1989; Campbell et al., 1991; 1997;
Waser, 1998), experimental manipulation
of traits {(e.g., Nilsson, 1988; Peakall and
Handel, 1993), as well as comparative ap-
proaches (e.g., Fenster, 1991; Armbruster,
1990; 1996a; Herrera, 1996). We need to
use the full arsenal available to us in order
to document the role of pollinators as se-
lective agents in the origin and mainte-
nance of pollination syndromes. Below we
describe briefly the different techniques
that can be used to quantify natural selec-
tion and what we have learned about polli-
nators as selective agents.

Lande and Amold (1983) first brought
to the attention of evolutionary biologists
the quantitative genetic theory that allowed
for straight-forward measurement of natu-
ral selection. For details see their original
treatment or Endier (1986). Essentially, re-
gression analyses can be used to reveal the
relationship between a trait and the fimess
of an individual. Formally, the regression
analysis provides the selection gradient
where fitness of an individual is regressed

on natural within-population variation for
the trait. For example consider the follow-
ing studies. First, Schemske and Borvitz
(19384; 1989) document that the most ef-
fective pollinators of Calathea ovandensis,
are two relatively short-tongued Hy-
menoptera, Rhathymus sp. and Bombus
medius. However, both of these species
were virtually absent in two of the three
years of their study. In the one year that
they were present they constituted only 9%
of all visitors. However, only in this year
were Schemske and Horvitz (1989) able to
detect significant selection intensities such
that plants producing flowers better
adapted to pollination by short-tongued
pollinators experienced relatively greater
reproductive success. An important conclu-
sion from their study is that quantifying
pollinator importance in terms of how
much pollen is removed and deposited on
stigmas on an absolute basis may still lead
to the misidentification of the impertant
selective agents leading to, or maintaining
pollination syndromes. However, while
Schemske and Horvitz demonstrated that
the rare pollinators are important contem-
porary selective agents, they did not di-
rectly demonstrate that they are either im-
portant in the evolution or maintenance of
the present suite of floral traits. Instead, the
selective agents identified by Schemske
and Horvitz (1984) may be acting to dis-
rupt the present suite of flora] traits.

Wilson and Thompson (1996) at-
tempted to quantify how floral traits of the
native North American plants, Erythronium
grandiflorum and Impatiens pallida influ-
ence the effectiveness of pollination by dif-
ferent sized . Bombus pollinators. They
wanted to quantify the way in which the
different pollinators affect the relationship
between floral morphology and reproduc-
tive success. When selection was detected
in E. grandifiorum, all pollinators exerted
selection on the trait in the same direction.
Thus all the pollinators were acting to

maintain the population in jts pollination °

syndrome. In I pallida, however, they
found weak evidence that the different-
sized pollinators exerted different selection
pressures on one floral trait, suggesting that
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the different Bombus pollinators could lead

* to divergence among populations if bee
~ frequencies were to differ among plant
© populations. In conclusion, these studies

suggest that frequently only a subset of

- pollinators is responsible for floral evolu-

tion towards a pollination syndrome.
In our own work, we detect very limited

" phenotypic selection on floral traits in natu-

ral populations of Silene virginica as they
relate to female reproductive success (Fen-

~ ster and Dudash, unpublished). The excep-

tion is for the trait inflorescence height,

" which is correlated to increased female re-

productive success. Because the regression

_ analysis relies on variation present in the
1 population, there is limited opportunity to
| test the effects of extreme expression of the

. trait, e.g., + 2 standard deviations of the

mean (by definition and assuming a normal
distribution, only 5% of all individuals in

. the population will have traits that are > 2

standard deviations from the mean). Alter-
native approaches rely on phenotypic ma-

~ pipulation to engineer floral taits to

change either singularly or in combination

" and to observe how reproductive success

and pollinator specificity is altered. We
conducted a series of manipulative studies
(unpublished) that compared exireme phe-

~ notypes that differed in terms of inflores-
. cence height, inflorescence display size,

depth of the corolla tube and petal width.

" We were able to examine how manipulat-
. ing these traits also affected male repro-
1 ductive success by using fluorescent dyes

which act as a good analog to pollen in this

species (Fenster et al., 1996). In three of
I the four characters, inflorescence height,

display size, and depth of corolla tube, we

{ found that individuals expressing the trait 2
{ standard deviations above the normal
{ population mean outperformed individuals
i in the other phenotypic classes in terms of

their ability to donate pollen to other

plants. This advantage was also correlated
i to bummingbird behavior; ie., humming-

birds stayed longer at flowers with deeper

¥ corollas, and were more likely to visit

plants with taller and larger inflorescences.
This verification of the relationship be-
tween structure and function suggests that

hummingbirds have selected for these
characters. Our work also demonstrates that
floral-trait variation ray independently af-
fect male and female reproductive success,
suggesting that assessing hermaphrodites
for traits that may be targets of selection is
more complex than for dioecious species
(see also Campbell, 1989). We believe that
a research priority should be to determine
the extent to which floral trait variation re-
flects selection through male and/or female
reproductive success.

Nilsson (1988) manipulated native
Platanthera orchids in Scandinavia to have
varying nectar spur length. He observed
that trait manipulation affected both male
and female reproductive success in the
same direction: individuals that had shorter
nectar spurs received and donated fewer
poliinia. Given the length of the proboscis
of the predominant hawk-moth pollinator,
it is likely that the pollinator acted as a
nectar thief for short spurred flowers.
Peakall and Handel (1993) demonstrated
that inflorescence height of the sexually
deceptive orchid, Chiloglottis trilabra, Was
under selection (with trait variation affect-
ing male and female reproductive success
in the same direction). The selective opti-
mum corresponded to the typical height
from which the model, female wasps, call
to attract mates.

Above we made what we think is an
important distinction between contempo-
rary selective agents, and agents that were
important in the origin of the present suite
of floral traits. We suggest the following
experimental  approach to determine
whether a pollination syndrome reflects
selection by the predicted pollinators. One
could first manipulate one trait at a time to
be different from the norm of the pollina-
tion syndrome, e.g., paint flowers blue for 2
red hummingbird pollinated species and
compare with a red-painted control {dupli-
cating as much as possible the appropriate
floral reflectance spectra), and observe how
male and female reproductive success is af-
fected by the different visitors. In addition,
one could quantify interactive effects
across traits comprising the syndrome, e.g.,
hummingbirds may favor red flowers only
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when combined with long fioral tubes.
Thus the role of specific visitors in the ori-
gin/maintenance of the traits can be quanti-
fied, at least if ancestral conditions can be
determined from phylogenetic information.
Perhaps the first study to use a com-
parative approach to quantify the relation-
ship between degree of specialization in
pollination and floral traits was Berg’s
(1959; 1960) investigation. She demon-
strated that zygomorphic species (assumed
to have more specialized pollination) had
greater phenotypic integration of floral
traits (higher absolute correlations) and flo-
ral traits were less likely to be correlated to
vegetative traits than species with actino-
morphic flowers (species with less spe-
cialized pollination). Fenster (1991) dem-
onstrated in 10 neotropical flowering spe-
cies that those species with relatively
longer corolla tubes (assumed to be polli-
nated only by long-tongued hummingbirds)
had smaller proportional variance in co-
rolla-tube length than those species with
relatively shorter coroila tubes (assumed to
be pollinated by both long and short
tongued hummingbirds). Thus corolla-tube
length was used as an a priori measure of
specialization in pollination, with the as-
sumption that with fewer species of polli-
nators (long-tube flowers) selection inten-
sities should be greater and more consis-
tent. This result, like Berg’s before it, sug-
gests that levels of variation and covaria-
tion of floral traits are responsive to the
intensity of selection imposed by pollina-
tors. However, more recent work (Herrera,
1996; Armbruster et al., 1999) suggests
that patterns of floral morphological varia-
tion may not be easily predicted from pol-
lination ecology. Thus each plant-pollinator
association may be unique and generaliza-
tions may not be possible owing to the
complex dynamics of each system.

EVIDENCE SUPPORTING
COMMONNESS OF
EVOLUTIONARY SPECIALIZATION

There are at least three lines of circumstan-
tial evidence suggesting that evolutionary
specialization of pollination systems is rea-

sonably common: 1) pollination systems
and floral morphology associated with pol-
lination are often evolutionarily labile at
the interspecific level, 2} genetically based
among-population (within species) varia-
ton in pollination ecology (pollination
ecotypes) is often observed, and 3) com-
munity-level floral character displacement
may be fairly common.

Recent studies in which floral charac-
ters and poliinators are mapped onto inde-
pendently derived plant phylogenies show
largely that the relationships between flow-
ers and their pollinators are evolutionarily
labile and prone to parallelism and evolu-
tionary reversal (Armbruster, 1992; 1993,
1996a; 1996b; Manning and Linder, 1992;
Goldblatt and Manning, 1996; Brunean,
1997; Hapeman and Inoue, 1997; Tanaka et
al., 1997; Johnson et al., 1998; Baum et al.,
1998; Weller et al., 1998). These changes
can affect both morphological and bio-
chemical components of the pollination
system (e.g., Armbruster, 1993). Not all of
these evolutionary changes reflect speciali-
zation, however, as when there is a shift
from pollination by one pollinator species
to pollination by another, or when there is a
shift from few pollinator species to polli-
nation by a larger number (evolutionary
generalization; see below). Nevertheless,
much of the observed evolutionary change
is specialization (i.e., evolution in the di-
rection of decreasing number of pollinator
species, as explained above).

Observations of reversal from special-
ized to generatized pollination suggest that
strong consistent selection pressures may
maintain specialized syndromes. For ex-
ample, pollination of short-, straight-tube
species of Aphelandra (Acanthaceae) by a
variety of short-billed hummingbird spe-
cies is a derived condition, while pollina-
tion of longer- curve-tube species by one or
two hermit hummingbird species is the an-
cestral condition (McDade, 1992). The
shift in Dalechampia, from pollination by
few species of resin-collecting bees to pol-
lination by a variety of pollen feeding in-
sects in Madagascar is another clear exam-
ple of loss of specialization (Armbruster
and Baldwin, 1998). Finally, most men-
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bers of the derived plant family Asteraceae
have floral features promoting pollination
by a wide range of insects (Waser et al.,
1996; this family has presumably evolved
from ancestors with more specialized polli-
nation (Soltis et al., 1997; Donoghue et al.,
1998; Doyle, 1998; Nandi et al., 1998,
Soltis et al., 1999). The variety of floral
visitors to many flowers suggests that se-
lective agents for diversification are ever-
present, since each visitor has the potential
to be dominant pollinators if the biotic en-
vironment changes (Baker, 1963; Stebbins,
1974). Frequent transitions between polli-
nation systems also suggest the importance
of consistent directional selection in the
evolution of pollination syndromes.
Evolutionary specialization has also
been observed at the infraspecific level as
demonstrated by studies of pollination
ecotypes (genetic differentiation in floral
traits associated with pollination; Grant and
Grant, 1965; Miller, 1981; Armbruster,
1985; Pellmyr, 1986; Galen, 1989; Robert-
son and Wyatt, 1990; Steiner and White-
head, 1990; Armbruster et al.,, 1994; John-
son and Steiner, 1997). Several studies are
particularly worth describing. Robertson
and Wyatt (1990) demonstrated that spur
length of the Platanthera orchid varies re-
gionally and covaries with the proboscis
length of the predominant pollinator. A
similar pattern was suggested by Johnson
and Steiner (1997) for nectar spur length in
south African Disa orchids. Steiner and

1'_ Whitehead (1990) showed regional co-

variation of floral spur length in a Diascia
species {Scrophulariacae) and the fore-leg
length of one species of pollinating Redi-
viva (Melittidae) in South Africa. Perhaps
the most dramatic, though largely uncon-

. firmed, example of infraspecific speciali-

zation in pollination is the Grants’ (1965)
work with Gilia splendens in California,

. where the species has apparently differenti-

ated into hummingbird, bee-fly (Bombylii-

:- dae), cyrtid-fty (Cyrtidae), and autogamous
. pollination ecotypes (races).

Several community-level studies have

~ implicated evolutionary divergence in pol-

lination ecology by sympatric plant species

: (i.e., community-wide floral character dis-

placement; Pleasants, 1980; 1990; Rathcke,
1983; Armbruster, 1986). Some studies in-
dicate that evolutionary specialization on
different species of pollinators has occurred
and may be a common part of evolution in
a community context (Partish and Bazzaz,
1979; Pleasants, 1980; 1990; Armbruster,
1986). Similarly, evolutionary “organiza-
tion” of flowering seasons also indicates
increasing specialization in pollination (see
review in Rathke, 1983; ¢f. also Kochmer
and Handel, 1986). Other possible routes of
specialization (in the broadest sense) in
pollination ecology may involve diver-
gence in time of day of flowering (Arm-
bruster, 1985; Stone et al., 1998), or site of
pollen placement (Dressler, 1968: Nilsson,
1987; Armbruster et al., 1994). However,
because these routes of specialization do
not necessarily involve decreasing the di-
versity of pollinators (as used in our work-
ing definition of specialization), we will
not consider them further here. In sum,
these phylogenetic-, population-, and
community-level studies demonstrate that
floral traits are evolutionarily labile, can re-
spond rapidly to selection by pollinators,
and often, but not always, evolve in the di-
rection of specialization.

LIMITS TO SPECIALIZATION

Not all plant taxa demonstrate obvious ra-
diations in floral morphology and pollina-
tion; e.g., compare composites with or-
chids. What limits specialization in these
groups and/or regions? Here we touch
briefly upon a number of ecological, ge-
netic, and developmental phenomena,
which may limit the ability of plants to re-
spond to selective pressures, reducing the
opportunity for the origin of specialized
pollination. Perhaps one of the most intui-
tively appealing counter-arguinents to spe-
cialization is the spatio-temporal fluctua-
tion of pollinator faunas. Herrera (1988;
1995; 1996) has provided the most com-
plete picture of the dynamics of seasonal
and site-to-site variation in pollinator visi-
tation rates, pollinator importance, and pre-
sumably selection. His argument and those
of others (e.g., Waser et al,, 1996) seem
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quite reasonable: fluctuating selective pres-
sures impede adaptation and the evolution
of specialization (but cf. Stebbins 1974, p.
62). Furthermore, fluctuation of the polli-
nator fauna will instead select for reduced
variance in reproductive success and hence
generalized pollination systems (Waser et
al., 1996). Indeed, Herrera's cbservations
corresponds to Fenster’s and Dudash’s
work described above and to results of
other studies that document important tem-
poral and spatial variation in the composi-
tion of pollinators visiting particular plant
species (Bertin, 1982; Schemske and Hor-
vitz, 1984; Armbruster, 1985; Horvitz and
Schemske, 1990; Pettersson, 1991; Thomp-
son and Pellmyr, 1992; Fishbein and Ve-
nable, 1996). In sum, these results suggest
that the role pollinators play as selective
agents may be context dependent, ie., in-
fluenced by the composition of the polli-
nator community found in a given popula-
tion of the focal plant species (Thompson,
1994), and the intensity and even direction
of selection on individuals with different
floral morphologies may also vary tempo-
rally and spatially. Indeed, varying selec-
tion pressures appear to be characteristic of
studies quantifying selection on floral traits
(Schemske and Horvitz, 1989; Campbell,
1989; Johnston, 1991; Fenster and Ritland,
1994; O’Comnell and Johnston, 1998).

The degree of variance in the composi-
tion of the pollinator fauna may be strongly
environmentally dependent, and may, as
we argue above, introduce a bias into the
data. Many studies have been conducted in
northern temperate, alpine, and arctic eco-
systems, which may shift our impressions
toward the importance of generalization
{see papers reviewed by Waser et al., 1996;
and herein). Clearly more community-wide
studies are needed that both compare spa-
tial and temporal variation in pollinators
across ecosystems and quantify the degree
of pollinator specialization. Another ap-
proach would be to measure the variance of
reproductive success, perhaps measured as
the degree of pollen limitation, in special-
ists versus their closely related sister
groups. These studies also have an impera-
tive given human induced disturbance of

natural ecosystems which may result in in-
creased variance of composition of native
pollinator fauna (see Rathcke and Jules,
1993; Aizen and Feinsinger 1994a; 1994b).

Another apparent limit to specialization
in pollination ecology is imposed by plants
being able to specialize only on groups of
pollinators that generate similar selective
pressures. This means that it is unlikely for
a plant to specialize on a single pollinator
species if there are other species present
that have similar behavior and interaction
(“fit”"y with floral parts. This may lead to
confusion about the degree of ecclogical
specialization actually expressed by a plant
species. For example, a species like Collin-
sta heterophylla, described above, may ap-
pear generalized because it is pollinated by
some 14 species of visitors, yet be more
appropriately considered specialized be-
cause the pollinators are all fairly similar
bees of medium to large size.

EVOLUTION OF POLLINATION
SYNDROMEKS

Fagri and van der Pijl (1966; 1971; 1979)
made major contributions towards defining
pollination syndromes. Although their clas-
sification of syndromes may be a little finer
and more deferministic than we are com-
fortable with today, they were careful to
caution students of pollination biology
against hasty application of syndromes to
plants about which too little was known.
Most significantly, they related flower
form to pollination function and related flo-
ral chemistry and color to pollinator attrac-
tion, placing emphasis on the material basis
of attraction (e.g., rewards and advertise-
ments) and the physical basis of pollination
(e.g., attributes determining precision of
pollen placement and pollinator “fit” in
flowers). Our interest in pollination syn-
dromes has centered on the selective forces
that are responsible for the origin and
maintenance of the defining features of the
syndromes. How have so many floral traits
come to covary, and why is there so much
convergence (see Ollerton, this volume)?
Other authors (e.g., Ollerton, this volure)
have focused on the predictive value of
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pollination syndromes. Pollination syn-
dromes, if defined very broadly, do have
significant predictive power (see below).
However, not all components of the classic
syndromes (e.g., color, scent, reward
chemistry) contribute equally to explaining
variation in what animals are attracted,
visit, and successfully pollinate (see Waser
and Price, 1998).

The material basis of pollinator attrac-
tion is probably the most robust component
of the pollination syndrome. This com-
prises the 1) reward (or “primary attrac-
tant”), which is the ultimate motivation for
an animal visiting the flower (usually food)
and 2) the adveriisements (or “secondary
attractants”), which are the cues provided
by the plant {0 promote asscciative leaming
by the pollinator. The chemistry of the re-
ward and advertisements without doubt
determines the assemblage of animals that
visit the flower (Simpson and Neff, 1983).
This results in some degree of ecological
specialization in terms of which animals
are attracted, depending especially on what
reward is produced. The variation in the
chemistry of rewards seen across species
also suggests plants have evolved in re-
sponse to selection generated by the nutri-
tional and reproductive needs of pollinators
(e.g., Simpson and Neff, 1983; Baker and
Baker, 1983; 1990), although the contrib-
uting roles of biochemical coincidences
and exaptation should not be ignored
(Armbruster 1993; 1996b; 1997). Thus
plants have undergone evolutionary spe-
cialization in response to the selective pres-
sures generated by foraging animals.

Reward diversity in the temperate zone
is relatively limited. The major rewards are
nectar and pollen, both of which are attrac-
tive to large numbers of animal species.
Hence working in the temperate and arctic
zones, one gets the impression that spe-
cialization through reward chemistry is

- rare. In the tropics and subtropics, how-

ever, there are several additional reward
systems, which themselves are quite re-

| strictive in the kinds of animals they at-
tract. Qil rewards are collected by a few

genera of anthophorid and melittid bees for
provisioning of larvae. Although only a

few genera and a several dozen species of
bees collect oils, hundreds of tropical and
subtropical plant species are pollinated in
this way, and the relationship has evolved
independently many times (Simpson and
Neff, 1983). Another specialized reward
system, involving hundreds of neotropical
plant species, is production of fragrances
collected by male englossine bees. The
bees collect fragrances from flowers and
other sources apparently for olfactory dis-
plays involved in attracting females
{Dressler, 1982; D. Roubik and W. M.
Whitten, pers. comm.). This syndrome has
evolved independently dozens of times
(e.g., three to four times in Dalechampia;
Armbruster 1993; and several times in
Catasetine orchids; Chase and Hills, 1992),
indicating frequent specialization on new
pollinators. The specialized reward system
based on secretion of floral resins involves
only a few genera of bees that build their
nests out of resin. Although the reward
system has evolved only three or four times
in the angiosperms, the relationship is em-
ployed by several hundred species of plants
occurring in most Jowland tropical habitats
worldwide {Armbruster, 1984). Finally, the
relationship between figs and their sced-
feeding wasp pollinators is extremely spe-
cialized, and involves some 900 plant spe-
cies, also occurring worldwide in nearly all
lowland tropical forest habitats (see Wie-
bes, 1979; Janzen, 1979; Herre and West,
1997).

Ollerton  {1998; this volume) has
pointed out that the predictive power of
syndromes have never been tested. Indeed
the most narrow and highly derived defini-
tions of syndromes as presented by Faegri
and van der Piil (1966; 1971; 1979) have
never been fully evaluated or tested. It is
clear that not all syndrome components
(traits) are robustly predictive; e.g., blos-
som color is a notoriously poor predictor of
pollinator; Armbruster, 1996a; Waser et al.,
1996; Waser and Price, 1998). Thus nar-
rowly defined syndromes also lack robust
predictive power (sece Ollerton, 1998,
Waser and Price, 1998). But if we instéad
define syndromes on the basis of reward
chemistry, the predictive power of reward
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syndromes is so high as hardly to need sta-
tistical testing. Most oil-secreting flowers
are pollinated primarily by oil-collecting
bees, fragrance-reward flowers by male
euglossine bees, resin-reward flowers by
resin-collecting bees, pollen-reward flow-
ers by pollen-feeding animals, and nectar-
reward flowers by nectar feeding animals
(Armbruster, unpubl. observations).

Indeed it seems more instructive to
think about using reward chemistry, fra-
grance chemistry, flower color, and other
floral traits to explain portions of the
among-species variance in pollinators (and
vice versa: using pollinators to explain the
variation in different floral traits). We ar-
gue that most of the explainable variance
will be related to reward type, Whether
significantly additional variance is ex-
plained by fragrance chemistry, flower
color, or'corolla shape remains to be evalu-
ated (but see Ollerton, this volume). We
expect these other components explain
much smaller, but still significant, portions
of the total varaince.

Our point is that pollination ecology is
better interpreted as ecological variance
that can be partitioned into various compo-
nents explained by floral, animal, and envi-
ronmental factors, rather than interpreted as
a fixed ecology predicted (or not) by a par-
ticular floral syndrome. The signal in such
analyses is the result of the interplay of
plant response to selection gemerated by
different groups of pollinators acting over
evolutionary time, and the animals’ be-
havioral choices and ecological interactions
in contemporary time. That such dynamic
complexity ever converges on the tradi-
tional, multi-trait pollination syndromes
(see Ollerton, this volume) is what is re-
markable, not that it does so incompletely.

Ollerton (1996) raised the point that the
present suite of convergent traits that we
observe for a given hypothetical pollination
syndrome reflects past selection. It is pos-
sible that some sort of evolutionary inertia
(e.g., genetic or developmental constraints
or homeostasis) may prevent response to
selection for traits that we associate with
generalized pollination syndromes. This
may help explain Ollerton’s paradox, why

evolutionary specialization seems to be im-
portant and common, yet we observe lots
of ecological generalization, i.e., pollina-
tion by many different animal species.
Once evolved, the complexity of biosyn-
thesis and the associated relationship may
restrict evolutionary change, even .in the
face of fluctuating and disruptive selection
by muliiple pollinators (Stebbins, 1974).
For example, Lavandula is pollinated by
dozens of different pollinators, some of
which vary from the predicted bee pollina-
tion mode (Herrera, 1988) without any evi-
dence of adaptation response. Dalechampia
bernieri is pollinated by tiny Liotrigona
bees necar Morondava, Madagascar (Arm-
bruster et al., 1994), but still retains adap-
tations for buzz pollination by huge car-
penter bees as occurs in the north of the is-
land.

This inertia may reflect lack of suffi-
cient genetic variation (Bradshaw, 1991).
Indeed, as Stebbins (1970; 1974) sug-
gested, pollination syndromes are clusters
of covarying, “coadapted” traits, which
perhaps evolve during periods of rapid di-
vergence in response to selection by princi-
pal pollinators. These trait clusters may be
maintained today by genetic/developmental
constraint or even homeostasis, despite di-
rectional or disruptive selection by varied
poltinators. Genetic variation off the cor-
relation trajectory may be very limited.
Thus, a period of evolution in response o
selection generated by a single class of
pollinators may lead to rapid evolution of
integrated, homeostatic trait clusters (syn-
dromes), followed by stasis in face of dis-
ruptive/directional selection by diverse
pollinators (see Stebbins, 1974; Ollerton,
1996). As a specialized syndrome evolves,
a number of morphological traits are fixed
and not easily changed by fluctuations in
abundance and imporiance of pollinators
and selective pressures. Developmental ca-
nalization may be due to the evolution of
strong genetic buffering of the trait, or
mutations leading to the disruption of the
trait may have such drastic pleiotropic con-
sequences that they rarely have the oppor-
tunity to spread. Perhaps this may explain
the patterns documented by Oflerton (this
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volume) whereby certain pollination syn-
dromes appear to cluster together in phe-

. potypic space.

Alternatively, as Ollerton (this volume)
recognizes and as we have discussed
above, the lability of pollination systems
argues against any internal constraints,
suggesting instead, the importance of sta-

" bilizing selection in maintaining any ob-

served stasis. Indeed, the observation that
mutations can alter symmetry patierns in
flowering plants (e.g., Cubas et al,, 1999),
that selection can lead to changes in taxo-
nomically conservative traits (Heuther,
1968), and that destabilized phenotypes can
be recanalized at different states (Rendel,
1967) all argue strongly for a pervasive
role of stabilizing selection and its devel-
opmental analog (canalizing selection) for
the maintenance of suites of traits associ-
ated with pollination syndromes {(reviewed
in Fenster and Galloway, 1997).

It is difficult to choose among these hy-
potheses. We lack sufficient information
about the genetic basis of floral integration
to evaluate the developmental constraint
hypothesis. Studies investigating the ge-
netic basis of multi-trait syndrome are
clearly needed. Artificial selection and
quantification of the pleiotropic conse-
quences of mutations are two such meth-
ods. Comparative approaches, through
mapping multiple character-state changes
along sufficiently resolved phylogenies,
may also contributg to our understanding of
the origins and maintenance of {rait inte-
gration.

CONCLUSIONS

We think that the diversity of opinions
noted in this essay {(even amongst Our-
selves) reflects the dynamics and health of
modern pollination ecology. To paraphrase
Knut Fegri's comments (pers. conim.) at
the most recent meeting of the Scandina-
vian Pollination Ecologists meeting
(SCAPE), differences of opinion among
biologists are healthy and stimulating, and
reflect activity in the field. Indeed, pollina-
tion biology is today more vigorous and vi-
brant than ever, in part, we think, because it

sits at the nexus of three dynamic fields:
evolution, ecology, and behavior.

We suspect, however, that some present
disagreements in pollination ecology may
be based on misunderstanding instead of
true difference of opinion. For example, it
seems important to keep clear in our minds
the difference between the evolutionary
process of specialization and the ecological
state of being specialized. We suggest that
in the context of plant-pollinator evolution,
studies of evolutionary specialization are
just as important as studies of the current
ecological state of specialization. We also
need to think carefully about the relation-
ship between specialization on species of
pollinators versus on functional groups of
pollinators, We argue that specialized ad-
aptations and syndromes are usually gener-
ated and maintained by selection created by
classes of similar pollinators, and only
rarely by single pollinator species. This
should not cause us to reject the importance
of specialization. By analogy, consider that
we have not rejected the widespread im-
portance of coevolution in the evolution of
plant-animal relationships just because
there are few examples of 1:1 coevolution.

We need to think more carefully and
critically about pollination syndromes. De-
spite our deep skepticism about syndromes
as tight phenotypic/ecological units, we
feel that the concept has much to offer as
an initial model of flower evolution. We
should avoid defining pollination syn-
dromes so narrowly that they lose all value.
We need to come to agreement about how
much predictive power pollination syn-
dromes must have to be useful. Are syn-
dromes useful if they explain only a portion
of the variance in pollinator type? We think
so. Are they useful if reward chemistry ex-
plains considerable variance, but the color
component much less? Probably so. We
should not be surprised to find that the
number of exceptions to a syndrome neatly
equals the number of observations con-
forming to the expected trend. Finally, we
think one of the most exciting areas of re-
search on pollination syndromes will come
from investigating the relative contribution
of contemporary selection by pollinators
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versus genetic and developmental con-
straints or homeostasis to the maintenance
of each syndrome.

To these ends, we have proposed a
number of approaches to quantify the ori-
gin, maintenance, and evolution of spe-
cialized and unspecialized pollination ecol-
ogy, as well as the combinations of floral
traits that have been recognized as pollina-
tion syndromes. We hope that these ex-
perimental and comparative approaches
will be used more widely in the future and
lead to a better understanding of the role of
specialization in the evolution of flower-
pollinator relationships.

Having interacted with Knut Fagri at
SCAPE meetings over the past few years,
we conclude that he certainly never in-
tended to write the final chapter on polli-
nation biology, but rather hoped to encour-
age new ideas and approaches. The frame-
work that Fegri and van der Pijl con-
structed in Principles of Pollination Ecol-
ogy for studying and testing pollination
systems has been clearly successful.
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