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e Background and Aims Many recent studies show that plant—pollinator interaction webs exhibit consistent struc-
tural features such as long-tailed distributions of the degree of generalization, nestedness of interactions and
asymmetric interaction dependencies. Recognition of these shared features has led to a variety of mechanistic
attempts at explanation. Here it is hypothesized that beside size thresholds and species abundances, the frequency
distribution of sizes (nectar depths and proboscis lengths) will play a key role in determining observed interaction
patterns.

e Methods To test the influence of size distributions, a new network parameter is introduced: the degree of size
matching between nectar depth and proboscis length. The observed degree of size matching in a Spanish plant—
pollinator web was compared with the expected degree based on joint probability distributions, integrating size
thresholds and abundance, and taking the sampling method into account.

e Key Results Nectar depths and proboscis lengths both exhibited right-skewed frequency distributions across
species and individuals. Species-based size matching was equally close for plants, independent of nectar
depth, but differed significantly for pollinators of dissimilar proboscis length. The observed patterns were pre-
dicted well by a model considering size distributions across species. Observed size matching was closer when
relative abundances of species were included, especially for flowers with openly accessible nectar and pollinators
with long proboscises, but was predicted somewhat less successfully by the model that included abundances.
e Conclusions The results suggest that in addition to size thresholds and species abundances, size distributions are
important for understanding interaction patterns in plant—pollinator webs. It is likely that the understanding will
be improved further by characterizing for entire communities how nectar production of flowers and energetic
requirements of pollinators covary with size, and how sampling methods influence the observed interaction
patterns.

Key words: Plant—pollinator community, flower morphology, generalization, nectar, pollination network, body

size, size matching, specialization.

INTRODUCTION

Most angiosperm species attract animals to pollinate their
flowers (e.g. Renner, 1988; Nabhan and Buchmann, 1997).
Attraction is usually achieved by providing rewards of nectar,
pollen or other substances. In some flowers, these rewards are
easily accessible, but in others they are obtained only by
animals with particular behaviours or morphologies. Perhaps
the clearest example is the concealment of nectar within deep
tubes or other floral structures. Leaving aside those animals
that ‘rob’ the nectar (Irwin et al., 2001), it is expected that con-
cealed nectar will be accessible only to animals with mouthparts
as long as or longer than the depth of the structure that holds the
nectar (hereafter termed the ‘nectar depth’).

In previous studies of a Spanish community of nectar-
producing plant species and nectar-searching animal species
(Stang et al., 2006, 2007), we were able to predict several
topological properties of the actual web of interactions by
assuming the existence of a threshold proboscis length for
each plant species. Specifically we could predict the observed
distribution of the degree of generalization of plants and polli-
nators, the nestedness of interactions between plants and
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pollinators (the degree to which more specialized species inter-
act with a sub-set of the partners of more generalized species)
and the degree of interaction asymmetry, i.e. whether special-
ists interact with generalists (asymmetry) or with other special-
ists (symmetry). Here we explore the success of size thresholds
in combination with size distributions in explaining an
additional topological property, namely the patterns of inter-
action as a function of size. These patterns can be expressed
as a bivariate frequency distribution of interactions across
size classes of proboscis lengths and nectar depths, along
with the average degree of size matching between depths
and lengths for each species separately.

In our earlier studies, it was found that the proboscis lengths
of flower visitors to a given plant species were indistinguish-
able from a random selection from all the potential visitors
in the local species pool, i.e. those insects that conformed to
the nectar depth of the plant species (Stang et al., 2006). In
such a case, observed size matching should be influenced
not only by the size threshold ‘rule’, but also by the frequency
distributions of nectar depths and proboscis lengths in the
community (compare Cohen et al., 1993). For example, if
flower visitors with short proboscises are more abundant
than those with long proboscises, visits to flowers with
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openly accessible nectar might be dominated by the former.
This could lead to high degrees of size matching for such
plants, even in the absence of innate preferences of pollinators
or of preferences resulting from interpecific competition
for nectar (e.g. Ranta and Lundberg, 1980; Harder, 1985;
Rodriguez-Gironés and Santamaria, 2005, 2006).

The few published studies of size-specific interaction patterns
and size matching in communities of plants and pollinators have
restricted their focus to groups of closely related animal species
such as hoverflies (Gilbert, 1981), long-proboscid flies
(Goldblatt and Manning, 2000), euglossine bees (Borrell,
2005), solitary bees (Armbruster and Guinn, 1989), bumble-bees
(Brian, 1957; Ranta and Lundberg, 1980; Harder, 1985), butter-
flies (Corbet, 2000) and hawkmoths (Haber and Frankie, 1989).
Overall, these studies revealed that animal species with long pro-
boscises visit on average a wider range of flowers than species
with short proboscises, as one would expect based solely on
size thresholds. All studies also reported a positive relationship
between proboscis lengths of animals and average nectar
depths of plants visited, indicating size matching. However,
none of these studies tested whether the observed size-specific
interaction patterns and average size matching could result
from the actual frequency distributions of proboscis lengths or
nectar depths in the local community. Furthermore, these animal-
centred studies do not allow an extrapolation to how well plant
species match the morphology of their visitors (the plants’
rather than the animals’ perspective), because most plants were
probably visited by more than the animal taxa under investigation
(Herrera, 1996; Waser et al., 1996; Olesen, 2000).

Here the Spanish web was used to explore factors that con-
tribute to observed size-specific interaction patterns and size
matching. After characterizing the actual size distributions of
proboscis lengths and nectar depths, the frequency distribution
of observed interactions across size classes of plants and
animals is described and the average degree of size matching
for each plant and animal species is calculated separately.
The observed patterns are then compared with theoretical
expectations based on joint probability distributions. In this
modelling approach, which differs from those used in previous
such studies, it is assumed that the probability of observing any
interaction is inversely proportional to the number of potential
interaction partners of both the plant and animal species
involved, given that the threshold rule is met. The goals are
3-fold: (1) to explore how well the simple considerations of
size thresholds and size distributions can reproduce size-
specific interaction patterns at the community level and size
matching at the level of species; (2) to determine whether
the inclusion of the relative abundances of species changes
the observed patterns and its predictability; and (3) to see
whether the degree of size matching differs between morpho-
logically generalized and specialized species, as could be
expected when trait distributions are uniform and interactions
are proportional to abundance.

MATERIALS AND METHODS
Study system and sampling methods

The study community in the southeast of Spain comprised 25
nectar-producing plant species from 11 plant families, and 111
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nectar-collecting pollinator species from five insect orders
(Stang et al., 2006). The number of pollinator species and indi-
viduals at flowers was determined during 6 weeks in March
and April 2003 by using a modified transect walk. Ten
sampling plots of 200 m? (most of them 4 x 50 m) were estab-
lished and we walked through them at a slow pace. As soon as
an insect was observed visiting a plant species that was in good
flower, we determined if the insect was searching for nectar
and/or pollen and touching the flower’s reproductive organs.
After catching that insect, we continued observing this plant
species for the next 2—7 min, depending on visitation activity
and the number of flowering plant individuals in that plot.
During this interval, each additional insect individual visiting
that plant species was recorded. All observed insects contacted
stigmas and anthers during their visits, so they were all
counted as pollinators. After each observation interval, we
switched to another plant species that was in good flower.
Each plant species was observed for 60 min, spreading the
observation intervals per species equally over four 2h
periods between 1000h and 1800h (i.e. 15 min per 2h
period). We distributed observation intervals randomly over
different plots [3-6 + 1-6 plots per species (mean + s.d.)]
and sampling days (within a period of 15 d per plant
species) so that each plant species was sampled only once
per plot and per 2 h period within 1 d.

During the peak of each plant species’ flowering season, the
number of flowering individuals was counted. It was assumed
that the sample of individual plants observed to interact with
pollinators was representative of the overall plant community
during the observation period. This approach simplifies the
comparison with previously published quantitative studies,
almost all of which are based on the observed number of inter-
acting individuals. Similarly, it was assumed that our sample
of 887 individual nectar-searching pollinators comprising
111 different species could be taken as representative of the
overall pollinator community during the study period. Most
individual pollinators that were observed were caught for
identification, but only one specimen from each animal
species per plant species and sampling interval was retained
for size measurement (in total 278 individuals), to minimize
the impact on pollinator populations. The honeybee Apis
mellifera was the most abundant species, comprising one-third
of observed individuals. For this species, we caught only a tiny
fraction of observed individuals, making our estimate of the
number of individual honey bees less reliable than that of
the other pollinator species.

A pollinator species was observed on average 8-0 + 28.-5
times (or 5-4 + 7-5 excluding honey bees). A total of 34 %
of the pollinator species were represented by only a single indi-
vidual during the entire study period. Per plant species, on
average 36 + 25 pollinator individuals (or 24 + 18 excluding
honeybees) were observed.

Species traits and trait distributions

Nectar depth was measured for 5—10 flowers of each plant
species as the distance from the position in the flower that a
pollinator’s head could reach to the base of the flower part con-
taining the nectar (Stang et al., 2006). Nectar standing crops
were generally small, so these measurements will be close to
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actual nectar accessibility. In all analyses, the minimum nectar
depth value measured for each plant species was used, to allow
the most liberal interpretation of the threshold that would
exclude potential pollinators (Stang et al., 2006). Proboscis
length and body length of all pollinators captured at flowers
were also measured. Body mass of pollinators was estimated
as M = 0-0305L>%* with M = dry mass in mg and L = body
length in mm (Rogers et al., 1976).

The width of the floral structure containing the nectar
and the proboscis diameter of pollinators were also measured,
as these might impose an additional size constraint on inter-
actions (Stang et al., 2006). However, these morphological
traits are not discussed further, since they did not enter as a
major factor in the analyses presented below (Stang, 2007).

Observed and expected frequency distributions of interactions

The observed frequency distributions of numbers of inter-
actions as functions of size were determined by dividing the
ranges of proboscis lengths and nectar depths into size
classes of 2 mm and counting the observed numbers of inter-
acting species or individuals as each analysis required (see
below). The expected frequency distributions of interactions
were derived using two algorithms derived from our sampling
regime in the field. The first ‘species-based’ algorithm
assumes that all species are equally abundant and that the
probability of observing an interaction between any given
species pair depends solely on the number of other species
that may potentially interact with each member of the pair.
That is, we assume that species with many potential interaction
partners will be observed infrequently with any one of these
partner species, and vice versa for species with few potential
partners (see also the Appendix). The second ‘abundance-
based’ algorithm adds in the observed number of interacting
individuals per species, so that abundant species have a
higher chance of interacting than do rare species.

For the first, species-based approach, the joint probability
p;; that pollinator species i is visiting a plant species j is
calculated as:

1

1
pij = cmy; N, N,
<Z mﬂ> <Z mkj)
=1 k=1

s — 1 forL; > Dj
Y710 else

with

(1)

where ¢ is a normalization factor, m;; is the threshold operator
that indicates whether the interaction is possible, L; is the
proboscis length of pollinator species i, and D; is the nectar
depth of plant species j. The first quotient in the equation
is the probability that the pollinator species of interest
visits the plant species of interest, among all N, plant
species that this pollinator can visit. Given that pollinator i
can indeed visit plant j, this quotient is one divided by a
sum taken across all N, plant species in the community, in
which only those with m;; = 1 are counted. The second, par-
allel term is the probability that the pollinator to the plant
species of interest is the pollinator species of interest,
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among all the N, pollinator species that can visit this plant
species, with a form analogous to that of the first quotient.
Consider an example: a pollinator species i with a proboscis
of 3 mm can exploit all plant species j with nectar depth
<3 mm; if five plant species meet this criterion, the prob-
ability of observing this pollinator on any given one of
these five plant species is (1/5) = 0-2. Conversely, a nectar
depth of 3 mm is accessible to pollinators i with a proboscis
>3 mm; if 20 pollinator species meet this criterion, the
probability of observing any particular pollinator species is
(1/20) = 0-05. These probabilities are multiplied to find the
joint probability (0-01) of observing exactly that plant
species visited by that pollinator species.

For the second, abundance-based approach, we include the
relative abundances of species, thus assuming that the joint
probability p;; is proportional to the number of observed inter-
acting individuals instead of species, so that:

F; i .
pij = cmyj— / v f with
P a
maFy (Z mk;fk)
(E ) & @
P 1 forL;, > Dj
Y710 else

where Fj; is the number of observed interacting individuals of
plant species j, and f; is the number of observed interacting
individuals of pollinator species i.

Multiplication of the probabilities p; by the observed
number of species—species or individual—individual inter-
actions (231 and 887, respectively) yields the expected fre-
quencies of interactions across species and individuals. It is
straightforward to transform these expected frequency distri-
butions into the expected numbers of species or individuals
per size class, by adding all frequencies across the species
pairs of one bivariate size class (e.g. nectar depths of
2—4 mm combined with proboscis lengths of 6—8 mm).

Observed and expected degrees of size matching

The observed degree of size matching was calculated for
each species separately, based on the mean and standard devi-
ation of trait values for its mutualistic partners. From the
plants’ perspective, this means the average proboscis lengths
of visitors to their flowers, whereas from the pollinators’ per-
spective it means the average nectar depths of flowers they
visited. To calculate expected nectar depths and proboscis
lengths, we used either species- or abundance-based matrices
of probabilities p;; of interaction between pollinator species i
and plant species j. Hence the expected mean proboscis
length L; of pollinators from the perspective of plant species
j is calculated as:

Na
> Lipj
i

j =

N 3)
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In the same way the mean nectar depth D; from the perspective
of pollinator species i is calculated as:

4)

Least-squares linear regression was used to assess the degree
of size matching across species. Size thresholds by themselves
may be expected to produce a decreasing variance of observed
or expected data points with increasing nectar depth or decreas-
ing proboscis length, since greater nectar depths allow access by
a smaller range of proboscis lengths, and shorter proboscises
allow access to a smaller range of nectar depths. Thus, we
expect triangular distributions of depth on length or of length
on depth (Stang et al., 2007; compare Cohen et al., 1993).
This heterogeneity of variance does not in fact occur when
using means of proboscis lengths and nectar depths, so that
such data met the statistical criteria for regression analysis.
Model 1 least-squares linear regression was used because it
was assumed that mean proboscis lengths or nectar depths of
single species (x-variates) were measured with less error than
the means of trait values of the multiple interaction partners
for each such species (y-variates).
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To test whether size thresholds and observed frequency dis-
tributions of size (nectar depth and proboscis length) could
jointly explain the observed degree of matching, we compared
the observed slope of the regressions just described with the
expected slopes based on the two algorithms (species-based
and abundance-based). To compare the degree of matching
of generalized species with that of specialized species, and
to compare observed and expected slopes, partial F-tests fol-
lowing Potthoff (1966) were used. Statistical analyses were
performed in SPSS 12.0 (SPSS Inc., Chicago, IL, USA).

RESULTS
Observed trait distributions and covariation among species traits

Nectar depths ranged from 0 to 9-5 mm, with a mean of 3-5 mm
and a median of 2-7 mm (Fig. 1A). The frequency distribution
of depths was slightly right-skewed (kurtosis = —0-25,
skewness = 0-73) but could not be distinguished statistically
from a normal distribution (Kolmogorov—Smirnov z = 0-84,
P = 0-49, n = 25). The distribution of the number of interacting
individuals across plant species (Fig. 1B) was also slightly right-
skewed (kurtosis = —0-44, skewness = 0-51); a log transform-
ation did not normalize it (z = 9-39, P < 0-001, n = 887). The
number of interacting plant individuals (which equals the
number of individual pollinators observed on a plant species)
and the total number of open flowers were positively correlated
(rs =058, P =0-002, n = 25).
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Fic. 1. Observed distributions of nectar depths and proboscis lengths. Shown are the numbers of interacting species (A, C) and individuals (B, D) per size class
interval of 1 mm. Honey bees (Apis mellifera, mean proboscis length = 5-95 mm) contribute 295 individuals to proboscis length class 6 in (D).
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Observed proboscis lengths of the 111 pollinator species
ranged from 0-1 to 14-0 mm, with a mean of 3-5 mm and a
median of 2-3 mm. Mean and median values were similar to
those of nectar depths, but the maximum proboscis length was
4-5 mm greater than the maximum nectar depth (Fig. 1C). The
distribution was unimodal and right-skewed (kurtosis = 1-36,
skewness = 1-43). After log transformation, the proboscis
lengths were normally distributed (z=1-01, P =0-26, n =
111). The frequency distribution based on the number of individ-
uals resembles the distribution based on the number of species,
but only when A. mellifera is excluded. The distribution
with Apis was slightly right-skewed (kurtosis = —0-19,
skewness = 0-23, Fig. 1D); a log transformation did not normal-
ize it (z=9-4, P < 0-001, n = 887). Without Apis the distri-
bution was slightly more right-skewed (kurtosis = —0-61,
skewness = 0-65); again a log transformation did not normalize
it (z=3-16, P < 0-001, n = 592).

Estimated dry body mass of the pollinator species ranged
from 0-1 to 67-4 mg, with a mean of 12-7 mg and a median
of 7-8 mg. The distribution was right-skewed and was normal-
ized by log transformation (z = 0-90, P = 0-39, n = 111). Log
proboscis length and log body mass were significantly posi-
tively correlated across pollinator species; hence the former
size trait exhibits positive allometric scaling with the latter
(length = 0-72 mass”®', r* = 0-67, P < 0-001, n = 111).
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Observed and expected frequency distributions of interactions

Observed and expected frequency distributions of plant—
pollinator interactions across 2 mm size classes are given in
Table 1. Matrices in the top section (a, ¢) represent observed
frequency distributions across size classes and show that
most interactions were observed in the upper left triangle of
the matrix. The leading diagonal from the lower left corner
to the top right corner represents size classes for which
nectar depth and proboscis length match. Matrices in the
bottom section (b, d) represent expected frequency distri-
butions of interactions. In both sections, the left-hand matrix
(a, b) represents the species-based perspective and the right-
hand matrix (c, d) represents the abundance-based perspective.
For the species-based analysis there were no significant differ-
ences between observed and expected values in non-zero cells
of these matrices (X2 =10-62, d.f. =12, P =0-56), i.e. for
interactions that were both possible given the threshold rule
and actually represented in the Spanish community. For the
abundance-based analysis, the differences were significant
()(2 = 105-34, d.f. = 12, P < 0-001). The largest contribution
to these differences came from cells in the left upper corner
of the matrices: interactions between plants with openly acces-
sible nectar and pollinators with long proboscises were
observed far less frequently than expected.

TABLE 1. Observed and expected frequency distributions of plant—pollinator interactions across size classes of 2 mm, with
pollinators in rows and plants in columns

A Species-based
plants
Size
class 1 2 3 4 5 Y
5 2 5 20 0 10 37
e 4 5 2 18 0 0 25
23
g 3 19 7 18 0 0 44
@ £
55 2 3 7 0 0 0 45
Q.
1 76 4 0 0 0 80
Y 140 25 56 0 10 231
B
Size
class 1 2 3 4 5 Y
5 9 5 22 0 17 55
4 6 3 13 0 0 22
=30
gs 3 12 7 15 0 0 35
Qg
g= 2 45 8 0 0 0 52
wg
1 67 0 0 0 0 67
> 139 24 51 0 17 231

Size increases from bottom to top (pollinators) and left to right (plants).

C Abundance-based
plants
g:ses 1 2 3 45 %
5 2 7 72 0 17 98
4 5 12 84 0 0 101
3 162 48 153 0 O 363
2 98 23 0 0 0 121
1 178 26 0 0 0 204
2 445 116 309 0 17 887
D
C‘QI'::S 1 2 3 45 3
5 43 15 45 0 14 116
4 45 16 47 0 0 108
3 165 58 161 0O O 384
2 94 13 0O 0 0 107
1 171 0 0O 0 0 171
z 518 102 253 0 14 887

Size class 5 for pollinators combines all proboscis lengths between 8 and 14 mm in order to obtain frequencies large enough to meet assumptions of x* tests.
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Fi1G. 2. Observed and expected proboscis lengths in relation to nectar depths

of flowers based on species (A) or individuals (B). Each data point corresponds

to a single plant species (n = 25) and is shown as the mean proboscis length of

pollinators observed at that plant (filled circles) + 1 s.d. (vertical lines), along

with the mean length predicted by the appropriate (species-based or

abundance-based) model (open triangles). The threshold line is the line at
which proboscis length equals nectar depth.
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Observed and expected degrees of size matching

Regressing observed mean proboscis length on nectar depth
(the plants’ perspective) yields a significant positive slope for
both species-based (= 0-95) and abundance-based (= 0-90)
means, with an intercept in both cases of about 2-2 mm
(Fig. 2 and Table 2, plants). Neither slope differed signifi-
cantly from unity, but the intercepts in both cases differed sig-
nificantly from zero. This means that proboscis length did not
perfectly match nectar depth on average, but the difference
was quite small, and the degree of matching was independent
of nectar depth (i.e. the degree of matching was similar across
the range of depths). The observed slopes also did not differ
significantly from the expectations of the species-based
(slope = 1-09) or abundance-based (slope = 0-75) algorithms,
even though the latter slope differed by 0-15 from the observed
slopee and the intercept was about 1 mm larger. Overall, the
combination of size thresholds and observed frequency distri-
butions of proboscis length closely reproduced the observed
degree of size matching.

Regressing observed mean nectar depths on proboscis
lengths (the pollinators’ perspective) again yields a significant
positive slope for both species-based and abundance-based
means (Fig. 3 and Table 2, pollinators). Both slopes were sig-
nificantly less than unity, i.e. pollinators with short proboscises
matched the flowers they visited more closely than did pollina-
tors with long proboscises. The observed slope based on
species means (= 0-53) was not significantly different from
the expected slope (= 0-52), whereas the slope based on abun-
dance (= 0-54) was significantly steeper than expected (=
0-36). The latter result indicates that with increasing proboscis
length pollinators matched the flowers they visited slightly but
significantly more closely than expected. Nevertheless, the

TaBLE 2. Degree of observed and expected morphological matching based on the mean trait values of the interaction partners,
according to the species-based and abundance-based algorithms

Model Slope Intercept P A t P
Plants’ perspective
Species-based
Observed 0-95 +2-26 0-82 - - -
Expected 1.09 +2-18 097 -0-14 —1-422 0-162
Threshold line 1-00 0-00 1-00 -0-05 —0-949 0-348
Abundance-based
Observed 0-90 +2:27 0-85 - - -
Expected 0-75 +3-54 095 +0-15 +1.770 0-083
Threshold line 1-00 0-00 1-00 —0-10 —1-638 0-108
Pollinators’ perspective
Species-based
Observed 0-53 +0-14 0-70 - - -
Expected 0-52 -0-01 0-96 +0-01 +1-910 0-849
Threshold line 1-00 0-00 1-00 -0-47 -14-170 <0-001
Abundance-based
Observed 0-54 +0-11 0-72 - - -
Expected 0-36 -0-18 095 +0-18 +5-300 <0-001
Threshold line 1-00 0-00 1-00 —-0-46 -14-570 <0-001

The table gives the slope, intercept and r* of the best linear fits to the observed data and to model predictions, corresponding to the fits shown in Figs 2 and 3.
A indicates the difference in slope between these regression lines, and between the observed regression and a slope of unity expected under perfect size

matching; ¢ gives the ¢ value and P the significance of these differences.
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F1G. 3. Observed and expected nectar depths in relation to proboscis lengths

of pollinators based on species (A) or individuals (B). Each data point corre-

sponds to a single pollinator species (n = 111) and is shown as the mean nectar

depth of flowers visited by that pollinator (filled circles) + 1 s.d. (vertical

lines), along with the mean depth predicted by the appropriate (species-based

or abundance-based) model (open triangles). The threshold line is the line at
which nectar depth equals proboscis length.

difference between observed and expected was small com-
pared with the difference with a slope of unity.

DISCUSSION

Mutualistic ecological webs studied to date, including pollina-
tion webs, exhibit some remarkably consistent features: an
excess of relative specialists compared with extreme general-
ists (i.e. scale-free or truncated scale-free degree distributions;
e.g. Jordano et al., 2003; Vazquez and Aizen, 2003), asymme-
try in the interactions of specialists and generalists (i.e. most
specialists interacting with generalists rather than other
specialists; e.g. Vazquez and Aizen, 2004) and nestedness
(i.e. more specialized species tending to interact with
sub-sets of the partners of their more generalized counterparts;
e.g. Bascompte et al., 2003), with little evidence for highly
exclusive compartments (e.g. Dicks et al., 2002; Lewinsohn
et al., 2006). Recognition of these shared features has led to
a variety of mechanistic attempts at explanation. To date, the
causal assumptions have been (a) that interactions occur at
random, and reflect primarily the (log-normal) abundance dis-
tribution of plant and animal species (Vazquez and Aizen,
2004; Vazquez et al., 2007; Krishna et al., 2008); (b) that
trait complementarity (such as phenological matching) and/
or exploitation barriers (such as a nectar depth threshold)
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determine network topology (Jordano et al., 2006; Rezende
et al., 2007; Santamaria and Rodriguez-Gironés, 2007); or
(c) that a combination of exploitation barriers (nectar depth
threshold) and random interactions proportional to the
observed abundance of species is important (Stang et al.,
2007).

Here an additional feature of pollination webs was con-
sidered, i.e. size-related distribution patterns, that could help
to discriminate between the different causal assumptions. We
explored how well the frequency distributions of interactions
across size classes, and the average degree of size matching
for individual species in an actual pollination web, can be
explained by two simple rules: (1) nectar searching pollinators
will only visit flowers when their mouthparts suffice to reach
the nectar (the size threshold rule); and (2) the probability of
an interaction depends on the relative abundances of plants
and pollinators of the size classes in question (the rule that
the actual frequency distributions of flower and pollinator
sizes of the species pool in the local community determine
the frequencies of interactions). These two rules did quite
well in predicting the observed size-specific interaction pat-
terns from the perspective of both plants and pollinators.
This result suggests that, along with the size threshold and
interaction proportional to species abundance [the two rules
that can explain the degree of generalization, nestedness and
interaction asymmetry (Stang et al., 2007)], size distributions
play an important and hitherto unrecognized role in structuring
pollination webs.

Trait distributions and morphological matching

A right-skewed distribution, lognormal and unimodal, is the
prevailing distribution for body mass across animal species
(e.g. Hutchinson and Macarthur, 1959; Brown, 1995, and
references therein; Kozlowski and Gawelczyk, 2002; Allen
et al., 2006; Ulrich, 2006). A right-skewed distribution of pro-
boscis lengths also should prevail in pollination webs, insofar
as length correlates across species with body mass. Such a
positive correlation has been reported for solitary bees,
bumble-bees, butterflies and sphingid moths (Harder, 1985;
Haber and Frankie, 1989; Shmida and Dukas, 1990; Corbet,
2000; Agosta and Janzen, 2005; see also Inouye and Pyke,
1988). It was also found in the Spanish community, and,
indeed, proboscis lengths in this community were distributed
lognormally across species, with most species having a short
proboscis. As a result, the majority of pollinators of morpho-
logically generalized plants (those with relatively accessible
nectar) matched the nectar depth of flowers very closely.
Visual inspection suggests that nectar depths in our commu-
nity also were right-skewed. A right-skewed distribution was
reported in alpine communities in North America, Austria
and Australia (Inouye and Pyke, 1988), and for flowers
visited by Costa Rican dry forest moths (Agosta and Janzen,
2005).

These features of size distributions appear to explain the
observed patterns of size matching from the perspective of
both plants and pollinators. Because pollinators with short pro-
boscises were common, the average degree of size matching
was relatively high for generalized plants. However, the
longest proboscises were longer than the deepest flowers by
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>4 mm. As a result, relatively specialized flowers (those with
concealed nectar) also received visits representing a range of
proboscis lengths, especially at the species level. Thus the
linear regressions of proboscis length on nectar depth have
slopes near unity, but both the predicted and observed
slopes, while paralleling the threshold line, lie about 2 mm
above it. Turning to the regressions of nectar depth on probos-
cis length, the presence of pollinators with extra-long probos-
cises necessarily will depress the slope of a straight line fit,
which is consistent with our finding of slopes less than unity.

Deviations between expected and observed matching

Despite the good agreement between observed and predicted
relationships, there was some variation in how closely the
mean of single species agreed with theoretical expectation
based on our simple rules. Some of the deviation of observed
means from predicted values might be an artefact that would
have disappeared with more extensive sampling of the commu-
nity. However, in the regression of nectar depth on proboscis
length, using the abundance-based algorithm, there also
appears to be a systematic deviation in the direction that
longer tongued pollinators fell increasingly above the pre-
dicted line. Such a deviation suggests that our approach has
limitations, a likely one being that it fails to capture all the
elements that determine the value or utility of different
flowers from the pollinators’ perspective. Selection of
flowers by pollinators is likely to be based on more than just
accessibility of nectar, since pollinators appear in general to
be sensitive to finer details of floral reward such as caloric
value and ease of extraction (e.g. Pyke, 1984; see also
Stephens and Krebs, 1986).

Complicating the picture are the potential intercorrelations of
size with components of resource quality and energy require-
ments. For example, plant species with accessible nectar prob-
ably produce less nectar on average than those with deep
tubes or spurs. Conversely, pollinators with long proboscises
tend to have larger body mass (in general, and as we have
shown, in the Spanish community), which confers larger
energy requirements (Heinrich and Raven, 1972; Corbet,
2006). The combination of these factors could impose an
additional energetic threshold on pollinators, restricting
species with long proboscises to flowers with nectar depths
exceeding a certain value, since these would also contain
caloric rewards above a certain value (see Corbet et al.,
1995). An energetic threshold of this kind would be consistent
with the under-representation of long-tongued pollinators at
open flowers and the systematic deviation of such pollinators
in the regression of nectar depth on proboscis length, relative
to expectation from the abundance-based model.

Finally, we recognize that pollinators often search flowers
not only for nectar but also for pollen. The importance of
pollen as a reward differs greatly across pollinator taxa (e.g.
butterflies vs. bees), as do the accessibility and amounts of
pollen across plant species. Both aspects might influence
flower selection by pollinators that are probing a flower for
nectar, and this might contribute to the observed deviation
from expectations. Future studies should estimate the impact
of pollen vs. nectar visits on network structure, and should
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more explicitly distinguish insects that are seeking nectar
alone, pollen alone or some combination.

Model assumptions

Our central assumption that pollinators follow a size
threshold in visits to flowers requires that they quickly learn
which flowers have accessible nectar, so that the probability
of observing them on inappropriate flowers is low. Learning
of this kind has been studied more extensively in some polli-
nator taxa than in others, but appears to be rapid in most
cases (e.g. Chittka and Thomson, 2001). We also assumed
that pollinators choose randomly from among the appropriate
plants. This assumption is in good accord with actual obser-
vations from the Spanish web (Stang et al., 2006, 2007) and
more generally it corresponds to the behaviour expected of
optimal foragers that are relatively unconstrained in floral
choice, as appears to be a good first approximation for many
pollinators (e.g. Pyke, 1984; Waser et al., 1996). We further
assumed that the chance of observing a given plant species
is independent of the chance of observing a given pollinator
species, once the size threshold rule is met, and that an obser-
ver cannot see an interaction when it is with a plant that is not
chosen by the observer (see Appendix).

Implications for ecological generalization, floral evolution and
conservation

We have shown that a size threshold is not at odds with a
relatively high degree of morphological matching for plants
with open flowers. In principle, the rewards of such flowers
are accessible to a wide range of proboscis lengths, but polli-
nators with short proboscises outnumber those with longer pro-
boscises and thus predominate as pollinators. Thus the
potential for ecological generalization, which characterizes
open flowers, is not at odds with an empirical observation of
strong size matching. Because many small pollinators
(especially flies, beetles and wasps) are not as efficient as
larger pollinators (especially bees) in transferring pollen
during each visit to a flower (e.g. Herrera, 1987, 1989), gener-
alization on a diversity of pollinators might be important for
the pollination of open flowers. Turning to the pollinators’ per-
spective, a longer proboscis confers the potential for greater
generalization, which may be important for supporting a
higher metabolic cost, even if most visits are to deep flowers.

If a size threshold and a seemingly ubiquitous right-skewed
frequency distribution of proboscis lengths ensure substantial
size matching between flowers and pollinators, this may lead
to further evolutionary change. Even if a relatively tight
match might not originally be essential for successful pollina-
tion, the high number of species and individuals with a predict-
able morphology might increase the probability that plant
species will adapt to the most common morphological type of
pollinator (which might comprise numerous insect species),
insofar as this increases per-visit pollination efficiency. For
example, upright, shallow flowers might adapt the distance
between the opening to their nectar chamber and their
exposed anthers to match the average distance by which pollina-
tor mouthparts exceed nectar depth, because pollen might attach
better to hairy body parts than to a smooth proboscis. This could



Stang et al. — Size-specific interactions and size matching in pollination webs

tighten the match of flowers to pollinators, especially if floral
evolution is coupled with an increase in preference of pollina-
tors for flowers that have nectar depths that match their mouth-
parts or are only slightly shorter.

Indeed, a relatively close morphological ‘fit” between flower
depth and length of mouthparts often appears to correlate with
high rates of visitation to flowers (Inouye, 1980; Ranta and
Lundberg, 1980; Peat et al., 2005), and also with high rates
of pollen transfer during each visit (Nilsson, 1988; Campbell
et al., 1996; Johnson and Steiner, 1997; but see Wilson,
1995). Assuming that morphological fit usually does benefit
plant reproduction, these results, and the results of our study,
imply that a right-skewed distribution of proboscis lengths
may be important for the maintenance of intact plant commu-
nities. Loss of short-tongued pollinator species, or reduction in
their abundances, should reduce the degree of size matching,
and might thereby reduce pollination success of shallow
flowers. Trait distributions that provide an optimal morpho-
logical matching for all plant species could serve as a testable
reference point to estimate the potential health of a plant—
pollinator web in terms of resilience to species loss.

Caveats and future directions

We have argued here, and in previous papers (Stang et al.,
2006, 2007), that size thresholds and size distributions together
do well in explaining topological features of the Spanish pol-
lination web. However, this is far from the final word, in
several regards. First, it seems imperative to apply this same
approach to other interaction webs in distinct types of habitats.
We are in the process of doing so ourselves, and we also urge
other workers to measure trait distributions across species and
individuals, and to include such information in attempts to
explain observed interactions. Secondly, there is little known
about the impact of sampling methods on observed interaction
patterns. For example, how does sampling proportional to
plant abundance (transect walks, e.g. Memmott, 1999),
sampling until saturation points of finding new pollinator
species are reached (adaptive sampling, e.g. Ollerton and
Cranmer, 2002) or equal sampling effort per plant species
(focal species approach, e.g. this study) affect estimates of
generalization, interaction asymmetry and size matching?
These questions need further investigation, especially if one
wants to quantify links and compare the results of different
studies (manuscript in preparation). Thirdly, and more generally,
there is a logical pitfall in assuming that a given causal model is
correct because it does a good job in predicting what one
observes. There is no accepted criterion as to how good the pre-
diction must be in order that one gains confidence in given
causal factors. Furthermore, it is logically fallacious to conclude
that because A predicts B, B implies A. In other words, although
size thresholds and size distributions appear plausible as causal
components of actual visitation patterns, and although our con-
fidence increases along with the number of features we can
explain in actual webs, ultimately we cannot exclude other
causal factors as important, without further work.

Among the causal factors that might be important are
several that have been hinted at above: the energetic value of
individual flowers, the number and clustering of flowers on
plants (which influences energetic cost of travel among
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them), energetic requirements of pollinators and costs of
resource extraction as a function of the match or mismatch
between flower and pollinator size (e.g. Inouye, 1980; Smith
et al., 1996), as well as interspecific resource competition
among pollinators and consequent shifts in resource use (e.g.
Rodriguez-Gironés and Santamaria, 2006). It also would be
worth studying how floral advertisement such as colour and
odour influence flower choice and thus interaction patterns
within a network (Raguso, 2008; Riffell et al., 2008).
Extending observational studies such as ours to new commu-
nities is one step toward exploring the roles of all such
factors, but we would argue, in conclusion, that experimental
manipulation (of plant and pollinator size distributions,
nectar rewards, and so on) is also feasible, and ultimately
necessary, for further progress in determining which mechan-
istic factors give rise to the patterns we see in pollination webs.
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APPENDIX

Our modelling approach (the formulae described in the text)
corresponds to the following scenario: (a) a plant is selected
[with equal probability for all plant species (species-based
approach) or individuals (abundance-based approach)]; (b) a
pollinator is selected out of the pollinators that meet the
threshold criterion for that plant [each particular pollinator
species (or individual) has an equal probability of being
selected]; (c) the selected pollinator randomly chooses one
of the plants for which it has access to nectar; (d) whether
the plant chosen by the observer and the plant chosen by the
pollinator are the same is checked; (e) if they are the same,
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this interaction is counted as 1, if not this interaction is dis-
carded and counted as zero; (f) the procedure is repeated
until each plant species (or individual) is sampled the same
number of times.

This approach assumes (a) that all plant and pollinator species
overlap in time and space and can potentially interact (see Stang
et al., 2006); (b) that each plant species (or individual) is
observed for the same amount of time and that each pollinator
species (or individual) has the same amount of time available
for visitation; (c) that the pollinators arrive sequentially (so
that only one pollinator individual is in the area per time
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interval); (d) that a pollinator chooses only a plant to which it
has access to nectar (i.e. a pollinator wastes no time visiting
flowers with inaccessible nectar); (e) that the pollinator
chooses randomly among plants that meet the threshold criterion
(i.e. pollinators show no preferences, as if, for example, plants
do not differ in effective reward offered); (f ) that the pollinator
chooses a plant independently from the observer; and (g) that an
interaction cannot be seen by an observer when the pollinator
chooses a plant different from that chosen by the observer
(because the observation is spatially restricted; the observer
cannot see everything at once).





