Evolution, 57(9), 2003, pp. 2001-2011

CONTRASTING FLOWERING PHENOLOGY AND SPECIES RICHNESS IN
ABIOTICALLY AND BIOTICALLY POLLINATED ANGIOSPERMS
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Abstract.—Biotic pollination is thought to correlate with increased interspecific competition for pollination among
plants and a higher speciation rate. In this study we compared patterns of flowering phenology and species richness
between abiotically (wind) and biotically pollinated plants, using phylogenetically independent contrasts. We compiled
phenological data from eight local seasonal floras, in which we found geographically overlapping sister clades. Of
65 documented origins of wind pollination, we were able to use up to 17 independent contrasts. In contrast to previous
studies we found no difference in global species richness between wind- and biotically pollinated sister clades.
Regarding phenology, we found wider phenological spread in biotically pollinated clades, earlier flowering onset in
wind-pollinated trees, but no difference in duration of flowering between pollination modes. These results corroborate
previous views that niche space is more constrained for wind-pollinated species, and that niche partitioning is less
important between wind-pollinated plants compared to plants pollinated by animals.
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Flowering phenology is one of the plant traits most studied
in relation to plant pollination systems and considered po-
tentially important for their ecology and evolution (Primack
1985; Rathcke and Lacey 1985; Gotelli and Graves 1996;
Fenner 1998). Assuming pollinatorsto be alimiting resource,
two main hypotheses for phenology of biotic pollination have
been developed. Levin and Anderson (1970) suggested that
coexistence would be promoted by phenological character
displacement, that is, a staggered phenological community
structure. This hypothesis is based on the assumption that
pollinator competition could lead to competitive exclusion.
Mosquin (1971) and Heinrich (1976) restricted the generality
of the hypothesis suggesting that pollinator limitation is less
probable during large parts of the flowering season and in
plant assemblages dominated by strong disturbance regimes.
As an alternative hypothesis, Thomson (1978) and Rathcke
(1983) proposed facilitation to be more important than com-
petition. By aggregating flowering times, coexisting species
could generate a net gain of fertilizations for each other.

For abiotic (wind) pollination, previous evolutionary hy-
potheses on phenology have focused on the time of flowering
within the season and the duration of flowering. To reduce
the area of inert surfaces, it has been suggested that release
of pollen in wind-pollinated plants (especialy trees and
shrubs) should be advantageous in early parts of the growing
season before leafing has occurred (Whitehead 1969; Hein-
rich 1976; Faegri and van der Pijl 1979). Heinrich (1976)
pointed out, though, that early flowering can be important
for biotically pollinated plants too, as for the ground florain
deciduous communities to track the phenological niche when
pollinators and insolation are more abundant. To overcome
the particular problems correlated to anemophily, it has also
been suggested that wind-pollinated plants are favored by
mass rel ease of pollen on specific environmental cues (White-
head 1969; Faegri and van der Pijl 1979). Therefore, flow-
ering phenology in wind-pollinated plants has been expected
to show intrapopulation synchronization and thus shorter du-

ration of flowering (Whitehead 1969; Rabinowitz et al. 1981).
Further, wind-pollinated plants do not compete for pollinators
and have been shown to be able to select conspecific pollen
from the air (Linder and Midgley 1996). Thus, we expect
interspecific overlap in flowering time to be more common
in wind-pollinated plants compared to biotically pollinated
plants that potentially compete for pollinators. Interspecific
flowering overlap is also motivated by the need for wind-
pollinated plants to track environmental conditions (dry,
windy) favoring pollen dispersal, conditions which are com-
mon to wind-pollinated species in general (Culley et al.
2002a,b).

The question of phenological community structure is still
unresolved. The results of Stiles (1977) and Ashton et al.
(1988) on interspecific division of the phenological niche,
and Carpenter (1976) and Waser (1983) on character dis-
placement, provide limited evidence for nonrandom struc-
turing of phenological patterns (Gotelli and Graves 1996;
Fenner 1998). A lack of support for phenological structure
in plant communities has been used as a justification for
advocating that selection on phenology is weak or nonexis-
tent (Ollerton and Lack 1992). In contrast, there are many
reasons why existing competition for pollinators is difficult
to detect in phenological community structure. Several stud-
ies of community structure have used a null model approach
and the biological soundness of these models has been ques-
tioned (Gotelli and Graves 1996). Moreover, Brody (1997)
pointed out that selection on other traits might offset or con-
strain the evolution of flowering phenology. For example,
Pico and Retana (2000) found counterbalancing effects be-
tween different reproductive phases over an extended flow-
ering season. Finally, Kochmer and Handel (1986), Bell and
Stephens (1984), and Johnson (1993) have shown strong lin-
eage-specific effects, often called constraints, on flowering
phenology (but see Petanidou et al. 1995). Based on these
findings Kochmer and Handel (1986) did not exclude effects
of interspecific interactions on phenological community pat-
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terns, but suggested that they probably only have a role in
fine-tuning these patterns.

In concordance with the hypothesis on pollinators as a
limited resource, competition for pollinators would not only
generate phenological character displacement and/or diver-
gence in other character traits related to the pollinator inter-
action (Grant 1994), but also be expected to enhance spe-
ciation. Biotic pollination is regarded as one of the most
important determinants for angiosperm speciation, both at
the overall level (Stebbins 1981; Crepet 1984) and, as sug-
gested by the positive correlations found between pollination
mode and species richness (Eriksson and Bremer 1992; Rick-
lefs and Renner 1994; Dodd et al. 1999), compared to other
interactions and pollination modes. Central to the hypothesis
of pollinator-assisted speciation is the idea of faithful pol-
linators (Crepet 1984). Such constancy would promote re-
productive isolation between species and evolutionary
change within lineages, forming the basis for gradual de-
velopment of ‘‘pollination races’ and later allopatric spe-
ciation (Ricklefs and Renner 1994; Waser 1998). Therefore,
clades characterized by biotic pollination would be associated
with higher species richness compared to clades consisting
of abiotically pollinated plants.

In this study we use a phylogenetically independent con-
trast approach (Felsenstein 1985; Harvey and Pagel 1991;
Mgller and Birkhead 1992; Wickman 1992) to compare phe-
nology evolution and species richness in abiotically (wind)
and biotically pollinated sister clades. Basically, we have
addressed the same phenological issues as Rabinowitz et al.
(1981) in their detailed study of the wind- and insect-polli-
nated subsets of a prairie plant community, athough our
study is based on monophyletic clades, not communities
(Grandcolas 1998). We have compiled literature data on flow-
ering onset and duration of flowering from geographic areas
where sister clades overlap. For each sister clade we have
calculated phylogenetically uncorrected means of onset and
duration, and standard deviations of flowering onset (SDpget) -
The SDgnset Which we will call phenological spread, isadopt-
ed as our measure of niche structure.

We test four different hypotheses: (1) wind-pollinated
plants flower earlier in the season; (2) biotically pollinated
plants have a longer duration of flowering; (3) phenological
spread is wider in biotically pollinated clades; and (4) biotic
pollination enhances species richness.

To our knowledge, this is the first study on comparative
plant phenology using phylogenetically independent repli-
cates. Because plant phenology, pollination mode, and spe-
cies richness are all correlated to latitude, we have used flo-
ristic information from areas where sister clades overlap geo-

graphically.

MATERIALS AND METHODS
Dataset

The dataset was delimited by two main criteria. First, we
needed phylogenies resolved at a level making it possible to
locate the node of change from biotic to wind pollination
mode. Second, phenology information had to be comparable
for the contrasted clades. As phenology is correlated to lat-
itude, we looked for geographic regions where distribution
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areas of the sister clades overlapped, and for which reliable
floras including flowering phenology existed. Of 65 listed
origins of wind pollination (Ricklefs and Renner 1994; Dodd
et al. 1999; H. P. Linder, unpubl. manuscript), 17 phyloge-
netically independent contrasts (PIC) that satisfied thecriteria
above could be constructed (See Table 1 for references to
phylogenies and floras, and Table 2 for an overview of de-
rived data).

Traits

Phenology information on flowering onset and duration of
flowering was taken from eight local floras from Japan, Aus-
tralia, North America, and Europe (Table 1). For each species
belonging to a sister clade used, and found in the local flora,
flowering onset was denoted as the first day of the time period
given for flowering in the local flora. The flowering time was
expressed by month or part of month in the floras used. Du-
ration of flowering was denoted as the sum of days of the
flowering period given in the floras. Mean flowering onset,
mean duration of flowering, standard deviation of flowering
onset (SDgnset), @nd flowering overlap (eg. 1; developed from
Augspurger 1983) were then derived for each sister clade in
all 17 phylogenetically independent replicates, using all spe-
cies belonging to each sister clade once. These clade quan-
tities were derived without considering internal phylogenies
(Mgller and Birkhead 1992; Wickman 1992); that is, at this
level each species was used as an independent unit. Not con-
sidering internal phylogeny may affect values of both means
and standard deviations. The particular effect, though, isin-
timately correlated to the topology and we have no reason
to believe that the topological patterns are biased between
the matched pairs, that is, the biotic and wind-pollinated

clades.
OA = <r11> X <?1> X jzzlei#j. (l)

Flowering overlap (Op) of speciesi in alocal floraisafunc-
tion of the number of speciesin thelocal flora(n), the number
of days species i is flowering (f;), and the number of days
both speciesi andj (i # j) are flowering simultaneously (e ;).

SDgnset @nd flowering overlap are two measures of phe-
nological spread. There are several other closely related con-
cepts to these phenological community characteristics, for
example, phenological overlap, dispersion, divergence, char-
acter displacement, phenological displacement, and stagger-
ing. Here, we will use phenological spread in ageneral sense
simply because we believe it is sound to have a common
biological term for the phenomenon, that is, interspecific phe-
nological dispersion, even if different studies use different
guantitative measures suitable for their study system and ap-
proach.

Data on species richness were collected from Mabberley
(1997) except for PIC numbers, 3 and 14 (Table 1), which
were from Ackerly and Donoghue (1998) and Wallander
(2001), respectively. Bremer et al. (1998) and Soltis et al.
(2000) were consulted for updated delimitations of families
and higher taxonomic levels.
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Pre-analyses

To check for any bias between pollination modes regarding
phenology information in flora publications, we performed a
paired t-test on phenology information from a flora of south-
ernmost Sweden (Weimarck 1963) and conspecific herbarium
specimens from the same area. The sample was chosen to
match the dataset in Table 1 as much as possible. Asexpected,
the recorded onset of flowering is earlier in the flora than
was evident from herbarium specimens, whereas the recorded
duration of flowering in the flora was longer than evident
from herbarium material, but no bias between pollination
modes existed (t-test: Npgireq = 13, Ponset = 0.72, Pgyration =
0.54).

We also checked for correlations between the two measures
of phenological spread (SDynst and flowering overlap) and
between flowering onset and the rest of the phenology mea-
sures respectively, using a subset from Table 1. No corre-
lation was found except between flowering overlap (eq. 1)
and SD,t, Which were negatively correlated (Pearson cor-
relation: Nying = 12, P < 0.01, R? = 0.53; Nyigic = 12, P
= 0.08). Thus, we have excluded flowering overlap from the
rest of the study, and SD,, a0One represents phenological
spread. All tests in the preanalyses were performed in Sta-
tistica version 5.5 (StatSoft 1999).

Tests

All tests of hypotheses 1-4 were performed as one-tailed
sign tests, and we calculated cumulative P-values according
to Sokal and Rohlf (1995, p. 78). In the test of hypothesis 4
(species richness) each sign value (+, supporting the hy-
pothesis, —, opposing the hypothesis; 0, draw) was based on
a single global calculation of species richness for each PIC
(Table 2, species richness).

When testing the phenological hypotheses 1-3, the sign
value (+, —, 0) for each PIC was equal to the dominating
sigh among all the local contrasts nested within each PIC.
This dominating sign was derived by summing up the sign
values for al local contrasts nested within a PIC. For ex-
ample, for PIC 1 (Table 2) the dominating sign for pheno-
logical spread was [sign(17.3 — 60) + sign(54.5 — 45) +
sign(35.5 — 24.5) + sign(45.8 — 25.3)] = (=) + (+) + (+)
+ (+) = (+). If no sign dominated, the PIC was given sign
value 0. Because such zero contrasts are noninformative in
sign tests, sample sizes (N in Table 3) were sometimes lower
than expected from the available number of PICs (nin Table
3).

The sample size in the tests of hypothesis 3 (phenological
spread) was further diminished as calculations of standard
deviation of flowering onset requires data from more than
one species per clade (see missing data in Table 2). When
analyzing phenological spread, we both derived the domi-
nating sign to use each phylogenetically independent repli-
cate only once (n = 12, test 3a, Table 3), and used the sign
value of each local contrast as an independent replicate (n
= 33, test 3b, Table 3). The decision to use both levels of
replication is further elaborated in the Discussion.

RESULTS

Mean onset of flowering ranged from late winter to late
autumn, and mean onset date differed as much as three
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months between sister clades (Fig. 1). We believe such data
on phenology evolution, as presented in Figure 1, are im-
portant to consider in relation to conceptions of phylogenetic
constraints, and we will discuss this further below.

No difference in flowering onset dates was found (Fig. 2)
in the PIC study contrasting wind- versusbiotically pollinated
clades (test 1a, Table 3): five contrasts were in favor of the
hypothesis and five were against; that is, there was no con-
sistent directional difference between wind- and biotically
pollinated sister clades. However, a closer analysis of the
dataset revealed that all clades consisting of wind-pollinated
trees (PICs 2, 3, 5, 7, and 14 in Tables 1 and 2) flowered
earlier than their biotically pollinated sister clades (test 1b,
Table 3).

As phenological information in floras most often is denoted
by months only, the duration of flowering is undoubtedly
overestimated. Mean duration of flowering per clade was nor-
mally distributed and varied from less than a month to more
than seven months. We found no difference in duration of
flowering between pollination modes (test 2, Table 3): five
contrasts were against and five were in favor of the hypoth-
esis.

Phenological spread (Fig. 3), that is, standard deviation of
onset of flowering of species within a clade, was analyzed
using two different levels of replication (see Discussion). In
both analyses we found significant differences between pol-
lination modes (tests 3a and 3b, Table 3). These results in-
dicate that biotically pollinated plant species separate their
flowering more than abiotically pollinated plant species. Us-
ing al local contrasts, 22 contrasts were in favor and 10 were
against the hypothesis, whereas, using the dominating sign
within each PIC, nine were in favour and two were against
the hypothesis.

Finally, we compared species richness between the dif-
ferent pollination modes in geographically overlapping sister
clades. In biotically pollinated clades species richness ranged
between five and almost 4000 species, whereas the species
richness in wind-pollinated clades varied from two to more
than 16,000 species (Table 2). In contrast to previous studies,
we found no difference in species richness (test 4, Table 3)
between pollination modes. Nine contrasts were in favor and
six were against the hypothesis that biotic pollination en-
hances species richness.

Discussion

Based on studies in temperate communities, it has been
suggested that wind-pollinated species flower earlier than
biotically pollinated species (Clarke 1893; Robertson 1895;
Faegri and van der Pijl 1979; Proctor et al. 1996), and it has
been described both at the intrageneric level (Wallander
2001) and at the community level (Heinrich 1976) focusing
on tree species. Thisis presumably the result of selection for
spreading pollen before the canopy closes (Whitehead 1969;
Heinrich 1976), and as such applies primarily to trees. Since
all clades consisting entirely of wind-pollinated trees, that
is, Platanus, Acer sp., Fagales, Populus, and Fraxinus sp.,
flowered earlier than their biotically pollinated sister clades,
this hypothesis was corroborated in the present study. How-
ever, if al life-forms of plants were included, there was no
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TaBLE 2. Derived phenology values and species richness data for phylogenetically independent contrasts (PIC) of pollination modes.
Phenology data were compiled from local floras (see Table 1) but species richness is given at the global level. All phenological clade
measures (means for flowering onset and duration of flowering, and standard deviations for phenological spread) were derived for each
local flora, using each species in the local flora once. Flowering onset is expressed in Julian day number, and duration of flowering and
phenological spread in days. mis the total number of local samples for each variable.

PIC Sample size Flowering onset Duration of flowering Phenological spread Species richness
no. Region Local florat Biotic wind Biotic Wind Biotic Wwind Biotic Wind Biotic Wwind
1 North America  California 3 3 141 121 90 100 17.3 60
1 North America  Texas 5 4 109 83.5 162 105 545 45
1 North America  Illinois 2 4 116 121 85 60 354 245
1 East Asia Honshu 3 10 101 163 80 84 458 253
1 global 89 331
2 North America  Carolinas 2 1 151 91 120 60 0 *
2 North America  Texas 1 1 121 61 90 90 * *
2 North America Illinois 1 1 181 121 60 30 * *
2 global 1600 8
3 North America Illinois 3 4 91 76 60 60 0 17.3
3 North America  Texas 5 3 61 41 80 90 0 17.3
3 North America  California 3 1 121 61 60 60 * *
3 North America  Carolinas 4 5 97.7 61 46.7 84 115 474
3 global 5 5
4 North America  Illinois 4 1 151 151 67.5 90 42.4 *
4 North America  Carolinas 9 7 137.7 138.1 66.7 128.6 60.2 34
4 Europe The Netherlands 12 4 156 151 80 97.5 25 24.5
4 East Asia Honshu 20 5 169 175 70.5 102 48.1 747
4 Australia South Australia 15 29 119 80.7 106 146.9 1119 574
4 global 1100 145
5 North America  Illinois 3 17 161 108.6 110 47.6 346 26.1
5 East Asia Honshu 7 32 211 115.4 68.6 44.1 0 38.4
5 global 1717 1025
6 North America  Texas 11 1 121 61 98.2 120 48.4 *
6 Europe The Netherlands 18 2 132.7 136 98.3 105 29.4 212
6 East Asia Honshu 24 5 1335 205 86.3 78 353 134
6 global 854 10
7 North America Illinois 15 5 103 85 46 48 15.2 13.4
7 Europe The Netherlands 12 6 81 81 57.5 40 195 155
7 East Asia Honshu 2 2 151 91 45 75 42.4 0
7 global 400 35
8 North America Illinois 6 17 126 136.9 55 65.3 12.2 439
8 Europe The Netherlands 2 10 121 121 105 108 0 46.9
8 East Asia Honshu 14 46 163.9 173.2 47.1 73.7 522 64.6
8 Australia South Australia 27 5 29.7 78.8 158.9 162 484 814
8 global 945 2329
9 North America  Illinois 28 27 1242 181 79.3 92.2 27.5 22
9 Europe The Netherlands 63 44 130.4 180.3 106.8 96.8 30.9 17.7
9 East Asia Honshu 50 28 141.4 199.2 93.6 91.1 42.6 30.9
9 global 2300 2050
10 North America  Texas 10 4 76 143.5 225 142.5 73.8 56.8
10 East Asia Honshu 3 3 151 151 140 140 52 0
10 global 1850 65
11 North America Illinois 1 10 181 199 90 81 * 15.5
11 North America  California 1 13 181 183.3 60 99.2 * 46.6
11 Europe The Netherlands 2 5 166 199 105 72 21.2 16.4
11 East Asia Honshu 10 22 256 215.1 69 72.3 40.6 21.3
11 Australia South Australia 2 1 136 91 135 120 21.2 *
11 global 41 503
12 North America Illinois 2 5 196 193 90 102 21.2 16.4
12 North America  Texas 5 19 157 196.8 102 69.5 329 322
12 global 16 70
13 global 300 18
14 North America  Carolinas 4 4 143.5 98.5 525 45 15 15
14 Europe Hungary 2 2 106 91 60 60 21.2 0
14 East Asia Honshu 7 1 146.7 91 47.1 60 11.3 *
15 global 3982 2
16 global 475 3006
17 global 2400 16,189
m 43 43 43 43 38 35 16 16

T See Table 1 for references.
¥ Julian day number (denoting flowering onset) in the flora of South Australia were transformed to Northern Hemisphere values by subtracting 180 days.
* Denotes missing data.
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TaBLE 3. Results of one-tailed sign tests using N phylogenetically
independent contrasts. N is the number of informative (non-zero)
PICs; n is the total number of PICs including draws, which are
uninformative in sign tests. P is the cumulative P-value (Sokal and
Rohlf 1995, p. 78). Test 1b was based on a subset in which all
wind-pollinated clades consisted entirely of trees. In test 3a the
analysis was based on the dominating sign among the local contrasts
nested within each PIC, and thus only one contrast for each phy-
logenetically independent replicate. In test 3b all local contrasts
within each PIC were used as independent replicates.

Test Trait Prediction N (n) P

la Flowering onset biotic > wind 10 (13) 0.38
1b Flowering onset (trees)  biotic > wind 5() 0.03
2 Duration of flowering biotic > wind 10 (13) 0.62
3a Phenological spread biotic > wind 11 (12) 0.03
3b Phenological spread biotic > wind 32 (33) 0.03
4 Species richness biotic > wind 15 (16) 0.3

consistent directional difference in onset time of flowering.
To what extent the other wind-pollinated life-forms have
evolved to track or avoid any other biotic or abiotic condi-
tions in a comparable way to wind-pollinated trees remains
to be studied. For herbaceous wind-pollinated plants, Koch-
mer and Handel (1986) suggested an alternative strategy to
early flowering, and that is to overtop the surrounding plants,
or at least grow high enough to accomplish adequate pollen
dispersal. As for early flowering, such a strategy seeks to
avoid physical obstacles for pollen dispersal created by the
surrounding vegetation. Because of lineage-specific (inher-
ent) differences in growth rate and pollen dispersal efficacy,
different species would then reach the necessary height at
different times of the season, and subsequently different flow-
ering times. Thus, if the overtopping strategy istrue, it could
be one explanation for the lack of consistent directional dif-
ferencesin flowering onset between wind- and biotically pol-
linated clades of other life-forms than trees.

It has been suggested that biotically pollinated plants flow-
er longer than abiotically pollinated plants, and Rabinowitz
et al. (1981) actually found narrower (smaller standard de-
viations) flowering curves for wind-pollinated populations.
Longer duration of flowering in biotically pollinated plants
isrelated to the ** erratic and capricious behaviour of insects’’
(Proctor et al. 1996, p. 265), and is considered a bet-hedging
strategy. By flowering for a long time, the biotically polli-
nated plants can track the unpredictable peaks of visitation
from pollinators. In contrast, wind-pollinated plants can gain
from a shorter duration of flowering. Whitehead (1969) ar-
gued that a close coordination of flowering and thus a co-
incidental release of pollen would be a strategy to overcome
the physical obstacles (distance, leaves, interspecific neigh-
bors) for wind pollination. In our study such synchronization
of flowering should be reflected by a shorter duration of flow-
ering. However, these hypotheses were not supported here,
as we found no difference in duration of flowering between
wind- and biotically pollinated plants. It is obvious, though,
that Whitehead (1969) focused on the male behavior (pollen
dispersal) of the wind-pollinated plant. Our experience from
studies within Restionaceae (P. Linder, unpubl. data) is that
pollen is released during very short periods of time creating
clouds of pollen. But these episodes of pollen release may
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Fic. 1. Differences in flowering onset between contrasted sister
clades of wind- versus biotically-pollinated plants. The sample is
based on a subset of Table 1, comprising the most species rich local
samples of each phylogenetically independent contrast.
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Fic. 2. The distribution of flowering onset for (a) biotically pol-
linated clades, and (b) abiotically pollinated clades, based on all
local samples of each sister clade (Npiotic = Napiotic = 43). White
columns represent PICs in which the wind-pollinated clade consists
entirely of trees. Flowering onset dates from the flora of South
Australia were transformed to Northern Hemisphere values by sub-
tracting 180 days.
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2). Phenological spread was measured as the standard deviation of
flowering onset.

be dependent on unpredictable environmental cues, implying
that the female flowering would gain from being extended
in time. That stigmas are receptive for a much longer time
than the pollen release we also know for Restionaceae. Such
an extended duration of female flowering could explain the
unpredicted indifference in duration of flowering between
wind- and biotically pollinated plants.

Our study supportsthe ideathat biotically pollinated plants
separate their flowering times more than abiotically polli-
nated plants. The main proposed process behind phenological
spread among related species has been competition for pol-
linators (Fenner 1998), but the only previous comparative
study on this issue did not find such a difference in pheno-
logical spread (Rabinowitz et al. 1981). Because we have
only compared patterns, it is of course important to note that
any selective process behind these patterns could have been
working to aggregate wind-pollinated species as well as sep-
arating biotically pollinated species. The advantage for syn-
chronized flowering in wind-pollinated populations is easy
to understand (see above). But aggregation of several closely
related species, as we have found here, would indicate that
pollen clogging is a less important problem in wind-polli-
nated plants compared to the advantages of environmental
cueing. Linder and Midgley (1996) were able to show that
wind-pollinated plants can select conspecific pollen from the
air, thus avoiding pollen clogging. This is also consistent
with the results of Honig et al. (1992).

In contrast, the hypothesis of enhanced pollinator attraction
by synchronized flowering, that is, facilitation (Thomson
1978; Rathcke 1983), does not gain any support from this
study, even though facilitation as a concept has been devel-
oped for species growing together and sharing pollinators
(receptor guild), and may not be found among phylogeneti-
cally related species.
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When analyzing the community-related parameter phe-
nological spread we used both the dominating sign among
local contrasts of each PIC, and each local contrast as an
independent replicate (tests 3a and 3b respectively, Table 3).
The decision to treat each local contrast as an independent
replicate was based upon two considerations. First, in their
paper on flowering phenology, Kochmer and Handel (1986)
found phylogenetic effects (which they called ‘‘con-
straints’’). Kochmer and Handel’s (1986) main finding, in
this context, was that families flowered in a common order
between continents, and not a restriction of the variability of
flowering phenologies within families. This family *‘flow-
ering time mean’’, we argue, is proof of lineage-specific ef-
fects in a Darwinian unity-of-type sense (Darwin 1859, p.
233), not of constraints, and such lineage-specific effects do
not necessarily constrain the possibility of local adaptation.
Moreover, sister clades in the present study differed by up
to three months in mean flowering onset (Fig. 1). We believe
such quantitative information does not help us at all in de-
ciding whether the local adaptability is constrained or not.
Therefore, we think it is too early to advocate any statistical
decision (cf. Mazer 1998). Second, our study is not a phy-
logenetically informed community study (Brooks and
McLennan 1993; Grandcolas 1998), but a comparison of the
evolution in monophyletic clades. Still, the species in each
local sample of a clade share a common local ecological
history different from samplesin other localities. Itisdifficult
to assess to what extent this common ecological history can
be responsible for evolved patterns overriding effects based
on the common phylogenetic history. Petanidou et al. (1995)
argued that local ecological history could be important for
phenological community assembly after finding varying pat-
terns of family flowering order on different continents. The
argument by Petanidou et al. (1995) is strengthened by the
fact that very few species in our study were shared between
different local floras.

Based on these two considerations, we believe that phe-
nology studies are improved by incorporating separate anal-
yses of local contrasts. We argue that it is too early to omit
local contrasts on assumptions of phylogenetic constraints.
Also, the ongoing discussion of ‘‘true’’ replication or ** pseu-
doreplication’” resulting in inflated degrees of freedom in
comparative ecology (e.g., Harvey et al. 1995; Westoby et
al. 1995; Mazer 1998) calls for the incorporation of both
levels of replication.

The idea of pollinator-assisted radiation of species has
strong proponents in the history of evolutionary botany
(Grant 1949; Stebbins 1981; Crepet 1984). But during the
last decades the mechanisms behind this positive correlation
between biotic pollination and speciation have been ques-
tioned, mainly due to growing evidence that many plant-
pollinator interactions are generalized (Waser et al. 1996;
Ollerton and Cranmer 2002). At the same time, support for
an association between biotic pollination and speciesrichness
has come from phylogenetically informed studies (Eriksson
and Bremer 1992; Ricklefs and Renner 1994; Dodd et al.
1999). In fact, our study is the first considering phylogenetic
information that finds no support for higher species richness
in biotically pollinated clades. We would like to think that
this finding is a result of two improvements in the approach
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we have used. First, using more detailed phylogenies, we
located nodes of change in which wind pollination evolved,
and used the descending clades for our comparisons rather
than using a certain taxonomic level, for example family, as
has been common previously. Furthermore, we had to omit
a large proportion of the nodes used in Dodd et al. (1999)
as they are not supported by recent phylogenies (e.g. Soltis
et al. 2000). Apart from the exception Poaceae, mentioned
by Dodd et al. (1999), we have aso found comparatively
high species richness in the wind-pollinated clades of Thal-
ictrum, Urticales, Artemisiinae, Ambrosiinae, and Sauraceae/
Piperaceae. Second, and probably more interesting, we in-
cluded in our dataset only sister clades that have overlapping
global distributions. Because wind pollination increases as a
function of latitude (Whitehead 1969; Regal 1982) and di-
versity decreases with latitude (Brown and Lomolino 1998,
p. 450), there is a biogeographic autocorrelation between
pollination mode and diversity. We tried to reduce this effect
by restricting our dataset to geographically overlapping sister
clades.

A potential problem when correlating a character state to
species richness and diversification rates, is that the clade
characterized by the novel trait is by definition entering a
new niche space. Of the two sister clades contrasted, one is
thus being retained in an existing occupied niche space and
the other is entering an unoccupied niche space, and their
potential radiation may therefore not be comparable. From
this perspective, the prediction would be that change in itself
enhances species richness. The present study, in which we
have contrasted species richness between biotic versus wind-
pollinated clades, wind pollination is consistently the derived
state, and thus we can not know if it is the change per se or
wind pollination that is responsible for the pattern found.
Preferably, to test for effects of pollination mode on species
richness, we would need independent contrasts of both gains
and losses of the contrasted modes. Secondary origins of
biotic pollination are extremely rare, though, and neither we
nor any of the previous students of these issues (Eriksson
and Bremer 1992; Ricklefs and Renner 1994; Dodd et al.
1999) have been able to incorporate any of them in their
studies.

A shortcoming in our study, which is common to studies
using phylogenetically independent contrasts, is the small
sample size. In the current study the dataset was reduced
even further by the requirement of geographically overlap-
ping sister clades. In spite of these weaknesses, we conclude
that wind pollination does not generally imply ‘*a lowering
of net speciation rate’’ as Dodd et al. (1999, p. 737) sug-
gested, and believeit is still an open question to what extent,
and under which conditions, biotic pollination has been im-
portant for angiosperm radiation. Temporal and spatial var-
iation in plant-pollinator interactions needs to be investigated
to quantify whether local or ephemeral periods of speciali-
zation (Thompson 1994) might be a mechanism behind pol-
linator-assisted speciation. Because most plant-pollinator as-
semblages are compiled from flower visitation data, there is
aneed to quantify pollinator efficacy. From such information
we can judge whether apparently generalized plant-pollinator
interactions arein fact specialized, or at least exert directional
selection, due to certain particularly efficient pollinators
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(Schemske and Horvitz 1984; Ollerton 1996; Waser et al.
1996). Furthermore, we hope our approach will be used both
in local field studies of phenological community structure
and with better-resolved phylogenetic hypotheses. The pri-
mary advantage of better-resolved data would of course be
to challenge not only the evidence from this study of wider
phenological spread in biotically pollinated plants, but also
the lack of differences in the other phenological variables.
Detailed field phenology data for wind-pollinated plants are
extremely rare in the literature. Field studies are also needed
to evaluate the relative selective importance of phylogenet-
ically related versus functionally related species. In addition,
internal phylogenies and higher resolution of phenological
data would admit a deepened discussion about which evo-
lutionary processes have been responsible for the differing
phenological patterns, both in particular clades and in com-
munities with varying conditions.
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