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Pollinator-mediated selection has been suggested as a key driver of speciation in plants. We examined the potential role of
hawkmoth pollinators in driving allopatric divergence and maintaining sympatric coexistence of morphotypes in the African iris
Gladiolus longicollis. Floral tube length in this species varies from 35 mm to 130 mm across its geographic range and reflects the
prevailing tongue lengths of local hawkmoth assemblages. The distribution of floral tube lengths is bimodal with two relatively
discrete categories—long (about 90 mm) or short (about 50 mm)—that match the bimodal distribution of hawkmoth tongue
lengths in eastern South Africa. At a contact site between these two floral morphs, we found few individuals of intermediate
length, suggesting limited gene flow between morphs despite their interfertility. A difference in flowering phenology appears
to be the main isolating barrier between morphs at this site. Long- and short-tubed morphs differed markedly in the chemical
composition of their floral fragrance, a trait that could be used as a cue for morph-specific foraging by hawkmoths. Positive
directional selection on tube length was found to occur in both morphs.
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Pollinator-mediated selection plays a key role in shaping flower
morphology (Nilsson 1988; Campbell et al. 1996; Medel et al.
2003; Whittall and Hodges 2007; Anderson and Johnson 2008;
Bloch and Erhardt 2008; Muchhala and Thomson 2009), and
many believe that pollinators frequently drive the speciation pro-
cess in plants (Grant and Grant 1965; Johnson 2006). For example,
plants with wide geographic ranges may traverse complex polli-
nator mosaics (as outlined by Johnson 2006, also see Althoff et al.
2005; Whittall and Hodges 2007; Godsoe et al. 2008) varying in
absolute or relative pollinator composition. As a result, the shapes
and strengths of pollinator-mediated selection on flower form may
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vary between populations and this may lead to geographic vari-
ation in floral characters, such as flowering phenology (Olsson
and Agren 2002) and flower morphology (Schemske and Horvitz
1989; Johnson 1997; Ehlers et al. 2002; Rey et al. 2006; Perez-
Barrales et al. 2007). In support of this, empirical studies have
also demonstrated that geographical variation in flower morphol-
ogy is often connected with geographical differences in pollinator
assemblages (Johnson 1997; Boyd 2004; Muchhala 2007). Many
studies linking floral morphology and pollinators have focused on
allopatric pollination ecotypes, in which the same plant species
has several different pollinators across its range (e.g., Robertson
and Wyatt 1990; Johnson and Steiner 1997): few examine both
allopatric populations and the contact zones in which those “in-
cipient species” meet and potentially interbreed.
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In this study, we take a two-step approach to study the speci-
ation process. First, we examine patterns of covariance for the
adaptive trait corolla length and its proboscis length counter-
part in allopatric populations of a morphologically variable South
African iris, Gladiolus longicollis, and its hawkmoth pollinators.
Second, we examine possible factors that allow these divergent
forms to coexist in sympatry.

Gladiolus longicollis is pollinated by nocturnal hawkmoths
(Goldblatt and Manning 1998; Alexandersson and Johnson 2002).
It occurs in two major flowering forms: one with a short-tubed
corolla and one with a long-tubed corolla. Populations in the
northern part of the distribution appear to have long corollas
(tubes up to 130 mm), whereas populations in the south ap-
pear to have short corollas (tubes as short as 35 mm; Fig. 1,
Table S1). Alexandersson and Johnson (2002) documented strong
positive directional selection for tube length in a population on
Mount Gilboa in the central part of the distribution range. This
showed that the length of the floral tube in relation to hawkmoth
proboscis length is of great importance for reproductive success
(e.g., the tube needs to be as long or longer than the proboscis for
efficient transfer of pollen; Alexandersson and Johnson 2002),
as also demonstrated in other plant species with deep flowers,
(Nilsson 1988; Johnson and Steiner 1997; Maad 2000; Maad and
Alexandersson 2004; Anderson and Johnson 2008; Anderson and
Johnson 2009; Muchhala and Thomson 2009).

Alexandersson and Johnson (2002) found that the long-
tongued hawkmoth Agrius convolvuli is the primary pollinator
of the long-tubed morph of G. longicollis (See Fig. S1) at Mount
Gilboa and that these moths carry large G. longicollis pollen
loads. Shorter-tongued hawkmoths were seldom seen visiting the
long-tubed plants and those captured had much smaller pollen
loads (if any). In 2003, we visited the Gilboa population earlier
than usual and found a form of G. longicollis with short flo-
ral tubes nearing the end of its flowering season but which was
nevertheless coflowering with longer-tubed individuals, which
were just beginning to flower. In 2005, further down the moun-
tain, we found another contact zone where short- and long-tubed
plants were in flower simultaneously. We hypothesized that one
way in which these morphs may be maintained in sympatry,
particularly at sites where flowering overlaps strongly, is if the
short-tubed form has different, shorter-tongued pollinators than
the long-tubed form. Long-tongued moths may have a prefer-
ence for long-tubed G. longicollis flowers because these tend
to have more nectar than short-tubed flowers (Fig. S2) whereas
short-tongued hawkmoths which are unable to reach the nec-
tar in the long-tubed flowers (Alexandersson and Johnson 2002,
Fig. S2) should prefer to visit short-tubed flowers. One of the
ways in which pollinator fidelity would be possible is if the two
forms possessed different scent cues that would allow them to be
discriminated.
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Figure 1. Geographical variation in corolla tube length of Gladiolus longicollis in South Africa, Lesotho, and Swaziland. Pie charts are
based on measurements of 257 herbarium specimens. Each pie chart shows the proportion of long- (>80 mm), intermediate- (60-80 mm),
and short-tubed (<60 mm) specimens collected within each square limited by the longitudes and latitudes (e.g., the square between
30°E-31°E and 22°5-23°S consists of only plants with tubes longer than 80 mm).
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We hypothesized that floral tube length variation in G. longi-
collis has resulted from adaptation to local hawkmoth pollinator
assemblages and has led to the establishment of isolating bar-
riers. Our aims were to establish (1) whether there is a positive
relationship between floral tube length and the prevalence of long-
tongued hawkmoths across sites, (2) whether floral tube length
has a bimodal distribution and whether this reflects the distribu-
tion of hawkmoth tongue lengths, (3) whether differences in floral
tube length among allopatric populations are maintained in “con-
tact zones,” (4) whether there is an association between floral tube
length and scent cues that could be used by hawkmoth pollinators,
(5) whether there is an association between floral tube length and
flowering phenology, (6) whether there is an association between
tongue length and phenology of hawkmoths, (7) whether there
are incompatibilities between morphs, and (8) whether patterns
of selection can explain the maintenance of long- and short-tubed
morphs.

Materials and Methods

STUDY SPECIES

Gladiolus longicollis (Iridaceae) is a self-incompatible, perennial
herb, with creamy yellow or white flowers possessing a narrow
floral tube 35-130 mm in length that contains nectar at the
base (Goldblatt and Manning 1998; Alexandersson and Johnson
2002). It grows in low open grassland, and fire in the preceding
winter is crucial for the stimulation of flowering. It is widespread
in southern Africa, and exists from the southern Cape up to the
Northern Province and Swaziland (Goldblatt and Manning 1998).
In the past, the species has been divided into two subspecies:
short-tubed subsp. longicollis and long-tubed subsp. platypetalus,
but current taxonomic opinion is that the floral variation is clinal
and not easily partitioned into intraspecific categories (Goldblatt
and Manning 1998).

Flowering in G. longicollis occurs in spring to early summer,
and plants typically produce a single flower, although up to seven
flowers can occur on an inflorescence (R. Alexandersson pers.
obs.). The flower is closed during daytime and opens gradually
from about 1700 h in the afternoon on sunny days, or earlier during
cloudy conditions. The flower produces a strong sweet fragrance
during the evening and fruit maturation occurs 3—4 weeks after
flower senescence.

GEOGRAPHICAL VARIATION IN FLORAL TRAITS AND
HAWKMOTH ASSEMBLAGES

Proboscis—corolla covariation in herbarium and
museum specimens

To document the distribution pattern of flower morphology in G.
longicollis, specimens were obtained from the Bolus Herbarium
(University of Cape Town), KwaZulu-Natal Herbarium (Durban),
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Compton Herbarium (Kirstenbosch), Bews Herbarium (Univer-
sity of KwaZulu-Natal), and CE Moss Herbarium (University of
Witwatersrand). Herbarium specimens date as far back as 1888
and span the months of July to February. For each specimen
(n = 255), corolla tube length from the base of the tube to the
point where the tube starts to flare was measured to the nearest
0.1 mm using digital callipers. Based on the natural dichotomy
of G. longicollis tube length across its entire range (see results
section), we divided the data into plants with “tubes shorter than
60 mm,” “between 60 mm and 80 mm,” and “longer than 80 mm.”
The proportions of specimens corresponding to these limits were
calculated for grid squares delimited by degrees of latitude and
longitude (e.g., 22°S to 23°S and 30°E to 31°E; Fig. 1).

To establish the geographical mosaic of potential hawkmoth
pollinators, we obtained data from the Transvaal and Iziko South
African museums on the distributions of hawkmoth species with
tongue lengths in excess of 30 mm (n = 832 specimens). Localities
were recorded at the same full degree grid scale as the plant
specimens. Because we were not able to measure their rolled
up proboscides, we divided moth species into short (30 mm <
proboscis < 45 mm) and long (proboscis > 60 mm) categories
based on our records of tongue lengths from specimens of the
same species collected by ourselves over the last eight years.
These categories correspond to a natural dichotomy in hawkmoth
tongue lengths (see results section). We used univariate regression
to establish whether the average corolla length of G. longicollis
has a positive relationship with the percentage of long-tongued
moths across grid squares where data on both hawkmoths and G.
longicollis were available (n = 30 grid squares). All regression
analyses included in this study were based on data that met the
assumptions for this method.

Distribution patterns of herbarium and moth specimens col-
lected over the geographic range of the interaction, including a
site (Mount Gilboa) with unusually high levels of corolla length
variation, were analyzed for bimodality using the equations out-
lined by Der and Everitt (2002). Skewness (M3), kurtosis (M),
and sample size (n) are used to calculate a coefficient of bimodal-
ity (b), where b = (M3% + 1)/(M4 + 3(n — 1)2/(n — 2)(n — 3)).
If b is greater than 0.55, frequency distributions are taken to be
bimodal (Der and Everitt 2002).

Proboscis-corolla covariation in field collected
specimens

To determine whether corolla length reflects the prevailing assem-
blages of short- and long-tongued hawkmoths at finer geographic
scales, four long-tubed and seven short-tubed Gladiolus popu-
lations were chosen (Table S1). The sites were chosen to cover
much of the G. longicollis distribution range. The study popula-
tions were distributed from Buffelskloof in the north (25°S: 30°E)
to Mkambati in the south (31°S: 29°E; Table S1).
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The length of the floral tube was measured for 4-151 (me-
dian = 50) plants at each site (Table S1). Floral traits were mea-
sured during peak flowering in the populations, except for the
Mkambati-site where flowering was finished at the time of our
visit. The floral measurements from the Mkambati-site were thus
obtained from herbarium specimens.

To quantify the pollinator fauna in each population, hawk-
moths were caught using a light trap equipped with a 250 W mer-
cury vapor lamp. Moths were captured on one to four evenings
during peak flowering of G. longicollis at each site (except
at Mkambati where plants had finished flowering) from about
1830 h to 2130 h. The tongues of captured hawkmoths were
unrolled and measured to the nearest 0.1 mm using a digital cal-
liper. The relationship between the proportion of moths with long
tongues (>60 mm) and tube length was explored using univariate

regression.

Observations of pollinators in unimodal populations

To determine if flower morphology was matched by the tongue
length morphology of visiting moths, we spent 45 nights observ-
ing flowers in unimodal short- and long-tubed populations. Moths
visiting flowers of G. longicollis were identified and, if possible,
captured. The tube length of the flower that they were captured
on was measured and the tongue of the moth was unraveled and
then measured with callipers. Later, the moths were swabbed with
glycerol gel containing fuschin stain and the number of G. longi-
collis pollen grains counted. Captured moths were classified as
belonging to either the long- or short-tongued guild and their fi-
delity to plants of matching tube morphology (i.e., either short or
long) was analyzed using G-tests.

COEXISTENCE OF SHORT- AND LONG-TUBED
MORPHS

Pollinator observations

We also spent 29 nights observing moths at the contact zone on the
summit of Mount Gilboa where both morphotypes co-occur. Al-
though we had hoped to explore assortative mating via pollinator
preferences at this site, flowering phenology of these morphotypes
were separated in time during both years of observation (unlike
in 2003 when flowering of both forms overlapped). We neverthe-
less captured moths on both G. longicollis morphs to determine
if there are associations between the tongue length of visitors and
flower depth.

Scent analysis

To determine if scent cues differ between the forms in a con-
tact zone, we analyzed the scent of 12 G. longicollis individuals
with short corolla tubes (41-52 mm) and 11 individuals with long
corolla tubes (92—103 mm) on the slopes of Mount Gilboa. Freshly
opened flowers were enclosed in a polyacetate bag soon after dusk

(1800-1900 h) and the air from the bags was pumped continuously
for 10-30 min at 200 mL/min through a filter containing 1 mg
of tenax (Tenax, Baltimore, MD) and 1 mg of carbotrap (Sigma-
Aldrich, St. Louis, MO) activated charcoal held between plugs
of silanized glass wool. Ambient control samples were obtained
using the same procedure with an empty bag. These filters were
thermally desorbed in the 1079 injector of a Varian CP-3800 gas
chromatograph by means of a Chromatoprobe device (Amirav and
Dagan 1997). The GC was coupled to a Varian 1200 quadrupole
mass spectrometer in electron impact ionization mode (Varian,
Palo Alto, CA) and equipped with a 30 m x 0.25 mm (film thick-
ness 0.25 pm) Alltech EC-WAX column. The carrier gas was
helium with a flow rate of 1 mL/min. The 1079 injector was held
at 40°C for 2 min with a 1:20 split to flush any trapped air, then in-
creased to 200°C at 200°C/min in splitless mode, held for 10 min.
After a 3 min hold at 40°C, the GC oven was ramped up to 240°C
at 10°C/min, held for 12 min. Mass spectra were tentatively identi-
fied the using the NIST/EPA/NIH mass spectral library (NISTO5)
and the identities of the most abundant compounds were verified
by comparing their mass spectra and retention times with those of
authentic standards. Compounds present in similar quantities in
the ambient controls were ignored. Peak areas in the total ion chro-
matograms were integrated using Varian Workstation software
and divided by total peak area (excluding known contaminants) to
obtain relative proportions for compounds. Differences between
morphs in the relative percentages of abundant compounds in the
total scent emitted were analyzed using #-tests that do not as-
sume equal variance. Probability values from these tests were ad-
justed using the sequential Bonferroni method to limit the chance
of type 1 errors (Rice 1989). The overall relationship between
morphs and scent composition was explored by multidimensional
scaling (MDS) of a Bray—Curtis matrix of similarity for the 23
scent samples using the software package PRIMER 6 (Clarke and
Gorley 2006).

Nectar analysis

‘We measured nectar volumes, sugar concentrations, and the dis-
tance to the nectar in flowers to ascertain whether pollinators
could reach the nectar and whether tube length was related to
reward quality. The 20 randomly selected short-tubed flowers had
corolla lengths ranging from 42 mm to 51 mm and the 20 long-
tubed flowers had corollas ranging from 82 mm to 106 mm. The
flowers were backlit so that the nectar level could be seen within
the flower. The distance from the corolla mouth to the nectar was
measured using callipers. The nectar was then extracted with a
capillary tube and the volume was measured before the concentra-
tion was determined using a Bellingham and Stanley refractome-
ter. Total sugar was calculated according to Bolten et al. (1979)
and the differences in the distance to nectar as well as the total
sugar content per flower was analyzed using 7-tests.
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Phenology

To determine the flowering patterns of long- and short-tubed G.
longicollis morphs and whether these are synchronized with the
availability of long- and short-tongued moths, respectively, sur-
veys were conducted at the Mount Gilboa summit site on a weekly
basis for 13 weeks. Each week we recorded the number of G.
longicollis plants flowering in an area measuring approximately
40,000 m?. Moths were captured in a permanent light trap set up
on the top of the mountain. Pyrethroids were placed in the bottom
of the trap to kill moth visitors.

Interfertility of morphs

To establish the cross-compatibility of morphs, flower buds of
long-, intermediate-, and short-corolla morphs were bagged on
the lower slopes of Mount Gilboa because here they are sympatric
and have strongly overlapping flowering (there is less overlap in
flowering on the summit). Once the stigmas unfurled, the corolla
tubes were measured and the stigmas were hand pollinated using
pollen from plants with either short-, intermediate-, or long-tubed
flowers. These were then rebagged and harvested once seeds had
formed. We used simple linear regression to test whether the
slopes of the relationships between corolla length and seed set
differed from zero for the various crossing treatments.

Phenotypic selection

The relationship between corolla tube length and fecundity was
investigated by measuring the corolla tube lengths (to the nearest
mm) of 463 single flowered G. longicollis plants on the summit
of Mount Gilboa, and then determining fruit and seed set of these
plants. Height of these plants was also measured. The measured
plants spanned the entire flowering time of the species. After each
plant was measured, it was given a unique tag so that at the end of
the season we were able to harvest the fruits, count the seeds, and
relate these measures of fecundity to both tube length and plant
height using regression analysis. We also hand cross-pollinated
35 short-tubed and 35 long-tubed individuals at the Gilboa site to
establish if there is a relationship between tube length and seed
set in flowers whose stigmas are saturated with pollen.

The relationships between tube length, inflorescence height,
and measures of fecundity were analyzed for a signal of phe-
notypic selection. First, we tested whether hand pollination had
a different effect on seed set to natural pollination using analy-
sis of covariance (ANCOVA). We conducted separate analyses
for early- and late-flowering plants (corresponding to short- and
long-tubed, morphs, respectively) as we could not be certain that
they belong to the same gene pool for selection. Then, we used
multiple regression to detect directional selection on seed set with
corolla length and plant height as predictive variables using the
methods set out by Lande and Arnold (1983) and Alexandersson
and Johnson (2002). First, we calculated relative fitness by di-

964 EVOLUTION APRIL 2010

viding an individual’s absolute fitness by the population average.
Trait values were then standardized by subtracting the population
mean value from the individual trait value and dividing by the
standard deviation. This was then repeated using univariate re-
gression analysis. These analyses were run separately for fruit set
(when zero counts were included) as well as for seed set (when
zero counts were excluded from the analysis). We also used uni-
variate and multivariate quadratic regression to test for stabilizing
selection on the above traits.

Results

GEOGRAPHICAL VARIATION IN FLORAL TRAITS

AND HAWKMOTH ASSEMBLAGES

The measurement of herbarium specimens confirmed our initial
impression that northern and eastern populations generally consist
of long-tubed plants and the southwestern populations of short-
tubed plants (Fig. 1). The overall frequency distribution for corolla
length (Fig. 2A) is bimodal, both when analyzed from herbarium
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Figure 2. Frequency distributions of G. longicollis corolla tube
lengths and moth tongue lengths. (A) Over the entire range of G.
longicollis (excluding Mount Gilboa) using herbarium specimens,
as well as focused collections of both plants and hawkmoths at
specific populations. (B) At a contact zone on the top of Mount
Gilboa only, using data collected by us in the field.
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records or field observations (b = 0.60 or 0.71 respectively). Both
of these histograms are very similar to the bimodal (b = 0.71)
histogram of proboscides from moths captured over the range of
G. longicollis (Fig. 2A).

At the zone of secondary contact on Mount Gilboa, two
distinct, nonoverlapping size classes of moth were also captured
(Fig. 2B): Moths either had short proboscides between 20 mm and
50 mm (seven species) or long proboscides between 60 mm and
150 mm (two species). The bimodal distribution of moth tongue
lengths (b = 0.73) at Gilboa was also matched by a bimodal
distribution in the corolla lengths of G. longicollis (b = 0.67).
Here, short corollas were between 20 mm and 60 mm. There
were a few individuals with corollas of intermediate length (60—
80 mm) and another size class peak between 80 mm and 120 mm.

Proboscis—corolla covariation

Using only herbarium and museum specimens we found that there
was a positive relationship between the relative abundance of
long-tongued hawkmoths and the tube length of G. longicollis
(P =0.01, N = 29, Fig. 3A). The greater the relative abundance
of long-tongued hawkmoths in any locality, the longer the G.
longicollis tube lengths in that locality.

A similar relationship was found when we trapped moths at
specific localities spanning most of the tube length range in G.
longicollis (P = 0.04, N = 10, Fig. 3B). Here, a total of 83 hawk-
moths were captured (Table S1) at all of the sites except High-
moor, where no hawkmoths were captured despite four nights of
trapping (Table S1). Long-tongued hawkmoths were always cap-
tured at long-tubed populations, but these moths were absent from
three of the short-tubed sites (Highmoor not included; Table S1,
Fig. 3B).

Observations of pollinators in unimodal populations

A total of seven short-tongued moths were seen visiting flowers
in pure short-tubed populations, whereas no long-tongued moths
were observed to visit (Table S2). In contrast, nine long-tongued
and no short-tongued moths were seen visiting plants in pure
long-tubed populations (G| = 19.9, P < 0.00001).

COEXISTENCE OF SHORT- AND LONG-TUBED
MORPHS

Pollinator observations

As was observed for allopatric populations, there was an asso-
ciation between tube length and the tongue length of hawkmoth
visitors in the contact zone on Mount Gilboa. Short-tubed plants
at this site were observed to be visited by nine short-tongued
moths and a single long-tongued moth, whereas sympatric long-
tubed plants were visited by ten long-tongued moths and a single
short-tongued moth (Table S2, G| = 14.5, P < 0.0005).
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Figure 3. The relationship between the mean corolla tube length
of G. longicollis and the fraction of hawkmoths with proboscides
longer than 80 mm. (A) Data from herbarium and museum speci-
mens, plotted at the scale of one degree (as in Fig. 1). (B) Data col-
lected during sampling of selected populations covering a range
of tube lengths.

Scent analysis

We found major differences in the chemical composition of scent
emitted by flowers of the two morphs. In an ordination based on
multidimensional scaling of scent data, the two morphs formed
very distinct clusters (Fig. 4). The monoterpene, ocimene, and
benzenoid compounds benzyl acetate, phenylacetaldehyde, ben-
zyl alcohol, and phenylethyl acetate dominated the scent emit-
ted from short-tubed flowers, whereas these compounds were
absent or present in trace amounts in the scent emitted from
long-tubed flowers (Fig. S3). On the other hand, scent of long-
tubed flowers was strongly dominated by the monoterpene, al-
cohol, linalool, and benzenoid methyl benzoate (Fig. S3). The
differences between morphs for all of these compounds, except
methyl benzoate, remained significant (P < 0.05) after sequential
Bonferroni correction. Other compounds, such as benzaldehyde,
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Figure 4. Multidimensional scaling of scent profiles collected
from 23 plants of G. longicollis from Mount Gilboa. Analysis of
differences between morphs for separate compounds is given in
Fig. S3.

were present in similar proportions in the scent of both morphs
(Fig. S3).

Nectar analysis

The mean distance (&= SD) from the flower entrance to the nectar
in long-tubed plants (77.7 & 10 mm) was significantly greater
(tz¢ = 16.7, P < 0.00001, also see Fig. S2) than for the short-
tubed plants (37.5 & 4). In addition, the total amount of sugar
found in the long-tubed plants was more than twice that found in
the short-tubed plants (5.5 =3 mg vs. 2.1 + 1 mg, 136 = 4.6, P <
0.0001).

Phenology

On Mount Gilboa, short- and long-tongued moths were generally
present and abundant throughout the study period although their
numbers were very variable (Fig. SA). Availability of short- and
long-tongued moths did not correspond with the flowering peaks
of short- and long-tubed morphs of G. longicollis, respectively
(Fig. 5B). In the year of study, flowering of the two morphs did
not overlap on the summit, although in other years we have found
overlap in flowering and thus potential for gene flow between
the two morphs. On the lower slopes of Mount Gilboa, short
and long morphs flowered simultaneously across a 4-year period
(2005-2008, B. Anderson, pers. obs.).

Interfertility of morphs

Bagged buds set no seed (n = 15 plants) meaning that exper-
imentally crossed plants were very unlikely to have been con-
taminated with other pollen after hand pollinations had been per-
formed. Separate linear regressions for the three types of parental
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Figure 5. Phenology of hawkmoths and G. longicollis flowers in
a contact zone on Mount Gilboa recorded over a 12-week period.
(A) Short- (<50 mm) and long- (>70 mm) tongued hawkmoths. (B)
Short- (<60 mm) and long-tubed plants of G. longicollus.

crosses revealed that, for short-tubed sires, seed set declined sig-
nificantly (F; 33 = 5.72, r? = 0.15, P = 0.02) with increasing
floral tube length of the recipient flower, whereas no relationship
was found for the other paternal cross types (Fig. 6). On an av-
erage, short-tubed pollen donors sired 60.69 + 5.6 (SE) seeds,
whereas intermediate- and long-tubed donors sired 63.18 + 8.1
and 74.05 + 6.4, respectively (Fp 93 = 1.19, P = 0.31).

Phenotypic selection
Of the 464 plants originally tagged, only 143 plants were available
for harvest near the end of the season as grasshoppers decimated
most of the G. longicollis plants before they had time to set seed.
Natural seed set showed a significant positive relationship
with tube length for both short- (early-flowering) and long-
tubed (late-flowering) morphs in univariate regression analyses
(Fig. 7B, Table 1). In addition, stabilizing selection was found
in early-flowering plants using univariate regression (Fig. 7B,
Table 1). However, the significance of this quadratic curve was
dependent on a single outlying data point. After this point was
excluded there was significant directional selection on corolla
lengths of early-flowers for both univariate and multivariate re-
gression, irrespective of whether fruit set or seed set was consid-
ered as the measure of fecundity (Fig. 7B, Table 1). For hand-
pollinated plants (saturated stigmas), the relationship between
tube length and seed set was positive for the early-flowering
morph and negative for the late-flowering morph (Fig. 7A). Hand
pollination significantly increased seed set for the early-flowering
morph (F; = 21.5, P < 0.001) with hand-pollinated plants set-
ting on average 84.79 + 27.91 (SD) seeds and naturally pollinated
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Figure 6. Seed set across a range of corolla tube lengths after
each flower was hand crossed using pollen from (A) a short-
tubed flower, (B) an intermediate-tubed flower, (C) a long-tubed
flower.

plants setting 64.5 £ 42.20 (SD) seeds. There was also a signif-
icant interaction effect between hand pollination and tube length
on seed set (F; = 19.82, P < 0.001) (Table 2). For the early-
flowering morph, there was no significant interaction between
hand pollination and tube length on seed set (Table 2). Multiple
regression analyses showed positive directional selection on tube
length for both short- and long-tubed morphs. Plant height also
emerged as a significant predictor of fruit and seed set in these
analyses (Table 1).
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Figure 7. The relationships between corolla tube length and seed
set for different G. longicollis phenotypes at two contact zones on
Mount Gilboa. (A) Hand-pollinated plants (univariate linear regres-
sion). (B) Naturally pollinated plants (univariate quadratic and lin-
ear regression). If an outlier (indicated with an arrow) is excluded
from the data for early-flowering plants, the relationship with the
best fit was linear. Clear circles represent early-flowering or short-
tubed individuals, whereas dark circles represent late-flowering or
long-tubed individuals.

Discussion

DIVERGENCE IN ALLOPATRY

The results of this study suggest that divergence in corolla tube
length in G. longicollis has been a result of adaptation to two
different hawkmoth guilds that differ in mean tongue length. This
is reflected in the matching bimodal distributions of tube length
of G. longicollis and tongue length in the hawkmoths (Fig. 2A).
Allopatric divergence seems to reflect a geographical mosaic in
the distribution of these hawkmoth guilds. A positive relationship
was found between the floral tube length of G. longicollis and the
relative abundance of long-tubed hawkmoths across sites (Fig. 3).
The short-tubed morph is found mainly in the southwest where the
short-tongued moth guild predominates, whereas the long-tubed
morph is found mainly in the northeast where the long-tongued
moth guild is predominant (Figs. 1 and 3).

Gladiolus longicollis is nested within a clade of moth-
pollinated species with short tubes varying from 8 mm to 63 mm
in length, suggesting that the very long-tubes found in this
species are derived (Goldblatt and Manning 1998). This may
have happened in one or more populations where long-tongued
moths are common, through Darwin’s mechanism of directional
pollinator-mediated selection on tube length, as demonstrated by
Alexandersson and Johnson (2002), and according to the “most
effective pollinator principle” (Stebbins 1970). The evolution and
spread of long-tubes in populations in the northern and eastern
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Table 1. Multiple regression results examining directional selection and stabilizing selection on tube length and plant height in early-
(top) and late- (bottom) flowering plants. Results were analyzed using univariate and multivariate regression as well as both seed set and
fruit set as measures of fitness. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.09. Data from early-flowering plants were reanalyzed after

the exclusion of a single outlying data point and the selection gradients presented for corolla length. We do not report the reanalyzed
results for inflorescence height as their overall results stay the same.

Selection differentials (univariate)

Selection gradients (multivariate)

Trait E £ selecti Fruit set Seed set Fruit set Seed set
rai orm of selection
Bory t Bory t Bory t B ory t

Tube length Directional 0.34* 291 0.28**** 1.78 0.33* 2.38 0.27 1.39
Tube length (no outlier) Directional 0.39** 3.42 0.43** 2.87 0.37** 2.80 0.40* 2.26
Tube length Stabilizing —0.09 -0.75 —-0.39* —-2.25 -0.06 —-0.49 —0.39"** —1.85
Tube length (no outlier) Stabilizing 0.07 0.53 —0.09 —0.57 —-0.06 —-0.49 —-0.07 —0.37
Inflorescence height Directional 0.14 1.02 0.07 0.40 0.01 0.11 -0.02 —0.10
Inflorescence height Stabilizing 0.08 0.62 0.04 0.20 0.03 0.22 —-0.04 —0.24
Tube length Directional 0.427%+* 4.00 0.527%** 4.40 0.28* 2.38 0.35% 2.44
Tube length Stabilizing 0.04 042 —-1.97 —1.67 0.09 0.73 —0.10 —0.71
Inflorescence height Directional 0.29* 2.39 0.46** 3.26 0.18 0.42 0.33* 231
Inflorescence height Stabilizing 0.22%*** 1.82 0.06 0.43 0.23 1.94 0.08 0.57

regions was most likely facilitated by the predominance of long-
tongued moths in these areas. Once a certain threshold corolla
length is reached, short-tongued moths are completely precluded
from accessing nectar from the flowers (See Alexandersson and
Johnson 2003 and Fig. S2) and it is thus likely that they would
quickly learn to avoid long-tubed plants. Long-tubed moths are
likely to rob nectar from short-tubed plants in the southwest un-

Table 2. ANOVA results for early- and late-flowering plants, ex-
amining the effect of treatment (hand-pollinated or naturally pol-
linated) and corolla length on seed set.

Source SS df F P R?
Seed set early-flowering plants
Model 12273.61 3  3.25 0.029 0.16
Intercept 3134273 1 249 0.12
Natural/hand 1936.57 1 1.54 0.22
pollination
Corolla length 827556 1 6.58 0.013
Natural/hand 2287.78 1 1.82 0.183
pollination x
corolla length
Seed set late-flowering plants
Model 3915371 3 10.56 0.0001 0.3
Intercept 2781.81 1 225 0.138
Natural/hand 26548.74 1 21.48 0.0001
pollination
Corolla length 413.82 1 0.34 0.57
Natural/hand 2449891 1 19.82 0.0001

pollination x
corolla length
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less they have a suitable alternative nectar source. But because
these moths are not common in the southwest, plants there are un-
likely to adapt to these long-tongued moths. Geographical isola-
tion would also facilitate the divergence of other pollinator-linked
traits such as scent and flowering time, as well as adaptations to
the abiotic environment.

ECOTYPE MAINTENANCE IN CONTACT ZONES

In most regions all plants are either completely long-tubed or
completely short-tubed, suggesting that the greatest barrier to
gene flow is the geographic isolation of ecotypes (see Ramsey
et al. 2003). However, there are sites, such as Mount Gilboa,
where differences in tube length are maintained in sympatry as
evidenced by bimodal tube length distributions (Fig. 2B). This
indicates that there are other gene flow barriers in addition to
geographic ones. On the top of Mount Gilboa, for example, we
found a strong association between floral tube length and flow-
ering phenology (Fig. 5). Although this would serve as a strong
isolating barrier preventing hybridization of the two ecotypes at
this site, it is still apparently leaky, as in some years there is
some overlap in flowering of the ecotypes (S. D. Johnson, pers.
obs.) and on the lower slopes of Mount Gilboa both ecotypes
flower simultaneously each year. Although the role of temporal
isolation in plant speciation has been considered by some to be
relatively unimportant (e.g., Rathcke and Lacey 1985), models
predict that temporal isolation may be commonplace and very
important in the speciation process (e.g., Stam 1983; Kondrashov
and Kondrashov 1999; Doebeli and Diekmann 2003; Devaux and
Lande 2008). Part of the reason for the proposed frequency of
divergent flowering phenology is that flowering phenology can
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diverge through nonselective assortative mating that does not even
require disruptive selection for flowering time divergence (e.g.,
Stam 1983; Devaux and Lande 2008). However, even weak dis-
ruptive selection should enhance phenotypic divergence (Devaux
and Lande 2008) and when flowering time divergence is linked to
adaptive traits, the two should work in concert to facilitate further
divergence in both morphology and flowering phenology (Stam
1983, also see Weis 2005). Devaux and Lande (2008) suggest that
traits such as short individual flowering time and long flowering
season facilitate nonselective phenological divergence. In the G.
longicollis contact zone, plants usually have a single flower that
remains open for just a few days. In contrast, the flowering season
of the Gilboa population is long (about 13 weeks) possibly mak-
ing it very susceptible to nonselective divergence of phenology.
Outside of theoretical models, several other studies also propose
an important role for phenological divergence in the process of
plant speciation and the maintenance of species boundaries in
sympatry (e.g., Ellis et al. 2006; Marques et al. 2007).

Interestingly, there was no association between flowering
time of G. longicollis morphs and the phenology of short- and
long-tongued hawkmoths, as evidenced by light trapping (Fig. 5).
This suggests that the observed association between the morphol-
ogy of moth visitors and floral tube lengths reflects the foraging
preferences of the different kinds of hawkmoths, and not simply
their temporal availability. In contact zones, short-tongued moths
may be expected to avoid long-tubed flowers because they are not
able to reach the nectar (see Fig. S2) whereas long-tongued moths
are expected to forage preferentially on long-tubed plants because
of their higher reward quality. Indeed, we found that in the Gilboa
contact zone, there was a significant degree of fidelity to short-
and long-tubed G. longicollis plants by short- and long-tongued
hawkmoths, respectively (Table S2).

We found an association between floral tube length and scent
cues (Fig. 4) that may allow individual moths to distinguish be-
tween the two morphs and forage preferentially on the one which
is most rewarding to them. Several studies suggest that scent dif-
ferences between plants can play an important role in assortative
mating (Plepys et al. 2002; Dotterl et al. 2005a; Huber et al.
2005; Waelti et al. 2008), and this may be especially so with
moth-pollinated plants where scent is usually the primary cue for
attracting pollinators (Waelti et al. 2008). Some of the scent com-
pounds (e.g., benzyl acetate), which differ significantly between
the flowers of G. longicollis ecotypes are known to be detectable
by hawkmoth antennae and are used in food seeking behavior
(e.g., Raguso et al. 1996; Raguso and Light 1998). The synthesis
of phenylactetaldehyde, a compound found to differ between G.
longicollis ecotypes, is probably dependent on the expression of
a single gene (Kaminaga et al. 2006) and manipulation of this
compound induced assortative mating in moth-pollinated species
of Silene (Waelti et al. 2008). Unfortunately, we were not able

to make pollinator observations in the contact zones where the
ecotypes overlap strongly in flowering time, but our results do
suggest that pollinators may have a “motive” in terms of rewards
to discriminate between morphs, that there are scent differences
which could be used as morph-specific cues, and that there is an
association between morphs and the tongue length of moth visi-
tors. Thus, assortative mating due to pollinator fidelity to morphs
in contact zones with strong flowering time overlap (e.g., Hodges
and Arnold 1994; Schemske and Bradshaw 1999; Ramsey et al.
2003; Aldridge and Campbell 2007) is a distinct possibility and
will be tested in future studies.

Our results suggest that both morphs are naturally pollen
limited, especially small individuals of each morph. Both morphs
experience positive directional selection on tube length (Fig. 7).
This by itself does not, however, explain the gap in tube length
between short- and long-tubed morphs. Determining the precise
shape of selection across the full range of tube lengths was not pos-
sible as intermediates were very rare in the contact zone (Fig. 2B)
and the difference in flowering time of morphs at the Gilboa sum-
mit site meant that we could not pool all plants in a single selection
analysis. In future studies, experimental arrays that include a full
range of intermediate hybrids could be used to test the hypothesis
that intermediate individuals are selected against because their
nectar would be largely inaccessible to short-tongued hawkmoths
and because they are effectively pollinated by long-tongued hawk-
moths (Fig. 7). The fact that the hawkmoth selective agents are
strongly dimorphic in size suggests that although selection gra-
dients are positive for both G. longicollis ecotypes, there is still
a dimorphism in the selective landscapes where large moths se-
lect for larger large flowers and small moths also select for larger
small flowers.

That individuals of intermediate tube length could result from
hybridization was confirmed by the fertility of crosses between
short- and long-tubed morphs. Furthermore, plants with interme-
diate tube length were able to set seed and could thus contribute
to the future break down of the two morphs through introgres-
sive hybridization. However, our results suggest that a partial
and asymmetric fertilization barrier between the two ecotypes
may weaken the flow of genes between the ecotypes. Long-tubed
plants pollinated by short-tubed donors produce fewer seeds than
other plants (Fig. 6). This makes intuitive sense, because pollen
from short-tubed plants may not have the resources to produce a
pollen tube long enough to reach the ovules of long-tubed plants
(see Plitmann and Levin 1983 and Roulston et al. 2000). How-
ever, most evidence suggests that pollen tube growth within the
style uses resources from the female parent (see Cruden 2009).
Pollen growth through the stigma on the other hand is autotrophic
and because stigma depth may be correlated with style length, the
amount of resources found within pollen grains may still play a
role in determining pollen success (Cruden and Lyon 1985).
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Conclusion

The association between pollinator and flower morphology to-
gether with the pollinator-mediated selection documented in this
article as well as by Alexandersson and Johnson (2002) is com-
pelling evidence for pollinators being the evolutionary force driv-
ing divergence of floral morphology in this system. Allopatric
divergence of the morphs seems most likely on account of the
geographical structure of corolla tube length variation and its cor-
respondence to an apparent gradient in the abundance of long- and
short-tongued hawkmoths (Figs. 1-3). The alternative scenario of
sympatric divergence driven by strong disruptive selection cannot
be completely excluded, but seems unlikely given that sympatric
speciation in plants has not been convincingly demonstrated out-
side the realm of ploidy level changes (Coyne and Orr 2004; but
see Savolainen et al. 2006).

Coexistence of the two ecotypes at Mount Gilboa, despite
their ability to produce fertile hybrids (Fig. 7; P. Rymer, pers.
comm.), indicates that there is substantial prezygotic reproduc-
tive isolation. The primary isolating barrier between morphs on
the summit of this mountain seems to be a difference in flowering
phenology (Fig. 5). However, overlap in flowering time of the
morphs at other sites suggests that other isolating barriers are also
important. One of these is likely to be assortative mating, based on
the foraging preferences of long- and short-tongued hawkmoths
and facilitated by differences in floral scent. To shed further light
on this intriguing system, we are now collaborating with molec-
ular biologists in a study using genetic markers to uncover the
actual patterns of gene flow within and among ecotypes and to
identify the gene regions linked to traits under selection.
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Supporting Information

The following supporting information is available for this article:

Figure S1. Long- and short-tubed ecotypes of G. longicollis found in a contact zone on Mount Gilboa.

Figure S2. The mean, maximum, and minimum recorded proboscis lengths for moths belonging to the long- and short-tongued
guild, as well as the average, maximum, and minimum distance from the mouth of the corolla tube to the nectar in 20 long- and 20
short-tubed G. longicollis plants.

Figure S3. Comparison of the mean + SE relative abundance of major compounds in the floral scent of long- (n = 12 plants) and
short-tubed (n = 11 plants) ecotypes of Gladiolus longicollis.

Table S1. Geographical location (coordinates), mean corolla tube length, and hawkmoths captured in 11 populations of Gladiolus
longicollis from South Africa (further information of geographical location, see Fig. 1).

Table S2. Hawkmoths captured (in light traps or with nets) or observed directly on flowers of G. longicollis at eight study sites and

their proboscis dimensions and pollen loads.
Supporting Information may be found in the online version of this article.

Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting information supplied by the

authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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