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Abstract We studied an insect-plant pollination system
in adjacent steep-sided wadis and a connecting plain in
the mountains of southern Sinai (Egypt): this environ-
ment creates a strongly divided habitat, which may pro-
mote the local differentiation of sub-populations. We
tested for spatial differences in phenotypic reproductive
characters of the only plant flowering abundantly in ear-
ly spring, Alkanna orientalis (Boraginaceae), and its ma-
jor pollinator at that time of year, Anthophora pauperata
(Apoidea, Anthophoridae). There were significant mor-
phological differences between sub-populations of Alk-
anna, mainly between plants from the narrower wadis
and those on the interconnecting plain. Flowers on the
plain were larger, with wider corollas and more nectar
standing crop; these plants retained more flowers on the
inflorescence, but received many fewer visits to flowers.
There was a significant selection gradient between flow-
er size and maternal fitness (seed set) in the plain, but
not elsewhere. Natural selection may have increased re-
sources devoted to attracting insect visitors in response
to fewer pollinating visits in the plain. Consistent with
this explanation, by experimentally manipulating flower
number per plant, we showed that within a wadi having
more flowers on a plant secured more visits.
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Introduction

The selection exerted by pollinators on plants is in some
ways a particularly accessible system for assessing the
adaptive significance of reproductive traits. We can dis-
tinguish between selection and the evolutionary response
to selection, and argue that the existence of selection
among phenotypes allows us to investigate the evolution-
ary significance of phenotypic traits (Lande and Arnold
1983; for a justification, see Herrera 1993). This ap-
proach has been widely used in documenting the evolu-
tionary significance of within-population variation in dif-
ferent traits related to plant reproduction (e.g. Herrera
1993; Stanton et al. 1991), and using plants for this has a
number of advantages (Primack and Kang 1989).

In pollination studies, there is now a new emphasis on
experimentation (e.g. Bell 1985), estimating adaptive
landscapes (Armbruster 1985, 1990), and on considering
individual variation (Herrera 1990a, 1991, 1993; Murcia
1990; Young and Stanton 1990; Stanton et al. 1991; Eck-
hart 1991). With new multivariate techniques for measur-
ing selection gradients (Lande and Arnold 1983), selec-
tion on different floral components can be estimated (e.g.
Johnston 1991), and spatial (Stewart and Schoen 1987)
and temporal (Schemske and Horvitz 1989) variation in
selection quantified.

We are interested in looking at the spatial continuity
of selection, at the direction and strength of selection in
adjacent sub-populations of a plant-pollinator relation-
ship; Stewart and Schoen (1987) have shown already that
the direction of phenotypic selection can be inconsistent
at different localities, even those separated by only a few
metres. We might predict at least the potential for such
differences in places where adjacent populations are
strongly subdivided by topography. In the mountains of
southern Sinai (Egypt), plants grow in steep-sided rocky
wadis (valleys) separated by relatively high ridges; wadis
feed into other wider wadis, eventually reaching the
coastal plain. Plant sub-populations growing in wadis are
often linked via connecting sub-populations at the
mouths of the wadis.
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We address here the question of whether sub-popula-
tions in adjacent wadis are phenotypically different in
characters of relevance to pollination, and if so, whether
the differences are likely to be caused by differences in
the plant-pollinator relationship.

Materials and methods

Study area

Fieldwork was carried out during March and April 1992 at the
Field Station of Suez Canal University in St. Catherine, Sinai (see
Dewedar 1991; Willmer et al. 1994). St. Catherine lies surrounded
by mountains in a broad open wadi (the Plain of El Raha, hence-
forth called “the Plain”) at 1600 m above sea level: from the Plain
there radiate three narrow, steep-sided wadis named Tofaha, Ar-
baein and Dir (Fig. 1). Nearly all our fieldwork was done on the
Plain and in Dir, Arbaein and Tofaha: in this report all four areas
are called “wadis”. We used three (approx. 100 x 100 m) sampling
sites in the wadi bed of Arbaein, at 50 m (the wadi “mouth”),
1200 m (*middle”) and 2500 m (“upper”) from the entrance. In
contrast, we sampled continuously along the wadi beds of Dir and
Tofaha for distances of 1700 m and 800 m respectively from their
entrances; in some cases in the results we have divided these con-
tinua arbitrarily into base, middle and upper sites in these wadis.

Fig. 1 Map of the St. Catherine study site in the mountains of
southern Sinai, Egypt. The study sites are marked: / Plain, 2 Wadi
Dir; 3 Wadi Arbaein, 4 Wadi Tofaha

Tofaha is the shortest, narrowest and steepest of the wadis, and
subjectively the most isolated from all other wadis, whilst Dir
starts broad and flat and is subjectively less isolated from the Plain
than are the other two wadis; Arbaein is intermediate.

The system studied

In March/April the flowering season had only just begun, and only
a single plant species was flowering in profusion: this was Alkan-
na orientalis (L.) Boiss. (Boraginaceae), a plant confined within
Egypt to southern Sinai mountains (Tackholm 1974; Mansour and
Saleh 1986). Alkanna has most species in the Aegean Islands
(Greece) and Anatolia (Turkey) (Rechinger 1965, Davis 1978).
There is some taxonomic confusion over A. orientalis, which oc-
curs from Greece to Egypt, with an outpost in Algeria (Polunin
and Huxley 1972); the Greek populations may belong to separate
species (Rechinger 1965) or not (Tutin et al. 1972), and the taxo-
nomic status of the Sinai populations seems never to have been
sorted out definitively.

A. orientalis is a fairly common plant in the Sinai mountains,
but grows only at the highest elevations above about 1500 m. It is
a short-lived perennial that flowers in its second year of growth
(Semida 1994), and is covered with sticky irritant glandular hairs
very effective in preventing the leaves from being eaten by goats
and camels, which only eat it when dry. The relatively large. yel-
low, trumpet-shaped, protandrous flowers are borne on a determi-
nate scorpioid cincinnus, and have bilocular anthers at two levels
within the flower (three upper and two lower anthers) and a single
gynobasic style. The plant appears to reproduce only by seed. and
is an obligate outcrosser (see below).

Plants in the three sites in Arbaein were distributed more or less
randomly up to 30 m above the wadi bed, becoming much less com-
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mon above this but continuing right up to the mountaintops. At the
mouth, middle and upper parts of Arbaein, we calculated densities
of 235, 473 and 653 plants ha-! respectively: we did not measure
densities quantitatively in the Plain, but they were lower than the
mouth of Arbaein. The number of flowers open on an individual
plant varied from zero to more than 500. From the growing tip of
the inflorescence down the spike, there was at any one time one bud,
a mature flower, and 0-5 old flowers. Flower buds opened at all
times of the day. Each flower lasted for only 1-2 days (usually 2) as
a mature yellow flower, before either withering or turning white.
Only mature buds and mature flowers were visited by insects.

Virtually the only visitor to the flowers through most of the
study period was a solitary bee, Anthophora pauperata Walker
(Apoidea, Anthophoridae) (bees determined by Dr. D.B. Baker,
Hope Museum, Oxford) (see also Willmer et al. 1994, where the
bee is called Anthophora sp.nov.). The flowers were visited occa-
sionally by the much larger Anthophora caelebs Grib. Towards the
end of the study period a few hoverflies [Eupeodes (Metasyrphus)
and Scaeva spp.] and bombyliids (Orthoprosopa sp., Exoprosopa
sp.) became occasional visitors. Alkanna has a long main flower-
ing period, from April to June, but Anthophora pauperata appear
to switch to other flowers as soon as they appear, half-way through
the flowering season of Alkanna: bombyliids and occasionally
Lepidoptera then become the main but infrequent visitors to its
flowers (Semida 1994).

Morphological data

We obtained two datasets on floral morphology: the first was co-
rolla depth and width from at least three Alkanna tflowers per plant
from at least 100 plants per wadi, measured in the field using ver-
nier calipers. Sampling 15 plants from each site and using a binoc-
ular microscope, we obtained further data for five branches (three
flowers on each) from each plant, measuring corolla width, corolla
depth, the height of both sets of anthers, the length of the style,
and seed set down the longest inflorescence.

Nectar availability and seed production

We measured the nectar availability (standing crop) from flowers
in the field using 1-pl Drummond microcapillary tubes. We gently
removed nectar from the back of picked flowers and measured the
volume and concentration [in gm sucrose equivalents per 100 gm
solution using Bellingham and Stanley (Tunbridge Wells, Kent,
UK) refractometers adjusted for small volumes]. Flowers that we
selected for nectar measurement had not been bagged, but were
continuously open to insect visitors before being picked. Where
appropriate, we converted these data to the weight of nectar sugar
(in pg sucrose equivalents: Weast 1985). Relative to many other
plant species, Alkanna flowers secrete a substantial amount of nec-
tar, with up to 6 pl at a fairly constant concentration of about 35%
sucrose-equivalents.

Seed production could be scored from about the fourth calyx
below the mature flower: there are up to four developing ovules.
We sampled the longest flowering spike from plants, and scored
seed production in each flower down to what we assume to have
been the first flower of that plant. Few flowers set the maximum of
four seeds, and many failed to set any.

Flower phenology and anthesis

Forty tlowers, five per plant on four plants in Wadi Arbaein and
four plants on the Plain, were marked as buds just beginning to
open. They were censused every day until all had fallen. Anthesis
was scored separately in each locule of each anther for closed
buds and flowers in each of the above stages. Anthesis occurs al-
most immediately the bud begins to open, and pollen is fully avail-
able in flowers that have only just started to open: pollen-collect-
ing female Anthophora concentrate upon this flower stage (see
Willmer et al. 1994).
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Visits to flowers

In order to test for the effects of flower number on the frequency
of visits by Anthophora, we manipulated the number of flowers
per plant experimentally in each wadi, generating at least five rep-
licate plants bearing 12, 25, 50, or 100 flowers; then simultaneous-
ly in all wadis we observed the number of visits during 10-min ob-
servation periods over most of |1 day. We counted separately the
inspections and flower visits to plants by male and female Antho-
phora pauperata and other visitors: nearly all visits were by A.
pauperata.

We tested whether Alkanna was outcrossed by using 80 bagged
flowers randomly allocated to the treatments of hand cross- or
self-pollination. We tested the a priori prediction that cross-polli-
nated flowers set more seed using the specific version of a non-
parametric ANOVA (see Meddis 1984; Barnard et al. 1993), tested
with a Z-test. In addition, we bagged selected flowers from open-
ing, and then allowed a single visit from a female Anthophora or
from a bombyliid fly (Exoprosopa sp.); the singly visited flower
was then tied up to prevent more visits, and we measured the seed
set by this flower (E) and the next one to flower (A) (which was
left open to all insect visits during its lifetime). The a priori pre-
dictions that A > E in each case (for bees and for flies), and that
bee seed set > fly seed set, were also tested using specific non-
parametric anovas. Finally, we could perform one type of test for
short-term pollen limitation by testing the a priori prediction that
hand cross-pollinated flowers should set more seed than naturally
pollinated flowers.

A small experiment tested whether flowers responded to being
visited by altering the rate of nectar secretion. 300 flowers of one
large plant were allocated treatments of: (A) controls (simulating
unvisited flowers); (B) upper anthers removed (simulating visita-
tion and crudely altering pollen reward); (C) using a fine paint-
brush to simulate bee feeding action (probably removing both pol-
len and nectar); and (D) removal of nectar with a fine microcapil-
lary.

Statistical analysis

We used Statgraphics Plus v.7 (Manugistics Inc., Rockville, Mary-
land, USA) for most of the analyses. We checked for homogeneity
of variances in all anovas: where these were not homogeneous, we
used the non-parametric equivalent (Kruskal-Wallis test, denoted
by the KW test statistic). All mean values are cited as £ 1 SE: “ns”
means P > 0.05.

When several morphological variables are measured per indi-
vidual, they are usually intercorrelated because there are large and
small individuals. Therefore we usually replaced the original vari-
ables with the uncorrelated size and shape variables derived from
principal components analyses (PCA). The first axis of a PCA
usually explains most of the variation, and is a size factor in cases
where all the coefficients have the same sign and approximately
the same magnitude: subsequent axes are normally shape factors.
Scores along the PCA axes become the new uncorrelated set of
variables. For example, in order to separate size from shape fea-
tures we ran a PCA on field-measured data on corolla widths and
depths: this did indeed separate size from shape, since the first
axis, PCA1, has 73% of the variation and same-sign coefficients of
equal magnitude (= size), whereas PCA?2 has 27% of the variation
and opposite-sign coefficients (= a shape factor).

When multivariate data are separated a priori into groups (e.g.
the different wadis), an appropriate technique for discovering
whether there are significant differences between those groups is
discriminant function analysis (DFA). This finds axes of indepen-
dent variation that maximise the differences among the groups
(more precisely, the ratio of the within-group to the among-group
variance).

To test for spatial differences in phenotypic selection, we used
analysis of covariance using GLIM (NAG Software, Oxtord, UK).
Selection gradients would usually be calculated as the standard-
ized partial regression coefficients of size and shape variables on
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maternal fitness (cf. Lande and Arnold 1983), but here we used the
results from the ANCOVA because only a single size or shape
variable entered the stepwise regressions we ran.

Results

Were there spatial differences in floral morphology ?
Were there differences among wadis ?

There were large differences among the wadis in the
mean values of many of the morphological variables (Ta-
ble 1). The multivariate test for wadi differences, the first
axis of the DFA, was very highly significant (2,5 = 77.6,
P « 0.001, containing 94% of the within/among group
variation), and contrasted flowers from the Plain (wide
corollas and short styles) with flowers in other wadis
(narrow corollas and long styles). Arbaein and Tofaha
had relatively small, wide and short flowers; Dir and the
Plain had relatively large flowers. Thus there were in-
deed strong morphological differences, mainly between
the Plain and the other wadis.

There were other differences too (Table 1). In Wadi
Arbaein only 25% of flowers turned white before wither-
ing and dropping, and all flowers had withered and
dropped by the morning of the 4th day after opening: in
contrast, on the Plain, 85% of flowers turned white and
lasted for at least 1 extra day before dropping. This creat-
ed a very different appearance in the different wadis, be-
cause there were many more flowers on an inflorescence
at any one time in the Plain population (KW = 71.1,
P « 0.001), and there were also more pale flowers per

Table 1 Morphological and reproductive characteristics of Alkan-
na orientalis in different locations. Anther positions were mea-
sured from the flower base, where it is connected to the inflores-
cence. Relative to the height of the lower anthers, the upper an-
thers are on average at 1.32 times this distance, and the corolla
mouth at 2.0. Style heights are variable, with a multimodal distri-
bution peaking at relative heights of 1.0, 1.2 and 1.4, and a few
flowers with styles at 1.6 times the height of the lower anthers.
This variation is not age-dependent: thus Alkanna may be tristyl-
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Fig. 2 Plot of the scores along the first two axes of a discriminant
function analysis of ten groups (three sites within each of three
wadis, plus plants from the Plain). Lines connect sites within wa-
dis: dots Dir, dashed Arbaein, solid Tofaha. Symbols indicate sites:
squares wadi mouth, circles middle, triangles upper wadi. The
open square is data for the Plain

plant on the Plain. An analysis of covariance looked for
differences between wadis in the number of pale flowers
per plant, allowing for the total number of flowers. Plants
on the Plain and in Dir had more pale flowers, and those
from Arbaein and Tofaha fewer pale flowers, for a given
total number of flowers (F5 139 =17.6, P « 0.001).

In addition there were more open flowers per plant for
a given size of plant in the plants growing on the Plain

ous. All morphological measurements are in mm; for the percent-
age seed set, flower numbers and nectar measurements, sample
sizes are smaller (between 40 and 100) and the means are given
with their the standard errors. N sample size, CD corolla depth,
CW corolla width, UA height of upper anthers, LA height of lower
anthers, SL style length,%S percentage seed set, CV coefficient of
variation, Flowers number of flowers per inflorescence, Pale flow-
ers number of pale flowers per inflorescence, Nectar sugar per
flower pug

N CD CW UA LA SL %S Flowers Pale flowers Nectar
Overall 740 11.6 8.4 7.7 5.8 6.8 20.9£1.0 2.5+0.1 4.3+0.4 -
Minimum 7.2 4.6 4.0 3.0 3.7 0.0
Maximum 15.2 12.7 9.9 7.8 10.8 63.6
Ccv 8.9 14.7 9.6 11.1 15.7 66.7
Plain 115 12.3 9.4 8.2 6.2 6.9 12.6+1.8 3.2+0.1 7.7+0.6 8.4+0.9
Arbaein 273 11.6 8.3 7.6 5.7 6.9 23.0«1.7 1.8+0.1 0.6x0.3 -
Upper 52 11.2 7.7 7.4 5.6 6.8 20.4
Middle 105 11.9 8.7 7.7 5.9 7.1 18.5
Mouth 116 11.5 8.1 7.6 5.7 6.6 29.5
Dir 158 11.7 8.4 7.7 5.8 6.8 17.5x£1.8 2.1x0.1 3.8+0.4 3.8+0.5
Upper 42 11.8 7.9 7.8 5.9 6.5 20.8
Middle 58 11.9 8.6 7.9 5.8 7.2 18.5
Mouth 58 11.2 8.6 7.4 5.8 6.6 13.3
Tofaha 177 11.3 8.1 7.4 5.7 6.7 28.3+2.0 2.5+0.2 1.0£0.4 -
Upper 61 11.3 8.0 7.4 5.7 6.3 38.2
Middle 58 11.1 7.7 7.4 5.7 6.7 26.3
Mouth 58 11.3 8.6 7.5 5.7 7.0 20.3




and in Tofaha. We fitted regressions of the form
Y = exp(a + bX) (where ¥ = number of open flowers, X
= plant diameter in cm) to data from ecach wadi; all re-
gressions were significant, and predicted that, for exam-
ple, for a 50-cm-diameter plant, the number of open
flowers was: Arbaein 29, Dir 74, Tofaha 106, Plain 105.
Plants from Arbaein and Dir had fewer additional flow-
ers for a given increase in plant size than Tofaha and
those from the Plain (by comparing b values in the re-
gressions, which were significantly different by an a pos-
teriori LSD test). Plant size had no effect on floral mor-
phology (e.g. in Arbaein, corolla depth vs. plant size,
r=0.36, n = 24, ns; corolla width, r = 0.02, n = 24, ns).

There was a substantial difference in nectar standing
crop (KW = 15.3, P « 0.001) between plants from the
three steep-sided wadis, and those from the Plain (see
Table 1).

Since each flower can set a maximum of four seeds,
for the 45 plants from each wadi we calculated the seed
set (%). There were substantial differences between sites
in seed set (KW = 25.8, P « 0.001), with plants on the
Plain setting the least, Tofaha the most, and Arbaein and
Dir intermediate (Table 1).

Were there differences among sites within wadis ?

A further DFA with ten groups consisting of sites within
wadis (base, middle, top of each wadi, plus the Plain
population) looked for consistent patterns of site differ-
ences within wadis. There were two significant discri-
minant functions; the first (}%; = 150.6, P « 0.001) was
essentially the same as before, contrasting flowers hav-
ing wide corollas and short styles with flowers having
narrow corollas and long styles; this contained 67% of
the within/among-group variation. The second axis
(%, = 55.8, P < 0.01) contrasted flowers having narrow
gaps between anthers with those having large gaps, and
contained a further 17% of the variation. As before, the
first discriminant function highlighted the difference be-
tween the Plain and all others, whereas the second main-
ly contrasted the sites at the mouths of wadis Dir and
Tofaha against the rest (Fig. 2); flowers from Arbaein
populations showed no consistent differences. We con-
clude that there were some small but inconsistent differ-
ences among sites within wadis, over and above the dif-
ferences among wadis.

Using field-collected data on corolla widths and
depths, linear regression showed that there were some
overall patterns along the length of the narrow wadis
(Dir, Arbaein and Tofaha); these are weak, in the sense
that they account for very little of the variation. Flow-
ers became larger down wadis [size (PCA1l) vs. dis-
tance along wadis, all wadis lumped together,
F\ 334 =329, P « 0.001, 2 = 0.09], and also the corol-
las became relatively wider and shorter (shape vs. dis-
tance, F 334 = 9.0, P < 0.01). In separate analyses for
each wadi, we found that these trends were significant
for Dir and Tofaha, but not for Arbaein (for size,
Fys, = 0.44, ns: for shape, F 5, = 0.13, ns), although
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flowers from plants at the mouth of Arbaein did tend to
be larger with wide corollas relative to plants from the
middle or upper wadi.

Spatial variation in phenotypic selection

Using PCA on mean values per plant as morphological
variables, we derived new size and shape variables [see
Table 2: the first axis (PCA1) was largely a size axis;
the second (PCA2) measured increases in corolla width
and style length relative to the other variables]. To test
for spatial differences in selection, we ran an ANCOVA
(see Table 3) using the percentage seed set (standardized
within wadis) as the (maternal) fitness dependent vari-
able, flower size (PCA1l) and the main flower shape
component (PCA2) as the morphological covariates, and
‘wadi’ as a factor. This demonstrated that there were in-
deed differences among wadis in the slope of the selec-
tion gradient (Table 3). Among individual plants grow-
ing on the Plain there was significant phenotypic selec-
tion for large flower size, seen in no other site (Fig. 3
and Table 3). In Tofaha there was a significant selection
gradient on flower shape: flowers with narrow corollas
and short styles set more seed (Table 3). If all plants be-
longed to a single panmictic population, then there
might be phenotypic selection for smaller flower size
(see Fig. 3), but this merely reflects the fact that plants
from the Plain had the largest flowers, yet set the fewest
seeds.

What might cause these differences in floral morphology ?

One hypothesis to explain the differences in plant mor-
phology is that pollinator-mediated selection differs in
the different wadis. If true, this predicts that Alkanna is
an obligate outcrossing species; and (if selection is via
maternal reproductive success) that it may suffer from
pollen limitation (although pollinator-mediated selection
may still occur through variation in male reproductive
success, despite no pollen limitation). The bagging ex-
periment in Arbaein tested whether hand cross-pollinated
flowers set more seed than hand self-pollinated flowers.
The results showed that hand cross-pollinated flowers set
an average of 0.8 £ 0.1 seeds, whereas hand self-polli-
nated flowers set virtually no seeds (0.15 + 0.1: test for
difference Z = 2.15, P < 0.05). Seed weight was not af-
fected (Z = 1.33, P > 0.05). A single visit to a flower by
female Anthophora set an average of 0.46 + 0.16 seeds
(n = 26), significantly lower than the number of seeds set
by the next flower to bloom (0.83 + 0.20) that was open
to all visitors (Z = 2.06, P < 0.05). A single visit from
the bombyliid fly Exoprosopa sp. set 0.14 = 0.09 seeds
(n = 14), significantly lower than the 0.7 + 0.25 set by
the flower next to bloom (Z = 2.1, P < 0.05). Although as
predicted, seed set was higher for Anthophora than for
the bombyliid fly, the difference was not significant
(Z=1.05, P> 0.05).
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Table 2 The results of a princi-

pal components (PC) analysis of ~ Principal component axes

five morphological variables

measured on flowers of Alkanna FC @Xx18 PCA 1 PCA 2 PCA 3 PCA 4 PCAS
orientalis. The data used were T

the mean values of each plant, % Variation 60.3 19.1 13.8 5.0 1.8
rather than the individual mea- Variable Coefficients

surements for each flower, and

from all the four wadis. The first ~ Corolla depth +0.52 -0.10 -0.04 -0.80 +0.29
axis is mainly a size axis since Corolla width +0.31 +0.60 -0.72 +0.16 -0.03
the coefficients are all positive Upper anthers +0.54 -0.28 +0.04 +0.10 -0.79
and approximately equal; subse-  Lower anthers +0.51 -0.35 +0.03 +0.57 +0.54
quent axes are shape components Style length +0.29 +0.65 +0.70 +0.08 +0.02
of the morphological variation

Table 3 Testing for spatial differences between four wadis in phe- 4

notypic selection in Alkanna orientalis. Using an analysis of cova-

riance on maternal fitness (percentage seed set standardized within

each wadi), we fitted wadi as a factor with 4 levels, and flower size o o"

(PCAL1) and the main shape component (PCA2, corolla width and
style length varying independently of corolla depth and anther
heights — see Table 2) as covariates. We fitted the following com-
ponents to the model: wadi, the interaction wadi x size (i.e. fitting
separate regressions in each wadi, and looking for differences in
the selection gradient between wadis), and wadi x shape (similar-
ly separate regressions). Size and shape were not fitted overall
since the fitness variable was standardized within wadis (and
hence by definition has a mean of zero in each wadi); their interac-
tion was also not fitted since by definition these PCA components
are uncorrelated. Significance was assessed by an F-ratio (see
Crawley 1993)

Source df F P

Wadi 3 0.51 ns
Wadi x size 3 5.67 <0.01
Wadi x shape 3 4.88 <0.01
Error 160

Parameter estimate SE t p
Estimates of the final model:

Constant -0.05 0.08 0.56 ns
Selection coefficients on size:

Arbaein -0.02 0.09 0.21 ns
Dir +0.05 0.08 0.69 ns
Tofaha -0.03 0.09 0.35 ns
Plain +0.32 0.12 2.56 <0.01
Selection coefficients on shape:

Arbaein +0.10 0.15 0.68 ns
Dir -0.09 0.16 0.55 ns
Tofaha -0.32 0.15 2.16 <0.05
Plain -0.14 0.23 0.61 ns

Short-term pollen limitation, as tested by comparing
hand cross-pollinated flowers with naturally pollinated
flowers, failed to reveal any significant difference
(Z=0.2, P>0.05).

Spatial variation in selection might arise if there are
differences in the frequencies of visits to flowers, adjust-
ed for the differences in flower number per plant. There
was indeed a (curvilinear, exponential) positive effect of
flower number per plant on the number of visits by Antho-
phora bees, significant in every wadi (Dir, r = 0.40,
P = 0.05; Arbaein, r = 0.55, P < 0.01; Tofaha, r = 0.83,
P < 0.001) except the Plain (r = 0.1, n = 24, ns). Thus

% seed set (standardized)

6 4 2 0 2 4 6 8
PCA-1 : "flower size"

Fig. 3 The standardized percentage seed set versus flower size
(score along PCAI) for the four different sites, coded as Plain
(open circles), Dir (stars), Arbaein (filled circles) and Tofaha
(squares). Regression lines are only fitted to significant relation-
ships, i.e. all the points together (dashed line), and just to the data
for the Plain (solid line). These demonstrate the negative relation-
ship overall, but the positive relationship between flower size and
seed set for the Plain

having more flowers on a plant attracts more visits from
bees. Overall, the mean rate of visiting flowers differed
substantially between wadis (KW = 30.8, P « 0.001), as
did the total number of inspections and visits
(KW = 304, P « 0.001). There was a very low rate of
visits to flowers in the Plain, whereas visitation rates
were much higher in Arbaein and Tofaha (Table 4): Dir
was intermediate. This matches the morphological differ-
ences between flowers of different wadis, e.g. corolla
widths, or the score along DFA1 (Table 4). The propor-
tion of seeds set was positively correlated to the mean
number of visits (r = 0.97, n = 4, P = 0.014 one-tailed)
and negatively to the mean score on DFA1 (r = -0.90,
n =4, P = 0.05 one-tailed). With only four sites it is dif-
ficult to draw conclusions, but the pattern is consistent
with pollinator-mediated selection leading to the ob-
served morphological differences; the critical prediction
is the within-wadi selection gradient (see above).

In Wadi Arbaein we studied the relationship between
nectar standing crop and flower morphology among



Table 4 Summary of the some of the differences between wadis
in the morphology of Alkanna orientalis, and the behaviour and
morphology of its pollinator, the solitary bee Anthophora pauper-
ata. The mean DFAL1 score represents the principal difference be-
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tween wadis in the multivariate space of the five floral morpholog-
ical variables — the more positive the score, the wider the corolla
and the shorter the style length

Wadi Bee visits Male head Corolla DFAT score % seed set
per 10 min width (mm) width (mm)

Plain 1.1£0.3 4.51%0.15 (6) 9.4+0.1 13.4+2.0 12.6

Dir 7.0+4.6 4.71£0.03 (21) 8.4+0.1 -0.3+£0.6 17.5

Arbaein 19.5+6.0 4.78+0.02 (35) 8.3+0.1 —4.1+0.7 23.0

Tofaha 22.2+7.3 4.81+0.02 (53) 8.1+0.1 -3.7+0.7 28.3

plants. There was a linear relationship between the aver-
age size of flowers on a plant (mean PCAT score) and
mean nectar volume (r = 0.48, n = 34, P < 0.01), but no
relationship between mean flower shape (PCA2 score)
and nectar volume (r = 0.18, ns). Thus flower size could
present a reasonable morphological cue for foraging
bees, indicating the presence of more nectar.

For Wadi Arbaein, we examined briefly two possible
simple environmental causes for differences in flower
morphology, i.e. position in the wadi (possibly correlated
with water availability) and amount of sunlight. Neither
average flower size (F| ps = 0.08, ns) nor flower shape
(F} 55 = 0.17, ns), nor indeed nectar standing crop per
flower (F, ,5 = 0.65, ns) of plants were associated with
distance up the wadi sides. In addition, there were no dif-
ferences between north- and south-facing sides (F-values
1.78, 0.19 and 1.61 respectively; all non-significant),
which receive very different amounts of sunlight.

It is possible that the differences in nectar standing
crop and flower longevity between flowers in the Plain
versus the three steep-sided wadis could be caused partly
by the much lower visitation rates in the Plain, where
Anthophora pauperata is less abundant and is much less
or is not territorial (see Willmer et al. 1994). This could
explain the higher rewards left in Plain flowers, and also
the lower rates of flower abscission if flowers are com-
monly knocked off by foraging bees. In the experimental
test of the effects of visitation on nectar rewards, after
24 h nectar volumes and concentrations were both lower
(0.15 £ 0.04 pul; 354 + 0.8% sugar) in the previously
sampled group D than in the control flowers of group A
(0.33 + 0.13 ul; 404 = 1.2% sugar). This difference
(50% reduction) is of a similar magnitude to the ob-
served difference in standing crop between Wadi Dir and
the Plain. Alkanna plants were clearly capable of further
secretion after being emptied, so that lower nectar re-
wards in the flowers of the wadis may not have been
“simply” due to extra bee visitors removing the nectar,
although this remains the most parsimonious explana-
tion. There was no effect of visitation on flower persis-
tence, however, since 48, 55, 38 and 40% of flowers
were lost in each treatment respectively (}2; = 3.0, ns).
Flower visitation rates therefore may be the explanation
for observed differences in nectar reward among wadis,
but cannot explain equivalent differences in flower reten-
tion time. Visitation rates clearly cannot, in any case, be
an explanation for the differences in flower morphology.

A final possibility is that floral morphology changes
with plant age or phenology, and that we were actually
recording the effects of overall age or phenological dif-
ferences among wadis. From preliminary data (P. Will-
mer, unpublished work), there do appear to be age and
seasonal changes in flower size, but these account for a
very small part of the variation in flower size. They are
unlikely to account of the observed overall morphologi-
cal differences among wadis.

Were there differences in bee morphology between
wadis ?

We sampled Anthophora pauperata bees from all the
sites [sample sizes between 8 (Plain) and 79 (Tofaha)]
and measured two morphological parameters, head width
and wing length. There were significant differences
among sites in the males (e.g. head width, KW = 21.5,
P < 0.001) but not in females (e.g. head width,
KW =0.41, ns). The mean sizes of male bees follows ex-
actly inversely the pattern of flower sizes: the smallest
male bees were in the Plain, and the largest in Tofaha
(Table 4).

Discussion

This study is interesting for two reasons. First, it demon-
strates that in a situation where the environment imposes
partial barriers to gene flow, there is evidence for differ-
ences in selection gradients between arcas separated by
only short distances. Secondly, while inferences cannot
really be drawn from a sample of only four wadis, the
evidence is at least consistent with the hypothesis that
pollinator behaviour may be responsible for the selection
gradient in maternal fitness in favour of large flowers in
the Plain, an area where visit frequencies are by far the
lowest of any wadi. Gene flow in natural outcrossing
plant populations is brought about by both seed dispersal
and pollen flow. The former component is often said to
contribute little to gene flow (e.g. Rasmussen and
Brodsgaard 1992): the degree to which genetic differen-
tiation can take place is therefore normally determined
largely by pollen flow, and hence in entomophilous
plants by the foraging behaviour of pollinators. We are
as yet unsure of the way in which seeds are dispersed in
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this plant; they probably merely drop from the plants, but
ants and flash floods could play a role in local and long-
distance dispersal, respectively. Camels or goats eat the
plants only when the plants are completely dry and the
animals very hungry; while it is theoretically possible for
seeds to be dispersed in the faeces of these animals, this
seems very unlikely. We are currently studying both ge-
netic differences in Alkanna sub-populations among wa-
dis using randomly amplified polymorphic DNAs (RAP-
Ds) (S. El Akkad and K. Wolf, unpublished work) and seed
dispersal mechanisms. Preliminary results from RAPDs in-
dicate that wadis are genetically distinct, and that flash
flooding may be important in long-distance dispersal.

Several studies have tested whether fine-scale local
genetic differentiation has taken place by testing for a
distance effect on pollination success (Redmond et al.
1989; Schmitt and Gamble 1990; Widen and Widen
1990; Waser and Price 1991). Genetic differentiation
may also be expressed in different floral traits over a
geographic range, not necessarily the same thing as dif-
ferentiation that leads to lowered success of long-dis-
tance pollinations. A variety of studies has tested for
population differences in floral characters and attributed
the agent of selection to pollinators. For example, Herr-
era (1990b) found substantial population differentiation
in quantitative floral traits on both small and large geo-
graphic scales in an endemic, exclusively hawkmoth-pol-
linated species of violet, Viola cazorlensis, from south-
eastern Spain, but suggested that the variation indicated a
lack of adaptation of the floral phenotype to its pollina-
tor. Populations of Dalechampia from Mexico to Brazil
have diverged morphologically in ways that have been
interpreted as selection against interspecific pollination
(Armbruster 1985). In the few studies where selective
gradients have been measured, the evidence points to
small-scale variation in these selection gradients, both
spatially and temporally, as for example in Phacelia line-
aris (Eckhart 1991). In two populations of Lobelia car-
dinalis there was strong positive directional selection for
flower number in both, but positive selection for height
in only one population (Johnston 1991). The direction of
phenotypic selection changed even over a few metres in
Impatiens pallida (Stewart and Schoen 1987). In several
of these examples the authors ascribe the agent of natural
selection to insect pollinators.

In the Sinai mountains, Alkanna orientalis plants
growing in adjacent wadis show morphological differ-
ences, and variation in the occurrence and form of selec-
tion: these populations are separated in some cases by
very short distances along wadis to the Plain, and in oth-
ers by the ridges between wadis. Although the ridges
probably represent at least partial barriers to gene flow,
we cannot rule out long-distance pollen transport since
isolated patches and individual Alkanna plants and their
Anthophora pollinators can be found almost up to the
summits of the ridges.

Elsewhere (Willmer et al. 1994) we have shown that
male Anthophora pauperata are territorial during most of
the day, and that the females probably restrict their for-

aging to small home ranges around their nest-holes,
within the territories of males. Males appear to guard the
pollen and nectar resources of Alkanna plants in their
territories for females to gather at the end of the day, af-
ter territoriality disappears (see Willmer et al. 1994).
This situation makes it very likely that pollen flow is
greatly restricted during the first half of the flowering
season, when Anthophora bees are obliged (for want of
an alternative) to forage from this plant. As soon as other
plants begin to flower, the bees appear to switch, leaving
only bombyliids, lepidoptera, and a few syrphids as the
main but much less frequent foragers (Semida 1994).

We have shown experimentally here that bombyliids
are able to pollinate Alkanna, though probably with low-
er efficiency. In at least one other plant, different pollina-
tors have been shown to exert different selection pres-
sures on floral morphology (Murcia 1990), and the dif-
ferential effects of different pollinator species are be-
coming better known (Schemske and Horvitz 1984; Wil-
son and Thomson 1991). The visitors to Alkanna may
well exert very different selection pressures too; it is un-
usual for the activities of two pollinators to divide the
flowering season so completely.

Some but not all insect-pollinated plants have their
seed set limited by pollination service (see, e.g., Bier-
zychudek 1981); reproductive effort through the female
function in Alkanna may be pollen limited in the Sinai
environment. We have not tested this proposition proper-
ly, since it needs a longer-term and more comprehensive
experiment than we have been able to carry out to date
(see Zimmerman and Pyke 1988). Two sets of experi-
mental data from Wadi Arbaein are relevant. First, a sin-
gle visit does not set as many seeds as those set by the
average naturally pollinated flower — therefore multiple
visits are necessary to improve seed set. Secondly, hand
cross-pollinated flowers do not set any more seeds than
the average for naturally pollinated flowers. Thus on av-
erage in Wadi Arbaein flowers receive enough visits to
ensure all the seeds that can be pollinated do get polli-
nated; however, the visitation rates in Wadi Dir and on
the Plain are much lower, and in these wadis we would
expect seed set to be pollen limited. Behaviourally it ap-
pears to be fairly difficult for pollen-collecting female
Anthophora to collect pollen from the flowers (Willmer
et al. 1994); this is perhaps one reason why the bees
switch to other plants when they come into flower.

Despite the area-restricted foraging shown by Ant-
hophora bees, there is still a relationship between plant
size and visitation rate. In this simple almost two-dimen-
sional habitat, individual plants normally constitute dis-
crete patches of flowers. Surprisingly few studies have
considered the effects of patch size on visitor behaviour,
but those that do (Geber 1985; Sih and Baltus 1987; An-
dersson 1988: Schmid-Hempel and Speiser 1988;
Klinkhamer et al. 1989; Klinkhamer and de Jong 1990)
always find that larger patches/plants attract more visits,
but that there are fewer visits per flower and a lower pro-
portion of the seeds are set. Sowig (1989) found different
species of visitor on patches of different sizes.



We found that there were morphological differences
between the male bees in the four sites. Why the smallest
males (in the Plain) are found in the same sites as plants
with the widest corollas and shortest styles is not clear,
especially since it is the females that appear to do nearly
all the pollinating (Willmer et al. 1994). It is possible that
in the Plain, females may not be able to collect enough
food, and may selectively underfeed their male offspring.
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