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Pollination of a core flowering shrub species in Mediterranean
phrygana: variation in pollinator diversity, abundance and
effectiveness in response to fire
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Fire in Mediterranean-type ecosystems produces catastrophic changes in plant-polli-
nator systems; the recovery of which has been studied by comparing an unburnt
mature forest habitat with that of an adjacent recently burnt area (eight years
post-fire). The composition, visitation profiles, and effectiveness of the taxonomically
diverse pollinator assemblages found on a core nectar providing species (Satureja
thymbra: Lamiaceae) were examined in these two contrasting habitats. S. thymbra in
the freshly burnt area had low nectar standing crop and relatively less diverse bee
community than an unburnt area which had twice the nectar standing crop and a
higher bee diversity and abundance. Both sites supported bee assemblages dominated
by the non-native bumblebee Bombus terrestris. Spatio-temporal heterogeneity of
nectar standing crops and microclimatic conditions were sufficient to explain the
form and magnitude of the diurnal foraging profiles at each site in relation to species
specific foraging and flight abilities. B. terrestris, Apis mellifera and native solitary
bees were the three primary guilds visiting S. thymbra and varied in the efficiency
with which they delivered conspecific pollen grains to receptive stigmas. A pollinator
effectiveness index for these three guilds was calculated based on floral visitation
rates and pollen delivery efficiency and reflected the actual levels of effectiveness of
each guild within and across the two habitat types. There was no overall inter-com-
munity difference in pollination effectiveness as the bee assemblages in both habitats
were sufficient to produce maximum fruit set in S. thymbra, though the relative
contribution of each guild varied intra-communally. Pollen limitation was not found
to occur in either habitat.
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Mediterranean shrub communities are composed of
patches of vegetation locked in continual regeneration
towards climax maquis through a plethora of habitat
perturbations including fire, grazing and other anthro-
pogenic activities (Mooney 1986, Naveh 1990). The
prominent role of fire in structuring mediterranean-type
communities (Goldammer and Jenkins 1989, Blondel
and Aronson 1995) has resulted in an array of adaptive
traits in post-fire successional vegetation allowing rapid
re-establishment (Trabaud 1987). Forms of vegetative
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reproduction and seedling recruitment in response to
fire have been intensively studied (e.g. Naveh 1990,
Keeley 1991, 1994, and references therein) yet the role
of the changing pollinator environment has received
comparatively little attention (but see Moldenke 1979,
Petanidou and Ellis 1996) and consequent pollination
effectiveness remains untested. Post-fire phrygana vege-
tation contains a high proportion of obligate seeders
which are entomophilous and so depend upon adequate
insect pollination for successful seed production (Her-
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rera 1987a, Petanidou and Vokou 1990, Shmida and
Dukas 1990). The Mediterranean basin, and Israel in
particular, supports one of the most diverse bee com-
munities worldwide (Michener 1979, O’Toole 1991) and
its post-fire recovery has crucial ecological and evolu-
tionary consequences for the flowering plants depen-
dent upon them for pollination. The success with which
flowering plants are able to re-establish themselves will
be affected by the availability of both effective pollina-
tors and resources (Vaughton and Ramsey 1994); the
increased frequency of man-made fires (Kliot and Kei-
dar 1992) and the introduction of non-native bees
(Dafni and Shmida 1996) will inevitably influence the
dynamic responses of the pollinator environment.

In Israel, solitary bees dominate the pollinator assem-
blages and are estimated to be comprised of more than
1000 species (O’Toole pers. comm.); in addition com-
mercial honeybees are common and recently the non-
native bee Bombus terrestris (Linnaeus 1758) (Apidae)
has dramatically increased in abundance as its range
has expanded throughout Israel in the last few decades
(Dafni and Shmida 1996). To investigate the effects of
fire on pollinator-plant interactions we have examined
the shrub Satureja thymbra (L.) (Lamiaceae) in recently
burnt phrygana and in mature unburnt phrygana. S.
thymbra is a perennial, multi-branched, aromatic dwarf
shrub with bright pink flowers borne in dense rounded
distant whorls. It is a characteristic phrygana plant
generally associated with disturbed habitats such as
recently burnt, cleared and grazed areas and distributed
throughout the eastern Mediterranean (Blamey and
Grey-Wilson 1993). In Israel, blooming is from mid-
April to early June; it is the only plant to provide any
significant quantity of nectar during this period, thus it
can be considered a core plant species (Ne’eman et al.
2000) as it supports a large number of flower visitors of
which bees are the most abundant group.

The fitness and reproductive success of flowering
plants will depend in part upon the abiotic resources
available in the habitat and also the “quality” of the
pollinator assemblage present. For a given pollinator
species, pollination effectiveness varies with individual
traits of mouthpart morphology (Richards 1987,
Nilsson 1988), flower handling efficiency (Cane et al.
1985, Richards 1987, Wilson and Thomson 1991), floral
constancy (Waser 1978, 1986, Thomson et al. 1981),
intraplant floral gender preferences (Herrera 1987b,
Eckhart 1992), interplant flight distances (Herrera
1987b, Pellmyr and Thompson 1996), thermal biology
(Corbet et al. 1993, Herrera 1995); and also community
level traits of pollinator assemblage composition (Her-
rera 1988, Conner and Neumeier 1995), differential
species visitation rates (Herrera 1989, Cane and Payne
1993, Olsen 1997) and temporal foraging profiles
(Schaffer et al. 1979, Stone et al. 1996).

This study addresses the overall pollination effective-
ness of bee communities in two contrasting habitats
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(burnt and unburnt Mediterranean phrygana) and par-
titions this into the relative contributions made by
various bee guilds in relation to seed-set for the core
plant species S. thymbra.

Materials and methods

Study sites

The study was undertaken within an area of maquis on
Mount Carmel, 3—7 km east of Haifa, Israel, between 7
May 1997 and 25 May 1997. Two sites were used: the
first in a clearing within unburnt maquis at Ya’ar
Haya’aranim (35°1'52"”E, 32°45'8"N) and the second in
recently burnt phrygana (September 1989) near the
Khreibeh junction (35°2'57”E, 32°44’52"N). These were
chosen as being characteristic of each habitat type and
had the same elevation (475 m a.s.l.), soil type (soft
calcareous Rendzina), aspect (N.W. facing) and were at
least 0.5 km away from closest border of the fire.

The maquis was a mixed Pinus halepensis woodland
dominated by shrubs and multistem dwarf trees. Heavy
grazing, cutting and trail making activities have re-
sulted in exposed areas of phrygana comprising Sat-
ureja thymbra in transition to Genista fasselata—
Thymelea hirsuta association and the habitat is a mo-
saic of patches and corridors of early succession vegeta-
tion within large stands of mixed woodland. In
contrast, the burnt area consisted of relatively uniform
coverage of phrygana vegetation in the early succes-
sional stage of maquis regeneration (eight years post-
fire) and was dominated by dwarf shrubs of Cistus spp.,
Satureja thymbra, Sarcopoterium spinosum and Genista
fasselata, and Pinus halepensis seedlings.

Flower phenology and nectar profiles

Before the main study five individual flowers from each
of four different S. thymbra plants were marked at the
burnt site and flowering progress and time of pollen
availability recorded throughout the day from bud
opening to flower wilting. Concurrently, stigmas were
removed from 20 other flowers at various developmen-
tal stages and the period of receptivity and receptive
area of the stigma located using the Baker, peroxidase
and H,0, tests (Dafni 1992).

Five representative S. thymbra plants (with ca 1000
flowers each) were selected at each site and used as the
focal study plants with investigations being carried out
on one plant each day with alternation between sites
(weather conditions varied little throughout the 10 d).
Daily nectar profiles were obtained by sampling 10
flowers each hour from 05:00 to 17:30: volume was
determined by extracting nectar with 1 pl microcapil-
laries (Camlab, UK) and concentration, as sucrose
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equivalent concentration (%), using a field refractome-
ter modified for small volumes (Bellingham & Stanley,
UK). In addition to each focal plant with unrestricted
visitation (designated ‘open’), a second neighbouring
plant of similar size was covered with 1-mm-diameter
netting at 05:00 before the arrival of the first flower
visitors (designated ‘bagged’) and nectar profiles for
these plants obtained by the same method. Microcli-
matic measurements of ambient air temperature and
relative humidity were made hourly throughout the
nectar sampling period.

Flower visitors

On each focal plant all flower visitors were caught
during a 30-min period of each hour between 05:00 and
17:30. Those which could be unequivocally identified in
the field were released away from the focal plant, while
the remainder were retained for subsequent identifica-
tion in the laboratory. The abundance of visiting insects
was great at both sites and the sampling procedure was
not considered to have a noticeable effect on the local
insect assemblages. Bees were by far the most common
visitors and were assigned to one of the following
categories: Bombus terrestris, Apis mellifera, solitary
bees (subdivided into: Eucera helvola, Chalicodoma sp.,
Osmia sp. and other solitary bees). Visits were recorded
irrespective of whether a particular insect had been to
the plant previously; and mean visit frequency (VF) was
standardised by calculating the number of flower visits/
1000 flowers/hour to control for any variation resulting
from differences in the number of flowers per plant.
The number of flowers visited in a bout (NF) for each
bee type was recorded so that the absolute visitation
rate (AVR) could be calculated as: VF x NF.

The mouthparts of fresh bee specimens were removed
by dissection and functional tongue lengths then mea-
sured using a binocular microscope with a calibrated
ocular according to the methods of Harder (1982);
pinned specimens were relaxed before measuring. The
functional proboscis for long-tongued bees was mea-
sured as the distance from the base of the prementum
to the tip of the glossa, and for short-tongued bees
from the base of the mentum to the tip of the glossa.

Voucher specimens have been deposited at Oxford
University Museum and the Institute of Evolution,
Haifa.

Pollen deposition on stigmas

At each site several inflorescences on several plants
were covered with 1-mm netting, having previously
marked all unopened buds. During the next three days
the netting was removed and an individual of a given
bee category allowed to visit a single flower before
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replacing the netting. Each flower was then carefully
removed and placed in a separate vial for transporta-
tion to the laboratory. Within 6 h of collection stigmas
were removed, stained with a mix of phloxine and
methyl green and the number of conspecific pollen
grains on the receptive area of the stigma counted
(Dafni 1992: 83-84) and the mean number of pollen
grains deposited (PG) for each bee type per visit was
calculated.

An index of pollinator effectiveness (PE) was esti-
mated as the absolute number of pollen grains that a
given bee type could potentially deposit on a stigma
during its receptive period: PE = time receptive stigma
was exposed to bees x hourly AVR x PG/1000. As
stigmas were receptive for 43 h from 08:00 on the third
day after flower opening (see results), then it is possible
to calculate the absolute number of bee visits a single
stigma could receive by summing the AVRs for day 3
(08:00 to 17:00) and day 4 (05:00 to 17:00) and dividing
this total by 1000 (AVRs are a rate per 1000 flowers);
multiplying this value by the PG of a particular bee
group produces estimates of the PE of Bombus, Apis
and solitary bees at each site. The PE for solitary bees
is a composite of the values of the three solitary genera
for which PG values were available, and were weighted
in the calculation in accordance with their relative
abundance given in Table 2.

Fruit set and nutlet mass

Fruit set was determined by removing the dried calyces
from the fifth terminal whorl of 10 randomly selected
inflorescences of each focal plant at the end of the
flowering season and before dispersal (15 June 1997).
The inflorescences flower simultaneously in S. thymbra
and the fifth whorl was selected as it was known to
have been in full flower during the period that the
visitors were censored. A sample of 100 calyces was
randomly selected and the nutlets collected by first
crushing and sieving the material and then by separat-
ing the nutlets under a binocular microscope. In 1994
and 1995 fruit set was also determined for 10 individual
plants at the burnt site.

For S. thymbra, each flower can potentially produce
four nutlets and so the percentage fruit set for each
plant was calculated as: (total number of nutlets/100
flowers/4) x 100. Mean nutlet mass for each plant was
determined by weighing the same nutlets and dividing
by the number in the sample.

Statistical analysis

The effects of site and bee type were partitioned using
one- or two-way ANOVA with planned comparisons of
means tested using the least significant difference
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Table 1. Mean daily volumes and concentrations of nectar in flowers of open and bagged plants of Satureja thymbra at the
burnt and unburnt sites. The nectar from 10 flowers on five plants from each site was measured every hour for 12 h through
the day and the hourly mean of the five plants for each site calculated. Each value in the table is the mean + SE of the individual

hourly means (rn =12 for all cases).

Site Open Bagged

Volume (pl) Concentration (%) Volume (pl) Concentration (%)
Burnt 0.03 +0.01 40.0 £ 3.6 0.20 +0.02 455423
Unburnt 0.02 +0.01 354426 0.56 +0.06 44.1+4.5

method (LSD test) and unplanned comparisons using
Tukey’s honest significant difference method (HSD test)
in accordance with Sokal and Rohlf (1995). Differences
in the activity (AVR) profiles across sites for each bee
were tested using the Kolmogorov-Smirnov test. All
means are given together with standard errors and
sample sizes in parentheses afterwards. Calculations
were made using Microsoft Excel 97 and Statistica 4.5.

Results
Flower phenology and stigma receptivity

Flowers were hermaphroditic, protandrous and had a
lifespan of 3 to 4 d with a mean of §9.4 + 11.1 h (20)
(measured from the onset of anthesis until the stigma
wilted). Anther dehiscence was concurrent with flower
opening (05:00 to 08:00 on day 1) and from an initial
peak of pollen availability there was a steady decline
until the end of the second day, at which point pollen
was almost entirely depleted by flower visitors. At the
start of anthesis the style was hidden within the corolla
tube, the stigma had not yet bifurcated, was non-recep-
tive and nectar was absent. Rapid stylar growth fol-
lowed, resulting in exposure beyond the anthers and
was accompanied by splitting of the stigma at a mean
flower age of 46.4 + 3.1 h (20). Bifurcation generally
occurred between 08:00 and 10:00 on the third day after
bud opening and the bifid stigma was receptive on the
inside surface of the stigmatic lobe until wilting ensued.
Following bifurcation, nectar secretion commenced and
pollen availability remained negligible. The time the
flower remained receptive was therefore approximately
43 h (89.4-46.4). No difference in flowering phenology
was observed as plants flowered simultaneously at both
sites.

Nectar volume and concentration

The daily means for nectar volumes and concentrations
are given in Table 1. In the open condition nectar
volume was negligible ( <0.03 pl) and there was no
significant difference across sites (F,,, =0.51, P=
0.485); however, the much greater nectar volumes
found in the unvisited bagged plants indicates the high
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efficiency of harvesting of the nectar crop through the
day. The overall volume of nectar present in flowers at
the unburnt site was significantly greater than for the
burnt site (F 5, =31.73, P <0.001) with large intersite
differences in volume recorded from 06:00 to 12:00 and
similar volumes thereafter (Fig. 1A).
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Fig. 1. Mean daily nectar profiles for Satureja thymbra for five
days of measurement at the burnt and unburnt sites. Hourly
mean + SE of five focal study plants (with 10 flowers sampled
from each plant) for: A) nectar volume and B) nectar concen-
tration. Mean daily microclimate profiles for the correspond-
ing days for: C) ambient temperature and D) relative
humidity.
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Table 2. Percentage of individuals comprising the bee fauna
visiting Satureja thymbra over a 10-d period between 7.5.97
and 25.5.97, at the burnt (822 individuals) and unburnt (1075
individuals) sites. Only species contributing more than 1% of
the total for each site are included.

Family % bee fauna individuals

Species

Burnt site Unburnt site

Apidae
Bombus terrestris
Apis mellifera
Anthophoridae
Anthophora orientalis
Eucera helvola 5.0
Eucera sp. 1
Megachilidae
Chalicodoma montene-
grense
Chalicodoma pariet- 5.1
inum
Hoplitis sp.1 2.1
Megachile giraudi
Megachile lagopoda
Osmia sybaritafossoria 13.
Osmia versicolor 7.
Protosmia longiceps 4.
Rhodanthidium septem- 4.
punctatum
Andrenidae
Andrena flavipes 1.2

29.0 3
17.9

o~
o

D=
o0 — A

15.3 7.2

9
3
3
1

The mean daily nectar concentrations were not sig-
nificantly different across sites for open (F,,,=1.14,
P =0.298) or bagged plants (F,,=0.08, P=0.786).
The temporal profiles of nectar concentration showed a
steady increase in concentration through the day with
very little difference between sites (Fig. 1B). Differences
in microclimatic conditions were negligible between
days and across sites throughout the study period, but
varied markedly within days (Fig. 1C, D).

Flower visitor diversity and abundance

During the study period, the total number of flower
visitors recorded at the burnt site was 913, comprising
27 species, and at the unburnt site 1191, comprising 34
species. At both sites, bees made up ca 94% of all
individuals and species richness was greater in the

unburnt site (30) than in the burnt site (22); detailed
analysis of the diversity of these two bee assemblages
will be presented elsewhere (S. G. Potts unpubl.). Non-
apid visitors included: Eristalis tenax (Syrphidae), an
unidentified syrphid, a bee fly (Bombyliidae), a
nymphalid butterfly (Nymphalidae), Macroglossum
stellatarum (Sphingidae) and a Philanthus sp. (Sphe-
cidae); all these were very rare ( < 5 visits) except for E.
tenax and the nymphalid that visited very few flowers in
a sequence (generally only one with modes of four and
six, respectively). To facilitate analysis all visitors mak-
ing up less than 1% of the fauna and also the non-apid
visitors were excluded; the remaining species are given
in Table 2. The excluded rare bee species were: two
Synhalonia spp., three Eucera spp., Amegilla albigena
and one Nomada sp. (Anthophoridae); Chalicodoma
siculum, two other Ch. spp., one Osmia sp. and three
Megachile spp. (Megachilidae); three Andrena spp. (An-
drenidae); three Halictus spp. and three Lasioglossum
spp. (Halictidae).

The mean number of flowers visited during an in-
traplant forage sequence (NF) differed significantly be-
tween bee groups (F, sy =12.15, P <0.001) but not
across sites (F} 5o =0.07, P =0.789) and there was no
interaction between bee type and site (F,;s9=1.79,
P =0.170). The NF for Bombus terrestris (Table 3) was
significantly greater than for Apis mellifera and solitary
bees (LSD test: P=0.005 and P < 0.001 respectively),
and the NF for Apis was higher than for solitary bees
though the difference was not significant (P = 0.068).

The absolute visitation rate (AVR) profile across bee
groups and across sites is given in Fig. 2. and the daily
means in Table 3. There was a rapid increase in Bombus
foraging activity during the first hour of observation
(05:00-06:00) followed by a steady decrease through
the day until foraging stopped after 17:00 (Fig. 2A). In
contrast, both Apis and solitary bees showed distinctive
unimodal activity patterns with highest AVRs between
09:00 and noon (Fig. 2B, C); the onset of foraging was
approximately 2 h later than for Bombus. The form of
the AVR profiles was very similar between sites for
each bee group, however, there were striking quantita-
tive differences between sites: hourly AVRs were great-
est in the unburnt site for Bombus whereas for Apis and

Table 3. Mean number of flowers visited (NF) by various bee types during a foraging bout on a single Satureja thymbra plant,
mean daily absolute visitation rates (AVR; calculated as the mean of 13 sampling hours for the mean of five plants at each site)
and pollinator effectiveness index (see text for details). Values with similar letters are not significantly different (HSD test,

P<0.05).
Measure Site Bombus terrestris Apis mellifera Solitary bees
NF Burnt 6.25+10.7 (23) 47.8 +6.1 (41) 29.9 +4.5 (68)
Unburnt 88.2 +13.0 (15) 3124+ 6.7 (5) 29.9 +12.7 (18)
AVR (n=13) Burnt 278 + 46%° 122 + 312 338 + 8820
Unburnt 508 4 58° 42 + 62 242 +432
PE Index Burnt 13.0 9.7 18.5
Unburnt 24.5 34 13.0
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Fig. 2. Absolute visitation rate (AVR; see text for details)
profiles for bees on Satureja thymbra in the burnt and unburnt
study sites (mean AVR for five plants at each site): A) Bombus
terrestris, B) Apis mellifera and C) solitary bees.

solitary bees the burnt site showed the highest levels of
foraging activity (Kolmogorov—Smirnov test: Bombus,
P < 0.01; Apis, P<0.05; solitary, P > 0.05). The maxi-
mum AVRs recorded for Bombus and solitary bees
were quite similar, viz. 500-800, and much greater than
those for Apis, viz. 50-300 (Fig. 2). There were signifi-
cant differences in the mean daily AVRs (Table 3); only
Bombus exhibited differential rates across habitats
(HSD test: P =0.023). Within the burnt site solitary
bees had significantly higher AVRs than Apis (P =
0.047) and within the unburnt site both Bombus (P <
0.001) and solitary bees (P =0.007) had significantly
higher AVRs than Apis.

The mean functional tongue lengths of bees visiting
S. thymbra varied considerably: B. terrestris (7-9 mm),
A. mellifera (4—6 mm), large solitary bees of Eucera
and Chalicodoma spp. (5—10 mm) and the small solitary
bees of Osmia spp. (2—4 mm).
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Pollen deposition by flower visitors

There were significant differences (Fg s, =14.15, P <
0.001) in the mean number of pollen grains found on
the stigma (PG) after different pollination treatments
(Table 4), but no overall difference between sites
(Fi 341 =1.09, P=0.297). PG, under open visitation,
for the burnt site was significantly higher (HSD test:
P < 0.001) than for the unburnt site, but there were no
differences between sites for the various bee species (all
P >0.648) (Table 3). The highest PG was recorded in
the open condition and the lowest in the unvisited
flowers and this difference was significant (burnt, P <
0.001; unburnt P = 0.006). Apis delivered the most pol-
len grains (3.2 + 0.6 (48)), followed by the large solitary
bees of Chalicodoma spp. (2.8 +£0.8 (13)) and Eucera
spp. (2.7 + 0.9 (15)), then Bombus (2.1 4+ 0.6 (96)), with
the small solitary bee Osmia spp. delivering the least
(1.5 1+ 0.4 (73)).

At the burnt site solitary bees had the highest polli-
nator effectiveness, which was twice that of Apis while
Bombus had an intermediate value; in contrast, at the
unburnt site Bombus had a PE almost twice that of
solitary bees which in turn was four times that of Apis
(Table 3). The total PE for each site (sum of individual
PEs) was very similar (burnt, 41.2; unburnt, 40.9) indi-
cating that approximately 41 pollen grains could be
delivered to a receptive stigma during a flower’s
lifespan.

Fruit set and nutlet mass

Across sites, the number of nutlets per flower (burnt,
3.47 +0.09; unburnt, 3.33 +0.27) and so the estimated
percentage fruit sets (burnt, 86.7 +2.3%; unburnt,
83.3 + 6.8%) were very similar (F; g =0.22, P =0.648).
In the burnt area, in 1994 the fruit set was found to be
44.6 +11.0% and in 1995, 29.4 + 14.0%. In 1997, the
mean nutlet mass was significantly greater (F, 3 = 11.66,
P =0.009) in the burnt site (0.63 + 0.03 mg) than in the
unburnt site (0.51 £+ 0.02 mg).

Table 4. Mean number of conspecific pollen grains deposited
on the receptive area of stigmas of Satureja thymbra under
seven pollination treatments.

Treatment Burnt Unburnt
Open pollinated 12.1 +3.9 (18) 6.4+ 0.9 (46)
Unvisited 1.5+ 0.9 (24) 1.74+0.8 (24)
Bombus terrestris 2.2+ 1.0 (48) 1.9+ 0.6 (48)
Apis mellifera 4.14+0.7 (16) 2.7+0.9 (32)
Eucera spp. 26+1.2(7) 29+1.0 (8)
Chalicodoma spp. 2.0+1.0 (3) 3.1+ 1.0 (10)
Osmia spp. 1.3+ 0.4 (39) 1.8+ 0.6 (34)
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Discussion
Nectar standing crop and bee visitation

The differences in nectar volumes between sites in the
bagged plants (Table 1) can not be attributed to differ-
ences in microclimate or floral visitation and so must be
linked to the resources available to the individual plants
and, in particular, access to water (Pleasants 1983), as
photosynthetic sugar production is generally assumed
to be relatively inexpensive (Southwick 1984, Harder
and Barrett 1992; but see Pyke 1991) and there was no
restriction on access to sufficient sunlight as the two
sites were unshaded. Post-fire soils have reduced water
retention capacities (Rambal 1989, Molina and Llinares
1998) though on Mount Carmel this effect may be
diminished by 6—8 years post-fire (Inbar et al. 1999). In
addition, less water may be available in burnt sites as
local competition for water will be more intense as the
shrub cover is much higher there than in unburnt sites
(Schiller et al. 1997, Dafni and Potts unpubl.); S.
thymbra will compete more directly for water with its
functional analogues than with Pinus halepensis.

Bombus terrestris was the most dominant visitor to
Satureja thymbra at both the burnt (29.0% of bee visits)
and unburnt (37.7%) sites (Table 2); its peak visitation
period (06:00—09:00) coincided with the maximum
availability of nectar at the unburnt site (Fig. 2). As a
habitat with a higher floral resource abundance will
promote increased bee abundance (Moldenke 1975), it
follows that the unburnt site will support more large
bees, with high energetic demands during foraging,
than the burnt site. The peak AVRs for honeybees and
solitary bees were later than for the bumblebees and
this can be attributed to differences in abilities of
resource harvesting, thermoregulation or other life his-
tory trait across bee groups. Bumblebees are much
more efficient thermoregulators than either honeybees
or solitary bees (Stone and Willmer 1989) and so are
generally less constrained in foraging and flight activi-
ties by lower ambient temperatures (Willmer 1983),
although some solitary bee species are known to forage
at low ambient temperatures and before dawn (e.g.
Willmer and Stone 1997). Mean ambient temperatures
at both sites were less than 22°C before 07:00 (Fig. 1A)
and only B. terrestris was observed foraging in any
numbers until this time. This type of temporal parti-
tioning of pollinator abundance through thermal con-
straints is a well-documented phenomenon (e.g.
Willmer and Corbet 1981, Stone et al. 1988, Herrera
1990) and it has specifically been shown that B. terres-
tris is able to forage at lower ambient temperatures and
therefore earlier in the day than honeybees (Corbet et
al. 1993).

Nectar harvesting ability is dependent on, amongst
other factors, nectar ingestion rates and functional
tongue lengths (Harder 1983). Bombus spp. have longer
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glossae (Knuth 1906, this study) than many solitary
bees and Apis, and larger bees tend to have higher
nectar imbibing rates than smaller ones (Plowright and
Laverty 1984, Roubik 1989). The functional corolla
tube length of S. thymbra is 8.0 mm (Dafni 1991) which
indicates that nectar was easily accessible for B. terres-
tris, Apis, and the large solitary bees, but not for
smaller solitary bees. In another study of flowering
plants in the Mediterranean phrygana, it was found
that there was effective exclusion of both solitary and
honeybees by B. terrestris early in the day (Dafni and
Shmida 1996). It was shown that, by excluding B.
terrestris by bagging plants at 05:00 and then opening
them at 09:00, significantly higher abundances of non-
Bombus flower visitors were observed foraging on these
plants than in equivalent unbagged plants and this was
suggestive of competitive exclusion through superior
exploitation of available floral nectar resources. In the
present study, the efficient nectar removal by B. terres-
tris prior to other bee visitations, dramatically reduced
the nectar standing crop at both sites (Table 1) and it
would seem likely that this would markedly reduce the
size of other bee populations in the long term by
limiting floral resources available for their reproductive
output.

The other major floral resource in this system was
pollen; though available in S. thymbra, this species
remained primarily a nectar providing plant. Examina-
tion of pollen loads of B. terrestris has revealed negligi-
ble pollen from S. thymbra relative to five other
co-flowering species (Ne’eman et al. 1998) and during
this period in the season Hypericum triquetrifolium,
Myrtus communis and Cistus spp. were known to be the
main pollen providers for the majority of bees (pers.
obs.). These primary pollen species were common in
both the burnt and unburnt sites and were easily within
the foraging range of all the visitors to our experimen-
tal plants. Additionally, following > 100 h of intensive
observation of bee visitation to S. thymbra (this study)
only a few small solitary bees were ever recorded to
actively collect pollen while all the large solitary bees
and social bees restricted their visits to nectar foraging.

The total sum of daily AVRs for each site (from
Table 3) were 738 in the burnt area and 792 in the
unburnt area; the similar values were, however, parti-
tioned quite differently in terms of bee type and their
associated nectar harvesting efficiency. The unburnt site
had a much greater overall energy availability and this
was utilised primarily by a large abundance of B.
terrestris individuals with high energy demands
throughout the day, so that the abundance of solitary
and honeybees may have been limited through re-
stricted energy availability. In contrast, at the burnt
site, there was less overall nectar present in S. thymbra
and consequently fewer B. terrestris through the day,
and the higher abundances of other bee species may
have been the result of the nectar standing crop being
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energetically sufficient to support only bee species with
lower overall energetic requirements. This type of parti-
tioning of a single resource between social and solitary
bees, in relation to energetic costs of foraging and
thermal limitations, has been documented and modeled
by Schaffer et al. (1979). Similarly, in the present study,
the characteristics of the flower foraging profiles
through time and across sites are likely to be explained
by differences in absolute nectar standing crop through
time in conjunction with species specific energetic de-
mands, functional tongue lengths and also thermoregu-
latory abilities. It should, however, be noted that as B.
terrestris is a recent introduction to the area and bee
communities in the two habitats may not have reached
their equilibria; consequently these results should be
applied to other situations with caution.

Intra- and inter-community differences in
pollination effectiveness

Large native bees were generally more efficient at deliv-
ering pollen grains to a receptive stigma than were
bumblebees or small solitary bees (Table 4), and this
might be expected as native bee populations should be
better adapted to pollinating a core species than re-
cently introduced generalist bees (Westerkamp 1991,
Paton 1993, Kearns and Inouye 1997), as there will be
selection for close spatial matching of floral morphol-
ogy with the most effective pollinators (Galen et al.
1987). Bumblebees are also known to have significantly
shorter visit duration per flower than some other bees
(Richards 1987, Olsen 1997) and, assuming effective
pollen delivery is a function of time spent in contact
with floral structures, then it is expected that B. terres-
tris may not be as efficient at delivering pollen grains
from its body to a receptive stigma as contact time is
relatively short when compared to other similar sized
bees which spend more time on individual flower visits.

B. terrestris has only been present as a flower visitor
in Mt. Carmel for ca 25 years (Dafni and Shmida
1996); however, when the large number of visits to S.
thymbra flowers are taken into account there are suffi-
cient numbers of pollen grains being deposited by this
species for it to contribute to the high level of seed
production. From our data it appears that very few bee
visits are required to leave the equivalent number of
pollen grains found in the open treatment (Table 4); the
reasons for this phenomenon may relate to the highly
disturbed habitat that S. thymbra is characteristic of,
and are discussed later.

Both sites were closely matched in the percentage
fruit set (ca 85%) and this is the maximum level gener-
ally found for this species on Mt. Carmel (A. Dafni
unpubl.); such a high level of nutlet production indi-
cates that pollination is not a limiting factor in itself.
Nutlet mass varied across sites and can be attributed to
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differences in mineral-based resource availability, as the
burnt site will have elevated levels of many soil mi-
cronutrients (e.g. P, K and N) following the fire which
are important in seed development (Rundel 1981, Ku-
tiel and Naveh 1987, le Maitre and Midgley 1992).
Zimmerman (1988) also suggests that when seed-set is
resource limited, the amount of pollen delivered may be
an important component of seed quality (mass) through
pollen grain competition for ovules (Mulcahy et al.
1988) and selective abortion of seeds (Haig and West-
oby 1988). It may also be that pollen production per
flower at the burnt site was higher due to resource
availability and this may have contributed to the
greater number of grains being deposited; however, this
was beyond the scope of the present study and not
necessary in order to explain the observed differences.

Bertin (1988) supports Cruden’s (1977) suggestion
that 2—7 pollen grains per ovule deposited on a stigma
are typically required to maximise seed set; and there-
fore for Lamiaceae, in which each flower has four
ovules, an estimate of 8—28 pollen grains are sufficient
to attain this. In the burnt site this number of pollen
grains was achieved by combining the pollination effec-
tiveness of solitary and honeybees alone (PE = 18.5 and
9.7 respectively; Table 3); in contrast, in the unburnt
site the smaller contribution made by these two groups
(PE=13.0 and 3.4) might not be adequate in the
absence of the non-native B. ferrestris. Referring to the
number of pollen grains in flowers under open pollina-
tion (Table 4) it is apparent that these values (burnt, 12;
unburnt, 6) are considerably less than are found by
summing the PEs for each bee group. This discrepancy
may be due to reasons connected with pollen packing
on a receptive stigma. Our calculations of PE were
based on summed single visits to virgin flowers where
there was virtually no pollen already present so that
there would be the maximum sticky area of exposed
stigmatic surface present to contact with vector borne
pollen. However, in the open condition, subsequent
visits may not deposit as much pollen as a single visit
(Spears 1983) and there may be physical interference
from grains previously deposited due to the stigmatic
surface becoming increasingly clogged as visit number
increases (Ashman et al. 1993); in our study, the highest
number of grains recorded on the stigmatic surface was
42 and visual inspection indicated that this might ap-
proach to the maximum number which could be situ-
ated close enough to the stigmatic surface for
germination to proceed.

Bombus terrestris contributes a significant amount to
the overall PE at both sites (Table 3); however, this
may be an overestimate of its actual contribution as a
large proportion of B. terrestris AVRs occurred before
the stigma became receptive on the first morning of
exposure (day 3, 08:00). Following stigmatic surface
exposure the ratio of Bombus: other bee visitations
decreased through time as solitary bees and honeybees
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foraged in increasing numbers; during this period
(08:00 onwards) the first such visitors may therefore be
the most important in terms of pollen involved in the
fertilisation process (Spears 1983). Late arriving pollen
may be precluded from ovule fertilisation (Spira et al.
1996) and, even though this was not directly tested in
our study, we hypothesize that pollen grains delivered
by B. terrestris may not contribute to the overall repro-
ductive output of S. thymbra as much as those delivered
by solitary bees and Apis.
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