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Summary

1. Valuable insights into mechanisms of community responses to environmental change can be
gained by analysing in tandem the variation in functional and taxonomic composition along
environmental gradients.

2. We assess the changes in species and functional trait composition (i.e. dominant traits and
functional diversity) of diverse bee communities in contrasting fire-driven systems in two climatic
regions: Mediterranean (scrub habitats in Israel) and temperate (chestnut forests in southern
Switzerland).

3. Inboth climatic regions, there were shifts in species diversity and composition related to post-fire
age. In the temperate region, functional composition responded markedly to fire; however, in the
Mediterranean, the taxonomic response to fire was not matched by functional replacement.

4. These results suggest that greater functional stability to fire in the Mediterranean is achieved by
replacement of functionally similar species (i.e. functional redundancy) which dominate under
different environmental conditions in the heterogeneous landscapes of the region. In contrast, the
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hoverflies; Greenleaf et al. 2007, bees), and nesting charac-
teristics (Westrich 1989, bees). The response of birds and
fishes to environmental changes has been assessed recently by
considering a set of functional traits, allowing for the assess-
ment of mechanisms regulating community assembly, species
turnover and resilience (e.g. Mason et al. 2007; Petchey et al.
2007). For invertebrates, most efforts have focussed on identi-
fying groups of organisms with similar ecological behaviours
(e.g. Faber 1991). Belaoussoff et al. (2003) and Kevan et al.
(1997), however, have highlighted the problem of defining
functional groups for ground beetles and bees respectively.
The concept of functional trait composition has been intro-
duced to avoid arbitrary decisions about the level at which
interspecific differences among species are functionally sig-
nificant (Mason et al. 2005, Petchey & Gaston 2006; de Bello
et al. 2007a; Diaz et al. 2007a).

In this study, we use bee community responses to fire as
a model of animal functional trait response because these
communities react rapidly and markedly to environmental
changes (see Kevan 1999 for a review). Bees represent an
important, and well-known, component of biodiversity that
provides a wide range of goods and services to mankind (Diaz
2005; Kremen 2005) and contribute to the maintenance of
terrestrial food webs and ecosystem function (Biesmeijer et al.
2006; Kremen et al. 2007). Their taxonomy is well known and
the nomenclature is relatively stable (Westrich 1989). Fire is
an important environmental driver worldwide and alters the
structure and composition of the soil and vegetation which in
turn dramatically affect bee communities through changes in
resource distribution and habitat conditions (Reed et al. 2000).

While the taxonomical response of bees to fire have been
assessed in different studies (Potts ez al. 2003a,b, 2005b),
generalizations beyond the specific locations have been
limited as little is known of the functional response of bees to
disturbance. As a group, bees exhibit a range of trait states
which allow them to exploit of a wide range of habitats
(Michener 2000; Greenleaf et al. 2007). The body size of these
organisms is an important adaptation allowing larger species
to exploit cooler thermal windows that are normally unavail-
able to smaller species (Willmer & Stone 2004). Similarly, in
Argentina, social bee species were found to be better able to
utilize small forest fragments than solitary species because of
their ability to exploit them effectively through social foraging
(Aizen & Feinsinger 1994). We therefore expect bee commu-
nities living in fire-prone regions to be dominated by large
early-flying social generalists that are able profit from the
post-fire conditions and use the mosaic of burnt and unburnt
patches within a given area. However, little is known to what
extent these expectations can be extrapolated to different
regions and environmental conditions, and findings from
studies looking at other organisms, such as plants, are
controversial (Diaz, Noy-Meir & Cabido 2001).

In this context, the aim of our study is to compare the
response of bees to fire in two ecosystems with contrasting
climatic conditions (i.e. Mediterranean vs. temperate). We
expect that comparing taxonomic and functional responses
of bees to fire in two countries with different biogeographical

Bees’ functional response to fire 99

and historical contexts would allow us to test to what extent
the bees’ response to fire can be generalized beyond distinct
regions. We predict that: (i) fire affects both species and func-
tional composition of bees at both taxonomic and functional
levels, that is, through extinctions, immigrations, or domi-
nance redistribution within the community; (ii) the response
of bee communities to fire is smaller in the Mediterranean
region because of the longer history of fire in arid conditions.

Methods

STUDY AREA

Bee data were collected in two study areas: (i) in the north of Israel
(‘Mediterranean region’), and (ii) in the south of Switzerland (‘tem-
perate region’). The Mediterranean sites were located in the Mount
Carmel National Park (32°44’N, 35°00°E, 130-340 m a.s.l.), in an
area of approximately 150 km® The vegetation is dominated by
Aleppo pine (Pinus halepensis) woodland and various post-fire scrub
habitats. The climate is characterized by hot dry summers and cool
wet winters. Detailed descriptions of the study area can be found in
Potts er al. (2003a,b). The temperate study sites were located in an
area of uniform south-facing slopes (450-850 m a.s.l.) within a 165-
km? area in the Locarno region, Switzerland (46°09’ N, 08°44’ E).
The vegetation is dominated by stands of former coppice of European
chestnut (Castanea sativa). The climate is mild with wet summers
and relatively dry winters. Further details of the study area are given
in Moretti et al. (2002).

In both sites, fires maintain a mosaic of areas with different post-fire
ages and specific vegetation types (Table 1), which are considered to
be of conservation importance according to the European Habitat
Directive of 1992. The two regions are, however, characterized by
different historical land-use patterns and fire management practices.
The Mediterranean vegetation type (phrygana) is highly prone to
ignition and the intensity and extent of fires are higher than in the
temperate region. Fires occur principally during the hot dry season,
that is, between June and October (Ne’eman & Trabaud 2000). In
contrast, fires in the temperate region are fast-spreading surface fires
of low-medium intensity, which occur during the winter dry period,
coinciding with vegetation dormancy (December to April). The
vegetation is dominated by coppice stools of chestnut, in which trees
recover to a full canopy within 15-20 years of fire (Delarze, Caldelari
& Hainnard 1992).

SAMPLING DESIGN AND SPECIES COLLECTION

In both regions, the sampling design was based on the approach of
space-for-time substitution (i.e. chronosequences) (Pickett 1989).
We chose 21 sites in which different times had elapsed since the last
fire in each region (Table 1). Fire-history data were obtained in
Switzerland from the National and regional wildfire data base and
dendrochronological methods, and in Israel from the Mount Carmel
National Reserve data base (Israel Nature and National Parks Pro-
tection Authority). We avoided pseudo-replications, by choosing,
wherever possible, sites with similar fire regimes in different portions
of each region (Potts et al. 2003a; Moretti, Duelli & Obrist 2006).
Bees were collected with widely used sampling methods appro-
priate for the particular vegetation and topographical conditions of
the two study regions (Potts ez al. 2005a). In Israel, bees were sampled
using standardized observation transects. In each site, a random
start point was selected and a linear 200-m transect was walked in a
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Table 1. Study sites (n) in Israel and Switzerland. The sites are assigned to one of four categories based on broad vegetation types along the

successional gradient of time elapsed since the last fire

Israel

Switzerland

Time since

Fire categories fire n=21 Mediterranean phrygana

n=21 Temperate chestnut forest

Fresh burnt < 2 years 6 Bare ground with a flush of annuals, height 5 Bare soil, standing dead trees, luxuriant
<05m herb and scrub layer (DBH < 5 cm).
Intermediate 6 Perennials dominate, (especially woody 7 Dense chestnut (Castanea sativa) coppice
6-17 years Lamiaceae, Cistus spp. and Aleppo pine (Pinus stand with high number of dead young
halepensis) with some annuals. Scrub with a shoots (DBH 5-10 cm).
height up to 2 m
Mature 3 Pine dominates with an understorey of 3 Mature coppice stand with dense canopy
20-30 yrs perennial shrubs cover (DBH 15-20 cm).
Unburned 6 Canopy of pine with patches of perennial 6 Old coppice stand out of turn with dense
> 30 years shrubs canopy cover (DBH 20-30 cm).

Vascular plant diversity:
Mean alpha diversity (£SD) per site 21-9 = 16-1

higher at fresh burnt sites (P = 0-006)

Gamma diversity (all sites) 135
Beta diversity (gamma/alpha) 64

19:0£8-0

higher at fresh burnt sites (P =0-101)
95

5:0

DBH = Diameter at breast height. The diversity in vascular plants in each region is shown (gamma = the overall number of species sampled
within each region; alpha = means no. of species per site per region (P value, together with its decrease with the time elapsed since last fire, i.e.
with linear regressions; SD = standard deviation; beta expresses the heterogeneity in species diversity in the study region).

random direction over a 20-min period at 08-00, 11-:00 and 14-00 h.
Bees encountered within 15 m on either side of the observer were
recorded. Five sets of replicate transects were made at each site and
separated by regular intervals through the peak flower blooming and
bee activity season (March-May) in 1999. Additional details of the
sampling design can be found in Potts ez al. (2003a).

In Switzerland, bees were sampled using window (interception)
traps combined with yellow water-filled pans and placed 1-5m
above-ground; at each of the 21 sites, three window traps were
installed (distance between sites ¢. 300 m). The traps were emptied
weekly from March to September 1997. For further details, see
Moretti, Obrist & Duelli (2004).

Practical considerations dictated the choice of different trapping
methods in each region. In Switzerland, sites had relatively low bee
densities and therefore netting would have been an ineffective
method, whereas in Israel, water-filled pans would have simply dried
out in the intense heat. A recent large-scale study covering different
habitat types compared the relative effectiveness of different trapping
methods (Westphal et al. 2008). Despite differences in methodolo-
gies, the studies have large temporal and spatial coverage of the target
habitats and provide robust data sets representative of the actual
communities in the study systems (Potts ez al. 2003a; Moretti, Obrist
& Duelli 2004).

SPECIES DIVERSITY AND COMPOSITION

For each site within a region, the mean number of species (species
richness), number of individuals and the Simpson’s index of species
diversity were calculated. The Simpson index is defined as 1 minus
Simpson dominance (SD = 1 — D) where:

D= 2 p‘.2 eqn |
il

with S being the number of species in the community, and p, the
proportion of ith species in a sample (i.e. p,= N;/N and N=3XN,,

where N, is the number of individuals of the ith species). The index
was calculated after log,, transformation of the number of individuals
of each species, to reduce the effect of extreme values and the higher
abundance of dominant species individuals (de Bello et al. 2007a).
The response of species richness, number of individuals and Simpson
index to fire were analysed by separate linear regressions; the predic-
tor was the exact number of years since the last fire (and not the
categories used in Table 1 to describe the vegetation types).

Species composition response to fire in each region was assessed
by using partial redundancy analysis (pRDA) because the length of
the first axis of the detrended correspondence analysis (DCA) was
<2-5 (Leps & Smilauer 2003). In the pRDA, the time since fire was
introduced as the only explanatory variable, and other site factors
(i.e. altitude, slopes, aspect) were entered as covariates to reduce
noise in site variation that is not directly related to fire (Lep$ &
Smilauer 2003). Data were analysed using caNoco for Windows
version 4-5 (ter Braak & Smilauer, 2002). Log,, transformation of
the number of individuals was used to reduce the effects of extreme
values and to make the two sampling methods more comparable. All
species occurring only in one site per region were removed from the
analyses, to exclude casual occurrences and avoid distortions in the
analyses (Lep$ & Smilauer 2003).

SPECIES TRAITS

All adult bees were identified to species, or morphospecies level for
some unresolved bee genera (particularly in Israel, where appropriate
keys are not available). Nomenclature follows Michener (2000) for
family classification and Westrich (1989) for species nomenclature.
Voucher specimens of each species are deposited in the Natural
History Museum of Lugano, Switzerland and the University of
Oxford Museum, UK. Each species was described in terms of 24
functional traits belonging to eight trait groups (Table 2). The
selection of traits was based on characteristics that are recognized as
important in bee autoecology (e.g. Westrich 1989; Michener 2000)
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Table 2. Description of the bee functional traits and categories used in the study. Traits were described for each species according to published
sources or researcher expertise (where published information for a particular species was not available). For each trait, we calculated a mean trait
(mT) per site. The index of functional diversity (FD) was calculated for each trait or for each group of traits treated as dummy variables (e.g.

nesting specialization)

Trait groups Trait code Categories
Habitat specialization HabitatSp* Generalist*; intermediate®; specialist®
Feeding strategy FlowAc Flower access: restricted to tubular flowers; both tubular and open
flower types; open flowers
FeedSpt Feeding specialization: no lectic status®; polylectic® oligolectic®;
monolectic
TongL Tongue length: short tongue; long tongue
Nesting specialization (NestSp) NoNest No nest building (i.e. cleptoparasitic)
Miner Excavator in the ground
Carpent Excavator in woody substrate
Mason Building nest with mud
RentShel Renter on the ground, particularly in snail shells
RentAerial Renter of pre-existing nest and holes above the ground
Parasitic status (Parasitic) CleptoP Cleptoparasitic (i.e. solitary parasitic bee)
SocialP Social parasitic
NonParas Nonparasitic
Social status Social} Solitary?®; variable®; social®
Pollen transport (dummy variables) (PolTransp) AccidPol Carried ‘accidentally’ on body
Crop§ Carried internally in the crop
OnLegs On the legs
LegsBody On legs and body
UAbdom On the underside of abdomen
Flight phenology FlyStart Flight season start (month)
FlyFinish Flight season finish (month)
FlyDurat Mean flight duration (month)
Voltinism Number of generations per year: univoltine; bivoltine; multivoltine
Dispersion ITDY Inter-tegula distance (um)

*aUtilizing 1 habitat type; “utilizing 2-4 habitat types; “utilizing > 5 habitat types; t*having no pollen collecting requirements (i.e. a
cleptoparasite); ®pollen collecting on a number of species from different plant families; °pollen collecting restricted to plants within the same
plant family; pollen collecting at a single species; J*solitary, communal and semi-social; ®species is either solitary or social depending upon
locality/environmental conditions; “colony founded by single individual on annual cycle (primitive eusocial) or a year-round colony (advanced
eusocial); §defined morphologically after Michener (2000); Ydistance between the two insertion points (tegula) of the wings.

and among those that relate to different ecosystem processes (Biesmeijer
et al. 2006; Fontaine ef al. 2006). In all cases where morphospecies
were used, traits were either consistent across all species within the
genus or inferred from known traits of closely related species.

FUNCTIONAL TRAIT COMPOSITION

Functional trait composition was assessed using two approaches
which are increasingly used in studies assessing functional composi-
tion of biotic communities (Diaz et al. 2007b; Mason et al. 2007,
Petchey ef al. 2007; Lavorel et al. 2008). First, the mean trait per
community (m7) can be calculated for each trait as the average of
trait values in the community, weighted by the relative abundance of
the species carrying each value (see below). This metric is often
understood as defining the dominant traits in a community. Second,
the distribution of trait values within the community can be expressed
through various metrics, among which functional diversity is
increasingly used (Leps ef al. 2006; Petchey & Gaston 2006; Mason
et al. 2007), and measures the degree of overlap in trait values within
the community and reflects how the species share the available niche
space (Mason et al. 2005).

These components were calculated for different traits and each
site. The mT was calculated as an average for a given trait weighted
by species abundance, according to Garnier et al. (2004), as:

mT = Z DiX; eqn 2
i=1

where x; is the trait value of ith species (for binary traits x; can be

either zero or one). The functional diversity (FD) was calculated, for

different traits, on the basis of the Rao index of diversity (Rao 1982;

Ricotta 2005; Leps et al. 2006) as:

FD = szy[]ip/

i=1 =1

eqn 3

where dj; expresses the dissimilarity between each pair of species i
and j. The FD index equals the sum of the dissimilarity in trait space
among all possible pairs of species, weighted by the product of the
species’ relative abundance. The parameter d; varies from 0 (two
species have exactly the same traits) and 1 (two species have com-
pletely different traits). For example, in the case of binary traits,
when the species has the same trait value, then d; = 0; when they
have different values, then d;=1. In our case, all traits were
treated as semi-quantitative variables and scaled between 0 and 1,
including quantitative traits such as inter-tegula distance (ITD),
to standardize trait dimensions (see Botta-Dukat 2005; Leps
et al. 2006; and http://botanika.bf.jcu.cz/suspa/FunctDiv.php to
calculate FD).
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Table 3. (a, b) Effect of fire regime on bee communities in the two climatic regions, that is, Mediterranean (Israel) and temperate (Switzerland).
(a) Linear regressions between time since fire and the mean number of individuals, species richness and Simpson index of diversity per site (n =21
within each region). For each regression, the beta coefficient, the R* of the model and the significance of predictors (in bold P < 0-05 values) are
shown. (b) Gradient analyses [i.e. DCA (detrended correspondence analysis) and pRDA (partial redundancy analysis), see Methods] to assess
the effect of time since fire on species and functional composition (mean traits and functional diversity). The DCA indicates the total variability
in the data set (total inertia). Each pRDA tests the effects of time since fire (Tfire), both as variance explained and significance. All the response
variables (with the exception of the number of individuals and species richness) are based on log,,-transformed abundance data

‘Time since last fire’ as explanatory variable

Mediterranean (no. of species = 115)

Temperate (no. of species = 145)

a) Linear regression Beta coeff. R P value Beta coeft. R P value
Number of individuals —0-041 0-123 NS -0-207 0-183 0-052
Species richness -0-127 0-195 0-045 -0-415 0-301 0-010
Simpson index of diversity —-0-001 0-023 NS —0-001 0-318 0-008
DCA pRDA DCA pRDA
b) Gradient analysis Total inertia Tfire expl. var. P value Total inertia Tfire expl. var. P value
Species composition 3-109 9-1% 0-003 0-531 11-7% <0-001
Mean trait composition (n = 24) 0-211 59% 0-322 0-022 22-4% <0-001
Functional diversity (n=13) 0-075 57% 0-356 0-006 21-9% <0-001

The Rao index is a generalization of a Simpson index of diversity
because if d;=1 for any pair of species (i.e. each pair of species is
completely different), then FD is equal to the Simpson index of
diversity SD (1) (see Ricotta 2005 for details). In natural communi-
ties, however, the Simpson index and the Rao FD vary independently
(de Bello, Leps & Sebastia 2006; de Bello et al. 2007a), therefore the
Rao index does not necessarily produce correlated indices of species
and functional diversity (as, for example, Petchey ez al. 2007). Com-
pared to other indices of functional diversity, the Rao index includes
information of species abundance, which is a relevant parameter
modulating the effects of species and trait composition on several
ecosystem processes (e.g. Petchey & Gaston 2006; Ricotta & Moretti
2008).

Following the calculation of mT and FD for the different traits
and sites, we used pRDA to test the effect of fire on functional trait
composition indices in each region. The pRDA was applied with the
same approach used to assess the effect of fire on species composi-
tion (i.e. time since fire was the only explanatory variable and other
site factors were covariates). As for species diversity and species
composition, the number of individuals in the calculation of mT and
FD was log,, transformed.

Results

CHANGES IN SPECIES DIVERSITY AND COMPOSITION

The overall species composition differs markedly between the
two countries. In Israel, 115 species were collected and 145 in
Switzerland. Only 1:5% of the overall species were found in
both Israel and Switzerland. In both countries, species
richness declined with time elapsed since fire (Table 3,
Appendix S1), but the decrease in species diversity and
number of individuals was more marked in the temperate
region (Table 3). Time since fire had a similar effect on species
composition in both countries [Isracl: pRDA, variance
explained (var. expl.) 9-1%, P = 0-0034; Switzerland: pRDA,
var. expl. 11-7%, P =0-0004; Table 3]. However, the total
variability in species composition was higher in the Mediter-
ranean region (DCA total inertia, Table 3, Appendix S2).

About one-third (Israel) and up to half (Switzerland) of the
dominant and subdominant species shifted in dominance
along successional gradient in both countries (see Supporting
Information Appendix S3). In Israel, the honeybee (Apis
mellifera) was the most abundant species at fresh and inter-
mediate burn sites (33% of individuals) and decreased in
abundance in unburnt sites (20%), while Lasioglossum
marginatum (21% in freshly burnt sites) became increasingly
abundant at unburnt sites (36%) (see Appendix S3). In Switzer-
land, Andrena minutula was the most abundant species during
all successional stages (18-44%). Lasioglossum morio was domin-
ant during the two early post-fire stages (15-16%) and decreased
gradually as succession proceeded (4-5%), while 4. mellifera,
a sub-dominant species immediately after the fire (§-9%), was
dominant in the unburnt sites (26%) (see Appendix S3).

CHANGES IN TRAIT COMPOSITION AFTER FIRE

Fire explained a relatively small amount of variance in trait
composition in Israel (mT: 5:9%, P =0-322; FD: 5:7%, P=0-357,
Table 3) compared to Switzerland (mT: 22:4%, P =0-0002;
FD: 21-9%, P =0-0002) (Table 3). In Switzerland, fire affected
several traits in terms of both mean (m7) and functional
diversity (FD) (see Fig. 1 and Table 4 for a synthesis). Freshly
burnt sites were characterized by species that start and finish
flying late in the season (+FlyStart,,/FD; +FlyFinish,,;) and
with more than one generation per year (+Voltinism,,;). Bees
at freshly burnt sites were short-tongued (-TongL,,,/FD),
solitary (—Sociality,,/FD), low-dispersal species (-ITD,,;),
displaying diverse modes of pollen transport, in particular
internally in the crop (+Crop,,;/FD), and nesting specializa-
tion, with a high proportion of species excavating their nests
in wood (+Carpenter,,;/FD) and nesting in existing cavities
(+RentAerial,,/FD). On the other hand, in Israel, fire induced
only a small, but significant (P < 0-05), shift in m7 and FD,
with a higher proportion of short dispersal (-ITD,,;) species
nesting in snail shells (+RentShel,,;) and transporting pollen
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(a) Mean traits (mT)

o
- FlyDurat Social
FlyFinish CarpentF/oWAc**
NonClepto**
- " ITD™” OnlLegs™
yStart 7 —_—" RentAerial**
LegsBody™ lason Tonal
Temp. . .
SocialP** RentShel FeedSp™  Medit.
Crop**
Miner*j7
- UAbdom™*
NoNest* / Voltinism HabitatSp**
~ o ’
? CleptoP** AccidPol
-1.2 2
Axis 1, expl. var. 36-0% (P-value = 0-0002)
(b) Functional Diversity (FD)
2 |
T PolTransp
FeedSp
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Parasit*** ITD*** TongL***
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Voltinism*** FlowAc**™*
FlyFinish***  Medit.
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Axis 1, expl. var. 49-6% (P-value = 0-0002)

Fig. 2. (a, b) Changes in functional trait composition indices, that is,
mean trait (a) and functional diversity (b), between the two study
climatic regions (temperate vs. Mediterranean). Biplots of the partial
redundancy analyses (pRDA) with region as an explanatory variable
and fire as a covariable. P values from a Monte Carlo test of
significance of the first axis (4999 iterations). For trait codes, see
Table 2. The significance in the change for each trait (or trait groups
for FD) is shown (GLM): *< 0-05; **< 0-01; ***< 0-001.

habitat (-HabitatSp,,;;;p) and feeding requirements (—
FeedSp,,;), transporting pollen on both legs and body
(+LegsBody,,;) and in the crop (+Crop,,7), and being active
late in spring and summer (+FlyStart,,;; +FlyFinish,,;p), or
were cleptoparasites (+CleptoP,,;xp) (see Figs 2 and 3 for a
visual representation).

Discussion

Our results show that bee communities respond both taxo-
nomically and functionally to fire, but the patterns of these
shifts differ between climatic regions (Mediterranean vs. tem-
perate). Although the taxonomical response was similar in
both regions, the functional response was more marked in the
temperate region and more stable in the Mediterranean.
From the taxonomical point of view, the extent of the
changes in species assemblages in Israel and Switzerland

> Fire decreases mT
Med. increases mT

ITD

> Fire decreases mT, FD
Med. increases mT, FD

Tongue
length

> Fire decreases FD

¢ Med. increases FD

Sociality

‘ =FD
Med. Temp. O = mT freshly burnt
@ = mT unburnt

Fig. 3. Schematic examples of the ‘divergent selection’ by region
[Mediterranean (Med) vs. temperate (Temp) region] and fire [freshly
burnt (O) vs. unburnt (@) sites] on three traits (ITD, tongue length,
and social status; see Table 2). High mean values (m7) of ITD and
tongue length of bee communities are selected for in the
Mediterranean (Med.) compared to the temperate (Temp) region,
while freshly burnt sites (O) select for the opposite (lower) trait values
(at least in one region) compared to unburnt sites (@). The functional
diversity (FD, vertical bars) is higher in the Mediterranean region for
tongue length and social status, while it is lower at freshly burnt sites.

was generally consistent, which suggests that species rear-
rangement following disruption by fire, and progression of
succession, produce similar effects in both regions. More
species were observed at freshly burnt sites compared to the
mature and unburnt sites. Consistent with other studies of
ecosystems prone to disturbance (e.g. Bengtsson et al. 2000),
the positive effect of fire on species diversity (see Supporting
Information Appendix S1) and composition (Table 3) was
mainly restricted to the early post-fire stages following
changes in vegetation structure and diversity. The freshly
burnt sites supported the highest floral diversity (Table 1),
and so were likely to provide the widest range of resources for
bees (Potts et al. 2003a). During post-fire successional stages
(i.e. 6-17 and 20-30 years after the fire), a quick recovery of
vegetation with a decrease of flower diversity might have
driven bee diversity to pre-fire levels, as is often observed for
other flower-feeding insects in ecosystems prone to distur-
bance (Force 1981; Swengel 2001).

Functional traits selected by fire were very similar in both
countries, with fire consistently selecting for short-tongued
low-mobility species which start flying later in the season.
However, we also identified different patterns in response to
fire in the two regions for some traits (e.g. social status, pollen
transport and voltinism; Table 4). For example, we expected a
major role to be played by fire in driving nesting resources and
therefore structuring the bee community in both countries
(Cane 1991; Potts et al. 2003a, 2005b). Our results, however,
showed that fire affected nesting strategies in Switzerland
only. The positive association between excavator bees in
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Table 4. Schematic summary of the results of the study (see Figs 1 and 2 for details). Response of trait composition indices of bees (i.e. mean
trait, mT and functional diversity, FD) to time since fire (young, freshly burnt sites vs. old, unburnt sites) within each climatic region
(Mediterranean and temperate) and to climate (i.e. between-region effects after having removed fire effect, Mediterranean vs. temperate)

calculated with multivariate analyses (pRDA; see methods)

Time since last fire (young vs. old)

Climatic region

Mediterranean Temperate Mediterranean
(Israel) (Switzerland) vs. Temperate Trait selection on mT
and FD by freshly
mT FD mT FD mT FD burnt sites vs.
Trait groups Traits Fig.la Fig.lc Fig.1b Fig.1d Fig.2a  Fig2b  Mediterranean
Habitat specialization HabitatSp NS NS NS NS +Med +Med -
Feeding strategy FlowAc NS NS NS NS +Med  +Med
FeedSp NS NS NS NS +Med NS Divergent (mT, FD)
TongL NS NS +old +old +Med  +Med
Nesting specialization NoNest NS NS +Temp
Miner NS +old +Temp
Carpenter NS +young NS
Mason NS NS NS +young NS +Med Convergent (mT, FD)
RentShel (+young) NS NS
RentAerial NS +young +Med
Parasitic status CleptoP NS NS +Temp
SocialP NS NS NS NS +Temp ¢ +Temp -
NonClept NS NS +Med
Social status Social NS +old +old +old NS +Med Divergent (FD)
Pollen transport Crop NS +young +Temp
OnLegs NS +old +Med .
LegsBody NS NS NS +young +Temp +Med Divergent (mT, FD)
UAbdom (+young) NS +Med
Flight phenology FlyStart NS NS +young +young +Temp NS
FlyFinish NS NS +young +old +Temp +Med .
FlyDurat NS NS NS NS NS +Temp [ Divergent (mT, FD)
Voltinism NS NS +young NS NS +Temp
Dispersion ITD (+old) NS +old NS +Med  +Temp Divergent (m7)

For trait indices responding significantly to environmental factors (linear regression and GLM with P < 0-05), the direction of change is
indicated (i.e. +young = increase at freshly burnt sites; +old = increase at unburnt sites; +Med or +Temp = increase in the Mediterranean or
temperate region; in brackets = near to significance, i.e. 0-05 < P < 0-1; NS = nonsignificant). For example, the mean tongue length (TongL) of
the bee community is longer and a more diverse trait in the Mediterranean (+Med) and in old fire sites (unburnt) in temperate forests (+old). For
trait codes, see Table 2. Traits related to nesting specialization (6 traits), pollen transport (6 traits), and parasitic status (3 traits) have been treated
as dummy variables (i.e. one FD value per trait group was calculated). The last column indicates the selection effect produced by fire vs. climatic
region (i.e. freshly burnt sites vs. Mediterranean): ‘Convergent’ is defined as an increase of m7 and/or FD at both freshly burnt sites and
Mediterranean region (i.e. +young/+Med as for ‘RentAreal’ or, vice versa +old/+Temp as for ‘Miner’). ‘Divergent’ is the opposite pattern (i.e.

+young/+Temp or, vice versa +old/+Med as for most traits). For a schematic representation of divergence, see Fig. 3.

woody substrate (carpenters, e.g. Xylocopa spp. and Ceratina
spp.), renters of pre-existing holes (aerial renters, e.g. Hylaeus
spp. and Osmia spp.) and the recent fires in Switzerland,
confirm our expectation that fresh and intermediate burnt
sites provide suitable nesting conditions in damaged and dead
wood. This appears to be true in the low-intensity burn in
temperate forests, while the more intensive fires in the
Mediterranean are associated with the combustion of stems
and twigs suitable for aerial nesters with only large trunks
remaining post-fire.

The different patterns of bee trait responses to fire in the
two regions highlight the contemporary selection of regional
conditions (i.e. climate, vegetation type etc.) and fire regime

on the functional component of the communities and
regional species pool. We observed a strong differentiation in
the bee traits between the two regions (Table 4 and Fig. 2),
which were also contemporarily affected by fire regime
(Fig. 3). Therefore, the different functional response can be
explained by the different regional trait pools from which
communities rebuild after fire. According to Potts ef al.
(2003a,b), unburnt and mature sites in Israel tend to have a
greater coverage of plants which produce flowers with high
nectar volumes and long corollas only accessible to large and
long-tongued bees (e.g. Apidae, and large Megachilidae) that
can start flying earlier in the season (March—April). Temperate
regions are, on the other hand, mainly dominated by small
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bees, which are generally warmth-demanding species and thus
start flying later in the season (May—June) when it is warmer.
Therefore, the response of traits, such as body size and flight
season, might have been affected by both regional conditions
and fire regime showing that traits responding to a specific
disturbance regime cannot be simply generalized across regions.

Overall, our results show a more marked response of mean
traits (m7) and FD to fire in the Swiss temperate forests
compared to the Mediterranean habitats (Table 3, Fig. 1).
This suggests a lower functional redundancy in response to
environmental change (Petchey er al. 2007) in Switzerland
and a lower functional trait shifts (higher redundancy) of bee
in the Mediterranean. This confirms the expectations of
higher stability towards perturbation (i.e. high resistance and
resilience to disturbance) under more severe evolutionary
selection by fire in the Mediterranean region. Interestingly,
our results give insights into the mechanisms of this higher
redundancy. For example, we found consistent and frequent
evidence that Mediterranean environmental conditions and
fire regime can have a divergent effect on similar traits (sensu
McDonal et al. 2003, i.e. for a given traits, two environmental
factors select for opposite trait states), as shown for tongue
length, inter-tegular distances, and bee social status (see
Table 4 and Fig. 3). For instance, bees dominant in the Med-
iterranean (i.e. under severe summer climatic conditions)
have longer tongues and inter-tegular distances and so do the
bees occurring at unburned sites in Switzerland (i.e. fresh
conditions). Similarly, higher diversity in social status was
observed in the Mediterranean and unburnt sites in both
climatic regions. As a result of this divergent selection, FD is
often higher under Mediterranean conditions. In fact, despite
the higher number of species sampled in the temperate region,
7 out of 11 traits that responded to climatic conditions showed
a higher FD in the Mediterranean region (Table 4). Indeed
there was a higher inertia value among both the species
and trait composition gradients in Israel than in Switzerland
(DCA, Table 3), suggesting that the Mediterranean bee
community has a higher heterogeneity in species and trait
assemblage, which is not determined only by fire. In the Israeli
phrygana, as in many Mediterranean ecosystems, high
habitat heterogeneity is maintained by a long fire history and
co-existence of different land uses more generally (e.g. Grove
& Rackham 2001). A higher alpha and beta plant diversity in
Israel, compared to Switzerland (Table 1), is consistent with
the higher heterogeneity in plant composition in the Mediter-
ranean landscapes compared with temperate ones (e.g. de
Bello, Leps & Sebastia 2007b). Such landscape and resource
mosaics can be easily exploited by the larger bees that dominated
the communities in Israel. In the Swiss temperate forests,
the strong re-growth vigour of the sweet chestnut coppice
drives the post-fire succession (e.g. Delarze et al. 1992). This
reduces the time-window when favourable post-fire habitat is
available for bees, therefore reducing the heterogeneity in bee
species and trait assemblage as indicated by the low species
and trait inertia (DCA, Table 3).

The higher heterogeneity in bee traits in the Mediterranean
(high FD) appears to allow a more stable functional com-

munity rebuilding after fire, as shown by a low functional
response towards disturbance in functionally diverse plant
communities (Walker, Kinzig & Langridge 1999). According
to these authors, functional stability towards disturbance
might be maintained by replacement of functionally similar
species, which dominate under different environmental con-
ditions. This process is enhanced by high local FD, since more
strategies and niches are available in the pool that can be
interchanged, determining a shift in species composition but
not in functional assemblage (as defined by Petchey et al
2007 as ecological redundancy). Therefore, the interaction
between perturbation factors and the environmental matrix
of the surroundings combine to shape the different mechanisms
of community responses to fire.

Conclusions

Our results show that species and bee trait responses to fire
are not exclusively the result of the fire regime, but rather of a
combination of factors, including the climate, historical
aspects (mainly land use) and landscape structure. This sug-
gests that using traits to predict the response of communities
to environmental changes and habitat contexts should be
considered when interpreting bee community responses
to disturbance. Extrapolations based on simple species
traits cannot be generalized to all conditions and should be
applicable only within comparable situations. Furthermore,
despite the significant shift in species composition with fire in
the Mediterranean and temperate regions, functional com-
position parameters remain more stable in response to fire in
the Mediterranean. Such stability seems to be regulated by
the region characteristic functional composition and higher
diversity in traits in the system.

Acknowledgements

We thank F. Amiet for the identification of the Swiss bees and the two
anonymous referees for their help in improving the manuscript. This research
is part of the FIRE PARADOX project (contract no. FP6-018505) and was
co-funded by grants from the Natural Environment Research Council
UK (GR3/11743), the Czech Ministry of Education (project LC 06073), EC
RUBICODE project (6th Framework Programme, EU-036890) and EC
ALARM project Assessing Large-scale environmental Risks for biodiversity
with tested Methods (GOCE-CT-2003-506675). We acknowledge the European
Commission for funding the research.

References

Aizen, M.A. & Feinsinger, P. (1994) Forest fragmentation, pollination, and
plant reproduction in chaco dry forest, Argentina. Ecology, 75, 330-
351.

Balvanera, P., Pfisterer, A.B., Buchmann, N., He, J.-S., Nakashizuka, T.,
Raffaelli, D. & Schmid, B. (2006) Quantifying the evidence for biodiversity
effects on ecosystem functioning and services. Ecology Letters, 9, 1146—
1156.

Belaoussoff, S., Kevan, P.G., Murphy, S. & Swanton, C. (2003) Assessing tillage
disturbance on assemblages of ground beetles (Coleoptera: Carabidae) by
using range of ecological indices. Biodiversity and Conservation, 12, 851—
882.

Bengtsson, J., Nilsson, S.G., Franc, A. & Menozzi, P. (2000) Biodiversity,
disturbance, ecosystem function and management of European forests.
Forest Ecology and Management, 132, 39—50.

© 2008 The Authors. Journal compilation © 2008 British Ecological Society, Journal of Animal Ecology, 78, 98—108



Biesmeijer, J.C., Roberts, S.P., Reemer, M., Ohlemueller, R., Edwards, M.,
Pecters, T., Schaffers, A., Potts, S.G., Kleukers, R., Thomas, C.D., Settele, J.
& Kunin, W.E. (2006) Parallel declines in pollinators and insect-pollinated
plants in Britain and the Netherlands. Science, 313, 351-354.

Botta-Dukat, Z. (2005) Rao’s quadratic entropy as measure of functional
diversity based on multiple traits. Journal of Vegetation Science, 16, 533-540.

Buddle, C.M., Spence, J.R. & Langor, D.W. (2000) Succession of boreal forest
spider assemblages following wildfire and harvesting. Ecography, 23, 424—
436.

Cane, J.H. (1991) Soils of ground-nesting bees (Hymenoptera: Apoidea):
texture, moisture, cell depth and climate. Journal of the Kansas Entomolog-
ical Society, 64, 406—413.

de Bello, F., Leps, J. & Sebastia, M.T. (2006) Variations in species and func-
tional plant diversity along climatic and grazing gradients. Ecography, 29,
801-810.

de Bello, F.,, Leps J., Lavorel S. & Moretti, M. (2007a) Importance of species
abundance for assessment of trait composition: an example based on pollinator
communities. Community Ecology, 8, 163—-170.

de Bello, F., Leps, J. & Sebastia, M.T. (2007b) Grazing effects on the species-
area relationship: variation along climatic gradient in NE Spain. Journal of
Vegetation Science, 18, 25-34.

ter Braak, C.J.F. & Smilauer, P. (2002) canoco Reference Manual and Cano-
Draw for Windows User’s Guide: Software for Canonical Community
Ordination (version 4-5). Microcomputer Power, Ithaca, New York.

Delarze, R., Caldelari, D. & Hainnard, P. (1992) Effects of fire on forest dynamics
in southern Switzerland. Journal of Vegetation Science, 3, 55—-60.

Diaz, S. (2005) Biological regulation of ecosystem services. Ecosystems and
Human Well-being: Current State and Trends, Volume 1 (eds R. Hassan, R.
Scholes & N. Ash), pp. 297-329. Island Press, Washington, DC.

Diaz, S. & Cabido, M. (2001) Vive la difference: plant functional diversity
matters to ecosystem processes. Trends in Ecology & Evolution, 16, 646—
655.

Diaz, S., Noy-Meir, 1. & Cabido, M. (2001) Can grazing response of her-
baceous plants be predicted from simple vegetative traits? Journal of Applied
Ecology, 38, 497-508.

Diaz, S., Lavorel, S., Chapin, E.S., Tecco, PA., Gurvich, D.E. & Grigulis, K.
(2007a) Functional diversity — at the crossroads between ecosystem func-
tioning and environmental filters. Terrestrial Ecosystem in a Changing World
(eds J. Canadell, D.E. Pataki & L.F. Pitelka), pp. 81-91. Springer-Verlag,
Berlin, Germany.

Bees’ functional response to fire 107

© 2008 The Authors. Journal compilation © 2008 British Ecological Society, Journal of Animal Ecology, 78, 98—108



108 M. Moretti et al.

Swengel, A.B. (2001) A literature review of insect responses to fire, compared to
other conservation managements of open habitat. Conservation Biology, 10,
1141-1169.

Walker, B., Kinzig, A. & Langridge, J. (1999) Plant attribute diversity,
resilience, and ecosystem function: the nature and significance of dominant
and minor species. Ecosystems, 2, 95-113.

Westphal, C., Bommarco, R., Carré, G., Lamborn, E., Petanidou, T., Potts,
S.G., Roberts, S.P.M., Szentgyorgyi, H., Tscheulin, T., Vaissi¢re, B.E.,
Woyciechowski, M., Biesmeijer, J.C., Kunin, W.E., Settele, J. & Steffan-
Dewenter, I. (2008) Measuring bee biodiversity in different habitats and
biogeographic regions. Ecological Monographs, in press.

Westrich, P. (1989) Die Wildbienen Baden-Wiirttembergs. Ulmer, Stuttgart,
Germany.

Willmer, P.G. & Stone, G.N. (2004) Behavioral, ecological and physiological
determinants of the activity patterns of bees. Advances in the Study of Behavior,
34, 347-466.

Received 22 February 2008; accepted 10 July 2008
Handling Associate Editor: Jonathan Newman

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Appendix S1. Summary of species richness (number of bee
species; Fisher alpha diversity), Simpson diversity and
number of individuals sampled for each fire age category for
Israel and Switzerland (Mediterranean vs. temperate regions)

Appendix S2. Partial redundancy analyses (pRDA) of bee
species response to fire for the 21 sites in the (a) Mediterra-
nean (Israel) and (b) temperate (Switzerland) regions (using
time since fire as a variable and site factors as covariables)

Appendix S3. Bee composition changes with fire in the (a)
Mediterranean and (b) temperate region

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

© 2008 The Authors. Journal compilation © 2008 British Ecological Society, Journal of Animal Ecology, 78, 98—108




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 120
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 120
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


