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Numerous factors affect distribution and abundamuge to their intimate host association,
pollinating fig wasps are expected to occupy tharerdistribution of their host fig. An
understanding of the physiology of fig wasp speeiegd the factors affecting adult survival are
important for understanding and explaining waspnalance and distribution patterns. We
examine distribution and abundance patterns o arée-fig wasp system in which the non-
pollinator (Ceratosolen galil has been reported to be rarer than the pollingeratosolen
arabicug in drier areas due to lower desiccation toleraBath species are closely related anc
utilise the same oviposition sites Bitus sycomorusWe used ecological niche modelling to
determine whethe€. galili covers the range df. sycomorusand whether it is consistently
rarer thanC. arabicus We examined emergence times, critical thermaitdingdesiccation and
starvation tolerances of the wasps. The suggeatég of C. galili relates to lower abundance
in certain months and at certain localities buihalar number of occurrence records within the
distributional range (except in arid regions, &gmibia). In contrast t€. galili, C. arabicus
has a wider thermal range, lives longer under hydyaand dehydrating conditions and is a
nocturnal flier. The synergistic effect of physigical tolerances and flight time differences
exacerbate the less favourable conditions availablg. galili during flight and location of
receptive figs. These factors enaklearabicusto survive for longer thag. galili, meaning
that they are more likely to disperse to trees #natflowering further away in space and time
Combining correlative and mechanistic approaches &a@ed us in understanding the

ecological niches of these species.



Physiology, species abundance patternsand distribution

A complex and varied set of factors may determime tange limits of a species, and the
abundance structure across its range. Fine-scaagebl in the distribution of suitable
microclimates may lead to changes in populatior sizd colonization rate and to changes i
distribution (Wilson et al. 2009). The physioloditalerances of species may be one driver o
these changes where, for example, individuals species are completely excluded from
habitats experiencing climatic conditions outsidetheir physiological tolerances. Such an
effect of humidity on abundance and distributiomils has been recorded in tsetse flies
(Rogers and Randolph 1986), while in another sttldy, wider physiological tolerances of
some crustaceans allowed them to occupy a widegrgphical range (Gaston and Spicet
2001). In another example, on sub-Antarctic Marisland, temperature and desiccation are
known to exclude slugs from particular habitatsg(le¢ al. 2009).

Factors limiting distribution and abundance mayywaithin and over seasons (wet vs.
dry and cold vs. hot, Wilson et al. 2009) and tbabky operate at certain spatial and tempora
scales (Kjellberg et al. 1988, Holt et al. 2005Isken et al. 2005, Gaston and Fuller 2009), fo
example, when environmental conditions are leseueable. Therefore, we need to conside
how these factors affect distribution and abundgratierns not only pooled over time but alsc
within seasons.

Despite the value that physiological data may doute to distribution modelling, these
data are seldom available and consequently areyraneorporated into mechanistic

distribution modelling (Kearney and Porter 2009b&dn 2009).

Distribution modelling and abundance patterns of fig tree- fig wasp

mutualisms



The fascinating association between the organismaved in fig tree- fig wasp mutualisms
has become a model system for investigating nunseewalutionary and ecological questions
(Janzen 1979, Wiebes 1979, Wang et al. 2008).dsetimutualisms, the tree depends on th
wasp for the dispersal of pollen and for seed w#ile the wasp depends on the tree fo
offspring development (Wang et al. 2008).

In contrast to externally feeding insects, fig wamlinators are expected to occupy
most of the geographical ranges of their hosts usxaf their intimate host associations
(Wiebes 1979, Weiblen 2002). A shift in the hoslistribution must entail a concomitant shift
in the distribution of the pollinator for the mutisan to persist andice-versalf the host plant
becomes extinct, the wasp will also become extinéss it is able to shift to a new host plant
Furthermore, the environmental factors structuriree populations may differ from those
driving wasp populations. This can result in a nasch of species fundamental niches, whict
may lead to a breakdown in the mutualism, espgciatider a rapidly changing climate
(Hegland et al. 2009). Therefore, to understandclwifactors may be most important in
determining fig tree-wasp distribution and abun@apatterns requires investigating patterns o
both organisms involved in the mutualism.

Soberén (2007, 2009) suggests combining data asti@bdactors, biotic factors and
species dispersal as a more comprehensive and mstthapproach to species distribution
modelling (see also Pulliam 2000). We believe th& approach is useful to apply to both
distribution modelling and species abundance pateffor fig wasps, these factors include
spatial and temporal variation in environmental dibons that affect host plant distribution
and abundance. For example, tree water availal@hty climatic conditions may affect both
the distribution and abundance of the fig tree laost its fruiting cycle, which in turn affect the

wasps that utilise the fruit (Kjellberg and Valdeyrl1990).



The ability of the adult wasps to survive from egerce until finding and entering a
receptive fig in which to oviposit is another edsdnfactor affecting wasp abundance anc
distributions. The fig wasp does not need to bagmrethroughout the year for pollination of
distant trees to persist. The tree will receivdgrobs long as some trees (within the dispers:
distance of the wasps) contain wasps and thesesvesis@ble to survive until either locating a
distant tree or until the tree becomes receptivielligerg et al. 1988). Indeed, Kjellberg and
Valdeyron (1990) suggest that the pollinatorFatus sycomorud.. may not be present in
locations where the trees have been planted asiitable to survive these conditions, while the
pollinator forF. caricaL. may be temperature limited. Also, range expamsif Ficusspp. and
persistence of their pollinators may be limitedviigsp developmental time and fig flowering
phenology under cooler climatic conditions (Kjelipeand Valdeyron 1990, Bronstein and
Patel 1992).

As fig wasps do not feed as adults (Compton et@94), starvation tolerance may be
particularly important under dry (winter) condit®nwhere individuals would require more
searching time to find suitable oviposition siteider drier conditions, fewer seedlings may
grow and establish and fig trees may be less almipdad thus spaced further apart (set
Wharton et al. 1980, Greeff unpublished data). Afsaiting cycles may be severely affected
by drier conditions (less frequent fruiting and #eracrop sizes, Greeff and Compton
unpublished data). A species that has a greatefastan tolerance would be able to search fo
longer (i.e. able to resist starvation for longamy would be more likely to find a suitable host
(see also Kjellberg et al. 1988).

In addition, the wasps may be more susceptible néavwourable environmental
conditions at certain times of the day. For exam@leemporal structuring of emergence time:
may allow nocturnally emerging individuals to sweviunfavourable seasons while diurnally

emerging individuals succumb to high temperature déow humidity. Thus examining



behavioural differences between species may ymiaesinsight into differences in distribution
and abundance patterns.

Therefore, the factors affecting adult survivorshipd oviposition while dispersing
from the natal tree include dispersal distance distance to nearest fruiting tree, climatic
conditions, physiological (e.g. thermal, desicaatamd starvation) tolerances and behavioure
constraints (e.g. the time of day of emergence fthenfig syconium) (Kjellberg et al. 1988,

Compton et al. 1991, 1994).

Adopting a comparative approach to understanding Ficus sycomorus-

Ceratosolen distribution and abundance patterns

Ficus sycomorud.. is distributed across a large part of Africaaddgascar and the Arabian
Peninsula (Kerdelhue et al. 1999). It is believetiave originated in Madagascar with the tres
and its pollinator,Ceratosolen arabicudlayr, secondarily colonising the African continent
(Kerdelhue et al. 1999Ceratosolen galiliWiebes also utilises the figs &f sycomorusut
rarely pollinates any of the flowers (Compton etl®91).C. galili is believed to have been the
pollinator of another, currently extinct, Afric&ficus species but was able to survive through :
horizontal transfer to a new host plant speciemataF. sycomorugKerdelhue et al. 1999).
Both species are likely to compete for ovipositsmties inside figs and also to compete for figs
After entry and oviposition by a female/s, the fgy no longer attractive to the wasps,
preventing further wasp individuals from enterir@of(npton et al. 1991) thereby reducing
founding possibilities for other females, includihgterospecifics. This may lead to pattern:
where higher abundance of one species will resutiwer abundance of the other.

Several authors have noted differences in theilbligion and abundance patterns of

these two wasp species. Specificaly, galili has been reported to be rare in drier aree



(Wharton et al. 1980, Compton et al. 1991). Althougrity may be defined in terms of a
species abundance or occupancy, with rare speaesrrong at low abundance and/or
occupying few localities (Gaston 1994), the authidwsnot qualify what they mean by rarity
nor can we determine this from their publicatiodswever,C. galili may well occupy fewer
sites and occur at lower abundances in drier agall. and Eisikowitch (1968) state th@t
galili appeared to be more abundant at the coastalhasdriore humid Kenyan coastal town
of Mombasa, than in the interior of the African tioant (This is the only locality where the
authors recorded the species in Kenya over a peafodur months, D. Eisikowitch pers.
comm.). Also, five trees that were sampled alorggUlgab River, Namibia in 2003 contained
only C. arabicusand noC. galili (S. G. Compton pers. comm.). Therefore, questoise as to
what form of rarity (distribution, abundance or lbois present and why we find differences in
the wasp abundance/distribution patterns, evergtinthey are utilising the same tree host.

C. galili is suspected to be a day-flier white arabicusis collected abundantly at
nocturnal light traps (Compton et al. 1991). Thisams that due to its flight tim&. galili
would be exposed to higher temperatures and loweridity thanC. arabicusin all areas
where both wasp species ocddr.galili may thus be overcome by either extreme tempematur
or desiccation, concomitantly lowering abundancaub-optimal localities and ‘contracting’
its distribution. In addition,C. galili has been suggested to be less desiccation resist
(Wharton et al. 1980, Compton et al. 1991) and alag be less temperature tolerant tkan
arabicus and its numbers may be severely reduced due wsigdbgical intolerance, in
addition to, its diurnal flight time. The synergiseffect of the behavioural and physiological
differences is likely to magnify differences in trilsution and abundance of the species
However, these effects may only play out at certaires of the year when environmental
conditions are less favourable. This would havedfiect of reducing the number of ‘sink’

populations and temporarily lowering abundance s@urce’ populations and contracting



distribution. Temporal fluctuations will be unnaable when plotting distribution from
historical records collected over multiple seasang years but the ‘signal’ in abundance dat:
should remain when examining such data across isgaso within seasons and across
localities.

The aims of our study were to first, determine \abeCeratosolen galilicovers the
entire distribution range dfFicus sycomorusand second, to ascertain whetl@&r galili is
consistently rarer tha@eratosolen arabicuat specific locations within and across season:
Our third aim was to investigate the potential wataral and physiological underpinning of
differences in distribution and/or abundance ofwasp species. The emergence times of th
species were used to estimate the time of daythese insects fly and reflect a potential
behavioural driver of different wasp distributioasd abundance patterns. To assess potent
differences in physiological tolerances, we detegdithe upper and lower critical thermal

limits, desiccation and starvation tolerances (@@stant temperature) for both species.

Materials and M ethods

Distribution modelling

Data

The natural distribution region éficus sycomorug. extends from Sudan and Ethiopia in the

north of Africa to South Africa and Madagascar (Gahd Eisikowitch 1968, Kerdelhue et al.

1999). F. sycomorusin the Kruger National Park, South Africa is clo&e the southern



distribution limit for the species in Africa. Botberatosolen arabicuandC. galili appear to
have large geographical ranges and are dependéntsycomorugor their reproduction. Data
on the distribution ofFicus sycomorugsubspeciesycomorusand gnaphalocarpa and its
pollinator C. arabicu$ and cuckoo waspC( galili) were collated from multiple sources,
including the PRECIS database of the South Afridéational Biodiversity Institute and
original records collected by J. Galil and D. Eositktch and other researchers (see
acknowledgements). When records did not includerdioates for localities, we extracted

these from electronic gazetteers, like GeoNwtp(//earth-info.nga.mil/gns/html/index.htnl

To avoid pseudo-replication we removed all dupésatFor each species we used only on
record per 2.5 minute grid cell as defined by theirenmental predictor variables (see below).
After removing duplicate records in grid cells, I'@8ords were available féicus sycomorus
71 records foC. arabicusand 73 records fd€. galili. F. sycomorusC. arabicusandC. galili
are known to occur in West Africa. This region wen included in our analysis as we were
unable to obtain distribution data for these spgefriem this region.

Raster geospatial data sets, used to charactensem@ments across the map region,
consisted of ‘bioclimatic’ variables interpolateid?ab minutes spatial resolution (Hijmans et al
2005). The variables used included annual meandmtype, mean diurnal range, maximum
temperature of warmest month, minimum temperatéireotwlest month, annual precipitation,
and precipitation of the wettest and driest montishese variables were chosen to summariz
temperature and moisture trends that were consideréoe most relevant for limiting the
distributions of the tree and the wasps. The samlection of variables has been usec

successfully to predict the distribution of otheradl arthropods (De Meyer et al. 2009).

Ecological niche modelling



Our approach is based on the idea of modelling ispe@cological niches, which are
considered to constitute long-term stable condsaion species’ potential geographic
distributions (Martinez-Meyeet al 2004, Petersoat al 1999, Raxworthyet al 2003, Wiens
and Graham 2005). Ecological niches are definethasset of conditions under which a
species is able to maintain populations without igration (Soberén 2007).

We used a correlative ecological niche modelling g technique (Maxent, Phillips et
al. 2006) to estimate the potential distribution aff three species. Maxent estimates the
ecological niche of a species by determining trstridution of maximum entropy, subject to
the constraint that the expected value of eachremwiental variable (or functions of these)
under this estimated distribution matches its eitgdiraverage (Phillips et al. 2006). Maxent
makes use of presence records and a set of backhralues drawn from the entire study
region. We used default parameters in Maxent (eerdd.1.0) to produce models: feature
selection automatic, regularization multiplier aity, maximum iterations 500, convergence
threshold 10, and random test percentage at zero. We prodoegss using the logistic

output format.

Model evaluation

We evaluated model prediction success by assegmngccuracy with which the models were
able to predict the occurrence records that weed ts train the models for each species. W
also randomly split the dataset into 70% trainiegords (for model calibration) and 30%
evaluation records (as an independent testing Séte repeated this five times. The Area
Under Curve of a Receiver Operating Character(®0C) curve was used to evaluate overal
model performance (Fielding and Bell 1997). Asdw@ not have any reliable absence data

we used the AUC values from ROC curves as calalilaie Maxent because they do not
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require absence data (Phillips et al. 2006). Mbaxmes the fraction of the total study aree
predicted present on the y-axis of the ROC cumstead of the commission error rate (the
calculation of which requires absence data) in otdealculate an AUC value (Phillips et al.

2006).

Abundance patterns

Hengeveld and Haeck (1982) state that abundanfregquency of occurrence may be used t
estimate ‘intensity’ or expected number of indivatki per unit area. A dataset (independer
from that used to determine the abundance pattezltsv) collected between October 2004
and February 2006 from 73 Kruger National Park (KNBouth Africa trees revealed that
proportional occupancy (number of occupied figs tpee/ total number of figs sampled) and
total or mean abundance per tree were highly aigél(r = 0.89 and 0.95 respectively, p <
0.001). We therefore used proportional occupancythes abundance measure across a
localities. Data orC. arabicusandC. galili occupancy of figs on individual trees at different
locations were obtained from published surveys: Man collected in December 1978
(Wharton et al. 1980) and KwaZulu-Natal, South édri collected in December 1988
(Compton et al. 1991), and unpublished data cateat May and December 2005 in KNP.
These data are thus from three regions within thgiloution of the tree and wasps. For eact
tree, 25-50 figs were sampled to estimate propmatioccupancy per tree (except for Namibie
where 300 figs from a single tree were sampled).

We first examined the relationship between abuocédproportional occupancy) across
the three localities for the two species, standadlifor season by only using collections fot

summer (December) using simple regression in 8taig5.5 (Zar 1996). We then examined
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the relationship within a single locality (KNP) be&ten seasons (summer, n = 19 trees ar
winter, n = 24 trees). We performed separate regmes for each season and compared tr
slopes of the regressions using an F-test (Zar)1996the slopes did not differ significantly
(F139= 0.21, p = ns), we then proceeded to test if tbercepts differed between seasons usin

Analysis of Covariance (Zar 1996).

Behavioural trials. Emergence times

To record emergence times, mature figs were celedtom Olifants and Skukuza Rest
Camps, Kruger National Park, South Africa in Febyuz004 and June 2008 respectively. Figs
were housed individually in 100ml plastic jars cadewith organza. The figs were observec
every hour and the time of wasp emergence, spaa@siumber of individuals were recorded
for each fig. A single species emerged from 88/aA8 35/83 figs over the two collections.
These single species figs were used to determinergemce times to prevent bias in the
estimates resulting from multiple species emergiom the figs. Because emergence time dat
are grouped, it is recommended that contingenclesde used rather than circular statistic:
(Zar 1996). Chi-square tests were used to testnmiérgence times are uniform and a

contingency table was used to compare the eclgmitern of the two species.

Physiological trials

Differences in thermal and desiccation toleranaetsvéen the species may affect distributior
and abundance. Ascertaining if the species haverdift critical thermal limits and desiccation
limits may contribute to our understanding of diffieces in distribution and abundance

patterns. Although clines in thermal and desiccatiolerance have been found for some
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species and should be tested across a specieg, thmgwould involve an exhaustive study of
the thermal biology of these species across Affwhich would yield insights into spatial
variation in these parameters). However, becaugevlisps are able to disperse over vas
distances (Jansen van Vuuren et al. 2006 foundenetwy differentiation in two pollinating
wasp populations that are 500km apart), local adiepot and the formation of thermal and
desiccation clines, may not be possible for fig pgaand are thus unlikely to influence our
results. We tested the thermal and desiccationaiodes of these species in an area where bc
wasp species occur and that is close to the southage limits of the host plant.

All experiments were performed on one populaticat thas sampled in Skukuza Rest
Camp, Kruger National Park (KNP), South Africa frewo F. sycomorudrees. Fresh, mature
figs (n =26), which were close to releasing livesps were collected and immediately taken t
the field laboratory. Figs were sliced in half torailate the female wasps to emerge. Emergin
wasps were immediately used in the experimentoWelSampling commenced in February
2008 during the traditional peak of summer tempeest and after good rainfall (Skukuza
Weather Station, SANParks). Winter in KNP is defirgedominantly by lower rainfall, not
decreased temperature, compared to summer andsdconr May to August (H. Sithole pers.
comm.). Experiments were conducted on females efsffecies as the males mate inside th

controlled fig environment and do not disperse.

Deter mining critical thermal minima and maxima

The critical thermal minimum, identified as the enhsf (CTMin,) and recovery from (CTMih

chill coma, and critical thermal maximum, identifi@s the onset of spasms (CTMax), wa:

determined forC. arabicusandC. galili females. Ten specimens were collected immediate

on emergence and placed individually into 1.5ml neleefs with transparent lids. The
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ependorfs were submerged in a Labotec water batineobed to a Julabo P temperature
controller. Because of the small body size of theasps, the body temperatures were assume
to be equivalent to ambient temperature (Huey.e1@32). The bath's temperature was left t
stabilize for 15 minutes at 14°C after which it wawered at approximately 0.25°C.rinntil
the onset of chill coma (CTMih was recorded in all animals. The temperature lathva
particular specimen was unable to right itself raftening it on its back was noted as the
CTMin, for that individual (Klok and Chown 1997). A finpaintbrush, held at bath
temperature, was used to manipulate the animals.bBth temperature was allowed to droy
0.5°C lower than the last CTMjivalue measured. The animals were held there fambites

to allow for equilibration and the temperature when increased at the same rate. Th
temperature at which an individual regains compiatgoric functioning (regained the ability
to right itself) was noted as the CTMior that individual. The wasps were discarded toed
water bath was left to increase its temperatur27t&, where it was allowed to stabilise. Ten
fresh specimens were submerged in separate epsndod the bath’s temperature was
increased. The temperature observed at the onsatigfular spasms in an animal was noted &
the CTMax for that particular animal (Klok and Chow997). The procedure was repeatet
three times for each species for CTMin and CTMaxite a total n = 30 per species. The
critical thermal range (CTRange) for each specias valculated as the difference between th
average CTMax and CTMinalues.

Generalised linear models with normal error strrectand identity link functions were
used to evaluate the effects of species, replicatestheir interactions, on critical thermal
measurements (STATISTICA version 5.5, McCullagh aelder 1989). The best subsets
likelihood ratio approach was used to determine Wiest-fit model with fewest terms
(McCullagh and Nelder 1989, Collet 1991, Dobson20Goodness of fit was measured using

the deviance statistic and the percentage deviexiained (similar to B for the best fitting
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model was calculated. The change in deviance faylesivariables was used to estimate th

contribution of individual variables to the devianexplained by the final model (Collet 1991).

Deter mining desiccation and starvation resistance

Thirty freshly emerged female wasps were placed/iddally into 1.5ml ependorfs with both
ends covered with organza. Each ependorf was pladedits own miniature desiccation
chamber containing silica gel crystals at ambiemgerature (27 = 1.5°C) and initially at
ambient humidity. Adult female wasps were monitoes@ry hour until all wasps were dead.
At the same time, 30 adult females were placedoendorfs in control chambers at the sam
ambient temperatures, but with distilled watereast of silica gel crystals, in the chambers
From this we were able to establish how rapidlytidezccurred under the desiccation or
starvation treatment. The experiment was repeatethé second species.

To determine if the two species exhibited diffeesan terms of survival times under
different environmental conditions, survival an&@ysas executed, using the survival library,
in R 2.7.1 (R Development Core Team; http://wwwrgppct.org). The Cox proportional-
hazards regression model was fitted with the cdxplction (Dalgaard 2004). Data were not
censored, except f@. galili under hydration (but this was only after 50% & thdividuals in

the treatment had died). Proportionality of hazaves confirmed with the cox.zph function.

Results
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Distributions

The potential distribution dFicus sycomoruss extensive (Fig. 1). Regions of high suitability
predicted by the ecological niche model include Alnabian peninsula, Ethiopia, east Africa
and most of southern Africa (Fig. 1). Parts of tleeth African coast and parts of Madagasca
are also predicted to be highly suitable. The itistion records ofF. sycomoruscoincide
reasonably well with regions of high predicted ahility (>0.15), except along the southern
and eastern coasts of South Africa which have & bigtability but no distribution records.
The AUC value for the model evaluated using alth# training records was 0.963 and the
average AUC value taken from five models evaluaigdg 30% randomly selected evaluation
records was 0.918. Many more distribution records.csycomorusare available in southern
Africa (especially South Africa, Namibia and Botsw than in east and north Africa, where
the species is known to occur. The predicted tistions of the two wasp species are quite
similar and show similar potential distributionstt@at of Ficus sycomorugFig. 1) C. galili
shows a smaller region of high suitability (>0.15)he drier south western parts of southerr
Africa thanC. arabicus The sizes of the distribution ranges of the twecses appear to be
similar, although the areas of high suitability (¢8) for C. arabicusare about 30% larger than
for C. galili (Fig. 1). The model fo€. arabicusobtained an AUC value of 0.957 when using
all training records and a mean value of 0.935 wheluated with the 30% evaluation set. The
model forC. galili obtained an AUC value of 0.970 when using alhirag records and a mean
value of 0.949 when evaluated with the 30% evabmaget. Swets (1988) suggested tha
models with AUC values that are greater than OQcansidered to be excellent. The model:
for all three species can be considered to showllext model performance using the AUC
statistic. Although model performance was sim#daross species, on average modelsCor

galili performed best, followed by that fGr arabicusand therf. sycomorus
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Rainfall of the driest month and minimum temperataf the coldest month, followed
by annual precipitation, were shown to be impor@mzironmental variables predicting the
wasp distributions but were not consistently imaottfor tree distribution (Table 1). The sets
of distribution records used to calibrate the medet the two wasp species show considerabl

overlap in climate space (Fig. 2).

Comparing abundance patterns

As C. arabicus occupancy (and thus abundance) of figs increa€edgalili occupancy
decreased across localities within the summer se@ses = 83.08, B = 0.73, p < 0.001, Fig.
3a).C. arabicuswas more abundant in Kruger National Park (Me&EtC. arabicus 0.78 +
0.04;C. galili 0.27 + 0.04), whileC. galili was more abundant in KwaZulu-Natal province of
South Africa (Mean £ SEC. arabicus0.30 + 0.06,C. galili: 0.81 £ 0.04) in the summeC.
galili was absent from the tree sampled in Namibia irB1@rd has been shown to be abser
during a subsequent survey of five trees in 200&ddnpton pers. comm.).

Across seasons, a similar pattern is visible, wittecrease i6. galili occupancy a€.
arabicus occupancy increases (Table 2, Fig. 3b). Furtheemewven whenC. arabicus
occupancy of figs is lowC. galili occupancy is at lower levels in almost every cadhough
C. arabicusoccupancy (and thus abundance) did not vary sigmfly between winter and
summer seasons (0.78 £ 0.03 and 0.78 + 0.04 respledt C. galili occupancy is lower in the

drier winter months (Table 2, Fig. 3b).
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Comparing behaviour: emergence times

The mean emergence time Gf arabicusfemales was at 20h20 and it was significantly
different from a uniform emergence patted € 55.5217, df = 5, p < 0.001, times were
collapsed to 6 periods: 2am-6am, 6am-10am, 10am-2pm-6pm, 6pm-10pm, 10pm-2am,
Fig. 4). By contrastC. galil's mean emergence time was almost exactly 12 hiates at
08h55 and its emergence was also significantlyedsfit from a uniform distributiony{ =
22.5714, df =5, p < 0.001, times were collapse@ periods as above, Fig. 4). The emergenc
times ofC. arabicusandC. galili differ significantly from one anotheg = 34.4778, df = 5P

< 0.001).

Comparing physiology: temper ature, desiccation and starvation

No significant differences were found between gibs (Wald = 4.32, p = 0.12) or species
(Wald = 2.50, p = 0.11) for the onset of chill cofeviance= 38.65, deviance/df = 0.73, Fig.
5). The onset of chill coma was similar for botregps (Mean + S.EC. arabicus5.76 *
0.14°C, C. galili 5.43 + 0.18°C). However, recovery from chill cong@Tmin) was
significantly slower and at a higher temperature Go galili (13.90 £ 0.21°C) than foC.
arabicus (12.52 + 0.15°C) (Table 3, Fig. 5). Although sigraht differences between
replicates were apparent for CTMirthe species effect was greater. The critical niiadr
maximum temperature fo€. galili (37.12 + 0.42°C) was significantly lower than fGr
arabicus (40.07 + 0.28°C) (Table 3, Fig. 5). The criticddletmal ranges differed by
approximately 4°C (27.55°C and 23.22°C@orarabicusandC. galili respectively). Therefore,

C. galili is more susceptible to extreme temperatures@amabicus
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C. galili females always died significantly earlier ti@narabicusfemales in hydrating
and dehydrating environments and all individuals tie dehydrating environment died
significantly faster than those in the hydratingziemnment (Fig. 6, Table 4). The effect of
treatment (namely higher or lower relative humiglityas much greater than that of the
differences between the species, although botletsfigere significant (Table 4). These results
show that desiccation and starvation affect theigalr of both species, more so f@r. galili

thanC. arabicus

Discussion

Distribution

The potential distributions for the two wasp sps@ppear to be very similar, despite having
different physiological tolerances. Since the applotaken to define the potential distributions
of these species was correlative, the quality ef dlatasets of distribution records used ft«
develop the models should be considered. The hligioin records were not collected by mean:
of a systematic survey in which the presence oerates of each species was recorded at a s
of localities. This approach is preferable for depeng correlative models but is rarely
practical (Funk and Richardson 2002), especiallgmthe ranges are very large as is the cas
here. The only data available to us consisted e$qace records that were collected oraén

hoc basis, which have a number of associated limitatiFunk and Richardson 2002). The
distribution records for these species may not hedequately sampled the ranges of thes

species and may have been insufficient to show dédfdrences in potential distributions
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between these species. Many of the grid cells ngalim this dataset were occupied by bott
species (61 grid cells) and only a limited humberavoccupied by one species and not th
other (12 where onl¢. arabicuswas present and 10 where ofilygalili was present). For this
reason the species appear to occupy very similaatd spaces (Fig. 2). It is also clear from
the spatial distribution of the records that mampling effort was invested in southern Africa
than elsewhere in the map region. In most casesbdison records are found in regions of
high suitability and model performance was con&deto be excellent. However, f@.
arabicusthree distribution records occur in Namibia evieough predicted climatic suitability
for this region is low. This may be because thegseis able to occupy microclimates within
this region that are not well described by thetiedty coarse-grained (2.5 min) predictor
variables (De Meyer et al. 2009). For examplesycomorugrees often grow on river banks in
arid areas and have access to water from the wherh did not necessarily fall in that area.
The amount of water available to the trees in thgisg cells will not necessarily be well
described by the annual precipitation of these getls. This could result in lower than
expected model suitability in arid regions.

C. galili has yet to be recorded in Namibia and thus faeaggpnot to be present in that
country despite a number of collections in theardil978, 2003, 2008). Namibia lies on the
drier western side of southern Africa and represelnatic conditions that are too hot and dry
in the summer and too cold in the winter and gdlyehave low predicted suitability for, not
only, C. arabicusand C. galili but also for their tree host. Furthermore, trees spaced
substantially further apart along the Kuiseb Riamibia (density of 57 trees over 120 km)
than along the rivers in KNP, South Africa (Whartetral. 1980, pers. obs.). Specifically, tree
density along perennial rivers is higher (>59 tree2.2 km along one side of the river) than
along ephemeral rivers in KNP (56 trees over 11 mJs. obs.). The higher the tree density

the nearer a receptive fig tree is for newly emerfggmale wasps. As the distance betwee
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trees increases, wasps need to search for longthas need to survive longer under ambier
conditions, before they are able to find a recepfig tree. Namibian ambient conditions are

clearly less favourable than, for example, KNP anbconditions for these wasps.

Comparing behaviour and physiology and their potential effects on distribution

and abundance patterns

Although the distribution data suggest that botlecsgs occupy the same climate space
significant physiological and behavioural differesavere apparent between the wasp specie
Dispersal ability is (most likely) similar betwe#éme two species: as both species have a sm
body size, they are able to disperse large distan@e wind transport (Nason et. d996,
Jansen van Vuuren et al. 2006, Harrison and Rag8l06). Dispersal ability would thus be
expected to affect both species’ distributions sinailar manner. But longevity differs between
the species, especially under dehydrating conditibrdeed, wasps that are able to survive fc
longer are more likely to be able to disperse ¢edrthat are flowering further away in space
and time (Janzen 1979, Kjellberg et al. 1988). Wansthat in dryandin humid conditionsC.
arabicusis able to live longer tha@. galili. Fig wasps are known to be short-lived (Kjellberc
et al. 1988), however, under optimal conditionglthrelative humidity and 27°C) we found
that C. arabicuswas able to survive for up to five days. This saltime is significantly
longer thanC. galili, and would lengthen the time th@&t arabicusindividuals have to find
receptive fig trees.

In addition to longevity differences between theapes,C. arabicusis able to survive a
wider thermal range tha@. galili, enabling it to survive a wider variety of micrionchtes. Part

of the answer to these differences in physiologickrances lies €. galili being smaller in
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size tharnC. arabicus(see Compton et al. 1991) as size is known tact#e insect’s ability to
resist desiccation (Chown and Gaston 1999). Ind€edalili is less desiccation tolerant than
C. arabicus As suggested by Compton et al. (1991), we hawsvshthatC. arabicusis a
nocturnal flier. This would mean th@t galili’s diurnal flight time would increase the exposure
of individuals of this species to high temperatuaesl dehydrating conditions. However, the
synergistic effect of differences in physiologidalerances and flight times, would further
exacerbate the less favourable conditions avail@bladultC. galili during flight and location
of receptive figs. Such effects are likely to lowbe abundance df. galili relative toC.

arabicuswhen environmental conditions are less favourable.

Other factorslimiting distribution and abundance patterns

Although the environmental factors structuringetrand wasp distributions were broadly
similar, not all environmental variables contritditi®e the same extent, nor were all the sam
variables of equal importance to all partners imedl in the mutualism. For example,
maximum temperature of the driest month was mopomant in contributing té. sycomorus

distribution than to the wasp distributions. Algoecipitation in the driest month and annual
precipitation largely contribute to wasp distrilautibut not to the tree. This is because the tree
are less likely to be water restricted than thepsadter they have grown and established alon
the river bank because they have access to water fine river and their deep root systerr
enables them to access below ground water. Thetliattmaximum temperature was not
important for wasp distributions may be explaingdtle fact that trees transpire actively to
keep fruits cooler (Patifio et al. 1994). Theseed#hces in contributing variables may effect ¢

mismatch in the host and wasps’ species fundamaidiaés under an increasing temperatur:
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climate scenario (Hegland et al. 2009). It is pndgeuncertain how generalisable these result
are across mutualisms (Hegland et al. 2009). Howewar behavioural and physiological
results show that the direct effect of temperaan€. galili may be greater than the effect on
the pollinatorC. arabicus

Species interactions may also have affected thaiqtesl distributions over and above
macro-environmental, physiological and behaviotaators (Gaston 2003, Gaston and Fullel
2009, Soberdén 2009). Both species utilise the ssimetural component of the plant (fig
flowers) on the same tree species. The first spdoiarrive at the receptive figs, will enter the
figs immediately. After entry and oviposition byaasp/s, the fig is no longer attractive to the
wasps, preventing further wasp individuals fromeeing (Compton et al. 1991). The wasp
species with highest abundance at that time wlilise’ the figs to entry by the other species
Indeed, when pollinatoiQ. arabicu$ abundance is higl;. galili abundance is lowered across
localities andvice-versa

This clear relationship betweed. arabicusand C. galili abundance (measured as
occupancy of figs per tree sampled) may, in paatehcontributed to the supposition ©f
galili’s rarity. C. galili is rarer at localities wher€. arabicusis abundant. The relationship
between the abundance of the two wasp species aoldss localities and seasons. Abundanc
is lower in the colder and drier months of the yaad it is specificallyC. galili abundance that
is lower. These variations in abundance and digioh across seasons may explain the
observation tha€. galili is rarer tharC. arabicuswhen sampling at a specific time. However,
C. galili has been recorded on a similar number of tre€3 asabicusfor the dataset at three
localities (both species were collected from 30f82s) and the same abiotic conditions appe:
to limit their distributions. Also, when standaidig for season, we can see that at som
localities (e.g. KwaZulu-Natalf. galili is more abundant in the summer th@anarabicus

Therefore, the suggested rarity®f galili relates to lower abundance in certain months and
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certain localities but, in general, a similar numb& occurrence records within the
distributional range (except in arid regions, sash Namibia). Thus rarity €. galili vs. C.
arabicus relates to abundance across their distributiond aocupancy at certain, arid
localities.

Accurate distribution and abundance data is seydesking for most invertebrate
species (Leather et al. 2008). As the collectioswfh data is time consuming and expensiv
when the spatial extent is large, adding new recasdno simple task. Even for this study,
where sampling occurred at numerous localitiessacy@ars, data deficiencies may influence
the distribution and abundance results. It is wagerat present to what extent (number o
localities) and how consistently (in terms of abammck)C. galili may be considered to be rare
compared t&C. arabicus

Spatial and temporal variation in abundance exitsause of the differences in wasp
abundance on a tree, this would mean (i.t.0. metapton structure) that more immigrants
and emigrants and more source and sink populatimmgresent fo€. arabicusthanC. galili.

C. arabicus should therefore be more common th@n galili if a positive abundance-
occupancy relationship exists (Gaston et al. 2000¢. relationship holds for both summer anc
winter seasons - at least for the Kruger Natioraakopulations. It is not clear whether this
relationship holds across localities.

To further our understanding of the distributiord aabundance of these species we
need to improve the correlative models (based atrilution records) and our mechanistic
understanding by further exploring the physiolobiaad behavioural interactions of these
species. Both correlative and mechanistic appraatthaenderstanding ecological niches are o

great value (Kearney and Porter 2009).
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Figure Legends

Figure 1. Distribution predictions for &) sycomorugshowing countries and all distribution
records), b)C. arabicusand c)C. galili. The darkest shades indicate regions of highe:
probability (potential environmental suitability}. — Botswana, E — Ethiopia, KNP — Kruger
National Park, M — Madagascar, Mz — Mozambique, Namibia, SA — South Africa, Z —

Zimbabwe.

Figure 2. The climate space occupiedtyarabicus(squares) an@. galili (solid) plotted on

two axes from a principal components analysis peréal on the matrix of predictor variable
values associated with the distribution recordsl R€counted for 43% of the variation.
Minimum temperature of coldest month, precipitatmfnwettest month, annual precipitation
and annual mean temperature had the highest laadimg?C1. PC2 accounted for 29% of the
variation. Maximum temperature of warmest month,ameliurnal temperature range and

annual mean temperature had the highest loadin§C@n

Figure 3. Relationship between proportional occepasf the two wasp species a) across thre
localities in Africa in summer (December) (KwaZWatal, South Africa (KZN), Kruger
National Park, South Africa (KNP) and Namibia) drdacross seasons (summer: circles an
solid line, F17=21.48, R = 0.53, p < 0.001; winter: squares and dashex] Fi, = 8.60, B

=0.25, p < 0.01) for 19 and 24 trees, respectjiualiXNP.

Figure 4. Emergence times (number of figs with eymgr females) folC. arabicus(left) and

C. galili (right) on a 24 hour clock.
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Figure 5. Critical Thermal (CT) temperatures for arabicusand C. galili females. Open

circles: CT maximum, open squares: onset of clotha (CTMin), closed squares: recovery
from chill coma. Bars represent £1 SE for each 0f shecimens. Temperatures differec
significantly between species for recovery fromllccoma and CT maximum. See text for

details.

Figure 6. Estimated survival functions for both gpes and treatments. Point-wise 95%

confidence intervals did not overlap and are notwshfor clarity.
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Table 1. Percentage contribution of the environlevdriables to the distribution models that
were calibrated and evaluated using all distributdata for each of the three species

(calculated by Maxent v. 3.1.0).

Contribution of environmental variabl&Species

C. arabicus C. galili F. sycomorus

Precipitation of Driest Month 25.9506 27.5822 8560
Min. Temperature of Coldest Month 25.6813 28.5948 1.2211
Annual Precipitation 16.5868 17.4984 5.972
Annual Mean Temperature 13.3216 8.2316 14.4055
Precipitation of Wettest Month 11.6833 14.8128 8%
Mean Diurnal Randle 5.0518 3.2721 2.435

Max. Temperature of Warmest Month  1.7245 0.008 2836

*Mean of monthly (maximum temperature - minimum tenagure)
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Table 2. Results of analysis of covariance @orgalili abundance between seasons, With

arabicusabundance as covariate?(R0.43, K 4= 16,59, p < 0.001).

Covariate and factor df F p <

C. arabicusabundance 1 26.73 0.001

Season 1 6.73 0.05
n (trees) C. galili abundance + SE

Summer 19 0.27 £0.04

Winter 24 0.16 +0.03

® abundance measured as proportional occupanctexader details
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Table 3. Best subset generalized linear modelsrdoovery for chill coma (CTMiy and
critical thermal maximum (CTMax) (°C) and the indadent terms species and replicate. Onl
variables that were significant are shown. Thenestie and the estimated percentage devian

explained (% Deviation) by the variables in the elatte also provided.

Variable df Log likelihood X* Estimate % Deviation p <

CTMin, (% deviance explained=43.95, deviance/df=0.8658f=

Species 1 -87.53 26.23 -0.69 33.6 0.001
Replicate 2 -79.04 9.24 0.54 10.6 0.01
CTMax

Species 1 133.31 27.20 -2.95 37.43 0.001
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Table 4. Results of Cox proportional hazards modstjuding the coefficients (xSE),
exponentiated coefficients, z (ratio of regressioefficients to SE) and p-value? R 0.843,

likelihood ratio test = 224 on 2 df, p < 0.0001.

Variable Coef £SE Exp (coef) z p <
Species 2.80+0.37 16.5 7.68 0.0001
Treatment 7.07+0.84 1175 8.45 0.0001
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