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ABSTRACT

Geometric morphometric techniques were used tosagsessible ecotypes within four species of Afritamgless
bees from three different ecological zones in Gh&wanonical Variate Analyses, Discriminant Analygesncipal
Component Analyses among other techniques evalshi@goe variations of eight homologous landmarkgight
forewings and effectively discriminated 16 possésetypes among 39 populations of stingless beestHerefore
recommended to stakeholders in meliponicultureasidler the results of this study when exploringrenaent of
colonies from one ecological zone to another.
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INTRODUCTION

Several studies have revealed strong relationsatprden an organism’s morphological traits and d@slagical
requirements (1-5). According to Baltanas (6), ‘#mount of morphospace of an organism is repoddibta good
indicator of its ecological diversity (7), evolutiary radiation (8), morphological convergence irstidct
communities (9) or selective extinctions (10).

The African stingless bees, like most of its sigjeoups on other continents are known to play kalesr by
providing essential ecosystem services such agmatidn of both natural vegetation and commercraps. They
provide hive products which are nutritious and roiedil (11-15) and are also of great commercialrégtefor local
people (16). The environments that serve as reffajidbees can lead to speciation among many bese tnd
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subsequently increase bee biodiversity. Howeveijstrsuch as behavioral variations among speciesvary
difficult to distinguish; hence most taxonomic seglare based on measureable morphological tiaitd §).

Currently, over 30 African stingless bee speciesfaund within six genera on the continent and nspecies are
yet to be identified. Five of these species havenlmiccessfully cultured at the International $¢isg Bee Centre
(ISBC) in Ghana for honey production and pollinatgervices (19). The six African genera inclideliponula,
Dactylurina, Hypotrigona, Liotrigona, Plebeinand Cleptotrigona Most bees within these genera are flower
visitors of many plants except bees within ge@leptotrigona which are known to be parasitic (20-22).

These genera were classified based on mainly imadittaxonomy which relies on basic morphologici@racters
such as nature of wing venation (reduced numbesuliimarginal cells, visibility of vein Rs), body tgh,
integumental maculations, modifications on hindetifpresence or absence of corbicula, density ofdral angles
at which leg is held), size of first metasomal segtnetc. (23). The phylogeny of the African stexs bees have
been dealt with in various publications (24-26)thvthe earliest being Willie's work (27). Many stesl today have
successfully separated the Africa genera using catde studies (28-32).

With the growing pressure on the environment, drel dssociated loss of honey bees, there exist ébd for
additional pollinator species to be used in agtimel to maintain resilience in food production amghrovement in
yield. This, the stingless bees have proved to better alternative (15, 19, 23). However, traditibmethods of
identification for large data set are often expemscumbersome and require some level of taxontmiicing. It is
therefore necessary to assess different modermitpads that are less expensive, much simpler toyapu have
successfully been used to discriminate bee spegwmlly. Presently, geometric morphometric analysé bee
wing have provided effective and efficient meangdehtification among various bee taxa (5, 33-39).

In this study, geometric morphometric techniques ased to discriminate populations of four specik#frica
stingless beesAkestotrigonderrugineg Meliponulabocandei Dactylurina staudingeriand Hypotrigona gribodoi)
from three different ecological zones in GhanasTieisearch aims at evaluating the possible existehecotypes
within each of the four species understudy, in ptdessist in their management and conservation.

MATERIALSAND METHODS

Specimen Collection and Identification

One thousand, nine hundred and sixty (1,960) spacinfrom four species of African stingless beeseétotrigona
ferruginea Meliponula bocandei Dactylurina staudingeriand Hypotrigona gribodoi were collected from 40
colonies within three ecological zones (Deciduoosekt, Guinea savanna and Transition Zone) in Gligetzle 1).
Each ecozone was subdivided into smaller sets dicgpto the geographical position within that partar ecozone
for easy assessment. For instance, Deciduous fessssubdivided into Deciduous Central (DC) (beemfBobiri
Forest Reserve (Bo)), Deciduous South (DS) (pojmuiatfrom Assin Akrofuom (Aa), Assin Fosu (Af), Adfo
(Abr) and Mfuom (Mf)) and North-East of Deciduousdst (NED) (populations from Abotoase (Ab), Pampén
(Pa) and Kuro (Ko)). The Guinean savanna was sidetivinto Guinea North (GN) and Guinea South (GZ3).
consist of populations from Jirapa (Ji), Lawra (Udamile (Ha), Nadoli (Na) and Wa (Wa), while GSstituted
populations from Kyabobo National Park (Ky) (Figute Specimens oA. ferrugineaand M. bocandeiwere
successfully collected from all ecozones, howepecsnens oDactylurina staudingerandHypotrigona gribodoi
used in this study were obtained from only DeciduBarest and Transition Zone.

Characteristics of the three Ecological Zones

Deciduous Forest

Currently, the total land area of this zone is wwn; however, FAO-RAF in 2000/1 estimated that Gt&n
deciduous forest was about 66300°km extent and formed about 90 % of the total fomme. Bimodal rainfall
distribution pattern characterizes this zone amdrtfean annual rainfall ranges from 1400 to 1750 ifine. mean
annual maximum temperature varies from 28.7 t&C3Wwith a corresponding minimum temperature of 2.6
23.2C. Potential evapotranspiration in this zone isuaB850 mm/yr. The indicator trees are charactdriag

Antiaris africanaandChlorophora excelsalt is within this zone that most food crops amata@a cultivation takes
place. Most of the timber for both local needs argort comes from this zone. As a result of thedwvites the

vegetation outside forest reserves consists maihffiprb regrowth, thicket, secondary forest and mpabhicket

((Figure 1) 40).
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Figure 1. Map of Ghana showing the ecozones and the data collection sites

Guinea savanna

The guinea savanna zone which covers almost titearartwo-thirds of the country is the largest egatal zone.
Its aerial extent is about 147900 faharacterized by a unimodal rainfall regime lasfirmgn April to October with
a mean annual rainfall varying between 1000 andI8fh. Monthly total increases gradually from Marettil a
maximum is reached in August or September, aftéclwmonthly total falls rapidly. It is dry from Newmber to
March. This is the period when the desiccating affef the harmattan is strongly felt. Mean annuaximum
temperature ranges from 8@ to 35°C with a minimum of about 22C and a mean of 27.8 to 286. Relative
humidity is about 40 % in the dry season but magche84 % during the peak of the rainy season inu&ug
Potential evapotranspiration varies between 20@D 2800 mm/year (40). The vegetation consists tyfpicd a
ground cover of grasses of varying heights intesgzk with generally fire resistant, deciduous, drteaved and
gnarled trees at the forest margins in the southg€g forest and woodland may be found along theemeourses
(40-41).
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Table 1. Number of stingless bees, sampled localities and coor dinates within ecological zones

Locality/Colony Code Number of  Elev.(ff) Longitude (W) Latitude (N) Ecological Zone
hees
Metiponula bocandet
Kankram, Brong Ahafo-KrB 52 394 001%57'585" 07°36'306" Transition zone
Pampavwie, Volta-PA1B 25 287 000%201287" 07%48'051" Deciduous Forest
Pampavwie, Volta-PA2B 66 287 000%30/287" 07%48'051" Deciduous Forest
Kvabobo National Park, Volta-KY3B 41 776 000%28'540" 08%20'406" Guinea Savanna
Abotoase, Volta-ABB 24 418 000%20'701" 07%25'039" Deciduous Forest
Abotoase, Volta-AB1B 27 418 000%20'701" 07%26'039" Deciduous Forest
Abotoase, Volta-AB2B 34 418 000%20'701" 07%25'039" Deciduous Forest
Koro, Volta-KoB 23 287 000%32'287" 07%4'133" Deciduous Forest
Koro, Volta-Ko3B 17 287 000°28287" 07°56'133" Deciduous Forest
Koro, Volta-Ko4B 36 287 000%28'287" 07%6'133" Deciduous Forest
Koro, Volta-KoSB 25 287 000°18'287" 07%24'951" Deciduous Forest
Mfuom, Central-M{B 40 131 001%24'260" 05%22'505" Deciduous Forest
Assin Akrofuom, Central -AAB 23 140 001%35227" 05%12'195" Deciduous Forest
Assin Foso, Central-AfB 36 148 001%45'188" 05%20511" Deciduous Forest
Nadoli, Upper West-NAB 28 910 002%31520" 10°20266" Guinea Savanna
Jirapa, Upper West-JiB 2 1007 002%42'000" 1032000" Guinea Savanna
Hamile, Upper West-HAB 25 397 002%45'018" 10%59'548" Guinea Savamna
Wa, Upper West-WAB 14 1075 002%30'018" 10%03'340" Guinea Savanna
Lawra, Upper West-LAB 25 974 002%52'505" 10%38'547" Guinea Savanna
Axestotrigona ferruginea
Kankram-Brong Ahafo-KiF 60 341 001%54'321" 07°38'041" Transition zone
Pampavwie, Volta-PAF 126 287 000%30/287" 07%48'051" Deciduous Forest
Kvabobo National Park, Volta-KYF 21 357 000%33'188" 08%19'302" Guinea Savanna
Bobiri Forest Reserve, Ashanti-Bo1F 103 757 001%22'436" 06%43'404" Deciduous Forest
Bobiri Forest Reserve, Ashanti-Bo2F 33 757 001%22'436" 06%43'404" Deciduous Forest
Koro, Volta-KoF 9 287 000°18'287" 07%24'951" Deciduous Forest
Koro, Volta-Ko6F 16 287 000°18'287" 07%24'951" Deciduous Forest
Koro, Volta-Ko7F 18 287 000°18'287" 07%24'951" Deciduous Forest
Mfuom, Central -M{F 16 192 001%23216" 05%21'092" Deciduous Forest
Wa, Upper West-WAF 10 1075 002°23'018" 10%03'340" Guinea Savanna
Dactylurina staudingeri
Kankram-Brong Ahafo-KiD 209 407 001%48'085" 07%40'338" Transition Zone
Bobiri Forest Reserve, Ashanti-BoD 16 757 001%22'436" 05%39'404" Deciduous Forest
Koro, Volta-KoD 166 287 000°18'287" 07%24'951" Deciduous Forest
Abrafo, Central -AbrD 20 131 001%22'393" 05%20'159" Deciduous Forest
Hypotrigona gribodot
Kaokram-Brong Ahalo-KrH 74 407 001°45'085" 07°%40'338" Transilion Zone
Assin Foso, Central-AfH 46 148 001%22'188" 05%20511" Deciduous Forest
Assin Akrofuom, Central- AAH 52 140 001%21227" 05%20'195" Deciduous Forest
Bobiri Forest Reserve, Ashanti-BoH 160 757 001%22'436" 05%39'404" Deciduous Forest
Mfuom, Central -M{H 38 192 001%247216" 05%22'092" Deciduous Forest
Koro, Volta-KoH 173 287 000%28'287" 07%6'133" Deciduous Forest
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Transition Zone (Derived savanna)

This zone covers about 8300 kand occurs as a normal strip of about 48 km widagathe north and the north
easting limits of the deciduous forest. This zaalso characterized by a bimodal rainfall distiifu pattern with
mean annual totals ranging from 1200-1400 mm. Tkeamtemperature is about 26G. Morning and mid-day
relative humidity values range between 85 5 anét8hd 70 % and 74 % respectively. Potential evapefiration

in this zone is about 1350 mm/yr (40-41). Most tspecies of the forest zone occur in this arealditian to such
species aPaniella oliveri, Borassus aethiopurand Terminalia macropteraThese trees occur in association with
tall to medium grass such AsdropogorandPennisetunspp.

M orphometric Studies

Slide Preparation

Samples of approximately ten workers were takemfeach of the colonies, except for colonies froenThansition
zone, where 30 workers were used per colony. This t increase the number of bees within this zeaeew
colonies were collected due to time and accedsiluitinstraints.

The right forewing of each worker (total 451 wing&gs removed, placed between a microscope slidésesured
in position with a microscope cover slide that ladrop of transparent nail polish carefully appliedhe ends. In
some instances, wings were relaxed in 30% alcoéifare mounting unto slides. Each wing was photdgedpwith

a digital camera attached to a stereomicroscop85486, 42). Wing images were captured and an infilgyevas

created in JPEG format. One TPS file was created the image files using tpsUtil software (versiof9) (43).

Wing Venation Characters

Eight homologous landmarks were plotted at thetjons of the wing venation of the four stingles® tspecies
using tpsDig2 software version 2.16 (44 (Figure Dhe TPS file grouped all the eight landmarks vaetifrom
each of the 450 wings of the four bee species whaldy.

Figure 2. Forewing of stingless bee with eight homologous landmarks

Statistical Analyses

The Cartesian coordinates of the landmarks werer®stes aligned to evaluate existing shape variationong the
different populations using MorphoJd software versib.03 (45). Within MorphoJ software, further statal

computations including principal component analy$e€A), canonical variate analyses (CVA), discriamit
function analyses (DFA), Procrustes ANOVA and Regi@n analyses were conducted to discriminate jtipuaks

within each species against the different ecoldgicmes. In addition, relative warp analyses wasdoated to
summarize the variation among the specimens (w#pect to their partial warp scores) using the ébsRoftware
version 1.49 (46). The Mahalanobis square distaheéseen the centroids of CVA were then used tcstroot a
neighbor joining dendogram with MEGAS software vens5.05 (47).

RESULTS

Generally, all statistical analyses conducted medrsignificant differences within all the speca&® among the
different ecological zones.
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Figure 3. Scatter plot of the Principal Component Analysis showing clustering of the four specieswithin the different ecozones
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Figure 4. Scatter plot of the Canonical Variate Analysis showing species cluster s within ecozones

During the PCA, the first ten factors of eigenvalweere found to be greater than one and thesergaatmounted
for 97.34% of data variability. The three major trdsutors to this variability are the first threacfors (PC 1, PC 2
and PC 3), which explained 62.70% of total dataabdity, with each factors contributing 32.48%,.38% and
13.89 % respectively. Graphical representation@\Rcores shows a number of subpopulations withaties and
among the ecozones (Figure 3). Species distribaiteeem to be pulling along latitudinal gradient emthe
influence of a number of environmental variables.
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The Mahalanobis square distances between the @stod the groups were significantly different argotine
species and within the different ecozones (Figyreith graphical representations showing clear pnities of the
various species with each othétypotrigonagribodoi populations seem to be the farthest from the othere
species. Among the other three species, populatbideliponulawere closer to the populations Bhctylurina
than to those of thaxestotrigongoopulations (Figure 5).

The outcome of the dendrogram generated with Mabhia square distances between the centroids of CVA
revealed probable ecotypes within the various ggeand the distances between the ecotypes. Morefita
probable subpopulations are identified within battestotrigona Meliponul@opulations. However, four probable
subpopulations are identified withidypotrigona populations while two subpopulations are obsenwdtiin D.
staudingeripopulations (Figure 5).

1.5066

0.0930 GNMeliponula
0.3604 09514 TMeliponula
0.2209 1.0570 DSMeliponula
25717 1.0350 NE DMeliponula
1.9921 GSMeliponula
1.3003 1.4806
0.6269 - DCDactylurina
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1.9881 GSAxestotrigona
1.5961 TAxestotrigona
46999 1.6119
- DSAxestotrigona
0.3907 11299
- NEDAxestotrigona
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120734 21228 DCHypotrigona
) 3.1333

0.4144 DSHypotrigona
—=0.98 ﬂ THypotrigona

Figure 5. Neighbour -joining dendr ogram generated from the M ahalanobis squar e distances between the Centroids of CVA indicating the
probable distribution of specieswithin ecozones

The Discriminant Function Analyses (DFA) also shdvghly significant differences within the popudats of the
different ecological zones with P-values of <0.000hkble 2). Graphical representations of the disicrant
analyses of each species show a number of subpimmslidecotypes) more distant from other membeth@same
species but from different ecozones.

In general, 97.01% of all samples were correcthgsified in the respective ecozones during the DFith, 84.43%

of the samples accurately identified in the croasldation test. IPA. ferruginea 97.87% DFA scores were able to
distinguish the populations within the three eca@mwith 87.25% cross validation. The DF analysesevalso able
to distinguish between 97.27% of possible “ecolalyigroups” within theM. bocandeisamples, with 92.45%
accuracy in cross validation test. Further to thig Hypotrigonaspecies were 99.71% classified correctly with
approximately 91.50% accuracy in cross validatiests, while 94.78% of the populations Bf staudingeri
populations were correctly classified with 66.5486wacy.D. staudingeripopulations recorded the least DFA and
cross validation scores.
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Table 2. Procrustes ANOVA and Centriod Analysis of thefour species

Shape,
Centroid Procrustes
Species Sizes ANOVA
Pillai
Effect SS MS df F  P(param) Effect SS MS df F P(param)  tr
Axestotrigona
ferruginea Individual = 5214.9979  2607.49890 2 1143 <0.0001 Individual 0.009356 0.000259 36 1123 <0.0001 1.21
Residual  28064.5763  228.1673 123 Residual ~ 0.05123  0.00002 2214
Meliponula
bocandei Individual 10668.5669  5334.2835 2 9.4  <0.0001 Individual 0.013373 0.000371 36 1951 <0.0001 1.2
Residual 119743.1163  567.5029 211 Residual ~ 0.07231  0.00002 3798
Dactyvlurina
staudingeri  Individual 35229247 35229247 1 12.54 0.0008 Individual 0.00558 0.00031 18 1275 <0.0001 0.74
Residual  17694.8524  280.8707 63 Residual ~ 0.02758  0.00002 1134
Hypotrigona
gribodoi Individual —8548.4046  8545.4046 1 394  0.0504 Individual 0.005839 0.000487 12 953  <0.0001 0.74
Residual 177804.4389 2168.34682 82 Residual _ 0.050268 0.000051 984
DISCUSSION

According to Gaston (48), several mechanisms acetgde determinant of biological diversity undee influence
of environmental variables correlated with latitudéithin the Order Hymenoptera, environmental iéoiaclearly
is the most important determinant of phenotypidatan (49-50). In recent years, human interverttiame also
playing key roles in the distribution and /or maimince of species (51-52).

In this present study, geometric morphometricdle o capture variations among 40 populationaf Epecies of
Africa stingless beesAkestotrigonaferruginea Meliponula bocandej Dactylurina staudingeriand Hypotrigona
gribodoi) and successfully discriminated populations agahree ecological zones in Ghana. Each ecozoneaapp
to consist of clusters of subpopulations that aredistant from other ecozones and does revealhpescotypes
within the stingless bee populations.

Species within ecozones seem to polarize towardsifsp geographic location (latitudes and longitsidevith

similar environmental parameters such as rainfaltipitation, potential evapotranspiration and vatien cover.
Clustering of subpopulations observed within thapgical presentations of all the analyses (CVA, DPEA)

conducted in this study strongly align to this hypsis. Geometric wing morphometric technique tlogeeseems
to be an effective tool for discriminating Africatingless bees just as it has been employed whtér ddtees from
other parts of the world. e.g. Neotropical stingléges (Mendes, et al., 2007; Francoy et al, 22091), Apis

mellifera (34, 36, 39, 53)Bombug54), Liotrigona (55), Euglossa37), among others.

In Axestotrigonaand Meliponula spp where populations were analyzed from all tireet ecozones, populations
from south of Guinea savanna (Kyabobo (Ky)) graeifetowards those in the North East of the Deciduenrest in
all the analyses conducted. One of the most pleusédasons was that the sampling location of thin€ausouth
contains some patches of remnant forest with simllenatic and vegetation conditions as those arbrth east of
the deciduous forest. Populations within the Guiseath were also within a protected habitat (Kyabblational
Park) and therefore had minimal exposure to thé héyels of habitat destruction that is ongoingldnalities
harboring populations in Guinean north. Thus withet, these populations probably subdivided withiatams in
climatic conditions, as has been observed in nuesties whose populations are faced with eitheraticrharshness
or climatic stability (56-60).

In the genuddypotrigona this phenomenon is more prominent and one obseswkpopulations in the deciduous
south (DS) forming a cluster at one end and thédeas central also forming another cluster atdtier extreme
of the species grouping. The populations from tloetiNeast of the deciduous forest greatly overtegpopulations
within the transition zone. In the FAO (2000/1) oep these area do not only share similar latitadpositions but
also similar mean potential evapotranspiration peair. For species of small body size, these enwiemal
conditions seem important in grouping subpopulatioRopulations show great diversity within the skaahp
localities as observed in all the analyses (CVAAPDFA and dendrogram of the Mahalanobis squartadces
between the centroids). Three probable ecotypes s®eccur within the species among the two ecazone
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The diversity of substrata available for nest boidalso greatly influences species diversity (6Hpabitat
fragmentation and degradations can also impacttivefgaon bee communities (62-65). This possiblgamts for
the low variability observed in populations of geridactylurina among the ecozones as has been the case of
Melipona scutellarisand M. beecheiiin Yucatan Peninsula (66-67). The species reduiliding expose nest at
mostly high canopy trees in areas with high envitental degradation. A phenomenon that is frequerthé
studied areas. Thus, species seems to be subdiwdedonly two subpopulations; one cluster compgsi
populations from deciduous south with populatiormmf North east of the deciduous forming anothesteiu
Variability in sampled populations dfeliponulaand Axestotrigonawvas high probably due to human interventions
in spite of the high levels of their habitat destion by various stakeholders (51, 68). These tpecies are the
most cultured species in Ghana currently and mrresisportation from one area to another by beekseisea
common practice, possibly increasing inter andaipiopulation interactions. In gendgpotrigong populations are
able to survive in any crevice/whole available, sthare able to colonize different habitat with diéfiet
environmental conditions.

With a large number of populations of the four spegedn this research, the Mahalanobis square distanf CVA
was very clear in showing the proximity of the goeuo each other, which seems to corroborate Wwemtolecular
data from Rasmussen and Cameron, (69). Researcbnoeitseems to confirm the hypothesis that stindbess
genus Dactylurina is the closest sister group to the germdsliponula This classification also places genus
Axestotrigonafar from the genudeliponula and this is supported by highly significant p \esu(<0.0001) in
Procrustes ANOVA.

The methodology used in this study seems to beffantige tool in capturing small variations withgpecies and
among populations of varied ecological areas. Haneadditional data from molecular studies of tpecses as
well as increasing the sample size and numberafa@tes could possibly improve our understandinthefvarious
interplays within a species at different ecozone.

Of great interest to this research is the esseciatribution it will make to conservation strategiof these species.
The research results presented here clearly shmwshte four African stingless bees comprisesast|&6 ecotypes,
if not subspecies, therefore treating each spexsemdividual taxon is not appropriate for theivelepment as
commercial honey producers and pollinators. Therhdtional Stingless Bee Centre in Ghana, throwgiows
interventions has trained several scientists and-soientists in keeping these species for hive yetsd and
conservation purposes. Similar efforts are ongaingany countries in East Africa. Results of tHisdy show it is
possible to successfully achieve high yielding ootes from keeping these species with regards te¢hg/pes of
the species. We therefore recommend that all stééters should consider the results of this studgmwaxploring
movement of colonies from one ecological zone tatlz@r.
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