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Abstract

Tropical forests of the world are fast disappeaang there is a race to understand
patterns of species distribution in space and tiseidying species distributions can
provide better frameworks for conservation of theselogically important patches
of floral and faunal diversity. The island of &anka is a well known harbour of
unique and highly threatened biodiversity. Troploaland forest is remnant in the
south-west of the island now mainly existing in #rpatches. While most are small
disturbed fragments, Sinharaja Forest Reservegeptg one of the largest remaining
patches of this important ecosystem. As a UNESG#@Id\Heritage Site and a Man
and Biosphere Reserve, it has a dual role as eep@ton area and a historically
important resource forest. While the distributioihvegetation diversity has been
well documented, analyses of invertebrate spedstghulitions are lacking.

This thesis investigated a key arthropod groupumggodwelling ants, in relation to
environmental gradients within the forest. Cumutatesults demonstrate the high
diversity of the forest patch. In an area repriésgress than half the reserve, over
173 ground dwelling ant species were found in destassemblages throughout the
forest. Since the forest is located upon a seoieparallel ridges, ant species
distribution was first analysed in terms of thisaflmelevation change. Species
richness declined over a vertical incline from 48@ 660 m, highlighting a possible
small-scale, mountain mass effect. This sectiothefreserve is also characterised
by a patch of once-logged forest (30 years preWdusA study was undertaken to
investigate whether there were residual effectsedéctive logging on the reserve.
Significant differences between species assemblagesnce-logged forest and
unlogged forest add to growing evidence that selelgtlogged forests continue to
remain distinct from unlogged forest even after atlss of regeneration. Ant
distribution was then analysed for their relatiapsiith habitat heterogeneity and
tree species distribution. Long-term research m@e tspecies in the SFR has
demonstrated a close relationship to habitat coxitgle Ant species appear to
respond more to the structural heterogeneity of ‘kgetation than to actual
topographic variation within the forest. From anservation perspective,
maintaining the integrity of this highly diverserést is imperative. The impact of
anthropogenic land uses surrounding the forest iwasstigated in terms of ant
assemblages along the forest edges. Significdferelices were found between
assemblages within the edges bordered by diffaraitix types. Even relatively
large forest remnants can be affected by the smdiog matrix land uses and
encouraging the growth of structurally similar vieg®n and maintaining low
disturbance along the borders should attenuateftbet of the edge.

Overall, the highly heterogeneous distribution af assemblages within the SFR
demonstrates the potential for other small pattbdse harbours of further species
diversity. Future research should be undertakenageess the diversity and
distribution of ant species within this region amdcourage the protection of this
remnant diversity.



Acknowledgements

Doing the research for my Ph.D. in Sri Lanka hadagk been a pipe dream of mine,
| never thought that | would get the opportunitydtmany work there, let alone study
a fantastic taxon like ants. For this great oppaty, | would like to express my
deepest appreciation to Professor Jonathan Majesumervisor, for taking a leap of
faith and supporting me in my bid to do researca aountry he had never been to.

Due to my own inexperience with working in Sri Lankhe research would not have
been possible without the expert advice of Profesaganthi Edirisinghe, my co-
supervisor. Her influence and great understandingorking in the field in Sri
Lanka made my research experience that much miiérfg. | would like to thank
the Professors Savitri and Nimal Gunatilleke foeithnvaluable advice and long
experience of working in the forests of south-w8st Lanka. Thank you for
supporting my work in the Sinharaja Forest Dynanmiiist and for generously
providing the tree species data. | greatly apptecall the fantastic opportunities
they gave me during my time in Sri lanka.

The research would not have been possible withbat dponsorship of Curtin
University of Technology, Australia, in my applimat for an Endeavour

International Postgraduate Research Scholarshipould like to thank all those at
the Scholarships Office who supported my candi@aturwould also like to thank
the Post Graduate Institute of Science, Peradediaersity, Sri Lanka, in their

support of my application for and administrationamf International Foundation for
Science research grant (Grant No. D/3929). Pathisfresearch would not have
been possible without the support of the IntermatioFoundation for Science,
Sweden. | would also like to thank the Centre Tavpical Forest Science-Arnold
Arboretum (CTFS-AA) Asia Program for supporting nmork in the Sinharaja

Forest Dynamics Plot and for administration of thé. Higginson, Jr. Fund. |

extend a personal thank you to Mr. Tom Higginsanté#ing an interest in ants, my
studies and for being a generous and kind patron.

| am very grateful to the Sri Lankan Forest Deparitrfor permitting access to the
reserve (Permit no. FRC/8) and to the Sri LankatdNié Deparment for allowing
the collection and export of specimens from themes (Permit no. WL/3/2/1/7).

I would like to thank all my various field assistatfior their patience and hardwork-
Sanjeeva, Masitha, Mahinda, Pradeep, Kirthi, Piasamd Prabath. Also, a thank
you to all the Forest Dept. staff who helped me #mel residents of Sinharaja
Adaviya who took care of me while | was there.

I would like to thank Drs. Gary Alpert, Marek Borteg, Kazuo Eguchi, Brian
Fisher, Brian Heterick, Shingo Hosoishi, Kazuo @gateiki Yamane, and
Thresiamma Varghese for their generosity in acogptiny ant specimens for
identification.

To all my friends in Australia, Sri Lanka and sea¢d elsewhere around the globe,
thank you for liking ants (even if it was only fory benefit), and for always asking
questions about them. And especially, to Joe Gnoyewonderful Sinharaja buddy.

To my family, | dedicate this entire thesis.



Abstract

ACKNOWIEAGEMENTS ... e e e e e e
Table of contents
LISt Of fIQUIES. .. ettt e e e e e e e e e
LiSt Of tADIES ... vttt e e e e e e e e e

1. General Introduction

1.1
1.2
1.3
1.4

15
1.6
1.7

Protecting tropical forests

Ant diversity in tropical forests ... 2

Sri Lanka - a biodiversity hotspot
Sinharaja Forest Reserve .
1.4.1 Biodiversity of Sinharaja Forest Reserve

1.4.2 Sinharaja as a Man and Biosphere Reserve

Study site

Overview of chapters ..................................................

References

2. Evaluation of methodsfor collecting ground dwelling ant speciesin Sinharaja
Forest Reserve, Sri Lanka
ADSIraCt

2.1
2.2

2.3
2.4
2.5

INrOAUCTION o e e e e e e e e e,
Methods
2.2, L SIS i

2.2.2 Collection methods  ....ooviiiiiei e

2.2.3 DataanalySiS .......cviiiiiiiiiie i
RESURS ...
D11y o 0 1= (0] o
References

3. Sampling antsover a small elevation gradient in alowland forest reservein
south-west Sri Lanka

Abstract

3.1
3.2

3.3

3.4

3.5

Introductron ............................................................
Methods

3.2.1 StUdy SItE i 48

3.2.2 Ant collection . e e e
3.2.3 Enwronmentalvarlables
3.24 DataanalySis .....ccoiiiiiiiiiii
RESUILS ...
3.3.1 Antspecies analysiS .........ccoiiiiiiiiiii
3.3.2 Relationship with elevation and forest type..............
3.3.3 Ant species composition

DiSCUSSION oot e e

3.4.1 The ants

3.4.2 Elevation o

3.4.3 FOresttype o
References



4. Ant species assemblagesin old-logged forest and unlogged forest in western
Sinharaja, Sri Lanka: investigating remnant effects of selective logging

ADSIIAaCT o e 76
4.1 INtrOdUCHION o 76
4.2 Methods Y £ <
4.2.1 StUdY SItE e 78
4.2.2 Antcollection .........cccooeviiiiiiiiiieee 12280
4.2.3 Environmental variables ... 381
4.25 DataanalySiS .....c.ccoviiiiiiiiie i 82
4.3 RESUIS .. 83
4.3.1 OVEIVIEW oottt e e e et e aanenas 83
4.3.2 Changes in the environment .............cccooiiiiiinenn.n. 88
4.3.3 Changes in ant assemblages .............ccovevvviiieinnnnn. 88
4.3.4 Relationship between ants and environmeata@bles....90
4.4 DISCUSSION ottt it e e e e e e e e e e e e e e e 90
4.4.1 The forestafter 30 years ... 90

4.4.2 Ant species richness post logging  ...................91..
4.4.3 Ant species assemblage post logging .................. 93...
4.5 References ... 295
4.6 APPENAIX e 101

5. Ant species assemblagesin relation to tree species distribution and habitat
typein a Forest Dynamics Plot in Sinharaja Forest Reserve, Sri Lanka

ADSIIAaCT o 104
5.1 INTrOdUCTION ..o e e 104
5.2 Methods PPN 10 6
5.2.1 Study Site oo 106
522 ANtsampling ..o 109
5.2.3 Habitat structure and vegetation diversity  ........110
5.2.4 Data analySiS .......oeiiiiiiiiiiiiiiii e 111
5.3 RESUILS ... e 112
5.3.1 Antand tree species diversity ..u...ccoeevvereneinenn.... 112
5.3.2 Ant and tree species composition S 451 I I
5.3.3 Ant and vegetation Structure ............ccceeiiiiiiiiiinenn 117
5.4 DISCUSSION ittt e et e e e e e 118

55 References e 0122

6. Can matrix habitat type determine theinvasibility of a forest edge? Assessing
the effect of matrix habitat on forest edges using antsasindicator organisms

ADSIIACT o 127
6.1 INtrodUCTION .o 127
6.2 Methods s 1C {0
6.2.1 Study Site .o 130
6.2.1 Description of matrix types ........cooiiiiiiiiiiiie e 130
6.2.2 ANtSampling ..o 133
6.2.3 Environmental variables ... 134
6.2.4 Data analySiS .......oceiiiiiiiiiiiiiii e 134
6.3 RESUIS .. 136
6.3.1 OVEIVIEBW ot 136
6.3.2 Antassemblages ..., 136

iv



6.3.3 Environmental variability — .............................00 140
6.3.4 Invasibility ... 141
6.4 I3 o 07 o] o 143
6.5 References ..o 148

7. Synthesis
7.1  Overview - findings and conclusions ............................154
7.2 Critique and future directions .............coocoiiiiiiiiiinnennns 155
7.3 References ... e 1D7

B, A PP ENAIX ot 158



Chapter 1

Figure1.1.

Figure1.2.

Figure 1.3.

Figure1.4.

Figure 1.5.

Figure 1.6.

Figure1.7.

Figure 1.8.

Figure 1.9.

List of figures

Forested areas of Sri Lanka showing the main allinbnes. Source
of forest cover data: 1:50,000-scale forest mapLegg & Jewell
(1995). ..o e e, 4

The Sri Lankan and Western Ghats biodiversitypattshown in dark
grey. The Sinharaja Forest Reserve in the soust-ofethe island is
alSO SNOWN. Lo e D

South-western Sri Lanka showing the distributioh disturbed
tropical forest (stipple areas) and undisturbegita forest (dark
shaded areas) (modified from Ashton and Gunatill#®87). The
position of Sinharaja Forest Reserve is shown éenstbuthern ranges
and a detailed map is shown in Figure 1.4. ...........ceeeee 7

Composite of Sri Lanka Survey Department 1: 50,@pographical
maps of Sinharaja Forest Reserve. ..........ccoooviiiiticvnee e, 8

Composite of Survey Department aerial photos dftere@ Sinharaja
showing the forest boundary line. Evident in theage is visible
clearance of forest outside the boundary and aldunathe boundary
as a result of historical land use. Most of th@cehforest is remnant
on steep slopes. The rectangular box shows wbegng occurred
30 years previously; this extends just below theemixof the image.

Survey Department aerial photograph showing theemueavily
populated eastern Sinharaja where there is a greav@ortion of
intact forest. Here, the forest slopes rise tar d@H0 m, making the
area historically more inaccessible. There is stonest degradation
in the lower slopes near the populated area. MWaethere is some
low cloud cover on the top edge and in the rightchaorner of the
photograph which is throwing a shadow on the fobedow making
the forest appear darker. ... 13

Rainfall and temperature patterns for an average,based on daily
rainfall and temperature data from 1984 to 2006vigked by the Sri
Lankan Forest Department. Despite the two peakainfall during
the year, a dry season is only indicated when nipmthnfall drops
DElOW B0 MM, ...t e 14

Mean monthly rainfall for the entire collectionrme (2004-2006)
showing the two rainy seasons in May-June and Sueume
November and the corresponding number of days withain.
Average total annual rainfall for this period wa68 mm. ......... 15

Distribution of collection sites within western nBaraja Forest
Reserve (whole reserve is indicated in inset). TShppled area

Vi



Figure 1.10.

Figure 1.11.

Figure 1.12.

Figure 1.13.

Figure 1.14.

Chapter 2
Figure2.1.

Figure2.2.

Figure2.3.

Figure2.4.

represents forest that was selectively logged beawi®72 and 1977.
Collection sites are indicated by the white boxe&JL’ is where the

logged sites and unlogged sites were located; ‘FBIOws the
location of the long term Forest Dynamics Plot; fepresents the
pine/forest edge sites; ‘C’ represents the cheregtasites; ‘T’ locates
the tea/forest edge; and ‘N’ shows the locatiorthef natural edge
5] =P I o

Litter collecting for the Winkler sacks using anf PVC pipe quadrat,
a trowel and a litter sifter (a); and the £ after it had been cleared of
Htter (D). e 17

a) Mini-Winkler sacks hanging outside under shatli¢the SFR field
station, b) Plastic cups used as pitfall traps wéled with
methylated spirits and left for 3 days. An invdrteup with large
triangles cut from the sides was used to prevenfalafrom entering
tNE CUP. 17

a) The forest understorey of unlogged forestigdyf open and well
shaded; there are a number of saplings which Faeacteristic of this
type of forest. b) shows an old stump of a large that was logged
30 years previously. These can be differentiateminfrnaturally
formed stumps due to the absence of the tree irutite surrounding
=1 (Y= D 19

Views from different areas in the Sinharaja Foi@ghamics Plot: a)
spur top; b) gully bottom; and c) central streartbeya  .......... 20

Collections occurred in pine/forest edge (a), efiemest edge (b),
tea/forest edge (c) and natural river/forestedde (.................. 20

Total monthly rainfall and mean monthly maximummpeerature
during collection (2005) within the logged and wded forest. The
arrows indicate the four periods when collectionswaarried out.

Total monthly rainfall and mean monthly maximummpeerature
during collection (2006) within the Forest DynamRist. The arrows
indicate the four periods when collection was eatri out.

Sri Lanka Survey Department Map of Sinharaja Rofesserve
showing the collection sites in logged and unlogfyedst are (L/UL)
and the Forest Dynamics Plot (FDP). The stipplesh ashows the
extent of the selective logging that occurred betw&972 and 1977.

Graphs of a) mean number of species and b) ingisdcollected by
the three methods utilised in logged forest (LF)l amlogged forest

Vii



Figure2.5.

Figure 2.6.

Chapter 3
Figure3.1

Figure 3.2.

Figure 3.3.

Figure3.4.

Figure3.5.

(UF). Winkler extraction collected the highest nwenlof species and
individuals per site. Pitfall traps yielded thesed highest number of
species but was comparable in abundance of indilsdattracted to
DaAItS. e 36

Multi-dimensional scale plot using ant assemblag@tected by the
two main collection methods, Winkler extractionad@ circles) and
pitfall traps (clear circles). PR o

Species accumulation curves for Winkler extractjopper line) and
pitfall traps (lower line) using randomised seleotof samples across
the nine sites. Each site represents 80 samphspai................ 38

The elevation ranges of all ant species foundgtheslevation category
(Low, Middle and High). There were greater numbefsgeneralist
species (G) in the low and high categories compapethe middle
elevation plots. The middle plots also had highembers of species
that were found only in the middle range (M) whempared to the
number of species restricted to the low (L) andhhfll) elevation
PlOtS. o e 56

Mean number of species in each plot numbered dicgprto its
elevation group (1-23) within the three differentdst types: Forest
Dynamics Plot (FDP); logged forest (LF); and unlegdorest (UF).
The lines represent the cut-off points for the ¢hekevation categories:
low (L); middle (M); and high (H). ... 57

Comparison of elevation categories (low (L); m&dM); and high

(H)) and forest type (Forest Dynamics Plot (FDByded forest (LF)
and unlogged forest (UF)) by: average number o€isgggraphs (a)
and (b)); mean abundance of ants (graphs (c) aj)d #dd total

number of species (graphs (e) and (f)). This demnates the effect of
the increased amount of area sampled in the maldiation category
is to increase the number of species collected Wwhen species
richness is averaged for the number of plots, thera monotonic
decline as elevation increases. There were equabers of plots in
each forest type; there is a direct relationshigvben total number of
species and abundance. .. —— e 58

Principal coordinates plot drawn in three dimensjat explains 32%
of the variation and shows the low (L) elevatiootplfalling slightly
below the middle (M) and high (H) elevation plots.................. 61

Canonical analysis of principal coordinates (CAd!) ant species
assemblages in the three elevation categories (l9wmiddle (M);
high (H)) in relation to the three forest typesg@ied (L); unlogged
(U); Forest Dynamics Plot (P)). The first ten pipad coordinate axes
were used in the analysimm(= 10) which accounted for 78% of the

viii



Figure 3.6.

Chapter 4
Figure4.1.

Figure4.2.

Figure4.3.

Figure4.4.

Figure4.5.

Figure4.6.

variation in ant assemblages. Mis-classificatiororewas at 46.7 %,
meaning only 24 out of the 45 sites are placedrately. ........ .61

Canonical analysis of principal coordinates (CA&Y) In (x+1)
transformed environmental variables in relation @ot species
assemblage in the three elevation categories (LMduwidle, High).
Environmental variables shown are: temperature(Edéir); relative
humidity air (Rhair); insolation (Insol); % coveittér (% litter); %
cover plant (% plant); % cover stone (% stone); ab.branches
(branches); litter depth (LD); canopy cover (COgmnp structure 0-50
cm (0-50); plant structure 51-100 cm (50-100); pktructure 101-150
cm (100-150); plant structure 151-200 cm (150-200).............. 62

Sri Lanka Survey Department map of western Sinphaforest
Reserve showing the location of the collectionssitdhe dark shaded
triangles are the unlogged forest sites and the §gaded triangles are
the logged forest SiteS. .......ooviiiiiiiiiiiiiic e v 19

Location of the five plots within each site in tlogged forest (L) and
unlogged (U) along the visitor trails (light dottédes) and the main
access road (dark dotted line). There was a dilgliéau at about 600
m where the L high plots were. Elevation rangéhefcollection sites
is also shown. The stippled area represents ttenterf the logged
forest within this area. The figure is notto scal ..................80

Observed species richness (solid lines) and specieness estimators
Bootstrap (dashed lines) and Jack-Knife (dotte@slinfor logged
forest (light coloured lines) and unlogged foretgrk coloured lines).
Logged forest had a steeper slope for all threecigperichness
ESHMALES. ot e 85

Average species richness and abundance in loggesstf(L) and
unlogged forest (U). Overall, logged forest suppdra greater
number of species and individuals than unloggeedstor  ......... 86

Total number of species in logged (L) and unlogfpedst (U) plotted
against total rainfall during the collection monthrends in the logged
forest suggest that higher rainfall may decreasentmber of species
collected whereas in unlogged forest this variatdes not appear to
respond to rainfall. Total abundances of ant gsecbpllected in the
two forest types (not shown) exhibited similarten ~ ......... 86

Mean results for six of the 15 environmental Malea measured
during the four sampling periods. The physicalataes such as mean
air temperature (a) and relative air humidity (bisplayed similar

trends across collection period in logged fore$tathd unlogged forest
(V). Percentage litter cover (c) appeared to beemvariable within

logged forest than within unlogged forest. Logdeest also showed
less canopy cover (d) and litter depth (e) tharoged forest. Mean

iX



Figure4.7.

Figure4.8.

Chapter 5

Figure5.1.

Figure5.2.

Figure5.3.

Figure5.4.

Figureb5.5.

Figure5.6.

foliage density (f) at the ground level was highethe wetter months
of March (Mar) and October (Oct) than in the dmeonths of July
(Jul) and February (Feb) in the logged forest, thére were no
discernible trends in unlogged forest. .............cociiiiiiiin 87

Multi-dimensional scaling (MDS) of sites in loggédd and unlogged
forest (U) using a Bray-Curtis similarity measureaséd on
presence/absence data of all ant species. Loggestfappears to be
more clumped in multi-dimensional space in comparito unlogged
forest, which has a greater spread around the ¢tbgfprest
assemblages. ... e e a0, 89

Ordination of all plots in two dimensional spaciéhim logged forest
(a) and unlogged forest (b) showmg the three ellenzgrouplngs low
(L); middle (M); and high (H)... ..89

Sri Lanka Survey Department map showing the locatif the 25 ha
Forest Dynamics Plot (FDP) in the western portib&ioharaja Forest
Reserve (see inset for outline of entire reseriée stippled area
indicates where selective logging occurred in #serve between 1972
and 1977. PPN £ O ' 4

Topographical map of the 25 ha Forest Dynamics (FIDP) showing
the elevation range of the site. The black linesngl the slopes
represent small drainage lines, while the line @ramg the valley
bottom is a permanent stream. The boxed area inngidates the
study area. Image is taken from Gunatillekel. 2004b.  ......... 108

Contour map of the 25 ha Forest Dynamics Plot (FDicating the
15 collection plots (red squares) and the habigpeg defined by
Gunatillekeet al. (2006) (map modified from Gunatillelet al. 2006).
Plots were laid out along the south-west facingpsldrom valley
bottom (420 - 430 m) to ridge top (520 - 550 m)  ............ 108

Ant species richness and abundance across alloi% ghowing the
habitat categories used by Gunatillekal. (2006). ................. 115

Average number of species and average abundancesl fin plots
defined by three of the habitat variables, elevatislope and
convexity. The 15 plots were split into 10 plotghaa high elevation
(hence, 5 with a low elevation), 10 with a steegps| and 9 classed as
5] 0 11 | 116

Constrained ordination of plots based on a Bragti€uwissimilarity
matrix of ant species presence/absence. The dialinaas fitted with
four variables selected by a distance based limadel using a
multivariate regression of seven environmental aldés and the ant
species dissimilarity matrix. The four variablesrev % plant cover,



Chapter 6

Figure6.1.

Figure6.2.

Figure6.3.

Figure6.4.

Figure6.5.

Figure6.6.

Figure6.7.

foliage density (0-50 cm), no. of tree stems pat pind no. of tree
species per plot. 118

Collection sites displayed on a Sri Lanka Survesp&ritment map of
the western half of Sinharaja Forest Reserve. dites are located
along the forest edge and are bordered by pingatian (P), chena
fernlands (C), tea plantation (T) and a naturariedge (N)........131

Layout of the 25 point sampling pattern in the tsites within each
edge. All sites had similar aspects (south-wesingg and a gently
rising slope gradient. ... ... 133

Dendrogram of distance samples within pine edgecfiena edge (C),
tea edge (T) and natural edge (N). The numbeilsdtalthe distance
from the edge where the sample was taken. Therdgraim shows
grouping at the 50% similarity, which more or legdits the samples
into the edge types. Only pine edge sample P2m@® similar to

chena edge samples than to the other pine samplea.and natural
edge samples were more similar to each other thamet other edges.

Changes in four of the nine environmental variak@, mean litter
depth; b, mean foliage density; ¢, mean air temps¥aand d, mean %
canopy cover) measured against distance from edgadh edge type.

Total number of species showing proportions ofullizance tolerant
(D), edge inhabitant (E) and forest interior inhabi (F) ants
occurring in each edge type. ....coviiiiiiiiiiiiii e 142

Proportions of disturbance tolerant (D), edge Initaat (E) and forest
interior inhabitant (F) ants with increasing distanfrom the edge
within each edge type. .......co oo, 142

Scatterplot matrix of invasibility with increasingdjstance from the

edge within each edge type. The R-squared lineafficient (R sq
Linear) is shown in the lower left hand cornerto# figure. ......... 143

Xi



Chapter 2
Table2.1.

Table2.2.

Table2.3.

Table2.4.

Chapter 3
Table 3.1.

Table3.2.

Table3.3.

Chapter 4

Table4.1.

Table4.2.

Table4.3

List of tables

Genera collected using the three collection methndhe logged and
unlogged forest.

Pairwise comparisons (independent-samples t-tesfs) species
abundance and occurrence, showing significant reiflees between
all three methods, with the exception of abundarafeants caught
using Winklers and baiting.

Number of species caught within each subfamilyebgh collection
method in the logged and unlogged forest. G Y

Species richness estimators and their standaodsg(8E) for the two
main methods across the nine sites.  .............coociviiiiiieeeeen .39

List of all species collected in western Sinhafegaest Reserve. Part
(a) shows the species that occurred in all thregagibn categories
(EC): L (low); M (middle); H (high); part (b) listspecies that were
restricted to one EC only; and part (c) shows gsethat were either
found in the lower sites (L+M) or the upper sitbs-{).

Results of general linear modelling (GLM) with amecies richness
and transformed environmental variables in relatton elevation
category and forest type. For both site factonsteanperature, litter
cover and depth, canopy cover and foliage strugi@#®0 cm) were
significantly associated.

Results of a two-way crossed PERMANOVA with eléwatcategory
nested within forest type (FT). Both factors agngicant at theP =

0.01 level. The final column shows the high numioérunique
permutations (U perms) run out of 9999 permutations .......... 60

The number of species and morphospecies caugigiepess in logged
forest (L) and unlogged forest (U). Eleven subfesi were
represented by 47 genera from a total of 125 speaad
morphospecies.

Analysis of variance (ANOVA) results for testinidfdrences between
elevation group in logged forest (a) and unloggededst (b).
Significance level (column 3) shows the degree ighiicance for
each pairwise test carried out for each elevatiooug low (L);
middle (M); and high (H). . [0

Complete list of species collected from the Siaj@fForest Reserve
showing their presence in logged forest sites (ig anlogged forest
sites (U).



Chapter 5
Table5.1.

Table5.2.

Table5.3.

Chapter 6
Table6.1.

Table6.2.

Appendix
Table8.1.

Ant species and abundances caught by the twoctiotlemethods in
each season. Daily rainfall was measured at théa&aja Forest
Reserve field station and totalled for the monthirdy which the
collection occurred. .....ooiiiiiii e 112

Species list showing the frequency of occurrenéeed) and
abundance (Ab) of each species collected in theethransects.
S i C

ANOSIM results relating ant species and tree gsecomposition to
the three habitat variables. ..., 117

All species collected in the study showing thespreee/absence of
species in each edge type: pine (P); chena (C)(Ttganatural (N);
and in the disturbed area pitfall traps (D). Leghthaded species are
considered disturbance tolerant ants found within forest, species
shaded dark are edge inhabitants and all otherseiiner forest
interior or disturbance dwellers. ... 137

Results of multivariate GLM analysis of edge tygel distance from
=0 [0 T PP 1

List of ant species collected in western SinhaFajeest Reserve, Sri
Lanka showing their occurrence (*) in the differeallection areas:
Logged forest (L); Unlogged forest (U); Forest Dymnes Plot (FDP);

Edge sites (E); Disturbed areas (D); and hand aekkspecies (H).
Species were determined by taxonomist (far righuroa) or by

author using available keys. Highlighted speciesamnot included in
analyses. PPN Kot o

Xiii



1. General Introduction
1.1 Protecting tropical forests

Tropical rain forest harbours at least 50% of gldiadiversity (Primack
2002), a large proportion of which is restrictedparticular regions of the world
(Collins et al.1991; Primack & Corlett 2005). Unfortunately taderests are among
the most threatened ecosystems in the world todAgross the tropics, annual
deforestation was estimated at 9.2 million hectaexsyear for the decade between
1990 and 2000. Of that area, 6 million hectares emnsidered “tropical rain forest”
(FAO 2001). Of the 63 nations in the tropics witmested areas, 29 have been
classified as having disturbed greater than 80%heif forests (Soulé & Sanjayan
1998). These forests have been reduced in areafragthented as land is
continuously being modified by human population sptges (Whitmore 1997).
Currently, tropical wet forests cover 6 - 7% of tBarth’s land surface, most of
which is under human management, either as resdiarests or as protected
reserves (Gomez-Pompa & Burley 1991; Primack & €b2005). However, with
the majority of these forests located in developiagions, macro-economic factors

often determine the degree of protection of thesemves (Kahn & McDonald 1997).

Protected reserves often represent a very smaleptage of the land surface
of the countries that harbour tropical forests flamge 1997). As of 1990, only 8.7%
of tropical forests were under some degree of |lpgatection (Grieser Johns 1997).
There is a widespread opinion that most of theskspare merely documented on
paper and are not physically protected (Soulé &&@m 1998; Norton 1999). Most
represent land that was inaccessible due to topbgrand therefore escaped
conversion or disturbance by humans (Norton 1999¢nce, while there may be a
degree of legal and/or physical protection, manyheke forests still face pressure
from surrounding land users (Olupot & Chapman 20@8d a vast number have
already been disturbed to an extent that exceddsahalisturbance levels (Palik &
Engstrom 1999). The processes of disturbanceesethreas tend to be more gradual
and subtle, unlike large scale deforestation ardctee logging, therefore the
changes in biodiversity in these forests are oftaore difficult to detect
(Pethiyagoda 2005).



The high biological diversity of these tropical dst remnants is still
relatively understudied (Hubbell 1995). There is wgent need to gain a firmer
understanding of their ecology so that they canma@aged into posterity. Those
that are relatively undisturbed require careful itaring, as they are important as
seed banks and sources of organisms for re-cotgniadjacent, disturbed land
(Thebaud & Strasberg 1997; Chazdon 1998). Onbkeoflifficult issues of protected
area management is the adequate maintenance dfcgéiversity of organisms in a
restricted space (Jenningsal.2001). If a forest is to become a sustainableécsou
of maintainable genetic diversity, we must firssess the diversity of flora and fauna
that inhabits the forest and continue to assem#eih after it has been designated as a

protected area.

Global biodiversity is on the decline, and there asneed for rapid
assessments to be made, especially in areas witieework has been done.
Biological inventories are an important part of eonmental management, as they
allow those involved to make responsible decisimwarding areas that have high
biodiversity and are harbours of complex ecosystéBierk & Samways 1995).
Thus, it is imperative that biodiversity is docurtezhin these forests before further

degradation occurs and significant species hawappdeared completely.

1.2  Antdiversity in tropical forests

Ants can constitute up to 20% of the animal biomassopical forest and
play essential roles in ecosystem functioning (KasR000; Primack & Corlett
2005; Wilson & Holldobler 2005). They inhabit &Hvels of forest structure, from
the canopy to the soil layer and, while most arpoojunist foragers, some are the
major predators of many invertebrate groups (Kasp@00; Primack & Corlett
2005). In lowland wet forest of Malaysia, up to458pecies of ants have been
recorded in 4 ki(Briihl et al. 1998) and over 400 species have been collected in
1500 ha of neotropical wet forest in Costa Rican@ino et al.2002b).

In recent decades, ant species have been used ofrsdidators of
environmental change in a variety of situationshsas: soil quality assessment
(Lobry De Bruyn 1999); fire effects (Friend 1994)antation management (Majer
1988); logging and mining (Jackson & Fox 1996); anthe site rehabilitation



(Wallis et al. 2001). Long-term community studies have showmthie be good
indicators of regeneration of plant communitiegrfarge-scale disturbances such as
logging and mining (Neumann 1991; Majer & Nicho898).

Ants are species rich, easily collected and plenagor role in the functioning
of ecosystems (Folgarait 1998). Many ant specege Hong-lived colonies and
semi-permanent foraging ranges, which makes theenahbte to comparisons with
physical and climatological variables of an arebo(o 2000). With the publication
of Bolton’s (1994) key to the ant genera of the ldiordentification to genus has
been made relatively simple and species informat®rbecoming increasingly
available via websites such as [antbase.org], featlle] and [antweb.org]. For
these reasons and more, ants have become an accpate of biological
inventorying, and a handbook which describes a 8agprotocol has now become
available (Agostet al.2000).

1.3  Sri Lanka - a biodiversity hotspot

The island of Sri Lanka has had a long history embn colonisation. It
covers an area of 64,740 sq km and has had a estbrstory dating back more than
2500 years. (Ashton & Gunatilleke 1987; Collatsal. 1991). Though separated by
a narrow sea passage, the island is part of theli&oman tectonic unit known as the
Deccan Plate, which includes the Indian subcontineowered sea levels at various
times during the last ice age exposed the landybrizbtween the two countries thus
connecting them both floristically and faunistiga(lAshton & Gunatilleke 1987,
Naggs & Raheem 2005).

The rise in population density over the last fewtages, as evidenced by the
presence of numerous ancient irrigation canals, fessilted in high rates of
deforestation in the lowlands of the country (Ash& Gunatilleke 1987). During
the 19" century, colonialists introduced plantation cromsch as tea and coffee, that
could be grown on hillsides, resulting in furthefatestation along forested slopes
(Erdelen 1996; Gunatilleket al. 2005). Natural forest covered 44% of the country
in 1956, this dropped to 27% by 1980 and duringl#is¢ decade 1.5% of that was
further lost to land conversion (IUCN 1993; FAO 200 Total forest cover in Sri

Lanka remains at about 25% of its land area (Figutg



Figure 1.1. Forested areas of Sri Lanka showing & main rainfall zones.
Source of forest cover data: 1:50,000-scale forestap by Legg and Jewell
(1995).

Research on Sri Lanka’s unique biodiversity hasrighed in recent years,
with numerous publications appearing on differdotal and faunal groups. These
studies have found that previous estimates of spatthness and endemism were
too low and that the relatedness of species athesPalk Strait (between India and
Sri Lanka) is much more limited than previously umsed (Bossuyiet al. 2004;
Pethiyagoda 2005). Species continue to be disedyancluding a new owl species
in 2005, more than 100 new rhacophorine frog sgesilece 1993, five new species
of mosses and 10 new fresh water crabs (Pethiyagodiéanamendra-Arachchi
1998; Warakagoda & Rasmussen 2004; Bahir & Ng 20@%; 2005). The status of
many vertebrates and aquatic invertebrates hasgresanted in a recent publication
of the Raffles Bulletin of Zoology by Yest al. (2005).

The Western Ghats in India plus the whole islan&mfLanka is considered

one of 34 world biodiversity hotspots (Figure 1(Rlyerset al. 2000; Mittermeielet



al. 2004). The term biodiversity hotspot indicatesaaga that supports at least 0.5%
of global plant and animal species and where mben t70% of the primary
vegetation has been lost. Sri Lanka harbours lo6%lobal plant species, almost
half of which are endemic to the island, and 3.9%lobal animal species (Myeet

al. 2000). Another component that further emphas&ed anka’s designation as a
hotspot is that it is also considered one of threspots with the most elevated risks

of biodiversity loss due to high population dersit{Cincottaet al.2000).

N Colom bo.

s Sinharaja
L SRI LANKA

Figure 1.2. The Sri Lankan and Western Ghats biodiersity hotspot shown in
dark grey. The Sinharaja Forest Reserve in the sali-west of the island is also

shown.

The degree of endemism in Sri Lanka has also beadelyrecognised.
Endemic species, both floral and faunal, are comatsd in the Wet Zone of Sri
Lanka (Ashton & Gunatilleke 1987; Meegaskumbetaal. 2002; Bossuytet al.
2004), so this region can be considered a ‘hotsptbtin a hotspot’ (Pethiyagoda
2005). Rainfall patterns divide the country imieotmain hygroclimatic zones and

one intermediate zone of rainfall (see Figure 1tHgse are also associated with the



forest types that are found in these areas (Erde896). The Wet Zone (mean
annual rainfall >1904 mm), found in the south-wefthe country, covers 23% of

the land area of Sri Lanka and is the only zoné ¢batains tropical wet forest. In

the last few decades, increasing population densithe south-west has caused
further fragmentation and degradation of thesestsre It is estimated that 67% of
the island’s 19 million inhabitants live in thisrpaf the country (Anon 2003). Less
than 5% of the Wet Zone is still covered by tropreén forest and most of this in the
form of about 140 fragments (Balat al. 2005; Pethiyagoda 2005).

These fragments are home to large proportion of ahdemism in the
country. Up to 80% of freshwater crab species potthese fragments, all of which
are endemic to Sri Lanka (Bakat al.2005). Similar degrees of endemism are found
in other small-ranging animal groups, such as lasmhils and tree frogs
(Meegaskumburat al. 2002; Naggs & Raheem 2005). All new species disges
mentioned in previous paragraphs were made in tlfreggments. In terms of
angiosperm flora, all 11 endemic genera (845 speaie confined to the Wet Zone,
contributing a third of plant species diversitytire country (Gunatilleke & Ashton
1987). Gunatillekest al. (1987) reported from studies in nine sites withhe Wet
Zone that more than half of the woody subcanopyamtkrstorey plant species are
endemic and almost all are considered rare, vubherar endangered under the
IUCN Red Data Categories.

Ant species of Sri Lanka have been poorly docuntgnigth the degree of
endemicity within the family unknown (Dias 2002b)The first comprehensive
survey of ants in Sri Lanka was published by C.ingBam in 1903, as part of a
larger body of work documenting the fauna of Bhtindia (Bingham 1903). To
myrmecologists, Sri Lanka is of special interesitas the home to the Relict Ant,
Aneuretus simonEmery. It is the only remaining living represdmnta of the
subfamily (genus and species) of an extinct trifsee(iretinii) whose fossil remains
are found in the Baltics, Russia and the USA (BoR003). Phylogenetically, it has
been placed between the primitive and the modereaies of ants, and it has
generated interest as to its exact placement witignant subfamily tree. Recent
analyses by Bradyet al (2006) place it within a suprasubfamilial cladé o
‘dolichoderomorphs’ which includes the Dolichodensubfamily. Once thought to



be rare due to its absence from museum collec{Mfilson et al. 1956), it was found
to be quite abundant in disturbed forests in thd ¥me (Jayasuriya & Traniello
1986; Dias & Perera 2003). So far, it is the omhy species in Sri Lanka that has
received attention and is on the IJUCN Red Data (LGEN 1996).

The forest fragments scattered across the Wet Zomnge under varying
degrees of protection and usage, but most are gmall sq km), degraded and
under-managed (Ashtaet al.2001a) (Figure 1.3). There may be other spec@mgm
enigmatic than the Relict Ant in Sri Lanka, so sesé should be undertaken not
only to assess the viability of ants as indicatofdorest disturbance but also to
record the ant species diversity in this uniquearéhe largest patches of forest are
found in three areas: the Peak Wilderness (250nsy the Knuckles Hills (175 sq
km); and the Sinharaja Forest Reserve (90 sq kahi(Rt al. 2005). The research
carried out in this thesis has been centred onldbisforest reserve as it is by far the

least disturbed and contiguous patch of lowland faiest left in Sri Lanka.

Figure 1.3. South-western Sri Lanka showing the diribution of disturbed

tropical forest (stipple areas) and undisturbed trgical forest (dark shaded
areas) (modified from Ashton and Gunatilleke 1987).The position of Sinharaja
Forest Reserve is shown in the southern ranges amaddetailed map is shown in

Figure 1.4.
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1.4  Sinharaja Forest Reserve

In 1875, a Ceylon Government Gazette designatetiitlseof Sinharaja as a
forest reserve, with further forested areas beidded later in the 20 century.
Sinharaja Forest Reserve (hereafter SFR) currepidys 11,187 ha (6° 21-26’ N,
80° 21-34' E) in three administrative districtstite south-west of Sri Lanka (Figure
1.4) (Gunatillekeet al. 2004b). Prior to the early 70’s, it was relatwalaccessible
due to its topography and was utilised mostly by shrrounding villages. Floristic
studies initiated by Merritt and Ranatunga (19583diground and aerial sampling
for determining the timber potential of the arebhis led to the opening up of the
western part of the forest for selective loggingwaen 1972 and 1977 (Gunatilleke
& Gunatilleke 1980). After considerable public oytfrom the scientific as well as
the local community, logging was terminated in 1QR8CN 1993) and the Sri
Lankan Government designated the area as a sirestfreserve and submitted it for
consideration as a UNESCO Man and Biosphere Reséiwgher land conservation
legislation was developed in 1988 and Sinharaj@$tdReserve was established as a
National Wilderness Area. This culminated in UNEB@scribing Sinharaja as a
Natural World Heritage Site in 1990 (UNEP 2001).

1.4.1 Biodiversity of Sinharaja Forest Reserve

Flora - Studies on the plant species diversity of the SteRted with surveys
of the timber content of the forest (Merrit & Ramaga 1959) leading to more
extensive studies carried out by I.LA.U.N. Gunatdeand C.V.S. Gunatilleke in the
1970’s. Since then, comprehensive studies of plargrsity and distribution have
been carried out in many areas of the forest. 99381 a long-term Forest Dynamics
Plot (25 ha) was laid out in unlogged forest witkiie reserve and the species and
location of every single plant with a stem diametebreast height (d.b.h.) greater
than 1 cm diameter was recorded (Gunatillekeal. 2004a). A total of 206,501
stems represent 215 species of tree and liana irh&%f undisturbed forest
(Gunatilleke et al. 2004a). This has led to a very thorough understgndf the

floristics of the forest and a greater appreciatbits unique diversity.

The main forest type in the SFR is mixed dipterpctorest, ubiquitous
throughout the Asian tropics. De Rosaryo (1954)déid the vegetation into three



main categories according to elevation. Low sloges valleys (150 m - 600 m) are
dominated byDipterocarpus zeylanicuga very tall canopy emergent), midslopes
(600 - 1000 m) are characterised lhesua-ShoregDipterocarpaceae) dominated
canopy, and the upper slopes (>1000 m) are dondinayea mix of transitional
species as the vegetation moves towards that typideopical montane areas found
in the highlands of the country. This forest typéound mainly in eastern SFR and
is sometimes dominated by monotypic standShudrea gardner{(IUCN 1993). Out

of the 217 endemic tree species of the island, B&Bours 125, many of which are
found in low densities throughout the forest (Gulekie et al. 2004b).

Fauna - Comprehensive studies have been carried out ost rob the
vertebrate groups of animals found within the foré&/hile distribution and density
is still not clearly documented, 262 vertebratecggse have been recorded in the
reserve (IUCN 1993). These include large animalshsas the Asian elephant
(Elephas maximasand the leopardP@nthera pardus kotiya both of which are
considered endemic subspecies (Pethiyagoda 2008)small mammals such as
rodents and bats. Almost all endemic bird spefasd in Sri Lanka (19 out of 20)
have been recorded in the reserve, including the sgecies of owl mentioned
earlier. Invertebrate fauna has been less wellumiented, however butterfly,
mosquito and arachnid studies also demonstratemertance of this forest reserve

as a centre of high biodiversity (Abeywickrama 2003

1.4.2 Sinharaja as a Man and Biosphere Reserve

The area of forest designated as a Man and Biosp(MAB) Reserve in
1978 comprised 8500 ha of high forest, fernlandd aacondary forest. This
included a 1400 ha area of selectively logged foréthin the western portion of the
reserve (Figure 1.5). Contiguous lower montanedbtowards the east was added to
this mosaic in the 80’s, bringing it to the curraotal of roughly 11,000 ha
(Gunatilleke et al. 2004b). In effect, discounting the disturbed $brevithin the
reserve, undisturbed forest comprises about 700Quka under two thirds of the
reserve (Gunatilleke & Gunatilleke 1980; de ZoysR&eem 1990).

The reserve is administrated by the Sri Lankan stddepartment under the

Ministry of Lands and Land Development. Despisehigh level of legal protection
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the SFR is still being encroached upon today. esmonitoring began in the 1988, a
total of 312 encroachments have been recorded,lymfysin the more heavily
populated southern border of the reserve (Figu®. 1.The issue of reserve
boundaries has been dealt with to some degreejngtarith the planting of
Caribbean pineRinus caribaea)rows in the 1990’s by the Forest Department to
establish a distinct border for the forest (de Amtsal. 1991; Abeywickrama 2003).
There are an estimated 30 villages (most are o@8rykars in existence) located
around the fringe of the forest, as well as numeremall private land owners and
eight large tea plantations. It is also bordergdSkate Forest and proposed forest
reserves, as well as natural forest on private.laflll this land together constitutes
the ‘Sinharaja Adaviya’ group of forests of abot360 ha in extent (IUCN 1993).

Since the designation of SFR as a MAB Reservehallesting activity
within the forest became illegal. The only actnitensed by the Forest Department
is kithul palm Caryota uren} tapping - the sap collected is made into palmasug
and is sold by the villagers as a source of inc@weDermott 1986). Villagers still
collect fuel wood, medicinal plants and seasonalitdr from the forest, as
enforcement is difficult due to the unpredictapilif the resource use. Poaching of
wild boar and deer also occurs. The Forest Depantrhnas tried to encourage the
cultivation of exploitable plants and fuel woodesewithin the ‘buffer zone’ around
SFR but, as the zone is not adequately definésidifficult for villagers to recognise
where the forest begins and the buffer zone erfidgere has also been an effort to
reafforest degraded or abandoned land within thigebazone, and research has
shown the potential of using the rowsRdhustrees as nurse trees for growing shade

tolerant late-successional rain forest tree spgéisstonet al. 1997).

As a result of media publicity, increased educatiprogrammes and
information dissemination, villagers and other stalders around the reserve are
aware of the conservation value of the SFR. Lamdens adjacent to the reserve are
encouraged to practice traditional agroforestrystaslies have shown that plantings
of timber and non-timber forest products are aarfamally lucrative as the more
popular tea plantations (Ashtet al. 2001b). However, while the boundaries of the
forest and the buffer zone are not defined, entno@nt and other disturbance

causing activities continue within the boundariethe reserve.
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A)

Figure 1.5. Composite of Survey Department aerighhotos of western Sinharaja showing the forest bowtary line. Evident in the
image is visible clearance of forest outside the bodary and also within the boundary as a result ohistorical land use. Most of the
intact forest is remnant on steep slopes. The reutgular box shows where logging occurred 30 yeargqviously; this extends just
below the extent of the image.



Figure 1.6. Survey Department aerial photograph stwing the more heavily
populated eastern Sinharaja where there is a greatgroportion of intact forest.

Here, the forest slopes rise to over 1000 m, makirtfpe area historically more
inaccessible. There is some forest degradation ithe lower slopes near the
populated area. Note that there is some low cloucbver on the top edge and in
the right hand corner of the photograph which is thlowing a shadow on the

forest below making the forest appear darker.

1.5  Study site

The SFR traverses a series of parallel ridgesateabriented east to west with
a northerly bend along the western half of thedbreThe hills range in altitude from
about 300 m to 1170 m, the highest peak being Higgba West in the eastern half of
the reserve (Gunatilleke & Gunatilleke 1980; IUCBB3). On average, the hills in
the eastern portion of the SFR are higher tharetioghe western portion. The forest
is underlain with red-yellow podzolic soils thatt ©in granite gneisses found
throughout the south-west region (Panabokke 1996a@lekeet al.2005).
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Climatically, the area is characterised as a lomentane aseasonal climatic
region. Sri Lanka experiences two monsoon seagonsg May to July (south-west
monsoon) and during October to December (north-eamtsoon) (IUCN 1993).
Although SFR falls within an ‘aseasonal’ climatiegron (rainfall does not drop
below 60 mm for any month of the year), there are bbservable peaks in rainfall
during the monsoonal events (Figure 1.7). The higmainfall for the duration of the
collection period for this study is shown in Figur8&. The rainfall patterns follow the
22 year trends but with more rainfall in the latet\wseason rather than the early wet

season.
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F
igure 1.7. Rainfall and temperature patterns for & average year, based on daily
rainfall and temperature data from 1984 to 2006 preided by the Sri Lankan
Forest Department. Despite the two peaks in raintaduring the year, a dry
season is only indicated when monthly rainfall drop below 60 mm.

The SFR receives between 4000 and 5000 mm of rainadly, which feed
the ephemeral and permanent streams draining foreaking it an important
watershed system for the south-west. One larga,rithe Gin Ganga, borders the
southern edge of the forest and flows westward tdsvehe coast. Another important

river bordering the reserve to the north is the lluMa Ganga, which is a tributary of
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the Kalu Ganga, a major river in the south-wesempperature variability throughout
the year is minimal (Figure 1.7) with the mean yl&@imperatures ranging between 25
and 27°C (Ashton 1992).
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Figure 1.8. Mean monthly rainfall for the entire wllection period (2004-2006)
showing the two rainy seasons in May-June and Sepider-November and the
corresponding number of days without rain. Averagetotal annual rainfall for

this period was 4766 mm.

All ant collections were made within the westerrf lid Sinharaja Forest
Reserve where road and path access was possigle€Hi.9), hence collections were
limited to hills ranging between 200 m and 700 titwade. All sites were located with
a west/south-west facing aspect so as to reducabildy in insolation and moisture
availability. Research was conducted between 206 2006 to take into account

possible seasonal variation in ant distribution.
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Figure 1.9. Distribution of collection sites withn western Sinharaja Forest
Reserve (whole reserve is indicated in inset). Tletippled area represents forest
that was selectively logged between 1972 and 197Zollection sites are indicated
by the white boxes: ‘L/UL’ is where the logged site and unlogged sites were
located; ‘FDP’ shows the location of the long-termForest Dynamics Plot; ‘P’

respresents the pine/forest edge sites; ‘C’ represes the chenalforest sites; ‘T’

locates the tea/forest edge; and ‘N’ shows the ldgan of the natural edge sites.

1.6  Overview of chapters
The objective of this thesis was to quantitativabgess the diversity of litter

dwelling ants in the SFR and to provide a basedmaysis of distributional influences
on their assemblages. My aim was to provide futemsearchers a comprehensive
reference collection of these ants and an undefstgof their organisation within the
forest. The chapters were prepared for submisasrndividual articles to peer-

reviewed journals; this necessitated a degreepaititeon in their respective texts.

As this was the first comprehensive collection at apecies in the SFR,
Chapter 2 presents an analysis of the efficach@tallection methodscarried out to
assess their appropriateness and complementaMiykler extraction, pitfall trapping
and baiting are established collection methodsrégical forest ants, though each has

their advantages and disadvantages in the fieldu(és 1.10 and 1.11). In this
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chapter, as well as capture rates of species mshrspecies composition was also
taken into account. As the objective of the stws not complete inventorying,

methods were applied in terms of an ecologicalexdnt

a) b)

"
X
| .I

Figure 1.10. Litter collecting for the Winkler sadks using a 1 M PVC pipe

quadrat, a trowel and a litter sifter (a); and the 1 n? after it had been cleared of
litter (b).

Figure 1.11. a) Mini-Winkler sacks hanging outsideinder shade at the SFR field
station, b) Plastic cups used as pitfall traps werélled with methylated spirits
and left for 3 days. An inverted cup with large trangles cut from the sides was
used to prevent rainfall from entering the cup.

17



The following three chapters are primarily analyséspatial distribution of
ant species assemblages in the SFR. AlthoughRReisSconsidered a large patch of
primary tropical forest, the internal compositidtioe forest is highly heterogeneous.
Understanding the species distributions within tfasest patch can allow for
extrapolation to other forest patches in the regemmd can provide baseline

information for the protection of other such resstv

Chapter 3 considers the effects of small altituldaraelevationchangeon ant
species richness and composition. As most of thmaat forest in the south-west of
Sri Lanka is restricted to slopes and hills, anlysms of biotic and abiotic factors
influencing species distribution is carried out. re\Rous studies on altitudinal
distribution of ants in tropical forests lookedrahges spanning over 1000 m. In this
chapter, | analysed ant species distribution overahitudinal range of 250 m.
Different forest types were also taken into accampart of the study site was located

within old logged forest.

Differences between old-logged forest and unlogdedtst were hence
analysed in Chapter 4. Analysis of tiesidual effects of loggingvas carried out by
comparing ant species assemblages in logged fanestidjacent unlogged forest in
order to assess forest regeneration more than &3 wdter the disturbance (Figure
1.12). Selective logging is widespread acrossAtsian tropics and is seen as a low
impact forest management practice. Current stuthee shown that even after many
decades of regeneration, structural differencdispglisist between logged forest and
unlogged forest. Structural differences were gliadtand assessed in terms of their
influence on ant species composition. Naturallpuogng topographic heterogeneity
and tree species patchiness in the SFR may als® ¢@auributed to differentiating

faunal assemblages.
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Figure 1.12. a) The forest understorey of unloggefibrest is fairly open and well
shaded; there are a number of saplings which is aaracteristic of this type of
forest. b) shows an old stump of a large tree thatas logged 30 years previously.
These can be differentiated from naturally formed tumps due to the absence of

the tree trunk in the surrounding area.

In Chapter 5, ant species distribution across dagged, undisturbed forest
landscape was analysed in relationhtbitat heterogeneity (Figure 1.13) and tree
species composition. The influence of tree speamestheir contribution to structural
heterogeneity is looked at to gain an insight itite degree of influence vegetation

structure has on the ant species assemblage.

The final chapter is an analysis of external infices on the forest. The SFR
is surrounded by a variety of land uses; Chaptkyo&s at ant assemblages within
forest edges bordered by matrix habitat of vargtrgcture and disturbance (Figure
1.14). This ‘buffer zone’ of matrix habitats carmofect a forest against external
abiotic and biotic influences and improve its lotgrm conservation potential.
Investigating how differentnatrix habitats impact upon forest edgesf the SFR in
terms of differences in ant species assemblagepamnde information on how to

enhance conservation management in the region.
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Figure 1.13. Views from different areas in the Sin&raja Forest Dynamics Plot:

a) spur top; b) gully bottom; and c) central streamvalley.

Figure 1.14. Collections occurred in pine/forestdge (a), chenal/forest edge (b),

tea/forest edge (c) and natural river/forest edged].
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2. Evaluation of methods for collecting ground dweing ant species in
Sinharaja Forest Reserve, Sri Lanka

Abstract
Ants were collected in the Sinharaja Forest Resesueg three methods; leaf

litter extraction with Winkler sacks, pitfall trapg and baiting. A total of 146

species were captured, with Winkler extraction pimg the highest number of

species and pitfall traps contributing a compleragnset of species. Baiting did not
attract additional unique species. Species richmstimates extrapolated from the
specimens collected by each method showed thatleviskcks sampled a sufficient
number of species to reliably predict total sped@sness. Although they collect less
species, pitfall traps were more utilitarian, reog no special equipment and are
recommended to be used for ecological studies wwpl ants where species

inventorying is not an objective.

Key words: Winkler extraction, pitfall traps, bait, leaf litter ants, Formicidae,

A.L.L protocol

2.1 Introduction
Each stratum of a tropical forest, from the candpythe soil layer, is

characterised by a set of biotic and abiotic fac{®arker 1995; Barrios 2003). This
in turn determines the assemblages of animals itifzbit or forage within a
particular stratum or range of strata (Longino &Karni 1990; Simoret al. 2003).
Complete biological inventorying ideally would usevariety of methods in all strata,
but often collection time, available human resosra@nd materials can place
restrictions on the data collected. As a reswteful choices must be made when
considering collection intensity and sampling meitlas they can influence the subset
of fauna collected in a given area. While some amnés ubiquitous throughout the
many strata in a rainforest ecosystem, most appdae restricted to a particular level
(Longino & Nadkarni 1990; Bruhlet al. 1998; Primack & Corlett 2005).
Furthermore, ants (individual foragers as well adomies) are distributed non-
randomly in space and time, thus requiring carelfigice of methods which may vary
according to the aim of the project (Bestelmesieal.2000).

Currently, there is a variety of methods for cdileg ants in tropical forest,

but standardised techniques exist for only growvdllihg ants (Agostiet al. 2000).
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Delabie et al. (2000) analysed these sampling methods and detedmihat a
combination of two or more methods collected thrgdat number of species in a
given site. The first recommended method is likampling using Winkler sacks
(Bestelmeyeret al. 2000). This is a commonly utilised method for mditier
dwelling arthropod groups, and it appears to wastlin closed canopy forests where
leaf litter is abundant and moist throughout thary@arr & Chown 2001; Underwood
& Fisher 2006).

The second suggested method is pitfall trappingchvis a passive sampling
method that is cheaper and less labour intensivihenfield than litter sampling.
Pitfall traps come in a variety of sizes, hence shmpling of the ant fauna can be
biased by the size of the trap (Abensperg-Traunt&é&h 1995) and the relative
activity of the ant fauna (Olson 1991). Anothessige collection method is baiting,
which is also inexpensive and easy to deploy. Ugeeof multiple bait types (protein,
sugars, fats) can attract a variety of ants, beit thctivity can be affected by time of
day, season and presence of dominant species haiise(Bestelmeyeet al. 2000).
Direct sampling of the ant fauna can also be adraet by searching for nests in
different habitats within the collection area. Jhinethod is often difficult to
standardise, as differences between the skill dindemcy of each investigator will

influence the samples collected (Bestelmestaal.2000).

A standardised collecting procedure, called the ARbhts of the Leaf Litter)
protocol was developed in order to allow comparssof ant data collected from
different regions of the world. Agosti and Alon&@®00) suggested using 20 Winkler
extractions and 20 pitfall traps along a 200 mdean, with additional direct sampling
if possible, to maximise the number of species bauglt has been utilised in a
number of studies and has proven to be efficientofiecting the majority of ant
species in an area (Fishatral.2000; King & Porter 2005).

Historical ant collections in Sri Lanka have beasda on direct sampling in
forest and agricultural areas; only recently haasspre methods such as Winkler
sacks and pitfall traps been used. This is ontheffirst Sri Lankan studies where
high intensity sampling and a quantitative analydignt sampling techniques were
carried out in the Sinharaja Forest Reserve. Tdleations made in this study
utilised the two main collection methods recommehlbolg the ALL protocol, Winkler
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extraction and pitfall trapping. At two of the der locations, baiting was also was
used in conjunction with the two main methods tst tehether further ant species
could be collected. The efficacy of these methfmiscollecting ants in Sinharaja
Forest Reserve is here analysed, with the main adegn being between Winkler

extraction and pitfall trapping.

2.2 Methods

2.2.1 Sites
The study area was in the the Sinharaja ForestriRe¢8FR), a 11,000 ha

reserve located in the Sabaragamuwa Province iheéka (6° 21-26’ N, 80° 21-34
E). The reserve is mid elevation (300 — 1200 m)eoh dipterocarpNlesua-Shorea
type) rain forest, set upon a series of ridges mungnin an east-west direction in the

south-western quarter of the country (Gunatillekal.2004b).

The SFR receives monsoonal rains from May to July fiom October to
December, with average annual rainfall between 20660and 4000 mm. Collections
were carried out four times at each site, betweanchi 2005 and November 2006,
with two periods being just after each high raindad low rainfall season (See Figure
2.1 and 2.2).

Samples were taken within old logged forest (LF)jaeent unlogged forest
(UF) and a long-term Forest Dynamics Plot (FDPhated along south-west facing
ridges within western SFR (Figure 2.3). Five platsre established along three
transects, each at a different elevation alongstbpes. The slopes ranged between
300 m and 700 m. Each transect within each fdypst was separated by at least 200
m. The old logged sites were located at least Ifriomm the unlogged sites (though
the logged forest abutted the unlogged forest),redeethe forest research plot was
about 2 km away from both the logged and unlogged.s Each plot measured 10 m
by 10 m and were spaced 20 - 25 m away from edwr.odVhen possible, these plots
were placed in a straight line but, due to the latthg topography of the area, some

sites had to be accomodated adjacent to others.

31



1,000.0- il [-30.0

800.0

600.0-

400.0

Mean total monthly rainfall (mm)

200.0-

Mean monthly maximum temperature(oC)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb

Figure 2.1. Total monthly rainfall and mean month{y maximum temperature
during collection (2005) within the logged and unigged forest. The arrows

indicate the four periods when collection was carad out.
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Figure 2.2. Total monthly rainfall and mean monthly maximum temperature
during collection (2006) within the Forest DynamicsPlot. The arrows indicate

the four periods when collection was carried out.
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Figure 2.3. Sri Lanka Survey Department Map of Siharaja Forest Reserve
showing the collection sites in logged and unloggddrest are (L/UL) and the
Forest Dynamics Plot (FDP). The stippled area shaathe extent of the selective
logging that occurred between 1972 and 1977.

2.2.2 Collection methods
In each plot, four leaf litter samples, four pitfaps and two baits were set

out to maximise the number of ground dwelling actdlected. Leaf litter was
collected in a 1 m by 1 m quadrat and was siftedgua litter sifter (Bestelmeyeat
al. 2000). The sifted material was then hung insideniai-Winkler sack (Fisher
1999a) for 48 hours with the leaf litter being re/d and shaken after the first 24
hours. All material collected from the Winkler gagas then removed and stored in
ethanol. The material was then sorted in the ooy, and invertebrates removed
and preserved in 70% ethanol. The ants were depafeom the sample, point-

mounted and identified to morphospecies.

The pitfall trap consisted of a standard plastiokdng cup (mouth diameter 7
cm) which was inserted into the ground and leftifaveek (to reduce the ‘digging-in’
effect (Greenslade 1973)) before being filled w#f0 ml of methylated spirits. The
pitfalls were then capped with another plastic eugh large triangles cut out of the

sides to provide a lid to prevent rainfall fromdtbng the cup. After 72 hours the
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material in the cups was collected and the cupsrdghe ground filled with leaf litter
for use in the next sampling period. The colleateaterial was then washed with
fresh methylated spirits and returned to the laBll invertebrate material was
removed from the samples and stored in 70% ethanbé ants were then separated

from the invertebrate material and point-mounted identified to morphospecies.

In the logged and unlogged forest two types ofsbaiére used at each site;
protein bait (tinned mackerel) and sugar bait {flan). At each site, one bait of each
type was laid out 2 m apart and left for 2 houBsiting was carried out between 9 am
and 3 pm during each sampling period. The baite\ad out on pieces of 5 cm by 5
cm white card which were picked up at the end efdbllection period and placed in
sturdy plastic bags. The samples were then spnaitednethylated spirits to kill the
ants. The ants were then removed and stored inet@&mol and returned to the lab.
These ants were also point-mounted for subseqdentification.

Once a reference collection of point-mounted spensrhad been created, all
excess ants were stored in 90% ethanol. Ants udeetified to species where
possible, with certain genera being sent to spstsafor confirmation of species
identification. For species where a taxonomistasionomic key were unavailable, a
unique species number was assigned. Both wet gndgpmbcimens are housed in
Peradeniya University Entomology Museum, with aespntative collection stored in

the Curtin University of Technology Entomology Muse

2.2.3 Data analysis

Ant abundances in all three forest types (LF, U& BDP) were tabulated and
converted to presence/absence data. This is aasthrconversion for ant data
analyses, as ants are social insects and tend ¢lutmped spatially which causes the
data to appear aggregated when sampling occurs awanies (Longino 2000).
Within each forest type, the data from the fivetplat each of the three elevations
were combined; the data from each season were cstined to remove any
potential seasonal variation. Each elevation (cmmed one site) in the LF and UF
had 200 sample points (80 Winkler extractions, Bfalptraps and 40 baits) and the
FDP had 160 sample points (80 Winkler extractians$ &0 pitfall traps) at each site.

The number of individuals (abundance) and the numbg species

(occurrence) were analysed using independent-sanybésts.  First, species
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occurrence and abundances caught by the three dsethologged and unlogged
forest were compared with each other. Then the taan methods (Winkler
extraction and pitfall traps) were then comparegsg all nine sites using the same
tests to determine significant differences in speaccurrence and abundance. Multi-
dimensional scaling (MDS) using Euclidean distanfogsa binary matrix with 100
iterations was utilised to graphically demonstrdifferences in assemblages across
the forest types and methods. All statistical ysed were carried out using SPSS
15.0.

Incidence-based estimations of species richnesag(UGhao and Bootstrap
indices (Colwell & Coddington 1994)) were carrieat for each method, and a mean
species accumulation graph was produced to illiestitee standard deviation from
random permutations of the data from each of thmee mites (Gotellli & Colwell
2001). These analyses were carried out using SPBECPand SPECACCUM
functions in the Vegan package within R (R DeveleptrCore Team 2005).

2.3 Results
A total of 13,973 ants were collected, representidg species and morphospecies

(hereafter included as species) in 11 subfamilnes4® genera (Table 2.1).
Table 2.1. Genera collected using the three coltlemn methods in the logged and

unlogged forest.

Genus No. of specie | Genus No. of specie | Genus No. of specie
Pheidole 19 Aenictu 2 Pseudolasit 1
Tetramorium 17 Dolichoderus 2 Acanthomyrmex 1
Cerapachys 11 Technomyrmex 2 Cardiocondyla 1
Camponotus 6 Gnamptogenys 2 Cataulacus 1
Crematogaster 6 Protanilla 2 Meranoplus 1
Hypoponera 5 Carebara 2 Myrmecina 1
Leptogenys 5 Myrmicaria 2 Pristomyrmex 1
Anochetus 4 Pheidologeton 2 Recurvidris 1
Monomorium 4 Solenopsis 2 Rhopalomastix 1
Pachycondyla 4 Tetraponera 2 Rhopalothrix 1
Paratrechina 4 Aneuretus 1 Rogeria 1
Pyramica 4 Amblyopone 1 Tyrannomyrmex 1
Strumigenys 4 Acropyga 1 Crytopone 1
Polyrhachis 3 Forelophilus 1 Discothyrea 1
Tapinoma 3 Lepisiota 1 Harpegnathos 1
Vollenhovia 3 Myrmoteras 1 Myopias 1
Ponera 1

Two myrmicine generalPheidole(19 species) andetramorium(17 species)

were the most speciose, witerapachyq11 species) following close behind. In the
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LF and UF, Winkler extraction (hereafter called Wfers) collected 101 species,

while 81 species fell into the pitfall traps andsgpkcies were attracted to the baits.
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Figure 2.4. Graphs of a) mean number of species @ib) individuals collected by
the three methods, of the three methods utilised inogged forest (LF) and
unlogged forest (UF), Winkler extraction collectedhe highest number of species
and individuals per site. Pitfall traps yielded the second highest number of
species but were comparable in abundance of indivighls attracted to baits.

There were small significant differences betweemRiMirs and pitfalls in
terms of abundance (In transformed) and occurrericgpecies (Figure 2.4), with
baiting catching significantly fewer species thha two other methods (independent-
sample t-test = 10.65F = 0.00) (Table 2.2). The break-down of each m#&o

collecting efficacy by subfamily is shown in Talde.

Table 2.2. Pairwise comparisons (independent-sangl t-tests) of species
abundance and occurrence, showing significant diffences between all three

methods, with the exception of abundances of antawght using Winklers and

baiting.

Method Data type t-value__ Sig. (¢-tailed)

Winkler/Pitfall Abundance (Ir 1.9¢ 0.C50
Occurrence 2.45 0.015

Pitfall/ Baiting Abundance (In) 3.32 0.001
Occurrence 452 0.000

Baiting/ Winkler Abundance (In) -1.54 0.125
Occurrence 7.25 0.000
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Table 2.3. Number of species caught within each Isiamily by each collection

method in the logged and unlogged forest.

Subfamily Winkler Pitfall Baits
Myrmicinae 54 49 33
Ponerinae 17 12

Formicinae 12 10

Cerapachyinae 9 2
Dolichoderinae 2
1
1

Aneuretinae
Aenictinae
Pseudomyrmicinae
Amblyoponinae
Ectatomminae
Leptanillinae

Total 101 81 44
% unique 24.6 11.6 2.1

5
1
1

CoOCoCPrahrgup

1 1
1 0
1 0
1 0

Almost a quarter of all species were collected lgddg Winkler extraction, a
further 11% were collected only in pitfall trapsddoaiting attracted an additional 2%
of the total. The two species caught solely byitgiin the LF and UF were collected
by the other two methods in the FDP. The majasftthe ants caught by baiting were
Pheidole species, which were fast recruiters to the foodirces, and other
miscellaneous species which were ubiquitous througihe forest. All of these
species were caught using either or both of the fiwo methods, and so supported

my decision to exclude baiting from further anadysi

Winkler and pitfall collections for the three fotdgpes were combined and
singletons (species represented by only one indali¢aught) were removed, 112
species were analysed for comparison. Specieaasshand abundances caught by
Winklers were significantly different from pitfalig-tests;P < 0.01). As can be seen
in the MDS plot, assemblages caught in Winkler saate clearly separated from

assemblages caught in pitfall traps across alkfdgges (Figure 2.5).

Species accumulation curves (using all speciegaeld including singletons,
Figure 2.6) show both Winkler and pitfall trap ealions approaching an asymptote,
thus permitting a comparison of the species richressimators. Winklers collected
more species than pitfall traps (Table 2.4). Tpecges accumulation curve for pitfall
traps appears to flatten out more than the Winklgecies accumulation curve,
indicating that pitfall sampling effort was high aergh to approach the maximum
number of species collectable by this method. Th®supported by the Chao and the
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Boostrap estimates. Pitfall traps collected 9tEseand it is estimated that there are

potentially only 10 to 15 more species that cowddbllected using this method.
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Figure 2.5. Multi-dimensional scale plot using anassemblages collected by the
two main collection methods, Winkler extraction (bhck circles) and pitfall traps

(clear circles).

100
|

&0

60
\

Mo, of species

4

i
|

Sites

Figure 2.6. Species accumulation curves for Winkteextraction (upper line) and
pitfall traps (lower line) using randomised selectn of samples across the nine
sites. Each site represents 80 sample points.

Table 2.4. Species richness estimators and thetaadard errors (SE) for the two

main methods across the nine sites.

Method Specie Chag SE Bootstrap SE_n
Combinet 14¢ 182.t 15.4 164.¢ 6.4 18
Winklers 122 188.4 28.7 140.7 74 9
Pitfalls 97 112.7 8.4 109.3 59 9
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By contrast, the results for Winklers estimate thetween 20 and 40 more
species could potentially be found by this methoHowever, the Chao species
richness estimated from the Winkler collection a@evas similar to that estimated by

the number of species caught by both methods tegeth

2.4 Discussion
Based on historical collections by Bingham (1903)d asmaller recent

collections, Dias (2002a) lists 246 ants for theolghof Sri Lanka. This study lists
146 ground dwelling species in about 0.45 ha ofldod wet forest, some from
genera that have not been previously recorded ler ¢ountry. In tropical
environments, it has been accepted that it wouldnipgossible and impractical to
completely capture all the species in a hyperdevdescon like ants, especially in
complex environments like tropical forest (Longi&oColwell 1997; Fisher 1999b).
Complete inventorying of a taxon is rarely the afrecological studies (Longinet

al. 2002a), and time and cost greatly influence thmoghof methods for collecting a

given taxa.

The two methods utilised in this study were higbbmplementary and were
both efficient at collecting a large proportiontbé diversity in this forest type in Sri
Lanka. In terms of species richness caught by ezathod, the difference was only
slight and shows that both methods are comparabtbeir efficiency at collecting
ground dwelling ants. However, looking at the Clsgecies richness estimator, the
extrapolated species richness from Winkler samiglegry close to that extrapolated
from the combination of data from Winklers and glif. Winkler extraction alone
may be adequate enough to capture a large enougbenuof species to reliably
predict the species diversity in other forest paschin this forest type, where litter is
readily available, Winklers have been advocatea mumber of studies (Fisher 1999b;
Delabie et al. 2000; Underwood & Fisher 2006). Bruhl (2001) is&td Winkler
extraction as his collection method for lowland tdipcarp forest in Sabah, but
excluded ants larger than 15 mm in length and gdélgewnly included ants that were
considered typical leaf litter inhabitants. In tB&R, where the litter dwelling
assemblage is not yet fully known and generally $pscies were larger than 15 mm
(N. Gunawardene pers. obs.), it would have beeficdlif to confidently exclude

certain species from the analysis.
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In terms of sampling effort, pitfall traps used tleast amount of time for
deployment, collection and processing. This makesn a good choice for small
scale studies that lack extensive funding and tirRéfall traps were also useful in
their applicability during inclement weather. Seddheavy downpours halted leaf
litter collection and baiting. Their 24-hour opégwa also increased the chance of
capturing species that are more active during iiffehours of the day. Leaf litter
collection and baiting occurred during the day,ahhprecluded the collection of night

active or crepuscular species.

The impact on the litter environment is also redubg pitfall trapping, as
lower amounts of litter are removed than duringgtiextraction, and colonies are not
damaged. This can have a substantial impact whbasidering the large scales of
some ecological studies. The ecological impacteofioving rare species is as yet
unknown and untested. In ecological studies, whare species are often not
included in the data sets for comparison of sitegpuld seem unnecessary to collect
them at all. Even for more commonly occurring athe effect of removing entire
colonies from the leaf litter may also be detrinaérido community functioning. For
the charismatic, IUCN Red-Listed a#neuretus simonimvhich is a small ant with
small colonies (>100 workers (Jayasuriya & Traniell986)), | calculated that |
removed the equivalent of roughly one to two nestissite during litter collection.
Since ant data tends to be analysed as preseneed¢abdata, obtaining high numbers

of individuals is also unnecessary.

Pitfall traps are by far the most widely used mdthar invertebrate sampling.
They are cost effective, time efficient and easigployable, making them a popular
method for field biologists. In a recent reviewtlé use of ants in monitoring studies
by Underwood and Fisher (2006), 75% of 58 ant swdsed pitfall traps either solely
or in conjunction with other methods. This stutigws that in rainforest, pitfall traps
can capture a large proportion of the high divgrsit ground dwelling ants in the
SFR. Gotelli and Colwell (2001) state that onlyemhtaxon accumulation curves
approach a clear asymptote would species richrassts be reliable for comparing
habitats. Therefore, in reaching close to an asgtapvalue for predicted species
richness, pitfall trap assemblages would be goodst for comparison across the
different sites in the SFR.
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However, if pitfall traps were used exclusivelythre SFR, the extrapolated
total species richness would have been a consigetatolerestimate. Other studies
with single methods face this same issue. For plgnBasu (1997), working in a
similar lowland dipterocarp forest in the Westerma®, collected much larger
abundances of ants using only pitfall traps (0\&030 ants) but only 31 species and
24 genera were identified. Studies have shownwbgétation complexity can affect
the capture rate of pitfall traps (Majer 1997; Mmlime 1999). Pitfall traps appear to
function better in drier, open systems like savafifer & Chown 2001). The high
complexity of rain forest vegetation perhaps presicants with many alternative
pathways to cross the ground when foraging, thdsiaieg their chances of being

trapped.

Therefore, in terms of obtaining overall speciehmess for ground dwelling
ants, both methods should be utilised in conjunctwath each other. Further
sampling using these two methods would be unlikelgollect many more species but
would perhaps add individuals to the many specibsrav only one individual was
caught. Direct sampling of the leaf litter shoblkel added as a method for capturing
more species to improve the inventory. For ecalalgiather than inventory studies,

pitfall traps are recommended where time, costraadpower are limiting factors.
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3. Sampling ants over a small elevation gradienhia lowland forest reserve in
south-west Sri Lanka

Abstract
The growing threat of forest loss and degradationtropical areas has

heightened the need to document species in thesesoof high diversity. However,
the species within these habitats are not necéssaiformly distributed. The study
of species diversity patterns along environmentaldignts can provide important
information on the distribution of not only specimsmbers, but also the lines along
which species organise themselves. With this mé&ion, protection and
management of remaining forest reserves can berldetinulated for the long-term
preservation of biodiversity. This study lookedtla¢ differential influence of small
elevation changes in south-west Sri Lankan forestground dwelling ant species
diversity, where tropical forest remnants are thsted along small hill ranges. Ant
species were collected from dipterocarp dominabeelst across an elevation gradient
of only 230 m vertical distance. Plots were lodatetwo unlogged forest areas and
one old-logged (>30 years previous) forest areherd appeared to be a monotonic
decrease in species richness as elevation incretsmyh the differences were not
significant between low and high elevation. Spe@ssemblages on the other hand,
were significantly different along the slope, bppaared to be more influenced by the
surrounding forest type than elevation. Vegetatibaracteristics, such as foliage
density at the shrub level, and leaf litter coved aepth, appeared to influence ant
assemblages along the slope. It is more likely tthe ant species are responding to
environmental factors that are determined by tpseigs heterogeneity, which in turn

is potentially controlled by physical factors swshsoil and moisture availability.

Keywords: species richness, species diversitytudii gradient, scale effects, tropical

wet forest, Sinharaja, Formicidae

3.1 Introduction
Increasing our understanding of tropical ecosystams the distribution of

biodiversity is imperative in the face of the rapads and degradation of tropical
forests worldwide. Identifying the distribution tpEns of species within these
systems can give us better frameworks for protgdtie areas within which they live.

Relatively new threats, such as global warming enygtic degradation by activities
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such as over-hunting (Lauranet al. 2006), have placed additional pressure on
already isolated forest reserves, further emphagiziur need to understand and

protect them.

The majority of the Earth’s species live within ttrepics, especially within
moist tropical forest (Pimm & Brown 2004; Primack @orlett 2005). The high
species diversity of these forests has sparked ihesoyies regarding their patterns of
co-existence (Givnish 1999). Within the tropidsere have been numerous studies
documenting species distributions along variougligras, both natural and human-
made (Ludwig & Cornelius 1987; Jostal.1996; Kaspari & Weiser 2000; Hassell
al. 2006; Engelbrechet al. 2007; Hoffmann & James 2007). One of the better
studied gradients is elevational or altitudinal i@ (Lomolino 2001). There is
general agreement that species richness of any gineup decreases with increasing
elevation (Stevens 1992; Rahbeck 1995). Currently, patterns of decrease have
been observed, namely: 1) a monotonic decline;23ra hump shaped decline, with
richness peaking at mid elevations rather than i@levations (Sanders 2002). In a
review of 204 datasets on the changes in speakreass patterns over altitudinal
gradients, Rahbeck (2005) found that roughly hathe studies demonstrated a hump
shaped trend in species richness with increasiagagbn, with about one quarter
showing a monotonic decline. There are a varidtyheories as to why species
diversity decreases with increasing elevations @8e 2002; Almeida-Netet al.
2006), invoking factors such as lower primary prcodty, harsher climatic factors

and reductions in physical space at higher elemnatio

The existence of at least two patterns of decreasde attributed to a number
of factors. Rahbeck’s (2005) analysis of studsarn(dardised for sampling effort and
area) showed that a hump shaped trend was obsertbd majority of studies that
looked at single transects along a slope, wheheadrend fell into the minority when
regional data were analysed. The lack of repleatf collection in both space and
time can potentially influence the species trengsslope (McCoy 1990). Rahbeck
(2005) also drew attention to the issue of spatiale on the type of analysis utilised
by researchers. Macro-ecological studies, whicdndparge biogeographic regions,
can give insight into large-scale patterns of ditgr although care must be taken
when considering the range sizes of the taxa undesideration (Rahbeck 2005;
Dunn et al. 2007). Chuset al. (2003) found that finer grain definitions of habita
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patches better explained species composition adeéneic species richness of soll
fauna in the Pyrenees, suggesting that landscapeéefmition should be taken from

the taxon’s perspective rather than a human peispec

Tropical organisms tend to display relatively narr¢olerance ranges to
physical conditions and thus have narrower rantpsgaaltitudinal gradients (Stevens
1989; Olson 1994). Thus, the issue of scale besaignificant when considering
smaller-ranging but highly diverse groups suchragritebrates. While many of the
influential studies of species richness acrossagien gradients have been conducted
on largely vagile species of animal such as bindd mammals (Terbourgh 1977;
Rahbeck 1997; see Heanelal. 2001), or historically well distributed plant graup
(Stevens 1992; Liebermaet al. 1996; Grytnes 2003), there have been fewer studies
that have looked at ground dwelling invertebratiengenet al. 1976; Collins 1980;
Leakey & Proctor 1987). These studies have predamtiy looked at species
richness and abundance or biomass, rather thamespdistribution or assemblages
(Olson 1994). More recent studies in the tropi@vehlooked at community
composition along elevational gradients of specifigertebrate groups, such as
termites (Gathorne-Hardgt al. 2001), opilionids (Almeida-Netet al. 2006) and
orbatid mites (Hasegavet al.2006).

Ants have long been recognised as a significantugran ecosystem
functioning in tropical regions. Studies on tra@dient species have found them to be
ubiquitous from low to high elevations, with a limat about 2700 m a.s.| (Ward
2000). Studies spanning greater than 1000 m wagtn gradient have shown that
there is generally a hump shaped pattern rather ahanonotonic decline in species
richness up a slope (Samsehal. 1997; Fisher 2000; Ward 2000). There are still a
number of theories attempting to explain this patie ants. Sandernst al. (2007)
determined that temperature rather than produgtiséin better explain ant species
diversity along slopes (regardless of spatial 3aaldeciduous forest in south-western
USA, whereas others such as Rikasl (2003), Richardsoet al (2005) and Ribas
and Schoereder (2007) have concluded that haldtatdgeneity is a more important

factor in determining ant species distribution.

The current study seeks observable patterns irspeties richness and ant
species composition at a very fine spatial scabmgala small elevation gradient in
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relation to physical and vegetation characteristiclowland wet forest in Sri Lanka.
Studies on tree species distribution in these fereave shown that, even across a
small elevation gradienb00 m), there are observable increases in stemtyems
the number of large diameter trees (Gunatillekeal. 2004b). Gunatillekest al.
(2005) also found distinct species assemblagesrsiag slopes from valleys to
ridges €1000 m change in elevation ) in these remnant fgpasches of south-

western Sri Lanka.

Only 5% of the original extent of lowland tropicaét forest remains as small
patches and reserves in the highly-populous soefitesn Sri Lanka (Pethiyagoda
2005). These remnants have persisted due toltwoation on ridges and slopes too
steep for agriculture, and in areas where theyrecregnised as valuable watershed
protectors (Gunatilleket al. 2005). The largest of these remnants, SinharajasFo
Reserve (SFR), is a World Heritage Site that iowered for its long history of
protection and as a refuge for much of Sri Lankaisemic flora and fauna. This
study will contribute to a growing body of reseam the distribution patterns of

biota, other than vascular plants, in this biodsugrhotspot.

3.2 Methods

3.2.1 Study site
Sinharaja Forest Reserve (SFR) is a mixed diptepo@desua-Shoreaype),

lowland, wet forest in south-western Sri Lanka §8%26’ N, 80° 21-34’ E). The
11,000 ha reserve runs along a series of eastmesing ridges, with an elevation
range of 300 m to 1200 m a.s.l. The forest is ic@med aseasonal, receiving between
4000 — 5000 mm of rain annually, with no period vehtthe average monthly rainfall
drops below 60 mm. There are two periods in thar yghen the forest receives
monsoonal rain, the south-west monsoon from Mayluoe and the north-east
monsoon from September to November, resulting ghév rainfall in these two

perionds.

The sites were located in the western quarter ef SRR along south-west
facing hills ranging between 300 m and 800 m. Had of the SFR contains once-
selectively logged forest (30 years ago), unlogigedst in a public access zone and
unlogged forest in a long-term Forest Dynamics RRinatillekeet al. 2004b). Five

10 x 10 m plots were installed in three parallahtects in each of the three forest
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types. They traversed an elevation gradient extgniom 430 m to 660 m. Each
plot was assigned to the nearest 10 m elevatiotiosegesulting in a total of 23
sections. These were then grouped into three @agsg namely: low elevation plots
which fell into sections 1-8 (430 m -510 m); midalkevation plots which fell into
sections 9-16 (511 m — 590 m), and high elevatiotspvhich fell into sections 17-23
(591 m — 660 m). Fifteen plots were located inhefrest type: old-logged forest
(LF); disturbed unlogged forest (UF); undisturbedlogged forest (FDP). Four
collections were made in each plot between Mar@db2ihd November 2006, with at

least 2 months between collection periods.

3.2.2 Ant collection

Ants were collected using two established collertimethods: pitfall traps and
Winkler extraction (Bestelmeyeat al.2000). In each plot, four pitfall traps were laid
out 5 m apart and, in addition, 4 x £ samples of litter were collected, sieved and
placed in Winkler sacks. The pitfall traps wera ffor 72 hours and the Winkler
extractions were run for 48 hours, with the litbeing removed, shaken and returned
after the first 24 hours. All ants were removednirthe samples and sorted to
morphospecies. Voucher specimens of each morpbtiespeere point-mounted and
a reference collection created, all other specinvggre stored in 70% ethanol. Ants
were then identified to species where possible; revhgspecies could not be
determined, a unique collection number was assignékhe mounted voucher
specimens and wet collection are stored in thedearga University Entomology
Museum and a mounted voucher collection stored ha Curtin University

Entomology Museum.

3.2.3 Environmental variables

At each plot, four readings of air temperature (Jlove ground level) and
relative humidity (1 m above ground level and atugd level) were recorded using a
Centré 310 RS-232 humidity/temperature meter. Four regsliof insolation at
ground level were recorded using a PP®C-88 digital light meter. These four
readings were averaged for each plot within eadleatmn period. These variables

were designated as physical variables.

Ground cover characteristics of each plot were tfieeh by estimating the

percentage coverage by bare ground, leaf littegelaocks, and plant stemsina i m
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quadrat. Also, in the same quadrat, the numbedeafd branches and fallen tree

trunks (>10 cm) were recorded and the depth ofldhtlitter was measured using a

ruler. Four quadrats were measured in each pleaah season and averaged. This
group represented the litter structure variables.

Canopy cover was estimated during each collectieriog using a GRS
densitometeat 40 points within each plot. Understorey foliadgnsity was also
estimated using a Levy pole (Majer 1981), with fegd taken at four points within
each plot. The pole was divided into four intesvdl (ground) — 50 cm; 51 cm-100
cm; 101 cm -150 cm; and 151 cm — 200 cm. The nurabeoints where the pole
was touched by vegetation was counted, after whiehnhumber of plant touches at
each interval for each of the four recordings wasirmed and divided by the total
number of recordings taken for the plot over tharse of the collection period (16
points within a site). These variables represetiteglant density variables.

3.2.4 Data analysis
All ant species were entered into a data matrix #re data from each

collection period were combined. The number ofcese present at each plot was
then totalled and treated as species richneshébmplot. The species richness of all
the plots within each elevation category was themreed and divided by the total

number of plots for each category to ensure thatethvere no biases for categories
with larger numbers of plots. The total numbernrafividuals per species was also

recorded and these abundances were analysedsartieeway as species richness.

Species richness data, species abundance and theviténmental variables
(results averaged for all collection periods) waralysed in relation to the three
elevation categories and the three forest typeggugeneral linear modelling (GLM).
Environmental data were normalised using appropti@nsformations and Levene’s
test of equality was run before the GLM was caroed. Co-linear variables were
identified using a Spearman rank correlation wittwa-tailed test of significance.
These co-linear variables were then removed froen rttatrix. All of the above
analyses were carried out using SPSS 15.0.

Differences between ant species assemblages inedacdtion category were
tested using permutational multivariate analysis vafriance (PERMANOVA)

(Anderson 2001; McArdle & Anderson 2001). Thisaision-parametric partitioning
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of variance using similar within-group and betwegaup sum of squares calculations
as used in traditional multivariate analysis ofismace (MANOVA) (Anderson 2001,
2005). However, it utilises dissimilarity measurbstween points rather than
Euclidean distances, thus freeing the data fronctmstraints of assuming normality
and homogeneity of spread. It produces a prolgbidilue based on the comparison
of the observed test-statistic (F observed) arestdtatistic (pseudo F) calculated by
permutations of the data. A multi-factorial desigias chosen using forest type
(Logged; Unlogged; Forest Dynamics Plot) as a fikector, and randomly nested
within were the three elevation categories (low,ddte, high). The species
assemblages present in each plot were first cordpaith the assemblages in every
other plot using a Bray-Curtis dissimilarity measufKruskal 1964), which is
commonly used for ecological data which tends tostsi of large datasets with many
zeros (Anderson & Robinson 2003). A total of 9@@®mutations were run for an
level of 0.005.

Principal coordinate analysis (PCO) was then cardet to visually present
the dissimilarity between plots in multi-dimensibrspace. It utilises the same
unconstrained ordination methods as non-metric irduttensional scaling but
preserves the actual dissimilarities between virsabather than their rank orders
(Anderson 2003b). It complements the results e RERMANOVA, as they are both
based on the actual dissimilarities rather tharrah&ings of dissimilarities.

Canonical analysis of principal coordinates (CA#gaiconstrained ordination
method that allows the usage of the same dissityilaratrix (Bray-Curtis) as the
previous analyses. A discriminant analysis isqrened ora priori groupings (in this
case elevation category) using permutations oft anseber of principal coordinate
axes that best encompasses the variation in the woatrix (Anderson 2003a;
Anderson & Robinson 2003; Anderson & Willis 2003)he CAP was also utilised to
assess the relationship between the environmeatables and the ant assemblages
in each of the plots. This uses a canonical caticel analysis of the environmental
variables in conjunction with the Bray-Curtis diegarity matrix of ant species
(Anderson 2003a). Co-linear environmental varial{le>0.80) were removed from
the matrix and a In (x+1) transformation was cakrieut on the remaining

environmental variables to reduce any large vagarefore the CAP was performed.
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All the above procedures (PERMANOVA, PCO and CARYyavcarried out using the

program Primer v.6.1.9 permano\-8.

33 Results

3.3.1 Ant species analysis
A total of 146 species and morphospecies (heremitirded as species) in 52

genera, representing 11 subfamilies, were caugtitirwiwestern Sinharaja Forest
Reserve. Of the species collectdg@chnomyrmexicolor was the most ubiquitous
and abundant ant, occurring in all 45 plots. Iswbbsely followed byParatrechina
sp. SLO01 and\neuretussimoniin terms of frequency of occurrence in plots (prés
in >40 plots in the study area) and abundance amderms of frequency of
occurrence but not abundance, Barebara sp. SL012,Strumigenyssp. sl-01,
Strumigenysp. sl-02,TechnomyrmealbipesandTetramoriumsp. SL002. Forty one
species occurred in only one plot and, for 35 okthspecies, only one individual was
caught. Table 3.1 displays the entire speciesddgether, showing the presence of
each species in each elevation category, startomg those that occurred across all

three elevation categories through to those thatroed within only one category.

Those that were recorded in both the low and highation categories but not
in the middle elevation category were assumeddo atcur in the middle elevation
range. This is shown as percentages of total epeni each elevation category in
Figure 3.1. The middle elevation had fewer gemsrapecies (species that occurred
across all three elevation categories) than theeuppd lower plots. The two most
speciose generaPheidole and Tetramorium had the majority of their species
occurring in all three elevation categories, altjiothere were some species (within
these two genera) that had restricted ranges. therthird most speciose genus,
Cerapachysequal numbers of species exhibited broad asasakstricted ranges.
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Table 3.1. List of all species collected in westeiSinharaja Forest Reserve. Part
(a) shows the species that occurred in all threeeslation categories (EC): L (low);
M (middle); H (high); part (b) lists species that were restricted to one EC only;
and part (c) shows species that were either found ithe lower sites (L+M) or the

upper sites (M+H).

a) AlEC
Subfamily Genus Specie: L

Aneuretina Aneuretu simon * * *

Cerapachying Cerapachy sp. Sl101 * * *

Cerapachy sp. Sl10€ * * *

Dolichoderina Technomyrme albipes * * *

Technomyrme bicolor * * *

Formicinas Acropyg:i sp. SI09Z * * *

Camponotu sp.nrangusticolli * * *

Camponotu sp. S108< * *

Myrmotera: binghami * * *

Paratrechin: sp. SL001 * * *

Paratrechins sp. SI03€ * * *

Paratrechine minutule gp * * *

Polyrhachit bugnioni * * *

Myrmicinae Carebare sp. SI01z * * *

Crematogaste sp. SI11¢ * *

Monomoriun floricola gp * * *

Monomoriun hildebrandi gp. * * *

Monomoriun destructo gp. * * *

Myrmicaria brunne: * * *

Pheidole sp. SL0Z/ * * *

Pheidole sp. SLOZE * * *

Pheidole sp. SLOZ( * * *

Pheidole sp. SI00E * * *

Pheidole sp. SI01¢ * * *

Pheidole sp. Sl027 * * *

Pheidole sp. Sl02¢ * * *

Pheidole sp. SI03C * * *

Pheidole sp. Sl04¢ * * *

Pheidole sp. Sl06: * * *

Pheidole sp. SI067 * * *

Pheidole sp. SI07C * * *

Pheidole sp. SI077 * * *

Pheidole sp. Sl091 * * *

Pheidole sp. Sl141 * * *

Pheidologeto sp. Slo1s * * *

Pristomyrme sp. nr jrofundu * * *

Solenopsi sp. SI03¢ * * *

Strumigeny sp. s-01 * * *

Strumigeny sp. s-02 * * *

Strumigeny sp. Sl09¢ * * *

Tetramoriun sp. SI00z * * *

Tetramoriun sp. SI05A * * *

Tetramoriun sp. SLO5E * * *

Tetramoriun sp. Sl054 * * *

Tetramoriun sp. SIO5E * * *

Tetramoriun sp. SI05¢ * * *
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Part (a) cont'd

Subfamily Genus Specie: L
Myrmicinae Tetramoriun spn. S108z * * *
cont'd Tetramoriun sp. SI117 * * *
Tetramoriun sp. Sl12: * * *
Tetramoriun sp. SI127 * *
Vollenhovit sp. SI03s * * *
Ponerina Anochetu sp.nrnietner * * *
Cryptopon: testacee * * *
Harpegnatho saltator * *
Hypoponer: sp. SI01€ * * *
Hypoponer: sp. Sl1114 * * *
Leptogeny sp. SI06E * * *
Leptogeny sp. SI07z * * *
Leptogeny sp. S112& * * *
Pachycondyl rufipes * * *
Pachycondyl melanaria * * *
Pachycondyl truncata * * *
Poner¢ sp. S104¢ * * *
b) One EC
Subfamily Genus Specie: L
Cerapachvine Cerapachy spn. S113C *
Cerapachy sp. Sl144 *
Formicinas Camponotu sp. SI13¢ *
Lepisiote Sp. nrcapensi *
Polyrhachit hippomane *
Leptanillinae Protanilla sp. Sl10¢ *
Myrmicinae Myrmecing curtisi *
Pheidol¢ sp. S1107 *
Strumigeny sp. Sl10¢ *
Tetramoriun sp. SI05¢ *
Ponerina Anochetu sp. nrlongifossatu *
Hypoponer: SLO5Z *
Aenictina¢ Aenictu bingham *
Amblyoponina Amtlyopong sp. SI12¢ *
Cerpachyina Cerapachy sp. Sl011 *
Cerapachy sp. S1104 *
Cerapachy sp. Sl111 *
Dolichoderina Dolichoderu: sp. SI07& *
Dolichoderu: sp. SL08¢ *
Tapinomi sp. SI05€ *
Tapinom: sp. SI131 *
Ectatommina Gnamptogeny laevior gp. *
Formicinas Forelophilus sp. SI09z *
Paratrechin: bourbonici *
Polyrhachis illaudata *
Myrmicinae Carebare sp. Sl11z *
Cataulacu latus *
Crematogaste sp. S113¢€ *
Crematogaste sp. Sl14¢ *
Crematogaste sp. Sl14¢ *
Meranoplu: loebli *
Pheidol¢ sp. SL064 *
Pyramice sp. Sl14: *
Pyramice sp. Sl16s *
Rhopalomasti rothney *
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Part (b) cont'd

Subfamily Genus Sbecie: L
Myrmicinae Roaqerit sp. SI057 *
cont'd Solenopsi sp. Sl11z *
Tetramoriun sp. SI13¢ *
Tetramoriun sp. Sl16z *
Ponerina Hypoponer: sp. S1051 *
Leptogeny sp. SI17¢ *
Leptogeny sp. SI17¢ *
Myopias amblyops *
Pseudomyrmecini  Tetraponer: difficilis *
Cerapachyine Cerapachy sp. SI16E *
Cerapachy sp. Sl17:z *
Ectatommina Gnamptogeny coxalis gp *
Formicinas Camponotu sp. SI16¢ *
Camponotu sp. SI17z *
Myrmicinae Monomoriun floricola *
Pyramice sp. Sl15¢ *
Pyramice sp. Sl164 *
Tetramoriun sp. Sl11¢ *
Tyrannomyrme  sp. nv *
Vollenhovit sp. Sl14¢ *
Ponerina Anochetu sp. nrnietner *
Pachycondyl sulcata *
Two EC
Subfamily Genus Specie L
Aenictina¢ Aenictu: SP. N punensi * *
Cerapachyine Cerapachy sp. Sl074 * *
Formicinas Camponotu sp. nrinfuscu: * *
Pseudolasit sp. Sl14C * *
Myrmicinae Acanthomyrme luciolae * *
Cardiocondyl; sp. Sl12z * *
Pheidol¢ sp. Sl02¢ * *
Tetramoriun sp. SI01E * *
Tetramoriun sp. S102C * *
Vollenhovit sp. SI11¢ * *
Ponerina Anochetu sp. nrlongifossatu * *
Discothyrei sp. SL05C * *
Leptogeny sp. S1041 * *
Cerapachyine Cerapachy sp. Sl02¢ * *
Dolichoderina Tapinomi sp. Sl147 * *
Leptanillinat Protanilla sp. Sl12¢ * *
Myrmicinae Crematogaste sp. Sl02z * *
Crematogaste sp. S106z * *
Myrmicaria sp.A * *
Pheidol¢ sp. Sl14z * *
Recurvidri pickburn sp. nv * *
Rhopalothri; sp. Sl10z * *
Tetramoriun sp. Sl134 * *
Ponerina Hypoponer: sp. S106€ * *
Pseudomyrmicine  Tetraponer: attenuata * *
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Figure 3.1. The elevation ranges of all ant speaefound in each elevation
category (Low, Middle and High). There were greaternumbers of generalist
species (G) in the low and high categories comparea the middle elevation plots.
The middle plots also had higher numbers of specigbat were found only in the
middle range (M) when compared to the number of spees restricted to the low

(L) and high (H) elevation plots.

3.3.2 Relationship with elevation and forest type
After the designation of each plot with an elevatrange group number, 10

plots were located in the lower elevation rangeir2the mid elevation range, and 13
plots fell in the higher elevation range (Figur@)3. The low elevation category is
henceforth referred to as LEC, the middle as ME@ thre high as HEC. As there
were uneven numbers of plots in each range, speiclesess and abundance was
averaged for each elevation category. This shotheatl there was a monotonic
decrease in mean abundance and the mean numbeewés as elevation increased
(Figure 3.3), whereas total species richness foh edevation category showed the
MEC as having the highest number of species. dhest dynamics plot (FDP) had
the highest abundance and species richness, Wiglertlogged forest (UF) had the

lowest abundance and species richness (Figure 3.3).
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Figure 3.2. Mean number of species in each plot mbered according to its
elevation group (1-23) within the three different érest types: Forest Dynamics
Plot (FDP); logged forest (LF); and unlogged foresUF). The lines represent the

cut-off points for the three elevation categoriestow (L); middle (M); and high

(H).

General linear modelling results (Table 3.2) showed significant linear
relationship between ant species richness (anddamge), elevation category (EC)
and forest type (FT). Five variables were sigaffity associated with EC, namely:
air temperature; % litter cover; litter depth; cap@over; and foliage density 0-50 m.
These same five variables were also significantigoaiated with FT, along with %

plant cover and % stone cover.

Air temperature decreased as elevation increasedidarelative humidity and
insolation. Litter cover, plant cover, number ofiches and litter depth increased as
well, whereas stone cover decreased. For plansitgerboth canopy cover and
foliage density (0-50 m) exhibited no monotonimtievith elevation. Canopy cover
was lowest in the middle elevation with significalifferences between the lower and
middle elevations. Foliage density (0-50 m) showedisame trend, with the middle
elevation having the lowest values but the sigarficdifferences lay between the
middle and higher elevations.
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Figure 3.3. Comparison of elevation categories (o (L); middle (M); and high
(H)) and forest type (Forest Dynamics Plot (FDP),dgged forest (LF) and
unlogged forest (UF)) by: average number of specidgraphs (a) and (b)); mean
abundance of ants (graphs (c) and (d)); and totalumber of species (graphs (e)
and (f)). This demonstrates the effect of the incesed amount of area sampled in
the middle elevation category is to increase the mber of species collected but,
when species richness is averaged for the number plots, there is a monotonic
decline as elevation increases. There were equalmhbers of plots in each forest
type; there is a direct relationship between totalnumber of species and
abundance.
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Table 3.2. Results of general linear modelling (GW) with ant species richness

and transformed environmental variables in relationto elevation category and

forest type. For both site factors, air temperature litter cover and depth, canopy

cover and foliage structure (0-50 cm) were signifantly associated.

Factor Dependent Variable Type llI d E P
Elevation categor Ant species richne: .87: 2 .01¢ .982
Low Temperature air 5.38 2 11.4 .000**
Middle Rh ai .00z 2 .971 .38¢
High Insolatior .837 2 8.0t .001
% Litter cover 132 2 4.42 .019*
% Plant cove .22¢€ 2 24¢ .781
% Stone cove 2.0z 2 2.31 11z
No. of branche .20¢ 2 2.2¢ 11¢€
Litter depth 5.53 2 18.5 .000**
% Canopy cover .026 2 4.06 .025*
Foliage structure 0-50 cm 6.84 2 10.5 .000**
Foliagestructur« 5C-10C cr .03¢ 2 .04t .95¢
Foliagestructurc 10¢-15Ccnr | 1.34 2 .94¢ .39¢
Foliagestructur 15(-20C cr | .28Z 2 .36¢ .697
Forest type Ant species richne! 64.7 2 1.37 .267
Logged fores Temperature air 3.85 2 8.17 .001**
Unlogged fore: Rh ail .01t 2 5.9¢ .00t
Forest Dynamic Insolatior 597 2 5.74 .007
Plot % Litter cover .102 2 3.42 .043*
% Plant cover 3.47 2 3.82 .030*
% Stone cover 3.29 2 3.76 .032*
No. of branche 12t 2 1.3¢€ .26¢
Litter depth 1.02 2 3.42 .043*
% Canopy cover .090 2 14.0 .000**
Foliage structure 0-50 cm 12.5 2 19.2 .000**
Foliagestructur« 5C-10C cr 1.84 2 2.1¢ 12¢
Foliagestructurc 10¢-15Ccr | 1.2€ 2 .89t 417
Foliagestructurc 15¢-20Ccr | .647 2 .83¢ 441
Elevation categor Ant species richne! 38.1 1 1.61 .21z
anc Temperature & .024 1 .10z 751
forest typ: Rh ail 0.0z 1 .01¢ .89¢
Insolatior .09 1 1.81 .18¢€
% Litter cover .078 1 5.23 .028*
% Plant cove .61z 1 1.3t .25¢
% Stone cove 957 1 2.1¢ 147
No. of branche .01C 1 .22¢ .63%
Litter deptt 53¢ 1 3.5¢ .06¢
% Canopy cover .016 1 5.02 .031*
Foliage structure 0-50 cm 1.46 1 4.48 .041*
Foliagestructur« 5C-10C cr 1.3¢ 1 3.24 .08C
Foliagestructurc 10C-15C cr | .34¢ 1 49t .48¢
1.11 1 2.8¢ .09¢

Foliagestructurc 15C-20C crr

* P<0.05*P<0.01
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Many of the environmental variables did not shawvifarm trends in relation
to forest type; temperature and insolation werenésg in the logged forest (LF),
whereas relative humidity and canopy cover werddtest here. Plant cover, stone
cover, litter depth and ground foliage density wagher in the unlogged forest.

3.3.3 Ant species composition
Results of the PERMANOVA showed that both EC (Pse&d= 2.01,P

(perm) = 0.014) and FT (Pseudo F = 1B&perm) = 0.007) affected ant assemblage
distribution, with FT showing a greater Pseudo+ior@lable 3.3).

Table 3.3. Results of a two-way crossed PERMANOVith elevation category
nested within forest type (FT). Both factors are gnificant at the P = 0.01 level.
The final column shows the high number of unique penutations (U perms) run
out of 9999 permutations.

Source S df  Pseudc-F P (perm) U perms
Forest typ 6233.¢ 2 2.01 0.007** 989:
Elevation category (F 4657.¢ 3 1.4¢ 0.014** 984t
Residue 4079 39
Total 5177: 44

Pair-wise tests of forest types and elevation grainowed significant
differences only between the low and middle elevagroups within the FDP (t =
1.36,P (perm) = 0.014), and also between the UF and FDP L(585,P (perm) =
0.011). The PCO plot of the data grouped the I@wagion plots below the ‘cloud’ of
middle and higher elevation plots (Figure 3.4). 10p32.7% of the variation was
explained by the first three PCO axes. Ten PCQ awere necessary to account for
78 % of the variation. These 10 axes £ 10) were used to generate the CAP
ordination (Figure 3.5), with elevation category as the grouping factor. While
misclassification error was high (47% or 24 out @lbts), the ordination shows
clumping of the low elevation plots, and hence mafsthe FDP plots, below the
middle and high elevation plots. There is litteparation of the middle and upper
plots, although the logged forest plots are corraged more to the left of the cloud of

plots.
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Figure 3.4. Principal coordinates plot drawn in thhee dimensions, it explains
32% of the variation and shows the low (L) elevatio plots falling slightly below
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Figure 3.5. Canonical analysis of principal coordiates (CAP) of ant species
assemblages in the three elevation categories (Igl); middle (M); high (H)) in
relation to the three forest types (logged (L); urdgged (U); Forest Dynamics Plot
(P)). The first ten principal coordinate axes wereused in the analysisrq = 10)
which accounted for 78% of the variation in ant assmblages. Mis-classification

error was at 46.7 % meaning only 24 out of the 45 sites are placedacately.
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Environmental variables related to ant speciesnalslsges were revealed in
the CAP analysis (Figure 3.6). Foliage densitytiie 0-50 cm category was
associated with the middle and higher elevatiortsereas relative air humidity was
associated more with the lower elevations. Otlarables of influence were plant

cover and litter cover.
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Figure 3.6. Canonical analysis of principal coordiates (CAP) of In (x+1)
transformed environmental variables in relation toant species assemblage in the
three elevation categories (Low, Middle, High). Envonmental variables shown
are: temperature air (Tair); relative humidity air (Rhair); insolation (Insol); %
cover litter (% litter); % cover plant (% plant); % cover stone (% stone); no. of
branches (branches); litter depth (LD); canopy cove(CC); plant structure 0-50
cm (0-50); plant structure 51-100 cm (50-100); pldrstructure 101-150 cm (100-
150); plant structure 151-200 cm (150-200).

34 Discussion

3.4.1 The ants
This study represents one of the first comprehensaliections of ant species

in the SFR and demonstrates the high species sshie this forest remnant.
Although the study was restricted to looking at uyd dwelling ant fauna, it

demonstrates that the diversity of ants in thiggbis more comparable to values in
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South East Asian dipterocarp forest rather thathéomixed forests of the Western
Ghats in neighbouring India (Gadaglaral. 1993; Basu 1997; Gadagkeiral. 2000).
Current collections in Sri Lanka list 12 subfansli®r the island (Dias 2006) and all,
except Dorylinae, were collected in this study.

While the myrmicine gener&heidole and Tetramorium were the most
speciose, they were not the most abundant anteifotest. Technomyrmex bicolor
Paratrechinasp. SL001 and, unexpectedhmeuretus simonvere highly abundant
and widely distributed. Their numerical dominamoelld be more pronounced as a
result of the chosen collection methodBechnomyrmex bicolowas predominantly
found in shallow nests in the leaf litter and tliere could have been more frequently
picked up during litter collection. The latter t@bundant species are relatively small
and perhaps slower moving; they may therefore lablento escape quickly during
litter collection unlike faster movinBheidolespecies. These three abundant species
did not demonstrate a common trend in abundancessaelevation categories. Both
T. bicolor and Paratrechinasp. SLO01 had their peak abundances in the lower
elevation, wherea#.. simonipeaked at mid elevation, perhaps indicating a tede
competitiveness within the more speciose ant asisg@b at low elevations.

Although sampling intensity was relatively highmalst one third of species
occurred at only one plot, with most of these hg\ust one specimen representing
them. Possible explanations may be that thesaespare canopy dwellers that only
occasionally visit the leaf litter (e.d?olyrhachig, are cryptic soil dwellers that tend
to have low densitiy populations (e.@yramicg, or are disturbed area inhabitants
(e.g., Meranoplus bicoloy. There is the potential that some of these stngk are
disturbed area inhabitants, since they were fouastiymin the middle elevation plots.
These plots were located adjacent to either acoass (in the case of the LF and UF)
or secondary forest (FDP) which may have allowedaihicroachment of these species
at the edges. However, there were also many somgdound in the lower and upper
elevation plots, suggesting that the singletonseweemprised of species that were not
from disturbed areas. The rarity of certain spegeses the question as to whether
some species are just simply found in low numberhe forest. Using the example
of Tyrannomyrmesp. nv, only two other species have been recofolethis genus

(Tyrannomyrmex reandT. duy, each of them also described from only one woker
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specimen. Further investigation on these rareispemuld further our understanding

of the ecological functions of rare species.

As there is a paucity of data on ant species diyerdistribution, endemicity
and behaviour in the Indian subcontinent, it isiclidt to make assumptions regarding
the species assemblages found in the SFR and dlaatiehal ranges of the species
collected. Future studies should include methdds$ &llow sampling of the upper
vegetation and the canopy to determine which ardgstrally ground dwellers and
which are visitors. The current collection doed tmlthe growing knowledge-base of
global species distribution and provides a betlieaiof the species richness in Sri

Lankan rain forest.

3.4.2 Elevation
There was a slight monotonic decrease in overatage abundance of ants,

despite the relatively small elevation range (23D oh this study. Based on
elevational studies of ants elsewhere in the tefiecakey & Proctor 1987; Olson
1994; Samsomet al.1997; Fisher 1998, 1999a), ant species richnedslnndance is
known to increase up to about 500 m to 1000 my affeich it starts to decline.
Previous studies on ant species richness haveealseation spans greater than 1000
m across a variety of forest types, with differenbetween elevation categories being
more than 200 m. Those studies that show a momotactline did not appear to
sample below 500 m (Bruhdt al. 1999; Araujo & Fernandes 2003) and therefore

potentially still could demonstrate a humpshapedile in species richness.

Rahbeck (2005) observed that studies conductedmaties gradient lengths
(<1000 m) tended to exhibit a monotonic decline iacsps richness. Studies on the
relationship between productivity and species mdsnhave also shown that hump-
shaped trends are more prevalent amongst studagsctbssed community types
(Mittelbachet al.2001). The hills in western SFR do not extend @ighan 800 m or
lower than 300 m, so a natural limitation on ramgyplaced on the fauna. Sampling
sites were restricted to dipterocarp dominatedsteck areas; elevations above 700 m
had a lower canopy height and increased canopyesgewhile elevations below 300
m were on the edges of the reserve, thus incredisemgotential for confounding the

data with edge effects. It is thus possible thates vastly different community
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boundaries and large elevation gradients were watrerossed in this study, a hump-

shape trend in species richness was not observed.

From the previous studies mentioned, one wouldl etibect an increase in
species richness towards the upper elevationgrrttan a decrease. The upper limit
in this study was only 630 m, which is well withiime high species richness bands of
other studies, so it is of interest that a dedimspecies richness was observed across
the small elevation gradient. A possible reasog wh did not see a general increase
in ant species towards the upper plots in this ystoduld be attributed to the

Massenerhebun@r mountain mass, effect.

The Massenerhebungffect is the observed differences in the elevat
which biota change along mountain slopes of varyiegghts. Small isolated peaks
and ridges tend to have the transition zone betweetand tropical forest and
montane forest at lower altitudes than are normétlynd on larger moutains
(Richards 1996). Grubb and Whitmore (1966) sugtiesttfog or mist cover, rather
than temperature change due to altitude, deterntimedimits of vegetation types
along mountain slopes. Increasing the frequendgg@tollection decreases radiation
and therefore ground temperature, as well as isgrgasoil moisture which slows
down the mineralization of organic matter (Grubb/\hitmore 1966; Grubb 1971).
The smaller the mountain, the lower the altitudevhich fog/mist collects (Grubb
1977) and this creates montane characteristicevegr| elevations; this could then
lower the elevation at which the peak in specielsrmess occurs. Leakey and Proctor
(1987) observed this effect in oligochaete bionvalsen comparing two mountains in
Sabah, Malaysia and McCain (2005), testing 56 d&tador nonvolant small

mammals from around the world, found this effeabtour as well.

The small elevation range in this study was assediavith significant
decreases in temperature and insolation. Althowghquantified, the occurrence of
mist in the upper plots in this collection was ne#bly higher than at the lower
elevations. Decreasing temperature and radiatchre (fo mist) can reduce the
foraging time available to ants (Briéd al. 1999) and therefore may have affected the
number of ant species caught in higher elevatiaispl Lower air humidity and
closely correlated soil humidity would also havBuanced species richness. Studies
elsewhere have found significant decreases in etntitg along moisture gradients
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from ravine bottoms to ridgetops, suggesting thanesmall changes in moisture

availability can affect foraging activity (Levind983; Kaspari & Weiser 2000).

Litter structure variables mostly appeared to iasee up the slope, which
should potentially increase ant species richnesadrgasing habitat complexity, litter
prey availability and nest site availability (Kaspa996; Andersen 2000; Perfecto &
Vandermeer 2002). The fact that species richnesslawer at the higher elevations
shows that the physical characteristics, like tenatjpee and light availability, of the

upper elevations potentially have a greater infbgeon the number of ant species.

It has been difficult to tease apart the influenoédorest type on the ant
assemblages along this elevation gradient. Wlpkzies richness values were not
significantly different across the three forestdypor the three elevation gradients,
species assemblages and environmental variables wathen setting out plots for
this study, care was taken to avoid the highestlawdst elevations along the slope,
as there was a noticeable change in the foreairstaind structure at these ends.
Along the upper ridge of the slope, the vegetatemuced markedly in stature, while
the valley bottom was traversed by a stream wHadded after rains, causing a break
in the tree line and a dominance of shrubs thatdcpearsist in waterlogged soils.
While the plots were located away from the operestrthe degree to which the
effects of the edge penetrates into the foreshksmown. The potential variability of
environmental factors at these ‘edges’ could méan tore generalist species will
dominate (Didham 1997). This could explain whyréhevere greater numbers of
wide-ranging species (species that were foundlithede elevation categories) in the
lower and upper plots than in the middle plots.mgida-Netoet al. (2006) suggest
the term ‘ends are bad’ for hypothesizing why speaichness is lowered at the
extreme ends of an elevation range. While ovegcties richness did not follow this
pattern, the variability of environmental factotgleese ‘ends’ may have increased the
richness of generalist species.

3.4.3 Forest type

The fact that the majority of the FDP plots repreed the low elevation plots
makes separate assesment of the two factors (ele\atd forest type) difficult. The
FDP plots were separated from the other plots lkyn3of secondary forest, which

may have had an influence on discriminating thieatblage of ants from the others.
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Tree density, tree species richness and strudtetatogeneity have all been shown to
be positively associated with ant species richia@siscomposition (Ribast al. 2003;
Ribas & Schoereder 2007) and forest hetereogeneasybeen found to affect the
community of litter invertebrates more at lowervalgons (Richardsort al. 2005).
Vasconcelost al. (2003)also found topography to be significant in deteingnthe
abundance and diversity of ants in Amazonian foresnhg-term ecological studies of
vegetation in the FDP have revealed increased dearsity and numbers of trees in
large diameter classes along slopes from 300 n@@on® in elevation (Gunatilleket
al. 2004b). These studies have also found that gapatton may be more frequent in
the valleys, since the trees have shallower rostiesys due to periodic waterlogging.
This high stem density and topographical heterogemaay have contributed to
increasing species richness in the FDP, possildyltiag in distinguishing the ant
assemblage from those in the other forest typdswolld be of interest to look
specifically at the change in species assemblaginvthe FDP to see if there are
any patterns of ant species composition in relationtopography, tree species
composition and structural heterogeneity.

Many of the middle elevation sites were in the kddorest, which had
significantly different physical attributes to tbéher forest types. The logged forest
had less canopy cover, the highest temperaturesirsudation, and the lowest
humidity. The disturbance that logging causedeialBO years previous, may have
contributed to the logged forest having higher sgecichness than the unlogged
forest, even though these two forests were adjaocesdich other. There have been a
number of studies demonstrating that remnant effeétlogging can persist for
decades after the logging event (Bengtessioal. 1997; Negrete-Yankelevicét al.
2007). In terms of the principle coordinate spéegure 3.5), the logged forest plots
are placed further away from the FDP than the wddgplots. This suggests that
while logged forest ant assemblages resemble tthasere characteristic of adjacent
unlogged forest, there are still some compositiaditierences that can persist for

decades after the disturbance.

The unlogged forest had the lowest ant speciesiegsy which can be linked
to the fact that many of the higher elevation sitese in this forest type. Hong-Wa
and Dong (2006) found that species richness o$ tdeereased along this same slope

within the unlogged forest, and suggest that pakmtolerance to water stress could
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be a driving factor in tree species compositiohigher elevations. This is supported
by Engelbrechtet al. (2007), who suggest that soil water availabilityvels tree
species distributions in tropical forests. It webible hard to say whether the ants are
responding to the direct effect of physical change® to elevation (e.g., soil
moisture) or indirectly due to lower structural déreigeneity afforded by lower tree
species richness. Richardsenal. (2005) suggest that litter invertebrates adapt to a
resource rather than to climatic factors, sincettbe species would determine the
quality and quantity of the leaf litter within whicthe animals dwell. Since ant
species composition, rather than species richiveas,significantly different in this
study, further research should be undertaken to ilsébere are any particular

associations between ant species and tree spedies iinlogged forest.

There is a high degree of endemicity in tree spgacie¢he SFR, often with few
individuals per species. In a survey of threeedéht areas of the SFR, Gunatilleke
and Gunatilleke (1985) found that 40% of trees hes$ than 10 individuals per
species in a 25 ha area, and 43% were restrictethdoor two of 60 sites sampled.
Montane areas are renowned for their relictual ensi® and species persistence (Jetz
et al. 2004); it is thus possible that the ground dwgllant species assemblages are
responding more to this patchy tree diversity thas resulted from the undulating
topography of the reserve. Since forest type adtgr significance than elevation as
a factor determining ant species composition, therdforest fragments remaining in
south-west Sri Lanka could harbour further distisable sets of ants. Since these
fragments are fast disappearing or degrading, itviial that we expedite the

identification of flora and fauna in these relidttefuges as soon as possible.

In this study, species richness alone does notuately demonstrate the
intricate differences that are present betweenlainiorest types and along small
gradients of change. W.ith the increasing availgbdf software for analysis, it is
imperative that species composition be looked aerwformulating conservation
plans, since species richness alone may not proadgguate information on how

unique an area can be.
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4. Ant species assemblages in old-logged forestdamlogged forest in western
Sinharaja, Sri Lanka: investigating remnant effectsof selective logging

Abstract
The residual effects of logging on forest fauna dloda have been well

studied in other regions of the world, with manuds¢s finding that recovery of
species richness and abundance can occur withiomme decades after the logging
event. In this study, we use ant species to comlogilged (>30 years) and unlogged
forest in the Sinharaja Forest Reserve, a Worldtatgr Site in Sri Lanka. Species
richness and abundance were higher in the loggedtfthan in the unlogged forest,
but not significantly so. Species assemblagegherother hand, were significantly
different and were associated with different envinental variables in the logged
forest and unlogged forest. The findings from #tigdy corroborate other studies that
have shown that species composition in logged fodegs not appear return to
unlogged forest composition, even after three xodgicades have passed. Since this
study was not a before-and-after comparison, diffscult to confirm whether the
differences arise from the residual effects of laggr from the general patchiness of
species distribution in tropical forest. Howewbe cumulative results do suggest that
there is a residual effect of logging on ant spe@emposition in this forest, even

after more than 30 years of regeneration.

Key words: Logging, residual effects, ground dwelliants, Formicidae, ant species

richness, ant species abundance, regeneration

4.1 Introduction

Sri Lanka’s lowland rainforest has been reducedm@all patches within the
south-western provinces of the country (Ashton &éiilleke 1987). Many of these
patches have been subjected to human-related lthsite as a result of the long
history of habitation and increasing populationsignin the area (IUCN 1993). The
forests have long been used by the villagers inatiea for firewood extraction and
non-timber forest products and have always beeogresed for their resource value
(McDermott 1986). During the 1970’s, many of thdeeests were gazetted for
logging concessions and were selectively logged anjovernment moratorium on
logging was issued in 1978 (Gunatilleke & Gunak#ie1980; IUCN 1993).
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One of the largest and most contiguous patchesniliis zone is Sinharaja
Forest Reserve (SFR), an UNESCO World Heritage (Bl€N 1993; Ashtoret al.
1997). Between 1972 and 1977, 1400 ha of the wegertion of the SFR was
selectively logged for plywood (Gunatilleke & Guitiake 1980) and up to 60% of
the canopy was opened by the logging activity; avaek of skid trails was also left
behind (de Zoysat al.1991). The vegetation on most of these skid ttemlge since
regenerated, the exceptions being those maintdiyethe Forest Department for
tourist access and educational use. To date, thesebeen little research into the
effects of this logging event on the flora and fawfi the SFR (de Zoysat al. 1991)
and few published studies have been performed @rotig-term residual effects of

selective logging in this region of the world.

Selective logging is still one of the main managetmegimes in south east
Asian tropical forests, as many tropical tree speeare very important to the timber
industry (Fimbelet al.2001b). Selective logging occurs at differentmsiées (no. of
trees removed per hectare) and with different rfgllregimes, according to the
objectives of the forest managers (Johns 1985).ceCan area is logged, natural
regeneration is allowed to take place, often vhtihtention of re-harvesting the area
at 20-40 year intervals (Fimbet al.2001a). The recovery rate of forest diversity and
structure varies according to the intensity at Wwhike logging occurs and to the
ecosystem dynamics of the forest itself (Petzal. 2001). Although only a small
percentage of timber is generally extracted (< 5@f),to 50% of the surrounding
vegetation is often destroyed or damaged (John§)198hus, selective logging has
been found to increase the density of understoegetation, decrease the average
basal diameter of the trees and increase the aicihnumber of canopy gaps (Johns
1985; Chapman & Chapman 1997; Vasconcabsl. 2000; Fimbelet al. 2001b;
Widodo et al.2004). In the long term, this can affect leatklittomposition and the

soil chemistry (Negrete-Yankelevieh al. 2007).

These physical changes can affect the faunal diyeo$ the litter stratum,
which is dominated by invertebrates. Invertebrat@s comprise up to 93% of the
tropical forest animal biomass (Wilson 1987) anelytkontribute to almost all forest
processes. Comparisons of butterfly, beetle, terrand soil microfauna species
richness and composition in logged and unloggeestsrhave produced a variety of

results, which are often related to differencespatial and temporal scales of the

77



studies (Ghazoul & Hill 2001). However, many sagli have adequately
demonstrated that the effects of logging on fland &una can persist for decades
after the logging event (Bengtesseinal. 1997; Hameeet al.2003; Padmawathet al.
2004; Clarkeet al.2005; Kariukiet al.2006; Negrete-Yankelevicét al.2007).

Ants form a large part of the forest litter faunadatheir applicability for
indicating the status or health of an ecosystembleas well demonstrated (Majet
al. 2007). Ants, together with termites, form a sub#h proportion of invertebrate
fauna in tropical forests, however ants are moverde in their ecological impact as
they fill a whole spectrum of biological niches i(Rack & Corlett 2005). Despite
this, there have been few studies that have spaltifilooked at responses of ants to

selective logging in the Asian tropics.

In this study, we carried out an analysis of aseatblages in the logged and
adjacent unlogged forest to investigate whethenetiay residual effects of selective
logging 30 years after the disturbance. An addgicaim of this research also is to
provide a comprehensive assessment of the antespeachness of a well known
biodiversity hotspot and to contribute to a greaterderstanding ant species

distribution in the Asia-Pacific tropical region.
4.2  Methods

4.2.1 Study site

The study was carried out in the the Sinharaja$tdReserve (SFR), a 11,000
ha reserve located in the Sabaragamuwa Provinge inanka (6° 21-26’ N, 80° 21-
34’ E). It is the largest remaining contiguousnsitaof mixed dipterocarpMesua-
Shoreatype) forest in the area. The reserve is midalen rain forest (300 — 1200
m a.s.l.), set upon a series of ridges runnningnreast-west direction in the south-

western quarter of the country.

Collections were carried out four times over onaryeevery three months
starting from March 2005 and ending in February &00This was to allow for
potential seasonal effects, since Hanetral. (2005) found that the degree of
difference in butterfly diversity in logged foremtd unlogged forest was affected by
monsoonal variation in rainfall. They suggestedt timisleading results can be

obtained in short-term studies, even in relatiadgasonal regions. Though the SFR
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is considered aseasonal wet forest, the south-ofeSri Lanka is visited by two

monsoons, the south-west monsoon from May to Juetlze north-east monsoon
from September to November, resulting in highenfedi in these two periods. March
2005 (first collection) was unusual in that therereva few days of heavy rain, which
resulted in slightly higher rainfall recorded thtor July 2005 (second collection).
October 2005 (third collection) experienced thehkgg rainfall for the year and
February 2006 (fourth collection) was a predictatiy month.
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Figure 4.1. Sri Lanka Survey Department map of wesrn Sinharaja Forest
Reserve showing the location of the collection sge The dark shaded triangles
are the unlogged forest sites and the light shadedangles are the logged forest

sites.

Samples were taken within the old-logged forest) (ldnd adjacent unlogged
forest (UF) at three elevations along south-wesintaridges within western SFR
(Figure 4.1). These areas are accessible thrdugloltd logging skid trails and are
currently used by the Forest Department for touregsmd education purposes. Five
plots were established at ~500 m (low elevatioBR0-m (mid elevation), and ~600
m (high elevation) in each forest type. The filetp for each elevation (considered

one site) within each forest type were at leaskthhorizontal distance from the next
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elevation. The logged sites were located at |@agin from the unlogged sites,

although the logged forest abutted the unloggeestor Each plot measured 10 m by
10 m and all were spaced 20 - 25 m away from e#dwdr.o When possible, these plots
were located adjacent to each other but, due toinldelating topography of the area,

some plots had to be accomodated further up thpe gl6igure 4.2).

Elevation
a.s.l

650 m

600 m

550 m

500 m

Figure 4.2. Location of the five plots within eactsite in the logged forest (L) and
unlogged (U) along the visitor trails (light dottedlines) and the main access road
(dark dotted line). There was a slight plateau aabout 600 m where the L high
plots were. Elevation range of the collection siteis also shown. The stippled
area represents the extent of the logged forest win this area. The figure is not

to scale.

4.2.2 Ant collection

Ants were collected using three established cafiganethods: baiting, pitfall
traps and Winkler extraction (Bestelmewral. 2000). In each plot two baits were
laid, four pitfall traps were placed 5 m apart, ahat 1 nf samples of litter were
collected and sifted. At each plot, a protein lfaitned mackerel) and a sugar bait
(fruit jam) were laid out 2 m apart and left forhdurs. Baiting was carried out
between 9 am and 3 pm during each sampling peribte baits were laid out on
pieces of 5 x 5 cm white card which were pickeditithe end of the collection period
and placed in sealed plastic bags. The samples then sprayed with methylated
spirits to kill the ants. The ants were then reatband stored in 70% ethanol and

returned to the lab.
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The pitfall traps (7 cm diameter plastic coffee sufdled with ~70 ml
methylated spirits) were run for 72 hours. Antgevextracted from the litter using
Winkler sacks. These were hung for 48 hours, with litter being removed, shaken
and returned after the first 24 hours. All antseveemoved from the samples and
sorted to morphospecies. Voucher specimens of eamiphospecies were point-
mounted and a reference collection created; akrospecimens were stored in 70%
ethanol. Ants were then identified to species whmrssible; where species could not
be determined, a unique collection number was asdig The mounted voucher
specimens and wet collection are stored in thedearga University Entomology
Museum, with a representative mounted collectiamest in the Curtin University of

Technology Entomology Museum.

4.2.3 Environmental variables

Rainfall was measured daily throughout the yearabgtandard measuring
gauge at the SFR Forest Research Camp (see Figlréodated about 2 km from the
study sites. The daily measurements were theragedrfor the months during which

the ant collections took place.

At each plot, four readings of the air tempera{dren above ground level) and
relative humidity (1 m above ground level and atugd level) were recorded using a
Centr€ 310 RS-232 humidity/temperature meter. Four regsliof insolation at
ground level were recorded using a PP8C-88 digital light meter. These four
readings were averaged for each plot within eadleatmn period. These variables

were grouped as physical variables.

Ground cover characteristics of each plot were tjieeh by estimating the
percentage coverage by bare ground, leaf littegelaocks, and plant stems ina i m
guadrat. Also, in the same quadrat, the numbeeall branches and tree trunks (>10
cm) were recorded and the depth of the leaf Mt@s measured using a ruler. Four of
these quadrats were carried out in each plot ih eatlection period and averaged.

This group represented the litter structure vaesbl

Canopy cover was estimated using a GRIiBnsitometeat 40 points within
each plot in each collection period. Understor@iafjie density was also estimated

using a Levy pole (Majer 1981), with readings takeriour points within each plot.
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The pole was divided into four intervals: 0 (groyD cm; 51-100 cm; 101-150 cm;
and 151-200 cm. The number of points where the pals touched by vegetation
was counted. At each interval, the number of plantches for each of the four
recordings was summed and divided by the total mumob recordings taken for the
plot over the course of the collection period (bt within a plot). These variables

were grouped as plant density variables.

4.2.5 Data analysis

All ant species occurrences and abundances wereredntinto separate
matrices for each collection period for each fotgpe. For each plot, the data from
the four pitfall traps, the four leaf litter sampland the two baits were combined.
The data from the five plots were then further corad and total species richness and
total ant abundance per site were calculated agdtiansformed to normalise
variance. Each collection period, collection methadd forest type were compared
using one-way analysis of variance (ANOVA) usingvére’s test to check for
homogeneity of variance. Data from the three nedrend the four collection periods
were then combined and tested again for signifidéiferences between forest types

using one-way ANOVAs.

The data was then converted into a presence/abseattex for each forest
type. Ants are social insects and tend to be gad¢ed in space and time (Longino
2000). This would affect abundance data analyse® some methods, particularly
litter sampling methods, would most likely have tcapd entire colonies; hence,
presence/absence data is more preferable for amal$pecies accumulation curves
were run using the observed species richness assvelith values estimated by two
commonly used species richness estimators, fid#rodack-Knife and Bootstrap
(Colwell & Coddington 1994). These were then @dtiagainst sampling effort to
obtain an indication of whether there was adegsatepling to capture the majority
of species that could be collected using the threthods. ANOVAS were carried out
using SPSS 15.0, while species richness estimates valculated using EstimateS
(Colwell 2000).

Comparison of ant assemblages in the two foresstyjmgged/unlogged) was
performed using a Bray-Curtis dissimilarity meas(keuskal 1964), which allows

the comparison of the ant assemblage at each diteewery other site (Clarke &
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Warwick 2001). Analysis of similarity (ANOSIM) washen run to find any
significant differences between the two forest sypeThis Bray-Curtis matrix was
then used to generate an ordination of plots usiag-metric multi-dimensional
scaling (MDS) of all the sites using 999 permutatiof the data. The ANOSIM and
the MDS was then run for each forest type usingtiinee elevation groupings as a
factor. These two tests were carried out using phegram Primer v.6.1.9

permanovaf#l8.

The environmental variable measurements from eatlection period were
averaged for each plot and In (x+1) transformednfmmogeneity of variance (tested
using Levene’s Test) and the two forest types costpaising multiple one-way
ANOVAs (analysis of variance) using SPSS 15.0. oider to relate environment
variables to the ant assemblage data, the BIO-EM¥galure in the above Primer
package was utilised (Clarke & Warwick 2001). €itsghly correlated (Spearman
rank correlatiorP < 0.05) environmental variables were removed ftbendataset so
as not to cloud the matrix. Then the variablesewer(x+1) transformed to reduce the
variance in the data, since all of them were skewedeir normal distribution curves.
The BIO-ENV procedure then took the Bray-Curtissarslarity matrix of the ant
assemblages and performed a rank correlation withciidean distance matrix of the
environmental variables. It then selected the babtet of environmental variables
that was most closely related to the patterns sifidution in ant assemblages (Clarke
& Gorley 2006). The data (biotic and abiotic) frémgged and unlogged forest were

analysed separately.
4.3 Results

4.3.1 Overview

A total of 125 species and morphospecies (heregitirded as species) were
collected, with 101 species occurring in loggede$dr(LF) and 92 species occurring
in unlogged forest (UF) (Appendix 4.1). The mogedose generaPheidole
Tetramoriumand Cerapachyswere more or less evenly distributed across we t
forest types, but the genera with only one spe@psesented tended to be restricted
to one forest type or the other. There were 1@ispdahat were collected only in LF

whereas only 9 were restricted to UF (Table 4.1).
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Table 4.1. The number of species and morphospeciesught per genus in logged

forest (L) and unlogged forest (U). Eleven subfarties were represented by 47

genera from a total of 125 species and morphospesie

Subfamily Genus L U Subfamily Genus L U
Aneuretina Aneuretu 1 1 Myrmicinae Myrmecing 0 1
Amblyoponina Amblyopong 1 0 cont'd Myrmicaria 1 2
Aenictinae Aenictu: 1 2 Pheidole 18 16
Cerapachying Cerapachy 7 7 Pheidologeto 1 2
Dolichoderina Dolichoderu: 2 0 Pristomyrme 1 1
Tapinom: 2 1 Pyramice 1 0
Technomyrme 2 2 Recurvidri 1 1
Ectatommina Gnamptogeny 0 1 Rhopalomasti 1 0
Formicinas Acropygsi 1 0 Rogerie 1 0
Camponotu 4 4 Solenopsi 1 2
Forelophilus 1 0 Strumigeny 4 3
Lepisiote 0 1 Tetramoriun 15 12
Myrmotera: 0 1 Vollenhovit 2 2
Paratrechin: 4 2 Ponerina Anochetu 3 2
Polyrhachit 2 2 Cryptopon: 1 1
Pseudolasit 0 1 Discothyrei 0 1
Leptanillinae Protanilla 1 1 Harpegnatho O 1
Myrmicinae Acanthomyrme 1 O Hypoponer: 3 4
Cardiocondyli 1 0 Leptogeny 1 4
Carebare 2 1 Myopias 1 0
Cataulacu 1 1 Pachycondyl 3 3
Crematogaste 3 3 Ponere 1 1
Meranoplu: 1 0 Pseudomyrmicine  Tetraponer: 1 0
Monomoriun 2 2
Total 1 47 101 92

The species accumulation curves for each forest tgpterms of observed

species and estimated species shows that thewarat & unlogged forest seems to be
closer to reaching an asymptote than that of tHegged forest (Figure 4.3). The
Jack-Knife and Bootstrap estimate a further 33 afdspecies respectively can be

found in LF, whereas only a 23 and 10 species edioind additionally in UF.

Although there was an indication that logged fosegiported a higher species
richness and abundance per plot (Figure 4.4), there no significant differences
between forest types for ant species richness landdance when data from the three
methods and four collection periods were combirspeé¢ies richness; bs= 1.783,P
= 0.192; abundance,1 s = 1.276,P = 0.268).
individually, Winkler sack data displayed signifitadifferences between collection

When methods were analysed

period for both species richness, = 4.676,P = 0.012) and abundance; @z =
3.633,P = 0.031).
terms of species richness only (b= 4.659,P = 0.013), baiting data did not detect

Pitfall traps showed a significant elifnce between seasons in
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any significant differences between season. Howewmne of the datasets from the
three methods demonstrated any significant difie@srbetween the two forest types
in terms of species richness and abundance. F@drshows the species richness
values for each collection period plotted agaihst riainfall recorded for that month.
While the differences were not significant when moels were combined, the LF
exhibited a tendency for lower species richnesddorecorded during the wetter

collection periods, whereas the UF did not demaistny observable trends.
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Figure 4.3. Observed species richness (solid linesnd species richness
estimators Bootstrap (dashed lines) and Jack-Knifgdotted lines) for logged
forest (light coloured lines) and unlogged forestdark coloured lines). Logged

forest had a steeper slope for all three speciexhness estimates.
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Figure 4.4. Average species richness and abundanielogged forest (L) and
unlogged forest (U). Overall, logged forest suppted a greater number of
species and individuals than unlogged forest.
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Figure 4.5. Total number of species in logged (lgnd unlogged forest (U) plotted
against total rainfall during the collection month. Trends in the logged forest
suggest that higher rainfall may decrease the numibeof species collected
whereas in unlogged forest this variable does notppear to respond to rainfall.
Total abundances of ant species collected in the twforest types (not shown)

exhibited similar trends.
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Figure 4.6. Mean results for six of the 15 enviramental variables measured
during the four sampling periods. The physical vaiables such as mean air
temperature (a) and relative air humidity (b), disgayed similar trends across
collection period in logged forest (L) and unloggedorest (U). Percentage litter
cover (c) appeared to be more variable within loggkforest than within unlogged

forest. Logged forest also showed less canopy coyd) and litter depth (e) than

unlogged forest. Mean foliage density (f) at thergund level was higher in the
wetter months of March (Mar) and October (Oct) thanin the drier months of

July (Jul) and February (Feb) in the logged forestput there were no discernible
trends in unlogged forest.
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4.3.2 Changes in the environment
Figure 4.6 shows six representative environmengalables and the trends

suggest that the influence of rainfall on the emwinental variables was also not very
apparent in either forest type. Mean understolieyteanperature showed similar
trends in both LF and UF, with the warmer tempeegtuoccurring in March and
February. Opposite trends were shown with relatiwidity (both air and soll), with

the lowest humidity occurring in March and February

The litter structure variables also exhibited aietgr of trends, the most
noticeable of which was the percentage cover df lldar. Logged forest showed
much greater variability in its litter cover acrosiges within a collection period in
comparison with UF, which appeared to be more wmfan its litter cover across
collection periods. Mean litter depth, on the othand, was variable across sites for
both forest types but showed a general increasmgltine wetter months. Mean
foliage density at 0-50 m, on the other hand, shibthies trend only in logged forest,
whereas unlogged forest appeared to have highesitsnin the hotter months of
March and February. Canopy cover (ANOVA;.5= 14.5,P = 0.001) and litter
depth (ANOVA; k29 = 4.4,P = 0.045) were the only environmental variabled tha

were significantly different between the two forbgies.

4.3.3 Changes in ant assemblages
There was a significant difference between the hB BF in terms of ant

assemblage (ANOSIM; Global R = 0.1B,= 0.001), which is clearly seen in the
MDS diagram (Figure 4.7). There appears to beeatgr spread of sites within the
UF when compared to the LF. This is further denramsd by looking at the
differences between sites in each forest type. |&\there was a significant difference
between LF sites (ANOSIM; Global R = 0.159,= 0.05), they were much less
significant when compared to the difference betwdérmsites (ANOSIM; Global R =
0.379,P < 0.004). Figure 4.8 shows the ordination of phats in each site within
each forest type. The difference between sitehenLF only appears to be between
the lower and higher elevation plots, whereas treatgst difference in the UF is

between the higher plots and all other plots (Tdk?.
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Figure 4.7. Multi-dimensional scaling (MDS) of sis in logged (L) and unlogged
forest (U) using a Bray-Curtis similarity measure kased on presence/absence
data of all ant species. Logged forest appears tee more clumped in multi-
dimensional space in comparison to unlogged foresthich has a greater spread

around the logged forest assemblages.
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Figure 4.8. Ordination of all plots in two dimensonal space within logged forest
(@) and unlogged forest (b) showing the three eletran groupings: low (L);
middle (M); and high (H).
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Table 4.2. Analysis of variance (ANOVA) results fotesting differences between
elevation group in logged forest (a) and unloggedfest (b). Significance level
(column 3) shows the degree of significance for dapairwise test carried out for
each elevation group: low (L); middle (M); and high(H).

a) Groups R statistic ___Significance Possible _Actual __Number
L. M 0.07¢ 0.28¢ 12¢ 12¢ 36
L, H 0.270 0.04¢ 12¢ 12¢ 6
M, H 0.13¢ 0.18: 12¢ 12¢ 23
b) Groups R statistic __Significance Possible _Actual _Number
L. M 0.04¢ 0.357 12¢€ 12¢ 45
L, H 0.620 0.00¢ 12¢ 12¢ 1
M, H 0.58¢ 0.00¢ 12¢€ 12¢ 1

4.3.4 Relationship between ants and environmeaiéhbles
The BIO-ENV analysis for logged forest showed thatombination of the

following five variables was associated with thé species distribution at the highest
correlation coefficient (Spearmans Rho = 0.31dgatree air humidity, insolation, no.
of branches, % canopy cover, and foliage densit$1af00 cm. Four important
variables gave the highest correlation coefficianth ant species distribution in
unlogged forest (Spearmans Rho = 0.207); these waiereemperature, relative air

humidity, litter depth, and foliage density at 1080 cm.
4.4 Discussion

4.4.1 The forest after 30 years
The majority of visitors to Sinharaja forest do metlise that most of the

forest they walk through has been logged and maeyhard-pressed to tell the
difference visually. In terms of the environmentatiables measured, only canopy
cover was significantly different; it could be iodtive of an ongoing process that is
preventing the canopy from fully reforming aftegépng. A potential hindrance to
the recovery of the canopy is the rapid colonisabdity of lianas in gaps left behind
by logging. Burghoutset al. (1994) found that lianas contributed to a large
percentage of the leaf fall in logged forest comegato unlogged forest. Increased
litter fall from lianas and young trees in loggiggps would create a mosaic of leaf
litter cover which could explain why the loggeddst in this study had such variable
leaf litter cover across the sites. Although naamtified, the liana and vine growth in

the logged forest appeared to be denser than inrtloggged forest. It is possible that,
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as a result of the canopy openness in logged fogesater numbers of lianas and
vines can reach the canopy and topple small tteas, maintaining the openness of
the canopy. This structural change appears tomhg-lasting as the differences still
persist between logged and unlogged forest in ssites that were logged up to 60
years ago (Plumptre 1996; Kariud al.2006).

A thorough study of plant species composition ia thgged and unlogged
forest would be necessary to see if there are ampositional differences between
these two areas of western SFBhorea megistophyllavas one of the tree species
that was selectively logged in the SFR and, assaltref their reduced population
densities, Murawsket al. (1994) found a greater amount of inbreeding iné¢heses
in logged than in unlogged forest. This could pt#dly be affecting the regeneration
potential of the logged forest to return to pristiorest tree species composition. The
logged forest also contains some exotic speciesrapfical hardwood tree (e.g.,
mahogany) which were planted in an attempt to ptentioe future potential of the
forest for logging concessions. The competitivecess of these exotic trees may also
be contributing to maintaining structural and cosiponal differences between the
forest types (de Zoysat al.1991). Chapman and Chapman (1997) found that 26te
years, heavily logged forest in Kibale, Ugandd| sad many gaps that had not been
re-colonised by new tree growth. They suggestatidhe of the reasons for this lack
of recovery was colonisation of these gaps by agresgive herb or shrub layer,
which prevented recruitment by forest trees. Wiilahogany would most likely
contribute to closing canopy gaps, its interactiatin native species of the SFR would

need to be studied further in order to asseséfdsta on the forest.

4.4.2 Ant species richness post logging
Although ant species richness was not significadifferent between the two

forest types, the logged forest had a far greatenber of species that were only
found in that forest type. Although the biology wiany of these species is still
unknown, based on collections made outside of trest there are at least four
species that could be considered disturbed areabitaimts. Absent in unlogged
forest, TapinomaSL131, ParatrechinaSL088, PolyrhachisSL085 andTetraponera

SL121 were common in plantations or roadsides detsof the forest (N.

Gunawardene, unpublished data). The logged fasestost likely open enough or

heterogeneous enough to allow for these ants exs-with forest dwelling ants.
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The logged forest also supported more ant speciesalh, which is not
unusual for disturbed habitats. The intermediagéutbance hypothesis (IDH) states
that secondary or successional forest can mairtaher species diversities than
climax forest, as long as low levels of disturbapoevent the forest from proceeding
towards later stages of succession where divestatys to decline (Connell 1978). It
has generally been found that ant species willemse with increased habitat
heterogeneity (Ribas & Schoereder 2007) and logofiageases habitat heterogeneity
by opening up of the canopy to provide large pachkat regenerating forest tree
species together with gap specialists (Grieser sJatl#97). In naturally created
canopy gaps (tree falls, landslides), increasednsity and availability of light
promote new and rapid vegetation growth (Denslo®7)9which in turn increases
herbivore abundances and their subsequent pred&mtsards & Windsor 2007), of
which ants form a large percentage (Richards & £a@07). Increased ant presence
in gaps may also be a result of highly productiap gpecialist plants being able to
attract ants (using extra floral nectaries and fbodies) as a metabolically cheap
form of defence against herbivory (Schupp & Feer891). Armbrechet al.(2004)
found that increasing the diversity of a resourteigs), rather than simply the
abundance of one resource type, augmented thestiwerf twig-dwelling ants by

80% in a coffee agroecosystem in Colombia.

The fact that sampled ant species were reducedgipgariods of high rainfall
in the logged forest, but not in the unlogged foseggests that ants inhabiting logged
forest are potentially more exposed to changebaretvironment; their colonies may
be locally extinguished or their activity may simpbe reduced during such
unfavourable periods. Kaspari and Weiser (2000hdothat ants in Costa Rican rain
forest were sensitive to desiccation, and actiwlys reduced during dry periods.
Slightly higher average temperatures and lowerageerrelative humidity in logged
forest suggest a more exposed understorey envimnmAnt species that would
normally inhabit gap or edge type habitats woukellf be able to cope with this sort
of variable environment within the logged foredthis would contribute to elevating
species numbers in the logged forest, as undisdudrest specialists, gap specialists

and forest edge generalists would tend to co-exist.

Previous studies involving invertebrates in thef lier have often used

abundance and richness to compare assemblageggedidorest and unlogged forest
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(Burghoutset al. 1992; Belshaw & Bolton 1993; Eggleten al. 1995; Vasconcelost

al. 2000; Hassalkt al. 2006) and in disturbed forests in general (Hollpvea al.
1992; Wattet al. 2002; Dunn 2004). These studies have shown thae there is a
difference in numbers, it is rarely significanttegpective of the different logging
intensities and different ages since logging wamiteated. This study has shown the
same trend by revealing tendencies, although itrfeasdemonstrated a significant
difference in ant species richness and abundaretegeén the logged and unlogged
forest.

Based on this alone, one could say that seleabiggihg has minimal impact
on the species richness of a given forest, regssddé the logging intensity. Given
sufficient time, a forest can recover its speciamibers. Other groups of animals
have demonstrated such responses. Bats have stemawery in numbers after
logging (Clarkeet al. 2005), as have amphibians (Pearman 1997), birds¢M &
Thiollay 2001) and non-volant small mammals (Waedtsal. 2007). Grieser Johns
(1997) concludes that, generally, vertebrates d@ppear to exhibit local elimination
or reduction in species richness in logged forastlong as suitably large areas are
studied. This is most likely due to their mobilapd adaptability to changes in their
environment. Dunn (2004) suggests that smalless kagile organisms would be

more sensitive to habitat changes, but data akelgin these groups.

4.4.3 Ant species assemblage post logging
Research to date has shown that both floral antafaapecies composition of

many groups do appear to shift as a result of tluetsiral changes brought about by
logging. Differences in ant species compositiomeaguite significant in this study;
up to a third (35 species out of 101) of the speaielogged forest was collected in
only logged forest and about one quarter (25 ou®2f of species collected in
unlogged forest were unique to this forest typée Togged forest also appeared to be
more uniform in assemblage make-up along the dlugre the unlogged forest. In the
unlogged forest, the ant assemblage of the higleeagon site was quite different
from that at its two lower elevation sites. Thiild potentially be due to the fact that
it was furthest away from all the other sites atsb @hat it was situated at a slightly
higher altitude (about 10-20 m higher than the hatgvation logged plots). It has
been demonstrated that even small changes in Elevedin significantly affect the

species composition along a slope (see ChaptelCBanges in invertebrate species
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distribution at forest edges is also well documeiitetropical forests, and is generally
related to the changes in microclimate that ocaur aesult of the change in forest
structure (Didham 1997). The low elevation sitestli logged and unlogged) were
located closer to the main access road (50-100nch)tlze low and middle elevation

unlogged sites were located in forest that wasigoatis with the logged area. These
factors together would have contributed to difféising the high unlogged site from

the other unlogged sites and perhaps may haveilootel to creating the greatest
compositional variation between the two forest gype

Ant species assemblages in both forest types aggety respond to
environmental variables in all three categoriesysptal, litter structure and plant
density. Relative humidity appeared to be an ingrdrfactor in both forest types,
which is understandable since ants are sensitidesiccation. Kaspari and Weiser
(2000) found ant activity to increase 200 % alongasture gradient from ridge top
to ravine bottom. Since both logged forest ancdbggéed foest sites were located
along a slope, the small differences in humiditymgst at the high elevation sites)
may have influenced ant species distribution. dgdi density also seemed to be
associated with the ants (albeit at different hisidlom the ground in the two forest
types). This understorey structure would have ipex¥ secondary protection from
rain and also food resources for ants. No disb&rirend was found in the foliage
densities in logged and unlogged forest althoughirary to expectations, unlogged
forest had an average foliage density three timeatgr than logged forest. Research
in other parts of the forest (unlogged) have dermated that stem density is higher
on ridges in upper elevations (Gunatilleké¢ al. 2006); closer analysis of site
topography would potentially allow further understang of ant distribution. Perhaps
in the future, analysis of canopy and shrub dwglints may also give a clearer
picture of the relationship with foliage density.

The logged forest ant assemblages were more closelglated to the subset
of environmental variables, which could be indicatof a greater influence of the
environment on ants than in unlogged forest. Qnedcargue that if the logged forest
offers a more heterogeneous or variable environnteet the ants would respond
more closely to these factors and distribute théraseaccording to their habitat

preferences.
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One would assume that the proximity of the loggéesdo the unlogged sites
and the contiguity of the forest in general woultVé contributed to the recovery of
the logged forest plant diversity and thus, presalyndo faunal diversity as well. But
despite this, there is still a distinct differenoeant species assemblages. Since there
were no studies of ant species distribution befiloedogging occurred, it is difficult to
conclusively say whether logging has truly chantiedspecies assemblage or if these
differences existed prior to logging. It would beneficial to study the ant species
assemblage in other parts of the SFR to see iethsr marked differences between
unlogged forest sites, ensuring such factors asatts and aspect are kept the same.
Even in this relatively small section of the SFR,ddference in ant species
composition was detected between sites within aa af about 200 ha, which
demonstrates the extraordinary diversity that cacuoin a tropical forest. Future
studies would benefit from looking at tree speatesnposition in relation to ant
species diversity in different parts of the forestsee whether there is discernible a

relationship.
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4.6

Table 4.3. Complete list of species collected frothe Sinharaja Forest Reserve

showing their presence in logged forest sites (Lnhd unlogged forest sites (U).

Appendix

Subfamily Genus Specie: L U

Aneuretina Aneuretu simon *oo*

Amblyoponinae Amblyopone sp. SL128 *

Aenictinae Aenictus binghami * oo

Cerapachyinae Aenictus nr punensis *
Cerapachys sp. SL011 *
Cerapachys sp. SL026 *oox
Cerapachys sp. SL074 * %
Cerapachys sp. SL104 *
Cerapachys sp. SL106 * oo
Cerapachys sp. SL111
Cerapachys sp. SL130 *
Cerapachys sp. SL144

Dolichoderinae Dolichoderus sp. SLO75 *
Dolichoderus sp. SL089 *
Tapinoma sp. SL0O56 * %
Tapinoma sp. SL131 *
Technomyrmex albipes * oo
Technomyrmex bicolor * oo

Ectatomminae Gnamptogenys laevigp. *

Formicinae Acropyga sp. SL093 *
Camponotus sp. nrinfuscus * %
Camponotus sp. nrangusticollis | * *
Camponotus sp. SL083 * ook
Camponotus sp. SL138 *oox
Forelophilus sp. SL092 *
Lepisiota Sp. nrcapensis *
Myrmoteras binghami *
Paratrechina sp. SL001 *oox
Paratrechina sp. SL036 *oox
Paratrechina bourbonica *
Paratrechina minutulap *
Polyrhachis hippomanes *
Polyrhachis bugnioni * oo
Polyrhachis illaudata *
Pseudolasius sp. SL140

Leptanillinae Protanilla sp. SL108 *
Protanilla sp. SL129

Myrmicinae Acanthomyrmex luciolae *
Cardiocondyla wroughtoni * %
Carebara sp. SL012 oo
Carebara sp. SL112 *
Cataulacus latus * oo
Crematogaster sp. SL022 *
Crematogaster sp. SL062 *oo*
Crematogaster sp. SL119
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Table 4.3 cont'd

Subfamily Genus Specie:

Myrmicinae Crematogaste sp. SI13€

(cont'd) Meranoplus loebli
Monomorium floricolagp
Monomorium hildebrandtyp
Monomorium destructogp
Myrmecina curtisi
Myrmicaria brunnea
Myrmicaria sp. A
Pheidole sp. SL0O06
Pheidole sp. SL019
Pheidole sp. SL027
Pheidole sp. SL028
Pheidole sp. SL029
Pheidole sp. SL0O30
Pheidole sp. SL049
Pheidole sp. SL063
Pheidole sp. SL064
Pheidole sp. SL067
Pheidole sp. SLO70
Pheidole sp. SLO77
Pheidole sp. SL091
Pheidole sp. SL0Za
Pheidole sp. SL0Zb
Pheidole sp. SL0Zc
Pheidole sp. SL107
Pheidole sp. SL142

Pheidologeton sp. SL013
Pheidologeton sp. SL141

Pristomyrmex sp. nrprofundus
Pyramica sp. SL143
Recurvidris pickburngp. nv.
Rhopalomastix rothneyi
Rhopalothrix sp. SL102
Rogeria sp. SLO57
Solenopsis sp. SL038
Solenopsis sp. SL113
Strumigenys sp. sl-01
Strumigenys sp. sl-02
Strumigenys sp. SL098
Strumigenys sp. SL109
Tetramorium sp. SL002
Tetramorium sp. SL015
Tetramorium sp. SL020
Tetramorium sp. SL054
Tetramorium sp. SLO55
Tetramorium sp. SL0O58
Tetramorium sp. SL0O59
Tetramorium sp. SLO5A
Tetramorium sp. SLO5B
Tetramorium sp. SL082
Tetramorium sp. SL117
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Table 4.3 cont'd

Subfamily Genus Specie
Myrmicinae Tetramoriun sp.SL11¢
(cont'd) Tetramorium sp. SL123
Tetramorium sp. SL127
Tetramorium sp. SL134
Tetramorium sp. SL135
Vollenhovia sp. SL033
Vollenhovia sp. SL115
Ponerinae Anochetus sp. nrlongifossatus
Anochetus Sp. nrnietneri
Anochetus sp. nrlongifossatus
Cryptopone testacea
Discothyrea sp. SLO50
Harpegnathos saltator
Hypoponera sp. SLO16
Hypoponera sp. SLO51
Hypoponera sp. SL052
Hypoponera sp. SL066
Hypoponera sp. SL114
Leptogenys sp. SL041
Leptogenys sp. SL065
Leptogenys sp. SLO72
Leptogenys sp. SL125
Myopias amblyops
Pachycondyla rufipes
Pachycondyla melanaria
Pachycondyla sulcata
Pachycondyla truncata
Ponera sp. SL048
Pseudomyrmicinae Tetraponera difficilis
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5. Ant species assemblages in relation to tree sjpes distribution and habitat
type in a Forest Dynamics Plot in Sinharaja ForesReserve, Sri Lanka

Abstract

Species distribution across a landscape can hibuadtd to a variety of spatial and
temporal factors. In this study, ant species distion in lowland dipterocarp
dominated forest in Sri Lanka was analysed in i@tato habitat heterogeneity and
tree species composition. Four collections ovel gear period revealed a high
diversity of ground dwelling ant species. A tot&l102 ants in 5 ha were collected,
with significant differences in compositioRP & 0.006) from valley bottom to ridge
top. Ants were found to respond more to structbetbrogeneity of vegetation rather
than tree species richness, although ant speci@sraa species distribution were
highly correlated® = 0.003). The present study contributes to furthrelerstanding
the distribution of the rich species diversity fdun the Sinharaja Forest Reserve and
highlights the need to protect entire slopes inopographically heterogeneous

forested landscape.

Keywords: habitat heterogeneity, species richneggcies composition, tropical

forest, Formicidae

51 Introduction

The vast diversity found in tropical ecosystems spawned many theories
regarding the co-existence of so many species (Rosgg 1995; Richards 1996;
Pimm & Brown 2004). Examining the distribution ioflividuals across a landscape
can give insight into the ecological interactiorfsaoparticular group (Condit al.
2000; Theuniset al. 2005). Understanding how species distribute thérmaseand
utilise resources is key to better assessmentsodfiviersity, hence improving the
formulation of conservation and management plansafeas within which they live
(Kremenet al.1993; Leponcet al.2004).

Many studies have found that ‘habitat heterogeheityhabitat diversity’ can
determine animal species diversity. Testsal. (2004) reviewed 85 publications and
found that 85% of the studies found positive relahips between animal species
diversity and the vegetation structural variablesasured. They introduce the term

‘keystone structure,” a distinct spatial structthiat is specific to the spatial scale of
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the taxon under study and which provides resouarethat particular taxon. In most
ecosystems, plant species composition and disibbutvill influence habitat
structural heterogeneity (Teves al. 2004) but the patchiness of distribution and low
densities of tree species in tropical forestsilsrgit well understood (Richards 1996).
Tree species can directly influence animal divgr&ly providing food resources,
affecting light availability and microclimate, priokng substrate resources, and
changing soil resource qualities (Palik & Engstrd®09). In terms of ground
dwelling arthropods, tree species determine ldeality and density (by periodicity
and synchronicity of leaf fal{Burghoutset al. 1994)) and provide food resources,
such as seeds (Levey & Byrne 1993) and nectar éDej691).

Ants are ubiquitous in almost all regions of theridand in many levels of
ecosystem functioning (Holldobler & Wilson 1990phey can easily constitute up to
15% of arthropod biomass in a given ecosystemkgtitt& Klinge 1973; Sudd &
Franks 1987), and sometimes up to 50% in a paatigitatum (Yanoviak & Kaspari
2000). Ant species tend to be patchily distributespecially in tropical ecosystems
(Levings & Franks 1982; Kaspari 1996). The possidrivers for this patchy
distribution, specifically in ground dwelling antse continually being studied. Ribas
and Schoereder (2007) found that tree density &mdtsral heterogeneity affected
ant species composition and increased structutardgeneity, leading to increased
ant species richness. Others have found ant spd@tibutions to be related to leaf
litter quantity and litter weight (Theunét al.2005) and local topography (Catterzil
al. 2001; Vasconcelogt al. 2003). Experiments conducted by Armbreehtal
(2004) showed that increased litter twig heterodggnecreased ant species diversity,

although twig (tree) species composition did nqiesp to be the determining factor.

In the Asian tropics, the forests are dominatedhieyDipterocarpaceae family
of trees, known for their towering heights, largeind-dispersed fruit and their
irregular but synchronous mast-fruiting (CorletDZp They are insect-pollinated and
obligately ectotropic mycorrhizal (Ashton 1988).utBhe relationship between the
distribution of these trees and the distributionanthropod fauna has been little
studied.

Due to the need for long-term research on trogiess in general, a number

of forest dynamics research plots were set up ley Gentre for Tropical Forest
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Science under the auspices of the Smithsonian dabpgResearch Institute. The
Sinharaja Forest Dynamics Plot (FDP) was set uft983 in the Sinharaja Forest
Reserve (SFR), a UNESCO World Heritage Site inlsagst Sri Lanka (Gunatilleke
et al.2004b). A plot measuring 500 x 500 m was laidiouindisturbed forest in the
western portion of the reserve and every tree grahtin 1 cm in diameter at breast
height was tagged, identified and measured (seeoManet al. (1990) and Condit
(1995) for further details). Previous researchttos and other plots within the forest
has allowed researchers to look at tree speci¢gbdison in great detail and the
continuous monitoring of tree phenology within P has given many insights into
the community organisation of the forest (Gundt#l& Gunatilleke 1985; de Zoysa
et al. 1991; Gunatillekeet al. 2004a). Gunatillekeet al. (2006) have summarised
many of the findings to date on SFR and on the FEDB have investigated the

relationships between tree species and habitat.

The existence of this body of work in the FDP byw&. and ILA.U.N.
Gunatilleke provided an opportunity to explore ietall the underlying relationship
between tree species and an important arthropagbgrdhe objective of this study is
to utilise the tree species distribution and hakia from the FDP to perform an
analysis of ant species distribution in relation stuctural and compositional
heterogeneity in a tropical, lowland, wet forestSn Lanka.  Ecological data on
arthropod biota in Sri Lanka is limited and thidleie the first study looking at ants
in relation to tree species distribution in thisefst. The results from this study will
contribute to a growing body of data regardinguh&ue biodiversity of the SFR and
Sri Lanka, as well as to the further understanddficant species distributions in

tropical rain forests.
5.2  Methods

5.2.1 Study Site

The 11,000 ha Sinharaja Forest Reserve (SFR) isedrdipterocarpNlesua-
Shoreatype), lowland, wet forest in south-western Snmka (6° 21-26’ N, 80° 21-34’
E). It has an elevation range of 300 m to 1200.s1.and receives between 4000 —
5000 mm of rain annually, with no period where #werage monthly rainfall drops

below 60 mm (IUCN 1993). The forest receives monsb rain from May to June
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(south-west monsoon) and from September to Novenfberth-east monsoon),

resulting in higher rainfall in these two perionds.

The 25 ha FDP is located in western SFR (6° 24’88 24’) E, in an

undisturbed area between the reserve border amddangged forest section (> 30
years old) (Figure 5.1). The collections wereiedrout in the northern quarter of the
FDP, along its south-west facing slope (Figure.5.Zhe topography of the FDP is
highly variable, with a central valley containingmall stream and an elevation range
of 424 — 575 m; the largest range in elevatioroisfl on the south-west facing slope
(Gunatillekeet al. 2004b). The FDP is divided into 625 quadrats ZZDxm in size.
In each of these quadrats all trees greater than @liameter at breast height (d.b.h.)
have been measured, tagged and identified andathieahis categorised according to
elevation, slope and convexity (Gunatilleddeal. 2006). Figure 5.3 shows the habitat
categorisations of each of the quadrats in the FDP.

Figure 5.1. Sri Lanka Survey Department map showig the location of the 25 ha
Forest Dynamics Plot (FDP) in the western portion oSinharaja Forest Reserve
(see inset for outline of entire reserve). The stged area indicates where

selective logging occurred in the reserve betwee®72 and 1977.
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Figure 5.2. Topographical map of the 25 ha ForesDynamics Plot (FDP)
showing the elevation range of the site. The bladkes along the slopes represent
small drainage lines, while the line traversing thevalley bottom is a permanent
stream. The boxed area in red indicates the studyrea. Image is taken from
Gunatilleke et al. 2004b.

Habitats Based on
Elevation, Slope
& Convexity

EEE Upper Steep Spurs

=S Upper Less-Steep Spurs
=3 Upper Steep Gullies
1 Upper Less-Steep Gullies

Low Steep Spurs

3 Low Less-Steep Spurs
— Low Steep Gullies
[ Low Less-Steep Gullies

T
0 100 200 300 400 500

Figure 5.3. Contour map of the 25 ha Forest Dynaros Plot (FDP), indicating
the 15 collection plots (red squares) and the halait types defined by Gunatilleke
et al. (2006) (map modified from Gunatillekeet al. 2006). Plots were laid out
along the south-west facing slope from valley botto (420 - 430 m) to ridge top
(520 - 550 m).
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Ants were collected in five 10 x 10 m plots, cedtrethin the larger 20 x 20

m FDP quadrat. These plots were located alon@ thaeallel transects spaced 100 m
apart on the south-west facing slope (Figure 5I3ansects were labelled 1 to 3 from
the top of the slope to the bottom. All fieldwovkas carried out during four
collection periods in 2006 (late March, early Juage August, late November). This
high intensity sampling was done so as to elimiratéential effects of variable
rainfall, as moisture availability has been showmffect ant species activity, even in
tropical wet forests (Kaspari & Weiser 2000).

5.2.2 Ant sampling

Ants were sampled using two established methodsf@rtebrate collection,
Winkler extraction and pitfall trapping (Bestelmeyat al. 2000). In each plot, four
leaf litter collections and four pitfall traps weset out to maximise the number of leaf
litter ants collected. Leaf litter was collecteda 1 x 1 m quadrat and was sifted
using a Winkler litter sifter. The sifted matenaas then hung inside a Winkler sack
for 48 hours, with the leaf litter being removediamaken after the first 24 hours. All

material collected in the Winkler sack was thengeed and placed in 70% ethanol.

The pitfall trap consisted of a standard plastiokdng cup (mouth diameter 8
cm) which was inserted into the ground and left fowveek before being filled with
~70 ml of methylated spirits. The pitfalls werehcapped with another plastic cup
with large triangles cut out of the sides to previa lid to prevent rainfall from
flooding the cup. After 72 hours, the materiathe cups was collected and the cups
left in the ground filled with leaf litter for usm the next sampling period. The
material was washed with fresh methylated spints r@turned to the lab.

All invertebrate material was removed from the Wemnkand pitfall samples
and stored in 70% ethanol. The ants were subs#gueaparated from the
invertebrate material and point mounted and idiexstito morphospecies. Once a
reference collection of point mounted specimens wasted, all excess ants were
stored in 80% ethanol. Ants were identified tocspe where possible with certain
genera being sent to specialists for confirmatidnspecies. The wet and dry
specimens are housed in Peradeniya University Eoltgy Museum and a mounted

voucher collection is stored in the Curtin Univgrétntomology Museum.
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5.2.3 Habitat structure and vegetation diversity

Ground cover characteristics of each plot were tjfieeh by estimating the
percentage coverage by bare ground, leaf littegelaocks, and plant stems ina i m
quadrat. Also, in the same quadrat, the numbeeatl branches and tree trunks (>10
cm) were recorded and the depth of the leaf litas measured using a ruler. Four
guadrats were measured in each plot in each dolteperiod and the resulting data

averaged. This group represented the litter stractariables.

Canopy cover was estimated using a GRiBnsitometeat 40 points within
each plot in each collection period. Understor@iafe density was also estimated
using a Levy pole (Majer 1981), with readings takérfour points within each plot.
The pole was divided into four intervals: O (gropeD cm; 51-100 cm; 101-150 cm;
and 151-200 cm. The number of points where the pals touched by vegetation
was counted. At each interval, the number of planches for each of the four
recordings was summed and divided by the total mumob recordings taken for the
plot over the course of the collection period (bénps within a plot). These variables

were grouped as plant density variables.

The habitat categories used by Gunatillekeal. (2006) were utilised for
characterising the topography of the FDP quadratsimwhich ants were collected.
They defined eight categories based on three hathtxacteristics: above or below
average elevation of the plot (460 m); above ocowedverage slope degree {R&and
above or below average convexity. Each quadrattivas either high elevation or
low elevation, steep or less steep, and eithepua®r a ‘gully.’

Tree species data were taken from the 2002 cermiasndade available by
C.V.S. Gunatilleke and I1.U.A.N. Gunatilleke. Trgmecies diversity was measured as
the total number of species present in each FDRIrquavithin which ants were
collected. Vegetation density was measured agata¢ number of stems per FDP
guadrat. Tree species stem densities per quadra entered into a site matrix and
designated as the tree species composition matrix.

110



5.2.4 Data analysis

For each plot, the ant data from the four pitfedips and the four leaf litter
samples were combined. The data from each calegieriod was then combined for
each of the 15 plots. Species richness and abuadaere calculated for each plot.
Ant species for which only one individual was cotéd were also eliminated from the
matrix, since it is possible that these ants wextelitter or surface dwelling ants, i.e.
they were possibly ‘tourists’ from the canopy. Tdeta were then converted into a
presence/absence matrix. Ants are social insectdemd to be aggregated in space
and time (Longino 2000), this would affect abundamata analyses since some
methods, particularly litter sampling methods, vebolost likely have captured entire

colonies. For this reason, presence/absence daiarespreferable for analysis.

Univariate comparisons of each of the three halbitaracteristics (elevation,
convexity and slope) were carried out using inddpatsample Mann-Whitney U
tests of ant species richness per plot, total mmbh@dance per plot, tree species richness
and stem density per FDP quadrat. Non-paramefsis tvere carried out using SPSS
15.0. Differences in ant species composition pargnd tree species composition per
FDP quadrat in terms of the habitat characteristiese analysed using a Bray-Curtis
dissimilarity measure (Kruskal 1964). These ddferes were tested for significance
using analysis of similarity (ANOSIM). Ant speciaad tree species that contributed
the most to significantly differentiating any ofeththree habitat variables were
identified by a decomposition of the Bray-Curtisgdimilarity matrix. This was
carried out using the SIMPER function in Primer.4£.8 permanovg¥8. Ant species
distribution patterns across the 15 sites were tbempared with tree species
distribution patterns (square root transformedltstiam density) using the RELATE
procedure in Primer v.6.1.9 permanoga8. This procedure is a non-parametric
form of the Mantel test comparing the Bray-Curirsikarity matrices and measuring
the agreement between two independent patterns §adttrees) by performing a rank
correlation (Clarke & Gorley 2006).

The ant species Bray-Curtis dissimilarity matrixsnthen analysed with five
of the 11 structural variables (correlated variabiemoved (r > 0.80)), tree species
richness and stem density per plot using a mulat@regression procedure DISTLM

(distance based linear models, Anderson (2004)hes& seven variables were In
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(x+1) transformed to reduced variance. The ‘Bfisselection procedure was utilised
(using AIC model selection criterion) to determimkich variables best explained the
variation in species assemblage clouds. The meidelthe best predictors was fitted
against a distance based redundancy analysis (dbRIBgendre and Andersen
(1999); McArdle and Anderson (2001)), which perferan constrained ordination of
sample sites using the same Bray-Curtis dissirtylanatrix of the ant data. DISTLM

and dbRDA procedures were run using Primer v.G#&rénanovaf18.
5.3 Results

5.3.1 Ant and tree species diversity
A total of 102 ground dwelling ant species werelemied in 5 ha of forest

within the FDP of Sinharaja (Table 5.1). The mastindant ants weiRaratrechina
sp. SLO01,Technomyrmekicolor andAneuretussimonj which were also among the
most commonly occurring ants as well (Table 5.Zhere were 27 ant species that
were represented by one specimen (singletons) autlsaB were unique to one plot.

Table 5.1. Ant species and abundances caught byettwo collection methods in
each season. Daily rainfall was measured at therfBiaraja Forest Reserve field

station and totalled for the month during which thecollection occurred.

Method Collection | Total no.  Abundance  Total monthly  No. of dry
period of species rainfall (mm) days/ month

Winkler March 43 180¢ 245.¢ 14
June 59 1280 474.7 12
August 31 242 425.8 8
November 45 818 651.9 10

Pitfall March 36 198 245.6 14
June 37 207 474.7 12
August 45 268 425.8 8
November 35 172 651.9 10
Total 10z 499(C 1798.( 44
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Table 5.2. Species list showing the frequency ofcaurrence (Freq) and
abundance (Ab) of each species collected in the #® transects.

Genus Specie Frea Ab |11 1 11 2 2 2 2 2 3 3 3 3 3
Strumigeny  sp. s-01 15 13 | > *» * * * xSk ok ok ox ok ok Kk k%
Strumigeny  sp. s-02 15 127 | > * * * * x % % ok xSk %k x %k
Technomyrtr  bicolor 15 68Z | * * * F *x ok x ok kK ok kX kX
Tetramoriun  sp. SLO5. 15 76 | * * * o ox ok ox ok &k k% kK kX
Aneuretu simon 14 62C | * * * x x * * Kk &k X x x X *
Paratrechin: sp. SLOO. 14 VA2 T R *oxox
Tetramoriun  sp. SLOO: 14 23C | *x * * * * x % ok ok Rk kX
Carebare sp. SLO1. 13 10¢ ¥Rk ok ox ok x k% k% % *
Pristomyrm:  sp. nr 13 75 | ox o x xR Rk ko *
Technomyrtr  albipes 13 217 | * *okoox ok kK ko ook *
Tetramoriun  sp. SL11 12 34 |* *oo* ook ook ok k k % *
Monomorit  floricola gf. 11 71 | * * * % *ox % * *oox *
Pheidole sp. SL02 11 39 *ox ook ok ok ok ok k% *
Vollenhovi¢  sp. SLO3: 11 38 | * *x ¥ x¥ *x * % ok *
Anochetu sp. nrnietner 10 16 | * * * % * o * *ox %
Hypoponeri  sp. SLO1i 10 101 * * FoFoF Kk kX
Paratrechin: sp. SLO3! 10 22C * *oxoox % *oxox * oo
Pheidole sp. SLO2! 10 62 ok k% * ok ok %k
Pheidole sp. SL14. 9 53 | * * *oxok *oxok *
Tetramoriun  sp. SLO5E 9 19 | » * * ook ¥ *o* *
Leptogeny sp. SLOG! 8 49 | * * ok kX *oo*
Pheidole sp. SLO3 8 21€ *ox % *ox % *
Pheidole sp. SLO7! 8 31 | * *oxok * * *
Pheidole sp. SL09. 8 26 | * * o * ok ox
Tetramoriun  sp. SL13. 8 21 | * * * oo * oo
Monomorit  destructo gf. 7 51 | * * % * *
Pheidole sp. SLO7 7 49 * * ook * o *
Tetramoriun  sp. SLO5! 7 22 | * * * * ok ox *
Tetramoriun  sp. SLO5/ 7 11 | * * * ¥k %
Myrmicaria  brunnet 6 33 | * *oxoox *

Tetramoriun  sp. SLO8: 6 65 | * *oox *oox

Monomorit  hildebrand 5 101 oo *
Pachycondy melanaria 5 6 * oo *

Pheidole sp. SLOO 5 99 * *oox *
Tetramoriun  sp. SLO5! 5 16 *oxoox *
Pachycondy sulcata 4 23 * % *
Pachycondy rufipes 4 6 * * *

Pachycondy truncata 4 5 * *oox

Pheidole sp. SLOB 4 32 * * *

Pheidole sp. SLO6: 4 7 * *

Pheidole sp. SLO1! 4 5 * * *

Pheidole sp. SLO6 4 4 *oox % *
Strumigeny  sp. SL0O9: 4 6 * * ¥
Camponotu  sp. SLO8: 3 4 * * *
Cerapachy  sp. SL10 3 6 * * *
Crematogas sp. SLO6: 3 13 * ook *

Myrmotera:  binghami 3 6 *oxox
Paratrechiné minutule gg. 3 4 * * *

Pheidole sp. SLO4! 3 28 * * *
Pheidole sp. SLOZ( 3 9 ook *

Pheidole sp. SL0Z# 3 4 * * *
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Table 5.2 cont'd

Genus

Specie

n
—
D

*|w

*|w

3

3

Pheidoloaeto
Recurvidri:

Tetraponer:
Camponotu
Cerapachy
Cryptopon:
Hypoponer:
Leptogeny
Leptogeny
Pheidologeto
Poner:
Protanilla
Tapinomi
Tetramoriun
Tetramoriun
Tetramoriun
Acropyge
Aenictu
Aenictu
Anochetu
Anochetu
Camponotu
Camponotu
Cerapachy
Cerapachy
Cerapachy
Cerapachy
Crematogaste
Crematogaste
Crematogaste
Discothyrei
Dolichoderu:
Gnamptogen
Harpegnatho
Hypoponer:
Leptogeny
Leptogeny
Monomoriun
Myrmicaria
Polyrhachit
Pseudolasit
Pyramice
Pyramice
Pyramice
Rhopalomasti
Rhopalothri;
Solenopsi
Tetramoriun
Tyrannomyrme
Vollenhovit
Vollenhovii

sp. SLO1.
pickburn sp. nv

attenuata
sp. nrangusticollit
sp. SLO2
testacee
sp. SL11.
sp. SL12
sp. SLO7
sp. SL14
sp. SLO4
sp. SL12
sp. SL14
sp. SL12.
sp. SL16.
sp. SL11
sp. SL09
binghami
Sp. nrpunens
sp. nrlongifossatu
Sp. nrnietner
sp. SL16!
sp. SL17
sp. SL10
sp. SL10
sp. SL16!
typhlus
sp. SLO2
sp. SL11
sp. SL14
sp. SLO5
sp. SLO8!
coxalis g
saltator
sp. SLOG!
sp. SL17
sp. SL17
floricola
sp. A
bugnioni
sp. SL14
sp. SL15!
sp. SL16
sp. SL16
rothney
sp. SL10:
sp. SLO3:
sp. SL12
sp. nv
sp. SL14
sp. SL11
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>
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Figure 5.4 shows the species richness and abundaeceplot, and
demonstrates a slight decrease in ants from thefttige slope (transect no. 1) to the
bottom (transect no. 3). The only anomalous @ohiplot no. 1, transect no.3 at the
bottom of the slope, which shows that a greaterbmirof species in high abundances
were caught in this plot. In terms of overall tremdl relation to habitat characteristics,
there were generally slightly more species andtgraaumbers of ants in less steep
slopes in both spurs and gullies (Figure 5.5). EMav, only ant species richness
showed a significant relationship with slope stessn(Z = -2.361R = 0.018).

No. of species

Habitats Based on
Elevation, Slope
& Convexity

Upper Steep Spurs

Upper Less-Steep Spurs
Upper Steep Gullies
Upper Less-Steep Gullies

Low Steep Spurs

Low Less-Steep Spurs

pog oenl

Low Steep Gullies
[ Low Less-Steep Gullies

Total abundance
8
T

Figure 5.4. Ant species richness and abundance ass all 15 plots, showing the
habitat categories used by Gunatilleket al. (2006).
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Figure 5.5. Average number of species and averagbundances found in plots
defined by three of the habitat variables, elevatio, slope and convexity The 15
plots were split into 10 plots with high elevation(hence, 5 with a low elevation),

10 with a steep slope, and 9 classed as spurs.

A total of 143 tree species (out of 205 tree speerd 10 liana species,
(Gunatillekeet al. 2006)) were present in the 15 quadrats analyséaeistudy. The
most widespread tree species (found in all 15 qaiafwereVyristica dactyloidega
canopy tree)and Garcinia hermonii (an endemic, understorey tredjowever,

Humboldtia laurifolia(a myrmecophytic, understorey tree) didsua nagassarium
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(a canopy tree) had the highest stem densities|lyringhe upper two transects. Tree
species richness and stem density in these quadichtsot appear to differentiate
between convexities or slopes but there was afsignt effect of elevation on tree
species (Z =-3.07F = 0.002).

5.3.2 Ant and tree species composition
Ant species and tree species assemblages botlay®Bspsimilar trends in that

significant differences were observed in terms lefvaion only (Table 5.3). Ant
species that contributed most (> 5%) to the ANOSdVelevation wereA. simonj
Paratrechinasp. SLO01Strumigenysp. sl-01,Strumigenysp. sl-02,T. bicolor and
Tetramoriumsp. SLO54. The four common tree specMsdactyloidesG. hermonii,

H. laurifolia and M nagassarium were also responsible for differentiating the two
elevation groups (>5%), along witRalaquium petiolare Palaquium thwaitesji
Shorea affinis Shorea cordifolia and Shorea worthingtonii Ant species and tree
species composition patterns across sites were slesely correlated (RELATE;
Spearmans Rho = 0.333= 0.003).

Table 5.3. ANOSIM results relating ant species anttee species composition to

the three habitat variables.

Habitat characteristic | Elevation Slope Convexity
Ant species Global R =0.27 N.S. N.S.
assemblag P = 0.00¢

Tree specie Global R =0.97 N.S. N.S.
assemblac P = 0.00¢

5.3.3 Ant and vegetation structure
Two variables were chosen by the DISTLM model dote % plant cover

(Pseudo F = 1.8144# = 0.05; and foliage density 0-50 cm (Pseudo F = 2.7998,
=0.002). However, when a model using up to fourialdes was looked at tree
species richness and stem density were also chddenfirst two axes of the doRDA
(Figure 5.6) explained 77.5% of the model fittedhwthe four variables and 33% of
the total variation of the data cloud. The dbRDIatpshows, to some extent, a
separation of upper elevation plots and lower diemaplots. It also shows the

influence of percent plant cover and plant densityards the lower elevation sites.
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RDA2 (35.3% of fitted, 15% of total variation)
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20+

RDA1 (42.2% of fitted, 18% of total variation)

Figure 5.6. Constrained ordination of plots base@n a Bray-Curtis dissimilarity
matrix of ant species presence/absence. The ordiren was fitted with four
variables selected by a distance based linear modeising a multivariate
regression of seven environmental variables and thant species dissimilarity
matrix. The four variables were % plant cover, folage density (0-50 cm), no. of

tree stems per plot and no. of tree species per plo

5.4 Discussion

The results from this study demonstrate the sigaifi effect of small scale
topographical and structural differences on antcigige assemblages. Although
significant differences in ant species richnessewmly detected between slope types,
there were generally higher species numbers inskesp gullies at higher elevations.
These differences in species richness could bibwtid to soil moisture availability.
In the FDP, ridge tops and spurs have thinner ,sweitéch are prone to drying out as
they are more exposed to wind (Gunatilleteal. 2006). Less steep gullies are more
likely to be moister and have more stable soilesre$. Vasconcelat al. (2003) also
found higher ant species richness in valleys coetbdo plateaus in Amazonian
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forest, where ants are potentially tracking mosstgradients (Kaspari & Weiser
2000). Catterallet al. (2001) found greater abundances and more chasditter
species assemblages in a variety of taxa, includirtg, in riparian sites compared to
sites 15 - 35 m higher up along a slope in subitebgeucalypt forest. They suggest
that riparian habitats would be characterised lghdr moisture availability, hence

affecting the vegetation and litter dynamics.

However, in this study, there were generally feastr species and individuals
in the low elevation plots. The lower elevatiomtpl were adjacent to a permanent
stream that traversed the valley bottom in the KBBure 5.2). Two of the main
drainage lines flowed through the collection amaptying into the stream. During
rainfall, much of the water falling on the top bktridge would have passed through
the lower plots. During the collection period, rhevas a noticeable increase in water
flow in the drainage lines and an increase in swmilndation in the plots (N.
Gunawardene, pers. obs.). Soil inundation has beewn to affect ant nesting and
reduce species diversity and abundance (Majer &lidel1994; Ballingeet al.2007;
Deblauwe & Dekoninck 2007).

Persistently moist litter may also have affectesl éltraction of ants from the
leaf litter. During collection in the SFR, the fiddter sieve quickly became soaked
by the moisture from the leaf litter, especiallyeafrains. This had the potential of
allowing contamination of the litter samples, assamccasionally stuck to the wet
material. Comparatively lower abundances and speauignbers were caught using
Winkler extraction during the collection period withe lowest number of dry days
(Table 5.1). Conversely, pitfall trap abundanced apecies numbers were highest
during this period, which would explain why no sm@d variation was detected
between collection periods. Incidentally, thislediion period did not have the
highest rainfall of the four collection periodsin&e rainfall was not measuradsitu,
but rather at a research station 3 km away, itficwlt to be certain whether rainfall
measurements accurately represent the collectiea; dhere is the possibility that

rainfall was not uniform across the forest.

Vegetation also appears to be responding to tretegrenoisture availability in
the lower elevation plots. Gunatillelet al. (2006) have observed greater cover of
herbaceous species in lower elevation areas conhpar&oody species. They have
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also documented lower mean tree density and besalcampared to upper elevation
sites. The presence of large canopy gaps in twerl@levation, where trees have
appeared to die off in large clumps (I.A.U.N. Giilkekte pers. obs.), may also have
had an effect on ant species composition. Variéiglg conditions in canopy gaps
alter plant community composition (Denslow 1987)d anence the invertebrate
community that is dependent upon them. Ant assagelslin gaps appear to be more
sensitive to seasonal variation in abiotic condgi¢Feener & Schupp 1998), as are
other arthropod groups (Richards & Windsor 200This may have contributed to

differentiating the species composition of the lowiets from the upper plots.

Both the ant species and tree species assembleggsnded significantly to
differences in elevation within the plot, even tgbutransect no. 2 (the middle
transect) was on average only 60 m vertical digtdram the lower transect (transect
no. 3). Although earlier findings show a signifitaeffect of elevation on ant
assemblages (Chapter 3), forest type also had sidevable interaction as well. As
this present study was carried out within undistdtbprimary forest, it provides
further evidence that even very small elevationnges can influence ant species
assemblage.

Ant species distribution was also very closely elated with tree species
distribution, demonstrating the similarity in regge to topographical variation. It is
difficult to comment on whether there are any iatéive influences of ants on tree
species distribution or vice versa, as this wasspetifically tested in this study. It is
of interest that one of the most common understtess in the FDP is a well known
myrmecophyte Hlumboldtig. Although it does not have the same symbiotic
relationships found of other ant-plantsAzfecaAcacia (Longino 1991);
CrematogasteiMacaranga(Fiala et al. 1989)), a consistent variety of apecses
have been found to commonly inhabit the hollowrnmbeles of the tree (Krombeat
al. 1999). Technomyrmex albipasas by far the most commonly observed ant on the
small trees in the SFR (N. Gunawardene, pers. obspugh the ant was widespread,
it was more abundant on the upper elevation phas the lower plot. Aslumboldtia
is found in high densities in the upper elevatigassin the FDP (Gunatilleket al.
2004b), analysis of the interactions between thasitpand the ant communities that

utilise it could be illuminating.
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The structural components of the vegetation orother hand do appear to be
influencing the distribution of ant assemblageshimitthe area surveyed. The
constrained ordination showed the clumping togetii¢he upper elevation plots and
the variability in assemblages in the lower elevaplots. Percentage of plant ground
cover, foliage density (0-50) and tree speciesesls all appear to have effects on the
ant species assemblages in the lower elevatios.pldhe no. of stems on the other
hand, appears to have an influence on the uppeatela plots. Medianeret al.
(2007) also found higher abundances and speciesess of litter arthropod fauna in

sites with higher numbers of plant stems and hilasal area.

However, according to the ordination, over 60%haf variation in the species
was not explained by the four plant variables. vaii®n and topography may explain
more of the variation in the ant assemblages, lictrrent study was limited in the
number of plots analysed, making the dataset lebast to multivariate analyses.
Future studies should sample further plots aloegstime slope using both collection
methods and collecting just after the first rairgason of the year. Analysis of
arboreal and shrub dwelling ants may also reveadrel trends in terms of the
relationship to tree species distribution. Ribetsal. (2003) found significant
relationships between arboreal ant species richena$s$ree species and tree density in
Brazilian cerrado. The 27 singleton ant specias Were excluded from the analysis
may provide further insight into the habitat redaships within the FDP. Even
though most of these appear to be ground dwellmg &yramicg Cerapachy}y

others are potentially arboreal an®&yématogasterCamponotups

Overall results do suggest that structural chamagssciated with the shifts in
vegetation composition from valley bottom to ridigg can significantly alter ant
species composition. Sheltered upper elevatiotiegubtan support high species
richness and can potentially act as harbours oflaetrsity in tropical forests in Sri
Lanka. Conservation of forest fragments with highographic variation in south-
west Sri Lanka has the potential to protect a lamggortion of ant species richness

found in the country.
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6. Can matrix habitat type determine the invasibiity of a forest edge? Assessing

the effect of matrix habitat on forest edges usingnts as indicator organisms

Abstract

Forest patches are no longer seen as islands @frsdi in a sea of
uninhabitable wasteland. An increasing numbertadiss now view the landscapes
surrounding forest patches as heterogeneous saamdesinks of non-forest diversity.
The habitats of the matrix (land surrounding a $oneatch) can affect the internal
dynamics of a forest patch by determining the degpewvhich edge effects penetrate.
By looking at ant assemblages within forest edgesddred by different matrix
habitats, significant differences were found betwassemblages within the edges.
Analysis of the ratios of disturbance tolerant aotf$orest dwelling ants also varied
with edge type and distance from forest/matrix edgenerally, the ratio declined
with distance from the forest/matrix edge but tbee$t adjacent to a matrix habitat
with low structural similarity and high disturbantéevels had much higher ratio
values that did not decline to natural riparianestiyels, even up to 100 m from the
border. It appears that even relatively large doremnants can be affected by the
surrounding matrix land uses and that encouradieggtowth of structurally similar
vegetation and minimising disturbance along thelbie should attenuate the effect of

the edge.

Key words: Formicidae, invasion, invasives, tropfoaest, forest patch, disturbance,

matrix habitat, edges, landscape heterogeneity

6.1 Introduction

Tropical forest remnants have often been viewecdhasitat islands in an
inhospitable sea of anthropogenically altered laagdss. However, over the last
decade or so, studies have viewed the landscapesisding forests as a matrix of
heterogeneous habitats rather than a homogeneesartdor wasteland of unsuitable
habitat (As 1999; Gascoet al. 1999; Ricketts 2001; Vandermeer & Carvajal 2001;
Baum et al. 2004; Guiradoet al. 2006; Kupferet al. 2006; Loveiet al. 2006).
Lindenmayeret al (2008) suggested that forest patches with sudiogn often
human-modified, matrix should be considered asspafta mosaic rather than as

independent units in a biogeographical context. has been shown that land
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surrounding forest remnants (hereafter referredagothe ‘matrix’) differentially
affects the biota within forest remnants (Abetgal. 1995; Mesquitat al. 1999; Jules
& Priya 2003; Kupferet al.2006). Thus, certain types of matrix can pro\adsource
of animals and plants that can enter the forestnamm (patch), as well as food
resources for patch dwellers (Janzen 1983). Cp0&2) found that in a successional
landscape, 24% of patch diversity was shared wghntatrix and that within natural,
discrete edges, ‘leakage’ of species across the ealg reach up to 500 m into either
habitat (Dangerfielet al. 2003). This ‘spill-over’ from the matrix into fase patches

and vice versa, can have a variety of effects achpdependent species.

One of the main concerns of forest conservation arahagement is the
maintenance of genetic diversity (Jennirgsal. 2001). The remaining patches in a
landscape require careful management, as theyeasddl as seed banks and source
populations for newly rehabilitated land (Thebauds&asberg 1997). The structure
and function of the matrix habitats can play aregnal role in determining the
integrity of a patch, and hence its long-term covesgon viability (Gasconret al.
1999; Renjifo 2001; Ricketts 2001; Kupfet al. 2006). Research has shown that
matrices that have the most structurally similagetation to the forest patch tend to
support a higher species diversity (Perfecto & \Ganteer 2002), can reduce tree
mortality at the patch edge (Mesquiga al. 1999), and can facilitate the use of
corridors and ‘stepping stones’ by patch dwellerad¢cess distant patches (Baatn
al. 2004).

Gasconet al. (1999) found that matrix which is structurally slanito the
patches can reduce the abiotic and biotic changmgyht about by edge effects (see
reviews of edge effects by Murcia (1995), Fagaal. (1999), Riest al.(2004), and
Harperet al. (2005)). These changes at the edge, such asdlt@croclimate, can be
reduced if the patch is buffered by vegetation ties a similar structure to the patch
(Kaposet al. 1997; Turton & Freiburger 1997). Majet al. (1997), in their study of
Atlantic rain forest in Brazil, suggested that gvesence of similarly structured cocoa
plantations at the edge of a reserve may have déoveeduce the effect of the edge
and hence the compositional differences in the @whmunity. Therefore, the

structure and quality of the matrix habitat can asta filter, either allowing the
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passage of species from habitat to habitat ortisglapecies within the forest patch
(Aberget al.1995).

The existence of a structurally similar matrix habican also facilitate
invasion of the patch by matrix dwellers. JanZE38@) suggested that pristine forests
surrounded by croplands could remain more ‘ecoldlyidntact’ compared to those
surrounded by secondary succession, as invasiomalyix-dwelling generalists
would be reduced. Secondary succession could supppulations of non-native
species thus providing a source-population for siva at the forest edge (With
2002). Patch edges with a distinct edge may develo edge dwelling plant
community which can insulate the patch from extephgsical conditions (Rannest
al. 1981; Schedlbaueat al.2007 ). This vegetation would normally ‘seal’ thdges,
effectively acting as a physical barrier to seespedisal (Cadenasso & Pickett 2001;
Lépez-Barreraet al.2007). Didham and Lawton (1999) found that patolih open
edges had detectable changes in microclimate #tah@ed two to five times further
inwards than patches with closed edges. Thushpatiges adjacent to similarly
structured matrix may experience a reduction ineedgsociated species and could

become more porous and hence susceptible to imzasio

The degree of human disturbance in and around dtah por the accessibilty
of a patch, may also facilitate the incursion ofasive species (Fine 2002).
Angelstam (1986) suggests that the steepness gidigeictivity gradient between the
matrix habitat and forest patch can determine dgrek of predation within the forest
by matrix-dwelling predators. He describes a maadlevhich an urban/forest gradient
would allow the highest amount of predation whempared to a less-disturbed
habitat/forest edge. Moffat al. (2004) and Guiradet al.(2006)also found similar
results, with forest remnants in urban areas beir@e prone to invasion by
‘synanthropic species’ (species adapted to livimghiiman modified habitats) than

forests adjacent to more rural landuses.

In the present study, ant assemblages within tige etfla large tropical forest
patch in south-western Sri Lanka were analyseeélation to four surrounding matrix
habitats. Each matrix habitat represented vargiegrees of structural contrast and
levels of anthropogenic disturbance. Penetratibrthe forest edge by matrix-

dwelling (disturbance tolerant) ants was used &i the effects of the different
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landuses. The results from this study should a#isésiSri Lanka Forest Department
and other land management agencies to decide wjpehof land use can best protect
the diversity of forest patches and provide guigafar the restoration of degraded
and abandoned agricultural land surrounding thesf remnants.

6.2 Methods

6.2.1 Study site

Collections were carried out along the edge of &iaja Forest Reserve
(SFR), an 11,000 ha reserve located in the Sabaraga Province in Sri Lanka (6°
21' N, 80° 21’ E) (Figure 6.1). Since patch sinelghape can influence the degree to
which different adjacent matrix habitats effect thatch (As 1999; Sobrinho &
Schoereder 2007), collection was standardised hectsgg sites that were located
along the edge of this large forest patch. Ihislargest remaining contiguous stand
of lowland, mixed dipterocarpgMesua-Shoredype) forest in the area, and covers a
series of east-west running ridges. It receivesvéen 4000 - 5000 mm of rain
annually and is visited by two monsoon seasonsndullay to July (south-west
monsoon) and during October to December (north-eamtsoon). Temperature
variability throughout the year is minimal, with aserage daily temperature of°Z7

(+/- 3°C) (Ashton 1992).

6.2.1 Description of matrix types

Sites were located within forest edges borderinmgetof the main landuses
surrounding the forest. These were pine plantaticimena fernlands and tea
plantation. A naturally created riparian edge whsesen for comparison with these
anthropogenically created edges. All sites hads#ime aspect, as this has been shown
to affect the degree of edge effects (Palik & Myra890).

The pine plantation is under the jurisdiction ofe ttfsri Lanka Forest
Department but is not patrolled by forestry off&cerThe pine is an exoti®inus
caribea, which was planted by the Forest Department inlébe 1970’s to protect
slopes deforested by agriculture (Ashtet al. 1998). Originally planted for
pulpwood, it is now used as part of a buffer zamédlineate the forest borders. The

plantation was never thinned, so the trees areefiepacked and reach to about 25 m
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in height. Most sections of the plantation arewdt®0 - 50 m in width and support

some understorey growth.

Figure 6.1. Collection sites are displayed on a Skanka Survey Department
map of the western half of Sinharaja Forest ReserveThe sites are located along
the forest edge bordered by pine plantation (P), @na fernlands (C), tea

plantation (T) and a natural river edge (N).

Fernlands commonly form in this region after shdticultivation is abandoned
and are often maintained by recurrent fires (Malzeaw & Gunatilleke 1988). The
sites in the fernland (chena) are dominated Bycranopteris linearis
(Gleicheniaceae), commonly known as kekilla fermick most likely established
after shifting cultivation was banned along thee&trborders in the early 1980s.
Dicranopteris linearis grows to about 1 m in height and forms a densercander
which a thick litter layer forms (Maheswaran & Gtilkeke 1988). This highly
successful, exotic coloniser can often persist findely in an area, effectively
inhibiting forest regeneration (Cohenal.1995).

The forest bordered by pine and chena are adjdoeiarest border villages

and are used as entry points for collection of timiber forest products by the
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villagers. Although the removal of timber is narmitted, there is some firewood

collection in these areas (N.R. Gunawardene, péss).

The tea plantation is privately owned by a smaldimy landowner and is
actively harvested. After establishment of the SiSRa protected area, only farms
established more than 100 years previously wemavell to remain along the forest
borders. While the land use may not always hawm bbea in this particular farm, it

has been owned by the same family for at leastgeverations.

The natural edge is bordered by ripararian vegetatirough which a small
path passes. While this is traversed regularlyilbggers, it is also the access path for
a Forest Department station that is permanentffesta This section of the river Gin
Ganga is about 20 m in width. The land use ondpposite bank varies from

farmland to secondary forest.

Collections were carried out in June 2005 (tea gdgecember 2005 (pine
edge), January 2006 (natural edge) and Februafy @b@na edge). Collections were
also carried out during these times within fourhampogenically disturbed areas
typical of the region (paddy field edge, rubberetq@antation, tea plantation and
fallow farm land). These were at least 2 km frév@ EFR borders. This was done in
order to assess which ant species are found iarbext habitats within the vicinity of

the reserve.

Samples were collected in two sites, 50 — 100 nitaywéhin each forest edge.
In each site, five sampling points were laid ouh&part along five parallel transects
(Figure 6.2). The transects ran parallel to thredtdmatrix edge and were placed at 2
m, 10 m, 30 m, 60 m and 100 m from the edge. @kponential spacing of transects
was done so as to maximise the potential for olrsgrehange at the forest matrix
edge. A maximum of 100 m from the edge was deetadae approaching forest
interior conditions (Harpeet al. 2005). Sampling was slightly altered for the
disturbed areas; five sampling points were laid Bun apart along two transects

within each of the disturbed areas.
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Figure 6.2. Layout of the 25 point sampling patten in the two sites within each
edge. All sites had similar aspects (south-westdiag) and a gently rising slope

gradient.

6.2.2 Ant sampling

Ants were sampled at each sampling point usingdstablished methods for
invertebrate collection, pitfall traps and Winkkextraction (Bestelmeyeat al. 2000).
Ants were sampled using only pitfall traps in th&tutbed areas since there was often
no leaf litter to be collected. The pitfall trapnsisted of a standard plastic drinking
cup (7 cm diameter) which was inserted into theugdoand filled with ~70 ml of
methylated spirits. The pitfalls were then cappéith another plastic cup with large
triangles cut out of the sides to provide a lightevent rainfall from flooding the cup.
After 72 hours, the material in the cups was ctdldcand washed with fresh

methylated spirits and returned to the lab.

In the forest sites, leaf litter was collected id an by 1 m quadrat and was
sifted using a Winkler litter sifter. The siftecaterial was then hung inside a Winkler
sack for 48 hours, with the leaf litter being remdvand shaken after the first 24
hours. All material collected in the Winkler saalkas then removed and stored in
ethanol.
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The material from the pitfall traps and Winkler lsmavas then sorted in a
laboratory and all invertebrates removed and storefD% ethanol. The ants were
separated from the sample, point mounted and fikghtio morphospecies. Once a
reference collection of point mounted specimens wragated all excess ants were
stored in 80% ethanol. Ants were identified tocsge where possible with certain
genera being sent to specialists for confirmatidnspecies. The wet and dry
specimens are housed in Peradeniya University Eoltgy Museum, with a mounted
representative collection stored in Curtin Univisrsof Technology Entomology

Museum.

6.2.3 Environmental variables

At each sampling point, air temperature (1 m abgveund level) was
recorded using a Centre 310 RS-232 humidity/tentperameter. Ground cover
characteristics of each point were quantified bdyresting the percentage coverage by
bare ground, leaf litter, large rocks, and plaetrst in a 1 rhquadrat. Also, in the
same quadrat, the number of dead branches and fafle trunks (>10 cm) were
recorded and the depth of the leaf litter was megsusing a ruler. Canopy cover
was estimated using a GR8ensitometefive times around each point. Data from
each sampling point were summed and averaged fdr #ansect. Understorey
foliage density was also estimated using a Levye fMajer 1981). The pole was
divided into four intervals: 0 (ground)-50 cm; 5@61cm; 101-150 cm; 151-200 cm;
and the number of points where the pole was toublyecegetation was counted. At
each interval, the number of plant touches for eaththe four recordings was
summed and divided by the total number of recoslitaken for the transect (five
points within a transect). Overall foliage densitgts then calculated for the transect

by adding the values of the four intervals.

6.2.4 Data analysis

For each sampling point, the data from each pitfalp and leaf litter sample
were combined as the two methods are consideregleamentary (see Chapter 2).
Then, the ants from the five points in each trane&ce combined and considered as
representing one sample, henceforth called a distaample. The sampling design
ensured that these five distance samples werecatgdi in the second site (in each
forest edge). The data from the two sites wera tt@nbined to get an overall ant
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species richness and abundance for each edge mypéomeach distance from the
edge. The same procedure was carried out witmitne environmental variables.
Species richness, abundance and all environmerdaiables were In (x+1)
transformed to reduce variance in the data. Lésdnrst for homogeneity of variance
was run to test whether the transformations weesjaate. Environmental variables
were then tested for co-linearity by running twieid Spearman rank correlations.
After co-linear variables were removed, a multiatgi general linear model (GLM)
was run on the transformed species richness, aboadand environmental data to
test if there were significant differences betweelge types and distances from the

edge.

The ant data from each edge type were then transfbrinto a
presence/absence matrix, which is a typical transition for ant species data due to
the tendency for ants to be spatially clumped (lbomg2000). The ant species
assemblages in each edge were compared using two-evassed analysis of
similarities (ANOSIM, Clarke & Warwick 2001)) using Bray-Curtis similarity
measure (Kruskal 1964). This enabled an assessofesignificant differences
between ant assemblages in each edge type and elwhgdistance sample. A
hierarchical cluster analysis (Clarke & Warwick 2D@sing group-average linkage
was then carried out to compare similarities in @asgemblages within each distance
sample within each edge. ANOSIM and cluster amalysere carried out using the
program Primer v.6.1.9 permanod-8.

Each ant species was then designated as eithéurldiace tolerant (D), if
they occurred in the disturbed areas; forest iotemhabitant (F), if they were
collected from the unlogged undisturbed forest (E&a3 and 4); or edge inhabitants
(E), if they were not found in either the intermrthe disturbed areas. Invasibility (1)
was calculated as the sum of disturbance toleratg €D) divided by the total
numbers of forest interior ants (F) and edge intiaals (E) for each distance sample

(j) using the equation
Iy =2>Dg / EFg +XEq)-

Overall | for each edge type was calculated byrsihihg | nearest the edge
from | furthest from the edge. This would giveiadication of the degree of change

in | within each edge type. Invasibility of eacistdnce sample was then projected
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onto a scatter-plot matrix against increasing distafrom the edge and a R-squared
linear regression line was fitted for each edgestyp@ll tests were carried out using
SPSS 15.0.

6.3 Results

6.3.1 Overview

Ant species collected in each edge type are showalble 6.1. The pine edge
had the highest species richness, followed by tteral edge, tea edge and chena
edge. Ninety eight species were caught in thestadges combined, and a further 15
species were caught solely in the disturbed ar#allgiraps. Overall abundance of
individuals was highest in the natural edge (> 35tllowed by chena (>1900), pine
(>1400) and tea (>1100).

6.3.2 Ant assemblages
The most abundant and frequently occurring anteweeuretus simorand

Solenopsissp. SL113, which were four times more abundanh ttiee next most
commonly occurring ants, a myrmicineSglenopsissp. SL038), a ponerine
(Odontomachusp. nrhaematodgsand a dolichoderinelTféchnomyrmekicolor), all

of these species were collected in especially migimbers in the natural edge site.
Twenty four species were represented by only orexisgen (singletons) and 32
species occurred in only one distance sample. &iige had the highest number of
species unique to it (19), followed by natural edt@); both tea and chena edge had
no unique species. In terms of distance from thgegethe most abundant species all
had their highest abundances in the 100 m distsautgles.

The GLM analysis indicated that abundance and epecichness were
significantly different between edge types, butyoatbundance changed significantly
with increasing distance from the edge (Table 6.Zhis was also reflected in the
two-way crossed ANOSIM, which showed that the aseablages in each edge type
were significantly different aP = 0.001 (Global R = 0.656); all pairwise tests aver
significant P < 0.05) except between tea and natural edges.CHnise seen in the
dendrogram from the cluster analysis, where thectlgge sites and the natural edge
sites are grouped close to each other (Figure 6FE)wever, tests for differences

between distance samples did not yield any sigmficlifferences.
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Table 6.1. All species collected in the study shawg the presence/absence of
species in each edge type: pine (P); chena (C); t€R); natural (N); and in the

disturbed area npitfall traps (D). Lighter shaded pecies are considered
disturbance tolerant ants found within the forest,species shaded dark are edge

inhabitants, and all others are either forest inteior or disturbance dwellers.

Family Genus Specie P C T N
Aenictinae Aenictu: binahami *
Amblyoponinau Amblyopon sp. SL12! *
Aneuretina Aneuretu simon * * *
Dolichoderina Bothriomyrme wroughton
Dolichoderu: sp. SLO8!
Tapinomi sp. SLO5! * *
Tapinom: sp. SL13:
Tapinomi sp. SL15I *
Tapinomi sp. SL15° *
Technomyrme albipes * *
Technomyrme bicolor * *
Formicinas Acropyg:i sp. SL20:
Anoplolepi: sp. SL19:
Camponotu sp. nrinfuscu: *
Camponotu sp. nrangusticollis *
Camponotu sp. SLO8: * *
Camponotu sp. SL13i
Camponotu sp. SL17! &
Camponotu sp. SL18
Lepisiote Sp. nrcapensi *
Lepisiote sp. SL18!
Oecophylli smaragdini *
Paratrechin: sp. SLOO: * *
Paratreching sp. SLO3I * * *
Paratreching bourbonici
Paratrechin: minutule g * *
Paratrechin: minutule g
Paratreching sp. SL18:
Plagiolepis sp. nralluaudi *
Polyrhachit convexe
Polyrhachit sp. (nrhippomanes ceylonen}is
Myrmicinae Acanthomyrme luciolae *
Cardiocondyl: wroughton
Cardiocondyl; nude *
Carebare sp. SLO1: * * *
Crematogaste sp. SLO2: *
Crematogaste sp. SL14i *
Crematogaste sp. SL17.
Crematogaste sp. SL18: *
Crematogaste sp. SL20: *
Meranoplu: bicolor
Meranoplu: rothney *
Monomoriun floricola gf * *
Monomoriun hildebrandigp M. cf. australicum * *
Monomoriun hildebrandigp M. nrsubcoecum
Monomoriun floricola *
Myrmicaria sp.A * * *
Pheidol¢ sp. SLOO! *
Pheidol¢ sp. SLO2' * *
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Table 6.1 cont'd

Family Genus Specie. P _C T N
Mvrmicinae Pheidole sp. SLO2! * o *
(cont'd Pheidol¢ sp. SLO3I *
Pheidol¢ sp. SL0O4! *
Pheidol¢ sp. SLO6: *
Pheidol¢ sp. SLO6 * *
Pheidol¢ sp. SLO7! *
Pheidole sp. SLO7
Pheidol¢ sp. SLO9: * * *
Pheidol¢ sp. SLOZ/ * *
Pheidol¢ sp. SLOZE * * *
Pheidol¢ sp. SLOZ( * *
Pheidol¢ sp. SL10° *
Pheidole sp. SL14; * *
Pheidole sp. SL18!
Pheidol¢ sp. SL19I
Pheidologeto sp. SLO1. * *
Pheidologeto sp. SL14. *
Pristomyrme sp. nrprofundu: *
Pyramice sp. SL15!
Pyramice sp. SL16I
Pyramice sp. SL16° *
Recurvidri pickburn sp m
Rhopalomasti rothney *
Solenopsi sp. SI103¢ * * *
Solenopsi sp. SL11. * * *
Strumigeny sp.sl-01 * *
Strumigeny sp. 4-02 *
Strumigeny sp. SL10! *
Strumigeny sp. SL18I @
Tetramoriun sp. SLOO: *
Tetramoriun sp. SLO1! *
Tetramoriun sp. SLO2I *
Tetramoriun sp. SLO5. *
Tetramoriun sp. SLO5! *
Tetramoriun sp. SLO5! * * *
Tetramoriun sp. SLOS! *
Tetramoriun sp. SLO5/ *
Tetramoriun sp. SLO8;
Tetramoriun sp. SL11! * *
Tetramoriun sp. SL12: * *
Tetramoriun sp. SL12' *
Tetramoriun sp. SL13. * *
Tetramoriun sp. SL16: *
Tetramoriun sp. SL18. *
Tetramoriun sp. SL19:
Tetramoriun sp. SL19
Vollenhovit sp. SL11! *
Vollenhovit sp. SL17 *
Vollenhovit sp. SL20I *
Ponerina Anochetu sp. nrlongifossatu *
Anochetu sp. nrnietner *
Anochetu sp. nrlongifossatu *
Cryptopon: testacee *
Hypoponer: sp. SLO1I * * *
Hypoponer: sp. SLO5: * *
Hypoponer: sp. SLOS!
Leptogeny sp. SL12! * *
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Table 6.1 cont'd

Family Genus Specie. C T N D
Ponerina Leptoaeny sp. SL15! L L 3 L
(cont'd) Leptogeny sp. SL19!
Odontomacht sp. nrhaematode * * *
Pachycondyl melanaria *
Pachycondyl sulcata
Pachycondyl jerdoni * * *
Ponere sp. SLO4! *
Total 34 41 47 37

Table 6.2. Results of multivariate GLM analysis okdge type and distance from

edge.

Source Dependent variable Type lll SS  df F Sig.

Corrected mod Ant species richne: 3.22:2 19 1.42(C .221
Ant abundance 14.223 19 1.292 .287
% stone cover 3.322 19 .618 .851
% plant cover 1.195 19 .892 .597
No. of branches .669 19 1.093 .422
Litter depth 3.367 19 5.292 .000**
% canopy cover 404 19 1.854 .090
Air temperatureC 517 19 1.030 .473
Foliage density 1.741 19 1.392 .235

Edge type Ant species richness | 1.871 3 5.224 .008**
Ant abundance 5.787 3 3.329 .040*
% stone cover .925 3 1.089 .377
% plant cover .185 3 874 471
No. of branches .058 3 599 .623
Litter depth .501 3 4,986 .010*
% canopy cover .030 3 .870 .473
Air temperatureC 117 3 1.480 .250
Foliage density .600 3 3.040 .053

Distance from edge Ant species richness | 1.042 4 2.182 .108
Ant abundance 5.289 4 2.282 .096
% stone cover 1.331 4 1.175 .352
% plant cover .159 4 565 .691
No. of branches 178 4 1.380 .276
Litter depth 1.525 4 11.38 .000**
% canopy cover .081 4 1.771 .174
Air temperatureC .081 4 770 558
Foliage density 430 4 1.631 .206

Edge x Distance  Ant species richness | .309 12 215 .996
Ant abundance 3.148 12 453 .920
% stone cover 1.067 12 314 .978
% plant cover .851 12 1.006 .478
No. of branches 433 12 1.121 .397
Litter depth 1.341 12 3.338 .008**
% canopy cover .293 12 2.128 .065
Air temperaturéC 319 12 1.004 .479
Foliage density 711 12 900 .563

* P<0.05 *P<0.01
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Figure 6.3. Dendrogram of distance samples withipine edge (P), chena edge
(C), tea edge (T) and natural edge (N). The numbegrindicate the distance from
the edge where the sample was taken. The dendrognashows grouping at the
50% similarity, which more or less splits the samgs into the edge types. Only
pine edge sample P2 was more similar to chena edga@mples than to the other
pine samples. Tea and natural edge samples were macsimilar to each other

than to the other edges.

6.3.3 Environmental variability

Spearman rank correlation results showed % barangrand % leaf litter
cover were highly correlatedP (< 0.05) with each other and with % stone cover, %
plant cover and litter depth. These two varialbbese removed from the data matrix
and the results of the GLM are shown in Table 6ldtter depth was the only
environmental variable associated significantlyhwibth edge type and distance from

the edge.

The average values against distance from edgeofor df the 12 measured
variables are shown in Figure 6.4. These graph# shat mean litter depth was the

highest at the border of the pine edge and wadasitol the natural edge. Litter depth
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declined in the natural edge much more gradualiyntht the pine edge. Average
temperatures in the chena and tea edges werelglitiftugh not significantly, higher

than the other two edge types. This situation weasnsed in terms of foliage density,
with the pine and natural edges having denser stalézs. Pine edge had very high
foliage densities at the border (2 m from matriy} declined sharply by 10 m from
the border.
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Figure 6.4. Changes in four of the nine environmeal variables (a, mean litter
depth; b, mean foliage density; ¢, mean air tempetare; and d, mean %canopy
cover) measured against distance from edge in eaeldge type.

6.3.4 Invasibility

Pine edge had the highest forest interior speabsess as well as disturbance
tolerant species. The natural edge had the highepbrtion of edge dwelling species
and the lowest number of disturbance tolerant sgedtigure 6.5). Altogether, there
were 22 species that were classed as disturbalezartb However, for eight of these
species only one specimen was collected. TheseAvauretus simon{Carebarasp.
SL012,Meranoplus rothneyi, Pheidolep. SLO0ZA,Pheidolesp. SL091,Tapinoma

sp. SL156,Technomyrmexlbipes and Technomyrmekicolor. With the exceptions
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of M. rothneyi and Tapinoma sp. SL156, all the others were found in great
abundances in the forest interior (see Chapters Zbese species were re-classed as
forest dwellers since they were so low in abundaimcéhe disturbed areas but

proportionally in far greater numbers in intactefsic Out of the 18 species that were

classed as edge dwellers, 10 were singletons.
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Figure 6.5. Total number of species showing proptions of disturbance tolerant
(D), edge inhabitant (E) and forest interior inhabtant (F) ants occurring in each

edge type.
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Figure 6.6. Proportions of disturbance tolerant (), edge inhabitant (E) and
forest interior inhabitant (F) ants with increasing distance from the edge within

each edge type.
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Overall, forest interior species richness increasedll edges, except chena,
with increasing distance from the edge (Figure.6.Bivasibility was highest in the
chena edge (7.22), followed by pine (0.75) andegges (0.32), and lastly by the
natural edge (0.22). In the scatter-plot matrigyFe 6.7), the chena edge showed the
most dramatic decline in invasibility with distanfrem the edge but still did not
approach the relatively lower values of the otheee edges. Tea edge and the
natural edge were the most similar in demonstratmg levels of invasibility, with
little change from edge to interior. Pine edgetlma other hand had high invasibility
at the edge but declined to similar levels as titenal edge with distance towards the

interior.
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Figure 6.7. Scatterplot matrix of invasibility with increasing distance from the
edge within each edge type. The R-squared lineaoefficient (R sq Linear) is

shown in the lower left hand corner of the figure.

6.4 Discussion

Conservation of tropical forest fragments is degemdn understanding the
changes that occur when population dynamics anclespaiteractions are altered as a
result of edge creation. The study of edge effactsopical forests is often carried

out in the context of increasing fragmentation ahé survival of species in
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increasingly small fragments. Yet, what constgute forest fragment can vary
contextually and exploration of the effects of esigedependent on the shape of the
fragment and the scale of the taxa under study (&EwWe Didham 2007). Small
patches are generally more prone to invasion byixndtvelling species, but even
relatively large fragments (> 40 sq km, just unkiglf the size of the SFR) have been
shown to have reduced diversity and increased trapegies presence compared to
intact forest (Bruhkt al. 2003).

However, large intact tracts of rainforest are rstatic, homogenous
landscapes; tree falls and landslides create edgés the forest ecosystem and
allow for a continuum of change. If these natuliaturbances are adjacent to a pool
of responding species that is different from thosemally present (invasive colonists
or exotics), then natural regeneration of the foreay be reduced, perhaps even
obstructed (Hobbs & Huenneke 1992). Hence, ifdihgree of change that occurs as a
result of the presence of an edge is greater tiandtural variation that occurs within

the forest, then the forest may start to loseatsservation value (Murcia 1995).

The present study adds to the growing body of reeedemonstrating how the
matrix land use surrounding a forest can influetiee degree of edge effect acting
upon a forest patch. The results show that theposition of ant assemblages within
forest bordered by different matrix land uses gnsicantly different and the degree
of invasibility of the forest edge is potentiallffexted by the structure and level of

disturbance of the forest/matrix edge.

The forest adjacent to pine showed a decreaseeinrdtio of disturbance
tolerant ants to forest dwelling ants as distamoenfthe edge increased, whereas
forest bordered by tea showed low initial value$ o real decline in the ratio as
distance from the edge increased. Based on tlessdts, the influence of the edge
could be interpreted as greater in forest nextine put these effects disappear after
about 100 m. Forest bordered by tea, on the dthed, has a low invasion rate but
the best fit line on the scatter-plot matrix coblextrapolated to mean the effects of
the edge could potentially extend much further itihe forest interior. Forest
bordered chena, though having high invasion rateerall, showed declines in
invasion levels as distance from edge increasdadalba showed that the influence of
the edge could extend beyond 100 m from the edge.
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Out of the human-made edges, pine plantation cbaldonsidered the most
structurally similar to the forest. Contrary topextations, there was high foliage
density and low canopy cover at the border of the/forest edge. This could be due
to the fact that there was difficulty in assesdimg location of the border between the
pine and forest as compared with the other thrgesd It is possible that the space
between the last pine row and the forest, onoedfifiith gap specialists, is now in the
process of succession and the forest border hasmeediffuse. The tall pine trees
would nonetheless offer a windbreak and a degreamdpy cover that may allow the
growth of forest interior understorey vegetatidn.the SFR, experiments that tested
the use of pine trees as a nurse species fordasb teee species during regeneration
have shown that the pine trees can provide a pie¢ecanopy for these shade
tolerant trees. However, thinning of the pine d&has to be carried out since the
pine stands would compete for resources with tleellseys, and dense beds of pine

needles can also create allelopathic conditionkt@eet al. 1997).

However, the physical variables that were measutispplayed minimal
differences between the edge types. It is postiblethe physical variables measured
did not adequately measure the influence of the eshgl so it is difficult to ascertain
what factors the ant species are actually respgntiin  Only litter depth was
significantly different between edge types and wiitkreasing distance from the
border. Litter dwelling ants and surface activdsamay be responding to the
availability of litter, which varies according the vegetation composition at the edge.
Maheswaran and Gunatilleke (1988) found significadifferences between
decomposition rates of forest tree litter dbdlinearis litter within the forest, this

could influence nesting patterns of litter dwelliaugt species.

The pine/forest edge was adjacent to a bordergall®uring field work for
this study, villagers were observed walking throtigé forest to collect non-timber
forest products (NTFP), and evidence of small tueedhood removal was also
observed. These minor disturbances could be tonimg to the presence of
disturbance tolerant ants all the way through tirest edge. Generally, large intact
tracts of rain forest are thought to be less sugaepo invasion by exotic species, as
long as human disturbance is minimal (Fine 200#)there has been continuous
disturbance to vegetation by humans in this edgesst dwelling ant species may

have gradually retreated from the area. ThussthEsequent resource release may
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have allowed disturbance tolerant and/or invasis & colonise the area (Dawes
al. 2000)

This could explain the lower levels of invasiontlie tea/forest edge. The tea
plantation was regularly harvested by the plantatners, so the forest behind it
was less accessible to other villagers. This didnecessarily mean that NTFPs were
not being harvested. However, there was no evelehd in the sampling sites. The
chena/forest edge, on the other hand, did showeru&lof recent palm sugar tapping.
Also, a very small patch of chena fernlands wasolesli about 80 m in from the
forest edge (outside the study sites), which condiicate a localised past disturbance
or tree fall area that has been colonised by thesfe This points to the alarming
potential for the fern to invade deeper into thee$b interior using tree falls as

‘stepping stones’ and preventing normal forest negation.

If only disturbance tolerant ants are examined,enofthe four edge types
showed a decline in these species. Two potengabans could be inferred:
disturbance tolerant ants have invaded the fordge ¢o greater than 100 m and
therefore the extent of edge effects is potentiallyher reaching than examined or
disturbance tolerant ants are naturally pervasiwoughout the forest at low
background levels and are only common in disturdres outside the forest due to
reduced competition from forest dwelling ants. \@#ro and Vasconcelos (1999)
found that ant communities in forest sites morentB80 m from an edge were

significantly different from those communities falwithin 200 m from the edge.

Of the 22 disturbance tolerant species found ingi@eforest, there were six
species that were deemed to be forest generai$tsrrthan truly disturbance tolerant,
as they were collected in the undisturbed forerior. There is the possibility that
the remaining 16 ant species are originally fodwetlling species that have managed
to colonise disturbed habitats outside the foredtae not actually invasive. Perhaps
only species such agnoplolepis gracilipes, Cardiocondyla nudaQecophylla
smaragdina and Odontomachussp. nrhaematodesan be confidently classed as
originally non-forest dwelling, as confirmed by ithgoresence in the Colombo
metropolitan area (N. Gunawardene pers. obs.). tDulke lack of data available on
the biogeography of Sri Lankan ants, it is diffictd confidently class the other ants

as truly invasive or just highly adaptable antsn the future, it would also be
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interesting to look at the composition of forestellimg ants in order to quantify the
percentage of endemic species present in the eWggsinghe and Brooke (2005)
found that endemic birds and small mammals in tRR 8id not utilise disturbed

habitats and were generally confined to foresssitdmetsu and Pardini (2007) found

similar patterns with endemic small mammals in Biaz Atlantic rain forest.

There is the potential that the differences in apecies richness and
assemblage between the edges could be due tciatpatchiness of the SFR. Studies
on the distribution of dominant tree species withie forest have shown habitat
specialization relating to topography and canopstudbance (Gunatillekest al.
2006). Vasconcelost al. (2003) also found ant species in the Amazon teeladed to
topographical variation. Hence, it is possibld tha ants in the edges are responding
to topographical differences within the edges. Sititese were not quantified in the
study, it is difficult to eliminate them as possibteterminants of ant species
distribution. Replication was also an issue irs ttudy, as there were only two sites
per edge type which reduces the interpretive p@iére dataset. This was a result of
difficulty in finding sites within edges that wermiform in aspect, elevation, and
vegetation, since all these factors would contgbwd increasing within-edge
variability and potentially cloud any between eggdterns. Multiple collections from
the same plots would increase the power of thesdat@nd allow for more in-depth

analysis of patterns.

The findings from this study do provide a steppistpne towards
understanding the responses of a particular taxordifferent edge conditions.
Around the SFR, pine plantations act as a goodebudfjainst edge effects, but
disturbance needs to be kept at a minimum to ptedisturbance tolerant ants from
colonising the area. Tealforest edges would be ribgt choice, as reduced
accessibility to the forest would minimize anthrgpoic disturbances and allow for
the edges to seal naturally protecting the fordgeecommunities. Chena/forest edge
should be rehabilitated to allow secondary sucoess» occur. If unchecked, this
fern has the potential to permeate the forest andecirreparable damage to the forest

ecosystems.

For patches that are surrounded by agricultural twat will most likely not
be restored or reforested in the future, allowihg edge to seal so that there is
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minimum invasion by matrix dwellers may be a morgprapriate form of

management for maintaining the biological integiifythe forest. In this case, it
would be better to maintain a land use that woulowafor edge-oriented plant

species to seal the edge and reduce anthropogmstichénce within the fragment.
However, for areas where forest will eventuallyelmeouraged to regenerate, it will be
more beneficial to have analog forest, or land usék vegetation that is more
structurally similar to the forest so that animakn flow across the borders and

recolonise regenerating areas.
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7. Synthesis

7.1  Overview- findings and conclusions
Species diversity appears to be declining in adintgs of the world. The

degree of loss in biodiversity can only be estimaike baseline information is
available on existing species (Pimet al. 1995). This study represents the first
comprehensive collection of ground dwelling antshe Sinharaja Forest Rerserve
(SFR), one of the last few relatively undisturbedett remnants in a biologically
diverse zone of Sri Lanka. The Wet Zone of Srikaaharbours the highest animal
and plant diversity for the whole island (Erdel&®9@); one third of the plant species
(845 species) is confined to this zone (Ashton &&illeke 1987). Dias (2002) lists
246 Sri Lankan ant species curated in the Kelabiyzersity and Colombo Museum
collections; the fact that 173 species were foumdmall sections of the western half
of SFR alone demonstrates the high ant diversitthefreserve and its potential to

harbour a high proportion of the ant diversitylod entire island.

Perhaps the fact that the reserve is an imporiatddical storehouse does not
need to be re-iterated by ants. However, thisysprdvides a baseline for the future
monitoring of the forest and its ant diversity. tidiut such baseline studies, changes
in the community may not be detected. The rolarié in ecosystem functioning is
well known (Wilson & Holldobler 2005); they fill ntiple roles as major predators
and scavengers and in some cases, as herbivooss. ol major predators in a forest
ecosystem can cause a ‘trophic cascade’ of inalelasgbivory, the consequence of

which is a reduction in overall biodiversity (Tergb et al.2001).

Gauging the ant diversity present in this resefge provides a standard for
which smaller fragments in the region can be coegén. The distinct assemblages
of ants within the three main collection areasdasihe reserve and along its edge
demonstrate the potential for further diversityb® harboured in smaller fragments.
The two main methods (Winkler extraction and pitfedpping) utilised in this study
allowed the collection of a large proportion of testimated species richness and
enabled the comprehensive analysis of species atmgEs across its variable
topography. The change in ant assemblages frontdawmd elevation on the slopes

of western SFR further emphasized the need to comsatire gradients within forest

154



reserves. Also, the fact that logged forest astsgeb of ground dwelling ants were
significantly different from the adjacent unlogggxest drove home the point that
this entire forest may have been permanently alfdrad logging not been terminated
in 1977.

The findings from the thesis also demonstrate #tereal influences along the
forest borders and the effects of the differentdlases in the matrix surrounding the
forest. Ant assemblages revealed the detrimemésepce of chena fernlands along
the forest edge. The results add to studies @na Bhown that regeneration of forest
is arrested due to dominance of invasive shrubdernest clearings (Schrumpt al.
2007).

7.2 Critique and future directions

The major disadvantage in the statistical robustradsthe data set was the
number of sites studied. Since four collectionsenearried out in each site in order
to account for possible seasonal effects, collastio more sites were not feasible as
man-power was limited. Since seasonal differemeeasinfall and temperature did
not appear to affect overall ant capture ratestipielcollections in one site did not
appear to be necessary. In the future, ant calestin this region need only occur

once, and at most twice, in one year in one catiecrea.

Even at such high intensity of collection, as wasied out in each plot in the
three main forest areas, relatively high numbersgletons were collected. It points
to an overall rarity and patchiness of ant spegeshaps emulating the rarity and
patchiness of particular tree species. The rafityo many species in the collection
perhaps increases the resistance of the reserugvasion by exotics. Lyons and
Schwartz (2001) have demonstrated, using experahtdmnianing of grassland species,
that removal of rare species, as opposed to abtisgacies, increases susceptibility

to invasion by exotics.

It could also point to the presence of a compomérihe biota that was not
effectively collected by the sampling methods. fEhgere a number of ants that were
incidentally collected either on tree falls or framply dropping out of the canopy
(see Appendix). For example, fiveolyrhachis species Rolyrhachis aculeata

gibbosa, Polyrhachis yerburyi,Polyrhachis thrinax, Polyrhachis rastellata,and
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Polyrhachis aedipyswere collected solely by hand collection and theneefvere not
included in any of the analyses. Other commonhopa dwelling ant genera, such as
Dilobocondylaand Cataulacus were also caught by opportunistic collection.tuire
studies in western SFR should look at canopy daghlints, as they may have a closer
relationship with tree species distribution. Cdiien in eastern SFR would also be
necessary to gain a better perspective of the gpaties diversity of the reserve.
Eastern SFR has a longer elevation range, with sofmihe upper slopes being
dominated by monotypic stands$iiorea garneri This difference in topography and

vegetation indicates the potential for a much gneant species diversity to exist.

As this was a study focusing on SFR, there is tbeergial that it is not
representative of the remaining forest patchehénregion. The SFR is relatively
well protected and the public are not permittedt @agertain point in the forest.
Surrounding forest patches could contain a verfeift set of ants as many of the
patches are disturbed or degraded. Further sthduld be carried out in these
patches and comparative studies made to assestatins of the ant communities.
Another potential factor that was not analysed slape aspect. Gunatillelat al.
(2006) make reference to the differences in trezcisg distribution in relation to
aspect within the Forest Dynamics Plot. All siteshis study had a south west facing
aspect; it would be of interest to see whetherettae significant differences in ant

assemblages on north facing slopes of the reserve.

Another issue was that multiple year comparisonseweot made. In
retrospect, collections should have been made icetim one year and twice in the
following year, rather than four times in one yeaHowever, as the SFR is a
dipterocarp dominated forest, the potential issuitb multiple year study in the SFR
is the mast fruiting events that occur every fewarge Increased resource availability
and hence increased ant activity would potentialyud any spatial distribution
patterns. Unfortunately, current research pomts variety of causes of mast fruiting

events, making its predictability difficult.

It would be a great boon to understanding spaiittibdution of ants in Sri
Lanka if similar high density collections were tocar in forested areas in other parts
of the country. Large tracts of dry forest ocauthe Dry Zone of the country. Thus,

comparisons of ant species diversity along a ntwrteouth gradient would provide
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further information on the factors that influengasal distribution of the ant species

in Sri Lanka
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8. Appendix.

Table 8.1. List of ant species collected in westeSinharaja Forest Reserve, Sri Lanka showing theioccurrence (*) in the different collection areas:

Logged forest (L); Unlogged forest (U); Forest Dynanics Plot (FDP); Edge sites (E); Disturbed areas (Pand hand collected species (H). Species

were determined by taxonomist (far right column) orby author using available keys. Highlighted spees were not included in analyses.

Subfamily Genus Species Code L U FDP E D H Keys uke Det. by
Aenictinae Aenictus binghami Forel SL014 * * * * * Bingham 1903 N.R. Gunawardene
Aenictus sp.nr punensis Forel SL124 * * * Bingham 1903 N.R. Gunawardene
Amblyoponinae Ambylopone sp. nramblyops Karavaeiev SL128 * * Wu 2001 N.R. Gunawardene
Myopopone Head only mayb®/. castanea head * Bingham 1903 N.R. Gunawardene
Smith only
Aneuretinae Aneuretus simoni Emery SL008 * * * * Bingham 1903 N.R. Gunawardene
Cerapachyinae Cerapachys sp.dohertyi-cribrinodis gp. sensu  SLO11 * M. L. Borowiec
Brown 1975
Cerapachys sp. SL026 * * *
Cerapachys sp. SL074 * *
Cerapachys sp. SL101 * * *
Cerapachys sp. SL104 * *
Cerapachys sp. SL106 * * *
Cerapachys sp. SL111 *
Cerapachys fragosus (Roger) SL130 * M. L. Borowiec
Cerapachys sp. SL144 *
Cerapachys sp. SL152 *
Cerapachys sp. SL165 *
Cerapachys typhlus (Roger) SL173 * M. L. Borowiec
Cerapachys sp. SL217 *
Cerapachys sp. SL215 *
Cerapachys sp. SL216 *
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Table 8.1 cont'd

Subfamily Genus Species Code L U FDP E D H  Keys used Det. by
Dolichoderinae Bothriomyrmex  wroughtoni Forel SL158 * Bingham 1903 N.R. Gunawardene

Dolichoderus sp. SLO75 *

Dolichoderus sp. SL089 * * * *

Tapinoma sp. SL056 * * *

Tapinoma sp. SL131 * * *

Tapinoma sp. SL147 *

Tapinoma sp. SL156 *

Tapinoma sp. SL157 *

Technomyrmex  albipes (Fr. Smith) SL004 * * * * Bingham 1903 N.R. Gunawardene

Technomyrmex  bicolor Emery SL007 * * * * Bingham 1903 N.R. Gunawardene
Ectatomminae Gnamptogenys  laevior gp. sp.nidelta sp nv or SL110 * Lattke 2004 N.R. Gunawardene

lacunosa sp nv

Gnamptogenys  coxalisgp sp nibinghami Forel SL171 * Lattke 2004 N.R. Gunawardene
Formicinae Acropyga sp. SL093 * *

Acropyga acutiventris Roger SL203 * Bingham 1903 N.R. Gunawardene

Anoplolepis gracilipes (Smith) SL194 * Bingham 1903 N.R. Gunawardene

Camponotus sp. SL034 * * *

Camponotus sp. SLO60 * * * *

Camponotus sp. SL083 * * * * *

Camponotus sp. SL138 * * *

Camponotus sp. SL169 *

Camponotus sp. SL172 *

Camponotus sp. SL179 *

Camponotus sp. SL187 * *

Camponotus sp. SL213 *

Camponotus sp. SL212 *

Forelophilus sp. SL092 *

Lepisiota (Acantholepis) sp. nrcapensis SL126 * * Bingham 1903 N.R. Gunawardene

(Mayr)
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Table 8.1 cont'd

Subfamily Genus Species Code L FDP H  Keys used Det. by
Formicinae Lepisiota sp. SL189
cont'd Myrmoteras binghami Forel SL039 * Bingham 1903 N.R. Gunawardene
Oecophylla smaragdina (Fabricius) SL178 Bingham 1903 N.R. Gunawardene
Paratrechina sp. SL001 * *
Paratrechina sp. SL036 * *
Paratrechina bourbonica (Forel) SL088 * Dr. S. Shattuck
Paratrechina minutula (Forel) gp. SL105 * * Dr. S. Shattuck
Paratrechina minutula (Forel) gp. SL181 Dr. S. Shattuck
Paratrechina sp. SL183
Plagiolepis sp. nralluaudi Wetterer SL198 N.R. Gunawardene
Polyrhachis (Myrmhopla) hippomanes SL068 Dr.R. Kohout
ceylonensis Emery
Polyrhachis (Hemioptica) bugnioni Forel SL069 * * Dr.R. Kohout
Polyrhachis (Myrma) illaudata Walker SL085 * Dr.R. Kohout
Polyrhachis (Myrma) convexa Roger SL192 Dr.R. Kohout
Polyrhachis (Myrmhopla) sp. (nrhippomanes SL195 Dr.R. Kohout
ceylonensis)
Polyrhachis (Myrma) aculeata gibbosa Forel SL204 * Dr.R. Kohout
Polyrhachis (Myrma) yerburyi Forel SL205 * Dr.R. Kohout
Polyrhachis (Myrmothrinax) thrinax Roger SL206 * Dr.R. Kohout
Polyrhachis (Cyrtomyrma) rastellata (Latreille) SL208 * Dr.R. Kohout
Polyrhachis (Myrmhopla) aedipus Forel SL209 * Dr.R. Kohout
Pseudolasius familiaris (Smith) SL140 * Bingham 1903 N.R. Gunawardene
Leptallininae Protanilla sp. SL080 *
Protanilla sp. SL108 *
Protanilla sp. SL129 *
Myrmicinae Acanthomyrmex luciolae Emery * Moffett 1986 N.R. Gunawardene
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Table 8.1 cont'd

Subfamily Genus Species Code L FDP H  Keys used Det. by
Myrmicinae Cardiocondyla  nuda Mayr * Bingham 1903 N.R. Gunawardene
cont'd Cardiocondyla  wroughtoni Forel Bingham 1903 N.R. Gunawardene
Carebara Subgenu®ligomyrmex * * N.R. Gunawardene
Carebara Subgenu®ligomyrmex * N.R. Gunawardene
Cataulacus latus Forel SL024 * Bolton 1974 N.R. Gunawardene
Cataulacus simoni Emery SL120 Bolton 1974 N.R. Gunawardene
Crematogaster  sp. SL022 * * Crematogaster
Crematogaster  sp. SL062 * * currently
Crematogaster  sp. SL119 * being
Crematogaster  sp. SL136 * determined by
Crematogaster  sp. SL146 Dr. S. Hosoishi
Crematogaster  sp. SL148 *
Crematogaster  sp. SL174
Crematogaster  sp. SL182
Crematogaster  sp. SL202
Dilobocondyla  sp. SL214 *
Meranoplus loebli sp nv SL018 * Shodl 1998 N.R. Gunawardene
Meranoplus bicolor (Guérin-Méneville) SL188 Shodl 1998 N.R. Gunawardene
Meranoplus rothneyi Forel SL196 Shodl 1998 N.R. Gunawardene
Monomorium floricola gp. SL023 * * Dr. B. Heterick
Monomorium hildebrandti gp sp. cfaustralicum  SL025 * * Dr. B. Heterick
Forel
Monomorium destructor gp. SL137 * * Dr. B. Heterick
Monomorium hildebrandti gp sp. nrsubcoecum SL161 Dr. B. Heterick
Emery
Monomorium floricola Jerdon SL170 * Dr. B. Heterick
Myrmecina curtisi Donisthorpe SL116 Tiwari 1994 N.R. Gunawardene
Myrmicaria brunnea Saunders SL032 * * N.R. Gunawardene

161



Table 8.1 cont'd

Subfamily Genus Species Code L FDP D H  Keys used Det. by
Myrmicinae Myrmicaria sp. A (Bolton) SL043 * N.R. Gunawardene
cont'd Pheidole sp. SL006 * Pheidole

Pheidole sp. SL019 * currently

Pheidole sp. SL027 * being

Pheidole sp. SL028 * determined by

Pheidole sp. SL029 Dr. K. Eguchi

Pheidole sp. SL030 *

Pheidole sp. SL049 *

Pheidole sp. SL063 *

Pheidole sp. SL064

Pheidole sp. SL067 *

Pheidole sp. SLO70 *

Pheidole sp. SLO77 * *

Pheidole sp. SL090

Pheidole sp. SL091 *

Pheidole sp. SL099

Pheidole sp. SL0Za *

Pheidole sp. SL0Zb * *

Pheidole sp. SL0Zc * *

Pheidole sp. SL107

Pheidole sp. SL142 *

Pheidole sp. SL185 *

Pheidole sp. SL190 *

Pheidologeton  sp. SLO013 *

Pheidologeton  sp. SL141 *

Pristomyrmex sp. nrprofundus Wang SLO017 * Wang 2003 N.R. Gunawardene

Pyramica sp. SL143 Pyramica

Pyramica sp. SL159 * currently
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Table 8.1 cont'd

Subfamily Genus Species Code L FDP H  Keys used Det. by
Myrmicinae Pyramica sp. SL160 being
cont'd Pyramica sp. SL163 * determined by
Pyramica sp. SL164 * Dr. B. Fisher
Pyramica sp. SL167
Recurvidris pickburni sp. nv SL095 * * Bolton 1992 N.R. Gunawardene
Rhopalomastix ~ rothneyi Forel SL133 * * Xu 1999 N.R. Gunawardene
Rhopalothrix sp. SL102 *
Rogeria sp. SL057
Solenopsis sp. SL038 *
Solenopsis sp. SL113
Srumigenys sp. sl-01 SL003 * Dr. B. Fisher
Srumigenys sp. sl-02 SL044 * Dr. B. Fisher
Srumigenys sp. SL098 *
Srumigenys sp. SL109
Srumigenys sp. SL180
Tetramorium sp. SL002 * Tetramorium
Tetramorium sp. SL015 currently
Tetramorium sp. SL020 being
Tetramorium sp. SL054 * determined by
Tetramorium sp. SLO55 * Dr. S. Yamane
Tetramorium sp. SL058 *
Tetramorium sp. SL059
Tetramorium sp. SLO5A * *
Tetramorium sp. SLO05B * *
Tetramorium sp. SL082 *
Tetramorium sp. SL117 *
Tetramorium sp. SL118 *
Tetramorium sp. SL123 *
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Table 8.1 cont'd

Subfamily Genus Species Code FDP D H Keysused Det. by
Myrmicinae Tetramorium sp. SL127 *
cont'd Tetramorium sp. SL134 *
Tetramorium sp. SL135
Tetramorium sp. SL162 *
Tetramorium sp. SL184
Tetramorium sp. SL191 *
Tetramorium sp. SL197 *
Tetramorium sp. SL210 *
Tetramorium sp. SL211 *
Tyrannomyrmex sp. nv SL151 * Dr. G. Alpert
Vollenhovia sp. SL033 *
Vollenhovia sp. SL115 *
Vollenhovia sp. SL149 *
Vollenhovia sp. SL177
Vollenhovia sp. SL200
Ponerinae Anochetus sp. nrlongifossatus Mayr small SL035 Brown 1978 N.R. Gunawarden
Anochetus sp. nrnietneri (Roger) SL037 * Brown 1978 N.R. Gunawardene
Anochetus sp. nrlongifossatus Mayr big SL042 * Brown 1978 N.R. Gunawarden
Anochetus sp.nr nietneri (Roger) SL168 * Brown 1978 N.R. Gunawardene
Cryptopone testacea Emery SLO010 * Bingham 1903 N.R. Gunawardene
Discothyrea sp. SL050 *
Harpegnathos  saltator Jerdon SLO71 * * Bingham 1903 N.R. Gunawardene
Hypoponera sp. SLO16 * Hypoponera
Hypoponera sp. SLO51 currently
Hypoponera sp. SL052 being
Hypoponera sp. SL066 * determined by
Hypoponera sp. SL114 * Dr. T. Varghese
Leptogenys sp. SL041
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Table 8.1 cont'd

Subfamily Genus Species Code L FDP H Keysused Det. by

Ponerinae Leptogenys sp. SLO65 * * Leptogenys

cont'd Leptogenys sp. SLO72 * currently being
Leptogenys sp. SL125 * determined by
Leptogenys sp. SL155 Dr. T. Varghese
Leptogenys sp. SL175 *
Leptogenys sp. SL176 *
Leptogenys sp. SL199
Myopias amblyops Roger SL132 * Bingham 1903 N.R. Gunawardene
Odontomachus  sp. nrhaematodes Linnaeus SL153 Bingham 1903 N.R. Gunawaslen
Pachycondyla (Bothroponera) rufipes Jerdon SL046 * * Bingham 1903 N.R. Gunawardene
Pachycondyla (Mesoponera) melanaria Emery SL053 * * Bingham 1903 N.R. Gunawardene
Pachycondyla (Bothroponera) sulcata Frauenfeld SL096 * Bingham 1903 N.R. Gunawardene
Pachycondyla (Ponera) truncata Smith SL100 * * Bingham 1903 N.R. Gunawardene
Pachycondyla (Brachyponera) jerdoni Forel SL154 Bingham 1903 N.R. Gunawardene
Ponera sp. SL048 * *

Pseudomyrmicinae Tetraponera difficilis (Emery) SL121 * Ward 2001 N.R. Gunawardene
Tetraponera attenuata F. Smith SL166 * Ward 2001 N.R. Gunawardene
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