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Figure 3.2: Maximum parsimony haplotype network for the major COI clades. Colored 

circles represent haplotypes, with size corresponding to haplotype frequency. Single lines 

correspond to single mutation steps (i.e., one base-pair change) and small open circles 

represent extinct or unsampled haplotypes.
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Figure 3.3: The Bayesian phylogeny for the cyclopoid COI gene (a) shows different 

mitochondrial lineages inhabiting Lake Poso and each of the Malili lakes. These lineages 

are supported in Bayesian phylogeny for the ITS1 region (b), indicating each species is 

distinct. Numbers in parentheses indicate the number of sampled individuals within the 

clade or haplotype. Node supports are posterior probabilities followed by bootstrap 

values. 
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Figure 3.4: Observed (open circles) and expected (closed circles) pairwise mismatch 

distributions COI sequences of diaptomid populations from Lake Poso and the Malili 

lakes. Unimodal distributions indicate population growth.
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Species name /  

Sampling Site 
ID Latitude Longitude N Nh h π Mean genome size (pg ± SE) 

Phyllodiaptomus sulawesensis TD   59 4 0.530 0.068 0.81 ± 0.02 

Tondano East TD1 1°13'02.57"N 124°54'05.59"E 24 2 0.507 0.068  

Tondano Center TD2 1°13'09.03"N 124°53'39.65"E 20 4 0.574 0.068  

Tondano West TD3 1°13'09.11"N 124°53'06.57"E 15 2 0.533 0.072  

Neodiaptomus lymphatus PO   34 34 1.0 0.012 0.67 ± 0.03 

Poso North PO1 1°48'05.36"S 120°37'00.38"E 5 5 1.0 0.011  

Poso Center PO2 1°54'09.69"S 120°37'01.91"E 22 22 1.0 0.013  

Poso South PO3 2°00'07.51"S 120°40'06.39"E 7 7 1.0 0.008  

Eodiaptomus wolterecki var. matanensis MA   99 37 0.947 0.006 0.75 ± 0.01 

Matano Northwest MA1 2°27'00.79"S 121°15'00.33"E 26 15 0.945 0.005  

Matano Center MA2 2°28'01.18"S 121°18'00.93"E 42 19 0.906 0.005  

Matano Southeast MA3 2°30'02.66"S 121°24'09.99"E 16 9 0.867 0.004  

Petea outlet MA4 2°32'06.07"S 121°28'08.50"E 15 9 0.924 0.006  

Eodiaptomus wolterecki MH   96 50 0.936 0.011 0.74 ± 0.03 

River Petea MH1 2°33'16.30"S 121°31'23.92"E 3 3 1.0 0.005  

Petea mouth MH2 2°34'24.61"S 121°30'29.96"E 22 10 0.814 0.007  

Mahalona East MH3 2°34'33.90"S 121°30'16.23"E 31 24 0.961 0.017  

Mahalona Center MH4 2°35'15.60"S 121°29'36.40"E 25 14 0.893 0.008  

Mahalona West MH5 2°35'43.74"S 121°28'52.06"E 15 9 0.905 0.008  

Eodiaptomus wolterecki TO   130 44 0.913 0.012 0.73 ± 0.02 

Tominanga mouth TO1 2°39'58.10"S 121°31'32.51"E 16 11 0.908 0.031  

Towuti North TO2 2°42'05.83"S 121°35'02.41"E 17 12 0.941 0.007  

Towuti East TO3 2°48'08.43"S 121°33'01.92"E 13 9 0.910 0.007  

Towuti West TO4 2°49'08.95"S 121°27'06.55"E 84 27 0.902 0.009  

Total    418 153 0.971 0.107  

 

Table 3.1: Mitochondrial DNA genetic diversity indices and genome sizes of diaptomid populations from Sulawesi. N, number of 

individuals; Nh, number of haplotypes; h, haplotype diversity; π, nucleotide diversity.
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Table 3.2: Primer pairs and thermal cycling programs used for the COI, ITS1, 18S, and 28S amplification. Locality names are defined 

in Table 3.1.

Marker Population 
Primer 

pair 

Amplicon 

size (bp) 
Sequence (5'-3') Source Cycling program 

COI 

TD, MA, 

TO, All 
cyclopoids 

HCO2198 
680 

TAA  ACT  TCA  GGG  TGA  CCA  AAA  AAT  CA 
Folmer et al. 1994 

94° for 3m; 

5 cycles of [94° for 45s, 45° for 45s, 72° for 45s]; 

30 cycles of [94° for 45s, 50° for 45s, 72° for 45s]; 

72° for 4m 

LCO1490 GGT  CAA  CAA  ATC  ATA  AAG  ATAT  TGG 

PO 
HCO2198 

625 
TAA  ACT  TCA  GGG  TGA  CCA  AAA  AAT  CA Folmer et al. 1994 

SWR1 TAT  TTA  ATT  GCW  GGY  GCT  TG This study 

MH 
SWF1a 

585 
TAT  AGT  AAT  TGC  KCC  YGC  T This study 

LCO1490 GGT  CAA  CAA  ATC  ATA  AAG  ATAT  TGG Folmer et al. 1994 

ITS1 All 
ITS5 

765 
GGA  AGT  AAA  AGT  CGT  AAC  AAG  G 

White et al. 1990 
95° for 1m; 
35 cycles of [95°for 30s, 50° for 30s, 72° for 50s]; 

72° for 7m ITS4 TCC  TCC  GCT  TAT  TGA  TAT  GC 

18S All 

SSU-531 

385 

CCG  AGG  CCC  CGT  GAT  TGG  AAT  GAG 

Crease and Colbourne 

1998 

94° for 4m; 

2 cycles of [94° for 30s, 60° for 45s, 72° for 3m]; 
5 cycles of [93° for 30s, 55° for 45s, 72° for 3m]; 

29 cycles of [93° for 30s, 50° for 1m, 72° for 3m]; 

72° for 8m 

SSU-1085R CTC  TGT  CGC  CGC  AGT  ACG  AAT  GCC 

28S All 
28ee 

1280 
ATC  CGC  TAA  GGA  GTG  TGT  AAC  AAC  TCA  CC Hillis and Dixon 1991 40 cycles of [94° for 30s, 55° for 30s, 72° for 

1.5m]; 

72° for 6m D8r GAG  TCA  AGC  TCA  ACA  GGG  TCT  TCT  TTC  CC Omilian and Taylor 2001 
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Clade Tajima’s D Fu’s FS Mismatch distribution 

 D p FS p τ p 

TD1 n/a - n/a - n/a - 

TD2 -1.513 > 0.10 -2.176 0.087 3.00 0.378 

PO -1.710 > 0.05 -34.447 < 0.001 5.324 0.169 

MA/MH -1.551 > 0.05 -86.316 < 0.001 2.916 0.616 

TO -0.397 > 0.10 -20.257 < 0.001 6.365 0.872 

Table 3.3: Results of diaptomid population demographic analyses for Tajima’s D, Fu’s 

FS, and mismatch distributions. Significant values are highlighted in bold. 
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 TD1 TD2 PO MA/MH TO 

TD1 0     

TD2 0.154 0.003    

PO 0.205 0.204 0.012   

MA/MH 0.259 0.220 0.237 0.017  

TO 0.268 0.233 0.222 0.127 0.011 

Table 3.4: Mean corrected p-distances between major diaptomid COI clades. Italic 

values along the diagonal are average within-group distances. 
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CHAPTER IV 

GENERAL DISCUSSION 

Final summary 

In this thesis, I present insights into speciation processes by investigating the 

species-flocks of the Malili Lakes of Sulawesi, Indonesia. I embarked on this endeavour 

by first reviewing the evolutionary research conducted in the Malili Lakes and 

highlighting trends in speciation patterns. Many of the taxa in the Malili lakes have 

undergone adaptive radiations with respect to trophic specialization, developing an array 

of morphological and behavioural traits to exploit specific resources. This fact, in 

addition to the extreme oligotrophy of the lakes, suggests that bottom up processes are 

responsible for high levels of speciation. That is, intraspecific competition for extremely 

limited resources has driven taxa to specialize for specific food sources. Furthermore, 

hybridization between closely related lineages appears to be an important evolutionary 

process. While its role remains somewhat uncertain and probably varies between taxa, it 

is clear that hybridization is common and likely drives diversification by increasing 

phenotypic diversity within populations. 

In the third chapter, I explored the evolutionary histories of copepod populations 

from Sulawesi. I found that colonization order is likely responsible for the distribution of 

zooplankton in freshwater ecosystems. Priority effects (e.g., competitive exclusion) then 

maintain these distributions and prevent further colonization of ecologically similar 

species (De Meester 2002). Consistent with other Malili lakes species-flocks, I also found 

that hybridization may be a common phenomenon in planktonic taxa and plays an 

important role in their speciation. Furthermore, divergence was only found in the 
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mitochondrial genome, demonstrating that some genomic elements can diverge while 

others remain homogenous between differentiated hybridizing lineages. This is consistent 

with the idea of “porous” genomes which suggests that the genomes of hybridizing 

species can form a mosaic of divergent and homogenous regions. Disruptive selection 

can drive divergence of particular genes, their surrounding regions (divergence 

hitchiking), and other interacting elements (e.g., mitochondria), while selectively neutral 

loci are free to recombine and homogenize (Gavrilets and Vose 2005; Via and West 

2008). This can result in species that remain distinct and separate despite consistent 

hybridization between them. 

Closing thoughts 

One of the overarching questions in speciation research is why adaptive radiations 

occur so often in ancient lakes. I argue that high rates of speciation in these systems are 

driven by a unique interaction between environment and genetics that is absent in other 

types of ecosystems. First, the environment of ancient lakes is extremely conducive to 

speciation. These long-lived lakes have undergone substantial environmental fluctuations 

over much longer timescales than other young lakes (see Cristescu et al. 2010). Thus, 

ancient lakes represent persistent, isolated habitats that are in constant change. Marine 

and continental species often respond to shifting environmental conditions by shifting 

their geographic distributions (Davis and Shaw 2001; Beaugrand et al. 2002). In ancient 

lakes however, species are well adapted to the local environment have little opportunity 

to disperse to ecologically similar habitats (i.e., refugia). Environmental fluctuations 

often resulted in alternating periods of sympatry and allopatry, population bottlenecks, 

and varying selective pressures as habitats changed (e.g., Rüber et al. 1999; Cristescu et 
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al. 2003; Genner et al. 2010). Over geological timescales, such environmental variation 

would either drive species to extinction, or select for species with a high capacity to adapt 

to changing and unpredictable conditions. I suspect that many ancient lake species have 

evolved mechanisms to enhance their capacity for local adaptation (e.g., higher mutation 

rates, phenotypic plasticity, strong habitat preference), though this remains to be tested. 

The same adaptations would also be conducive to speciation. 

The second factor important for driving speciation is a genetic predisposition to 

speciate. This is in part determined by genetic architecture, the physical arrangement of 

elements in the genome (Bell and Travis 2005). Thus, different taxa carry with them an 

intrinsic tendency toward speciation, evidenced by the occurrence of multiple adaptive 

radiations in the same lineage (Seehausen 2006). As previously discussed, species in 

ancient lakes are subject to repeated periods of sympatry and allopatry, founder effects, 

and varying selection regimes. Over time, this process produces many differentiated 

lineages which come into secondary contact. Gene flow between these lineages has the 

potential to increase phenotypic diversity through transgressive segregation, the 

appearance of extreme or novel phenotypes (Seehausen 2004; Bell and Travis 2005; 

Mallet 2007). This may increase the probability of speciation through two main 

mechanisms: 1) the production of hybrids with higher phenotypic diversity, facilitating 

colonization of new niches, and 2) introgressive hybridization, resulting in genomic 

changes in hybrids or parental populations which make them more inclined to speciate 

(i.e., through new linkages between mate preference, habitat preference, sexual, and 

ecological traits). The combination of long-term environmental heterogeneity and 
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intermittent hybridization between lineages in ancient lakes creates a unique situation 

where speciation is common. 

There are also several interesting avenues for future research in this area. One 

potential is to confirm the prevalence of hybridization among freshwater zooplankton 

populations with a meta-analysis of multilocus studies over a broader taxonomic and 

geographic range. Widespread hybridization would demonstrate the pervasiveness of 

overlapping species boundaries in taxa which are distributed as metapopulations. 

Furthermore, this would highlight the importance of hybridization as a creative 

evolutionary force. 

Another research area worthy of exploration is the relationship between gene flow 

and phenotypic diversity. While many studies now show that introgressive hybridization 

increases phenotypic diversity in hybrids as well as parental populations, it is difficult to 

quantify this relationship. It may be possible to compare speciation rates of species-flocks 

that show evidence for hybridization to those that do not hybridize. Coalescent 

simulations or population genetics statistics (e.g., FST) could be used as a proxy for actual 

gene flow between populations (though this is locus dependent). Is there a negative 

correlation between gene flow and speciation rate (i.e., does gene flow always inhibit 

divergence? Fig. 4.1a), or is there a maximum, where intermediate gene flow 

accompanies the highest speciation rates (i.e., the production of new, stable evolutionary 

lineages; Fig. 4.1b)? Related questions include how much gene flow maximizes 

phenotypic diversity in hybrids or parental populations, and how much initial genetic 

divergence between populations maximizes phenotypic diversity when they do hybridize. 

These questions may prove challenging, as the answers certainly depend on a myriad of 
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variables including mutation rates, genomic architecture (i.e., the configuration of genes 

in the genome), cytonuclear interactions (e.g., mitochondria, endosymbionts), epigenetic 

effects, and variability of the environments of different populations. Nevertheless, 

general trends across taxa and loci may appear. 

In conclusion, ancient lakes represent ideal systems to study and explore 

speciation. Processes like long-distance dispersal, allopatric speciation, genetic drift, 

ecological and sexual selection, and hybridization all act at various geographic and 

temporal scales. Environmental factors also profoundly influence these processes, from 

resource limitation to climatic fluctuation. Future research in these remarkable habitats 

will surely reveal much about the origins of biodiversity on earth.
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Figure 4.1: Possible relationships between speciation rates and gene flow between 

populations. Populations experiencing complete admixture (i.e., Hardy-Weinberg 

equilibrium) show a baseline phenotypic diversity and no speciation. As gene-flow 

between two populations decreases, total phenotypic diversity and the probability of 

speciation increases until there is complete isolation between populations and they 

diverge at a neutral rate (as a function of mutation rates, genetic drift, and natural 

selection in their local environments). Gene flow may always act as a barrier to 

divergence by homogenizing genomes (a), but I hypothesize that there may be an 

intermediate level of gene flow where phenotypic diversity and probability of speciation 

is maximized through the exchange of novel alleles and transgressive segregation (b). 
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APPENDIX I 

PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE MALILI LAKES 

Lake Age (approx.) Area (km
2
) Max. Depth (m) 

 

Metal concentrations 

     

Ba 
(µg/L) 

Ca 
(mg/L) 

Cr 
(µg/L) 

Fe 
(µg/L) 

Mg 
(mg/L) 

Mn 
(µg/L) 

Na 
(mg/L) 

Sr 
(µg/L) 

Matano 2-4 myr 164 590 
surface 21.94 11.82 <9.90 <1.97 17.47 0.52 0.81 34.39 

50 m 26.11 12.01 12.80 <1.97 17.33 <0.27 0.78 33.72 

Mahalona <500,000 yr 25 62 
surface 12.25 8.41 16.37 28.41 19.60 1.34 0.87 22.63 

30 m 11.53 8.36 <9.90 14.29 20.24 2.28 0.96 22.74 

Towuti ~600,000 yr 560 200 
surface 6.15 4.18 <9.90 7.59 18.16 0.49 0.58 13.69 

50 m 5.82 4.38 <9.90 13.25 18.49 0.73 0.57 14.62 

 

Selected physical and chemical characteristics of the Malili lakes. Measurements were taken in June, 2009. 
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