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Summary

In this thesis, I studied the role of host plants in the diversification of two groups of 
leaf-mining moths, in order to understand if there had been common drivers of 
speciation. In chapter 1, I gave a general introduction into the studies of 
macroevolutionary patterns, introduced some of the theories that have been 
developed for describing the process of speciation and the potential role for host 
plants, how leaf mining moths are a suitable group to study the role of host plants 
and other candidate drivers of speciation and outlined the technical developments 
that enable diversification studies. I provided a short introduction on the two groups 
of leaf-miners that have been studied in this thesis, Nepticulidae and Lithocolletinae.

In chapter 2, we investigated how DNA barcoding can be used to delimit species of 
leafmining moths, in order to establish reliable species definitions that can function 
as the basis for diversification studies. We used the nepticulid genus Ectoedemia, 
of which we had a good systematic reference and good sample coverage. The results 
showed that both COI and EF1-α gene fragments proved reliable as an alternative 
to conventional, i.e. morphological, species identification for the majority of 
species, and the combination of both markers increased the reliability of species 
delimitation and validation. This approach has been applied to all other groups that 
feature in the different thesis chapters. For all groups, we attempted to obtain COI 
sequences for as many species as possible, and we contributed all these sequences 
to the international BOLD database. 

After supplementing the DNA barcoding data from chapter 2 with additional 
genetic markers, we reconstructed a phylogeny for Ectoedemia in chapter 3. Six 
nuclear and mitochondrial DNA markers with a total aligned length of 3,692 base 
pairs were used to infer phylogenetic relationships among 92 species belonging to 
the subgenus Ectoedemia of the genus Ectoedemia, representing a thorough taxon 
sampling with a global coverage. The results support monophyletic species groups 
that are congruent with published findings based on morphology. We used the 
obtained phylogeny to explore host plant family association and geographical 
distribution to investigate if host shifts and allopatry have been instrumental in the 
speciation of these leaf-mining insects. We found that, even though most species 
within species groups commonly feed on plants from one family, shifts to a 
distantly related host family have occasionally occurred throughout the phylogeny 
and such shifts are most commonly observed towards Betulaceae. The largest 
radiations have occurred within species groups that feed on Fagaceae, Rosaceae, 
and Salicaceae. Most species are restricted to one of the seven global biogeographic 
regions, but within species groups representatives are commonly found in different 
biogeographic regions. Although we found general patterns with regard to host use 
and biogeography, there were differences between clades that suggested that 
different drivers of speciation, probably drivers that we did not examine, have 
shaped diversity patterns in different clades.
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Chapter 8

In chapter 4, we studied the fossil record of Nepticulidae in order to obtain reliable 
calibration points for the family phylogeny. Using our experience with extant global 
Nepticulidae, we discussed a list of characters that may be used to assign fossil leaf 
mines to Nepticulidae, and suggested useful methods for classifying relevant fossil 
material. We presented a checklist of 79 records of Nepticulidae representing adult 
and leaf-mine fossils mentioned in literature, often with multiple exemplars 
constituting a single record. We provided our interpretation of these fossils. Eleven 
records have for the first time been attributed to Nepticulidae. After discarding 
several dubious records, including one possibly placing the existence of the family 
at a latest Jurassic position, we conclude that the oldest fossils likely attributable to 
Nepticulidae are several exemplars representing a variety of species from the 
Dakota Formation (USA). The relevant strata containing these earliest fossils are 
now dated at 102 million years ago in age, corresponding to the latest Albian Stage 
of the Early Cretaceous. Integration of all records in the checklist showed that a 
continuous presence of nepticulid-like leaf mines preserved as compression–
impression fossils and as amber entombment of adults have a fossil record extending 
to the latest Early Cretaceous.

In chapter 5, a molecular phylogeny for Nepticulidae is presented where the fossil 
calibrations resulting from chapter 4 were used to calibrate the phylogeny in time. 
We were able to include 355 species, representing 20 out of 22 extant Nepticulidae 
genera, and sequenced up to eight gene fragments for all species. Two solid fossil 
calibration points were used to place the origin of the family in the Early Cretaceous, 
before the main Angiosperm diversification. Based on the results we proposed a 
new classification, abandoning all ranks between family and genus, as well as 
subgenera, to allow for a stable classification. The position of Enteucha within 
Nepticulidae remained somewhat ambiguous, and the species-rich cosmopolitan 
genus Stigmella, with nearly half of all described Nepticulidae, requires further 
study with more taxa and genes. Ectoedemia, Zimmermannia, Acalyptris, Etainia, 
Parafomoria, Muhabbetana and Fomoria appeared to have diversified in a 
relatively short evolutionary period, leading to short branches in the molecular 
phylogeny and unclear suprageneric relations. Otherwise, support values throughout 
the phylogeny were mostly high and the species groups, genera and higher clades 
were discussed in respect to their supporting morphological and life history 
characters. Wing venation characters were confirmed to mostly be reliable and 
relevant for classification, but some other previously used characters required 
reinterpretation. The species groups of most genera were recovered, but only partly 
so in the large genus Stigmella. The molecular dating results were compared with 
existing knowledge on the timing of the Angiosperm radiation and revealed that 
the diversification of Nepticulidae could largely have been contemporaneous with 
their hosts, although some of the genera restricted to a single plant family appeared 
to have begun to diversify before their hosts.

Chapter 6 combines all the data from the previous chapters with many new data 
and largely forms the synthesis of my thesis work. We tested the central prediction 
from two classic evolutionary theories, the escape-and-radiate theory and the 
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adaptive radiation theory, that colonization of a novel resource zone (e.g. a novel 
host plant family or novel geographic area) would result in increased rates of 
speciation. In chapter 6, we compared the phylogenetic diversification patterns and 
possible impact of biogeographical and host plant family shifts of two large groups 
of leaf-mining moths: pygmy leaf-mining moths (Nepticulidae) and leaf-blotch 
mining moths (Gracillariidae: Lithocolletinae). We gathered a large molecular 
dataset by sequencing up to eight markers for 335 species of Lithocolletinae and 
645 species of Nepticulidae, for each group encompassing approximately 50% of 
the known diversity. We found that there is no linear correlation between clade age 
and diversity; some of the most species-rich clades are relatively young. Additionally, 
at different points in time there is a repeated pattern where clades experience a 
rate-shift with increased diversification rates, which after this initial burst slows 
down again, for which we discussed several possible explanations, such as density-
dependent-selection and co-evolution of pathogens. The results showed that the 
diversification of Lithocolletinae and Nepticulidae has in parts likely been 
contemporaneous with increased rates of diversification of the hosts. We found no 
evidence that a novel host plant family in itself would constitute a new adaptive 
zone, which would fit the escape-and-radiate theory of Ehrlich and Raven, but we 
do conclude that the diversity of the hosts is a prerequisite for diversification. The 
diversification patterns we find in Nepticulidae and Lithocolletinae fit the adaptive 
radiation theory, and their adaptive zone can best be described as the temperate 
region. Our results also highlighted that “entering” a new zone requires evolutionary 
adaptation in order to be able to diversify. We suggested that the clades that 
experienced increased rates of diversification are uniquely characterised by a pre-
adult winter diapause, which may have been a “key innovation”, a prerequisite to 
successfully adapt to the temperate climate.

In chapter 7, I discuss the consequences of the findings in this thesis for the field of 
research. We found more than 100 undescribed species with our studies, which will 
be described elsewhere. For both Nepticulidae and Lithocolletinae, the phylogenies 
presented in this thesis are the first with high species-level coverage, which enables 
the reliable testing of evolutionary theories regarding speciation, as well as 
hypotheses in other fields of study, such as functional morphology. By comparing 
the diversification patterns of two large groups of leaf-miners in time we were able 
to, for the first time, estimate to what extent their radiation has been contemporaneous 
- with respect to each other as well as with their plant hosts. We found that host 
plants have not been a principle driver in the diversification of these leaf-miners, 
but host plant diversity has been a prerequisite for leaf-miner diversification. Under 
favourable changes in climate, the diversification of the host plants, particularly 
Fagaceae, Salicaceae, Betulaceae, Rosaceae and Fabaceae in temperate regions 
likely generated a novel resource space for Nepticulidae and Lithocolletinae. 
Several lineages of these leaf-miners were able to successfully adapt to survival in 
a temperate climate, likely primarily by adaptation to winter climate, after which 
their diversification rates initially increased and eventually led to the diverse groups 
of leaf-miners we find today in temperate regions.
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