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On this date…

Fridtjof Nansen
Born October 10, 1861

early oceanographer, explorer, humanitarian



• Earth structure: stratified by density:
– Lithosphere < Aesthenosphere < Mantle < Core

• Fluid motion in the mantle

• Convection cells

• Connections between continents 

• Supercontinents
– more than one occurrence

– Pangea was recent

Recap of Last Week
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Tip-dated phylogeny of whirligig 
beetles reveals ancient lineage 
surviving on Madagascar
Grey T. Gustafson  1, Alexander A. Prokin2, Rasa Bukontaite3, Johannes Bergsten3 &  
Kelly B. Miller4

The temporal origin of Madagascar’s extraordinary endemic diversity is debated. A preference for 
Cenozoic dispersal origins has replaced the classical view of Mesozoic vicariance in the wake of 
molecular dating. However, evidence of ancient origins is mounting from arthropod groups. Using 
phylogenetic ‘tip-dating’ analysis with fossils, we show that a whirligig beetle species, Heterogyrus 
milloti, inhabiting forest streams in southeastern Madagascar is the last survivor of a once dominant 
and widespread Mesozoic group. With a Late Triassic to Early Jurassic origin (226–187 Ma) it is the 
hitherto oldest dated endemic lineage of animal or plant on Madagascar. Island biotas’ sensitivity to 
extinction is well known, but islands can also provide refuge from continental extinction. Heterogyrus 
milloti is an irreplaceable link to the freshwater biota of the Mesozoic and serves as a reminder of what 
may be lost without critical conservation efforts on Madagascar.

Madagascar is well known as one of the world’s most important biodiversity hotspots with exceptional levels 
of endemism among animals and plants, as well as severe habitat degradation threatening their existence1. The 
origin of this unique flora and fauna has long fascinated biologist given its central position in Gondwana and 
extensive isolation following its separation from India2, 3. Few studies, however, have revealed taxa with truly 
Gondwanan vicariant relationships or ancient origins2. Instead the most iconic of Madagascar’s fauna, the lemurs, 
tenrecs, and unique carnivorans, appear to have rafted to the island4 within the past sixty million years5. Dated 
molecular phylogenies further revealed most of the extant endemic vertebrate fauna have colonized via oversea 
dispersal during the Cenozoic6, 7. A few notable exceptions include Malagasy iguanid lizards, podocnemidid 
turtles, mantellid frogs, and cichlid fish, which show Mesozoic origins6–8. While comparatively few phylogenetic 
studies have been carried out on the invertebrates of Madagascar2, some of these groups represent the oldest 
endemic lineages currently known9–11.

The aquatic insects of Madagascar are similarly known for their endemicity12. Among these, whirligig beetles 
(family Gyrinidae) show a typical pattern12 with 96% of the Malagasy species being endemic. Whirligig beetles are 
a family of carnivorous aquatic beetles with c. 1000 species, relatively well known as model organisms for life on 
the water’s surface13. Contrary to semi-aquatic insects that walk on the surface, the whirligig body is partly sub-
merged, much like a boat, inspiring research in biomimetic engineering and robotics14. The propulsive efficiency 
of the swimming legs is believed to be the highest measured for a thrust-generating apparatus within the animal 
kingdom15. This adaptation to the surface of water is a unique specialization within beetles, but may also have 
represented a stepping-stone towards fully submerged aquatic life in related lineages16.

Among beetles, morphological data have supported a sister-group relationship of Gyrinidae to all other 
families in the suborder Adephaga, aquatic and terrestrial17. Molecular data instead largely support a mono-
phyletic origin of all aquatic Adephaga, with whirligig beetles sister to other aquatic families, in line with the 
stepping-stone hypothesis16, 18, 19. As adephagan beetles have a fossil record dating back to the Permian20, the basal 
position of whirligig beetles along with a controversial Permian larva and Triassic adult17, feeds the suspicion of 
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microscope. A novel morphological character set of 120 characters was generated (see Character Coding under 
Supplementary Materials) with fossil and extant taxa coded as in Table S1.

Molecular data. Thirty-three additional ingroup gyrinid taxa and one outgroup taxon, Haliplus lineatocollis,  
were added to the five-gene dataset from ref. 22 (Table S4). Additional taxa included sequences for all genes 
except EF1α which was found to have multiple copies in Gyrinidae22. In total, taxon sampling (extinct and extant 
taxa) for the analysis included ten outgroup taxa from Hydradephaga and 129 gyrinid taxa. The same primers 
were used as in ref. 22. New sequences are deposited in Genbank with accession numbers available from Table S4.

Phylogenetic analyses. All bayesian phylogenetic analyses were implemented using the MPI version 
of MrBayes 3.2.633 and were run on the super computer cluster ‘Ulam’ at the Center for Advanced Research 
Computing (CARC), University of New Mexico. The same 8-part partitioning scheme was used as in ref. 22. 
Each molecular partition was allowed a separate gamma distributed rate variation across sites parameter. 
Reversible-jump MCMC was used to integrate over the 203 possible symmetrical substitution rate models 
during analysis33, 34. The morphological partition was given a Markov k model35, accounting for that only par-
simony informative characters were included, and with a gamma shaped rate variation parameter across char-
acters. Fifteen characters were treated as ordered (see Supplemental Material). A topological constraint defined 
Adephaga, all ingroup and outgroup taxa except Triaplus laticoxa, as re- examination of the fossil material sug-
gests Triaplidae is not a member of Adephaga as previously proposed20. Each analysis included two independent 
runs starting at random topologies, each with one cold and three incrementally heated chains (temp = 0.1) run 
for 20 million generations, sampling every 1000th generation. MCMC convergence was monitored using Tracer 
v.1.636 and statistics provided by MrBayes33.

Clocks and calibration. For a detailed discussion on the total evidence dating (TED)23, 28, 30 under the fossil-
ized birth- death (FBD)25 process model and the sensitivity analyses performed, see Supplementary Materials. In 
all analysis, TED as well as node dating, topology and divergence times were inferred simultaneously, hence our 
inferred divergence times are not dependent on a topology presumed to be known without error. To set a prior on 
the base clock rate the method outlined by ref. 23 was followed. Here the tree height in units of expected number 
of substitutions per site from root to tips is estimated under a strict clock as an average across partitions, while 
making sure the root prior is unimportant (exp (0.1), (1.0) or (10)). The median of the tree height is divided by 
the minimum and maximum age of the root based on fossils to get a base clock rate interval in substitutions per 

Figure 5. Summary diagram of age estimates of endemic Malagasy lineages. Within each group of organisms 
the oldest, a middle, and youngest estimated clade ages are depicted. Red dot is the median age estimate and 
error bars are the min and max intervals from the original study compiled from the literature (Table S2). Only 
those lineages with median, minimum and maximum age estimates were included in the figure. Groups from 
left to right are plants, trematodes, decapods, centipedes, heterogyrine whirligig beetles (showing tip and 
node dating ages), insects (excluding whirligig beetles), spiders, mammals, birds, lizards, snakes, testudines, 
amphibians, and fish.



Alfred Lothar Wegener
1880 – 1930

Continental Drift (1912)

German meteorologist and 
geologist



Evidence Supporting Wegener’s 
Continental Drift

The theory of continental drift was not accepted initially. 
Supporting evidence includes:

• Seismographs revealed a pattern of volcanoes and 
earthquakes bordering continents

• Radiometric dating of rocks revealed a surprisingly 
young oceanic crust

• Echo sounders revealed the shape of the Mid-Atlantic 
Ridge



• No evidence for dramatic movement of the 
continents (tracks)

• Unfounded mechanism (centrifugation)

• Prevailing concept: solid mantle

Problems with Drift Theory



Seismographs



A typical cross section of the Atlantic ocean basin

Seafloor Topography



Seafloor Spreading



The Seafloor



The Seafloor

In the center of the Atlantic we find which of the 
following?

A) Oceanic subduction zone
B) The oldest oceanic crust
C) The youngest continental crust
D) Mid-atlantic ridge



Hess and Deitz: Seafloor Spreading (1960)

Seafloor forms at mid-ocean ridges and spreads

Powered by convection currents

Cooling and shrinkage of crust/ocean depth

Sediment thickness and age…



Radiometric Dating
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• Radioactive decay of uranium to lead
• Complete conversion over billions of years
• U/Pb ratio tells age something formed
• Typically very old rocks: >0.1 Bya



The ideas of continental drift and seafloor spreading were 
combined in the theory of plate tectonics:

• Earth’s outer layer is divided into lithospheric plates

• Earth’s plates float on the asthenosphere

• Plate movement is powered by convection currents in the  
asthenosphere, seafloor spreading, and subduction

The Theory Of Plate Tectonics



Plate Tectonics



The major lithospheric plates and their direction of relative movement 
are shown here.

The Major Lithospheric Plates



Which of the following is true of continental 
crust?

A) During subduction, oceanic crust sinks 
below continental
B) It is the oldest lithosphere and rarely 
subducts
C) Continental crust meets at some plate 
boundaries 
D) All of the above



Types of Plate Boundaries

divergent / spreading convergent / subduction

transform / “strike-slip”



Boundaries between plates moving apart:
Divergent oceanic crust – e.g., the Mid-Atlantic Ridge
Divergent continental crust – e.g., Rift Valley of East Africa

Divergent Plate Boundaries

Extension causes splitting and rifting



Divergent Plate Boundaries



Regions where plates are pushing together:

Oceanic crust toward continental crust - e.g., west coast of South America

Oceanic crust toward oceanic crust - e.g., northern Pacific

Continental crust toward continental crust – e.g., Himalayas

Convergent Plate Boundaries

Compression at convergent boundaries produces buckling and shortening



Convergent Plate Boundaries



locations where crustal plates move past one another

Nearby example: San Andreas Fault

Transform Plate Boundaries

Interaction at transform boundaries causes shear



Age and distribution of ocean sediments

The Oceanic ridges

Earthquakes at depth 
(~700km; suggests rigid lithosphere subducting)

Confirming Plate Tectonics



Paleomagnetism: strips of alternating magnetic polarity at spreading regions.

Confirming Plate Tectonics



The age and 
magnetic 

reversals of 
volcanic seafloor



Hot Spots: Surface formations from plumes of magma

plate moving over stationary lava plume… result: volcanic chain

Confirming Plate Tectonics



The Hawaiian islands…

A) Formed near a subduction zone as a 
volcanic arc
B) Formed at a divergent boundary
C) Didn’t form at a plate boundary
D) Were once located at the south pole



Atolls and Guyots: Coral formations and submerged volcanic mountains.

Guyots were once volcanic peaks above sea level. 

Confirming the Theory of Plate Tectonics


