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Preface
After a year of lingering around on ‘the island’, in the lab and sometimes even in the good old herbarium my MSc-thesis at
the biosystematics group now is finished. It was a wonderful time during which I met many nice people and learned a lot
about science and even more about ‘doing science’.
When I looked at my thesis planning of august last year I realized how naïve I was back then regarding the ‘time-consuming
behaviour’ of a thesis. Planning probably is one of the biggest pitfalls in doing a thesis, although there were some delays I
maybe could not have expected when starting. It turned out all right in the end and I don’t regret my overtime stay at all. The
last months were quite exciting, as the group seemed to experience a revival of enthusiasm with the arrival of our new
professor. I would not like to have missed the ‘scientific retreat’, which was both cosy and scientifically refreshing.
This thesis started with a month of plant collecting and the attempts to do so in Costa Rica. It was undoubtedly my biggest
adventure of my life so far and at some particular time even too ‘adventurous’.
I had never experienced tropical biodiversity before and I soon realized this was what I became a biologist for. It was amazing
and I’m quite confident that despite the adventures it will not have been my last trip to Costa Rica.
In the topic of my thesis I could combine my all-time fascination for biodiversity with my scientific interests in ecology,
speciation, biogeography and phylogenetics. Quite some different methods had to be used to test the hypotheses, which
made the research both challenging and interesting.
The collection trip to Costa Rica could not have taken place without the financial contributions of the foundations Alberta
Mennega Stichting, Stichting Het Kronendak and Fonds Taxon Ondersteuning, which are all greatly thanked for their support.
During our trip we were wonderfully guided by Nelson Zamora, Reinaldo Aguilar and other employees of the InBio, for which
they are all thanked.
I would like to thank Niels Raes and André van Proosdij for their advice regarding some ecological niche modelling matters.
Ria Vrielink taught me the necessary lab methodologies already before I started this thesis and without which I probably
would still be working in the lab.
All Island inhabitants, PhD-students, scientific staff and other members of the group are thanked for a great time with a lot of
nice coffee and lunch breaks, which I will miss strongly, although I didn’t always manage to be there on time… Of the
students, I want to thank Jeike specifically; we started at the same moment, had a great time in Costa Rica and are now
finishing our theses at more or less exactly the same moment.
Special thanks goes to Lars Chatrou, who supervised this project throughout the whole period, taught me a lot and always
kept me motivated to go on and test more hypotheses.
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Summary
Introduction
With ongoing deforestation and climate change the enormous biodiversity in tropical systems such as the Neotropics rapidly
becomes more threatened. Understanding the factors determining this high diversity may help in the conservation of these
systems. Modelling individual species niches gives insight in the environmental variables that determine a species’
distribution and it’s possible reactions to climate change. Species are often incapable of adapting to new environments as a
consequence of ecological niche conservatism. Ecological niche conservatism supports allopatric speciation as the barrier
underlying the speciation event cannot be crossed by individuals of the separated population due to its different
environment and is proposed to be the main underlying mechanism of the diversification of African Annonaceae through the
theory of Pleistocene forest refugia. A similar mechanism was thought to be the cause of the diversification of Neotropical
plant species, although a theory of an older origin of this diversification has been proposed, with the Andean uplift as
initiating event of South American landscape diversification. The genus Mosannona (Annonaceae) occurs throughout
Neotropical lowland forests, which makes it a good representative for Neotropical flora and an interesting clade for testing
hypotheses regarding speciation and biogeography.

Methods
In this study maximum entropy-based ecological niche models (ENM) and a secondarily calibrated Bayesian phylogeny
estimated with BEAST are combined to test hypotheses regarding the type of speciation within the genus Mosannona and
the biogeography of the genus. Climate and soil parameters characterizing the species niches were optimized over the
phylogeny and tested for the presence of a phylogenetic signal, which would indicate conservatism of a niche character. The
different species ENMs were compared using ENM-tools to determine the amount of niche overlap. Moreover the effects of
sample size and data layer type on ENMs were tested as tropical species are often represented by only few collections and
soil and climate layers have considerably different constructions. A morphological study was also performed, in which
specimens of three isolated Costa Rican Mosannona populations were examined to clarify the taxonomic status of the
different populations.

Results and Discussion
Four different topologies based on an extended and a reduced dataset and 2 different calibrations were produced. Although
a well-supported Amazonian and a Central American clade are found, the position of M. discolor is uncertain. Also the
relationships between the different Costa Rican populations are not completely resolved. Estimates of the crown node age of
Mosannona range from 7.68 to 25.84 Ma. The most recent common ancestor of the mainly Central American species group
and the mainly South American group in all analyses was found to be at least 4.3 Ma, which indicates dispersal prior to the
closure of the Panama Isthmus, as the connection between South and Central America was completed only 3.1 Ma.
None of the optimized ecological parameters showed a significant phylogenetic signal, indicating low conservatism within the
traits. Moreover the niche overlap between the different species was found to be low. Therefore ecological niche
conservatism does not seem to have had an important role in the diversification of the genus. However, because most
species only have a few records, it is to be questioned whether their niches are correctly represented in the analyses.
Although the high amount of uncertainty regarding the node age estimations have to be interpreted with some reserve, the
theory of diversification caused by the Andean uplift more or less seems to correspond with the results found in this study,
with a rapid diversification within particularly the Amazonian clade as is also found in the genus Guatteria. However more
extensive sampling should be done to clarify all the uncertainties and fully reveal the evolutionary history of Mosannona.
Moreover a more extensive way of niche modelling, in which also physiological plant characters can be integrated, could give
a more valuable insight in niches and niche evolution, which could also lead to more meaningful predictions regarding the
future of single species and the tropical forest systems in general.
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Introduction
Harbouring 30% of the world’s plant species, the Neotropical rain forests are one of the most species-rich regions in the
world (Myers et al., 2000). However, with an ongoing loss of rain forest due to deforestation and also the threat of habitat
loss caused by climate change the tropical biodiversity is becoming more and more endangered (Huntingford et al., 2008;
Feeley & Silman, 2010). Hence, in the light of the conservation of this diversity it is important to know why certain areas are
inhabited by so many species and why certain species occur in a certain habitat. The questions ‘why are there so many plant
and animal species in tropical ecosystems?’ and ‘what determines species diversity?’ still are amongst the most important
and fascinating ones in the field of biology (Kennedy & Norman, 2005; Pennisi, 2005). Determining the dimensions of species
ecological and environmental niches may give insight in why species occur in certain areas and in their possible reactions to
climate change. Predicting and knowing these reactions may be of great importance for species protection and nature
conservation (Araujo & Rahbek, 2006; Wiens et al., 2009), as only small climate changes may have a strong impact on species
composition in tropical rain forests (Punyasena et al., 2008),
In the course of time plant species have responded to changes in climate by shifting their distribution area, either in altitude
or latitude. Some of these shifts are well documented (Davis & Shaw, 2001). However, it is to be questioned whether most of
the plant species and ecosystems are able to shift their distribution, taking into account the rate of recent climate change.
Even when most tropical species are capable of shifting their distribution, they will lose habitat due to climate change (Feeley
& Silman, 2010) as for instance the Amazonian rain forests will probably dramatically decline in size in the coming decades
(Huntingford et al., 2008).

Neotropical plant diversification
On an evolutionary timescale, changes in climate have supported plant speciation and diversification due to successions of
contractions, expansions or fragmentations of different biomes. As a result of these events, populations were separated and
eventually evolved to different species as gene flow between the different populations stopped. During the Pleistocene this
mechanism, known as the refugium-theory (Sosef, 1994) probably drove speciation in tropical regions in Africa and on longer
temporal and spatial scales such a mechanism supported the diversification of African Annonaceae (Couvreur et al., 2008).
Pleistocene refugia were long thought to be an important driver of speciation in the Neotropics as well (Haffer, 1969),
although this theory nowadays is abandoned as the majority of plant lineages is found to have originated far before the
Pleistocene and an older origin of the Neotropical species diversity is proposed (Bush, 1994; Hoorn et al., 2010).
Until around 3 Ma, the South American continent and the North and Central American continent were separated by a sea
that connected the Pacific Ocean and the Caribbean Sea. For some time biotic interchange between the two continents was
thought to have occurred mainly after the closure of the Panama Isthmus (Webb & Stehli, 1985; Burnham & Graham, 1999)
and that this closure of this land bridge led to what was called the Great American Biotic Interchange (Webb & Stehli, 1985),
through which the biodiversity of the Americas increased considerably.
However, several biogeographical studies have found much older relationships between Central American and South
American plant sister groups (Pennington & Dick, 2004; Erkens et al., 2007; Cody et al., 2010) indicating multiple dispersal
events prior to the closure of the isthmus.
Hoorn et al. (2010) show that the diversification of plant and animal species mainly occurred after the Andean uplift (65 Ma
and onwards), which induced series of major changes in and diversification of the South American landscapes. These
dramatic changes supported ecological speciation as a wide range of new niches became available which induced ecological
diversification of populations. Moreover, the Andean uplift clearly supported allopatric speciation, as populations on both
side of the mountain chain became isolated (Pirie et al., 2006). Together with multiple dispersal events (Pennington & Dick,
2004) the Andean uplift and the subsequent events of landscape diversification probably form the main cause of the
enormous Neotropical plant diversity.
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Ecological niche conservatism
Until recently speciation through ecological divergence was thought to be the only role of ecology in speciation events.
Ecological speciation occurs when a process of divergent selection on ecologically important traits leads to adaptions to
different ecological settings (niche evolution), eventually leading to reproductive isolation. However, an increasing number of
studies support the hypothesis that species ecologies can play a different role in speciation as well, as the failure of species to
adapt to a new ecological environment also can be a very important factor in allopatric speciation events (Wiens, 2004;
Peterson, 2011). The tendency of species to conserve their niche is the principal condition for allopatric speciation, when for
instance a geological event separates different populations and individuals are unable to invade the area between the two
populations (Wiens, 2004).
This so-called niche conservatism (Ricklefs & Latham, 1992) is likely to be regulated by four different factors (Wiens, 2004). In
the first place, a lack of variability in traits that enable species to adapt to new ecological conditions prevents individuals to
disperse into environments outside the ecological niche (Case & Taper, 2000). At the edge of the ecological niche, natural
selection will often select against traits that enable individuals to invade areas outside their niche, because the ecological
conditions outside the ancestral niche will reduce individual fitness (Holt & Gaines, 1992; Holt, 1996). In addition, the
majority of the species individuals will always be fitting the species’ niche requirements. As long as gene flow is maintained
within the population, the traits that conserve the ecological niche will be dominant in the population (Holt & Gaines, 1992).
Traits that allow adaptation to new environments may also be pleiotropically linked to traits that reduce fitness and can
therefore not become dominant in the population (Wiens, 2004).
When a population is split by vicariance and gene flow between the two populations is impossible, both populations will
eventually become reproductively isolated and evolve into different species. The theory of niche conservatism predicts that
both sub-populations will maintain their ancestral niche. Therefore closely related species, e.g. sister species, will often have
more similar niches than less related species (Peterson et al., 1999).

Ecological niche modelling
Abiotic niches are often simplified to a set of environmental parameters (e.g. Evans et al., 2009). In the case of plant species
niches are described by a set of climatic and soil variables. By combining geographic coordinates of plant collections and
actual climate and soil variables incorporated in GIS data layers a species distribution model (SDM), or ecological niche model
(ENM) with different levels of habitat suitability can be processed. These models provide insight in a species ‘realized niche’
(Kearney & Porter, 2004) and can be used in predicting possible actual and future species distributions of endangered or
invasive species (Murray et al., 2012) or as a method to distinguish cryptic species (Rissler & Apodaca, 2007). One of the
niche modelling methods most often used is maximum entropy (MaxEnt; Phillips et al., 2004; Elith et al., 2006; Phillips et al.,
2006; Elith et al., 2011).
Although the maximum entropy approach generally produces the best niche models (Elith et al., 2006), the environmental
niche models are sensitive to sample size (Kadmon et al., 2003; Hernandez et al., 2006; Loiselle et al., 2008). Tropical plant
species are often represented by only a few records in herbaria and databases (Feeley & Silman, 2011b; Feeley & Silman,
2011a). Because it is hard to determine whether small sample sizes are sufficient to correctly represent species niches,
knowing the possible effects of (too) low sample sizes on environmental niche models is very important.
In ecological niche modelling two different types of GIS layers are used, respectively containing either discrete or continuous
data. The differences in the effect of these data types in environmental niche modelling is not completely clear. As it consists
of categories, discrete data generally is more coarse than continuous data. This therefore could have an effect on model
performance. In addition to the projection of a possible distribution of the species of interest, MaxEnt determines the species
climatic and soil preferences, together with the parameters that significantly contribute to the distribution model. These
parameters are determining the distribution of a species, and can be seen as limiting and therefore relevant niche factors
(Wiens et al., 2010), which makes them valuable for hypotheses regarding niche differentiation or conservatism.
Comparing the values of these niche parameters between related species gives insight in the degree of niche conservatism or
diversification within a clade (Couvreur et al., 2011a). Different approaches are used to compare species niches.
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Environmental niche models can be compared in a quantitative way with the use of two similarity metrics: Schoeners D
(Schoener, 1968; Warren et al., 2008) and Hellingers I (Warren et al., 2008), or in a phylogenetic context.

Phyloclimatic modelling
Schoeners D and Hellingers I only give insight in the differences between actual niches. In an evolutionary context, it may be
more informative to reconstruct ancestral niches to determine possible niche evolution through time. In phyloclimatic
modelling (Yesson & Culham, 2006a; Chatrou et al., 2011) niche characters are optimized over a phylogeny. Character
optimization gives insight in character evolution within a clade, by determining ancestral character states and localising
character changes. There are different methods of character optimization, depending on the type of data, which can be
continuous or discrete. MaxMin coding (Hardy & Linder, 2005; Hardy, 2006) and optimization of predicted suitabilities (Evans
et al., 2009) are commonly used.
In phylogenetics, the tendency of related species to have a higher degree of similarity in a certain trait than less related
species is known as a phylogenetic signal (Pearman et al., 2008). A significant phylogenetic signal indicates conservatism of a
trait within a clade. Clades in which diversification occurred via allopatric speciation as a result of niche conservatism events
probably show a strong phylogenetic signals for niche traits, compared to clades in which adaptations to new environments
caused diversification. When a clade does not show significant niche conservatism, the ecological differences may have been
of great importance in the diversification of the clade (Rundle & Nosil, 2005; Wiens & Graham, 2005; Yesson & Culham,
2006b; Martínez-Cabrera et al., 2012). Reconstructing the evolution of niches and determining the stability of niche
characters may therefore give insight in speciation events that caused diversification in the clade, but also in possible
responses on events as climate change (Yesson & Culham, 2006a) .
Meaningful phyloclimatic modelling can only be performed when a clade has been fully sampled, when phylogenetic
relationships are well-resolved and when the species distribution models are well-supported. Therefore, a collection
database with a sufficient amount of collections per species is required.

Mosannona
The pantropical family Annonaceae comprises 2.400 species worldwide, of which 900 occur in the Neotropics (Chatrou et al.,
2004), and can therefore be seen as one of the important families of Neotropical trees (Ter Steege et al., 2000; Pennington &
Dick, 2004). Mosannona is a genus of Annonaceae, containing 14 species of understory trees (Chatrou, 1998). The species
occur throughout the Neotropics, as far south as southern Peru and northern Bolivia to as far north as tropical Mexico
(Appendix 1). The typical habitat is tropical lowland forests, with only Mosannona depressa occurring outside this habitat,
inhabiting tropical deciduous forests (Chatrou, 1998). The occurrence of the genus throughout the Neotropics, on both sides
of the Andes and mostly in tropical rain forests makes it a good model to test hypotheses regarding speciation, diversification
and dispersal of Neotropical flora.
The genus is part of the subfamily Malmeoideae, tribe Malmeeae (Chatrou et al., 2012). The phylogeny of Mosannona is
almost fully resolved (Kloth et al., unpublished data), although three or four rare species are not included. However, the
species included cover all regions of occurrence of Mosannona. Couvreur et al. (2011) published a calibrated Annonaceae
phylogeny, in which the crown node of Mosannona was estimated between 15 and 32 million years old, depending on the
calibration method.
Pirie et al. (2006) conclude that Mosannona, together with three other Annonaceae genera, Cremastosperma, Klarobelia and
Malmea originated in South America, and possibly diverged due to both vicariance and dispersal events. Although most
Neotropical Annonaceae genera are thought to be ‘Amazon-centred clades’, they propose these genera to be ‘Andeancentred’ (Gentry, 1982), because of the majority of the species are distributed in the tropical Andes and therefore suggesting
that the rising of the Andes, which had a great influence on diversification of overall biodiversity in South-America (Hoorn et
al., 2010), probably was of major importance for speciation within the genus, as there are no species of Mosannona
occurring on both sides of the Andes. The same pattern was also found in the other three studied genera. As the Andean
uplift can be seen as a typical event which induced vicariance, high niche similarity between related species on the different
sides of the mountain chain would be expected when niche conservatism played a large role in the speciation events.
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However, in the study of Pirie et al. (2006), taxon sampling was rather low and may therefore not be sufficient to get insight
in the phylogenetic relationships between the different species groups within the genus and hence the patterns of
biogeography and diversification may not yet be completely clear. Several studies show that, despite the fact that species
density is higher in South America, the genus could be of Central American origin or dispersed to South America via Central
America (Chanderbali et al., 2001; Erkens et al., 2007). The genus Guatteria was found to have originated in Central America
and dispersed to South America after which it rapidly diverged, most likely as the result of the extremely diverse soil and
climate of the Amazon basin. (Erkens et al., 2007)
The phylogeny provided by Kloth et al. (unpublished data) show that M. hypoglauca, a species occurring in Panama and
Colombia, may be sister to the other species of Mosannona, which would not contradict a Central American origin of the
genus.
The group of Central-American Mosannona species is found to be non-monophyletic. M. depressa, an isolated species
occurring in Mexico, Guatemala and Belize is placed, depending on the used molecular (chloroplast or nuclear DNA) data,
either as a sister species to M. discolor, the species with the most easterly distribution (Guyana) or to M. hypoglauca. The
strictly Central-American species M. costaricensis and M. garwoodii are placed next to M. pacifica, a species occurring west
of the Andes. This indicates multiple dispersal events, either from Central America to South America or vice versa.
Despite the fact that a well-sampled phylogeny is available, there are still some taxonomic uncertainties within the genus,
regarding the Central American species, mainly regarding the species circumscription of Mosannona costaricensis, a species
endemic to Costa Rican lowland rain forests. In Costa Rica, Mosannona is found in three more or less distinctive areas. The
type locality of Mosannona costaricensis is found on the Osa peninsula, in the south western part of the country. The
population in Limón, on the Caribbean slope is considered to be conspecific with the Osa Peninsula population. A third
population is found in the north western part of the Caribbean slope. This population is considered to be an undescribed
species of Mosannona. A morphological study of plants of the different populations should clarify these uncertainties. Also
phylogenetic analyses containing accessions of these populations may give insight in the relationships between them.

Aim and hypotheses
In this thesis a calibrated phylogeny of Mosannona is combined with species distribution models of the different species to
test hypotheses regarding speciation and diversification of the genus. To test the influence of sample size and data type on
species distribution models and phyloclimatic analyses, the dataset of the most widespread species of Mosannona, M.
depressa is analysed.
Phyloclimatic analyses, in which these variables are optimized over the estimated phylogeny, will provide insight in the
conservatism or diversification of the niches. When the genus indeed is of South American origin and the Andean uplift
played a large role in the diversification of the genus, niches are expected to be generally conserved, especially between the
species west and east of the Andes, as speciation there probably was mainly allopatric. This would correspond with niche
conservatism in the African Annonaceae genera Monodora and Isolona where speciation probably followed after vicariance
events (Couvreur et al., 2011a). However, when the genus originated in Central America and dispersed into South America,
the same pattern of rapid diversification via ecological speciation as in Guatteria (Erkens et al., 2007) could be expected, in
which case high niche diversification would be expected. When diversification occurred via ecological speciation there will be
no phylogenetic signal in the optimized characters, though when the ecological niches are conserved in case of mainly
allopatric speciation the optimized characters will show a significant phylogenetic signal.
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Methods
Plant collections
Collections of Mosannona were made in three different areas. Three collections of Mosannona costaricensis were made on
the Osa Peninsula. These plants were found close to each other in a forest patch in the northern part of the peninsula. In the
Limón Province two plants were found in the Hitoy Cerere Reserve and one near the Bananito Lodge, on the edge of La
Amistad national park. Despite an intensive search, no plants were found in the San Carlos area. Complete collection notes
can be found in appendix 2. For all records geographical coordinates and elevation were determined using GPS. Silica
samples were taken for DNA-analyses.

Morphological analyses
Taxonomic analysis was based on herbarium specimens of the herbaria of Leiden, the INBio institute and the national
herbarium of Costa Rica, as well as on specimens collected during the field work. An overview of examined samples is found
in appendix 3. The plants were analysed on leaf and flower characteristics used in the species descriptions in Chatrou (1998).
As the number of available herbarium specimens was quite low, a part of the mentioned characters could not be examined
and therefore a selection of characters was made.

Lab work
DNA-Extraction
DNA-extractions were performed for six specimens. One specimen from the San Carlos region in Costa Rica, two from the
Osa Peninsula and one specimen of M. hypoglauca, M. pachiteae and M. xanthochlora. Leaf tissues from herbarium
specimens were used for DNA-extraction. To extract DNA the tissues were homogenised with the use of liquid nitrogen and a
mortar. The nucleospin DNA-extraction kit was used for DNA-extraction. This kit contains a lysis buffer, a binding buffer, two
types of washing buffer and an elution buffer. With the use of a column the samples are first cleared. With a second column
the DNA is bound to a silica membrane. This membrane is then washed and finally the DNA is eluted with the use of the
elution buffer.

Measuring DNA-concentrations
DNA-concentrations were measured with a Nanodrop spectrophotometer. This device analyses light reflection of small
volumes (1µl) of liquid. DNA especially reflects light at wavelengths between 260 and 280 nanometers. Concentrations
ranged from 7.7 to 69.2 ng/ml.

DNA-amplification
DNA-amplifications were performed for the plastid regions psbA-trnH (Aldrich et al., 1988), the trnL intron, the trnLF spacer
(Soltis et al., 1998), ndhF (Kim & Jansen, 1995) and the nuclear marker phytochrome-C (Mathews & Donoghue, 1999). As
DNA of herbarium specimens leaf tissues often becomes highly fragmented in the collection and storage processes, smaller
regions are usually more often successfully amplified (Staats et al., 2011). Therefore, for trnL-F and ndhF also internal primers
were used, to increase the chance of successful amplification. The different PCR-programs are listed in the table 1.
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Table 1: PCR-programs used for the different plastid and nuclear markers markers. Temperature and length of the different phases and the number of cycles
are mentioned.

trnL-F CD & EF

psbA-trnH

ndhF

Phytochrome-C

Temperature

Time

Temperature

Time

Temperature Time

Temperature Time

(ºC)

(min:sec)

(ºC)

(min:sec)

(ºC)

(min:sec) (ºC)

(min:sec)

Premelt

95

5:00

94

5:00

95

10:00

94

5:00

Denature

95

0:50

94

1:00

95

1:00

94

1:00

Anneal

53

0:30

48

1:00

55

1:00

50

1:00

Extension 72

1:30

72

2:45

72

3:00

72

2:00

Final
72
extension

10:00

72

10:00

72

7:00

72

10:00

Marker

Number
of cycles

30

32

30

28

For each region, a pilot PCR was performed with 1 µl DNA-solution per sample. Per 10 µl sample the PCR-mix contained next
1µl DNA-solution 1µl BSA, 1µl Fermentas buffer (including MgCl), 0,4µl dNTPs, 0,35 µl of both the forward and reverse
primers, 0.08 µl Fermentas Taq polymerase (5U/µl) and was added up to 10 µl with MilliQ-water. To check for possible
contaminations of the PCR mix a negative control sample was included in each pilot PCR run.
For DNA-samples that showed a product on gel PCR’s were run with a multiple of 10 µl samples, ranging from 70 µl for
samples showing a very clear PCR-product to 140 µl for samples with less bright bands on gel to obtain a sufficient amount of
DNA for sequencing.

Gel-electrophoresis
After running the PCR, the products were loaded on an 1% agarose-gel to see whether the PCR-products contained the DNAregion in question. This gel is fabricated by adding one per cent of agarose to a volume of electro-conductive buffer (e.g. 0.4
gr agarose in 40 ml buffer). This solution is then boiled shortly and one µl of ethylium-bromide is added. Ethylium-bromide
binds to DNA and can be maid visible with the use of UV-light. When cooling down, the solution solidifies. A comb is put in
the solution before solidification. In this way slots are created in which the PCR-products are then injected. The products will
run through the gel when it’s set under electricity. Afterwards the bands of PCR-products are made visible by UV-light and
photographed to save the results.

PCR-product cleaning
The PCR-products for the different DNA-samples were then pooled and cleaned with the use of the MinElute PCR Purification
kit. This kit contains a binding buffer to bind the DNA to a silica membrane in a column and a wash buffer to remove dNTP’s
and other PCR-solution molecules to prevent errors in the sequence. The cleaned products were solved in Miliq water.

Cycle sequencing
To prepare the PCR-products for sequencing, a cycle sequence reaction was run for each forward and reverse primer. The
Amersham sequencing kit containing the dye DETT was used. This dye contains fluorescent-labelled DDNTP’s next to DNTP’s.
When polymerase uses a DDNTP instead of a DNTP the chain reaction is inhibited resulting in a mixture of PCR products of
different lengths, each ending with a fluorescent-labelled DDNTP. For each nucleotide, a different fluorescent label is used,
TM.
which makes sequencing possible. The sequencing was done by Greenomics
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Sequence editing and aligning
TM

For each region tracer files were produced by Greenomics . The tracer files of forward and reverse primers were edited
with CodonCode aligner version 3.7.1, resulting in consensus sequences for the four different regions. Aligning was done
manually in Mesquite (Maddison & Maddison, 2008).

Phylogenetic analyses
Phylogeny reconstructions were performed in a Bayesian framework using the software package BEAST version 1.7.2.
(Drummond et al., 2012). Taxon sampling within Mosannona was nearly complete, with only M. guatamalensis, M. maculata
and M. pachiteae missing. Two outgroup taxa were used, Crematosperma brevipes and Malmea dielsiana, selected on the
basis of number of already available sequences. An overview of used accessions can be found in appendix 4. The nuclear
markers phytochrome-C and Malate synthase (Lewis & Doyle, 2001) showed incongruences with the chloroplast markers.
Therefore phylogeny reconstructions were based only on the five chloroplast markers, ndhF, trnL-F, psbA-trnH, matK and
rbcL. NdhF, matK (Hilu et al., 2003) and rbcl (Judd et al., 1999) are protein-coding genes, psbA-trnH and trnL-F are intergenic
spacers. Two data partitions were generated by linking markers in BEAUti, one with the three gene-coding markers and one
with the two intergenic spacers.
Jmodeltest (Posada & Crandall, 1998; Posada, 2008) predicted the substitution model GTR+γ to be the model best fitting the
data. A relaxed lognormal clock model was used for both partitions.

Secondary calibrations were performed in BEAST using the crown node estimations from Couvreur et al. (2011). They
calibrated the Annonaceae phylogeny using fossils with the methods Penalized likelihood (PL) (Sanderson, 2002) and
calibration in BEAST. The crown node age of Mosannona was estimated to be 15 ± 3,64 Ma (BEAST) or 32 ± 7 Ma (PL).
Analyses were run using two sets of accessions. One extensive set, including two accessions of each Costa Rican Mosannona
and a reduced set including one accession per taxon to use in the phyloclimatic modelling analyses.
A prior following a normal distribution was set for the crown node calibration. Other changed priors with respect to the
BEAUti default settings were the gamma shape parameters alpha (for both partitions: uniform, 0.0-1.0), the substitution rate
parameter ucld.mean (for both partitions: uniform, 0.0-1.0) and the speciation parameter yule.birthRate (uniform, 0.0-1.0).
For each analysis 4 chains of 10.000.000 generations were run, with one tree per 1000 sampled. The BEAST output log-files
were analysed with Tracer (Rambaut & Drummond, 2003) to check for stability of the MCMC-chains. The 4 chains were
combined using LogCombiner and annotated with TreeAnnotater. Both programs are implemented in the BEAST software
package.

Species distribution modelling
Data layers
The 19 BIOCLIM variables for South and Central America were downloaded from the Worldclim database
(www.worldclim.org) (Hijmans et al., 2005). 15 FAO soil parameters (FAO 2002) were downloaded from the FAOGeonetworkwebsite (www.fao.org/geonetwork/srv/en/main.home). A list of all variables can be found in appendix 5.
All Bioclim layers consist of continuous data on precipitation, temperature and seasonality variables. The FAO soil layers
consist of discrete data. The ranges for the different soil variables are discretized in several ordinal but different sized classes.
The actual grid value consists of two numbers, the first for the dominant class in that specific grid cell and the second for the
associated class. When the first class applies to more than 80% of the grid cell, the second number is a zero. Therefore, a grid
value of e.g. 40 in this case is actually higher than a value of 43, when the variable would be constructed as continuous.
To assess for the problem of multicollinearity (Graham, 2003; Townsend Peterson et al., 2007), Pearsons and Spearman
correlation tests were performed for the (continuous) climate and (categorical) soil variables, respectively. The least
correlated parameters were selected resulting in 8 BIOCLIM and 10 FAO parameters used for distribution modelling.

Modelling
Species distributions models were produced for all species using the software package MaxEnt. Maximum entropy is found to
be one of the best performing algorithms to predict species distributions (Elith et al., 2006).
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MaxEnt combines the geographic coordinates of plant collections with the local climate data and predicts a range of niche
suitability. This range is extrapolated over the area in question, resulting in a species distribution model with different
measures of suitability. MaxEnt thereby determines the contribution of the different climate variables to the model. Climate
variables that significantly contributed to the different models were used for phyloclimatic modelling.
As a measure for model performance MaxEnt calculates the ‘area under the curve’ (AUC;(Metz, 1978; Raes & Ter Steege,
2007), although the utility of this has been discussed heavily (Raes & Ter Steege, 2007; Lobo et al., 2008). SDM’s were tested
for significance using a null model approach (Raes & Ter Steege, 2007). To test a SDM of a species represented by a specific
number of presence points 999 distributions of virtual species represented by the same number of presence points must be
modelled. The AUC value of the real SDM is then compared to the 999 AUC values of the virtual species. At a significance
level of 0.05, the species AUC value must be higher than 950 of the virtual AUC values.

Niche overlap tests
The overlap between the different species distribution models were compared pairwise with ENMtools (Warren et al., 2010).
The MaxEnt asci output files, with species niche suitability values per grid cell are loaded into the ENMtools, which then
produces output files for Schoeners D and Hellingers I. Both measures use species suitability values per grid cell. Hellingers I
compares the distribution of suitabilities, where Schoeners D produces a sum of the differences in suitability per grid cell.

Model performance tests
Data type
To test for the influence of the use of both continuous and categorical data on model performance, the data of M. depressa,
the most widespread species of Mosannona, was used. These data consists of ca. 300 records from 145 different grid cells.
From these 145 individual records three times 10 sets of 120 records were drawn randomly and 10 models were run using
respectively only the categorical soil data, only the continuous climate data, or both soil and climate data. The model AUC
values were summarized for the three model types and Schoeners D and Hellingers I values were determined, both within
and between the model groups, using ENMtools.
Model performance was then tested by extracting the predicted suitabilities from the ESRI asci file produced by MaxEnt with
the use of a point file containing the actual records, resulting in predicted suitabilities of the different model types for each
record. For each model the predicted suitabilities were averaged, resulting in 10 suitability averages per model type. In
addition the number of presence localities predicted to have a suitability of 0.7 or higher was counted per model.
Differences in predicted suitabilities and in number of records predicted to have a suitability of ≥0.7 between the model
types were then tested for significance using t-tests in SPSS.

Record number
From the M. depressa database 10 sets of records were drawn randomly for the record numbers 3, 10, 20, 30, 50, 80 and
120. To determine how predicted niches can vary between models based on the same number of records for each set
Schoeners D and Hellingers I values were calculated. Niche overlap values were also calculated for each of these models
compared with the actual distribution model based on 145 records. For each random model, the values of the contributing
parameters corresponding with the grid cell predicted to be the most suitable for the species were extracted using DivaGis
(Hijmans et al., 2001) to quantify what the differences in niche parameter values between niche models based on the same
amount of records are.

Phyloclimatic modelling
Data extraction
Based on the contribution to the species distribution models, 5 climate and 5 soil parameters were selected. For these
parameters the values corresponding to the different species presence localities were extracted with the use of DivaGis.
Secondly, the environmental variable values corresponding with the grid cells predicted to be most suitable for a species are
extracted from the MaxEnt output layers using ArcGis and Diva-Gis. The asci output files provided by MaxEnt were first
converted to point files in ArcGis, after which for each grid cell environmental values could be extracted using a stack of the
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layers of interest in Diva-Gis. These extractions result in both parameter values of the actual niche as values of the niche
predicted to be optimal.

Optimization
Variables can be optimized over the Mosannona phylogeny using the software package Mesquite (Maddison & Maddison,
2008). Different methods are used for optimizing continuous and categorical data.
Continuous characters
Continuous characters were optimized using square-change parsimony optimization (Maddison, 1991). This method
determines the shortest tree given the states of the external nodes and calculates the states of the internal nodes and
thereby also the length of the tree. The range minima and maxima for the contributing variables extracted using the record
localities are optimized with MaxMin Coding (Hardy & Linder, 2005; Hardy, 2006). In MaxMin Coding, the range minima and
maxima are used as single continuous characters. They are independently optimized over the same tree, determining the
ancestral variable ranges. The parameter values predicted to be optimal were also optimized as single continuous values.
Categorical characters
Because of the structure of the FAO-layers another method of optimization was used. Optimization of Mesquite both minima
and maxima of categorical data is not possible, as these categories are treated as non-numeric discrete characters. To
introduce an additive factor to these characters, step matrices were introduced, in which the categories were given a certain
weight resulting in a higher cost for more drastic environmental switches. Range minima, maxima and the predicted optimal
niche parameter values were all optimized using square-change parsimony with and without the use of a step matrix.
Phylogenetic signal
The length of a tree with an optimized character represents the amount of change within a character between the different
species. A tree with a short tree length therefore has a strong phylogenetic signal, as there is little change of the character.
The trees with optimized characters were tested for the presence of a phylogenetic signal using a null-model, as
implemented in mesquite and proposed by Blomberg et al. (2003). Character values are shuffled randomly over the external
nodes 999 times resulting in 999 random tree lengths. When the measured tree length is shorter than 950 random tree
lengths, there is a significant phylogenetic signal (p≤0.05).
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Results
Morphological analyses
An overview of the character analysis for the three Costa Rican Mosannona populations and for M. hypoglauca can be found
in appendix 6.

Floral characters
Unfortunately, there were no herbarium specimens containing flowers of plants from the San Carlos area. However, some
floral characters were found to distinct the two other Costa Rican populations from each other and from M. hypoglauca.
Compared to M. hypoglauca and the Limón population, the flowers of the Osa population are small, with more narrowly
elliptic petals, which are often pubescent. The sepals are pubescent in the plants of both the Osa population and M.
hypoglauca and glabrous in the plants found in Limón. The latter also have glabrous stigmas, where stigmas of M. hypoglauca
and Osa plants are pubescent.

Vegetative characters
The leaves of Osa specimens are quite distinct from the leaves of the other populations, almost always showing a high
length/width ratio of the leaves of 3.6 – 4.5, compared to 2.8 – 3.96 for the Limón specimens and 2.2 – 3.4 for the San Carlos
specimens, and a gradually acuminate top, which is obtuse or acute in the San Carlos population and almost always obtuse or
acute in the Limón population.The Osa plants always lack papillae on the lower side of the leaves. Specimens of M.
hypoglauca and specimens from the San Carlos area always have papillose leaves, resulting in glaucous coloured lower sides.
The specimens of Limón sometimes show these papillae, and during the fieldwork plants were observed with both leaves
with and without papillae. No obvious differences in leave shape were found between specimens of San Carlos, Limón, and
M. hypoglauca, although the latter two sometimes showed a more acuminate leave top. Overall, compared the Osa
specimens, the leaves are relatively broad and have an acute or obtuse apex.

Lab work
For four of the six specimens DNA regions were amplified and successfully. An overview of the sequenced regions can be
found in table 2
Table 2. Sequenced DNA-regions: successful sequencing is indicated with a ‘x’, failed amplification with a ‘-‘. Regions with only the forward or reverse primer
successfully sequenced are indicated with ‘+-‘.

Species

TrnL-F CD

TrnL-F EF

PsbA-TrnH

ndhF 481F-1089R

ndhF 1550F-2110R

M. spec (San Carlos)

x

x

x

x

-

M. costaricensis (Osa)

x

x

x

x

x

M. costaricensis (Osa)

x

x

x

x

x-

M. hypoglauca

-

-

-

-

-

M. pachiteae

-

-

-

-

-

M. xanthochlora

x

-

x

x-

x
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Phylogenetic analyses
Topology
All four analyses show similar topologies and node support values. M. hypoglauca is found to be
sister species of the other Mosannona species. The Amazonian species are monophyletic, with M. vasquezii as sister of
the other species. The relationships within the rest of this Amazonian clade are almost unresolved. The Central
American species are placed into two clades. The Costa Rican populations form a well-supported clade together with M.
garwoodii of the Panama Canal zone and with the West Andean species M. pacifica. The subspecies of M. depressa are
found to be sister of M. discolor, although this is poorly supported, and the position of M. discolor therefore is
unresolved. This Northern Central American/Guyanan clade is sister to the Amazonian clade. However this node only
gets moderate support values (ca. 0.75). The Limón and Osa populations are well supported. However, the position the
San Carlos population remains unclear, as the accessions do not form a clade in the extended analyses, where the
specimens of the Osa population are nested within them. In the reduced analyses, the population is placed as sister to
the other four taxa.

Figure 1:Calibrated Mosannona phylogeny based on the reduced dataset. Secondary crown node calibration was performed using Penalized
Likelihood estimations of Couvreur et al. (2011b), using a mrca estimation of 32 ± 7 Ma.
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Figure 2: Calibrated Mosannona phylogeny based on the extended dataset. Secondary crown node calibration was performed using Beast Calibration
estimations of Couvreur et al. (2011b), using a mrca estimation of 15 ± 3.64 Ma.

Dating
For all four analyses the crown nodes are estimated younger than the value set as the normal distributed prior mean.
Considerable differences in node age estimations are found between the analyses with different numbers of accessions.
Estimated Mosannona crown nodes vary from 7,68 Ma for the extended data set, calibrated with the BEAST crown node
estimation (15 ± 3,64 Ma), to 25.8 Ma for the reduced data set calibrated with the PL crown node estimation (32 ± 7 Ma).
Node estimations and confidence intervals of relevant nodes can be found in table 3.
Table 3: Average node age and 95% confidence interval estimations for the extended and reduced datasets, using both Mosannona mcra estimations. The
biogeographically interesting nodes are mentioned.

Extended data set
PL (32 ± 7 Ma )

Node

BEAST (15 ± 3,64 Ma )

Node age /95% CI (Ma)

Reduced data set
PL (32 ± 7 Ma )

BEAST (15 ± 3,64 Ma )

Node age/95% CI (Ma)

Cro wn

19.7 (1.00-35.65)

7.68 (1.19-16.41)

25.84 (0.24-38.91)

10.95 (0.25-18.21)

West Andean/Central American Amazonian/M.discolor/M.depress

11.08 (0.61-23.21)

4.31 (0.70-10.41)

15.20 (0.13-26.35)

6.31 (0.16-12.08)

A mazo nian - M .depressa/M .disco lo r

9.56 (0.51-20.68)

3.72 (0.66-9.41)

13.29 (0.08-23.79)

5.53 (0.12-10.82)

M . vasquezii - Other A mazo nian

6.79 (0.37-15.56)

2.68 (0.37-6.94)

9.56 (0.07-18.05)

3.97 (0.07-8.19)

M .depressa - M .disco lo r

8.70 (0.49-19.62)

3.41 (0.56-8.72)

12.33 (0.12-22.54)

5.11 (0.13-10.26)

M . pacifica - M . garwo o dii

2.95 (0.14-7.48)

1.16 (0.13-3.23)

4.15 (0.03-8.69)

1.72 (0.02-3.94)
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Species distribution modelling
All but two AUC-values of the species distribution models were significantly higher than random, according to the 0-model
th
approach. Only for the models of the San Carlos population and M. vasquezii, the AUC-values are below the 950 AUC-limit.
Based on their contribution to the species distribution models 5 soil and 5 climate parameters were selected to use in the
phyloclimatic modelling analyses (table 4).
Table 4: Environmental and soil parameters with on average the
highest contribution to the species distribution models.

Code

Explanation

cet

Cation exchange capacity

cps

Carbon pool soil

drain

Soil drain

smax

Soil moisture capacity

bss

Base saturation

bio2

Mean diurnal temperature range

bio4

Temperature seasonality

bio14

Precipitation of the driest month

bio18

Precipitation of the warmest quarter

bio19

Precipitation of the Coldest quarter

Niche overlap tests
Overall niche overlap values were low, with Schoeners D values ranging from 0.0011 for the overlap between M.
xanthochlora and M. depressa subsp. depressa to 0.30 for the overlap between M. hypoglauca and M. discolor and Hellingers
I values ranging from 0.009 to 0.56 for the same two species pairs. There were no incongruences found between Schoeners D
and Hellingers I values, although the latter were considerably higher. The phylogeny of Mosannona contains four pairs of
sister taxa. Relatively high niche overlap is found for the Amazonian sister pair M. xanthochlora and M. papillosa (Schoeners
D = 0.23/Hellingers I=0.493), although the M. xanthochlora niche shows slightly more overlap with that of M. vasquezii
(Schoeners D=0.26/Hellingers I=0.497). The two subspecies of M. depressa also show some degree of niche overlap
(Schoeners D=0.118/Hellingers I=0.34), and only the niche of M. garwoodii shows a higher degree of similarity with that of M.
depressa subsp. abscondita. For the other two sister taxa pairs, the Costa Rican Osa and Limón populations and M. pacifica
and M. garwoodii niche overlap values are low, and all four taxa have niches more similar to the niches of several other
species.

Model performance tests
Record number
Average AUC-values ranged from 0.98959 for the models based on 120 records to 0.99894 for the models based on 3
records, with the latter showing a significantly higher average AUC-value than the models . The average niche overlap
between models based on the same number of records is plotted in figure 3. Schoeners D values range from 0.40 for models
based on 3 records to 0.86 for models based on 120 records. Hellingers I values range from 0.68 to 0.97.
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Average overlap between random niche models (n=10)
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Figure 3: Average overlap between modelled niches based on sets of 10 evenly-sized samples randomly drawn from the M. depressa subsp. depressa
dataset. Both Schoeners D and Hellingers I values are mentioned. With an increasing record number the degree of overlap rises, as the total niche breadth is
better sampled.

Average overlap values with the niche of M. depressa especially strongly increase between models based on 3 records
(Schoeners D= 0.22/Hellingers I=0.44) and models based on 20 records (Schoeners D=0.53/Hellingers I=0.79). Between the
models based on 20 records and the models based on 120 models the niche overlap values increase more gradual (Figure 4).

Average niche overlap between random models and the
niche model of Mosannona depressa (n=10)
1.2

Niche overlap

1
0.8
0.6

Hellingers I

0.4

Schoeners D

0.2
0
0

20

40

60

80

100

120

Record number
Figure 4: Average niche overlap (Hellingers I and Schoeners D) between model sets (n=10) of different sample sizes randomly drawn from the M. depressa
subsp. depressa dataset and the actual niche model of M. depressa subsp. depressa. There is a steep increase in overlap with the ‘real niche’ between 3 and
20 records.

The predicted optimal niche parameter values strongly vary between models based on low record numbers and converge to
the value predicted by the actual model of M. depressa. Values of temperature seasonality range from 772 to 2660 for
models based on 3 records and from 624 to 2331 for models based on 10 records (Fig. 5). Similar patterns are found for the
other climate variables and the soil variables, e.g. soil cation exchange capacity (Fig. 6). As the soil variables are categorical, a
limited number of states can be adopted.
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Predicted most suitable value of Temperature
Seasonality (BIO4)
Temperature Seasonality
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Figure 5: Predictions of the most optimal value for the continuous climate parameter Temperature Seasonality (BIO4), based on niche model sets (n=10)
with different sample sizes. With increasing record numbers the predicted values converge. The value extracted from the niche model of M. depressa subsp.
depressa is marked in red. Similar patterns are found for the other climate parameters.

Predicted most suitable value for Cation exchange
capacity (CET)
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Figure 6: Predictions of the most optimal value for the categorical soil parameter Cation exchange capacity, based on niche model sets (n=10) with different
sample sizes. A similar pattern is found as for the continuous parameters, with converging predicted values as the record number increases. Because of the
categorical construction of the data, only a limited set of states can be adopted. The value extracted from the niche model of M. depressa subsp. depressa is
marked in red. Similar patterns are found for the other soil parameters.
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Data type
Niche overlap values between models based on climate layers and models based on soil layers are low (Table 5). The models
based on both climate and soil variables predict a niche more similar to the niche predicted by the climate-based models,
although the differences in overlap with the soil-based models are low.
Table 5: Average Schoeners D and Hellingers I niche overlap values between model sets based on the different layer types. Three sets containing models
(n=10) were composed based on 120 records randomly drawn from the M. depressa subsp. depressa record set, using only climate, only soil or both soil and
climate layers. The overlap values of the models within the different sets are also mentioned. Overlap values are especially low between only-climate and
only-soil models.

Average niche overlap
Within climate
Within soil
Within soil&climate
Between soil and climate
Between soil and soil&climate
Between climate and soil&climate

Schoeners D
0.851
0.864
0.863
0.333
0.493
0.525

Hellingers I
0.988
0.973
0.974
0.562
0.755
0.818

T-test results for the differences in predicted suitabilities and number of numbers of record cells predicted with a high
suitability are listed in table 6. The models based on only soil variables predict significantly higher suitability values for the
grid cells were M. depressa is recorded and predict significantly more of these cells to have a suitability value of 0.7 or higher
than the models based on only climate variables or on both climate and soil variables. Also the models based on climate
variables predict more record cells to have a high species suitability than the models based on both climate and soil layers.
Overall predicted suitability for the record cells does not differ between the models based on both climate and soil data and
the models only based on climate data.

Table 6: Average estimations and t-test results of model performance between models (n=10) based on different sets of data layers. The average predicted
suitability for grid cells were the species is recorded, and the number of these grid cells predicted to have a suitability of at least 0.7, are mentioned.
Significant differences in average predicted suitability are found between the soil-based model and the models based on climate or both data types. Both
the models based on a single data type predict a significantly higher number of cells to have a suitability of at least 0.7 than the model based on both data
types.

Mean predicted suitability

Mean number of records
predicted above 0.7

t-test mean predicted suitability t-test mean well predicted records
Climate

Soil

Climate & Soil

Climate

Soil

Climate & Soil

Climate

0.57

56

-

0.000

0.522

-

0.000

0.000

Soil

0.61

76.5

0.000

-

0.000

0.000

-

0.000

Climate & Soil

0.57

38

0.522

0.000

-

0.000

0.000

-
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Phyloclimatic modelling
Data
The niche parameter range values extracted for the record cells and the predicted optima are listed in tables 7 and 8. Some
of the predicted optima values fall outside the range found for the actual record sites, which is probably caused by a
relatively low contribution of that specific parameter to the species distribution model.
Table 7: Optimized climate parameter values. Both the range minima and maxima and the predicted optimal values are mentioned. Predicted optima that
are outside of the actual parameter range found for the different species are marked in bold.

Parameter

BIO2

BIO4

BIO14

BIO18

BIO19

Species
Min - Max
Opt. Min - Max Opt. Min - Max Opt. Min - Max Opt. Min - Max Opt.
M. costaricensis Limon
81 - 95
81 660 - 744 607 22 - 28
21 554 - 671 583 743 - 933 711
M. costaricensis Osa
108 - 112 111 703 - 756 758 61 - 36
61 637 - 721 764 1043 - 1434 1573
M. depressa subsp abs.
86 - 95
86 1868 - 2202 1965 64 - 78
64 259 - 920 464 138 - 491 400
M. depressa subsp dep. 68 -139
81 1113 - 2355 1556 36 - 100 51 248 - 1708 879 19 - 704 539
M. discolor
67 - 105
67 446 - 686 446 36 - 71
37 155 - 290 239 271 - 886 336
M. garwoodii
67 - 67
87 667 - 667 763 56 - 56
57 389 - 389 485 968 - 968 580
M. hypoglauca
71 - 84
71 204 - 518 307 36 - 60
51 287 - 561 396 583 - 1345 543
M. pacifica
75 - 88
58 618 - 807 593 77 - 93
59 567 - 1485 782 48 - 186 188
M. papillosa
95 - 121
97 377 - 504 408 14 - 23
15 436 - 926 853 611 - 957 955
M. parva
103 - 114 101 656 - 2013 996 45 - 53
44 543 - 959 1324 183 - 271 463
M. raimondii
98 - 126 125 335 - 626 482 23 - 53
30 319 - 1077 275 178 - 525 176
M. spec. San Carlos
90 - 95
89 741 - 754 755 41 - 55
28 312 - 434 784 807 - 877 1210
M. vasquezii
97 - 98
99 439 - 452 429 17 - 19
16 684 - 693 728 548 - 563 555
M. xanthochlora
97 - 102 100 383 - 557 1445 7 -14
7 644 - 735 721 584 - 781 629

Table 8: Optimized soil parameter values. Both the range minima and maxima and the predicted optimal values are mentioned. Predicted optima that are
outside of the actual parameter range found for the different species are marked in bold.

Parameter
BSS
Species
Min - Max
M. costaricensis Limon
21 - 23
M. costaricensis Osa
24 - 40
M. depressa subsp abs.
32 - 42
M. depressa subsp dep.
12 - 43
M. discolor
20 - 42
M. garwoodii
21 - 21
M. hypoglauca
20 - 32
M. pacifica
12 - 43
M. papillosa
12 - 34
M. parva
20 - 24
M. raimondii
12 - 42
M. spec. San Carlos
12 - 23
M. vasquezii
24 - 24
M. xanthochlora
12 - 24

CET
Opt. Min - Max

23
24
40
40
20
21
20
43
12
20
40
20
24
40

23 - 45
30 - 43
32 - 40
23 - 54
10 - 43
23 - 23
20 - 45
30 - 42
20 - 34
20 - 32
20 - 53
23 - 41
32 - 32
20 - 32

CPS
Opt. Min - Max

35
24
30
54
10
21
24
34
15
15
53
21
30
24

40 - 40
30 - 30
30 - 40
20 - 40
20 - 40
40 - 40
30 - 40
20 - 40
30 - 40
20 - 30
30 - 30
30 - 40
30 - 30
30 - 30

DRAIN

SMAX

Opt. Min - Max Opt. Min - Max

40
30
30
30
20
40
30
20
30
30
30
30
30
20

43 - 84
43 - 46
43 - 86
34 - 87
23 - 87
43 - 43
42 - 87
42 - 64
43 - 78
43 - 54
56 - 78
45 - 67
78 - 78
43 - 78

76
43
43
46
23
43
43
64
65
54
67
45
78
43

13 - 30
34 - 36
10 - 37
10 - 67
10 - 40
30 - 30
10 - 30
23 - 32
10 - 30
30 - 37
10 - 41
10 - 30
10 - 10
10 - 37

Opt.

31
37
40
35
41
31
31
31
31
31
42
31
10
40
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Optimizations
Continuous data
An overview of the optimized states for the range and predicted optima of the climate characters for the Mosannona crown
node of Mosannona is found in table 9. All parameters show rather high differences between the tips, both for the optima
and range minima and maxima (e.g. figure 7 & 8).
Table 9: Basal ancestral state reconstruction estimates of the climate parameters. The values for both the optimizations of the range minima and maxima
and the optimizations of the predicted optimal parameter values are mentioned.

MIN

Basal ancestral states of climate parameter minima and maxima
BIO4
BIO14
BIO18
MAX
MIN
MAX
MIN
MAX
MIN
MAX

82.93

98.56

BIO2

BIO2
81.95

538.78

830.84

38.12

58.05

365.57

702.49

Basal ancestral states of climate parameter predicted optima
BIO4
BIO14
BIO18
656.15

42.26

561.7

BIO19
MIN
MAX
510.68

954.22

BIO19
613.27

Figure 7: Optimization of the range minima and maxima of the Mean diurnal temperature range (BIO2). Large differences are found especially in the Central
American/West Andes clade.
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Figure 8: Optimization of the predicted optima of the Mean diurnal temperature range (BIO2).

Categorical data
An overview of the optimized states for the range and predicted optima of the climate characters for the Mosannona crown
node of Mosannona is found in table 10. The introduction of step-matrices results in both more resolved and unresolved
ancestral state reconstructions. However there is high similarity between the basal ancestral states optimized with and
without step-matrix (e.g. fig. 9 & 10).
Table 10: Basal ancestral state reconstruction estimates of the soil parameters. The values for both the optimizations of the range minima and maxima and
the optimizations of the predicted optimal parameter values are mentioned. The introduction of step-matrices results in both more resolved and unresolved
basal ancestral states.

BSS
Optimization method
Wi th Step-ma tri x
Wi thout Step-ma tri x

MIN

MAX

Basal ancestral states of Soil Parameter minima and maxima
CET
CPS
DRAIN
MIN
MAX
MIN MAX
MIN
MAX

SMAX
MIN MAX

20

24/31/32

20/23

40/42/43/45

30

30

42

78/82/83/84/85/86/87

10

30

12/20

23/24/32/42

20/23/32

43/45

30

30

42/43

87

10

30

Basal ancestral states of Soil Parameter predicted optima
CET
CPS
DRAIN

Optimization method

BSS

Wi th Step-ma tri x

20/23

24

30

43

31

20

21/24/30

30

43

31

Wi thout Step-ma tri x

SMAX

Phylogenetic signal
None of the trees with optimized characters, continuous or categorical, had a tree length shorter than 950 trees with the
same characters randomly shuffled over the tree tips. Therefore, none of the modelled climate or soil variables are
significantly conserved within Mosannona.
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Figure 9: Unordered optimization of the predicted optima for the soil parameter Base saturation (BSS). Within the species group containing M. costaricensis
and M. pacifica the state of the mrca is unresolved.

Figure 10: Optimization of the predicted optima for the soil parameter Base saturation (BSS) using a stepmatrix. The mrca of the species group containing M.
costaricensis and M. pacifica is well-resolved (compared to Fig 9).
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Discussion
Sequence data
Not all selected regions were sequenced for all specimens. For M. hypoglauca, M. xanthochlora and the specimens
from the Osa Peninsula character sampling was incomplete (Appendix 4). The effect of missing data on phylogenetic
accuracy has been discussed thoroughly in literature (Donoghue et al., 1989; Anderson, 2001; Kearney, 2002) and
missing data was long thought to be the cause of topologically misplaced taxa. However, in his 2003 paper Wiens
proposed that as long as there is a sufficient amount of informative characters present in the analysis the number of
missing characters does not have a high influence on phylogenetic reconstructions.
In the analyses performed by Kloth, in which in addition to chloroplast data also nuclear data was used, overall higher
node support values were found compared to the analyses presented here. However, the nuclear and chloroplast data
of Mosannona show conflicts for some taxa and can therefore not be combined in phylogenetic analyses without
accounting for these conflicts. A method for accounting for these incongruences has been proposed by Pirie et al.
(2009). They meaningfully analysed their conflicting chloroplast and ITS data by either excluding the conflicting
accessions or duplicating them, the latter resulting in a tree in which the conflicting taxa are represented by two
accessions, either with only the chloroplast or with only the nuclear data of a taxon. Although Kloth successfully
performed phylogenetic analyses using this method, in the study presented here only chloroplast data was used,
because detecting of and accounting for incongruences between nuclear and chloroplast data was considered to be
beyond the scope of this project because of time limitations. However, as some taxa were incompletely sampled, it is
to be questioned whether there would be a sufficient amount of informative characters for each accession when the
conflicting taxa would be duplicated.

Phylogeny & Dating
Phylogeny
The calibrated phylogenies presented in this study are similar in overall topology to the one produced by Kloth in
which the nuclear regions of the conflicting accessions were excluded from the analysis. The analysis performed by
Kloth in which the plastid regions of conflicting accessions were excluded produced a phylogeny which differed in the
position of M. depressa, which was placed as a sister species to all other species with the exception of M. hypoglauca
and in the position of M. pacifica, which was found to be most closely related to M. discolor. However, both of these
differences with the phylogeny presented here are not strongly supported. The phylogeny in which the conflicting
taxa, the two subspecies of M. depressa and M. pacifica, were duplicated showed a similar pattern, with the nuclear
accessions of M. depressa placed as sister to other taxa and the plastid regions forming a group with M. discolor and
the nuclear accession of M. pacifica, placed as sister group of the Amazonian clade. The accession containing the
plastid regions of M. pacifica was retrieved as sister to M. garwoodii.
In the phylogenies presented in the study presented here, the south Central American species and M. pacifica form a
well-supported clade, as do the Amazonian species. The highest phylogenetic uncertainty is found for the positions of
M. discolor, the Amazonian clade and the two subspecies of M. depressa.
In all 3 phylogenies in the study of Kloth, M. discolor is placed closely to the Amazonian clade, which confirms the
presence of two major clades within Mosannona: a south Central-American clade and a clade with Amazonian and
Guinean species. The analysis of Kloth in which the nuclear conflicting areas are excluded strongly supports M. pacifica
as a sister species to M. garwoodii and the presence of M. depressa in the sister group of the Amazonian clade.
However, the analyses in which nuclear data for M. depressa and M. pacifica is included do not support these
relationships and drawing (biogeographic) conclusions regarding these taxa must be done with some level of
uncertainty.

Dating
As the BEAST prior for the age of the most recent common ancestor (mrca) of Mosannona was set to 15 ± 3.64 or 32
± 7 Ma it is remarkable that crown node age estimations range from 7.68 to 25.8 Ma. Couvreur et al. (2011b) also
find relatively young ages for the shallow parts of their Annonaceae phylogeny in their BEAST analyses compared to
age estimations from their other analyses. When run on an empty alignment, also slightly lower estimations were
found for the mcra, indicating that the prior settings might have been the cause for the slightly aberrant results.
The estimated node ages show broad 95%-confidence intervals. Hence drawing conclusions regarding must be done
with a high degree of reserve. Nevertheless, as the age estimations of the 4 analyses cover large time intervals, I
assume that the actual node ages are found within these intervals and will interpret the most extreme node age
estimations as the node age minima and maxima.
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Kloth produced two calibrated phylogenies per analysis type, using 16.85 Ma as a minimum and 45.44 as maximum
age for the South American Clade (SAC; (Pirie et al., 2006) which resulted in Mosannona crown node age estimates of
10.89 and 29.37 Ma, which more or less correspond with the results found in this study. The estimates of the node
minima and maxima of both studies show high similarity and are presented in table 11. Only the values of the
analyses with the conflicting nuclear accessions excluded are mentioned for the phylogeny of Kloth, as there are some
topological differences with the other analyses, which make comparison less meaningful.
Table 11: Minimum and maximum BEAST node age estimations from the study of Kloth (unpublished) and this study.

Minimum - Maximum Node Age (Ma)

Node

Kloth (unpublished)

This study

Crown

10.89 - 29.37

7.68 - 25.84

West Andean/Central American Amazonian/M.discolor/M.depressa

5.76 - 15.54

4.31 - 15.20

Amazonian - M.depressa/M.discolor

5.13 - 13.83

3.72 - 13.29

M. vasquezii - Other Amazonian

3.88 - 10.47

2.68 - 9.56

M.depressa - M.discolor

4.69 - 12.67

3.41 - 12.33

M. pacifica - M. garwoodii

1.85 - 5.00

1.16 - 4.15

Biogeography
As the Central-American species are non-monophyletic at least three events of dispersal between Central and South
America or vice versa must have occurred. In case Mosannona would have originated in Central America, there would
have been a dispersal event to South America regarding M. pacifica and an event regarding M. discolor and the
Amazonian clade. In this scenario M. depressa would have dispersed to Central America. In the scenario of a South
American origin, there was a dispersal event to Central America regarding the Central American clade (followed by
dispersal of M. pacifica back to South America) and an event of dispersal to Central America of M. depressa.
The youngest estimate for the mrca of the two major clades in Mosannona is 4.31 Ma. As the Panama Isthmus closed
approximately 3.1 million years ago this indicates an event of pre-isthmus dispersal between South and Central
America. Although Central America and the Amazonian basin are nowadays separated by the Northern Andes,
dispersal of lowland taxa between these areas, assuming the possibility of pre-isthmus dispersal, was long possible as
the uplift of the Eastern Cordilleras of the Northern Andes occurred only 13-11 Ma (Antonelli et al., 2009). Hence the
dispersal of Mosannona between Central America and the Amazonian basin and the tropical Andes could have taken
place in this period, although only according to the oldest node age estimations.
In this period dispersal between the tropical Andes and the Guiana was inhibited by the presence of the large wetland
system Lake Pebas (Wesselingh et al., 2002; Antonelli et al., 2009), which existed from 17-11 Ma. In some Rubiaceae
lineages, the emergence of this wetland system appears to be the driver of speciation, as no species occur on both
sides of the former lake, and the mrca of the species seemed to occur throughout the area before the origin of the
lake (Antonelli et al., 2009). In my study, the oldest estimation for the mrca of the Amazonian clade and the species
group with M. discolor and M. depressa is 13.29 Ma, indicating that the emergence of Lake Pebas did not play a
similar role in the diversification of the South American Mosannona species. Although dispersal to the Guiana could
have taken place after the drying of Lake Pebas, this seems unrealistic, as one would expect the occurrence of a
species between the tropical Andes and the Guiana. Therefore the biogeographical history of the M. discolor partly
remains unknown. From 7 Ma until 5 Ma there was a rapid diversification of plant lineages in the Amazon, as a result
of the drying Amazonian wetland system and the emergence of a forest system (Hoorn et al., 2010), which was also
found to be the period of diversification of Guatteria (Erkens et al., 2007). Estimations for the mrca of the Amazonian
Mosannona clade range from 2.68-9.56 Ma, which could indicate a same pattern of diversification as is found in
Guatteria.
M. depressa probably dispersed to Central America before the closure of the isthmus, as the youngest estimation of
the mrca of M. depressa and M. discolor is 3.41 Ma and moreover because this species only occurs in North Central
America and is not strongly related to the taxa occurring more closely to the isthmus.
The dispersal of M. pacifica could both have been before or after the closure of the isthmus, as estimations for the
mrca of M. pacifica and M. garwoodii range from 1.16 to 5.00 Ma. Through the closure of the isthmus Central America
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became connected with the west Andean region, which makes a post-isthmus dispersal event a reliable explanation
for the West Andean distribution of M. pacifica.
However, as the youngest and oldest node estimations range large time intervals, inferring the biogeographical history
of Mosannona can only be done with a large level of uncertainty. Biogeographical analyses using a Bayesian modelbased approach (Lagrange; (Ree & Smith, 2007) or even a parsimonious approach (Pirie et al., 2012) may yield in a
more accurate reconstruction of the biogeographical history of the genus.

Morphology and taxonomy
M. costaricensis s.l.
The specimens of the Limón and Osa populations of M. costaricensis clearly differ in morphology, both in floral and
vegetative characters. In the analyses with a reduced accession set they are found to be sister taxa, although with an
extended accession set they appear as strongly supported monophyletic groups with the Limón population more
closely related to M. garwoodii and M. pacifica, and with the Osa accessions nested in a group with the San Carlos
accessions, although these relationships are weakly supported. The populations are geographically isolated by the
Talamanca mountain range and therefore at least should be treated as subspecies, or perhaps even as separate
species, although a more extensive morphological and molecular study must be performed to confirm this. The
taxonomic position and status of the San Carlos population remains unresolved. Plants of this population are until now
only found in small forest remnants in north Costa Rica. Fieldwork in other forest remnants and the lower parts of
continuous forest areas in this region (e.g. Juan Castro Blanco National Park) may produce new records, which could
clarify the position of this population. Overall an extensive molecular study of these three closely related populations
may give insight in the status and biogeographic history of the Costa Rican Mosannona taxa.

M. hypoglauca
Though strongly supported as sister to the other Mosannona species, the status of M. hypoglauca is not completely
clear. In the phylogenetic analyses performed by Kloth (unpublished data) two accessions of M. hypoglauca were
used, one specimen of the type area in South Panama and one specimen from the island Bocas del Torro. Although
the latter was identified as M. hypoglauca, it showed remarkably different sequence data, indicating that the species
circumscription of M. hypoglauca may yet be too broad. An extensive morphological study of specimens of M.
hypoglauca and more intensive sampling throughout Panama and Colombia could clarify this.
Moreover, the relationship between M. maculata and M. hypoglauca still is unclear due to a lack of herbarium samples
of M. maculata. According to Chatrou (1998) the species only differ in the presence of papillae on the underside of the
leaves in M. hypoglauca, where they are absent in M. maculata. However, the presence or absence of papillae may not
be very informative given the variability of this character in for instance the Limón population of M. costaricensis.
M. hypoglauca and M. maculata are the only Mosannona species of which the distribution areas overlap. This overlap
could indicate an event of sympatric speciation, which would apparently be the only case of such an event in the
genus. Although overlapping species distributions are also found in one of the related and similarly distributed genera,
Klarobelia, this overlap together with the overall morphological similarity raises the question whether these 2 taxa are
separate species or just phenotypic varieties. Collecting and sequencing specimens of M. maculata will resolve this
taxonomic uncertainty.

Phyloclimatic modelling
Parameter selection
In this study climate and soil variables were selected for optimization based on their contributions to the different
species distribution models. Although on average these selected variables had the highest contribution to the
distribution models, their contribution strongly differed per distribution model. Which parameter had the highest
model contribution strongly varied per species. This probably is an indication for the low degree of niche overlap
between the different species. Optimization of parameters that strongly contribute to every single species distribution
model is preferable as these parameters are important niche dimensions for every species in the phylogeny.
Therefore, when different ranges of values are occupied by different species this may be the result of niche
diversification and when all species occupy the same value range this may indicate niche conservatism.
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Optimizations and phylogenetic signal tests
Optimizations were performed using square-change maximum parsimony, a method which selects the ancestral states
that correspond with the lowest number of state changes over the tree. However, this method does not account for
several factors that might influence the likelihood for a certain ancestral state, such as phylogenetic uncertainty and
varying mutation rates. Model-based optimization techniques that do account for these factors have been developed,
such as the maximum likelihood-based ‘ace’ function in the APE-package in R-language (Paradis et al., 2004) or the
Bayesian inference-based approach SIMMAP (Bollback, 2006). These methods could have produced different and more
reliable results in the ancestral state reconstructions, as there are some weakly supported nodes which are not
accounted for in the reconstructions using maximum parsimony. However, the main focus of this study was
determining the degree of niche conservatism within Mosannona rather than the reconstruction of the ancestral niche
parameters. Considering the absence of phylogenetic signal in any of the optimized characters, the low values for
Schoeners D and Hellingers I for strongly related species and time limitations, optimizations using other algorithms
were not performed. In the optimization of discrete characters, the use of step-matrices did not yield in strongly
different results. Nevertheless, the introduction of an additive nature to discretized characters such as the used soil
variables seems more realistic, as adaptation to an environment very different from the ancestral one probably is
more ‘costly’ than more moderate changes in environment.

Niche overlap and conservatism
In this study none of the optimized climate or soil parameters showed a significant phylogenetic signal indicating that
there is no or only low ecological niche conservatism in Mosannona. However, Revell et al. (2008) show that inferring
conclusions from phylogenetic signal tests should be done with caution, as different evolutionary processes could lead
to the same results in terms of strength of the phylogenetic signal. Nevertheless, the results of both the tests for
niche overlap and phylogenetic signal point to little niche conservatism in terms of climate and soil parameters. The
overall niche overlap values between different species were low and none of the optimized characters showed a
significant phylogenetic signal. Moreover, sister species did not show higher niche overlap values than less closely
related species. As the theory of niche conservatism predicts that strongly related species have more similar niches
than less related species, these sister species would have shown relatively high niche overlap values in case of niche
conservatism. Hence this indicates that ecological niche conservatism did not contribute strongly to the speciation
events in Mosannona. However, as some of the species are represented by only a few records, it is to be questioned
whether all the niches are modelled correctly.
In African Annonaceae, some genera show only little niche differentiation, with several climate parameters showing a
strong phylogenetic signal (Couvreur et al., 2011a). These results correspond with the theory of niche conservatism
and plant diversification through events of vicariance, which has been proposed to be an explanation for the high floral
diversity and endemism in African rain forests by the Pleistocene forest refugia model (e.g., Prance 1982, Sosef
1994).
The results of this study seem to correspond with the results found by Hoorn et al. (2010), where strong landscape
diversification as a result of the Andean uplift is proposed to be the main reason for the high biodiversity of South
America and that species diversification mainly occurred as a result of the emergence of a wide range of possible
niches to which populations could adapt. This is also suggested to be a possible explanation for the rapid
diversification of Guatteria in South America (Erkens et al., 2007). Most species of Mosannona occur in allopatry
(Chatrou, 1998), indicating that niche diversification either took place after events of vicariance or dispersal or that
different populations became reproductively separated through this landscape diversification.
The absence of a phylogenetic signal indicates that there is no strong conservatism of the climatic and soil niche
characters and that species therefore might have adapted to different environments. In the light of climate change it
is to be questioned whether this also indicates the possibility of these species to adapt to new environments, as the
individual niches itself may be rigid.

Model performance tests
Although there is evidence for the lack of niche conservatism in Mosannona from both phylogenetic signal and niche
overlap tests, there are two factors which could influence the outcomes of both niche modelling and overlap tests and
which therefore must be kept in mind when phyloclimatic models.

Record number
As AUC values often are used as a measure of species distribution model performance it seems contradictory that
models based on three records on average show a significantly higher AUC value than models based on 120 records.
However, models based on high record numbers often represent common widespread species such as M. depressa and
hence show a relatively broad ecological niche. With more records added to the analysis, the modelling algorithm
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probably has to account for a larger variation within the parameters, which are therefore harder to model correctly.
Therefore species distribution models of widespread species often are relatively inaccurate (Kadmon et al., 2003).
However, high record numbers give a better representation of the distribution of the species and therefore there is
considerably more similarity in the predicted for the models based on 120 records (Schoeners D/Hellingers I =
0.86/0.97) compared to the models based on 3 records (Schoeners D/Hellingers I = 0.40/0.68). In line with this, the
niche overlap between the models based on records drawn from the dataset of M. depressa subsp. depressa and the
actual species distribution model of this taxon increases with higher record numbers.
This niche overlap strongly increases between 3 and 20 records (Fig. 4) where after the increase becomes more
gradual. Twenty records therefore could be argued to be the minimum record number to more or less correctly
represent the niche parameters of M. depressa. However, even at a record number of 20 the predicted most suitable
environmental parameter values strongly vary between the models based on different record sets. Interpreting these
niche parameter values in a phylogenetic context would therefore not be meaningful as a different but same sized set
of records would result in a considerably different optimal niche parameter value.
Extracting a suitability range for each niche parameter from a SDM and integrating these range between species in an
evolutionary context, as performed by Evans et al. (2009), would probably be more meaningful and realistic, as
species are likely to show a tolerance range rather than a single value for each niche parameter. However, such
suitability distributions cannot be optimized over a phylogenetic tree and are therefore less suitable for studying niche
conservatism in a phylogenetic context.
The minimum record number and use of small record sizes in distribution modelling have been subject of discussion
(Hernandez et al., 2006; Loiselle et al., 2008; Wisz et al., 2008). However, determining a standard for the absolute
minimum number of records needed in distribution modelling is impossible as species with smaller ranges and limited
environmental tolerances can be correctly represented with fewer records than a species with a broad ecological niche
(Kadmon et al., 2003). Nevertheless it is important to understand the effects of under-sampled species distributions
on phyloclimatic models and results concerning species represented by few records should always be interpreted with
some reserve. As there are several species in this study with less than 10 records, it is to be questioned whether
especially the predicted optimal values are correctly representing the different niches, as these values are sensitive to
undersampled species distributions.

Data layer type
There is a remarkable difference between the models based on different layer types in the number of record cells that
are predicted to be highly suitable for the species, with the soil-based models predicting more record cells with a high
suitability than the models climate-based models and the models based on both data types.
These low numbers of cells predicted to be highly suitable for the species by the models with both data types can be
partly explained as a consequence of the maximum entropy approach, in which distribution of suitability is determined
for every single niche parameter. When more parameters are introduced, the probability of a high suitability value for
every parameter in a grid cell decreases, resulting in lower maximum suitability values. This cannot be directly stated
as weak model performance, as the overall average suitability predicted for the record cells does not differ between
models based on both layer types and models based on only climate layers. However, the models based on soil
variables also predict a significantly higher average suitability for the cells where the species is known to occur and
therefore truly can be said to perform better than the models based on only climate layers or both soil and climate
layers.
Because of their categorical structure, soil parameters can cover only certain states and may therefore be easier to
model correctly, resulting in higher model performance, although more studies should be done to confirm the overall
higher performance of categorical character based distribution models. However, in the light of phyloclimatic
modelling categorical parameters are less informative as they are more coarse, which leads to less accurate
reconstructions of ancestral niches when optimizing these niche characters and to higher levels of uncertainty when
testing for a phylogenetic signal.
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Ecological niche or habitat modelling?
Although the modelling and spatially projecting of climate and soil variables is often referred as ecological niche
modelling, one could argue that the modelled variables are only correlated with the distribution of a species rather
than that they are true niche parameters, suggesting that in phyloclimatic modelling the environmental variation
between different geographic regions is optimized instead of real differences in species niches. Therefore this type of
modelling could be more appropriately described as ‘species habitat modelling’ (Kearney, 2006).
To optimize a species niche, Kearney and Porter (2009) argue that together with external environmental factors such
as climate or soil parameters, also physiological functional traits that interact with the environment should be
modelled. Kearney et al. (2010) propose to incorporate 3 models regarding respectively nutrition, energy budget and
biophysical ecology in the modelling of animal species niches and distributions to actually model the requirements of a
species to survive in a certain environment rather than modelling the correlation between species occurrence and
environmental variables.
For the modelling of plant niches physiological leaf, flower and root characteristics that are important for survival in a
certain habitat should be measured. When modelling these ‘mechanistic niches’ (Kearney & Porter, 2009) it is
important to also account for phenotypic plasticity as plant responses to climate change may have high influence on
their potential distributions (Nicotra et al., 2010). The latter especially applies to modelling potential future
distributions using future climate scenarios.
Determining and measuring the characteristics corresponding with certain environmental characteristics would take
much more effort than the approach using environmental variables such as precipitation and soil parameters (Kearney
& Porter, 2009; Buckley et al., 2011). However, more accurate predictions of distributions can be obtained with
mechanistic niche modelling (Buckley et al., 2011). Therefore such a mechanistic approach could especially be
appropriate in the modelling of for example the future extent of rainforests using certain rainforest model species, or
in determining the ecological differences of two species that diverged sympatrically, rather than in the modelling and
optimizing of the species niches of a complete clade.

Future research
Although a fairly well resolved calibrated phylogeny with almost every species of Mosannona sampled is presented
here, there are still questions regarding the diversification and distribution of the genus, especially regarding the
species M. discolor, M. hypoglauca, M. maculata and the different Costa Rican populations. Field work in the Guyanas,
the borderlands of Panama and Colombia and Costa Rica is needed to clarify the last taxonomical uncertainties.
Biogeographical analyses should point out the area of origin of the genus. The research field of phyloclimatic modelling
is relatively young and rapidly growing with the increasing concerns regarding climate change and global loss of
biodiversity. Trying both to reveal the relationships between environmental variables and corresponding physiological
plant characters and to study the differences in these characters between species in a phylogenetic context may
strongly improve the knowledge on ecological speciation and diversification and the distribution of plant species. To
reach this, in addition to ‘hardcore’ genetic and physiological experiments also the collecting of plant specimens from
nature must be continued, as most species distributions are poorly known and eventually even more because
collections form the basis for all research on biodiversity.
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Appendix 1: Distribution of Mosannona
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Appendix 2 : Collection notes

Collector
Co-collectors
Chatrou, L.W. N. Zamora; J.L. van de
Poel; R.A. Wilschut
Chatrou, L.W. N. Zamora; J.L. van de
Poel; R.A. Wilschut

No.

Date

Genus

Species

Country

Province

Region

702

8-9-2011 Mosanonna costaricensis Costa Rica

Puntarenas

cantón Osa

703

8-9-2011 Mosanonna costaricensis Costa Rica

Puntarenas

cantón Osa

Location

Habitat

Description
Treelet, 2.5 m tall, 3 cm in
Primary forest
diam., sterile.
Inclining tree, 8 m long, 5 m
Primary forest
high, sterile.
Tree (primary branch), 2 m tall,
Disturbed, secondary 1 cm in diam., sterile. Leaves
forest
differ on same tree: lowerside
glaucous or not.

N. Zamora

J.L. van de Poel; R.A.
Wilschut

5551 27-9-2011 Mosanonna

sp.

Costa Rica

Limón

La Estrelle Balle

Hitoy Cerere,
Biological
Reserve

N. Zamora

J.L. van de Poel; R.A.
Wilschut

5552 27-9-2011 Mosanonna

sp.

Costa Rica

Limón

La Estrelle Balle

Hitoy Cerere,
Biological
Reserve

Disturbed, secondary
forest

Tree, 5 m tall, 4 cm in diam.,
sterile. No glaucous leaves.
Distichous branching.

N. Zamora

J.L. van de Poel; R.A.
Wilschut

Bananito Lodge

Primary forest, on
hillslope.

Tree, 2.5 m tall, 1.5 cm in
diam., sterile. Some leaves
glaucous on lowerside, same
behaviour as NZ 5551.

5555 28-9-2011 Mosanonna

sp.

Costa Rica

Limón
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Appendix 3: Examined herbarium specimens

Collector(s)

Collection number

Osa Peninsula
Aguilar, R.
Aguilar, R., Zumbado, M., Quesada, F., Gonzáles, J.
Walker, J.W.
Chatrou, L.W., Zamora, N., van de Poel, J., Wilschut, R.
Chatrou, L.W., Zamora, N., van de Poel, J., Wilschut, R.

832
3241
395 a+c
700
703

Limon
Chatrou, L.W.
Chatrou, L.W.
Schatz, G.E., Grayum, M.H.
Zamora, N., van de Poel, J., Wilschut, R.
Zamora, N., van de Poel, J., Wilschut, R.

90
91
1111
5552
5555

San Carlos
Haber, W. & Guindon, C.
Haber, W., Guindon, C., Brenes, D., Ramirez, M.
Hammel, B., Zamora, N., Rodríguez, A.
Chatrou, L.W., Oosterhof, J.S., Aguilar, R., Haber, W., Zamora, N.
Chatrou, L.W., Oosterhof, J.S., Aguilar, R., Haber, W., Zamora, N.

11918
11727
20233
71
72

M. hypoglauca
Mori, S., Dumont, K., Carpenter, S.E., Carpenter S.M.
Herrera, H. & Contreras, J.

6790
923
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Appendix 4: Accessions

Taxon

Cremastosperma brevipes (DC. ex Dunal) R.E.Fr.

Herbarium

DNA

ID

ID

409547

601

Silica

Collector

Origin

Collecto
r

Year

ID
Scharf,

French Guiana

Genbank

Genbank

Genbank

Genbank

Genbank

Genbank

Genbank

Genbank

rbcL

trnL-F

matK

psbA-trnH

ndhF

atpB-rbcL

phyC

M alsyn

X

X

76

2001

AY743527a AY743573a AY743550a AY841447a AY841405a AY841374a

122

1998

AY238955b

AY238964c AY841473a AY841410a AY841379a

X

-

90

1998

AY743510a AY743496a AY743503a AY841479a AY841413a AY841382a

X

X

91

1998

X

X

X

X

-

-

X

-

700

2011

-

X

-

X

X

X

X

-

703

2011

-

X

-

X

X

X

X

-

1974

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

U.
Malmea dielsiana R.E.Fr.

342995

Chatrou,

Peru - Madre
L.W. et al. de Dios

260

980268,
Mosannona costaricensis R.E.Fr.

U024664546

Mosannona costaricensis R.E.Fr.

Y

U024664546

238

Y

Mosannona costaricensis R.E.Fr.

-

-

N

Mosannona costaricensis R.E.Fr.

-

-

N

U0145685

1322

N

980269,

Costa Rica L.W. et al. Limón
Chatrou,
L.W. et al.
Chatrou,
L.W. et al.

Costa RicaOsa
Costa RicaOsa

Calzada,

Mexico Veracruz

J.I.
-

489

Y

subsp. depressa

Vester,

Mexico

H.
348992,

Mosannona discolor (R.E.Fr.) Chatrou

Costa Rica –
L.W. et al. Limón
Chatrou,

subsp. abscondita Chatrou
Mosannona depressa (Baill.) Chatrou

AY238948c

Chatrou,
237

Mosannona depressa (Baill.) Chatrou

AY231288a

U006704445

Jansen186

Y

Jacobs,

Guyana

6000

1999

AY743511a AY743497a AY743504a AY841480a

M.J. et al.
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Taxon

Mosannona garwoodii Chatrou & Welzenis

Herbarium

DNA

ID

ID

U014805657

50

Silica

Collector

Origin

Collector

Year

ID
Y

Garw ood, Panama - Barro
Colorado Island
N.C.

Genbank

Genbank

Genbank

Genbank

Genbank

Genbank

Genbank

Genbank

rbcL

trnL-F

matK

psbA-trnH

ndhF

atpB-rbcL

phyC

M alsyn

X

X

X

X

-

X

X

-

AY743513a AY743499a AY743506a AY841482a

X

X

X

X

AY743514a AY743500a AY743507a AY841483a

X

X

X

X

AY743512a AY743498a AY743505a AY841481a

Herrera,
Mosannona hypoglauca (Standl.) Chatrou

U0145739

1323

N

H. &
Contreras,

Panama-Darien

923

1991

Ecuador

8531

1997

X

X

X

X

J.
340278,

Maas,

Mosannona pacifica Chatrou

U014574748

487

Y

Mosannona papillosa Chatrou

U0145757

974

Y

P.J.M. et
al.
Pitman,

Ecuador-Napo

N. s.n.
Mosannona parva Chatrou

340309

1325

N

Chatrou,

Peru-Madre de
L.W. et al. Dios

23

1994

X

X

X

X

X

X

X

-

18-28985

1985

X

X

X

X

X

X

X

X

Costa Rica-Monte
L.W. et al. Verde

71

1998

X

X

X

X

Chatrou,
Costa Rica-Monte
L.W. et al. Verde

72

1998

X

X

X

-

226

1998

X

X

X

X

6799

1986

X

X

-

-

Moraw etz,
Mosannona raimondii (Diels) Chatrou

340312

1324

N

W. &

Peru-HuanucoWallnöfer, Pucalpa
B.

Mosannona sp.

980267

Mosannona sp.

U0245207

Mosannona vasquezii Chatrou

Mosannona xanthochlora Chatrou

354787

U0145797

226

Y

-

N

313

Y

-

N

Chatrou,

Chatrou,

Peru-LoretoL.W. et al. Yanamono
Baker

Ecuador - Morona
Santiago

AY743509a AY743495a AY743502a AY841478a

-

X

-

X

AY319064d AY319178d AY518869e AY841484a

-

X

-

X
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Appendix 5: Variables used in species distribution modelling
(selected variables are written in bold)

Climate
BIO1
BIO2
BIO3
BIO4
BIO5
BIO6
BIO7
BIO8
BIO9
BIO10
BIO11
BIO12
BIO13
BIO14
BIO15
BIO16
BIO17
BIO18
BIO19

= Annual Mean Temperature
= Mean Diurnal Range (Mean of monthly (max temp - min temp))
= Isothermality (BIO2/BIO7) (* 100)
= Temperature Seasonality (standard deviation *100)
= Max Temperature of Warmest Month
= Min Temperature of Coldest Month
= Temperature Annual Range (BIO5-BIO6)
= Mean Temperature of Wettest Quarter
= Mean Temperature of Driest Quarter
= Mean Temperature of Warmest Quarter
= Mean Temperature of Coldest Quarter
= Annual Precipitation
= Precipitation of Wettest Month
= Precipitation of Driest Month
= Precipitation Seasonality (Coefficient of Variation)
= Precipitation of Wettest Quarter
= Precipitation of Driest Quarter
= Precipitation of Warmest Quarter
= Precipitation of Coldest Quarter

Soil
BS_S
CC_T
CE_T
CN_T
CP_S
CP_T
Depth
Drain
EAW
NN_T
OC_T
PH_T
SMAX
Soil texture T
Soil texture S
Soil_prod

= Base Saturation
= Cation Exchange Capacity clay
= Cation Exchange Capacity soil
= Carbon Nitrogen
= Carbon Pool Soil
= Carbon Pool Top Soil
= Soil Depth
= Soil Drainage Class
= Easy Available Water
= Nitrogen %
= Organic carbon
= PH
= Soil Moisture capacity
= Top Soil Texture
= Sub Soil Texture
= Soil production

Other
Alt = Altitude
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Appendix 6: Morphological study
Population
Character
Sepal shape
Sepal length (mm)
Sepal width (mm)
Sepal outer surface
Sepal inner surface
Inner petal shape
Inner petal length (mm)
Inner petal width (mm)
Outer petal shape
Outer petal length (mm)
Outer petal width (mm)
Petal pubescense
Stigma pubescence
Stamen pubescense
Leaf length (cm)
Leaf width (cm)
Length/width ratio
Petiole pubescensce
Petiole surface structure
Papilles
Leaf top
No. Secondary veins
Distance between sec. veins (mm)
Distance between margin and loops (mm)
Angle loops

Osa

Limon

San Carlos

Hypoglauca

obovate
3,0 - 4,0
4,0 - 5,0
verrucose, densely hairy
glabrous, rugulose
elliptic
12,0 - 18,0
6,0 -8,0
elliptic
13,0 -16,0
7,0 - 8,0
Outside pubescent , occasionally only hairs on the edge
Densely hairy
Densely hairy
12,7-25,7
3,3-6,7
(3,0-3,4-)3,6-4,5
sparsely hairy (white lying), or rather densely hairy
(brown erect hairs)
rugulose, verrucose
absent
gradually acuminate
7,0 - 11,0
9,0 - 27,0
4,0 - 7,0
right to obtuse

obovate
4.0
6.0
glabrous, verrucose, hairs on the edge
glabrous, verrucose
broadly elliptic to obovate
17,0 - 27,0
10,0 -15,0
broadly elliptic
20.0
12,0 - 17,0
glabrous, some hairs on the edge
glabrous
sparsely hairy
14,0 -23,0
4,4 - 7,5
2,8 - 3,96

x
x
x
x
x
x
x
x
x
x
x
x
x
x
7,0-23,0
3,0 - 8,0
2,2-2,9(-3,4)

obovate
4.0
6.0
verrucose, densely hairy
verrucose, densely hairy
broadly elliptic to obovate
19,0 - 30,0
14,0-20,0
broadly elliptic to obovate
15,0-28,0
8,0-18,0
glabrous, some hairs on the edge
densely hairy
sparsely hairy
10,5 - 18,5
4,0 - 7,0
1.9-2.9(-3.2)

glabrous to densely hairy (brown erect)

glabrous to scarcely hairy

glabrous

rugulose, verrucose
sometimes present on young leaves?
obtuse/acute/gradually acuminate
8-10(-12)
10,0 - 31,0
(3,0-)5,0-8,0
Right to obtuse

rugulose, verrucose
present, not obvious on young leaves
acute/obtuse
(6,0-)8,0-11,0
(8,0-)10,0-24,0(-38,0)
3,0 - 9,0
Right to obtuse

rugulose/verrucose
present
acute tot gradually acuminate
(7-)8-9(-11)
21,0-36,0
3,0 -9,0
Right to obtuse
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