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Statistical modeling and inference are key to reveal biological information hidden in large and noisy data sets. Such
data sets are currently being generated at an unprecedented rate and range from DNA sequences of thousands of
people to millions of camera trap images. Despite the vast differences in biology, all data sets share the statistical
challenges of modeling noisy data using hierarchical models. In particular, the implementation of statistical inference
algorithms is considered to be the most rate-limiting and bug-prone step in modeling. To facilitate and automate this
step, libraries for probabilistic programming such as BUGS, JAGS, STAN and NIMBLE have been developed - with
tremendous success. However, developers programming complex models for large biological data sets often need
more control and freedom to implement targeted optimizations than current libraries allow. In addition, models for
large data sets are often implemented as standalone software in order to streamline analysis through bioinformatic
pipelines, which is not a focus of current libraries.

The goal of my PhD was to develop a fast and flexible machine learning library for statistical inference. This library,
which we call stattools, is written in C++ and implements most commonly used probability distributions and several
frameworks for maximum likelihood estimation, including numerical optimization methods as well as a framework
for the Expectation-Maximization (EM) algorithm and the Forward-Backward and Baum-Welch algorithm for Hidden
Markov Models (HMMs). In addition, the library implements a framework for Bayesian inference through efficient,
adaptive and parallelizable Markov Chain Monte Carlo (MCMC). stattools overcomes the limitations of current
libraries by providing a developer with full control over all algorithmic components and the ability to incorporate
expert knowledge in order to reduce speed or memory overhead. In addition, stattools supports developers of
standalone software by implementing a large set of user interface utilities.

The diverse statistical inference frameworks provided by stattools have allowed me to work on a wide range of
thrilling biological data sets in genomics and ecology. First, we present BeXY, a Bayesian model that estimates for
each scaffold the probability to be autosomal, X- or Y-linked and for each individual to be of the sex karyotypes XX,
XY, XO, XXX, XXY, XYY and XXYY. BeXY is able to jointly infer these probabilities from low-depth next-generation read
count data without requiring any prior knowledge, making it highly useful for many population genomic analyses,
including those concerning non-model and ancient samples. Second, we introduce TreeSwirl, a method to learn
about the presence and amount of gene flow between diverged populations. TreeSwirl leverages the information
present in genetic linkage and infers per-locus population mixture proportions using a Hidden Markov Model. Third,
we develop birp, a Bayesian method that explicitly tests for population trends and changes in population trends from
scarce and noisy time-series count data. By modeling trend directly, birp is able to deal with survey data where
absolute densities and detection probabilities are unknown. Fourth, we introduce Tomcat, a Bayesian model to infer
species distributions in space and time. Tomcat characterizes habitat requirements and daily activity patterns of a
species, as well as niche partitioning among multiple species. Fifth, and finally, we present a general framework for
ecological modeling that accounts for Al classification errors in downstream ecological models.

All methods are well-documented and publicly available as standalone tools to allow efficient integration in
bioinformatic pipelines.
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