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When the map fails the territory: hidden state models, com-
plex traits and the evolution of bird migration

Nicholas J. Bone

(ABSTRACT)

Phylogenetic comparativemethods often rely on simplifying complex biological traits into
discrete categories, potentially obscuring evolutionary patterns and generally limiting in-
ferences. This dissertation confronts this “map versus territory” problem by developing
and evaluatingmethodological approaches that integrate known and unknown trait com-
plexity into macroevolutionary analyses. To establish the statistical power of discrete
methods in detecting trait complexity, I first demonstrate the utility of structured hid-
den Markov models (SHMMs) for identifying underlying continuous architectures, like
threshold traits, within simulated and empirical discrete datasets (Chapter 1). Taking
bird migration as an example of a hard-to-measure complex trait, I then develop new
continuous metrics of bird movement from large-scale community science (eBird) data,
using entropy-based measures and phylogenetically aligned component analysis (PACA)
to reveal a multi-dimensional structure of evolutionarily relevant combinations of traits,
representing underlying movement behavior in North American birds (Chapter 2). Next,
I fit SHMMs informed by this structure to global and North American bird phylogenies,
testing hypotheses about how migration may have evolved, while accounting for classifi-
cation ambiguity (Chapter 3). I show that models incorporating hidden states that imitate
the structure fromChapter 2were often preferred over generalized hiddenMarkovmodels
and standardMarkovmodels, suggesting that migration both contains hidden complexity
and evolves along specific pathways. Overall, this dissertation provides a methodological
framework for integrating continuous data and theoretical knowledge into discrete trait
analyses, demonstrating a more holistic treatment of how to treat complex discretized
traits like avian migration in phylogenetic comparative methods.



When the map fails the territory: hidden state models, com-
plex traits and the evolution of bird migration

Nicholas J. Bone

(GENERAL AUDIENCE ABSTRACT)

Many interesting biological characteristics, especially complex animal behaviors, show so
much variation that they are difficult to capture with simple measurements. When try-
ing to answer questions about the evolution of these traits, biologists are often forced to
group mostly similar types together for statistical analysis. These binned categories are
then assumed to be roughly similar within our modeling framework. However, biologists
often know that this assumption does not reflect reality. For behaviors like migration in
birds, this process groups flightless resident birds with resident birds that could easily
migrate if they needed to. In this dissertation, I provide a framework for moving beyond
these simple bins for traits like migration. First, I show how we can use statistical tools
to test assumptions about how traits are structured and evolve (Chapter 1). Then, I use
large amounts of community-collected bird sightings (from eBird) to develop newways of
measuring migration based on the consistency and seasonality of bird movements, rather
than just labels like ’migrant’ or ’resident’ (Chapter 2). This revealed that migration varies
along multiple dimensions, uncovering patterns hidden within the traditional categories.
Finally, I incorporate these new, more realistic measures into advanced evolutionarymod-
els to study how migration has evolved across all bird species globally (Chapter 3). This
approach shows that migration does not just switch on or off, but evolves along specific
pathways within that multi-dimensional space. Overall, this work offers a way to better
integrate the true complexity of biological traits into our understanding of their evolu-
tion, providing a clearer picture of how behaviors like bird migration arise and change
over time.
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1.1

Each point represents a single simulation run
and model fit, with red points indicating AIC differences less than 4 units
betweenmodels and blue points indicating differences greater than 4 units.
The dotted line at zero represents equal model fit. (A) Comparisons when
datawas generated using a continuous thresholdmodel, showing increased
preference for the threshold model as taxa and state space increase. (B)
Comparisons when data was generated using a Markov model. (C) Com-
parisons between generalized hidden Markov and hiThER models when
data was generated using a continuous thresholdmodel. (D) Comparisons
between generalized hidden Markov and hiThER models when data was
generated using a near-threshold model, showing strong preference (dAIC
< -20) for the hiThER model at 8 and 10 states. . . . . . . . . . . . . . . . . . 22

1.2
Each cell

shows the difference in AIC scores (delta AIC) calculated for each cutoff
betweenmodels at differentM3/M1 cutoff values. Themodels are grouped
into three categories: structuredhiddenMarkov thresholdmodels (SHMMs),
standard Markov models (Mk), and unstructured hidden Markov models
(HMk). Purple colors indicate worse model fit (higher delta AIC) rela-
tive to the best-fitting model in that row, while yellow indicates better fit
(delta AIC near zero). Model names indicate the number of total states (2
states through 10 states) and the number of rate parameters (e.g. 1 param-
eter (1P), 2 parameters (2P), All rates different (ARD) or equal rates across
transitions (ER)). Note that threshold models become increasingly favored
(shown by higher delta AIC values for other models) at higherM3/M1 cut-
off values (0.8, 0.9), then returning to preferring Mk models at a ratio of
1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1 . Migratory behaviors can be clas-
sified both by the distance of movement, as well as the temporal variation
in that movement – annual vs irregular. . . . . . . . . . . . . . . . . . . . . . 41
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2.2 . Each point rep-
resents a species, colored by migratory classification. The x-axis shows
log-transformed coefficient of variation in yearly entropy (consistency be-
tween years – higher values are less consistent), while the y-axis shows log-
transformed coefficient of variation in monthly entropy (seasonal move-
ment patterns – higher values are more seasonality). Note the separation
between residents (blue, lower left) and directional migrants (red, upper
left). To the right of this axis are the dispersive migrants with high year CV,
birds whose occurrence is less consistent year to year. . . . . . . . . . . . . . 42

2.3 Bar lengths indicate the impor-
tance of each entropy-derived feature in the Random Forest model. Mean-
DecreaseAccuracy (blue) shows prediction accuracy lost when a variable
is omitted, while MeanDecreaseGini (green) shows reduction in classifi-
cation uncertainty. Mean yearly entropy change was the most important
predictor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.4 Principal component analysis of movement metrics and mi-
gratory distance. Each point represents a species, with color denoting mi-
gratory category. The majority of residents were split from directional mi-
grants, although there are a number of residents that cluster with migrants.
Dispersive migrants are mostly mixed among residents and directional mi-
grants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.5 Loadings for the first two principal components. PC1 was
loaded negatively by total entropy, April entropy and October entropy. It
was positively loaded by the standard deviation in yearly entropy change.
PC2 was loaded negatively by summer entropy, and positively loaded by
standarddeviation in yearly entropy,winter entropy andother yearly change
summary statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.6 Biplot showing the distribution of
species in PACA space with 95% confidence ellipses by migratory category,
showing separation between residents and directional migrants. RV de-
notes the covariance between that component and the phylogeny. Comp1
is positively loaded by winter entropy and migratory distance, and nega-
tively loaded bymean and IQR of yearly entropy (see Figure 2.9). Comp2 is
positively loaded by spring and summer entropy as well as mean change in
yearly entropy. It is negatively loaded by migratory distance and variation
in yearly entropy (Figure 2.10). . . . . . . . . . . . . . . . . . . . . . . . . . . 46



2.7 Biplot showing the distribution of
species in PACA space with 95% confidence ellipses by migratory category,
showing separation between residents and directional migrants. RV de-
notes the covariance between that component and the phylogeny. Comp2
is positively loaded by spring and summer entropy as well as mean change
in yearly entropy. It is negatively loaded by migratory distance and vari-
ation in yearly entropy (see Figure 2.10). Comp3 is positively loaded by
variation in monthly entropy (seasonality) and then negatively changes in
yearly entropy (see Figure 2.11) . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.8 Biplot with ’wedge’ distribution
suggesting evolutionary structured movement patterns. Comp1 is posi-
tively loaded by winter entropy and migratory distance, and negatively
loaded by mean and IQR of yearly entropy (see Figure 2.9). Comp3 is pos-
itively loaded by variation in monthly entropy (seasonality) and then neg-
atively changes in yearly entropy (see Figure 2.11) . . . . . . . . . . . . . . . 48

2.9 Top panel: Monthly en-
tropy profiles show consistent high entropy (predictable presence) in High
Comp1 species (solid lines) vs. variable seasonal patterns in Low Comp1
species (dashed lines). Middle panel: Yearly entropy changes reveal greater
between-year consistency inHighComp1 species (solid lines). Bottompanel:
Component loadings highlight the importance ofmean entropy change over
years (negative) andNovember entropy (positive) in definingComp1. Low
Comp1 species have high degrees of seasonal variation (dotted lines), ex-
emplified by the long-distance, wandering migratory seabirds (the Long-
tailed Jaeger, ’lotjae’ and Lesser Black-backedGull, ’lbbgul’) aswell as long-
distance passerinemigrants theAlder Flycatcher (’aldfly’) and the Bobolink
(’boboli’). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.10 Top panel: Monthly en-
tropy profiles show consistent high entropy (predictable presence) in High
Comp2 species (solid lines) vs. less consistent seasonal patterns in Low
Comp2 species (dashed lines). However, there is still a fairly non-seasonal
species (’whiter’ White Tern) in the low group. Middle panel: Both high
and low Comp2 species displayed some year to year variation, with high
ranking species having less change but overall higher entropy. Bottompanel:
Component loadings highlight the importance of migratory distance (neg-
ative) and April entropy (positive) in defining Comp2. . . . . . . . . . . . . 50
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