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Fossil sequences provide observations of phenotypes within a lineage over time and represent essential data for increasing our

understanding of phyletic evolution beyond microevolutionary timescales. I investigate if fossil time series of the diatom Stephan-

odiscus niagarae/yellowstonensis follow evolutionary dynamics compatible with hypotheses for how the adaptive landscape

changes when a population enters a new environment. The lineage—which has a remarkably detailed stratigraphic record—

invaded Yellowstone Lake immediately after recession of ice from the basin 14,000 years ago. Several phyletic models portraying

different types of evolutionary dynamics—both compatible and not compatible with changes in the adaptive landscape following

ecological opportunity—were fitted to the fossil times-series of S. niagarae/yellowstonensis. Different models best describe the

three analyzed traits. Two of the models (a new model of decelerated evolution and an Ornstein–Uhlenbeck model) capture trait

dynamics compatible with an event of ecological opportunity, whereas the third model (random walk) does not. Entering a new

environment may accordingly affect trait dynamics for thousands of years, but the effects can vary across phenotypes. However,

tests of model adequacy reveal shortcomings in all three models explaining the trait dynamics, suggesting model development is

needed to more fully understand the phyletic evolution in S. niagarae/yellowstonensis.
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The adaptive landscape is an important concept that aids our

thinking on how evolution across a handful of generations can be

connected to evolutionary patterns observed on macroevolution-

ary timescales (Arnold et al. 2001; Hansen 2012; Arnold 2014).

The number of models portraying dynamics of the adaptive land-

scape on million-year timescales using phylogenies has steadily

grown in the last decade (e.g., Harmon et al. 2010; Bartoszek

et al. 2012; Beaulieu et al. 2012; Ingram and Mahler 2013; Pen-

nell et al. 2014; Uyeda and Harmon 2014; Khabbazian et al. 2016;

Caetano and Harmo 2017; Landis and Schraiber 2017; Tarasov

2018). Still, only a handful of models allow for the investigation

of how changes in the adaptive landscape affect single lineages

(Hunt 2006; Hunt et al. 2008; Reitan et al. 2012; Hunt et al. 2015).

Phylogenetic comparative methods and analyses of fossil time se-

ries have different strengths in developing our understanding of

∗
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evolutionary trait dynamics beyond microevolutionary timescales.

Phylogenetic comparative methods are powerful tools for investi-

gating the causes and consequences of phenotypic evolution at the

level of whole clades (O’Meara 2012; Pennell and Harmon 2013;

Garamszegi 2014), but trait dynamics along branches of a phylo-

genetic tree are rarely observed directly as models are commonly

parameterized based on trait means that are (usually) available

only at the tips of a phylogeny. Fossil time series provide on the

other hand more direct observations of phenotypes over time in a

linage/branch, but are less useful for clade-wide questions. There

is often also a difference in time scale. Fossil sequences are most

often covering time intervals that ranges from thousands (e.g.,

Hunt et al. 2008; Van Bocxlaer and Hunt 2013; Firmat et al. 2014;

Chiba 2015; Spanbauer et al. 2018) up to a few million years (e.g.,

Clyde and Gingerich 1994; Pearson and Ezard 2014), whereas

phylogenetic comparative analyses can cover time intervals of

several tens and even hundreds of millions of years (e.g., Uyeda

1 8 8
C© 2019 The Authors. Evolution published by Wiley Periodicals, Inc. on behalf of The Society for the Study of Evolution.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original
work is properly cited.
Evolution 74-1: 188–200

https://doi.org/10.1111/evo.13869


ECOLOGICAL OPPORTUNITY AND PHYLETIC EVOLUTION

et al. 2016; Cooney et al. 2017; Toljagić et al. 2018). Analyses of

fossil time series may therefore provide complementary insight

into how microevolution links to macroevolution through detail-

ing how changes in the adaptive landscape shape trait dynamics

within lineages across time intervals unattainable by most studies

of contemporary populations and comparative studies of species.

Interactions between organisms and their environment shape

the adaptive landscape of populations (Fear and Price 1998;

Schluter 2000; Svensson and Calsbeek 2012; Voje et al. 2015).

This tangled nature of ecological and evolutionary processes has

long been recognized (Darwin 1859; Fisher 1930), one example

being “ecological opportunity,” a term defined in different ways,

but usually referring to a scenario where a lineage is suddenly

presented to niche space with a wide range of underexploited

resources (Schluter 2000; Rundell and Price 2009; Losos and

Mahler 2010; Yoder et al. 2010; Wellborn and Langerhans 2015;

Stroud and Losos 2016). Ecological opportunity can arise when a

lineage (1) enters a new environment (e.g., geographic coloniza-

tion of islands, lakes etc.), (2) evolves a key innovation, (3) loses

important predators or competitors in its present environment,

or (4) gets access to new resources in their current environment

(Losos and Mahler 2010; Yoder et al. 2010; Stroud and Losos

2016), scenarios expected to lead to substantial evolution in lin-

eages due to changes in selection regimes (ecological release

sensu Yoder et al. 2010).

Ecological opportunity is often linked to evolutionary con-

sequences on the level of clades. Adaptive radiations are a prime

example: Ecological opportunity has been invoked as an explana-

tion for how higher taxonomic clades come about through inva-

sion of distinct adaptive zones made available by evolution of key

adaptations (Simpson 1944, 1953; Van Valen 1971). Adaptive

radiations at lower taxonomic levels (species and genera) have

also been explained as a consequence of ecological opportunities

when lineages are offered “a wealth of evolutionarily accessible

resources little used by competing taxa” (Schluter 2000, p. 69),

resulting in a rapid diversification of lineages to different peaks

in the adaptive landscape (Benkman 2003; Mahler et al. 2013;

Martin and Wainwright 2013). Adaptive radiations predict a de-

caying rate of phenotypic diversification within clades over time

as a consequence of ecological niches filling up with lineages

(Blomberg et al. 2003; Harmon et al. 2003, 2010) and the pres-

ence of such a signal has been investigated by testing for an “early

burst” of morphological evolution within clades (e.g., Cooper

and Purvis 2010; Harmon et al. 2010; Slater and Pennell 2013;

Pennell et al. 2015; Désamoré et al. 2018). Contemporary evo-

lution has also been documented in many natural populations

colonizing new environments (e.g., Berry 1964; Johnston and

Selander 1964; Reznick and Ghalambor 2001; Sætre et al. 2017),

but the extent single lineages experiencing ecological opportunity

follow predicted evolutionary dynamics on time intervals beyond

what is possible to observe across microevolutionary timescales

has received little attention.

Conceptualizing how ecological opportunity may cause the

adaptive landscape to change can aid in depicting scenarios and

develop models for testing hypotheses. The appearance of previ-

ously unavailable resources can, for example, move or produce

new peaks in the adaptive landscape, potentially displacing a pop-

ulation from a peak in the adaptive landscape (i.e., the population

becomes maladapted). The consequence of such an adaptive mis-

match between important ecological traits and the ecological con-

ditions of the new environment is therefore immediate and strong

directional selection on key ecological traits toward a new opti-

mum (Hunt et al. 2008; Lahti et al. 2009). A lineage experiencing

this scenario is expected to climb the nearest adaptive peak and

stay there due to stabilizing selection, an evolutionary trajectory

captured by an Ornstein–Uhlenbeck (OU) model (Hansen 1997;

Hunt et al. 2008). A related, but different, scenario that might

follow an event of ecological opportunity is mainly relaxations

of stabilizing selection on ecologically important traits, causing

an initial flattening of the adaptive landscape that allows a wider

range of permissible phenotypes (Roughgarden 1972; Lahti et al.

2009). A flattening of the adaptive landscape may cause popula-

tion variation to increase, making it easier to explore a broader part

of the adaptive landscape (Wellborn and Langerhans 2015). A lin-

eage experiencing ecological opportunity may therefore show an

initial higher rate of evolution when a wider range of permissible

phenotypes are explored before the lineages settles in the new en-

vironment and evolution slows down due to the build-up of new

stabilizing selection pressures (i.e., the adaptive landscape gets

more “hilly” over time). A model of phyletic evolution capturing

such trait dynamics is currently lacking.

Analyses of series of ancestor-descendant populations (mor-

phological time series) have contributed to our understanding of

evolutionary trait dynamics across various time scales (e.g., Hunt

2007; Hopkins and Lidgard 2012; Voje 2016; Brombacher et al.

2017; Sætre et al. 2017; Voje et al. 2018), but have rarely been

used to test predictions from theory on ecological opportunity

(but see Hunt et al. 2008). There are good reasons for this. Testing

predictions from theory on ecological opportunity demand fossil

sequences with a fine-scaled time-resolution spanning a relative

short time interval, properties that are relatively rare for fossil

data. Additional evidence, like information on when a lineage

entered a new habitat, the effects of migration and gene flow

from neighboring populations, etc. (Polly 2018), is also needed

to convincingly argue that a fossil sequence represents a lineage

that has experienced ecological opportunity—evidence that is

often lacking for fossil data. Models portraying different types

of trait dynamics predicted in a lineage experiencing ecological

opportunity have also been lacking. This study aims to meet these

challenges.
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I analyze trait dynamics in three fossil time series of the

diatom Stephanodiscus niagarae/yellowstonensis, a lineage

that invaded Yellowstone Lake soon or immediately after the

recession of ice from the basin at the end of the last ice age 14,000

years ago (Theriot 1992; Theriot et al. 2006). The postglacial

Yellowstone Lake represented a depauperate community when

it was invaded by S. niagarae (Theriot et al. 2006), which likely

created an ecological opportunity for the lineage due to niche

availability that allowed the population to persist in the new

environment. The fossil sequence of S. niagarae/yellowstonensis

has a remarkably detailed stratigraphic record (Theriot et al.

2006), allowing a detailed investigation of whether evolution

happened according to changes in the adaptive landscape com-

patible with ecological opportunity. I fit a set of candidate models

that portray different types of trait dynamics, both compatible

and less compatible with trait dynamics that may follow an

event of ecological opportunity. One of the models is a new

model of phyletic evolution where the net rate of morphological

change slows exponentially through time as evolution proceeds,

a model compatible with an initial flattening of the adaptive

landscape before the build-up of a more “hilly” landscape with

time.

Materials and Methods
DATA ON PHYLETIC EVOLUTION

The fossil sequence of S. niagarae/yellowstonensis was published

in Theriot et al. (2006) and a detailed description of the method-

ology to obtain the data can be found there. Here follows a brief

summary of the nature of the fossil data.

The fossil sequence of S. niagarae/yellowstonensis was col-

lected from an 8.55-m long core from the central basin of Yel-

lowstone Lake. A total number of 63 sediment samples were

taken from the core, most of them at 16 cm intervals, with ad-

ditional samples studied at 4–8 cm intervals in parts of the core

where the lineage showed the largest evolutionary change. For

each sampled level, 50 specimens of S. niagarae/yellowstonensis

were measured, but a lower number were obtained for 14 out

of the 63 samples (median number of specimens in the samples

not reaching 50 specimens: 25, range 8–42). Three traits were

measured on all specimens sampled from each interval: valve di-

ameter (µm), the number of costae per valve, and the number of

spines per valve. All three traits are considered to be of ecological

importance in diatoms. The size of diatoms strongly influences

their growth rate and ability to harvest light and nutrients, and size

evolution in diatoms has been linked to environmental forcing due

to temperature, nutrient availability, physical mixing, and preda-

tion/grazing (Sörhannus et al. 1991; Finkel et al. 2005; Litchman

et al. 2009). Spines are common in planktonic diatoms and have

been suggested to enhance capture of rare nutrient by increas-

ing rotation and tumbling of the cells by microscale turbulence

in the water, and to control sinking and floating in the water

column to ensure enough light for photosynthesis (see Van Den

Hoek et al. 1995, p. 135, for a discussion of different hypotheses).

The structure of the frustule (the hard and silica-rich cell wall) is

hypothesized to provide mechanical protection against predators

(e.g., Smetacek 2001) and costae (ribs) have been shown to absorb

external pressures in such a way that cells avoid being deformed

when being predated (Hamm et al. 2003). Evolution of the three

traits was analyzed on an additive scale, that is, the traits were

not log-transformed prior to analysis. This allows (and restricts)

interpreting trait dynamics and rates of evolution using the orig-

inal scale (micrometer for valve diameter and numbers of spines

and costae), which makes it possible to compare the results of the

present study to the evolutionary dynamics of these traits as they

were reported and interpreted in the original study by Theriot et al.

(2006). How these traits change on a proportional scale can also

be of interest, however. For sake of completness, I therefore re-

peated all analyses on log-transformed traits and report the results

in the Supporting Information Material.

The chronology of the Yellowstone Lake sediments were

constructed based on age–depth relationships derived from radio-

carbon dating of terrestrial macrofossils and ages of two volcanic

ashes (Theriot et al. 2006). The time interval covered by the fossil

data starts at 13,728 years before present and the lineage was on

average sampled every 217 years up until present. Stephanodiscus

niagarae, the ancestor of S. yellowstonensis, invaded Yellowstone

Lake right after recession of ice from the basin 14,000 years ago

and developed anagenetically into S. yellowstonensis during the

time interval between 12.4 Ka (kilo-annum) to about 10.2 Ka

(Theriot 1992; Theriot et al. 2006). The invasion of Lake Yel-

lowstone likely placed S. niagarae in a new environment with

low species richness but sufficient resources to support additional

species. The fact that S. yellowstonensis is endemic to Lake Yel-

lowstone (Theriot 1992) suggests gene flow from other popula-

tions is unlikely to have affected the observed evolutionary trait

trajectories.

MODELS OF PHYLETIC EVOLUTION

I compare the fits of five different models of phyletic evolu-

tion to the sequence of ancestor-descendant populations of the

S. niagarae/yellowstonensis lineage. The models stasis, random

walk, directional trend, and OU have already been developed for

phyletic time series and are implemented in the R package pa-

leoTS (Hunt 2006; Hunt et al. 2008, 2015), whereas a model

of decelerated evolution is presented for the first time in this

contribution. All five models assume that the population means

in the fossil sequence have a joint distribution that is multivari-

ate normal with an expected mean vector and covariance ma-

trix that are functions of the parameters of each model, the time
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intervals separating the fossil samples in the sequence, and the

sampling variances of the trait means calculated for each fossil

sample.

The tree models stasis, random walk, and directional change

portray trait evolution not readily predicted for a lineage expe-

riencing ecological opportunity. The models random walk and

directional change (Hunt 2006) are described by parameters defin-

ing the ancestral trait value at the start of the sequence and the

variance (σ2
step) and mean (μstep) of the normal distribution (i.e.,

N(μstep, σ2
step)) from which evolutionary steps are drawn at each

evolutionary transition. The mean of the normal distribution is

defined as zero for the random walk so all transitions are assumed

to belong to a normal distribution N(0, σ2
step). This means the

evolutionary dynamics is entirely determined by the variance of

the normal distribution, a parameter commonly referred to as the

step variance in studies of fossil sequences (Bookstein 1987; Hunt

2006, 2012), which is also an estimate of the rate of evolution in

this model (Hunt 2012). The random walk model can be inter-

preted as a “drift” model, either where the population is assumed

to track an optimum that is moving in a random fashion on the

adaptive landscape through time (Estes and Arnold 2007; Hunt

2007) or as a description of the effects of genetic drift on the phe-

notype (Lande 1976). The directional trend model differs from the

random walk model in that the mean of the normal distribution is

different from zero, that is, transitions come from the distribution

N(μstep, σ2
step) and (μstep�0). The mean of the distribution reflects

the direction of evolution in phenotype space over time, while the

estimated variance represents the fluctuations around the trend.

The rate of evolution according to the directional trend model is

therefore not a single parameter, as the trait dynamics depends

on the mean and the variance of the estimated normal distribution

(Hunt 2012). The directional trend model can be interpreted as de-

scribing trait dynamics where there is on average directional selec-

tion in one direction in phenotype space over time, causing a long-

term trend in the data (Hunt 2006). The stasis model describes trait

fluctuations with a variance (ω) around an optimal/fixed pheno-

type (θ), basically portraying trait variation as a white noise pro-

cess, with uncorrelated normally distributed trait values around a

fixed mean (Hunt 2006). The stasis model has been interpreted as

a case of stabilizing selection around a constant optimum (Hunt

2006; Voje et al. 2018). Note, however, that the stasis model makes

assumptions about the trait values coming from a normal distri-

bution (N(θ, ω)), whereas the first two models are about the trait

transitions. Since time does not affect the expected trait divergence

in the stasis model, it is not possible to estimate a rate of evolu-

tion describing changes between discrete time units (Hunt 2012;

Voje et al. 2018).

Ecological opportunity may cause an adaptive mismatch be-

tween traits in the population relative to the new environment.

One type of evolutionary dynamics predicted from ecological op-

portunity is therefore directional selection toward a new optimum

followed by stabilizing selection after the new optimum is ap-

proached. Such a scenario is portrayed by the OU model where

a population ascends a peak in the adaptive landscape and shows

fluctuating evolution around the peak after the optimum has been

reached (Lande 1976; Martins and Hansen 1996; Hansen 1997;

Butler and King 2004; Hansen et al. 2008; Hunt et al. 2008).

The model assumes the ancestral population is displaced from the

optimum (following Lande (1976), see Uyeda et al. (2011) for a

relaxation of this assumption) and the strength of selection toward

the optimum is increasing with the distance between the optimum

and the population mean. The OU model fit is determined by four

parameters: the ancestral trait mean (z0), the optimal phenotype

(θ) defining the peak in the adaptive landscape the trait evolves

toward, the strength of directional selection toward the optimal

phenotype (α), and the variance of the normal distribution (σ2
step),

which represents trait fluctuations around the trend toward the

optimum. The rate of evolution according to an OU model is time

variant as it depends on how displaced the population is from

the optimal state (θ) in combination with the strength of the pull

toward the optimum (α) and the parameter summarizing the trait

variance around the optimum (σ2
step) (Hunt 2012). The expected

time it takes the population to evolve halfway to the new optimum

in a OU process is given by ln(2)/alpha (Hansen 1997).

THE DECELERATED-EVOLUTION MODEL

A second evolutionary outcome compatible with ecological op-

portunity is an initial flattening of the adaptive landscape. This

may lead to an initially high capacity for evolution as a large range

of phenotypes are permissible, followed by a decrease in the rate

of change when the lineage is settling in the new niche. Here, I de-

velop a decelerated model of phyletic evolution, which I model as

a random walk where the step variance (the variance of the normal

distribution from which evolutionary steps are drawn) is reduced

exponentially through time. The decelerated-evolution model is

closely related to the early burst model developed for phylo-

genetic comparative data (Blomberg et al. 2003; Harmon et al.

2010), but their interpretations differ. The decelerated-evolution

model describes trait dynamics that is compatible with a single

lineage entering a new environment (see Discussion for alterna-

tive interpretations of this model), whereas the early burst model

portrays a slowdown in diversifying morphological evolution at

the clade level when ecological opportunities are exhausted. As

for the random walk model, the expected evolutionary divergence

between ancestor and descendant populations is always zero in

the model of decelerated evolution, meaning the expected trait

value for each population in the fossil sequence (zi) is identical to

the ancestral trait mean (z0):

E [zi ] = zo.
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The variance around this expectation depends on two pa-

rameters; the initial value for the step distribution (σ2
step.in) and a

parameter describing the exponential decay in the σ2
step.in param-

eter through time (r):

Var [zi ] = σ2
step.inerti + εi ,

where ti is the time interval from the ancestral population mean

(the start of the fossil sequence, which has a time of 0) to the ith

population mean. Estimation (sampling) error of the population

means contribute to the expected variance between two population

means. This estimation error (εi ) is equal to the population sample

variance divided by the number of measured specimens for that

sample and is added to the diagonal of the variance–covariance

matrix. The rate of evolution will decrease as a function of time

according to the model and the rate of evolution (the width of

the normal distribution from which evolutionary steps are drawn)

has a half-life given by −ln(2)/r, given that r is constrained to be

negative. The covariance among population means is given by

Cov
[
zi , z j

] = σ2
step.inertmin ,

where tmin is the time interval from the ancestral population to

the oldest of the two populations zi and zj. Given the assumption

of multivariate normality of population means in the sequence

of ancestor descendant populations, their expected distribution is

given by their first, second, and mixed moments (covariance).

Optimization and fitting of the decelerated model of evolu-

tion is implemented in R and the code has been written so that

this model is compatible with how models are optimized and

compared using the paleoTS package (where the models stasis,

random walk, directional change, and OU are implemented). In

short, the paleoTS package uses the built-in optimization routines

for estimating maximum likelihood parameter estimates. The de-

fault hill-climbing optimization technique used in paleoTS is a

quasi-Newton method that constrains the optimization of certain

parameters. For example, the optimization of the σ2
step (and the

σ2
step.in) parameter is constrained to be zero or larger for all mod-

els, whereas the r parameter (unique to the decelerated model

of phyletic evolution) is constrained to be negative (to force a

reduction in the rate of evolution with time).

I ran simulations to investigate to what extent Akaike infor-

mation criterion (AICc) is able to distinguishing among the five

candidate models (stasis, directional change, random walk, OU,

and decelerated evolution) when the decelerated-evolution model

is generating the trait dynamics (procedure described in the Sup-

porting Information Material). The support for the decelerated

model is steadily increasing with sequence length. The model is

well supported (>90%) for time series with a sequence length

larger than 30 and is always supported for time series with a se-

quence length >60 (Fig. S1). I also investigated to what extent the

estimation procedure was able to correctly estimate the r param-

eter (procedure described in the Supporting Information). I find

that the average and median parameter estimates of r tend to be

somewhat overestimated for shorter sequence lengths, but are ap-

proaching the true value for increasing sequence lengths (Fig. S2).

MODEL ADEQUACY

AICc, likelihood ratio tests, etc., lack the ability to reject all candi-

date models even when all of them represent poor descriptions of

the observed trait dynamics. Tests of model adequacy may there-

fore help us avoid making meaningless interpretations of model

parameters that do not describe the data well (Pennell et al. 2015;

Voje et al. 2018). Tests of model adequacy for the phyletic models

stasis, random walk, and directional trend have been developed

and implemented in the R package adePEM (Voje 2018). Here,

I describe three statistical tests that enable assessment of the ex-

tent to which the OU model and the decelerated-evolution model

represent adequate descriptions of phyletic trait dynamics. The

procedure for assessing model adequacy is to evaluate how likely

it is that a particular model X with parameters Y can produce trait

dynamics similar to what is observed in a time series Z. This is

assessed by a parametric bootstrap approach: A model is judged

as an adequate statistical representation of the trait dynamics in a

particular dataset if the results of statistical tests on the observed

data are similar to the same test statistics calculated on a large

number of simulated time series generated using the investigated

model. The confidence in a model as an accurate description of

the trait dynamics is increased if the model is able to reproduce

properties of the trait dynamics observed in the real data.

Two of the adequacy tests for the decelerated-evolution

model and the OU model are similar to the adequacy tests al-

ready developed for the models random walk, stasis and trend

(Voje 2018; Voje et al. 2018). These two tests investigate whether

the data contain the expected levels of autocorrelation and the

number of runs (one run is a sequence of consecutive numbers

with the same sign on the residuals from the expected trait value)

assuming either the OU model or the decelerated evolution-model

produced the data. The third test investigates if the distance trav-

eled in morphospace is higher in the beginning of the time series

compared to later in the time series, an expectation shared by the

OU and the decelerated-evolution models (but not expected in the

models stasis, random walk, and directional trend, see Fig. S3).

The Supporting Information Material contains a more detailed

description of the three adequacy tests and their rationale. The

Supporting Information Material also contains a description of a

simulation study conducted to assess if the type I error rates of

the adequacy test for the decelerated-evolution and OU models

are of an expected magnitude. Figure S4 shows that the three test

statistics work as intended, with the runs test potentially having a

slightly larger type I error than 0.05.
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A detailed description of the parametric bootstrap procedure

to assess model adequacy of phyletic models can be found in

Voje (2018), but the following example illustrates how the ap-

proach works: We want to assess if the decelerated-evolution

model represents an adequate statistical description of a fossil

time series by investigating if the level of autocorrelation in the

data is within the expected range. We first estimate the parameters

in the decelerated-evolution model using maximum likelihood by

fitting it to the time series. Second, we calculate the autocorre-

lation on the detrended time series (see Supporting Information

Material for information on how and why the data are detrended).

We then proceed by simulating a large number of time series using

the estimated model parameters from the true data and calculate

the test statistic (level of autocorrelation) on all the detrended sim-

ulated datasets. Finally, we investigate if the autocorrelation we

calculated on the observed fossil time series fall within the distri-

bution of autocorrelations calculated on the simulated data. The

model passes the adequacy test if the test statistic (autocorrela-

tion) calculated on the real data falls inside 95% of the calculated

test statistic on the simulated time series. This criterion is also ap-

plied on the runs test, while the rate of evolution test is considered

passed if 80% of the simulated time series have a positive sum of

residuals (see the Supporting Information Material for detail on

this point).

The adequacy tests for the OU and the decelerated-evolution

models have been implemented in the r package adePEM, avail-

able on GitHub (github.com/klvoje/adePEM).

ANALYSES OF DATA

I fitted the models stasis, random walk, directional trend, and OU

to each of the three fossil time series using the paleoTS package

(version 05-1), and fitted the decelerated evolution model using

my own R code, specifying joint parameterization for all mod-

els. To account for variation in model complexity in the different

candidate models, I estimated relative model fit using the small

sample-corrected version of the AICc (Akaike 1974; Anderson

et al. 2000). I also calculated Akaike weights, which is standard-

ized AICc scores such that scores across all candidate models

sum to unity. AICc weights correspond to the relative likelihood

of each of the candidate models. Time from first to last popula-

tion in the time series was scaled to unit length before fitting the

models to ease parameter estimation and interpretation of model

parameters. To investigate to what extent temporal trait changes

in the three traits are correlated, I calculated Spearman Rho of

first differences between all pairwise trait combinations.

The extent to which the models showing the best relative fit

according to their AICc scores also showed an absolute fit to the

data was assessed by running adequacy test implemented in the

adePEM package version 1.1. The number of simulated datasets

in the bootstrap routine was set to 1000.

R code and data to reproduce all analyses have been uploaded

to Dryad (https://doi.org/10.5061/dryad.80725jn/1).

Results
Three different models show the best relative fit to each fos-

sil time series (Fig. 1, Table 1), despite the fact that trait

evolution is correlated in these traits (Spearman Rho of first

differences between costae and diameter = 0.89; costae and

spines 0.73; diameter and spines = 0.76). The decelerated-

evolution model has a much better AICc score compared to

the candidate models in describing the trait dynamics in the

number of spines per valve. The random walk model and the

OU model have the best relative fit to the evolution of costa

and valve diameter, respectively, but other models have similar

(yet worse) degree of fit describing the dynamics in these two

traits.

Parameter estimates for the three models with the best support

are shown in Table 2. The rate of evolution in the decelerated-

evolution model describing changes in the number of spines is

halved about 1700 years after the S. niagarae/yellowstonensis

lineage entered Lake Yellowstone (Fig. 1). The expected amount

of time it takes the population to evolve halfway to the new op-

timum in a OU process is given by ln(2)/alpha (Hansen 1997),

which is 1740 years for the valve diameter. All model parame-

ters need to be interpreted with care, however, as the adequacy

tests indicate that key assumptions of the best models according

to AICc are violated (Fig. 2, Table 3). For example, the number

of runs is too large in the time series on spines compared to the

number of runs predicted by the decelerated model. Likewise, the

number of runs in the valve diameter is deviating from the number

predicted by the OU model (the adequacy test is passed, but only

barely), whereas the random walk model fails the autocorrelation

test for the data on costae. Although all fossil time series pass

most adequacy tests, these results indicate that none of the mod-

els showing best relative fit can fully account for the observed

trait dynamics in an absolute sense. I therefore also investigated

the models showing second best relative fit to the trait dynamics

in the number of costae and valve diameter using adequacy tests,

because these second-best models only had a slightly worse fit

compared to the best model based on AICc. The random walk

model did not pass the autocorrelation test for the valve diameter,

whereas the directional trend model passed all tree adequacy tests

for the evolution of the number of costae. The parameter estimates

of the trend model N(μstep = 14, σ2
step = 2433) show that the step

size is about 175 times larger than the mean of the normal distri-

bution. This means the trait dynamics is almost exclusively driven

by the variance around the trend (Hunt 2012), which explains why

a more trend-like behavior is not clear from eyeballing the data

(see Fig. 2).
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Figure 1. Plots of population mean trait values over time (in years). Year zero marks the time when the S. niagarae/yellowstonensis

lineage invaded Lake Yellowstone. Vertical error bars through the population means represent one standard error. The box plots show

the AICc weights for each model (see Table 1 for more details on the relative fit of each model). The broken vertical line in the upper plot

denote the time where the rate of evolution has been reduced by 50% compared to the initial rate at the start of the fossil sequence

according to the decelerated model of evolution. The expected evolutionary trajectory for the valve diameter based on the OU model is

also presented. Table 2 contains parameter estimates for the three models showing the best relative fit to each of the fossil time series.

Discussion
Evolutionary consequences of ecological opportunity have com-

monly been investigated on the level of clades, often in connection

to adaptive radiations (Simpson 1944, 1953; Schluter 2000; Run-

dell and Price 2009; Losos and Mahler 2010; Yoder et al. 2010;

Wagner et al. 2012; Stroud and Losos 2016; Slater and Friscia

2019). However, ecological opportunity is also predicted to have

consequences for the evolutionary dynamics of single lineages

(Roughgarden 1972; Hunt et al. 2008; Lahti et al. 2009) and

adaptations have indeed been documented in contemporary pop-

ulations entering a new environment (reviewed in Reznick and

Ghalambor 2001). Testing evolutionary dynamics predicted from

ecological opportunity in single lineages demands an excellent

stratigraphic record with large sample sizes of individuals from

each population (fossil sample). Both these demands are met for

the fossil sequence of S. niagarae/yellowstonensis, a lineage that

invaded a depauperate community in the postglacial Yellowstone

Lake soon or immediately after the ice cap covering the lake

retreated about 14,000 ago (Theriot et al. 2006). Here, I tested

whether phenotypic evolution in the S. niagarae/yellowstonensis

lineage, covering a time interval rarely accessible for detailed
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Table 1. Relative model fit of the five candidate models.

Model LogL K AICc Akaike weigth

Number of spines per valve
Directional trend −119.37 3 245.15 0.000
Random walk −119.54 2 243.28 0.001
Stasis −166.59 2 337.38 0.000
OU −117.86 4 244.42 0.001
Decelerated evolution −111.66 3 229.72 0.998

Number of costae per valve
Directional trend −211.76 3 429.92 0.221
Random walk −211.81 2 427.81 0.636
Stasis −245.45 2 495.10 0.000
OU −211.75 4 432.20 0.071
Decelerated evolution −211.85 3 430.10 0.072

Valve diameter
Directional trend −168.25 3 342.91 0.086
Random walk −168.31 2 340.82 0.245
Stasis −206.83 2 417.86 0.000
OU −165.20 4 339.09 0.579
Decelerated evolution −168.20 3 342.81 0.090

The best models are given in bold. logL = log-likelihood; K = number of model parameters; AICc = small sample-corrected Akaike information criterion.

Table 2. Maximum-likelihood parameter estimates for the models showing best relative fit to the three fossil time series.

Model Trait z0 θ σ2
step/step.ini α r

Decel No. of spines per valve 18.28 (0.79) 145.56 (0.00∗) −5.63 (1.42)
RW No. of costae per valve 55.14 (3.34) 2380.96 (0.00∗)
OU Valve diameter (µm) 40.69 (1.77) 49.17 (2.22) 691.60 (182.81) 12.03 (5.46)

The parameters are the ancestral trait value at the start of the fossil sequence (z0), the position of the adaptive peak in phenotype space in the OU model

(θ), the step variance (σ2
step), the strength of the pull toward the optimum in the OU model (α), the (initial) value for the step distribution (σ2

step/step.ini), and

the parameter describing the exponential decay in the rate of evolution through time (r) in the decelerated-evolution model. Numbers in parentheses are

approximate standard errors based on inverse of the negative Hessian matrix.
∗
, the approximated standard error is < 0.0001 and should not be trusted.

Decel, decelerated-evolution model; RW, random walk; OU, Ornstein–Uhlenbeck model.

analyses of phyletic changes, is compatible with trait dynamics

predicted from ecological opportunity.

Different phyletic models are favored describing the evolu-

tionary dynamics in three traits in the fossil sequence of the diatom

lineage S. niagarae/yellowstonensis. The two models describing

changes in valve diameter and the number of spines are compati-

ble with predicted changes in the adaptive landscape following an

event of ecological opportunity. The decelerated-evolution model

showed the best relative fit to the evolution of spines, a model

compatible with a scenario in which the lineage experienced re-

laxation of selection on ecologically important traits due to an

initial flattening of the adaptive landscape following ecological

opportunity (Roughgarden 1972; Lahti et al. 2009). This flattening

of the adaptive landscape will reduce the strength of directional

selection, but may lead to an initially high capacity for evolution as

a large range of phenotypes are permissible, before the lineage is

settling in its new environment (and stabilizing selection is build-

ing up as a consequence of a more “hilly” adaptive landscape).

The OU model best described the evolution of valve diameter and

this model is consistent with a scenario that should be common

during an event of ecological opportunity: The new environment

displaced the population from its previous position on a peak to

a “hillside” on the adaptive landscape, causing the trait to evolve

toward its new and closest optimum. Factors that were different

in Lake Yellowstone compared to the ancestral environment of

S. niagarae and that caused the evolutionary changes in the lin-

eage are difficult to know with certainty. Theriot and colleagues

(2006) are cautious in pointing to specific selective factors driv-

ing the morphological changes in the S. niagarae/yellowstonensis

lineage, but note that the assemblages of diatom species in the

lake, sediment lithology, biogenic silica concentrations, and re-

gional vegetation underwent substantial changes during the first
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Figure 2. Histograms showing the distribution of test statistics calculated on the simulated time series. Red dashed vertical lines indicate

the values of the test statistics from the observed fossil time series. Bar plots A–C (first row) are the results of the adequacy tests of

the decelerated-evolution model in explaining the trait dynamics of the number of spines. In the case of the runs test, the test statistic

calculated on the observed time series (red dashed vertical lines) is in the 2.5% tail of the distribution of the simulated test statistic, which

means this test of model adequacy failed. The model passed the two other adequacy tests. The bar plots D–F (second row) are the results

of the adequacy tests of the random walk model in explaining the evolution of the number of costae. This model passed all adequacy

tests except the autocorrelation test. Bar plots G–I (bottom row) show the results of the adequacy tests of the OU model in explaining

the trait dynamics of the valve diameter. The OU model passes all tests, but is very close to fail the runs test. See Table 3 for more details

on each adequacy test. Note that the adequacy test for initial rapid change (test applies to the OU model and the decelerated-evolution

model) is passed if 80% of the simulated time series have a positive sum of residuals (see Supporting Information Material for more

information on the three adequacy tests).
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Table 3. Results of adequacy tests for each model with the best relative model fit to each of the three fossil time series.

Adequacy tests (P)

Trait Model Autocorrelation Runs Fixed variance Initial rapid change

No. of spines per valve Decel 0.110 0.008 NA 1.000
No. of costae per valve RW 0.014 0.140 0.052 NA
Valve diameter OU 0.318 0.030 NA 0.836

The P-values indicate the fraction of simulated test statistics that is larger (or smaller) than the calculated test statistic on the observed data, divided by 0.5.

A value of 1 means 50% of the test statistics on the simulated data is larger and smaller than the calculated statistic on the observed data. A P-value larger

or smaller than 0.975 and 0.025 indicates a failed adequacy test (bold), except for the “initial rapid change” adequacy test where a P-value smaller than

0.800 indicates a failed test.

Decel, decelerated-evolution model; RW, random walk; OU, Ornstein–Uhlenbeck model.

thousand years after the retreat of the ice cap covering the lake

(Theriot et al. 2006). Concentrations of diatoms are low at the

basal sediments of the investigated core from Yellowstone Lake,

but the absolute abundance of diatoms increase in the lake around

12,000 years before present (see Fig. 9 in Theriot et al. 2006).

Fluctuations in the abundance of three investigated diatom lin-

eages (S. minutulus, S. niagarae/yellowstonensis, and Aulacoseria

subarctica) are large between 12,000 years and 8000 years, but

stabilize after that, with S. niagarae/yellowstonensis being most

abundant. Theriot et al. (2006) mention that this increased abun-

dance of S. niagarae/yellowstonensis coincides with increased

nitrogen limitation during the early Holocene, and point out that

S. yellowstonensis is a better competitor for nitrogen than S. nia-

garae. Presumably, some of the changes in the environment might

have constituted both relaxed and new selection pressures on the

S. niagarae/yellowstonensis lineage, implicating a role of eco-

logical release (sensu Yoder et al. 2010) on the observed trait

dynamics. Ecological opportunity may therefore have important

effects on the shape of the adaptive landscape of a population

for thousands of years. A similar conclusion was argued for in

a study by Hunt et al. (2008), where the authors showed that

the reduction in armor traits in evolutionary time series of a

stickleback lineage best fitted an OU model. The absence (or

presumed low density) of predators in the environment was sug-

gested as a likely explanation of the evolutionary changes in the

traits.

The third trait analyzed in the S. niagarae/yellowstonensis

lineage is best described by the random walk model. This is

a model commonly found to fit fossil time series (Hunt 2007;

Voje 2018) and describes trait dynamics not directly predicted

from an event of ecological opportunity. Different traits in the

same lineage can evolve according to different modes of evolu-

tion that have been thoroughly documented (Hopkins and Lidgard

2012). The different evolutionary dynamics among traits observed

in the S. niagarae/yellowstonensis lineage therefore suggest that

ecological opportunity have distinctive effects on different part

of the phenotype, that is, ecological opportunity may shape the

adaptive landscape differently for different traits. Note, however,

that changes in all the tree traits are rather strongly correlated,

which implies rather similar evolutionary dynamics across the

three traits. This suggests that small differences in trait dynam-

ics can cause a different model to fit best according to AICc.

The nested nature of some of the models can partly explain

why this happen, for example, both the OU and the decelerated

model become a random walk when the alpha and the r parame-

ter are zero, respectively. The level of correlated changes in the

three investigated traits in the S. niagarae/yellowstonensis lineage

may also suggest that natural selection did not act directly on all

three traits individually and that parts of the trait evolution may

be due to indirect selection. It is also possible that the reduced rate

of evolution with time of the number of spines according to the

decelerated-evolution model is partly due to analyzing the data

on an absolute scale as the analysis of the data on a proportional

scale is found to fit an OU-model (see Supporting Information).

Models may have different interpretations based on the

context they are applied. For example, the OU model is often

interpreted differently depending on the time scale of the data an-

alyzed (see, e.g., Hansen et al. 2008). Likewise, a random walk is

commonly used to model effects of genetic drift on the phenotype

(Lande 1976), but has also been interpreted as random changes in

a peak on the adaptive landscape on macroevolutionary timescales

(Estes and Arnold 2007; Hunt 2007). It seems unlikely that an

event of ecological opportunity should have detectable effects on

the evolution of a lineage across millions of years, which suggests

the interpretation of the decelerated model depends on the time

interval covered by the data and the ecological and environmental

context of the lineage. An evolutionary time series that fits the

decelerated model well and covers a time interval of millions

of years may still make sense, but would most likely demand a

different interpretation than dynamics predicted from ecological

release. For example, it can be argued that trait dynamics is

expected to slow down over time if biotic and abiotic parts of
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the environment become more stable (vary less). It should be

noted that Theriot and colleagues (2006) point out that the period

of rapid morphological change in S. niagarae/yellowstonensis

coincides with rapid environmental change in Yellowstone

Lake.

The models fitted to the S. niagarae/yellowstonensis data are

relatively simple, which limits the detail in the interpretation of

the inferred trait dynamics. Also, tests of model adequacy suggest

that the observed trait dynamics in the S. niagarae/yellowstonensis

lineage are not perfectly captured by any of the models with best

AICc score. That the relatively simple OU model and the even sim-

pler decelerated-evolution and random walk models fail to fully

capture trait dynamics in a very well-sampled fossil sequence like

the S. niagarae/yellowstonensis lineage is not surprising, but the

way these models fail some of the adequacy tests might indicate

which model developments it might be worthwhile exploring. The

failure of the OU model to pass the runs test—and the observa-

tion that a random walk showed the best relative fit to one of

the traits—might suggest that a static optimum is a too simple

assumption in explaining these data. One possible development

of the OU model could therefore be to assume a moving optimal

state instead of assuming it fixed. Hunt et al. (2008) suggested

to model the optimum in the OU model as a random walk and

a similar model has been implemented in a phylogenetic com-

parative method (Hansen et al. 2008). Also, given that we find

evidence for a decay in the rate of evolution with time for two of

the traits, it might also be interesting to explore an OU model

where the random walk part of either the optimum or the trait

decrease as a function of time. However, even though the fit-

ted models failed some of the adequacy tests, the relative fit of

the candidate models still represents positive evidence for trait

dynamics compatible with a lineage experiencing ecological op-

portunity. The fossil record represents an important source of

data to better understand detailed phenotypic evolution beyond

microevolutionary timescales.
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Toljagić, O., K. L. Voje, M. Matschiner, L. H. Liow, and T. F. Hansen. 2018.
Millions of years behind: slow adaptation of ruminants to grasslands.
Syst. Biol. 67:145–157.

Uyeda, J. C., and L. J. Harmon. 2014. A novel Bayesian method for inferring
and interpreting the dynamics of adaptive landscapes from phylogenetic
comparative data. Syst. Biol. 63:902–918.

Uyeda, J. C., T. F. Hansen, S. J. Arnold, and J. Pienaar. 2011. The million-
year wait for macroevolutionary bursts. Proc. Natl. Acad. Sci. USA.
108:15908–15913.

Uyeda, J. C., L. J. Harmon, and C. E. Blank. 2016. A comprehensive study
of cyanobacterial morphological and ecological evolutionary dynamics
through deep geologic time. PLoS ONE 11:e0162539.

Van Bocxlaer, B., and G. Hunt. 2013. Morphological stasis in an ongoing
gastropod radiation from Lake Malawi. Proc. Natl. Acad. Sci. USA
110:13892–13897.

Van Valen, L. 1971. Adaptive zones and the orders of mammals. Evolution
25:420–428.

Van Den Hoek, C., D. G. Mann and H. M. Jahns. 1995. Algae. An introduction
to phycology. Cambridge Univ. Press, Cambridge, U.K.

Voje, K. L. 2016. Tempo does not correlate with mode in the fossil record.
Evolution 70:2678–2689.

———. 2018. Assessing adequacy of models of phyletic evolution in the
fossil record. Methods Ecol. Evol. 106:19699.

Voje, K. L., Holen, Ø. H., Liow, L. H., and Stenseth, N. C. 2015. The role of
biotic forces in driving macroevolution: beyond the Red Queen. Proc.
R. Soc. Lond. 282:20150186.

Voje, K. L., J. Starrfelt, and L. H. Liow. 2018. Model adequacy and mi-
croevolutionary explanations for stasis in the fossil record. Am. Nat.
191:509–523.

Wagner, C. E., L. J. Harmon, and O. Seehausen. 2012. Ecological opportunity
and sexual selection together predict adaptive radiation. Nature 487:366–
369.

Wellborn, G. A., and R. B. Langerhans. 2015. Ecological opportunity and the
adaptive diversification of lineages. Ecol. Evol. 5:176–195.

Yoder, J. B., E. Clancey, S. des Roches, J. M. Eastman, L. Gentry, W. Godsoe,
T. J. Hagey, D. Jochimsen, B. P. Oswald, J. Robertson, et al. 2010.
Ecological opportunity and the origin of adaptive radiations. J. Evol.
Biol. 23:1581–1596.

Associate Editor: A. Goswami
Handling Editor: Mohamed A. F. Noor

Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.
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