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Abstract
Aim: Biogeographers have used three primary data types to examine shifts in tree 
ranges in response to past climate change: fossil pollen, genetic data and contempo-
rary occurrences. Although recent efforts have explored formal integration of these 
types of data, we have limited understanding of how integration affects estimates 
of range shift rates and their uncertainty. We compared estimates of biotic velocity 
(i.e. rate of species' range shifts) using each data type independently to estimates 
obtained using integrated models.
Location: Eastern North America.
Taxon: Fraxinus pennsylvanica Marshall (green ash).
Methods: Using fossil pollen, genomic data and modern occurrence data, we estimated 
biotic velocities directly from 24 species distribution models (SDMs) and 200 pollen 
surfaces created with a novel Bayesian spatio-temporal model. We compared biotic 
velocity from these analyses to estimates based on coupled demographic-coalescent 
simulations and Approximate Bayesian Computation that combined fossil pollen and 
SDMs with population genomic data collected across the F. pennsylvanica range.
Results: Patterns and magnitude of biotic velocity over time varied by the method used to 
estimate past range dynamics. Estimates based on fossil pollen yielded the highest rates of 
range movement. Overall, integrating genetic data with other data types in our simulation-
based framework reduced apparent uncertainty in biotic velocity estimates and resulted in 
greater similarity in estimates between SDM- and pollen-integrated analyses.
Main Conclusions: By reducing uncertainty in our assessments of range shifts, inte-
gration of data types improves our understanding of the past distribution of species. 
Based on these results, we propose further steps to reach the integration of these 
three lines of biogeographical evidence into a unified analytical framework.
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1  |  INTRODUC TION

A longstanding challenge in ecology is using limited and indirect 
historical evidence best to infer ‘biotic velocity’, the rate at which 
species shift their ranges over time (Ordonez & Williams, 2013; 
Reid, 1899). Understanding biotic velocity is crucial for identifying 
which species can migrate quickly enough to track changes in cur-
rent and projected future climates (Dawson et al., 2011; McLachlan 
et al., 2005) and the key traits facilitating this migration (Harnik 
et al., 2018; Lankau et al., 2015; Pither et al., 2018). A variety of 
data sources and methods, each with its own set of strengths and 
weaknesses (Hoban et al., 2019), are employed to infer past biotic 
velocity. Consequently, the estimates of postglacial species move-
ment exhibit considerable variation in magnitude, contingent upon 
the specific data and methodology (Carroll et al., 2015; Cheddadi 
et al., 2014; McLachlan et al., 2005; Ordonez & Williams, 2013). 
Thus, joint estimation with multiple data sources that arise from a 
common underlying process offers promise for improving estimates 
of biotic velocity and characterizing uncertainty in these estimates 
(Hoban et al., 2019).

Biogeographers have used three primary data types and cor-
responding methods for inferring biotic velocity of plants in re-
sponse to environmental change. First, fossil pollen provides a 
snapshot of vegetation through time and is thus invaluable for 
documenting past presence and relative abundance (Davis, 1963). 
However, taxa differ in pollen production and dispersal, resulting 
in complex relationships between sediment pollen and vegetation 
(Davis, 1963; Parshall & Calcote, 2001). Quantitative approaches 
can help reveal these relationships (Dawson et al., 2016; 
Sugita, 2007), and account for spatio-temporal dependence and 
uncertainty (Dawson et al., 2019; Pirzamanbein et al., 2014; 
Trachsel et al., 2020). Furthermore, pollen can usually only be 
resolved to the genus level. Second, species distribution models 
(SDMs) estimate correlations between species' occurrences and 
underlying environmental conditions (Araújo & Guisan, 2006), and 
can be combined with paleoclimate models to hindcast species' 
movements (Varela et al., 2011). However, SDMs rely on numer-
ous assumptions, including temporal stability of species' niches, 
and the absence of both dispersal constraints and species interac-
tions (Wiens et al., 2009). Finally, genetic data can help infer pop-
ulation histories (Hu et al., 2009; McLachlan et al., 2005; Mohn 
et al., 2021), including timing of population splits and distinct 
migration pathways (Avise, 1992; Laricchia et al., 2015; Shafer 
et al., 2010). Nevertheless, genetic inferences suffer from identifi-
ability issues. For instance, different demographic processes (e.g. 
long-distance colonization from a single refuge vs. expansion from 
multiple refugia) can lead to similar genetic signatures, and recent 
bottlenecks or expansions can obscure the signature of ancient 
events (Gong et al., 2008; Petit et al., 1997).

Given the advantages and limitations of each of these data 
types and approaches used to infer species range shifts, it is un-
surprising that estimates of biotic velocity from previous studies 
using different data and approaches vary widely. When estimated 

from a single data type, post-glacial biotic velocities in trees range 
from ~0 to >1000 meters per year (McLachlan et al., 2005; Ordonez 
& Williams, 2013; Pither et al., 2018), depending on the data, in-
ferential approach and biotic velocity metric (i.e. movement of the 
centroid, the leading or trailing edges). Migration rates inferred 
from fossil pollen have been found to be one to two orders of mag-
nitude larger than those inferred from genetic data (McLachlan 
et al., 2005). Estimates from SDMs are also highly variable across 
plant taxa, ranging from <100 to >1000 meters per year (Cunze 
et al., 2013). Some studies have compared biotic and climate ve-
locities from periods with high versus low rates of climate change, 
demonstrating that species migration is at least in part a function 
of climatic shifts. In particular, Ordonez and Williams (2013) found 
faster migration rates from the Last Glacial Maximum (LGM) start-
ing from ~21 Kybp and extending to 7 Kybp, when most prominent 
climatic episodes occurred, and relative range stationarity in the 
last 7 Ka.

To resolve disparity among estimates of biotic velocity, we pro-
pose an approach based on Approximate Bayesian Computation 
(ABC) that integrates empirical evidence and accounts for un-
certainty in data and processes (Bertolle et al., 2010; Hoban 
et al., 2019). Several studies have integrated species distribution 
modelling and genetic data using ABC to infer some aspects of bio-
geographical history, but not biotic velocities (Bemmels et al., 2019; 
Brown et al., 2016). Moreover, there has not yet been an effort to 
compare estimates of biotic velocity from traditional single data 
type approaches with those from integrated methods.

While the integrated framework presented here is general, we 
use as an example postglacial migration of green ash (Fraxinus penn-
sylvanica Marshall), a species with a wide distribution across east-
ern and central North America (Figure 1). Fraxinus pennsylvanica is 
a fast-growing and early successional wind-dispersed tree recently 
classified as Critically Endangered in the IUCN Red List due to on-
going losses to the invasive beetle emerald ash borer. Like many 
North American trees, F. pennsylvanica migrated northward as 
ice sheets retreated following the LGM, likely from multiple refu-
gia (Noakes, 2016). Information on the biogeographical history of 
F. pennsylvanica can inform conservation of its genetic resources 
(Barstow et al., 2018).

In this study, we compare estimates of biotic velocity from sin-
gle and joint methods of biogeographical reconstruction in order to 
evaluate changes in parameter estimates associated with integrating 
additional data types. Specifically, we calculate biotic velocity of the 
range centroid and northern/southern range boundaries over the 
past 21 Ka using: (1) single data types (fossil pollen, contemporary 
occurrences or genetic data), and (2) integration of two data types 
(pollen-genetic and SDM-genetic) via ABC. We expect that (a) bi-
otic velocities will be fastest during periods of high climatic change 
(i.e. from 20-7 Kybp); (b) biotic velocity estimates will have the larg-
est uncertainty shortly after the LGM, when pollen records are 
most sparse, extrapolation by SDMs is most problematic (Maguire 
et al., 2016), and genetic signals are most likely to be obscured by 
more recent events; (c) genetic data and fossil pollen will lead to the 
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lowest and highest rates (respectively) of species movement, as in 
previous studies (e.g. Cheddadi et al., 2014; McLachlan et al., 2005); 
and (d) uncertainty in biotic velocity estimates will be reduced when 
multiple data types are combined, despite the propagation of uncer-
tainty from SDMs and fossil pollen in integrated models including 
genetics (Figure 2).

2  |  MATERIAL S AND METHODS

2.1  |  Spatiotemporal context

Our study region covers eastern North America and was delimited 
based on the spatial extent of F. pennsylvanica pollen, genetic and 
occurrence data, while taking into account physiographic divisions, 
potential refugial locations, and the extent of the North American 
ice sheet (Figure 1; Appendix S1). The temporal extent of our analy-
sis covers the last 21 Ka. For the genetic simulations, we assumed 
a 30-year generation time (Whittle & Johnston, 2003). Given this 
temporal resolution, we base our biotic velocity inferences on 
33-generation (990-year) time intervals. We were particularly inter-
ested in assessing biotic velocity during periods of dynamic climate 
(Figure 2) including near-LGM (~21-18.5 Kybp), Oldest Dryas (~18.5-
14.7 Kybp), Bølling–Allerød (~14.7-12.9 Kybp) and Younger Dryas 
(~12.9-11.7 Kypb).

2.2  |  Pollen

Detailed descriptions of the pollen data acquisition and analysis 
are presented in Appendix S2. Briefly, fossil pollen records from 
eastern North America were downloaded from the Neotoma 
Paleoecology Database (Williams et al., 2018). There were 465 
pollen records within our study region with at least one pollen 
count sample in the considered time period (LGM to present). Each 
pollen record includes pollen taxon counts at a set of depths. Most 
records include reliable sample age estimates derived from an age-
depth model. For all other records we fit Bayesian age-depth mod-
els to infer pollen sample ages (in ybp) (Parnell et al., 2008). Using 
a Bayesian spatio-temporal model, we jointly estimate the relative 
abundance of pollen taxa for the 15 tree taxa most abundant in the 
pollen record (Fraxinus ranks 9th) from 21 Kybp to the present for 
the study region (https:// github. com/ TIMBE Rhub/ pg- pollen). We 
use 990-year time bins starting at 21,495 ybp, except for the last 
bin, which extended from 705 ybp to 2013 CE, the year genomic 
samples were collected. This temporal resolution falls within the 
500-year pollen record temporal limit to late-Pleistocene vegeta-
tion syntheses (Blois et al., 2011). Posterior estimates of Fraxinus 
relative abundance for the study region were used in subsequent 
analysis.

2.3  |  Species distribution modelling

Detailed descriptions of occurrence data processing and species 
distribution modelling are found in Appendices S3 and S10. Using 
specimen and plot data for F. pennsylvanica from across its na-
tive range, we calibrated 24 different SDMs using present-day cli-
mate reconstructions from two paleoclimate models (CCSM, the 
Community Climate System Model, and ECBilt; Lorenz et al., 2016), 
three regions of increasing size from which background sites were 
drawn for training (Appendix S3, Figure S3.3), and four modelling al-
gorithms (Maxent, boosted regression trees, generalized linear mod-
els and natural splines). Models were projected to 300-year average 
climates centred on 500-year intervals (Lorenz et al., 2016), then 
linearly interpolated to 30-year intervals to match the time frame of 
the ABC analysis. These models generated a wide range of predic-
tions about present and past suitable habitat and biotic velocity but 
had similar and high accuracy against present-day evaluation data 
(Appendix S3: Figures S3.7–S3.10).

2.4  |  Genetics, demogenetic simulations and 
approximate Bayesian Computation (ABC)

Details on sampling, DNA extraction, RAD library preparation and 
bioinformatic analysis are provided in Appendix S4. The population 
genomic dataset included 294 F. pennsylvanica individuals (sampled 
from 21 populations across the contemporary range) and 1000 SNP 
loci.

F I G U R E  1  Region of inference for Fraxinus pennsylvanica. Our 
area of inference was delimited based on the spatial extent of 
pollen, genetic and occurrence data, while taking into account 
physiographic divisions, potential refugia location, the extent of the 
North American ice sheet and computational efficiency. Pollen sites 
include all sites with at least one sample (with or without Fraxinus) 
within our study's timeframe (0-21 Kybp). A range map previously 
published for the species is also included (Little, 1971). Changes in 
land mass reflect sea level rise since 21 Kybp. We include political 
boundaries and the range map as visual “anchors.” Projection: 
Albers conic equal-area.
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We conducted demographic and coalescent simulations 
using a newly developed stage-based model (adult, offspring) 
implemented in the R (R Core Team, 2020) package holoSim-
Cell (https:// github. com/ stran da/ holoS imCell). Our spatially 
explicit model couples a forward-time demographic simulation  
with backward-time coalescent genetic simulations (in fastsim-
coal v. 2.6; Excoffier et al., 2013). First, we simulate popula-
tion growth and range expansion on a spatially and temporally  
varying habitat suitability grid. Then, coalescent simulations 
incorporate information on the timing and source populations 
of all colonization events from the demographic simulation. 
Additional details of the coupled simulation model are provided 
in Appendix S5.

We first ran simulations using genetic data alone. In these sim-
ulations, we used “naïve” habitat suitability grids in which cells not 

completely covered by ice or water were assumed to be equally 
suitable with respect to their carrying capacity. Cells with fractional 
ice cover had their carrying capacity adjusted proportionately. We 
defined three alternative models that differed in the location of gla-
cial refugia (Georgia, Texas or Pennsylvania), based on preliminary 
microsatellite data (Noakes, 2016). We also included a fourth model 
with all three refuges (“ALL” hereafter). These alternative naïve mod-
els were developed to evaluate support for a single versus multiple 
glacial refugia and represent a reasonable approach when no other 
quantitative data are available. For each of the four candidate mod-
els, we simulated 100,000 replicate datasets and conducted model 
selection (see Appendix S7). Parameter estimates were obtained 
using the most supported model and were compared to estimates 
from models integrating information from fossil pollen or SDMs 
(see below). The models considered in our naïve analyses provided 

F I G U R E  2  Conceptual diagram showing the analytical approaches used to infer Fraxinus pennsylvanica biogeographical history and 
potential expected trends in biotic velocity using different data types and methods. Main climatic episodes since LGM are delimited with 
vertical dashed lines (1: LGM; 2: Oldest Dryas; 3: Bølling–Allerød interstadial; 4: Younger Dryas).
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a benchmark against which to compare inferences from integrated 
models.

In the integrated models, SDMs and pollen-inferred relative abun-
dance estimates were used to inform spatial patterns of habitat suit-
ability through time. Simulations used habitat suitability grids from: 
(i) 200 spatio-temporal posterior samples of relative abundance of 
Fraxinus from the pollen model (Appendix S2), and (ii) the 24 differ-
ent SDMs (Appendix S3). Using multiple suitability surfaces allowed 
us to propagate uncertainty through demographic and coalescent 
simulations. For the pollen- and SDM-integrated ABC models, gla-
cial refugia were specified by thresholding suitability surfaces from 
pollen model or SDM predictions at 21 Kybp. For the pollen model, 
we used a relative abundance threshold of 0.03. Previous studies 
have reported that pollen percentages never exceed 1%–3% outside 
the species range limit (Davis et al., 1991). For the SDMs, we used 
a scenario-specific threshold that maximized the sum of sensitivity 
and specificity across all occurrences, using the present-day range 
map (Little, 1971) as an indicator of true “presence” or “absence.”

We conducted model selection (among naïve models considering 
only genetic data) and parameter estimation for naïve (using only 
the most supported model), SDM-integrated and pollen-integrated 
models using ABC. Comparisons between simulated and observed 
genetic datasets were based on 473 summary statistics that reflect 
within- and among-population genetic variation, including pairwise 
metrics, across the simulated landscape (summary statistics listed in 
Appendix S5). Results were evaluated at multiple tolerances (i.e. pro-
portion of simulated datasets that were accepted for ABC parameter 
estimation), but in the main text we only present estimates based 
on a tolerance of 0.01 (see Appendix S8 for further ABC details and 
results).

2.5  |  Quantifying biotic velocity

We calculated biotic velocity, or the rate of movement (and de-
pending on the metric, direction), for each method outlined above 
across 990-year intervals (i.e. 33 F. pennsylvanica generations, as-
suming a generation time of 30 years) starting at 21 Kybp. Rasters 
were reprojected to the same equal-area projection used in the 
demographic-genetic simulations with square cells 102.5 km on a 
side. We quantified biotic velocity in three ways: the rate of move-
ment of the mass-weighted centroid (where “mass” was either abun-
dance from demographic simulations, relative abundance from the 
pollen vegetation model [PVM], or environmental suitability from 
the SDMs); and the rates and direction of north–south movement 
of northern and southern range margins. To avoid stochastic effects 
of small samples at the extreme southern and northern edges of the 
range, we defined range margins using the 5th and 95th quantiles of 
mass as values in cells were accumulated from the south to the north 
across the study region (Ordonez & Williams, 2013; Zhu et al., 2012). 
Velocity of the centroid is non-negative by definition and reflects 
movement in any direction, whereas the sign of velocities of the 
northern and southern range edges indicate movement southward 

(negative) and northward (positive). To serve as a benchmark, we 
also calculated velocity for the land mass available for colonization 
as the ice sheets receded and sea level rose.

3  |  RESULTS

3.1  |  Velocity of available land

The land mass available for colonization showed a steady movement 
in centroid and northward shift in the northern boundary until ~8.5 
Kya, when it peaked, then subsequently declined to ~0 (Figures 3,4). 
The southern boundary, which is in our study area driven by sea level 
rise, moved insubstantially (Figure 4).

3.2  |  Non-integrated data analyses

Overall, biotic velocities estimated from our pollen model sup-
ported faster species movement than those calculated from SDMs 
or genomic data (Figure 3). Centroid velocity inferred from the pol-
len model was greater than 100 m/year for half of the time intervals. 
In contrast, the centroid velocity inferred from the genomic or SDM 
approach each only exceeded 100 m/year in a single time interval.

The centroid velocities inferred from the pollen model showed 
the most distinct pattern among methods employed (Figure 3a). 
Median biotic velocities were greater than 100 m/year from 20-15 
Kybp, although the uncertainty of these estimates was relatively 
large (Figure 3a). During this time period, we detected several ex-
pansions of the northern margin (Figure 4a), and contractions of 
the southern margin (Figure 4b). Interestingly, the pollen-inferred 
centroid velocity decreased at the end of the Bølling–Allerød inter-
stadial (Figure 3a). In contrast, the centroid velocities inferred from 
SDM and genomic data increased during the Bølling–Allerød inter-
stadial (Figure 3c,e).

The pollen-inferred northern margin remained stable during the 
Bølling–Allerød interstadial (Figure 4a), while the southern margin 
experienced a remarkable contraction early in the Bølling–Allerød 
interstadial and an expansion by the end of this period (Figure 4b). 
Thereafter, centroid velocity increased to a local maximum co-
inciding with the end of the Younger Dryas and the beginning of 
the Holocene (12-8 Kybp; Figure 3a), driven by expansions of both 
northern and southern margins (Figure 4a,b). Biotic velocity de-
creased after this Younger Dryas local maximum until the most re-
cent time interval when it again increased (Figure 3a), as a result of 
expansion of the southern margin (Figure 4a,b).

Genomic and non-integrated SDM analyses generally show sim-
ilar temporal patterns in biotic velocities. Both trajectories show a 
gradual increase in centroid velocity from the LGM to the Bølling–
Allerød interstadial period, with the most rapid migration occurring 
around 14-9 Kybp (Figure 3c,e). Both genomic and non-integrated 
SDM analyses revealed substantial northern range expansion during 
this period (Figure 4e,i). However, genomic data showed expansion 
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of the southern margin, while non-integrated SDM showed contrac-
tion (Figure 4f,j). In addition, both genomic and non-integrated SDM 
estimates show contrasting patterns during the Younger Dryas, with 
non-integrated SDM-based centroid velocity experiencing an abrupt 
decrease, whereas genomic-based centroid velocities remain more 
stable (Figure 3c,e). Genomic data revealed a more recent period 
of gradual range expansion, reaching a maximum average centroid 
velocity around 4-3 Kybp (Figures 3e, 4i,j). In contrast, the non-in-
tegrated SDM's average centroid velocity remains relatively stable 
over 7 Kybp to present (Figure 3c).

For each data type, when we compare average biotic velocities 
across the period of rapid temperature change (i.e. 20-7 Kybp) to 
those across the period of relative climatic stability (i.e. 7 Kybp to 
present) we find different patterns. Both pollen and non-integrated 
SDM supported higher centroid velocities during the period of rapid 
temperature change than during the period of climatic stability 
(mean of medians and SEM: 124 ± 13 and 79 ± 12 m/year for pollen; 
68 ± 9 and 13 ± 2 m/year for SDM). In contrast, genomic data sup-
ported similar biotic velocities in both periods (63 ± 8 and 77 ± 10 m/
year).

F I G U R E  3  Estimates of Fraxinus pennsylvanica centroid biotic velocity (Centroid BV) for each data type and integration method (a: non-
integrated pollen; b: pollen-integrated ABC; c: non-integrated SDMs; d: SDM-integrated ABC; e: genetic) from the Last Glacial Maximum 
to present time. Boxplots show median biotic velocity for each 990-year interval and the 95% highest posterior density intervals. The solid 
line indicates the biotic velocity of land (Appendix S6). Coloured backgrounds distinguish a period of rapid temperature change (20-7 Kybp) 
and relative climatic stability (7Kybp—present). Main climatic episodes since LGM are delimited with vertical dashed lines (1: LGM; 2: Oldest 
Dryas; 3: Bølling–Allerød interstadial; 4: Younger Dryas). The most recent bin for panel a ends at 0.3 Kybp (see main text).
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The pattern of pollen velocities did not closely mirror that of the 
land velocity, but centroid velocity did recreate the sudden increase 
in land centroid velocity ~8.5 Kybp. The SDM and genomic analyses 
showed similar patterns to the land velocity (higher initially, then 
declining after ~8.5 Kybp), except they did not recreate the sudden 
peak in land velocity ~8.5 Kybp.

3.3  |  Integrated data analyses

Overall, centroid velocities estimated with SDM-integrated ABC are 
similar to those calculated using the non-integrated SDMs (SDM-
integrated ABC: mean across all time periods = 60 ± 10 m/year, 
range = 0–140 m/year and non-integrated SDMs: mean = 50 ± 10 m/
year, range = 0–140 m/year; Figure 3c,d). Both approaches also 

showed a similar pattern of centroid movement (Figure 3c,d). 
However, there was a substantial reduction of uncertainty using 
SDM-integrated ABC (Figure 3c,d). Furthermore, the decline in cen-
troid velocity during the Younger Dryas (~13-12 Kybp) was dimin-
ished by the inclusion of the genomic data (Figure 3c,d).

The temporal variation in centroid velocities from the Bølling–
Allerød interstadial to the present in non-integrated pollen and pol-
len-integrated ABC analyses is similar (Figure 3a,b). However, the 
gradual increase in centroid velocity from LGM to mid-Oldest Dryas 
resembles the pattern detected with the genomic data (Figure 3b,e). 
Furthermore, the pollen-integrated ABC reduced uncertainty in esti-
mates of biotic velocity (Figure 3a,b), especially for the oldest periods. 
Integration of pollen and genomic data also reduced biotic veloci-
ties compared to our non-integrated pollen analysis (non-integrated 
pollen: mean of medians across all time periods = 109 ± 11 m/year, 

F I G U R E  4  Latitudinal rates of change of the northern (95th percentile; left panels) and southern (5th percentile; right panels) boundaries 
of Fraxinus pennsylvanica distribution since the Last Glacial Maximum (21 K YBP). Positive values connote northward movement and negative 
southward movement. Estimates of biotic velocity are provided for each data type and integration method (a,b: non-integrated pollen; c,d: 
pollen-integrated ABC; e,f: non-integrated SDMs; g,h: SDM-integrated ABC; i,j: genetic). Boxplots show median biotic velocity for each 
990-year interval and the 95% highest posterior density intervals. The solid line indicates the biotic velocity of land (Appendix S6). Coloured 
backgrounds distinguish a period of rapid temperature change (20-7 Kybp) and relative climatic stability (7Kybp—present). Note the different 
limits for the y-axis between left and right panels. Main climatic episodes since LGM are delimited with vertical dashed lines (1: LGM; 2: 
Oldest Dryas; 3: Bølling–Allerød interstadial; 4: Younger Dryas). The most recent bin for panels a-d ends at 0.3 Kybp (see main text).
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range = 191–51 m/year and pollen-integrated ABC: mean = 66 ± 8 m/
year, range = 170–12 m/year; Figure 3a,b).

SDM- and pollen-integrated ABC showed the same number of 
time intervals with average biotic velocities exceeding 100 m/year. 
However, for the SDM-integrated method, this rapid migration was 
concentrated in a single period encompassing the Bølling–Allerød, 
Younger Dryas and the beginning of the Holocene (Figure 3d). In 
contrast, the pollen-integrated analysis had multiple peaks in biotic 
velocity over the last 21 Kybp (Figure 3b).

The integrated methods showed the same levels of congruence 
with land velocity as their non-integrated counterparts. Pollen ve-
locity more closely tracked land velocity when integrated with ge-
nomic data.

4  |  DISCUSSION

As expected, data integration via ABC substantially reduced uncer-
tainty in biotic velocity estimates, illustrating the potential for inte-
grative models to improve reconstructions of colonization history 
by incorporating essential processes like population growth and 
dispersal and avoiding equilibrium assumptions. Our analyses reveal 
substantial variation across data types in the magnitude and tem-
poral patterns of inferred green ash movement. Estimates of biotic 
velocity were higher for periods of intense environmental change 
(i.e. 20-7 Kybp), with less centroid movement over the last 7 Kybp. 
As expected, the highest movement rates were inferred from fos-
sil pollen, while biotic velocity estimates from SDMs and genomic 
data were similar in magnitude. Uncertainty in estimates of biotic 
velocity was elevated shortly after the LGM for fossil pollen when 
used alone, while uncertainty for the SDMs alone peaked during 
the Bølling–Allerød interstadial. Integrating pollen and SDMs with 
genetic data reduced levels of uncertainty in both during these pe-
riods. We conclude that integrating multiple data sources is neces-
sary for achieving reliable estimates and minimizing uncertainty in 
reconstructions of biogeographical history.

4.1  |  Comparison of biotic velocity through time

It is challenging to predict whether biotic velocity from our naïve 
ABC analysis (i.e. genomic data alone) would differ from the veloc-
ity of the actual land available for colonization itself (Figure 3). On 
one hand, dispersal under the naïve ABC model was not constrained 
by habitat suitability, other than the presence of ice, which should 
lead to higher biotic velocities. On the other hand, colonization 
and population growth in our demographic simulations may delay 
the ability of the species to track change in land availability. Our 
estimated velocities from naïve ABC aligned roughly with those of 
SDMs. Nonetheless, estimates from naïve ABC displayed a more 
recent peak in biotic velocity (approximately 3–4 Kybp; Figure 3). 
These estimates are a result of northward migration into areas 
outside the species' current range (Little, 1971). Since movement 

was not constrained by habitat suitability, populations north of the 
species' range reached similar carrying capacities to those further 
south, shifting the range northward (Figure 4i). In contrast, habitat 
suitability surfaces from SDMs and fossil pollen suggest little, if any, 
suitable habitat north of the current distribution, resulting in lower 
estimates of velocity for more recent time periods after the species 
had reached its current northern range limit. Hence, the sustained 
velocity under the naïve ABC analysis is likely artefactual.

Integrating SDM and genomic data eliminated the recent in-
crease in centroid velocity detected in the naïve ABC analysis, 
underscoring the need to integrate multiple data types to help con-
strain range shifts to plausible areas. Overall, non-integrated SDM 
and the integrated SDM-ABC analyses produced similar biotic veloc-
ities, in magnitude and temporal trends. However, centroid velocity 
remained high during the Younger Dryas for the SDM-integrated 
ABC analysis, resembling the pattern observed in the naïve ABC 
(i.e. genomic alone) rather than in the non-integrated SDM analysis, 
where it substantially decreased. This is surprising because non-in-
tegrated SDMs depict the movement of climatically suitable habitat, 
regardless of occupancy (thus velocities should be higher), and be-
cause colonization dynamics in the naïve ABC analysis were uncon-
strained by habitat suitability (which should thus also result in higher 
velocities). Integration may provide otherwise missing information 
about parameter values (i.e. dispersal rate) and scenarios (i.e. refuge 
location and size). Alternatively, differences between non-integrated 
SDMs and SDM-integrated ABC could drive this pattern. Our de-
mographic simulations modelled species dispersal and population 
growth once colonization occurs in a cell, which are not modelled in 
non-integrated SDMs. This temporal lag when populations experi-
ence continuous growth could explain the sustained high biotic ve-
locities between 14 and 10 Kybp in the integrated analysis.

Pollen-based analyses yielded the highest biotic velocities and 
uncertainties, although integration with ABC reduced both to levels 
comparable to those from other models in more recent (<15 Kybp) 
time periods (Figure 3a,b). We expect the differences between bi-
otic velocities and uncertainties from pollen and SDMs arise from: 
(a) differences in starting conditions (refugia locations) of the pollen 
model versus other methods; (b) the pollen model predictions en-
compassing a wide range of variation (i.e. we used 200 draws from 
the pollen model posterior, versus 24 SDM scenarios); (c) the spo-
radic nature of pollen record sampling (Birks & Willis, 2008); and (d) 
the taxonomic level of analysis (genus-level for pollen, species-level 
for other datasets). Post hoc inspection revealed that the SDMs gen-
erally predicted a wide expanse of refugial locations in the southern 
portion of the range, whereas pollen-inferred refugia were gener-
ally restricted to smaller areas spread across the study region. The 
variability in starting locations could be responsible for the larger 
variation observed in the pollen-derived velocity estimates, espe-
cially in earlier time periods (Figure 3a,b). Uneven sampling, and 
sparse sampling for some geographical regions and times, especially 
for older time periods, may explain the wider range of variation in 
estimates of velocity from pollen, especially prior to ~15 Kybp. This 
inflated variation might also result from the taxonomic resolution of 
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fossil pollen through the combination of occurrences from different 
Fraxinus species. Nonetheless, unlike SDMs and genetics, fossils are 
the only direct evidence of taxon occurrence in a region at a given 
point in time.

Data integration reduced uncertainty in estimates of biotic 
velocity, especially for pollen-based rates. The reduction in un-
certainty may partially result from constraints imposed by the 
demographic simulations (e.g. simulated populations grow ex-
ponentially to carrying capacity, while habitat suitability values 
from SDMs or fossil pollen relative abundance can change instan-
taneously). Posterior distributions were markedly narrower than 
priors in both integrated models, suggesting that signals in pop-
ulation genomic data can distinguish among alternative habitat 
suitability surfaces (e.g. from different SDM algorithms or climate 
reconstructions). Indeed, our ABC data-integrated analyses show 
the imprints of both data types (genetic and pollen or genetic and 
occurrences) on the temporal variation of biotic velocities rather 
than dominance of one single data type. Thus, data integration 
can reduce uncertainty in postglacial movement rates despite the 
propagation of uncertainty in stochastic forward demographic 
simulations and use of multiple SDMs or posterior draws from our 
pollen model.

Besides reducing uncertainty of estimates of centroid velocity, 
the integration of fossil pollen and genomic data affected the tempo-
ral variation in biotic velocities. From the LGM to mid-Oldest Dryas 
(i.e. 21-16 Kybp), inferred velocities from the pollen-integrated ABC 
model were much slower than those from non-integrated pollen 
(Figure 3a,b,e). Biotic velocities of northern and southern margins 
more closely resembled the patterns observed in the naïve ABC model 
than those of the non-integrated pollen analysis (Figure 4a–d,i,j). 
During this period, both naïve ABC and pollen-integrated ABC mod-
els supported a substantial expansion of the southern margin. The 
similarity between inferences from naïve ABC and integrated mod-
els may be driven by the incorporation of population growth and 
dispersal limitation in our forward demographic simulations, which 
will slow the rate of range expansion in the generations immediately 
following colonization of newly available habitats. However, there 
are also biological explanations for the observed convergence in ve-
locities across models. It is possible that F. pennsylvanica populations 
persisted closer to the ice sheet margin than is assumed from spe-
cies occurrence- and genetic-based approaches. The possibility of 
high latitude refugia is not new. For example, Bemmels et al. (2019) 
identified LGM refugia for mesic, cool-temperate deciduous trees 
close to the ice sheet in eastern North America. Alternatively, pollen 
found at ice sheet margins could have been wind-dispersed from far-
ther south, yielding higher inferred migration rates.

4.2  |  Comparisons to estimates of biotic velocities 
in previous work

Comparisons with estimates of biotic velocity from other studies is 
complicated by differences in temporal and taxonomic resolution. 

However, general comparisons can serve as a plausibility check. 
Overall, our highest estimates of biotic velocity are comparable to 
those reported by Ordonez and Williams (2013) who analysed 30 
trees from eastern North America and found velocities ranging 
from −170 to 270 m/year. Our biotic velocities for F. pennsylvanica 
are at the lower end of the 100 to 1000 m/year range suggested by 
classical analyses of this species (Davis, 1981; Davis & Shaw, 2001; 
Huntley, 1991; Huntley & Birks, 1983) but slightly higher than esti-
mates based on phylogeographical data and simple models of post-
glacial movement (<100 m/year; McLachlan et al., 2005).

We found similar patterns over the last 12 Ka compared to 
Ordonez and Williams (2013), who used pollen records as “occur-
rences” in SDMs. During this period, range expansion was driven 
primarily by movement of the northern boundary across 12-7 
Kybp, followed by relative stationarity of both edges across 7-1 
Kybp. However, pollen-based analyses support the expansion of 
the southern border during the last 4 Ka. Our estimates of move-
ment prior to 12 Kybp differ from those reported by Ordonez and 
Williams (2013). Across 16-12 Kybp, they reported a reduction in 
the range of Fraxinus driven by the contraction of the northern bor-
der. We did not detect this trend in any of our analyses but rather 
observed stationarity or expansion of the northern margin across 
different data and model combinations.

4.3  |  Novelty of data integration in paleoecology

With notable exceptions (e.g. Bemmels et al., 2019; Brown et al., 2016; 
Knowles & Alvarado-Serrano, 2010; Ortego & Knowles, 2020), data 
integration remains a relatively underemployed technique in biogeo-
graphical analysis. Integration draws on complementary strengths of 
multiple lines of evidence while limiting the impacts of weaknesses 
associated with each data type. Combining data types also makes 
it possible to characterize uncertainty in biogeographical inference 
more effectively (Hoban et al., 2019). Integration has proceeded in 
varied ways: by incorporating SDMs with genetic data (Bemmels 
et al., 2019; Brown et al., 2016; Knowles & Alvarado-Serrano, 2010; 
Ortego & Knowles, 2020) or using fossil pollen in combination with 
SDMs (Maguire et al., 2016; Ordonez & Williams, 2013). Others have 
qualitatively compared inferences of biogeographical history from 
SDMs and fossil pollen data (Alba-Sanchez et al., 2010), SDMs and 
genetic models (e.g. Jia & Zhang, 2019; Mangaravite et al., 2019; 
Napier et al., 2020; Park & Donoghue, 2019; Souza et al., 2017), and 
less frequently among all three data types (Hao et al., 2018). To our 
knowledge, this work is the first to formally compare estimates of 
biotic velocity and associated uncertainty using single versus multi-
ple integrated data sources. Our framework demonstrates that inte-
grating multiple data types can recreate biogeographical trajectories 
consistent with expectations based on periods of climate change 
and stasis and provide a full accounting of uncertainty (Hoban 
et al., 2019).

Validating any study that seeks to reconstruct the past is a chal-
lenge; it is not possible to know with certainty how species moved 
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through space and time prior to the modern period of direct ob-
servation. Given this, we are unable to definitively conclude which 
data type “best” recreates past distributions. While we did test the 
capacity of ABC to distinguish between alternative scenarios using 
cross-validation in our naïve ABC analysis (Appendix S7), this does 
not address the relative fit of pollen-integrated and SDM-integrated 
models to the observed data and ultimately relies on the same data 
used to calibrate the models. Independent information from macro-
fossils, ancient DNA, archaeological sites, or isotopic and dendro-
chronological data could be used for validation, although they could 
also be accommodated into the modelling process. Alternatively, 
the power of ABC to distinguish between biogeographical scenarios 
could be evaluated using simulated biogeographical histories that 
generate both pollen profiles and genotypes under different scenar-
ios (Lotterhos et al., 2022).

4.4  |  Next steps in integration

We integrated population genomic data with habitat suitability 
surfaces from SDM and pollen analyses using ABC. Other possible 
approaches to data integration include formally combining pollen 
and occurrence data in a joint pollen-SDM habitat suitability sur-
face. Integrated models can outperform those based on single data 
types (Ahmad Suhaimi et al., 2021; Pacifici et al., 2017). However, 
not all approaches respond similarly to spatial and temporal mis-
alignment of data types (Ahmad Suhaimi et al., 2021; Pacifici 
et al., 2019), an issue not addressed here but maybe even more 
relevant when combining disparate types of data (occurrence, fos-
sil pollen and genomic). For example, contemporary occurrence 
data can usually be assigned a date of collection, but fossil pollen 
must be dated using methods with inherent error. Likewise, dif-
ferent types of data may have more or less efficacy in recovering 
species' biogeographical histories owing to variation in geographi-
cal and climatic context and species' biology. We advocate for 
further integration in studies seeking to reconstruct species' bio-
geographical histories while providing a full accounting of sources 
of error. This work will be critical for anticipating species' capacity 
for range shifts and changes in genetic composition in response to 
contemporary climate change.
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