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Abstract
Aim: Palaeoecological data are crucial for comprehending large- scale biodiversity pat-
terns and the natural and anthropogenic drivers that influence them over time. Over 
the last decade, the availability of open- access research databases of palaeoecological 
proxies has substantially increased. These databases open the door to research ques-
tions needing advanced numerical analyses and modelling based on big- data compila-
tions. However, compiling and analysing palaeoecological data pose unique challenges 
that require a guide for producing standardized and reproducible compilations.
Innovation: We present a step- by- step guide of how to process fossil pollen data into 
a standardized dataset compilation ready for macroecological and palaeoecological 
analyses. We describe successive criteria that will enhance the quality of the compila-
tions. Though these criteria are project and research question- dependent, we discuss 
the most important assumptions that should be considered and adjusted accordingly. 
Our guide is accompanied by an R- workflow— called FOSSILPOL— and corresponding 
R- package— called R- Fossilpol— that provide a detailed protocol ready for interdiscipli-
nary users. We illustrate the workflow by sourcing and processing Scandinavian fossil 
pollen datasets and show the reproducibility of continental- scale data processing.
Main Conclusions: The study of biodiversity and macroecological patterns through 
time and space requires large- scale syntheses of palaeoecological datasets. The 
data preparation for such syntheses must be transparent and reproducible. With our 
FOSSILPOL workflow and R- package, we provide a protocol for optimal handling of 
large compilations of fossil pollen datasets and workflow reproducibility. Our work-
flow is also relevant for the compilation and synthesis of other palaeoecological proxies 
and as such offers a guide for synthetic and cross- disciplinary analyses with mac-
roecological, biogeographical and palaeoecological perspectives. However, we em-
phasize that expertise and informed decisions based on palaeoecological knowledge 
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1  |  INTRODUC TION

Macroecological patterns observed today are shaped through time 
and space by environmental, evolutionary and biotic processes oper-
ating across a wide range of scales (e.g. Antonelli et al., 2018; Divíšek 
et al., 2020; Jackson & Blois, 2015). Investigating how these present- 
day patterns developed through time provides important clues to 
the relative importance of the processes underlying the patterns. 
Globally, ecosystems carry the legacy of several thousand years of 
anthropogenic impact (e.g. Ellis et al., 2021; Ellis & Ramankutty, 2008; 
Mottl et al., 2021; Stephens et al., 2019). By jointly assessing interac-
tions and past legacies of natural and anthropogenic drivers of eco-
system changes, one can decipher macroecological processes that 
have led to the contemporary global distribution of biodiversity and 
ecosystems (e.g. Jackson, 2007; Nolan et al., 2018).

Global biodiversity currently faces a plethora of threats related 
to climate change, land use, habitat conversion and species inva-
sions. These interacting threats can have both direct and indirect 
effects on species distribution and ecosystem functioning (e.g. 
Poloczanska et al., 2013; Chaudhary et al., 2021; Chen et al., 2011; 
IPCC, 2021; Lenoir et al., 2020; Lenoir & Svenning, 2013; Parmesan 
& Yohe, 2003). Improved knowledge of how drivers and processes 
have affected changes in species distributions and biodiversity pat-
terns through time is of paramount importance for addressing ques-
tions related to the ongoing biodiversity crisis and understanding 
how to mitigate the deleterious effects of human impact on environ-
ment and ecosystems (Fordham et al., 2020). Solutions to the biodi-
versity crisis will require integrated approaches, using information 
from a range of data sources, spanning historical observations, ex-
periments and computational models (Daniau et al., 2019; Dawson 
et al., 2011).

‘Palaeoecological records’ (Box 1) can, with careful interpreta-
tion, provide an important source of information about ecosystem 
responses to natural (e.g. glacial– interglacial climatic variations, geo-
logical events, evolutionary processes, fire) and anthropogenic (e.g. 
extensive agriculture, fire, forest clearance, pollution) drivers over 
a range of spatial and temporal scales. Fossil pollen records are the 
most commonly used resource in ‘palaeoecology’ (Box 1) for eluci-
dating the history of terrestrial vegetation dynamics. Global compi-
lations of such palaeoecological records can be useful for cross- scale 
macroecological and biogeographical studies and also help to evalu-
ate the relative impacts of long- term evolutionary or climate- driven 
changes in ecosystems against changes resulting from human im-
pact in the past few thousand years (e.g. Finsinger et al., 2017; Mottl 

et al., 2021; Nolan et al., 2018). With the increasing number of re-
cords from a range of ‘proxies’ (Box 1), palaeoecology has now an 
ever- increasing capacity to uncover Earth system dynamics across 
multiple taxonomic groups and beyond the time frame of directly 
observed data. Examples include identifying systems with high eco-
system resilience (e.g. Buma et al., 2019; Davies et al., 2018; Willis 
et al., 2010), comparison of present- day ecological models to envi-
ronmental conditions outside the range of those existing today (e.g. 
Svenning et al., 2011; Williams et al., 2007), assessing the role of 
humans in driving compositional turnover (e.g. Nogué et al., 2021; 
Woodbridge et al., 2020), guiding conservation efforts (Barnosky 
et al., 2017; Dietl et al., 2015), assessing temporal variability in eco-
system services (Jeffers et al., 2011, 2015); and climate reconstruc-
tions (e.g. Chevalier et al., 2020; Hébert et al., 2022), among many 
others.

With the rapid growth of palaeoecological datasets in the 
public domain (e.g. Neotoma Paleoecological Database, Williams 
et al., 2018, https://www.neoto madb.org/, ‘Neotoma’ hereafter; 
PANGAEA, https://www.panga ea.de/; Data Publisher for Earth & 
Environmental Science), there is greater opportunity for macroecol-
ogists to expand their temporal scales of analyses. The potential is 
especially high for fossil pollen data, which have a long history of 
community data assembly and curation, recently aided by a series 
of data mobilization efforts (e.g. Latin America in progress), Africa 
(Ivory et al., 2020; Runge et al., 2021) and the Indo- Pacific (in prog-
ress). Such data assemblages allow a deepened understanding of 
vegetation dynamics across various spatial and temporal scales. See, 
for instance, the recent continental analyses on rates of vegetation 
change (Mottl et al., 2021), community novelty (Staples et al., 2022), 
ecosystem properties of Asian vegetation (Herzschuh, 2020) and 
latitudinal gradients across Europe (Giesecke et al., 2019).

Open- access data increase research opportunities but also come 
at a risk of uninformed use that leads to erroneous interpretation 
(Dillon et al., 2023; Jackson, 2012). Palaeoecologists working regu-
larly with fossil data are familiar with the vast heterogeneity hidden 
in a large palaeoecological ‘dataset compilation’ (Box 1). Taxonomic 
uncertainties and differences in the temporal resolution of data (e.g. 
Birks & Birks, 1980; Dillon et al., 2023; Prentice, 1988; Rull, 2020; 
Webb, 1993) are crucial issues, but the heterogeneous character of 
fossil pollen data is manifold. Pollen assemblages are influenced by 
processes of dispersal and sedimentation, environmental settings, 
pollen identification expertise of researchers, and collection and 
processing methodologies, which are usually defined by the initial 
research questions for records.

remain crucial for high- quality data syntheses and should be strongly embedded in 
studies that rely on the increasing amount of open- access palaeoecological data.

K E Y W O R D S
data processing workflow, fossil pollen data, FOSSILPOL, large- scale syntheses, macroecology, 
Neotoma Paleoecology Database, palaeoecology, R package, R- Fossilpol
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BOX 1 Key palaeoecological terms used in the paper, FOSSILPOL workflow and R- Fossilpol.

Age- depth model: an algorithm used to estimate the age- depth relationship for a series of stratified palaeoenvironmental data points 
(e.g. depths within a core or stratigraphic profile), whose relative chronological relationships are known but for which only a limited 
amount of absolute chronological information is available from the age controls. Age- depth models are used to make estimates of 
ages for depths not directly associated with an age control or to resolve discrepancies among age controls (adapted from Grimm 
et al., 2014). Note that ‘age model’ is sometimes used as a shorthand synonym for ‘age- depth model’.

Archive: refers to a geological sedimentary deposit that contains the physical material from which palaeoecological or palaeoclimatic 
proxies are extracted. Such archives can include ice cores, speleothems or sedimentary deposits (lake sediments and peat bogs). 
Multiple palaeoecologial and palaeoenvironmental proxies (macro- , microfossil, charcoal, etc.) can be obtained from one archive.

Bayesian age model: an age model that provides fully probabilistic estimates of the uncertainties in sample ages via the application of 
Bayes' theorem. Bayesian models rely upon prior assumptions about e.g. sediment accumulation rates, stratigraphic superposition 
and thus monotonicity of ages. Programmes that implement Bayesian age models include Bacon (Blaauw & Christen, 2011), OxCal 
(Bronk Ramsey, 2001) and Bchron (Haslett & Parnell, 2008). Age controls may be ‘uncalibrated radiocarbon years’ (see definition) or 
calendar ages with uncertainties. These age models produce calibrated or calendar ages, and they can automatically deal with most 
cases of outlying dates (adapted from Grimm et al., 2014).

Before present (BP): by convention, most radiocarbon dates are reported as BP where ‘present’ is 1950 CE; however, the exact defi-
nition of ‘the present’ can vary among palaeoecological and palaeoclimatic papers. Therefore, the precise definition of ‘present’ is 
important to specify at all times.

Calibration curve: is used to convert uncalibrated radiocarbon years (uncalibrated 14C BP, see definition) to calendar years (calibrated 
years before present, cal yr BP or cal yr B2K (2000 CE)). Depending on the location of the record and if the locality is marine or not, 
it is important to use the appropriate calibration curve. The radiocarbon calibration curve is empirically derived and is regularly up-
dated as new observations are collected. At this time, IntCal21 is the standard calibration curve, replacing the previous IntCal13. See 
Reimer et al. (2020) and Hogg et al. (2020) for the latest curves for radiocarbon calibration.

Chronology control point(s): an estimate of absolute age, often with a specified uncertainty, for a level within a core or stratigraphic 
profile that is used to constrain an age model for that core or profile. Also called ‘age control’ (adapted from Grimm et al., 2014).

Chronology: a series of estimated ages and associated uncertainty estimates for levels in a stratigraphic record. Such estimates usually 
derive from an age- depth model and its associated age controls (adapted from Grimm et al., 2014).

Chronology control table: a table that contains all the chronology control points. Includes depth, uncalibrated age of radiocarbon date and 
age error. Clam and Bacon require additional columns related to the reservoir effect or calibration curve used. See clam and Bacon manuals.

Classical age model: an age- depth model in which a curve or line is fitted to a series of age- depth points with no prior assumptions 
about sediment accumulation rate or monotonicity of ages (Blaauw, 2010). If the age controls are radiocarbon dates, they may be cali-
brated or uncalibrated. Calibration of radiocarbon dates should be undertaken before the curve is fitted, and outliers can be rejected 
a priori or after producing the model. Common classical algorithms include linear interpolation, linear or polynomial regression and 
various splines. Many classical age models do not provide an estimate of the errors for interpolated ages. Though clam (Blaauw, 2010) 
provides error estimates, these are only a single ‘best’ error estimate, while the true age uncertainty is not provided (in a Bayesian age 
model, an age uncertainty distribution is given; adapted from Grimm et al., 2014).

Coring: most common means of obtaining a sedimentary archive from lakes or mires. Coring can be done from a filled- in depression in the 
landscape or from a floating platform or surface ice in a lake, using hand- driven equipment to more advanced equipment for deep drilling.

Dataset compilation: a suite of palaeoecological datasets that ideally are processed, standardized and harmonized in a consistent man-
ner, based on a set of user- based criteria that are stated and reproducible.

Depositional environment: the environmental context that produced the sedimentary archive from where the record was taken. The 
main categories of depositional environments in Neotoma are archaeological, biological, estuarine, lacustrine, palustrine and ter-
restrial, with numerous sub- categories. Fossil pollen records have been analysed from a wide range of depositional environments 
(Chevalier et al., 2020). The fossil pollen spectrum differs between different depositional environments due to taphonomy (see defi-
nition), which is therefore an important criterion to consider for multi- site data syntheses.

Estuarine: depositional environments with both terrestrial and marine influences.

Harmonization region(s): the geographical region to which the harmonization table should be applied. When records are sourced from 
a broad spatial domain (e.g. continental to global) we recommend delimiting homogeneous regions and creating a separate harmoni-
zation table for each region.
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BOX 1 Continued.

Harmonization table: a table with a column ‘A’ for all unharmonized, original pollen- type names from all records and a corresponding column 
‘B’ that assigns each pollen- type and spore- type name to a higher harmonized taxon name. The taxonomic harmonization from columns A 
to B is applied consistently to all records within a multi- data synthesis. However, large geographical regions should have their own harmo-
nization table as the different flora in each region can lead to different mappings of plant taxon names onto pollen morphotypes. Such a 
table can contain different columns of harmonization (B, C, D, etc) depending on the criteria applied (e.g. as in Giesecke et al., 2019 for the 
European Pollen Database levels = MHVar2, http://www.europ eanpo llend ataba se.net/data/downl oads/image/ EPD_P_VARS_high3.csv).

Lacustrine: depositional environments from existing or ancient lakes.

Levels: refers to the depths from which samples were taken for palaeoecological analysis, for instance, pollen, diatoms, phytoliths, etc.

Other datasets: applies here to datasets that are not derived from Neotoma, including private (exclusive) datasets and those from other 
data sources, e.g. PANGAEA and datasets in publications. For overall reproducibility following FAIR guidelines, we underline the high 
scientific value of limiting or avoiding private datasets and use Neotoma or PANGAEA for open- access research.

Palaeoecology: (i) ‘the ecology of the past … ideally, palaeoecology could be defined as the study and understanding of the relation-
ships between past organisms and the environment in which they lived. In practice, palaeoecology is largely concerned with the 
reconstruction of past ecosystems’ (Birks & Birks, 1980), (ii) ‘the branch of ecology that studies (the) past (of) ecological systems and 
their trends in time using fossils and other proxies’ (Rull, 2010).

Palaeoecological record: A time series at a single location consisting of all samples of the same type of palaeoecological proxy, ordered 
in temporal sequence. For example, all pollen samples from a single core retrieved from a lake would be a single pollen record.

Palustrine: depositional environments from inland, wetland settings including vegetated and nonriverine systems, such as bogs and 
swamps.

Pollen morphotypes: refers to the physical characteristics of pollen grains that are used to identify and consequently classify them 
into morphotypes. These characteristics include the shape, size, wall structure and surface ornamentation of the grain, and they are 
unique to each pollen type. Palynologists observe these traits under a microscope to identify the plant family, genus or species that 
produced the pollen. Not all morphotypes clearly map onto these levels, as some morphotypes comprise multiple genera, e.g. Ostrya/
Carpinus as a distinction is currently not possible.

Processing: the data steps needed for data ‘integration’ (Michener & Jones, 2012; Nieto- Lugilde et al., 2021). This is not to be confused 
with the preliminary collecting and describing of palaeoecological data.

Proxy: palaeoecological proxies include fossil pollen, plant macrofossils (e.g. seeds), phytoliths, diatoms, charcoal, nonpollen palyno-
morphs, charcoal, sediment and water chemistry and ancient DNA.

Radiocarbon calibration: the process of converting radiocarbon dates into calendar years. Radiocarbon age estimates (14C yr BP) can be 
converted to calendar years using a calibration curve (see definition) and expressed as calibrated years before present (cal yr BP; BP = 1950).

Redeposition: the process by which fossils that originated at one time may be remobilized from their current sedimentary context, trans-
ported some distance and then redeposited and preserved with fossils originating from a different space and time (Birks & Birks, 1980).

Research infrastructure: facilities, resources and related services that are used by the scientific community to conduct robust and reli-
able research in their respective fields. This concept includes major scientific equipment or sets of instruments; knowledge- based 
resources such as collections, archives or structures for scientific information; information and communication technology- based 
infrastructure such as grid, computing, software and communication; or any other entity of a semi- permanent nature essential to 
achieve reproducible research (adapted from Nieto- Lugilde et al., 2021).

Shapefile: a geospatial vector data format that stores information on the location, shape and attributes of points, lines or polygons.

Source area: the likely spatial area represented by the pollen assemblages in the record.

Taphonomy: the geological and biotic processes acting on biological remains after the end of life until their deposition in their current 
sedimentary archive, e.g. transportation and dispersal, deposition (sedimentation) and preservation.

Uncalibrated radiocarbon years: by convention, all radiocarbon labs report radiocarbon dates in uncalibrated ages. These uncalibrated 
ages are based upon the simplifying assumption that the amount of radiocarbon in the atmospheric reservoir has always been constant 
at 1950 CE values. Calibration curves correct for the reality that the amount of atmospheric radiocarbon changes over time. These 
radiocarbon measures are expressed in uncalibrated radiocarbon years before present 14C yr BP (written as 14C BP). These are not suit-
able to be used as an expression of time as these need to be converted (calibrated) to true calendar years (see Radiocarbon calibration).
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To fully utilize the potential of fossil pollen data in open- access 
multidisciplinary research, it is imperative to establish guidelines 
to address the challenges of working with heterogeneous data and 
the sources of error and uncertainty, particularly when multiple 
sources are used. Such guidelines should cover correct terminol-
ogy, sets of inferences for appropriate data analysis and best prac-
tices to enhance data quality (Blois, 2012; Brovkin et al., 2021; 
Fordham et al., 2020). Collaboration among disciplinary experts 
is critical for knowledge exchange, and user- friendly guidelines 
can greatly enhance this process for interdisciplinary data an-
alysts (Jackson, 2012). Without such guidelines, there is a risk 
of overconfidence in existing databases and a failure to identify 
underlying inconsistencies and pitfalls (Blois, 2012). Additionally, 
these guidelines are useful for integrating palaeoecological data 
into open software and workflows, which promote open- research 
practices by ensuring full disclosure of data- handling and statisti-
cal pipelines.

In this paper, we aim to use our combined knowledge of pa-
laeoecology and large- scale data analysis to create a guide and 
workflow intended for a general audience of macroecologists, 
biogeographers and others. We present FOSSILPOL, a workflow 
to process efficiently global fossil pollen data, to create a stan-
dardized dataset compilation suitable for macroecological and 
palaeoecological research, supported by an R- package called R- 
Fossilpol. Our approach offers a stepwise, reproducible and trans-
parent procedure for synthesizing complex and heterogeneous 
fossil pollen data (Box 1). The workflow provides a detailed pro-
tocol that guides the data analyst through the data processing 
procedure, helping them to overcome the challenges of working 
with such data. By using our approach, the data analyst can en-
sure that the entire data processing procedure is transparent and 
easily reviewed. Moreover, the workflow can be easily included in 
any publication to facilitate reproducibility. Our specific recom-
mendations for data processing are further reinforced by the de-
tailed guidelines in the Step- by- step guide to data processing on the 
FOSSILPOL website (https://hope- uib- bio.github.io/FOSSI LPOL- 
websi te/). In addition, we provide a Glossary (Box 1) for key palae-
oecological terms used here and a list of introductory readings in 
Appendix S1. Our overall goal is to expand the overall contribution 
of palaeoecological data to macroecological research, and thereby 
contribute to the advancement of understanding of the drivers 
and processes of biodiversity and ecosystem dynamics over time 
and space (Dietl et al., 2015; Rapacciuolo & Blois, 2019; Rull, 2010, 
2012; Willis & MacDonald, 2011).

2  |  KE Y CONCEPTS AND STEPS IN 
L ARGE- SC ALE PAL AE OEC OLO GIC AL DATA 
ANALY TIC S

We summarize the key concepts involved in large- scale analyses of 
late Quaternary palaeoecological datasets that primarily consist of 
radiometrically (e.g. 14C, 210Pb) dates and fossil pollen records. When 

compiling and synthesizing such data, standardized terminology aids 
interdisciplinary understanding and downstream workflow deci-
sions. Therefore, we introduce key terms (Box 1) related to obtaining 
palaeoecological ‘records’, ‘depositional environments’, ‘chronolo-
gies’, ‘taxonomic harmonisation’ and filtering of records and samples, 
and provide specific examples for fossil pollen data. We highlight 
common standards and issues that we strongly recommend consid-
ering during the steps of large- scale palaeoecological data analytics 
(Figure 1). Although the focus here is on fossil pollen, the general 
procedure and underlying concepts are similar for many other late 
Quaternary palaeoecological proxies retrieved from sedimentary 
‘archives’ (Box 1).

2.1  |  Obtaining a fossil pollen dataset

A compilation of fossil pollen records consists of multiple datasets 
that each represent a single time series of multivariate data repre-
sented by individual ‘pollen morphotypes’, each of which represents 
one or more plant species (Box 1). The series of procedures needed 
to obtain an individual fossil pollen record are outlined by e.g. Birks 
and Birks (1980), Daniau et al. (2019), Fægri and Iversen (1964) and 
Fægri et al. (1989). In brief, a sediment record is obtained by various 
extraction methods such as ‘coring’ (Box 1) lake sediments or mires, 
excavating a soil section or collecting sediments from cave walls and 
archaeological sites, among many others. Wetland environments, in-
cluding lakes and bogs, accumulate anaerobic sediment continuously 
and are suitable for the ‘preservation’ (Box 1) of pollen originating 
from the surrounding local and landscape- level vegetation (‘source 
area’, Box 1) through time.

A sediment record is sampled at measured depth intervals, 
usually at regular intervals (e.g. every 2 cm), but records sampled 
at irregular intervals are also common. The sample is chemically 
treated to isolate pollen from the background sediment matrix, 
the residue is mounted on microscope slides. Pollen types are 
systematically identified and counted until the desired number of 
pollen grains is tallied (Fægri et al., 1989). A suitable set of pollen 
types are chosen for analysis and used as the basis of the sum for 
calculating relative pollen percentages (see Section 2.6). All pol-
len grains and spores are identified by a pollen analyst (although 
machine- learning methods are in development, e.g. Sevillano 
et al., 2020) to morphotypes corresponding to the finest taxo-
nomic level possible, e.g. species, genus or family. The finest pos-
sible taxonomic level depends on the availability of pollen and 
spore morphological characteristics for identification, the paly-
nological skills and experience of the pollen analyst, the available 
reference material and the degree of preservation of the grains 
(Birks & Birks, 1980). ‘Levels’ (i.e. depths, Box 1) of interest are 
dated, usually by radiocarbon dating (see Section 2.4). From these 
ages, an ‘age- depth model’ (Box 1) of sediment accumulation is 
constructed, and calendar (calibrated) ages are inferred for all lev-
els from the model. (For further information about palynological 
methods, see Appendix S1).
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2.2  |  Selecting data sources

The first decision in the compilation of multiple fossil pollen records 
is the selection of the data sources (Figure 1). Since the 1970s, there 
have been several initiatives to establish palaeoecological research 
infrastructure, which serves as the foundation for current open 
community data efforts. Currently, there are two major and active 
open- access research infrastructures for fossil pollen data (Chevalier 
et al., 2020), namely Neotoma and PANGAEA. Neotoma is a col-
laborative effort between a consortium of project leaders and in-
stitutions around the world, currently containing more than 42,000 
datasets and 19,000 unique sites from more than 6900 authors 
(updated Jan- 2022; Williams et al., 2018). As of 27th March 2023, 
Neotoma contains 6129 fossil pollen datasets from across 5048 
sites (obtained from Neotoma Explorer; https://apps.neoto madb.

org/explo rer/). PANGAEA aims at archiving and distributing georef-
erenced data related to Earth system research, including studies on 
the biosphere, atmosphere and cryosphere. At present, PANGAEA 
contains over 408,000 datasets from diverse disciplines, including 
palaeoecology and palaeontology.

Although there are overlapping datasets in Neotoma and 
PANGAEA, they differ in terms of the structure and prestandard-
ization of the datasets. For instance, Neotoma has assigned expert 
data stewards drawn from the communities of scientists that gener-
ate these data, who check for data quality and consistency and who 
have been trained to upload data to Neotoma following established 
procedures. The procedure and quality control for uploaded data-
sets to PANGAEA depend on individual data contributors. In addi-
tion, the Neotoma upload procedure requires all data to follow fixed 
formats and units, which supports a higher level of standardization 

F I G U R E  1  Essential data processing components needed to create a standardized, harmonized, palaeoecological dataset compilation 
before macro- scale data analysis. Note that each component consists of selecting appropriate datasets and samples based on user- defined 
criteria guided by the research questions. Such criteria influence the outcome of the analyses obtained from the dataset compilation. 
Therefore, careful documentation of these criteria is pivotal for data quality control and reproducibility. Vector credits: Dataset compilation 
and data sources: Design by fullvector/Freepik; Flowers: Design by rawpixel.com/Freepik. Depositional environments: Design by All- free- 
download.com.
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for the end- user accessing the raw data from the database. Though 
the FOSSILPOL workflow and its related R- Fossilpol package can 
handle other sources of data, here we use Neotoma as the default 
source.

The key factor in the use of data from multiple sources is consis-
tency. Common inconsistencies in data formatting among sources 
include: (i) differences in the file naming convention among data-
sets; (ii) differences in the format of geospatial coordinates; (iii) dif-
ferences in units of depth measures (e.g. metres or centimetres); (iv) 
pollen data stored as percentages instead of raw pollen counts; and 
(v) differences in age units in chronology data (e.g. Before Present, 
Box 1) versus AD or CE, or years (yr) versus thousands of years (kyr). 
Although aware of these inconsistencies, pollen data analysts might 
still want to use a variety of data sources, as there are numerous 
datasets that are not or cannot be available in open- access research 
infrastructures for privacy or legal reasons (e.g. nationally funded 
infrastructure that request exclusivity of data). We will refer to any 
data from a source other than Neotoma as ‘other’ (Box 1) further on, 
as such data will need to be cleaned and reformatted before being 
compatible with Neotoma.

The next step in data acquisition is selecting the spatiotemporal 
scope. Due to depositional conditions and coring/extraction meth-
ods, many records only span a few thousand years. For historical 
reasons, the continents of Europe and North America have higher 
data coverage in Neotoma than the Southern Hemisphere, although 
ongoing data mobilization campaigns are reducing this disparity 
(Figure 2a). In addition, there is a rapid drop- off in the number of 
available records toward periods older than 10,000 yr BP (Figure 2b; 
see Europe, Giesecke et al., 2014; Latin America, Flantua et al., 2015, 

2016; North America, Williams et al., 2004), in part because many 
of the lakes and mires in this compilation began to accumulate sedi-
ment only after the last deglaciation.

2.3  |  Selecting depositional environments

The depositional environment from which a record was recovered 
(e.g. lake, bog, fen, cave, colluvial fan) should be considered when 
using fossil pollen data (Figure 1), because taphonomic processes 
(Taphonomy, Box 1; Appendix S1) may modify the biological and 
spatial signal in a record (Chevalier et al., 2020; Daniau et al., 2019) 
and therefore affect the results derived from subsequent analyses. 
Taphonomy is related to the depositional environment and is a known 
source of palaeoecological data heterogeneity and uncertainty (Cleal 
et al., 2021; Jackson, 2012; Nieto- Lugilde et al., 2021). For example, 
the degree of ‘redeposition’ (Box 1) and preservation can influence 
the taxonomic composition detected in a record causing an over-  or 
under- representation of taxa (‘taxonomic biases’, Birks & Birks, 1980; 
Cushing, 1967; Davis, 1968). Also, some depositional environments, 
such as fluvial systems, have naturally high variations in water en-
ergy and provenance source, which can cause pollen assemblages to 
change abruptly over short periods of time. Such changes could be 
incorrectly interpreted as high ecosystem turnover. For quiet- water 
lakes and mires, where most deposited pollen is the outcome of air-
borne transport and deposition, another key concept that affects 
the pollen assemblage recorded from the surrounding vegetation is 
the source area. Pollen source area is a function of the lake area, with 
bigger lakes capturing vegetation signals across a broader area. A 

F I G U R E  2  Spatial (a) and temporal (b) overview of fossil pollen data of Neotoma. The data were obtained from Neotoma on 20th January 
2023. Records without a geographical location and age information were filtered out. In addition, only records spanning at least 100 years 
between −75 and 50,000 BP years were kept.
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8  |    FLANTUA et al.

small pollen source area (e.g. tens or hundreds of square metres), on 
the other hand, provides a highly local signal of the vegetation (from, 
e.g. pollen in a forest hollow). Alternatively, the source area of some 
environments can be extensive (e.g. colluvial fan, large lake, marine 
environment) and the signal recorded in the pollen record can reflect 
plant taxa originating from ecosystems hundreds of kilometres away 
(Jacobson & Bradshaw, 1981; Prentice, 1985).

The effects of mixed depositional environments in large data-
bases have been flagged as a concern in the palaeoecological lit-
erature for several decades (e.g. Goring et al., 2010; Jacobson & 
Bradshaw, 1981; Wilmshurst & McGlone, 2005). The representation 
of a pollen taxon can differ substantially among depositional envi-
ronments (e.g. Zhao et al., 2009). To address this issue, some stud-
ies have chosen to exclude certain depositional environments from 
their analyses (Goring et al., 2010; Mottl et al., 2021). Therefore, it is 
important to consider how including different depositional environ-
ments, each with their unique taphonomic processes, could affect 
the analysis and results (Birks, 1995). In particular, for continental- 
scale syntheses of spatial changes in taxa or ecosystems, we 
recommend avoiding the use of records from local depositional envi-
ronments such as small ponds, caves or forest hollows. Additionally, 
records from marine or river depositional environments that cap-
ture mixed signals from a wide range of vegetation types should be 
avoided as well. By following these recommendations, researchers 
can avoid or minimize the biases in their data analyses potentially in-
corporated due to the inclusion of varied depositional environments. 
Depending on the research question, a simple rule of thumb is to 
use depositional environments from a single broad category, namely 
archaeological, biological, ‘estuarine’, ‘lacustrine’, ‘palustrine’ or ter-
restrial (Box 1), or to select only those that correspond to the scale 
of research interest (Jacobson & Bradshaw, 1981).

2.4  |  Estimating chronologies

2.4.1  |  Background

To estimate the age of individual levels based on their depth, a chro-
nology or age- depth model needs to be constructed (Figure 1). An 
age- depth model provides age estimates of each individual level and 
the full age range of the record. Most datasets in Neotoma have 
chronologies available and the ages of individual levels are given, 
but these chronologies often need updating to match current best 
practices in age- depth modelling (e.g. Herzschuh et al., 2022; Wang 
et al., 2019). Generally, age- depth models are constructed using 
‘chronology control points’ (Box 1) with known depth, estimated age 
and associated age uncertainties. The chronology control points for 
each record are saved in the ‘chronology control table’ (Box 1).

Each control point in the chronology control table has the follow-
ing properties: (i) depth, (ii) estimated age, (iii) error of the estimated 
age and (iv) type of the chronology control point (e.g. radiocarbon, 
uranium/thorium, biostratigraphic, annual laminations). Each type of 
chronology control point has different kinds of age uncertainties. 

Radiocarbon dating (14C) is the most widely used dating technique in 
palaeoecology, but chronological problems with 14C- dated records 
are manifold. A detailed discussion on sources of 14C- uncertainties 
is beyond the scope of this paper, but our recommended reading 
in Appendix S1 summarizes the most important aspects. As there 
are over 50 types of control points in Neotoma alone, the data an-
alyst can opt to define criteria that include only records with cer-
tain control point types. For instance, some control points relied on 
indirect dating techniques such as biostratigraphic layers and ages 
inferred from other records. Such approaches assume synchronic-
ity of events across multiple records but consequently can have 
age uncertainties of thousands of years (Blaauw et al., 2010; Blois 
et al., 2011; Flantua et al., 2016; Giesecke et al., 2014). Also, a record 
with a small number of chronology control points within the focal 
time period will usually have high uncertainties of predicted ages 
around this time period (Flantua et al., 2016; Giesecke et al., 2014). 
Hence, information about the quality of chronologies that considers 
the types and levels of chronology control points can be a criterion 
used in the selection of records (Figure 1; Blois et al., 2011).

2.4.2  |  Re- estimation of age- depth models

Because radiocarbon ages are not true calendar ages, a ‘calibra-
tion curve’ (Box 1) is needed to convert the raw dates in the chro-
nology control table to calendar ages. These are IntCal (Reimer 
et al., 2020), SHCal (Hogg et al., 2020) or mixed calibration curves 
(see ‘Radiocarbon calibration’ in Box 1). Specific calibration curves 
are applied to the Northern and Southern Hemispheres and to ter-
restrial and marine environments (all are available in clam, rbacon and 
Bchron software). Calibration curves continue to be updated, so one 
should re- estimate older chronologies based on the latest calibra-
tion curves or re- estimate chronologies for all records in the dataset 
compilation. Nonradiocarbon dates such as defined core- top dates 
and annual laminations (varves) are considered as calendar ages.

For multi- record data syntheses, we recommend re- estimating 
age- depth models for all records, so that all age estimates are based 
upon a common methodology and use the best available statis-
tical methods for age calibration and inference (Figure 1). Broadly, 
two kinds of age- modelling approaches exist, namely ‘classical’ and 
‘Bayesian’ (Box 1, see also Appendix S1), with the latter being the most 
popular approach in the last decade (Blaauw et al., 2018). The popu-
larity of Bayesian age- depth models is mainly due to the probabilistic 
nature of the models, with better handling of outliers, and the fact 
that their precision increases with increasing dating density (Blaauw 
et al., 2018). Software programs for age- depth modelling include clam 
(classical; Blaauw, 2010), rbacon (Bayesian; Blaauw & Christen, 2011), 
Bchron (Bayesian; Haslett & Parnell, 2008) and OxCal (Bayesian; 
Bronk Ramsey, 1995, 2001). Independently of the approach selected, 
all age- depth models rely upon a chronology control table.

Generally, the data analyst can choose to use the original 
chronology control table as provided by the data contributors or to 
create an adjusted table based on user- defined criteria. The latter 
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    |  9FLANTUA et al.

involves: (i) filtering out unwanted control point types and (ii) filter-
ing out control points without known age error or an error that is 
considered too large (e.g. >2000 yr). Moreover, it may be preferable 
to define the minimum acceptable number of control points (e.g. at 
least three). This leads to a trade- off between accepting chronolo-
gies with a high number of control points (which will usually provide 
more robust age- depth models) and the number of records that will 
be able to fulfil the stricter criteria.

Age- depth models should be evaluated before being incorpo-
rated. The first way to do so is by visual inspection of the age- depth 
curves to look for unrealistically large age estimates or error bars, 
hiatuses or extreme extrapolations toward the present or the past. 
Whenever possible, we recommend checking the original publica-
tion to assess whether, for example, the authors identified outlier 
age controls or events such as changes in sedimentation regime that 
might lead to changes in the depth- age relationship.

2.5  |  Implementing taxonomic harmonization

The goal of taxonomic harmonization (Figure 1) is to standardize 
all site- level names to the same pollen morphotypes (set of pollen 
and spore morphotypes used for all pollen records) and thus reduce 
the effect of taxonomic uncertainty and nomenclatural complexity. 
There are several underlying issues: (i) morphotypes differ in their 
identifiability; (ii) pollen analysts vary in their choices of names for 
morphotypes; and (iii) mapping of taxon names to morphotypes can 
vary among spatial regions. These issues are most acute at finer 
taxonomic resolutions (e.g. species) and are less so as one aggre-
gate nomenclature to the genus or family level. For this purpose, a 
‘harmonization table’ (Box 1) can be created that groups the mor-
photypes into the highest taxonomic level that is most likely to be 
identified by most of the pollen analysts. Skill of analyst, preser-
vation, different plant nomenclature, regional floras, inconsistent 
naming of identification uncertainty level (type, cf., undifferentiated 
etc.), spatiotemporal domain and range of modern pollen reference 
material available ideally should all be considered when deciding 
which morphotypes to merge.

Harmonization tables are created for a certain region or project 
to address particular scientific questions and spatiotemporal do-
mains, which can affect decisions about how best to lump or split 
taxa. For example, if a project specifically aims at detecting human 
impact in past vegetation, taxa considered as human indicators 
should not be lumped into a higher taxonomic level, e.g. Cerealia 
into Poaceae (Deza- Araujo et al., 2022). Harmonization tables 
for fossil pollen data have already been published (Appendix S1). 
However, we strongly recommend that data analysts carefully 
consider whether these harmonization tables are appropriate 
given the scientific question and geographical region of interest. It 
is always advisable to work with an expert familiar with the mod-
ern and the pollen flora of the spatiotemporal domain of interest in 
order to create a reliable project- specific table of harmonized taxa.

When attempting to link harmonized palaeoecological and 
neoecological datasets, it is important to note that discrepancies 
in taxonomic nomenclatures will exist. For taxonomic consis-
tency, both fields require standardization as a first step (Grenié 
et al., 2023). To successfully integrate data from these fields, data 
analysts will need a ‘common currency’, which can be achieved 
through a linking table that is created during the data- handling 
process prior to starting integrative analyses (Rapacciuolo & 
Blois, 2019). It is worth noting that creating a linking table is not 
part of the FOSSILPOL workflow presented here, but see, for in-
stance, Blaus et al. (2020).

2.6  |  Filtering datasets

To obtain a comprehensive compilation of multiple fossil pollen re-
cords, to increase its overall quality and to answer research ques-
tions reliably, we recommend the data analyst to further trim down 
the data selection by filtering out individual levels and/or whole re-
cords (Figure 1) by considering the following criteria:

1. Pollen count— The number of counted pollen grains at each level 
is an index of data quality. To obtain a reliable representation 
of the vegetation, researchers often aim to count more than 
300 pollen grains (following Moore et al., 1991), but other 
recommendations may have been followed (>150; e.g. Djamali 
& Cilleros, 2020) and will vary with region and by scientific 
question (Birks & Birks, 1980). For example, to achieve a rep-
resentative sample of the regional pollen pool, counts in Arctic 
records may only reach c. 100 grains per level, whereas counts in 
Mediterranean sites can be as high as 1000 (Birks & Birks, 1980, 
p. 165), but the main determinant can be the preference of 
the pollen analyst. Reasons for low numbers (<100) are often 
mainly due to time constraints of the data contributor but can 
also be natural depositional phenomena causing poor pollen 
preservation, such as low local pollen production in arctic or 
alpine environments. Given that statistical inferential power is 
proportional to sample size, we recommend defining a minimum 
number of total pollen grains in each level. Subsequently, whole 
records can be selected on the proportion of levels with a 
selected minimum number of pollen grains counted per level.

2. Age criteria— To reduce processing time, we recommend using pre-
defined age criteria to select records that span the time period 
related to the research question and filter out levels beyond this 
focal period.

3. Age extrapolation— Extrapolation of age inferences to samples 
beyond the set of chronology control points is another factor in 
quality control. Samples older than the oldest chronology con-
trol point have no other chronology control point to constrain the 
age inference and, therefore, have increasingly large uncertainty 
as extrapolation increases. To limit the use of samples based 
on large extrapolations, we recommend selecting a maximum 
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10  |    FLANTUA et al.

extrapolation age, i.e. samples older than X years relative to the 
oldest chronology control point are filtered out.

4. Number of samples— The total number of samples in a record is an 
important quality criterion. Records might have been sampled 
at low resolution (e.g. depth intervals >30 cm) leaving substan-
tial unassessed gaps— and thus time periods— between samples. 
In addition, records with few samples will contribute poorly to 
studies focussed on specific time periods and can result in outlier 
values. Therefore, we recommend selecting a minimum number 
of samples within the time period of interest and using this as an 
additional criterion to filter out unwanted records.

3  |  FOSSI LP OL  WORKFLOW

The FOSSILPOL workflow is designed to process multiple fossil 
pollen records to create a comprehensive, standardized dataset 
compilation, ready for multi- record and multiproxy analyses at 

macroecological scales (Figure 3). The workflow automatically han-
dles all the previously described analytical steps and flags places 
where the analyst needs to specify their choices (Appendix S2), 
while following a simple chain of actions: (i) retrieve data from 
Neotoma and/or ‘other datasets’ (Box 1), (ii) re- estimate age- depth 
models, (iii) taxonomically harmonize the pollen taxa, (iv) filter out 
records based on user- defined criteria and (v) save the prepared 
compilation in a standardized format for easy data processing and 
reviewing.

The workflow is modular: All steps are organized sequentially and 
guided by one main configuration file (called Config file) where all cri-
teria and setup configurations are predefined by the data analyst and 
saved as a reference file (Figure 3; Appendix S3; see next section). 
A more detailed description of individual steps of the FOSSILPOL 
workflow, including guidance about possible issues and correspond-
ing solutions for multi- record fossil pollen datasets, can be found in 
the A step- by- step guide to data processing on the FOSSILPOL website 
(https://hope- uib- bio.github.io/FOSSI LPOL- websi te/).

F I G U R E  3  Summary figure of FOSSILPOL workflow providing an overview of the inputs, main workflow steps and outputs. Major 
workflow steps are I– III. Sourcing. Note that this section consists of three parts merged into one to simplify the figure, namely downloading/
accessing/merging raw datasets, IV. Creating chronologies, V. Performing taxonomic harmonization, VI. Applying user- based criteria for 
filtering. A detailed version is presented in Appendix S2 and the step- by- step guide on the FOSSILPOL website (https://hope- uib- bio.github.
io/FOSSI LPOL- websi te/). See Box 1 for term definitions.
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The FOSSILPOL workflow is coded in the R environment (R 
Core Team, 2021) and accessible through GitHub as a template 
repository for data analysts to copy and adjust to their project- 
based interests (https://github.com/HOPE- UIB- BIO/FOSSI LPOL- 
workflow). Several R- packages are used throughout the workflow, 
but most processes are accessible through the R- Fossilpol package, 
a new R- package developed specifically for this workflow (cur-
rently hosted by GitHub).

3.1  |  Data inputs

The FOSSILPOL workflow is set up in a way that data from Neotoma 
are the primary data input, but other data sources can be used in 
parallel by using our predefined format (Figure 3). The data analyst 
thus has the flexibility to source data from either Neotoma or from 
another data source, as long as our predefined format is used. This 
includes: (a) metadata (geographical location, author of the data, 
etc.), (b) depositional information (Section 2.3), (c) chronology infor-
mation (Section 2.4), (d) level information and (e) pollen count infor-
mation (Section 2.6). See more on the usage of other datasets in A 
step- by- step guide to data processing on the FOSSILPOL website.

Three additional data inputs are required for the initial setup 
of the FOSSILPOL workflow: (i) configuration file, (ii) geographical 
‘shapefile(s)’ (Box 1) and (iii) harmonization table(s) (Figure 3):

 1 Configuration file— The configuration file contains all the user- 
selected settings, which will be applied throughout the work-
flow. These range from technical settings (e.g. location of data 
storage) to specific criteria for records inclusion. The configura-
tion file template is provided with the workflow guide on how to 
apply criteria (see Appendix S3).

 2 Geographical shapefiles— The workflow is internally set up so that 
data are processed by geographical regions and shapefiles are 
used to assign relevant geographical information to the records 
to process. First, the workflow is conceptualized for a global 
project, so the default structure of data processing is done per 
continent (i.e. region = continent), but the data analyst can use 
any other regionalization of interest. The workflow comes with 
a default shapefile roughly delimiting continents, but it can be 
adjusted or replaced to fit project needs. Second, the taxonomic 
harmonization of records is structured by ‘harmonization regions’ 
(Box 1), provided by a ‘harmonization region shapefile’ (Box 1). By 
default, this shapefile is a copy of the continental shapefile, but 
as harmonization tables are region- specific (see next data input 
item) this shapefile can be adjusted to represent the geographi-
cal boundaries of the harmonization regions used. Finally, if the 
analyst is interested in other biogeographical, climatic or ecolog-
ical units of interest to be linked to each record (e.g. ecozones, 
biome type, climate zones), then additional shapefiles (or TIF 
files) can be added to the workflow (see FOSSILPOL website for 
further details).

 3 Harmonization tables— In each project, one harmonization table 
must be provided for each harmonization region (delimitated by 
the corresponding harmonization region shapefile). A harmo-
nization table always comes with two columns: (i) original taxa 
with taxonomic names as originally provided by Neotoma or 
other data sources and (ii) harmonized taxa with the final taxo-
nomic names. The workflow will detect if a harmonization table 
has been provided by the data analyst, or if not, create a new 
table with all detected original taxa names for each harmoniza-
tion region. The latter can then serve as the template for the data 
analyst to create the harmonized taxa column.

3.2  |  Data outputs

The final outputs from the FOSSILPOL workflow (Figure 3) include 
(i) a ready- to- use standardized compilation of taxonomically harmo-
nized fossil pollen data in an .rds format (R language data storing for-
mat), ready for the analytical stage, (ii) plots of modelled age- depth 
curves for each record in PDF format, (iii) pollen diagrams for each 
record in PDF format, (iv) a metadata table listing the main data con-
tributor, contact information and corresponding publications of the 
used datasets and (v) overview figures of the spatial and temporal 
distribution of the dataset compilation, namely a map and a graph of 
the record lengths, respectively.

3.3  |  FOSSILPOL example project for Scandinavia

To illustrate the application of FOSSILPOL and the overview fig-
ures that can be readily achieved after running the workflow, we 
present an example project from Scandinavia. We used Neotoma 
as input data and our Config file containing all our user- defined, 
level- filtering criteria (Appendix S4). The selected area of inter-
est is part of the European Pollen Database (http://www.europ 
eanpo llend ataba se.net/) as a constituent database of Neotoma. 
Our goal was to assess the availability of records fulfilling certain 
quality criteria (spatial extent, pollen sums, levels and chronology), 
within the last 8500 cal yr BP. The latter was set as the period of 
interest in the regional age limits file, where young_age = 1000; 
old_age = 5000, end_of_interest_period = 8500. We also added to 
the workflow a global biome- shapefile (Olson et al., 2001) and as-
signed these ecological units of interest to the records. Following 
the sequential steps in FOSSILPOL, we obtained 246 datasets in the 
initial download (Figure 4). However, the subsequent steps filtered 
out substantial numbers of records (filtered out records: n = 149). 
Once the data compilation was finalized (in this case after 4 h, most 
of the time being re- estimation of age- depth models), R- Fossilpol 
provided an overview as shown in Figure 5. The overview of the 
spatial (Figure 5a) and temporal (Figure 5b) distribution of records 
can now be checked visually before proceeding to further analy-
sis. The GitHub repository of the project including the figures and 
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the Reproducibility bundle link can be found at https://github.com/
HOPE- UIB- BIO/FOSSI LPOL- examp le- Scand inavia.

4  |  DISCUSSION

Global analyses of palaeoecological data are essential for answering 
macroecological research questions related to understanding ecolog-
ical patterns, processes and dynamics in time dimensions that cannot 
be observed directly (Fordham et al., 2020; Jackson & Blois, 2015; 
Woodbridge et al., 2020). Multi- dataset studies using palaeoeco-
logical proxies have been used for many years (e.g. Cao et al., 2013; 
Giesecke et al., 2014; Huntley & Birks, 1983; Kuneš et al., 2019). So 
far, no guide to data preparation for quantitative analyses has been 
published. The workflow presented here is a modular tool specifically 
designed to be flexible for the needs and wishes of a variety of users, 
while at the same time guiding the data analyst through procedures 
that help to create a standardized and high- quality compilation of pal-
aeoecological data, especially fossil pollen datasets.

There are many benefits to following such a stepwise pro-
cedure. First, the reproducibility of the selection and filtering 
of high- quality palaeoecological datasets is guaranteed, and the 

criteria used to do so are transparent. Second, data analysts out-
side the field of palaeoecology are made aware of selection criteria 
that palaeoecologists would routinely use to filter out low- quality 
datasets or levels within a record. This straightforward workflow 
facilitates the use of palaeoecological data across disciplines. 
Third, for the comparison or integration of fossil data with data-
sets of present- day vegetation, for instance with the Botanical 
Information and Ecology Network (BIEN; http://bien.nceas.
ucsb.edu/bien/) or TRY plant trait database (Kattge et al., 2020), 
project- based taxonomic harmonizations are imperative. Given 
that the degree of harmonization can significantly influence the 
outcome of analyses further down the line, this step is carefully 
integrated and documented in the workflow. Fourth, these pro-
cedures allow a step in the direction of uniform presentation of 
processed palaeoecological data, where there is a common under-
standing among researchers from different fields about how the 
compiled data were derived and processed to form ultimately the 
basis for further quantitative analyses at macroecological scales. 
Finally, the modular structure of the workflow reduces process-
ing time and increases rapid access to large dataset compilations, 
but it does not replace the need for joint decision- making and 
discussions with expert colleagues about the datasets and their 

F I G U R E  4  Overview of the effect of user- defined criteria in R- Fossilpol on the number of available records between the initial download 
and the final data compilation. At each step, certain user- defined criteria have been applied, which reduces the number of suitable records 
available for data analysis. In each map, the coloured points represent the records present in the compilation, while grey points represent 
those filtered out from the initial download. The number of records decreases at each step, but data quality increases when criteria are 
applied that are aimed at decreasing temporal and taxonomic uncertainties. (a) The distribution of fossil pollen records downloaded from 
Neotoma limited by the choice of spatial domain (visualized by dark blue rectangle). These records are part of the European Pollen Database 
(http://www.europ eanpo llend ataba se.net/) as a constituent database of Neotoma. (b) The distribution of fossil pollen records after initial 
data processing. This includes, e.g. selection of depositional environments or selection of ecological groups (e.g. trees and shrubs, herbs). 
(c) The distribution of fossil pollen records with age- depth models reconstructed under user- defined criteria. Only records with robust 
age- depth models were kept. (d) The distribution of fossil pollen records after applying criteria aimed at filtering individual levels and whole 
records. For example, selection based on pollen sums, age limitation of records and setting the minimum number of levels for each record 
within the period of interest.
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complexity. The input from experts in palaeoecological and fos-
sil pollen research is essential. We provide relevant anchor points 
for discussion with our workflow, glossary and Appendices, but, 
if necessary, urge users to gain more in- depth understanding in 
conjunction with expert palaeoecologists.

Using Scandinavia as an example (Figures 4 and 5), we created 
a workflow that is easily reproducible at any spatial and temporal 
scale and combines data processing criteria with inputs and out-
puts designed for easy storage on Figshare and Dryad (e.g. https://
github.com/HOPE- UIB- BIO/FOSSI LPOL- examp le- Scand inavia). 
With the FOSSILPOL workflow, we promote the improvement of 
the documentation during the processing of palaeoecological data, 
consisting of a protocol for best practice and sets of inferences for 
appropriate analyses of fossil pollen data. Such successful manage-
ment and preservation of processed data and the corresponding 
analytical steps will help in FAIR data practices and re- usability in 
science (Wilkinson et al., 2016). Finally, given the open- source char-
acter of the workflow itself, the current version is a starting point 
for further improvements (see user guidelines for commenting under 
Get in touch on the FOSSILPOL website).

The FOSSILPOL workflow is designed to work efficiently with 
Neotoma as an external data source and use the provided metadata for 
filtering purposes. These metadata fields are, however, not universal 
across the palaeoecological research infrastructure. Structures vary 

and recommendations for required metadata are not standardized 
(Emile- Geay et al., 2018). Although Neotoma will probably continue 
to maintain its leading role in global- change research, frameworks to 
connect more easily among different databases are being developed 
(e.g. between LinkedEarth and pSESYNTH project; Nieto- Lugilde 
et al., 2021). Overall, more work is still needed to increase interop-
erability (Emile- Geay et al., 2018). In our workflow, we facilitate the 
use of data not derived from Neotoma by providing a cross- archive 
datafile as a metadata standard. Ideally, similar workflows should be 
developed for the efficient sourcing and processing of data from par-
allel research infrastructures (see table 3 in Nieto- Lugilde et al., 2021).

We emphasize that the use of FOSSILPOL and the vast oppor-
tunities ahead for fossil pollen synthesis work rely heavily on the 
availability of open research and data as guided by FAIR practices 
(Wilkinson et al., 2016). We acknowledge the work of the data con-
tributors, data stewards and the Neotoma and EPD community for 
their extensive work and dedication and encourage the users of 
FOSSILPOL to use the metadata overview table (Appendix S2) to 
acknowledge correctly data contributors and corresponding publi-
cations of datasets. Finally, we hope that our workflow will motivate 
more researchers to contribute their data for open science while also 
becoming data analysts themselves by using our guide and workflow.

Though our workflow is currently tailor- made for fossil pollen re-
cords, we foresee a future potential to adjust the stepwise approach 

F I G U R E  5  Data overview of an example project from Scandinavia using the FOSSILPOL workflow. (a) Geographical position of all records 
in this data compilation, where one point represents one record. (b) Number of records in each biome (Terrestrial Ecoregions of the World, 
Olson et al., 2001). (c) Temporal distribution of all records in this data compilation, where one line represents the temporal span of one 
record. Records and background regions are coloured based on biomes (‘WWF biomes’). Records were derived from the European Pollen 
Database (http://www.europ eanpo llend ataba se.net/) in Neotoma.
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to other palaeoecological proxies. Fossil pollen records are often 
accompanied by reconstructions using other proxies. For example, 
nonpollen palynomorphs (NPPs) and charcoal can be used as indi-
cators of human impact, eutrophication and changes in erosion, and 
may be complementary to the analyses of fossil pollen. In the fu-
ture, the workflow could be adjusted to accommodate other taxo-
nomic groups, such as diatoms and foraminifera, obtained via similar 
archive collection procedures as fossil pollen with corresponding 
chronologies (e.g. Benito et al., 2022; Yasuhara et al., 2020).

Easier access to palaeoecological data processing will stimulate 
inter-  and trans- disciplinary use of information on the history of biota 
for complex issues linked to global- change drivers and biodiversity 
crises. Using palaeoecological data with a solid knowledge of the da-
ta's strengths and weaknesses— and how to overcome them— enables 
researchers in any field to address research questions that can ul-
timately help decision- makers, conservation organizations and gov-
ernments understand biodiversity and ecological processes. With our 
guide and workflow, we provide a tool that the scientific community 
can use to address an array of research questions of broad interest in 
macroecology, biogeography, palaeoecology and conservation.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
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