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Realistic and accurate reconstructions of past vegetation cover are necessary to study
past environmental changes. This is important since the effects of human land-use
changes (e.g. agriculture, deforestation and afforestation/reforestation) on biodiversity
and climate are still under debate. Over the last decade, development, validation, and
application of pollen-vegetation relationship models have made it possible to estimate
plant abundance from fossil pollen data at both local and regional scales. In particular,
the REVEALS model has been applied to produce datasets of past regional plant cover
at 1° spatial resolution at large subcontinental scales (North America, Europe, and
China). However, such reconstructions are spatially discontinuous due to the discrete and
irregular geographical distribution of sites (lakes and peat bogs) from which fossil pollen
records have been produced. Therefore, spatial statistical models have been developed
to create continuous maps of past plant cover using the REVEALS-based land cover
estimates. In this paper, we present the first continuous time series of spatially complete
maps of past plant cover across Europe during the Holocene (25 time windows covering
the period from 11.7 k BP to present). We use a spatial-statistical model for compositional
data to interpolate REVEALS-based estimates of three major land-cover types (LCTs),
i.e., evergreen trees, summer-green trees and open land (grasses, herbs and low shrubs);
producing spatially complete maps of the past coverage of these three LCTs. The spatial
model uses four auxiliary data sets—latitude, longitude, elevation, and independent
scenarios of past anthropogenic land-cover change based on per-capita land-use
estimates (“standard” KK10 scenarios)—to improve model performance for areas with
complex topography or few observations. We evaluate the resulting reconstructions for
selected time windows using present day maps from the European Forest Institute, cross
validate, and compare the results with earlier pollen-based spatially-continuous estimates
for five selected time windows, i.e., 100 BP-present, 350-100 BP, 700-350 BP, 3.2-2.7 k
BP, and 6.2-5.7 k BP. The evaluations suggest that the statistical model provides robust
spatial reconstructions. From the maps we observe the broad change in the land-cover
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of Europe from dominance of naturally open land and persisting remnants of continental
ice in the Early Holocene to a high fraction of forest cover in the Mid Holocene, and
anthropogenic deforestation in the Late Holocene. The temporal and spatial continuity is
relevant for land-use, land-cover, and climate research.

Keywords: land-cover maps, Holocene, reveals, land use, spatial interpolation

1. INTRODUCTION

Anthropogenically-induced climate change has been at the center
of global interest for several decades. The reduction of fossil
carbon emissions and mitigation of greenhouse gas effects on
Earth’s climate is currently one of the major challenges faced
by human kind (Jia et al., 2019). Many mitigation strategies
involve considerable changes in global land use, such as large-
scale afforestation of former agrarian lands as well as natural and
semi-natural grasslands in order to increase the carbon uptake
and storage capacity of terrestrial land cover (Law et al., 2018;
Forster et al., 2021). Due to the complex biogeophysical and -
chemical processes and interactions between the Earth’s surface
and atmosphere, changes in natural and/or anthropogenic land-
cover can lead to positive (enhancing) or negative (reducing)
feedback on climate systems (Strandberg et al., 2014; Davin et al.,
2020). Examples of expected land cover and climate changes
can be found by studying the interactions of the vegetation and
environment during the last interglacial period (the Holocene).
The quantitative reconstructions of past land cover are therefore
an important information source for disentangling natural and
anthropogenic components of land cover change, which in turn
help determine the effects of long-term land use on Earth’s
climate and predict the possible implications of the intended
large-scale afforestation effort (Roberts et al., 2018).

Model-based simulations have demonstrated that the
amplitude and direction of estimated climate change due to
changes in land cover is spatially highly heterogeneous, but can
have a considerable impact on temperature and precipitation
in some regions (Cherubini et al, 2018). Changes in bio-
geophysical forcings due to large-scale de/re-forestation alter the
radiation balance by changing the albedo of the Earth’s surface
(Strandberg et al., 2014; Strandberg and Kjellstrom, 2019; Davin
et al., 2020). In addition to the effect on the carbon cycle and
CO; emissions, other biogeochemical forcings, such as emissions
of biogenic volatile organic compounds, derived from land cover,
can also have a considerable impact on the Earth’s radiation
balance by changing the amount of secondary organic aerosols
in the atmosphere and hence the reflective properties of cloud
cover (Sporre et al., 2019).

Modern observations or potential natural vegetation
descriptions derived from climate-driven model simulations have
been the main source of the land-cover estimates used in climate
models while simulating past or future climate (Strandberg
et al., 2014). These choices often lead to over-estimations when
modern heavily deforested land cover is applied to past climate
simulations. It can also lead to underestimations of forest cover
when potential natural land cover is used for simulating future

climates without including anthropogenic land cover. Further,
past land-cover descriptions in climate models vary greatly
due to differences in estimation methods. Studies comparing
estimates of past land-cover composition derived using different
methods and data sources reveal discrepancies across space and
time (Gaillard et al., 2010; Kaplan et al., 2017; Zanon et al., 2018;
Chevalier et al., 2020).

Global land use is recognized as an important feature of land-
climate interaction. Historically land use is estimated to account
for 35% of the anthropogenic atmospheric CO, (Foley, 2005;
Ward and Mahowald, 2015). Studies, such as Strandberg et al.
(2014) and Cherubini et al. (2018), have demonstrated regional
climate sensitivity to land-use activity. Spatially and temporally
continuous data are needed to investigate the interactions
between land-use/land-cover change and climate. Regional to
continental scale land-use data has mainly been in the form
of model-derived anthropogenic land-cover change scenarios
(ALCCs), based on estimates of per capita land use and past
population density (Kaplan et al., 2011; Klein Goldewijk et al.,
2017). Efforts to produce past land-use estimates based on
archaeological and historical data have led to the development
of a new land-use classification for global syntheses (Morrison
etal., 2021). The latter is part of the Past Global Change (PAGES)
LandCover6k working group initiative to upscale archaeological
information on land use across the world and produce land-
use maps for selected time slices of the Holocene, which
has previously not been possible due to large differences in
terminology. These archaeology-based land-use maps, with the
addition of per capita land-use estimates, are used together with
pollen-based REVEALS estimates of land cover to evaluate and
improve ALCCs (Gaillard et al., 2018; Harrison et al., 2020).

Reliable reconstructions of past land cover are crucial for
improving our understanding of past land cover interactions
with climate, forming a robust basis for reliable palaeoclimate
simulations and future scenario testing. However, developing
reliable reconstructions of past vegetation has been a major
challenge. Pollen-based quantitative land-cover reconstructions
utilize data sources directly linked to actual plant cover and can
therefore be considered the most reliable sources of information
regarding past vegetation dynamics across the globe. Efforts
to improve our understanding of past vegetation using pollen
have led to the development of models that can compensate for
plant species-specific differences in pollen production, dispersal,
and deposition.

The landscape reconstruction algorithm (LRA) with its two
models REVEALS (Regional Estimates of Vegetation Abundance
from Large Sites) and LOVE (LOcal Vegetation Estimates) was
developed by Sugita (2007b) and Sugita (2007a) to translate
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pollen counts to vegetation cover proportions at both regional
and local scales. REVEALS is a generalized form of the R-value
model (Davis, 1963) and estimates the mean regional vegetation
composition of plant taxa in proportions (dimensionless) for
a large region using pollen records from large lakes (> ca. 50
ha). Both REVEALS and LOVE models reduce biases due to
inter-taxonomic differences in pollen productivity and basin size
(Sugita, 2007a). The REVEALS model was tested and validated
in Europe (Hellman et al., 2008a,b; Soepboer et al., 2010; Mazier
et al, 2012) and northern America (Sugita et al., 2010). The
REVEALS model was used by Trondman et al. (2015) to produce
the first generation of gridded pollen-based estimates of plant
cover for five selected time slices of the Holocene between 6 k
BP and present in a large part of Europe. Recently, Githumbi
et al. (ESSD, in review) achieved a new (second generation)
set of gridded pollen-based REVEALS plant-cover estimates for
31 taxa, 12 PFTs (Plant Functional Types) and 3 LCTs, at a
spatial scale of 1° x 1° (ca. 100 x 100 km) across 30°-75°N,
25°W-50°E (Europe and a part of the Eastern Mediterranean
Black Sea Caspian corridor) including reconstructions for 25
time windows covering the Holocene (last 11700 years) at 500-
year-steps (Fyfe et al., 2021). The effects of uneven spatial
coverage of pollen-based reconstructions can be reduced by using
complementary datasets related to land-cover composition with
full spatial coverage. We have used a combination of the above-
described pollen-based reconstructions and a set of auxiliary
variables describing geographic position (latitude, longitude, and
elevation) and land-use history (ALCCs from the KK10 model).
REVEALS and KK10 were used as inputs as inputs of a Bayesian
statistical model developed by Pirzamanbein et al. (2018) in order
to produce a set of spatially continuous reconstructions of past
land cover applicable as inputs to climate models. KK10 estimates
deforestation of Europe using a GIS-based model driven by
human population growth according to McEvedy and Jones
(1978, p. 368) back to 3,000 years before present and Lemmen
(2009) earlier in the Holocene, and constrained by environmental
factors that limit suitability of areas for agriculture (Kaplan
et al., 2009, 2011). Possible error sources include uncertainty in
population and environmental condition estimations since the
main assumption is that land is primarily cleared for agriculture.

2. DATA

Altogether 1,128 pollen records containing over 16,000
samples were used. These records were collected from several
public databases. The databases include the European Pollen
Database (Fyfe et al., 2009); the Alpine Palynological database
(ALPADABA; Institute of Plant Sciences, now archived in EPD);
the Czech Quaternary palynological database (PALYCZ; Kune$
et al., 2009) and PALEOPYR (Lerigoleur et al., 2015). Pollen
data archives from research projects in the Mediterranean
region (Fyfe et al., 2018; Woodbridge et al., 2018) and the
Eastern Mediterranean-Black Sea-Caspian-Corridor (Marinova
et al., 2018) and contributions from individuals were also used.
Gridded pollen-based REVEALS estimates were grouped into
three major land-cover types (LCTs: B, broad-leaved forest; C,

coniferous forest; O, open land) for Europe and 25 time-windows
covering the last 11700 years (the Holocene, see Figures 4-6).
Similarly to Trondman et al. (2015) the samples were grouped
into 100-500 year time-windows [present-100, 100-350, 350—
700, 700-1200, 1200-1700 until 11700 calibrated years before
present (BP = AD 1950)]. Higher total pollen count per time
window ensures a higher quality REVEALS estimate. The records
are from 29 European countries and the Eastern Mediterranean
Black Sea-Caspian corridor. The gridded REVEALS estimates
are available from Pangaea (Fyfe et al., 2021).

Data on the current land cover of Europe (cover proportions
for coniferous and broad-leaved forests and total forest cover)
were obtained from the forest maps compiled by the European
Forest Institute (EFI) using the remotely sensed data (NOAA-
AVHRR) and statistical data from national inventories (Piivinen
et al., 2001; Schuck et al., 2002; Kempeneers et al., 2012). The
dataset was downloaded from the EFI webpage! and thereafter
up-scaled by averaging the original 1 x 1 km resolution
to 1° x 1° resolution.

2.1. Covariates

For the spatial reconstruction of the REVEALS-based estimates
of LCTs we used the spatial structure in the data (see Section 3)
together with four auxiliary variables. The auxiliary variables
primarily support the reconstructions in regions with few pollen
observations and include the following variables, which can be
expected to have causal links to the LCTs:

Geographical coordinates longitude (10°W-56°E) and latitude
(36°-71°N) of each gridcell.

Elevation average elevation of each gridcell obtained from the
Shuttle Radar Topography Mission (SRTM, Farr et al,
2007)2 and

KK10 Data on anthropogenic deforestation in Europe derived
from KK10, provides a fraction of agrarian land cover at
5" x 5 spatial and annual temporal resolution (Kaplan
et al., 2009). Several different estimates of anthropogenic
deforestation exist, among these the standard scenario of
KK10 was chosen for its good correlation with REVEALS
estimates (Kaplan et al, 2017). To achieve temporal and
spatial compatibility with REVEALS land-cover estimates,
the KK10 derived data was up-scaled by averaging into
1° x 1° spatial resolution and temporal resolution matching
the REVEALS time-windows (see above).

Elevation together with the geographical coordinates capture the
large scale geographical variability of the LCTs while the KK10
scenarios provide information about the fraction of open land
resulting from human land use. Compared to previous spatial
interpolations of LCTs (Pirzamanbein et al.,, 2014, 2018), we
have added the geographical coordinates, but excluded output
from a dynamic vegetation model (DVM, such as LPJ-GUESS c.f.

Uhttps://efi.int/knowledge/maps/forest
’Downloaded ~ from https:/topex.ucsd.edu/pub/srtm30_plus/srtm30/data/
on 2011-09-03.
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FIGURE 1 | Hierarchical graph describing the conditional dependencies
between observations (white rectangle) and parameters (gray rounded
rectangles) to be estimated. The white rounded rectangles are computed
based on the estimations. In a generalized linear mixed model framework, 5 is
the linear predictor—consisting of a regression term, u, and a spatial random
effect, X. The link function, f(»), transforms between linear predictor and
proportions, which are matched to the observed land cover proportions,

L g0, using a Dirichlet distribution.

Smith et al., 2001). A sensitivity study (Pirzamanbein et al., 2020)
indicated limited added value from the DVM.

3. SPATIAL STATISTICAL MODEL

To model the pollen-based land-cover proportions, a Bayesian
hierarchical model developed by Pirzamanbein et al. (2018)
was used. Figure 1 shows the empirical forward model where
the direction of the arrows imply that unknown parameters
affect the unknown latent variables which in turn affect
the observations, or data. Reconstructions were obtained by
inverting the model and computing the posterior of the latent
variables given observations.

We model the pollen-based REVEALS estimates of land
cover, L = (C, B, 0), as a Dirichlet distribution. The advantage
of using a Dirichlet distribution is that it directly captures
the limits of compositional data, e.g.: (1) all elements are
between 0 and 1, 0 < C,B,0O < 1, and (2) the sum of
all elements is 1, C + B + O = 1; It has been shown that
the Dirichlet distribution outperforms reconstructions obtained
using transformed Gaussian observations (see, Pirzamanbein
et al., 2018, for details.). The Dirichlet distribution,

L(s)|et, z(s) ~ Dir (a, z(s)) . (1)

has two main parameters: a concentration parameter, o,
controlling the dispersion of the observations, and a proportion
of land cover in each grid cell, z(s). A link function, f : R> —
(0,1)3, is then used to map between the proportions, z =
(zc,zB,z0) and the linear predictor, n = (n1,,7n1,) as
(z¢c»zB,z0) = f(n1,>n1,). Here we used an inverse additive log
transformation (alr™!) (Aitchison, 1982) for f. The alr and its

inverse are given by:

Ly
2C = s
nt, = log(zc) — log(zo), -1 e J%‘izLZJrl
alr: alr™ 1y zp = 55—,
1L, = log(zp) — log(zo). erre Al
zZ0 =

= T2 41’

2)

Note here that the transformation ensures that the proportions,
z, were restricted to values between 0 and 1, and sum to 1 (as
required by proportions) while leaving the linear predictor, 3,
free to take any values in R2. Thus, removing any restrictions
on the linear predictor, but reducing the dimension from three
components in z to two components in 7.

The linear predictor,

n= ["Ll} =p+X
N,

consist of a mean structure, u and a spatially dependent random
effect, X. The mean structure was modeled as a linear regression;
i = B, that is, a combination of covariates, B, and regression
coefficients, B. The covariates consisted of intercept, geographical
coordinates (longitude and latitude), elevation and KK10-derived
land cover (Section 2.1 for more detail). While the regression
coefficients were estimated from REVEALS data, it is this
estimation that made the model reasonably robust to different
covariate choices (Pirzamanbein et al., 2020).

The random effect was modeled using spatial statistics in
the form of a Gaussian Markov random field (GMRF) (Rue
and Held, 2004); the GMREF-formulation provides computational
advantages drastically reducing the time needed for estimation
(Pirzamanbein et al., 2018). The resulting model for X takes the
form of a multivariate Gaussian distribution,

X~N(0,Z®Qk) ™)

where, Q(k)~! is the precision matrix (or inverse covariance
matrix) of a GMRF (Lindgren et al., 2011) characterizing the
spatial dependence between grid-cells; ¥ is a 2 x 2 matrix
where the diagonal elements represent the variance of each latent
field and the off-diagonal elements represent the covariance
between the fields; and ® is a Kronecker-product. The spatial
range parameter, k in Q(x), determines how similar the LCTs
are between near by grid-cells, with smaller values indicating
stronger similarity (or large spatial homogeneity) (Figure 2).

All parameters (k and X) as well as the spatially interpolated
land-cover maps were estimated from data using a Markov
Chain Monte Carlo (MCMC; Brooks et al., 2011) algorithm
with 100000 samples of which the first 10000 were omitted
as burn-in (for technical and implementation details see
Pirzamanbein et al., 2018). Samples from the MCMC were then
averaged to compute land-cover reconstructions as the posterior
expectations, or E(z(c,5,0)|L(c,8,0))-

To evaluate model performance, we used a 6-fold cross-
validation (CV; Hastie et al., 2001, Ch. 7.10). The cross-validation
divided the observations into 6 random groups. Each time,
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FIGURE 2 | Example of compositional distance (Equation 3) and area of confidence region (CRs) for a few selected points and sizes of CRs. Both the compositional
data (left—C, Coniferous; B, Broad-leaved; O, Open land) and transformed [right—L1 and L2 are transformed compositional values from Equation (2)] are shown.
Note that distances increase toward the edge of the compositional triangle (e.g., when one component goes to 0) due to the additive log transformation.
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Transformed

CR area

we used data from five of the groups to estimate parameters
and compute the posterior expectations for the remaining
group, which had been excluded from the estimation. Using
the posterior expectations, we then computed the reconstruction
error between the excluded data and the reconstructions. The
process was repeated until all six groups had been excluded. Since
the selection of the six groups was random, we repeated the
entire process three times to reduce any bias associated with the
random groupings.

To evaluate the reconstructed maps, 1) we compared results
from the spatial model for the most recent time window (100
BP-present (Figure 3B) with EFI-FM (Figure 3C), and 2) used
the 6-fold cross-validation method for five time periods; 100
BP-present, 350-100 BP, 700-350 BP, 3200-2700 BP, and 6200-
5700 BP. As previously demonstrated (Pirzamanbein et al.,
2018), the difference between reconstructed LCT proportions
and observed values (either with the EFI-FM maps or in the cross
validation) were measured using average compositional distance
(e.g., a root-mean-squared-error appropriate for compositional
data, see Aitchison et al., 2000, for details.). The compositional
distance between two values are defined using the transformed
compositions, 3y, and 3, from equation 2 as

2
ACD(ny,,m,) = \/(nL1 —ag) T (g, ) T = [1 5
(3)

—
| E—|

We also computed the area of confidence region (CR) as measure
of uncertainties for reconstructions (Figure 3). Both metrics are
illustrated for a few selected values in Figure 2.

4. RESULTS
4.1. Evaluation of Reconstructed Maps
Below (sections 4, 5), the terms “reconstruction” and

“reconstructed” refer to the spatial-statistical model-based

land cover reconstructions (maps; see Spatial Statistical Model
section) unless it is specified that we refer to pollen-based
REVEALS land-cover reconstructions. The compositional
distance (CD) between the reconstructions for 100 BP-
present time-window and the EFI-FM map are shown in
Figure 3D. The result shows the highest CD in north Norway
and north-west Caspian sea. For the 100 BP-present time
window, the average CD between the reconstructed map and
EFI-FM is 1.46 which is similar to the 1.47 and 1.48 errors
reported for previous reconstructions (Pirzamanbein et al.,
2018, 2020). The values of the area of confidence region
(CR-smaller values indicate higher confidence, see Figure 2
for an example.) show that the reconstructions of the remote
areas in north-eastern and south-eastern Europe where we
have no REVEALS data are of considerably lower quality
than the rest of Europe. Therefore, the grid cells where
the CR > 9 were omitted from the spatial reconstructions
(Figure 3B).

The 6-fold cross-validation results are shown in Table 1 for the
five time periods. The average compositional distance (CVerror)
are small indicating a model with good predictive performance.
In addition, the standard deviation (sd) among different cross-
validation groups are also small indicating very similar CVerror
across all groups, and thus an unbiased selection of the grouping
in the 6-fold cross-validation.

Most of the available pollen-based REVEALS estimates are
located in northern, central, and western Europe (between
42° to 62° N latitude and 10° W to 30° E longitude, see
Figures 4-6). This area, due to the high site density, has the
lowest compositional errors in the model (Figure 3) and the most
reliable reconstructions of land cover.

4.2. Trends in Reconstructed Land-Cover
Change 11700 BP to Present

Spatially interpolated reconstructions are available for 25 time-
windows from the present to 11700 calibrated years before
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distance between EFI-FM and 100 BP-present reconstructions.

FIGURE 3 | Validation datasets of major land-cover types (LCTs: B, broad-leaved forest; C, coniferous forest; O, open land), area of confidence region (CR) and
compositional distance (CD) estimates. (A) CR (100 BP-present): area of confidence regions for 100 BP—present time-window (smaller values are better, see Figure 2
for examples of CRs); (B) 100 BP—present: reconstructed proportions of LCTs in Europe for the most recent time window; (C) EFI-FM: observed modern LCT
proportions according to the European forest institute forest map (Paivinen et al., 2001); (D) compositional distance (EFI-FM vs. 100 BP—present): composition

TABLE 1 | Average compositional distance (CVeror) and standard deviation (sd) from three randomly selected six-fold cross-validation for the five time windows; 100

BP-present, 350-100 BPF, 700-350 BP, 3200-2700 BP, and 6200-5700 BP.

100 BP-present 350-100 BP 700-350 BP 3200-2700 BP 6200-5700 BP
CVerror 1.2681 1.3424 1.3050 1.4108 1.3420
sd 0.0006 0.0012 0.0095 0.0018 0.0045
Pirzamanbein et al. (2018) 1.0049 1.1256 1.1884 1.3056 1.2055

The final line gives corresponding CV-errors for a previous study using a smaller spatial domain.

present as specified in the data section. These reconstructions are
available and can be downloaded (details in the Data Availability
Statement section). The reconstructed land-cover maps can
broadly be divided into three distinct groups, conforming to
the climatic tripartite subdivision of the Holocene (Walker
et al., 2018): Early Holocene (11700-8200 BP, Figure 4—ecarly
interglacial climate amelioration), Middle Holocene (8200-
4200 BP, Figures 4, 5—mid interglacial climate optimum), and
Late Holocene (4200 BP-present, Figures 5, 6—late interglacial
climate deterioration). The first half of the Early Holocene (ca

11700-9700 BP, Figure 3) was characterized by remnants of
continental ice in Fennoscandia (Stroeven et al., 2016) and open
land cover, with a gradual increase of trees migrating from
southern and central Europe. During the second part of the Early
Holocene (9700-8200 BP) the afforestation process continued;
at the end of this period most of Europe was covered with
forests, broad-leaved trees dominated in western Europe and
coniferous trees in eastern Europe. Dominance of open land
persisted only in steppe areas of south-eastern Europe and the
Spanish highlands. The Early Holocene land-cover across Europe
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FIGURE 4 | Composite maps of the reconstructed land cover for eight time-windows (11700-7700 BP). The gray area marks the extent of the continental glacier
according to Stroeven et al. (2016). The location of REVEALS estimates is marked by squares. The color-key for land-cover composition (C, coniferous forest; B,

was dominated by open land (0.43 open land, 0.33 broad-leaved
forest and 0.23 coniferous forest).

The Middle Holocene (8200-4200 BP, Figures4, 5) was
characterized by a large fraction of forest cover. Trees reached
higher altitudes/latitudes than today and most of Fennoscandia
was forested. The reconstructions suggest that while broad-leaved
trees were the major forest component in western and central
Europe, coniferous trees were migrating from the south and
north-east and began to dominate in north-eastern Europe at the
end of the period. Mixed land cover with a higher input of trees
developed in the Spanish highlands and the south-east European
steppe. An increase in vegetation openness was observable at
the end of the Middle Holocene in the UK. Although it is
well known from archaeological data, that agriculture expanded
through southeastern and southern Europe during this period,
the reconstruction suggests that it had relatively little impact on
regional scale vegetation openness. The mean values across the
Middle Holocene and grid cells are 0.4 broad-leaved forest, 0.3
coniferous forest and 0.3 open land).

During the Late Holocene (4200 BP-present, Figures 5, 6),
the replacement of broad-leaved trees with coniferous
trees continued. Mixed broad-leaved and coniferous trees
were the dominant land-cover type in Europe for the last
millennium. The largest change in land cover during the
Late Holocene was a major increase in the proportion
of open land cover. Most of central Europe lost ca
50% of its former tree cover and large areas of western
Europe essentially became treeless. The mean land cover
proportions were 0.4 open land, 0.3 broadleaved forest and 0.3
coniferous forest.

5. DISCUSSION

Our discussion focuses on the main factors to consider when
using reconstructed land-cover maps that have been interpolated
using the Bayesian hierarchical model presented and give
examples of potential use.
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FIGURE 5 | Composite maps of the reconstructed land cover for eight time-windows (7700-3700 BP). The location of REVEALS estimates is marked by squares.
The color-key for land-cover composition (C, coniferous forest; B, broad-leaved forest; O, open land) is presented as a triangular color chart.
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5.1. Data and Methodology Considerations
The spatial statistical model developed by Pirzamanbein
et al. (2014, 2018, 2020) was specifically designed to work
with unevenly distributed proportional data. The statistical
model is a development of the earlier work and uses
REVEALS reconstructions to produce continuous vegetation
maps of Europe during the Holocene. The evaluation of the
spatial statistical model is similar to that previously used in
Pirzamanbein et al. (2018, 2020). The time-periods for cross
validation were selected to allow comparison with the results
of these studies. Moreover, the cross-validation is extremely
computationally-expensive to run, making some limitation a
practical necessity.

The major difference from previous reconstructions is the
increased spatial domain due to the increase in REVEALS
estimates from 636 sites in Trondman et al. (2015) to 1,128
sites used here (Fyfe et al, 2021). The increased temporal
and spatial coverage in these reconstructions demonstrates the
method’s feasibility, as well as minor changes to the choice of
covariates (using DVM outputs as a covariate in the previous
study and not using them in this study—see Section 2). Despite

these differences, both comparison to EFI-FM and to the
cross validation (CV) produces results that are similar to the
evaluation of previous models. Both these and previous models
(Pirzamanbein et al., 2018, 2020) produce LCTs that are close
to EFI-FM for the 100 BP-present time-window (Figure 3).
Further, the CV results are similar across all tested times-
windows (Table 1) indicating that the good performance for 100
BP-present translates to the other time-windows. The regions in
north-eastern Europe and south-east of the Caspian Sea were
excluded from the final reconstruction. They were identified
as areas of low confidence in Figure 3A, by having an area of
confidence region above 9. These regions lack REVEALS records,
forcing the model to extrapolate far from observations.

The quality and reliability of the REVEALS estimates of plant
cover are expressed by the standard errors (SEs) calculated by the
model. The SEs take into account the standard deviations of the
relative pollen productivity estimates applied in the REVEALS
reconstructions and the number of pollen counted per time
window in the pollen record used. The SEs do not include other
errors occurring in pollen records such as incorrect chronologies
(due to errors on C dating or erroneous age-depth models),

Frontiers in Ecology and Evolution | www.frontiersin.org

February 2022 | Volume 10 | Article 795794


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Githumbi et al.

Continuous European Holocene Land-Cover Maps

350-100 BP

N *~700-350 BP

FIGURE 6 | Composite maps of reconstructed land cover for eight time-windows (3700-100 BP). The location of REVEALS estimates is marked by squares. The
color-key for land-cover composition (C, coniferous forest; F, broad-leaved forest; O, open land) is presented as a triangular color chart.
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and errors in pollen identifications. The selection of pollen
records for continental REVEALS reconstructions such as the
one used in this study is based on careful criteria including
the quality of chronologies and pollen identifications (Mazier
etal, 2012; Trondman et al., 2015). Nevertheless, such errors can
never be avoided and/or tracked completely. If oddities in the
final product from the spatial statistical reconstruction cannot
be explained by large REVEALS SEs or large cross-validation
compositional errors and standard deviations in the spatial
statistical reconstruction, it is recommended to examine the
individual pollen records used in the REVEALS reconstruction.
In order to evaluate the spatial statistical land-cover
reconstructions we have used cross validation and comparison
with the EFI-FM dataset (Figure 3). Using datasets from different
sources in a comparison raises questions related to differences
in temporal and spatial resolutions and on whether the EFI-
FM dataset is a fair description of the actual woodland cover
of Europe over the last few years and is representative of the
last 100 years covered by the REVEALS reconstruction. The
accuracy of the EFI-FM dataset varies spatially due to the use
of different data sources (Kempeneers et al., 2011). Comparison

of the dataset with ground observations indicated some over
and underestimations of some taxa depending on the source
data used; moreover, the dataset includes a mix of source data
with high (25 m) and low (1 km) spatial resolutions. This
implies that the EFI-FM data is not of the same accuracy and
precision across Europe: for instance, high-resolution spatial
data imply higher precision and accuracy of the land-cover data
than low-resolution spatial data. Therefore, although the EFI-
FM dataset has been agglomerated to the spatial scale of the
REVEALS reconstructions (one square degree), it still includes
differences in accuracy and precision over space. The latter, and
the difference in time represented by the EFI-FM dataset (a few
years) and the REVEALS reconstruction (ca. 100 years), implies
that the compositional distance between EFI-FM and REVEALS
(Figure 3D) is a mixture of (a) differences between REVEALS
estimates (and their spatial statistical interpolations) and actual
vegetation, and (b) differences due to both errors in the EFI-FM,
and different time lengths represented in the two datasets.

The relationship between pollen proportions and vegetation
cover is complex: for instance, inter taxonomic differences in
plants’ pollen production and pollen size and shape imply

Frontiers in Ecology and Evolution | www.frontiersin.org

February 2022 | Volume 10 | Article 795794


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Githumbi et al.

Continuous European Holocene Land-Cover Maps

inter taxonomic differences in number and dispersion distance
of pollen (Parsons and Prentice, 1981; Prentice, 1985; Sugita,
1993, 1994). Other factors influencing the pollen-vegetation
relationship are the type of the accumulation basin (lake or bog)
and its size, wind speed and direction, and local to regional-scale
plant composition. This makes wider usage of existing country
to continental scale isopollen maps (Huntley and Birks, 1983;
Brewer et al., 2017; Birks, 2019) as proxies of land-cover difficult.
The Landscape Reconstruction Algorithm and its two models
REVEALS and LOVE (Sugita, 2007a,b) is to date the only way
to translate pollen assemblages into cover of single plant taxa
(species, genus, family and groups of those). The REVEALS
model makes it possible to achieve pollen-based reconstructions
of plant cover at a regional spatial scale (ca. 100 x 100 km;
Hellman et al., 2008a; Li et al., 2020) relevant for environmental
and climate studies at the continental to global scales.

Other methods (Modern Analogue Technique (MAT),
biomization, and pseudobiomization) have provided estimates
of pollen-based woodland cover for the Holocene (e.g., Roberts
et al., 2018). But they do not provide detailed reconstruction of
past plant cover, for instance for groups of plant functional types
such as summer-green trees and evergreen trees, or land-use
types such as cultivated land and grazing land (e.g., Trondman
et al., 2015). Moreover, a comparison of the results (in terms
of woodland cover in Europe through the Holocene) from
those methods and REVEALS indicate significant differences
for several periods of the Holocene (Roberts et al., 2018). For
these reasons, the REVEALS model has the best potential so
far to provide reconstructions of past plant cover relevant for
palaeoclimate modeling (Gaillard et al., 2010, 2018; Strandberg
et al., 2014), and palaeoenvironmental modeling that requires
more detailed descriptions of past plant cover, such as the
abundance of individual plant species, genus, families, or
groups of those. However, to be used in modeling, REVEALS
reconstructions achieved at continental scales need to be
interpolated into temporally and spatially continuous datasets.
The interpolation presented in this paper is one of many possible
solutions that can be used (Pirzamanbein et al., 2014, 2018, 2020),
and the selected methodology will depend on the type of research
question posed (Strandberg et al., 2014; Harrison et al., 2020).

5.2. Relevance of the Interpolated

Land-Cover Reconstructions

The availability of rich palaeoecological and archaeological
data from Europe covering the Holocene provides a record
of vegetation development and human occupation across the
continent. These factors and their interactions across space and
time have implications for environmental and climatic change
(Gaillard et al., 2018; Harrison et al, 2020). The presented
land-cover reconstructions (Figures 4-6) show large-scale land-
cover changes across Europe during the Holocene, including the
reforestation of largely open post-glacial landscapes during the
Early Holocene, a maximum of woodland cover and dominance
of broadleaved trees during the climate optimum of the
Middle Holocene, and large-scale anthropogenic deforestation

combined with an increasing share of coniferous trees during the
Late Holocene.

Similar general trends in past vegetation change have been
inferred from pollen records expressed in pollen percentages
or pollen accumulation rates in numerous studies, or using
other methods such as biomization and the modern analogue
technique (Huntley and Birks, 1983; Davis et al., 2015; Fyfe
et al., 2015; Kunes et al., 2015). However, these reconstructions
either do not reconstruct the cover of individual plant taxa or
land-cover units, or reconstruct exclusively woodland cover (or
its mirror in percentage cover, open land cover (all grasses,
herbs, and low shrubs). The ability to quantify the cover
of a large number of plant taxa and groups of taxa is the
advantage and strong potential of the REVEALS model. It
allows us to quantify changes, which is a necessity to study
past interactions between vegetation on Earth, anthropogenic
impact and climate over long periods and large spatial scales.
The dataset of reconstructed Holocene land-cover quantitative
changes in Europe presented in this paper is particularly relevant
for use in palaeoclimate modeling. Similar reconstructions based
on the same dataset of REVEALS land-cover estimates are
currently used in a palaeoclimate modeling project studying
the biogeophysical forcing of past anthropogenic land-cover
change on climate at 6000 and 2500 BP (Githumbi et al,
2019). These land-cover reconstructions will also serve in the
detailed study of Holocene dynamics in plant and vegetation
cover through time and space for new insights on the factors
and processes involved, e.g., disentangling human and climate
impacts (Marquer et al., 2017). This can be achieved for instance
by using spatial statistical analyses of the land-cover dataset
together with independent datasets of archaeology-based land-
use and palaeoclimatic changes. Further, the land-cover dataset
will be useful for the study of other palaeoenvironmental changes
related to plant-cover transformations, such as past changes in
biodiversity at a regional spatial scale. It can finally inform on
landscape/vegetation characteristics that will help interpreting
archaeological findings and their syntheses (Gaillard et al., 2018).

6. CONCLUSION

The need for spatially continuous pollen-based maps of Holocene
land cover in Europe is essential for the study of past vegetation-
climate interactions at regional and global scales. In this study
we applied spatial statistical modeling and REVEALS-based
reconstructions of plant cover from pollen data together with
information on anthropogenic deforestation from the KKI10
scenarios. There is currently no alternative methodology to
the REVEALS model to obtain as detailed reconstructions
of vegetation cover. Cross validation and comparison of the
reconstructed maps for present time with modern forest data
(EFI-FM) confirm the reliability and robustness of the spatial
statistical model. Comparison with earlier, similar land cover
reconstructions using the same model confirms that it can be
used and tested in further applications using the same REVEALS
dataset but alternative covariates, or REVEALS datasets from
other regions and similar or alternative covariates. Such spatially
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and temporally continuous land-cover data will be invaluable for
palaeoclimate modeling and any palacoenvironmental analyses
of causes, effects and processes operating over long time scales
and regional to global scales.
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