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A B S T R A C T   

Assessment of past anthropogenic modifications of land-cover dynamics is key to understanding the human role 
in the Earth system. Recent advances in palaeoenvironmental sciences allow us to assess the long-term impacts of 
anthropization on ecosystems, landscapes, and land-cover. 

Our study aims to evaluate the role of human impact on European land-cover over the past 6000 years by 
comparing two independent datasets. First, we use a dynamic vegetation model forced by debiased climate 
model outputs. The climate model uses natural forcings only and therefore the computed vegetation distribution 
is interpreted as the potential natural vegetation. Second, we use pollen-based reconstructions, which intrinsi
cally include anthropogenic influence. The discrepancies between the two datasets are attributed to human 
activity and quantified in a form of a human pressure index (HPI). 

Patterns of spatio-temporal evolution of the HPI agree with previously published data about the spread of 
agriculture in Europe. In particular, both HPI and anthropogenic land-cover change (ALCC) scenarios indicate a 
rapid increase of the human pressure around 1200–1700 BP, and a significant increase of agriculture-related 
land-cover modifications by nearly 60% throughout the second half of the Holocene. However, initially high 
HPI values (up to 70%) at 5700–6200 BP, which correlate with population estimates (r = 0.75, p-value <0.005), 
suggest high levels of anthropogenic land-cover transformations, introduced by earlier agricultural as well as 
non-agricultural activities. 

The results of our study suggest that vegetation cover of the Mid-Holocene substantially differed from the state 
of potential natural vegetation (PNV) due to cumulative effect of early human alterations on the land-cover. This 
challenges the hypothesis that vegetation in the Mid-Holocene was in a relatively natural state and contributes 
valuable insights to the onset of agriculture as the start of the Anthropocene.   

1. Introduction 

Numerous scholars, particularly within the geological community, 
mark the start of the Anthropocene by the transition to fossil fuel 
burning, artificial radionuclides spread by the thermonuclear bomb tests 
or rapid changes in the biosphere, which typically begin between the 
Industrial Revolution (ca. 1800 CE) and the early 1950s (Bauer et al., 
2021; Crutzen, 2002; Head et al., 2022a; Steffen et al., 2011; Waters 
et al., 2016; Zalasiewicz et al., 2021). However, in recent years 

researchers propose to account for the emergence of humanity as a force 
on Earth’s landscape. Scholars in archaeological and palaeoecological 
communities argue that humans begun substantially impacting the 
environment several thousands of years earlier than previously sug
gested (Braje and Erlandson, 2013b; Ellis et al., 2021; Erlandson and 
Braje, 2013; Lightfoot and Cuthrell, 2015; Nikulina et al., 2022; Smith 
and Zeder, 2013). It is thus debatable whether Anthropocene’s “golden 
spike” should be marked by the appearance of anthropogenic soils 
(Certini and Scalenghe, 2011), onset of agriculture (Ruddiman, 2013), 
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late Pleistocene megafaunal extinctions (Braje and Erlandson, 2013a), 
or defining the “Anthropocene” term should be omitted altogether and 
used as a flexible term instead (Edgeworth et al., 2015; Ruddiman, 2018; 
Rull, 2017; Swindles et al., 2023). Moreover, other terminology was 
proposed to define early hominin impact on the environment, such as 
the Palaeoanthropocene (Foley et al., 2013). To address the challenges 
associated with formalizing the Anthropocene as a distinct epoch (sub
division of the Geological Time Scale), recent studies suggest to define 
the Anthropocene as an ongoing event (Edwards et al., 2022; Gibbard 
et al., 2022; Bauer et al., 2021) or episode (Head et al., 2022b), rather 
than an epoch. In any case, in the light of the Anthropocene discussion, 
the history of anthropogenic impact on land-cover became a key topic in 
palaeoenvironmental studies. 

The role of land-cover modifications attributed to human activity 
over the Holocene is often quantified by means of anthropogenic land- 
cover change (ALCC) models (HYDE 3.2: Goldewijk et al., 2017a; 
KK10: Kaplan et al., 2009; Pongratz et al., 2008). While their reliability 
is largely limited by a number of factors, such as not explicitly ac
counting for effects of Holocene climate or geomorphic change and 
variability, and uncertainties in the underlying data, ALCC models are 
currently the only available method to produce spatially- and 
temporally-continuous data of numerically expressed 
human-environment interactions (Kaplan et al., 2017). These models are 
based on historical human population density estimates, the land 
needed to sustain that population, and its suitability, determined by 
climate and soil properties (Kaplan et al., 2009; Pirzamanbein and 
Lindström, 2022). However, ALCC models, such as KK10 or HYDE 3.2, 
do not yet incorporate archaeological and palaeoecological proxy data 
or historical descriptions of past land use (Trondman et al., 2015). 
Several approaches have been developed to estimate past ALCCs to 
assess their possible effects on past land-cover (Ramankutty and Foley, 
1999; Olofsson and Hickler, 2008; Pongratz et al., 2008, 2010; Kaplan 
et al., 2009, 2011; Lemmen, 2009; Goldewijk et al., 2011). While 
existing ALCC scenarios (Goldewijk et al., 2017a; Kaplan et al., 2009; 
Pongratz et al., 2008) significantly differ from each other (Gaillard et al., 
2010; Kaplan et al., 2017), they all tend to represent anthropogenic 
impact centred around agricultural activities. For example, multiple 
studies focus on their representation of the onset and adoption of agri
culture in different ALCC scenarios (Smith et al., 2016; Stephens et al., 
2019; Stocker et al., 2011; Vavrus et al., 2022). KK10 in particular, 
features deforestation for crop cultivation and pastures to quantify 
human influence on land-cover (Kaplan et al., 2009). However, defor
estation by humans is not limited to agricultural purposes. Harrison 
et al. (2020), and even Kaplan et al. (2017) themselves highlighted the 
need for inclusion of non-agricultural activities in the analysis of spatial 
patterns of anthropogenic land use. 

Furthermore, while human impact on the environment intensified 
with the introduction of agriculture, pre-agricultural landscapes were 
already far from “natural” or “intact” (Ellis et al., 2021). Humans have a 
long history of shaping their environments through niche construction 
activities (Nikulina et al., 2022), for example through burning (Scherjon 
et al., 2015), and geographic range manipulations of plant and animal 
species (Finsinger et al., 2006; Rowley-Conwy and Layton, 2011). Such 
alterations had a smaller immediate effect on the environment 
compared to agriculture, especially industrial practices, but 
niche-constructing activities spanned many thousands of years, dating 
back as far as the Last Interglacial (Roebroeks et al., 2021), with 
numerous studies reporting cases of land-cover modifications over late 
Pleistocene and early Holocene (Archibald et al., 2012; Bos and Urz, 
2003; Doughty, 2013; McWethy et al., 2010; Pinter et al., 2011; Roberts 
et al., 2021). Therefore, the cumulative effect of the prehistory-long 
legacy of non-agricultural human practices on land-cover remains 
poorly understood. 

Quantitative reconstructions of past vegetation cover indicate that 
changes of vegetation in Europe reach maximum complexity in terms of 
the rate of change during the second half of the Holocene (from 8200 to 

4200 BP to present day; hereafter, dates are expressed as calibrated 
calendar years before 1950 CE and referred to as BP) (Marquer et al., 
2014; Mottl et al., 2021). In Europe this period is characterized by the 
adoption of agriculture and intensification of human-induced land-cover 
change (Stephens et al., 2019; Morrison et al., 2021; Harrison et al., 
2020; Goldewijk et al., 2017a; Kaplan et al., 2011; Gronenborn and 
Horejs, 2021) as well as by a substantially changing climate (Arthur 
et al., 2022; Zhang et al., 2017). Moreover, analysis of the European 
Pollen Database indicated that anthropogenic land-cover change in 
pollen records becomes detectable from 6000 BP (Fyfe et al., 2015). 
Hence, in this study we focus on quantifying the anthropogenic impact 
on European land-cover over the period of the second half of the Ho
locene (6200 CE). 

Estimation of the magnitude of human-induced changes in land- 
cover is often performed through analysis of palaeoecological data ac
quired from pollen-based reconstructions (Bartlein et al., 2011; Dall
meyer et al., 2019; Marquer et al., 2017; Prentice et al., 1998; 
Strandberg et al., 2022). One of such reconstructions, the Regional Es
timates of VEgetation Abundance from Large Sites (REVEALS) model 
(Sugita, 2007a), was used to create gridded pollen-based estimates of 
Holocene plant cover for NW-central Europe north of the Alps (five time 
windows of the Holocene) (Trondman et al., 2015) and more recently for 
all of Europe through the Holocene (11,700 BP to present) (Githumbi 
et al., 2022). The REVEALS reconstructions from Marquer et al. (2017) 
have been used in the recent study of Dallmeyer et al. (2023), who 
applied an approach based on the comparison between REVEALS-based 
reconstructions and land use forced vegetation model outputs for 
northern and central Europe. Their study concluded that anthropogenic 
land use was the main driver of the decrease in forest cover in Europe 
during mid- and late-Holocene (100–8000 BP). To further this analysis, 
we simulate vegetation for the second half of the Holocene (6200 CE) 
and compare the results with an extended version of the REVEALS-based 
reconstructions (Serge et al., 2023). Serge et al. (2023) used the same 
protocol as described in Githumbi et al. (2022) to produce the most 
spatially extensive and temporally continuous pollen-based re
constructions of plant cover in Europe (at a spatial resolution of 1◦ × 1◦

for 30◦–71◦ N, 20◦ W–47◦ E; spatial distribution is shown in Fig. 2) over 
the Holocene at a temporal resolution of 500 years between 11,700 and 
700 BP. For the most recent period, Serge et al. (2023) allocated smaller 
time windows with a higher temporal resolution: 700− 350 BP, 
350− 100 BP, and 100 BP− present (where the present is the year of 
coring). 

While indicating the significance of land use as a key factor in driving 
past land-cover change in Europe, Dallmeyer et al. (2023) highlighted 
several challenges that arise when comparing pollen-based quantitative 
vegetation reconstructions with outputs from vegetation models. In our 
current study, we address two of these challenges: biases in simulated 
climate and distinction between anthropogenic and non-anthropogenic 
drivers of land-cover change. To overcome these challenges, we propose 
a method that compares pollen-based reconstructions with a theoretical 
state of vegetation cover - potential natural vegetation (PNV), which 
represents climate-forced vegetation without human intervention or 
management (Hengl et al., 2018). 

In this study, by analysing relationships between simulated PNV and 
pollen-based estimates of regional vegetation abundance, we aim to (1) 
evaluate how far from natural conditions our REVEALS-based vegeta
tion is, by comparison with modelled potential natural vegetation, (2) 
quantify time-cumulative impact of human modifications of European 
land-cover (accumulated impacts of human activity on natural ecosys
tems through time) over the second half of the Holocene (6200 CE) 
including both agricultural and non-agricultural human activities, and 
(3) assess the performance of the developed methodology through 
comparison with existing ALCC scenarios KK10 and HYDE 3.2. 
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2. Methodology 

2.1. Study design 

In this study, we address the challenge of distinguishing between 
anthropogenic and non-anthropogenic drivers of land-cover change. 
Pollen-based land-cover reconstructions allow the identification of 
phases of vegetation compositional change comparable with periods of 
climate change, derived from independent climate reconstructions to 
account for the importance of climate-driven vegetation change (Seddon 
et al., 2014). However, the interaction of natural forces with anthro
pogenic influences induces complex processes with profound effects on 
the environmental system (Kalis et al., 2003). It is thus not always easy 
to attribute temporal changes in vegetation composition to a certain 
impact factor. The complex nature of interactions between different 
impact factors often makes it difficult to distinguish between climatic 
and anthropogenic origin of changes in vegetation patterns. Anthropo
genic impact on vegetation composition is often derived from 
pollen-based reconstructions using cultural indicators (e.g. Deza-Araujo 
et al., 2020; Behre, 1981). The applicability of these indicators has been 
limited to regional studies due to regional variations in cultural practices 
and vegetation dynamics. Recently, Deza-Araujo et al. (2022) suggested 
the use of agricultural land use probability (LUP) index based on existing 
cultural indicators. This approach allows the use of the method beyond 
the specific regions where the cultural indicators were developed. 
However, while promising, its application to continental scales has not 
been explored. The relative importance of different impact factors for 
various regions and time periods is, therefore, still a matter of debate 
(Marquer et al., 2017; Dallmeyer et al., 2023). Moreover, quantifying 
the effect of early non-agricultural human practices (such as burning, 
wood harvesting for different purposes, settlement activities, and 
geographic range manipulations of species) on land-cover remains a 
challenging task, since these practices cannot be retrieved using cultural 
indicators that target agricultural land use through the presence of 
representative taxa in pollen records, i.e. Cerealia type (t.) (e.g. 
Githumbi et al., 2022; Gaillard, 2007). To tackle these challenges, 
analysis of pollen-based reconstructions would benefit from comparison 
to a reference state that would represent vegetation over the studied 
time period without anthropogenic changes of vegetation. Thus, in order 
to evaluate the extent of human-induced land-cover change in Europe 
during the second half of the Holocene (6200 CE), we applied a method 
that compares vegetation cover obtained through REVEALS-based re
constructions with an alternative description of past vegetation cover – 
potential natural vegetation (PNV). The concept of PNV has been the 
subject of past debate (e.g. Loidi et al., 2010; Jackson, 2013; Hengl et al., 
2018; Somodi et al., 2012; Farris et al., 2010). We consider that PNV 
describes a theoretical state of vegetation cover that would exist under 
the assumption that the vegetation is in balance with environmental 
controls, such as climatic conditions and disturbances, without any 
human intervention or management (Hengl et al., 2018). In a palae
oenvironmental modelling context, PNV is often referred to an artificial 
construct simulated by a dynamic vegetation model (DVM) without 
prescribed land use forcing, that represents climate-forced potential 
vegetation in the absence of human-induced vegetation changes and 
other disturbances (e.g. wildfire, megafauna) (Trondman et al., 2015). 
PNVs are routinely used in various modelling exercises, such as to 
evaluate vegetation naturalness (Strona et al., 2016), analyse response 
of vegetation to climate change (Ren et al., 2021), or evaluate re
constructions of past regional vegetation patterns (Cruz-Silva et al., 
2022). A PNV distribution is often simulated by vegetation models, 
which are based on modern empirical relationships between vegetation 
and climate (Levavasseur et al., 2013). Taking advantage of the PNV 
concept as best available description of the plausible vegetation of an 
area, we simulated PNV for the second half of the Holocene (6200 CE) 
using the CARbon Assimilation In the Biosphere (CARAIB) dynamical 
vegetation model (Dury et al., 2011; François et al., 2011; Laurent et al., 

2008; Otto et al., 2002; Warnant et al., 1994), forced by downscaled 
bias-corrected climate simulated by the iLOVECLIM model (Zapolska 
et al., 2023). 

2.2. Design of the climate simulations 

The climate simulations were performed with the iLOVECLIM model, 
version 1.1.5 (revision 1512). This model is a code fork of the original 
LOVECLIM 1.2 model (Goosse et al., 2010), revised by Roche (2013) and 
further expanded by Quiquet et al. (2018). In this study we used the 
online interactive downscaling method embedded in iLOVECLIM, first 
described by Quiquet et al. (2018). Our version of iLOVECLIM includes 
the following components: the atmospheric model, ECBilt (Opsteegh 
et al., 1998), the sea-ice ocean component, CLIO (Goosse and Fichefet, 
1999), and the reduced-form dynamic global vegetation model, 
VECODE (Brovkin et al., 1997). We refer the reader to the reference 
articles for a complete description of the iLOVECLIM model (Roche, 
2013) and downscaling method (Quiquet et al., 2018; Arthur et al., 
2022). 

Vegetation is an important component of climate dynamics, which 
impacts climate via physiological, biogeophysical and biogeochemical 
processes. It is, therefore, necessary to simulate vegetation cover to 
accurately simulate climate. This is why our climate simulations were 
performed with the VECODE reduced-form vegetation model (Brovkin 
et al., 1997) which computes plant and soil behaviours necessary to 
simulate the first order vegetation-climate feedback in climate models. 
Being a reduced-form DGVM, VECODE only computes 2 vegetation 
types: trees and grass (and bare ground as a dummy type). This is enough 
for the first order feedback to the atmospheric model, since it encom
passes the three main classes affecting the albedo, the surface roughness 
and the link to the water cycle. However, it is far from being sufficient to 
reflect vegetation changes at the level of complexity needed for our main 
intercomparison with the REVEALS output, as described further in this 
study. This is why the resulting climatic evolution was then 
bias-corrected and used as an input to a much more complex vegetation 
model which has the necessary complexity to see the fine-scale struc
tures we are concentrating on. The input was provided as climatologies 
(climatological means) of daily values for each time window (TW) 
(Supplementary Table 1) without transient change in climate input 
(equilibrium simulations). To summarise, the use of VECODE in the 
initial computation affect ed the large-scale climate providing the 
first-order response of dynamical vegetation coupled to climate at large 
scales, such as desertification (complete change from trees to grass or 
bare ground, and vice versa) or large shifts from forests to grassland. 
Fine-scale changes were then computed using the more complex (and 
more computationally intensive) CARAIB DGVM, so as to look into 
changes that are usually attributed to human impact on vegetation, such 
as changes in vegetation composition which are far beyond the reach of 
the reduced-form VECODE model. The coherency of the large-scale 
changes of the two vegetation models has been checked through the 
intercomparison between the results of the two models, and the results 
showed that they are consistent in patterns of large-scale vegetation 
response to climatic factors (not shown). 

We applied iLOVECLIM to simulate the transient evolution of the 
climate during the Holocene. The experiments were first initialised with 
a state derived from a 3000 year long equilibrium simulation at 11,700 
BP. Subsequently, we performed a full transient simulation from 11,700 
BP up to present. Owing to the large time scale response of the ocean and 
furthermore to the fact that the climate system is never in equilibrium 
with forcing boundary conditions, we only considered the part 6000 BP 
to present in our analysis, using section 11,700 BP to 6000 BP as a 
further adaptation of climate to transient boundary conditions. For both 
equilibrium and transient simulations, we used boundary conditions 
evolving as closely as possible to the state of knowledge. Namely, we 
used astronomical parameters from Berger (1978), greenhouse gas 
levels (Schilt et al., 2010; Raynaud et al., 2000), ice sheets from the 
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GLAC-1D reconstruction (Tarasov et al., 2012; Tarasov and Peltier, 
2002) as well as evolving bathymetry and land-ocean mask coherent 
with those ice-sheet geometries (with the same methodology as Bouttes 
et al., 2023). Between the year 6200 BP and the year 700 BP time 
windows (TWs) (Supplementary Table 1) were assigned at 500 years 
temporal resolution, and the lengths of the three most recent time 
windows were fixed to 350 (700–350 BP), 250 (350–100 BP), and 165 
(2015 CE–1850). 

The use of the model results for the intercomparison with pollen data 
in the context of the current study could be considered indicative under 
assumption of minimal model biases. To correct biases of iLOVECLIM 
modelled results, we applied the CDF-t bias correction technique (Vrac 
et al., 2012). CDF-t was previously reported to yield significantly 
stronger agreement between the simulated results and pollen-based 
climate and biome reconstructions, compared to modelled results 
without CDF-t application (Zapolska et al., 2023). A full procedure of the 
bias correction methodology and its limitations can be found in Zapolska 
et al. (2023). 

The observational reference dataset used for bias correction is the 
EWEMBI dataset (EartH2Observe, WATCH Forcing Data (WFDEI), and 
ERA-Interim reanalysis data merged and bias-corrected for the Inter
Sectoral Impact Model Intercomparison Project) (Lange, 2016). The 
EWEMBI data covers 38 years from 1979 to 2016. To match to the length 
of the observation dataset (which is required for the CDF-t methodol
ogy), we extracted 38 median years of 14 TWs (Supplementary Table 1), 
consistent with the TWs of the REVEALS pollen-based land-cover 
reconstruction dataset for further analysis. Following the bias correc
tion, each of 14 sets of climatic parameters was averaged to get daily 
mean climate characteristics of TWs. 

The reliability of the described modelling workflow and the com
parison of simulated climate and vegetation with available proxy data 
were evaluated in previous studies. Arthur et al. (2022) assessed the 
downscaled iLOVECLIM simulation for the Holocene before the appli
cation of CDF-t, while Zapolska et al. (2023) evaluated the downscaled 
iLOVECLIM and CARAIB performance for periods characterized by 
different climatic conditions with the CDF-t application. 

2.3. Modelled potential natural vegetation 

Potential natural vegetation was simulated using the CARbon 
Assimilation In the Biosphere (CARAIB) model (Otto et al., 2002; Lau
rent et al., 2008; Warnant et al., 1994; François et al., 2011; Dury et al., 
2011) forced with 14 sets of climates simulated by the iLOVECLIM 
model (bias-corrected and averaged over TWs, as described above). The 
CARAIB model is composed of five modules describing respectively (1) 
the hydrological budget, (2) canopy photosynthesis and stomatal regu
lation, (3) carbon allocation and plant growth, (4) heterotrophic respi
ration and litter/soil carbon dynamics, and (5) plant competition and 
biogeography (François et al., 2011). In this study, we did not include 
the fire module in the simulations, and the fire regime was calibrated 
based on modern times. Water and carbon reservoirs in CARAIB are 
updated with a daily timestep, while photosynthesis and plant respira
tion are calculated every 2 h to account for non-linear effects associated 
with the variation of photosynthetic/respiration fluxes over the day. The 
model simulates a given set of plant functional types (PFTs), which can 
coexist on the same grid cell. Trees are assumed to grow above herbs and 
shrubs (or bare ground), creating two vegetation levels with maximum 
coverage up to 1 at each level. Thus, the maximum vegetation fraction of 
a grid cell is 2, provided that both upper (trees) and lower (grass and 
shrubs) levels are fully vegetated. Vegetation cover output is updated 
every month for herbaceous PFTs and yearly for arboreal PFTs (François 
et al., 2011; Henrot et al., 2017). For a more detailed description of the 
CARAIB model we refer the reader to Otto et al. (2002), Laurent et al. 
(2008), Warnant et al. (1994), François et al. (2011), Dury et al. (2011). 

The input climatic fields used to run the CARAIB vegetation model 
were daily values of: (1) the mean near-surface air temperature, (2) the 

daily amplitude of air temperature change, (3) precipitation, (4) air 
relative humidity, (5) percentage of sunshine hours and (6) wind speed. 
In the current study, daily temperature amplitudes and wind speed were 
taken from observations (Daily temperature amplitudes: Climatic 
Research Unit (CRU) data, mean over 1901–2015; wind speed: EWEMBI 
dataset) and kept constant for all time periods. Surface temperature, 
precipitation, relative humidity, and sunshine hours were derived from 
iLOVECLIM. Biases in temperature, precipitation and relative humidity 
were corrected using the CDF-t approach (Vrac et al., 2012). These sets 
of bias-corrected climate data were used to perform snapshot simula
tions with CARAIB run until equilibrium (200 years), to obtain charac
teristic PNV patterns for the specified TWs. 

2.4. The REVEALS pollen-based land-cover reconstructions 

For comparison with the modelled PNV, we used a part of the last set 
of gridded pollen-based REVEALS plant-cover estimates for 31 taxa at a 
spatial scale of 1◦ × 1◦ across 30◦–71◦ N, 20◦ W–47◦ E (north-western, 
central Europe, Mediterranean area, and part of the East until 47◦ E) for 
14 contiguous time slices of 100–500 years covering second half of the 
Holocene (Serge et al., 2023). Previous grid-based estimates (Githumbi 
et al., 2022; Trondman et al., 2015) were designed for the purpose of 
conducting studies on the impact of land cover on climate using climate 
models and DGVMs (Strandberg et al., 2022). The REVEALS dataset is 
the only current land-cover reconstruction approach based on pollen 
data to quantify past regional cover of individual plant taxa. It effec
tively accounts for intertaxonomic differences in pollen productivity and 
dispersal properties as well as the size and type of sedimentary basins. It 
combined 1607 pollen records and benefited from earlier efforts and 
projects (Landclim I and II) in collecting pollen dataset (Githumbi et al., 
2022; Trondman et al., 2015) obtained from databases and individual 
data contributors. There are many areas of Europe where environments 
that preserve pollen (i.e. lakes, bogs, forest hollows) are sparse, there
fore the geographic distribution of pollen-based reconstruction is 
uneven. 

REVEALS transforms pollen assemblages in large lakes to abundance 
of individual plant taxa in the surrounding vegetation at a large spatial 
scale (ca. 100 km × 100 km; Hellman et al., 2008a, b) using a mecha
nistic modelling approach that uses an empirical understanding of 
relative pollen production between pollen morphological types, and 
pollen dispersal mechanisms. It was developed for pollen records from 
large lakes (>50–100 ha), but extensive simulation and empirical 
studies showed that multiple small-sized sites can be used when large 
lakes are not available in a region, although it generally results in larger 
standard errors on the estimates of plant cover (Sugita, 2007; Fyfe et al., 
2013; Mazier et al., 2012; Trondman et al., 2015). As previous studies 
(Mazier et al., 2012; Trondman et al., 2015; Githumbi et al., 2022), 
Serge et al. (2023) used a 1◦ resolution grid and applied REVEALS on all 
available pollen records in each grid cell to produce an estimate of plant 
taxa abundance per grid cell through time. The estimates obtained for 31 
individual taxa were later summed to produce estimates of the area 
occupied by plant functional types according to Table 1. Estimating the 
proportion of bare ground using pollen reconstructions is challenging 
due to the inherent limitations of the data. Hence, in REVEALS data, the 
total cover of plant taxa within a grid cell is always 100%. 

All gridded REVEALS reconstructions for Europe follow the same 
protocol and criteria as published in Mazier et al. (2012) and Trondman 
et al. (2015), and lately by Githumbi et al. (2022). Gridded REVEALS 
estimates are influenced by the quality of individual records used (pol
len count size, taxonomic resolution, and chronological uncertainty), 
basin size, and type of sites (lakes or bogs), the number of pollen records 
used in each grid cell, and the reliability of the relative pollen pro
ductivities (RPPs) used (Githumbi et al., 2022; Trondman et al., 2015; 
Serge et al., 2023). The precision of gridded REVEALS estimates is 
indicated by their standard errors. Caution should be applied when 
using REVEALS estimates from unreliable grid cells, and when standard 
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errors of the gridded REVEALS estimates are equal or greater than RE
VEALS estimates (Serge et al., 2023). Hence, the number of available 
REVEALS grid cells for analysis varies depending on the availability of 
reliable pollen data for each TW. Across the 14 TWs studied here, the 
number of grid cells ranged from 456 to 363. This range reflects varia
tions in quantity and quality of the pollen data available for analysis 
during each time window. 

2.5. Classification of plant functional types 

To reconstruct vegetation patterns and their changes throughout the 
Holocene we applied the concept of plant functional types (PFTs). Plants 
were classified into PFTs based on their physical, phylogenetic and 
phenological characteristics, as well as their bioclimatic and functional 
features. PFTs included in the CARAIB model are described in François 
et al. (1998). In this study, each selected plant taxon was assigned to a 
specific unique PFT (Table 1) based on previously published classifica
tion used for model–data comparison in palaeovegetation studies 
(François et al., 2011; Henrot et al., 2017; Popova et al., 2013). Standard 
errors of the REVEALS dataset (Serge, 2023) were calculated for each 
PFT according to the delta method (Stuart and Ord, 1994). 

In CARAIB, plant growth in northern Europe is hindered by frigid 
climatic conditions of polar tundra, which prevents vegetation from 
populating the grid cells. Therefore, high latitudes in CARAIB are 
composed of bare ground with a few herbs (Supplementary Fig. 7). 
Pollen-based reconstructions, however, reflected presence of Betula, 
Ericaceae, Cyperaceae, Pinus and Poaceae in those areas across all 
studied TWs. A recent study of Sun et al. (2022) demonstrated the 
impact of the lack of representation of bare ground in REVEALS-based 
estimates. Hence, to eliminate some of the potential biases related to 
this issue, we chose to exclude high latitudes (70–71◦N) from the 
intercomparison. With this we aimed to prevent the negative bias due to 
low agreement between the studied datasets over these zones, dictated 
by their technical characteristics. Furthermore, it is important for 
readers to exercise caution when interpreting regions with a high frac
tion of bare ground in the CARAIB model outputs (e.g., certain parts of 
the Iberian Peninsula) (Supplementary Fig. 7). The differences in the 
representation of bare ground across the studied datasets may increase 
the uncertainty of the analysis in these areas. 

2.6. Comparison between REVEALS estimates and CARAIB simulations 

Comparison of the CARAIB simulations with the REVEALS estimates 
required a transformation of the spatial and temporal resolution of the 
CARAIB model output. We aggregated the PNV simulated by CARAIB to 
the same grid resolution as the REVEALS estimates (1◦x1◦ grid cells) and 
extracted only those grid cells where the pollen data were available 
(ranging from 456 to 363 grid cells for the analysed TWs). CARAIB 
vegetation is represented by two vertical layers that were adjusted to 
match a resolution of 1◦, used by the REVEALS method. 

Then, relationship between REVEALS and CARAIB was analysed by 
computing a weighted matching ratio between PFT fractions of both 
models, using the following formulas: 

MRPFT = fracPFT,reveals ÷ fracPFT,caraib × 100,

and 

WMR=
∑Nb.PFT

PFT=1
fracPFT ,reveals × MRPFT ,

where Nb. PFT – maximum number of PFTs, frac PFT,reveals – fraction of a 
PFT in REVEALS dataset, frac PFT,caraib – fraction of corresponding PFT in 
CARAIB dataset, MRPFT – matching ratio per PFT, WMR – weighted 
matching ratio of REVEALS and CARAIB. 

Similarity between CARAIB and REVEALS estimates per PFT was 
expressed in matching ratio (MR) values. Considering that the two 
datasets are independent and of a different nature, the use of absolute 
values of MRs for the intercomparison could have been challenging due 
to limitations and biases of the methodology. Such biases remain in all 
TWs (assuming their stationarity), but MRs may not be constant through 
time. In this study it is assumed that this variation occurs due to human 
impact, which is the factor that is not stationary in time throughout our 
study period. Therefore, we focused on temporal changes within PFTs 
rather than absolute differences between the datasets to minimize the 
impact of such biases on our results. To this end, we have chosen to 
analyse the relative change in the MR values between each TW and the 
TW calculated in the most recent period (TW1). 

WMR was calculated to ensure that more weights are given to the 
PFTs that are more abundant within a grid cell. Under an assumption 
that WMR represents percentage of vegetation unaltered by anthropo
genic activity, by reversing it we calculate a human pressure index 
(HPI): 

HPI =(100 − WMR) ÷ 100.

Then, a mean HPI over each 1◦-wide latitudinal zone was calculated 
for each TW. 

Translating the discrepancies between the two studied datasets into 
the HPI was made under the assumption that changes in relationship 
between the two datasets at the second half of the Holocene are mainly 
caused by anthropogenic activity. This assumption is supported by a 
growing body of evidence, including palaeoenvironmental re
constructions, that suggests a significant and widespread impact of 
human activities on European land-cover during this period (Roberts 
et al., 2018, 2019; Ruddiman and Ellis, 2009; Nielsen et al., 2012; 
Kaplan et al., 2009; Ellis et al., 2013; Strandberg et al., 2022). While 
megafauna presence is also not simulated by PNV models, the extinction 
of many megafaunal species during the late Pleistocene and the Holo
cene in Europe (Mann et al., 2019; Sandom et al., 2014; Stewart et al., 
2021; Koch and Barnosky, 2006) decreases their potential role in 
large-scale changes in vegetation patterns over the second half of the 
Holocene. Taken together, these lines of evidence support our assump
tion that anthropogenic activity is the main driver of changes in the 
relationship between the datasets during the second half of the 
Holocene. 

Table 1 
Plant-functional types and corresponding plant taxa according to previously 
published classification used for model–data comparison in palaeovegetation 
studies (François et al., 2011; Henrot et al., 2017; Popova et al., 2013).  

CARAIB PFT Short 
name 

Plant taxa/pollen-morphological types 
(31 taxa) 

Herbs (C3 herbs “humid”, 
C3 herbs “dry”, C4 herbs) 

H Amaranthaceae/Chenopodiaceae, 
Artemisia, Cerealia t., Cyperaceae, 
Filipendula, Plantago lanceolata, Poaceae, 
Rumex acetosa t., Secale cereale 

Broadleaved evergreen 
boreal/temp cold shrubs 

BEBTS Calluna vulgaris, Ericaceae 

Broadleaved evergreen 
temperate warm shrubs 

BETWS Buxus sempervirens 

Needleleaved evergreen 
boreal/temp cold trees 

NBTT Abies, Juniperus, Picea, Pinus 

Broadleaved evergreen 
meso-mediterranean 
trees 

BEMMT Phillyrea, evergreen Quercus t. 

Broadleaved evergreen 
thermo-mediterranean 
trees 

BETMT Pistacia 

Broadleaved summergreen 
boreal/temp cold trees 

BSBTT Alnus, Betula, Corylus avellana, Salix 

Broadleaved summergreen 
temperate cool trees 

BSTCT Carpinus betulus, Fagus, Fraxinus, 
deciduous Quercus t., Tilia, Ulmus 

Broadleaved summergreen 
temperate warm trees 

BSTWT Castanea sativa, Carpinus orientalis/ 
Ostrya t.  
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2.7. Correlation with ALCC scenarios 

In order to compare our results with existing literature on anthro
pogenic impact on European land-cover, we used two most commonly 
used in landscape research ALCC scenarios, KK10 and HYDE 3.2. ALCCs 
offer the advantage over other datasets as they provide datasets that are 
continuous in space and time, whilst other approaches (for example, 
demographic proxies such as archaeological dates (e.g. Shennan et al., 
2013), or human impact indicators from pollen data) have discontin
uous coverage, and are not necessarily linearly related to land cover 
changes (Hiscock and Attenbrow, 2016). KK10 and HYDE 3.2 differ in 
the way they estimate and represent land-cover change. KK10 consists of 
data expressed in a form of a deforestation index at annual resolution, 
which, in this study, was averaged over the years within each of the 
REVEALS time windows (Supplementary Table 1). HYDE 3.2 estimates 
are presented in a form of simulated land use. In this study, to represent 
anthropogenic land use for agricultural purposes we analysed HYDE 3.2 
data on croplands and grazing. HYDE 3.2 data is irregularly spaced in 
time over the Holocene: from 100 years temporal resolution in the Late 
Holocene to 1000 years in the early and Mid-Holocene. We used linear 
interpolation to obtain the data for the studied time windows. We also 
performed transformations of spatial resolution of both ALCC scenarios 
by aggregating the grid cells to the 1◦x1◦ REVEALS grid, and extracted 
data only for the grid cells that have available data in REVEALS. 

For comparison between HPI and KK10 and HYDE, we assumed that 
extracted land use from the ALCC scenarios should be roughly equiva
lent to human impact on land-cover. We then analysed correlation be
tween these three datasets to investigate if they represent human- 
induced land-cover changes in a similar manner. Additionally, we 
evaluated the relationship between HPI values and HYDE 3.2 population 
density estimates to understand if presence of humans spatially corre
lates with changes in HPI. HYDE 3.2 population density is primarily 
based on demographers’ estimates for the last 3000 years (McEvedy and 
Jones, 1978), with earlier population sizes being estimated using back 
extrapolation (Goldewijk et al., 2010). 

3. Results 

We have analysed palaeovegetation data expressed in fractions of 
PFTs for 14 TWs throughout the second half of the Holocene (6200 CE) 
from CARAIB simulations (representing PNV) and REVEALS estimates 
(representing pollen-based regional vegetation abundance). The defi
nitions of TWs are summarised in Supplementary Table 1. 

The analysis of the relationship between simulated PNV and pollen- 
based regional estimates of vegetation abundance is based on the evo
lution of discrepancies in the two datasets and expressed as relative 
change in the MR values between each TW and the TW calculated in the 
most recent period (TW1) (Fig. 1). Throughout the studied time period, 
we observe decreases in MR of herbs (H), broadleaved summergreen 
boreal/temperate cold trees (BSBTT) and broadleaved summergreen 
temperate cool trees (BSTCT). MR of broadleaved evergreen boreal/ 
temperate cold shrubs (BEBTS) increases, and MR of broadleaved 
evergreen temperate warm shrubs follows a non-linear trend. 

Fig. 1 shows that different PFTs had different levels of dissimilarities 
and evolved differently through time. Therefore, to analyse anthropo
genic impact on vegetation dynamics that would account for all the 
changes within PFTs we introduce a human pressure index (HPI). HPI is 
calculated based on matching ratios of individual PFTs for each grid cell, 
and the weight of the variables is determined by the abundance of each 
PFT in the REVEALS estimates. 

We observe high HPI values at 5700–6200 BP (TW14) across the 
Mediterranean region and eastern Europe (Fig. 2). Throughout the Ho
locene HPI values become progressively higher in central, western and 
northern Europe, with the majority of the grid cells having extremely 
high HPI values at modern time (TW1) across the continent. During the 
whole studied period high HPI is observed in northern Europe (Scan
dinavia), which is an artefact of intrinsic biases of two datasets 
compared (Section 4.4). Hence, the high latitudal zones (70–71◦N) are 
not included in the subsequent analyses. 

In Fig. 3, we subdivide our study area into latitudinal zones of 1◦, 
corresponding to the size of grid cells used for our analysis. This division 
allows us to display latitudinal trends of HPI changes through the second 
half of the Holocene in Europe. We chose to present the dynamic per 
latitudinal zone based on the historical context of our study period in 

Fig. 1. Temporal evolution of agreement per PFT between the CARAIB simulations and the REVEALS estimates expressed as difference in matching ratio (MR) from 
MR at TW1 (present - 100 BP). 
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Europe, which corresponds to the transition and establishment of agri
culture (Stephens et al., 2019; Morrison et al., 2021; Harrison et al., 
2020; Goldewijk et al., 2017a; Kaplan et al., 2011; Gronenborn and 
Horejs, 2021). Archaeological sources (e.g. Gronenborn and Horejs, 
2021; Stephens et al., 2019) provide evidence that this agricultural 
transition followed a south-to-north trend, with agriculture being 
established first in the Mediterranean region, and gradually expanding 
northward. While we acknowledge that this is an oversimplified 
description of the complex dynamics of the processes involved, by pre
senting the data in this manner, we visualize the general temporal trend 
of HPI increase, potentially largely affected by the agricultural 
expansion. 

Vegetation of mid-latitudes resulted to be relatively preserved at 
earlier times. Contrastingly, Southern latitudes (37.5◦N to 41.5◦N) have 
relatively high HPI throughout the studied period. 42.5◦N to 54.5◦N are 
the areas where the changes are the largest within the studied time
frame, demonstrating a northward direction of HPI increase in time 
through the second half of the Holocene. 

Although there are limitations to the methodology used in our study 
that affect the robustness of our results in northern latitudes, we observe 
a clear and gradual increase in HPI over time at latitudes south of 54.5◦N 
(Fig. 3), which covers a large part of continental Europe. This enables us 
to track the long-term dynamics of human activity on land-cover across 
both time and space for a significant portion of the continent, which is 
where the majority of vegetation changes have occurred. 

To determine statistical significance of our results, and their evolu
tion in comparison to present day, we calculate the percentage of grid 
cells with HPI values significantly different from the modern time TW1 

at the 0.05 level (paired Student’s t-tests). Fig. 4 illustrates that the 
percentage of grid cells with values that indicate significantly lower 
human pressure compared to modern values (N–S) decreases as we move 
from early time to modern time, indicating that roughly 60% of grid cells 
had significantly lower HPI (are significantly less impacted by human 
activity) at 5700–6200 BP, compared to modern values. 

Overall, across Europe our results indicate a gradual increase of HPI 
throughout the second half of the Holocene (Fig. 5), which escalated 
after TW5 (1200–1700 BP). Moreover, at the beginning of our simula
tion (TW14) we observe an average HPI of 0.72, which suggests that 
vegetation cover in Europe at 5700–6200 BP corresponded to modelled 
potential natural state of vegetation only for nearly 30%. 

Re-analysis of the KK10 and HYDE 3.2 estimates at REVEALS spatio- 
temporal resolution reveals that HYDE 3.2 cropland and grazing area 
increase (Fig. 6, left), and KK10 deforestation for agriculture rise (Fig. 6, 
right) follow similar patterns to HPI increase (Fig. 5). However, the 
initial HPI values at TW14 are significantly higher than anthropogenic 
land use change compared to the rates of spread of agricultural practices 
(Supplementary Figs. 3 and 4). 

To further investigate the relationship between HPI and agriculture, 
we analyse the onset of agriculture in REVEALS vegetation re
constructions, marked by first appearance of Cerealia t. And Secale 
cereale pollen in the dataset. We assume that the agricultural onset is 
represented as a year of the earliest (within the time bounds of our 
study) appearance of the aforementioned agricultural taxa in REVEALS 
at each grid cell (Supplementary Fig. 6). However, the identification of 
the onset of agriculture based on agricultural PFT in REVEALS is con
strained by the limitations of this approach, described by Trondman 

Fig. 2. Human pressure index per grid cell in Europe from TW14 (5700–6200 BP) to TW1 (present - 100 BP). 1-Highest human pressure; and 0-lowest human 
pressure value. 
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et al. (2015). We, therefore, do not identify patterns similar to the onset 
of agriculture in Europe described by the existing anthropogenic 
land-cover change (ALCC) scenarios. 

Additionally, we explore the correlation between HPI and ALCC 
simulated agricultural practices. Although we observe a weak correla
tion between the two variables (Supplementary Figs. 3–4), the HPI index 
at 5700–6200 BP is significantly correlated with HYDE 3.2 population 
density estimates (Fig. 7), thus reflecting human presence in landscapes. 

4. Discussion 

Analysing land-cover change in Europe using REVEALS estimates 
and independent climatic and land use data, Marquer et al. (2017) 
suggested that climate is a major driver of vegetation change during the 
Holocene as a whole and at the sub-continental scale, stating that the 
land use impact increase gradually after 7000 BP while identifying four 
critical phases of land use effects on vegetation. Our methodology 
compared REVEALS estimates with simulated climate-only-driven po
tential natural vegetation (PNV) over the studied period to discount 
from the analysis changes in vegetation that were predominantly caused 
by changing climate. Previous studies suggest that climate change and 
anthropogenic activity are assumed to be the main driving factors of 
land-cover change in Europe over the second half of the Holocene 
(Marquer et al., 2017; Strandberg et al., 2022; O’Dwyer et al., 2021; 
Kuosmanen et al., 2018; Poska et al., 2022; Roberts et al., 2019, 2018). 
Thus, the difference between the two types of vegetation was introduced 
as a human pressure index (HPI). This index represents how different 
reconstructed vegetation is from a natural state, and thus includes both 

direct (i.e. deforestation and plant cultivation) and indirect (through 
biogeochemical feedbacks) anthropogenic changes in vegetation 
composition. These changes reflect continuous and prolonged human 
impact on European land-cover through various practices, which accu
mulated their consequence over time, building up a cumulative human 
pressure. 

4.1. Fire regime 

In this study, CARAIB simulations did not include the fire module, 
and thus, the potential impact of wildfires could contribute to dissimi
larities between PNV and vegetation reconstructions. The studied period 
in Europe is covering a transition from hunter-gatherer to agricultural 
societies (Stephens et al., 2019; Gronenborn and Horejs, 2021). Human 
induced biomass burning was previously linked to both agricultural (i.e. 
slash-and-burn) (Vannière et al., 2016) and non-agricultural practices (i. 
e. initiating selectively support food growth, tool in social interactions, 
or keeping away predators) (Scherjon et al., 2015). Thus, fires 
throughout the studied period were expected to have predominantly 
anthropogenic origin, which reflects human pressure on land-cover, and 
thus contributes to increase in HPI. Previously, sedimentary charcoal 
composites analysis revealed that humans have significantly influenced 
fire activity throughout the Holocene in Europe (Dietze et al., 2018; 
Connor et al., 2019; Vannière et al., 2016; Carracedo et al., 2018), and 
outlined that human impact on fire regime could be both direct (via its 
use as a land management tool) and indirect (via affecting biogeo
chemical cycles and increase landscape flammability) (Dietze et al., 
2018; Connor et al., 2019). Thus, the wildfire regime of the studied 

Fig. 3. Human pressure index (HPI) over latitudinal zones in Europe from TW14 (5700–6200 BP) to TW1 (present - 100 BP). 1-Highest human pressure; and 0-lowest 
human pressure value. Zones with less than 10 grid cells are not shown. 
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period was also altered by human activities, which brings additional 
challenges to making a clear distinction between “natural” and 
“anthropogenic” fires (e.g. Vannière et al., 2016; Power et al., 2008). 
Due to not having available methods to separate natural from 
human-induced fires, and assuming minor role of natural fires in the 
analysis compared to anthropogenic impact on land-cover change, 
wildfires were not explicitly included in our analysis. 

4.2. Insight from REVEALS dataset analysis - comparison with previous 
studies 

Previously, land-cover naturalness and anthropogenic impact on 
vegetation were assessed through analysing changes in forested areas 

(Strona et al., 2016; Kaplan et al., 2017; Pirzamanbein and Lindström, 
2022; Woodbridge et al., 2018) and via cultural indicator-types in pollen 
sequences (Deza-Araujo et al., 2020, 2022; Behre, 1981; Mercuri et al., 
2013; Gaillard, 2013). Apart from known cultivars, many cultural in
dicator pollen types are components of natural vegetation, characteristic 
of open conditions, natural grazing dynamics or disturbed soils, partic
ularly in southern Europe (Fyfe et al., 2019; Roberts et al., 2019) and 
thus require careful interpretation. Within the framework of the 
LANDCLIM project (Gaillard et al., 2010) anthropogenic land-cover 
changes were commonly expressed as vegetation openness indicated 
in the REVEALS model results (Trondman et al., 2015). 

Recently, REVEALS estimates were compared with DVM-simulated 
vegetation with a goal of assessing land-cover change in Europe and 
analysing underlying processes behind the observed changes (Dallmeyer 
et al., 2023). Similar to our study, Dallmeyer et al. (2023) attributed 
varying discrepancy over time between the two datasets to human ac
tivity. Here we applied a more complex approach that takes into account 
vegetation composition in the form of fractions of plant functional types 
(PFTs) and their evolution through time, and used more spatially 
explicit REVEALS estimates. We identified that in addition to vegetation 
openness (expressed as fraction of herbaceous cover), anthropogenic 
changes affected distribution of other PFTs, such as broadleaved sum
mergreen boreal/temperate cold trees (BSBTT), broadleaved summer
green temperate cool trees (BSTCT), broadleaved evergreen 
boreal/temperate cold shrubs (BEBTS), and broadleaved evergreen 
temperate warm shrubs (BETWS) (Fig. 1). Lechterbeck et al. (2014) also 
found that early agriculture resulted in compositional changes in forests 
in southern Germany, rather than increased openness. 

Analysing the REVEALS dataset, Marquer et al. (2017) indicated a 
decrease of broadleaved forest and an expansion of coniferous woodland 
during the Mid-Holocene. Our findings support the hypothesis about the 
anthropogenic nature of changes in broadleaved summergreen PFTs 
(BSBTT and BSTCT) (Fig. 1). However, contrastingly to Marquer et al. 
(2017), we observed no significant variation in MR of needleleaved 
evergreen plant group (NBTT), which suggests that the coniferous 
woodland expansion reported by Marquer et al. (2017) is likely driven 
by climatic factors. In addition to changes in vegetation openness and 
herbs (such as Filipendula, Artemisia, Plantago and Rumex acetosa t.) 
(Gaillard, 2007), anthropogenic activity in REVEALS estimates were 
previously attributed to changes in agricultural taxa (Cerealia t. And 
Secale cereale) (Trondman et al., 2015). Our results supported the hy
pothesis about anthropogenic nature of changes in openness, repre
sented by the fraction of herbs. However, we observed the absence of 
statistically significant difference in HPI values between grid cells with 
and without the presence of agricultural taxa in REVEALS (Supple
mentary Fig. 5). The observed results may be attributed to the repre
sentation of agricultural land in REVEALS reconstructions. For example, 
the classification does not include other cultivated plants, such as Fag
opyrum (buckwheat), Linum usitatissimum (common flax) and Juglans 
regia (walnut) (Trondman et al., 2015). This suggests that the HPI re
flects human pressure on vegetation in a more broad sense than just 
Cerealia t. And Secale cereale crop cultivation. 

4.3. Consistency of our findings with ALCC scenarios 

Contrastingly, the evolution of HPI patterns through the studied 
period generally coincide in time and location with previously simulated 
by ALCC human induced vegetation changes. Anthropogenic impact on 
land-cover was previously reported to shift north throughout the second 
half of the Holocene (Goldewijk et al., 2017a; Kaplan and Krumhardt, 
2011; Stephens et al., 2019), which is reflected in HPI values, which rise 
following similar trajectory (Fig. 3). Moreover, at 6000 BP our results 
present a general agreement in patterns of HPI with the KK10 ALCC 
scenario (Kaplan and Krumhardt, 2011). Both indicate anthropogenic 
land-cover modifications across Mediterranean Europe and partial 
modifications in central and northern Europe (Fig. 2, Supplementary 

Fig. 4. Percentage of grid cells with indicated difference in HPI between the 
TW1 (2015–1850 CE) and each consequent TW. P: positive slope (the most 
recent time window has lower human pressure index); N: negative slope (the 
most recent time window has higher human pressure index); S: significant; NS: 
non-significant at the 0.05 level (paired Student’s t-tests). For example, for the 
difference between TW14 and TW1, the dark brown part of the bar shows that 
60% had a statistically significant negative slope, indicating that TW1 had a 
significantly higher HPI value than TW14. For the maps of the differences in 
HPI please refer to the Supplementary Figs. 1 and 2. 

Fig. 5. Human pressure index (HPI) in Europe from TW14 (5700–6200 BP) to 
TW1 (present - 100 BP). 
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Fig. 1). The areas of high human pressure index coincide with the spread 
of agriculture, indicated in the HYDE 3.2 ALCC (Goldewijk et al., 
2017a). However, HPI indicated higher anthropogenic land-cover 
change at 6000 BP than KK10 and HYDE 3.2 in eastern Europe, which 
is not reflected in either of the two ALCC. It should be noted that both 
ALCC scenarios are derived from GIS models that are primarily based on 
population estimates and geographic information (Marquer et al., 2017; 
Kaplan et al., 2009; Goldewijk et al., 2017a). Therefore, they are con
strained by various methodology limitations and do not always agree 
with archaeological records. For example, findings of KK10 and HYDE 
3.2 scenarios for eastern Europe differ from conclusions of the Archae
oGLOBE project, an empirical global assessment initiative of land use 
based on archaeological knowledge (Stephens et al., 2019). Archae
oGLOBE results suggested that the onset of intensive (in the case of 
HYDE 3.2) and widespread agriculture (in the case of both KK10 and 
HYDE 3.2) in the region was significantly underestimated (for up to 
7500 years) in both ALCC scenarios. According to ArchaeoGLOBE esti
mates, common levels of intensive agriculture onset in the region were 
present at 6000 BP (Stephens et al., 2019), which supported our results, 
indicating relatively high HPI values over the region in the 
Mid-Holocene (Fig. 2). 

In our findings, we observed nearly 60% of grid cells to have a 

significant increase in HPI values at TW1 (1850 CE–2005), compared to 
TW14 (5700–6200 BP) (Fig. 4). Since this period is characterized by the 
onset and spread of agriculture over the study region (Stephens et al., 
2019; Kaplan and Krumhardt, 2011; Goldewijk et al., 2017a), we 
assumed this value to be largely attributed to agricultural activity. Re
ported increase in HPI agrees with the ALCC estimates and FAO land use 
statistics (FAO, 2022), which reports that 52.3% of the area of European 
Union was 1961 classified as agricultural. Similarly, the ALCC scenarios 
suggest that for the study area at TW1 (modern time) nearly 56% of 
land-cover was transformed by anthropogenic activity accordingly to 
KK10, and HYDE 3.2 estimates suggested nearly 45% of land-cover to be 
impacted by agriculture (18% grazing and 27% cropland) (Fig. 6). ALCC 
estimates agree with the FAO land use statistics (FAO, 2022), since they 
are partially based on FAO statistics (in case of HYDE 3.2). In this study 
we analysed data for continental Europe, contrastingly to FAO land use 
statistics, which is constrained by the EU borders. Additionally, the 
REVEALS dataset is not spatially continuous. Thus, the values in Fig. 6 
are not directly comparable to FAO statistics. However, the ALCC land 
use indices at TW1 have similar levels of magnitude to extent of agri
cultural land reported by FAO, confirming that both KK10 and HYDE 3.2 
mainly represent land-cover change for agricultural purposes, and 
indicating that the HPI detected land-cover change for agricultural 
purposes in a similar manner to analysed ALCC scenarios. 

We note that agriculture appeared in Europe as early as ca. 
8000–9000 BP (Stephens et al., 2019; Gronenborn and Horejs, 2021), 
and by the earliest TW covered in this study (5700–6200 BP), it had 
become widespread in some European regions (Stephens et al., 2019). 
Consequently, high HPI values at that period are to a degree attributed 
to early agricultural practices, particularly in the Mediterranean region 
and Southern Europe (Figs. 2 and 3). However, HPI shows a significantly 
larger anthropogenic land-cover change at TW14 (5700–6200 BP) than 
the two considered ALCCs (Figs. 5 and 6 Supplementary Figs. 3 and 4). 
Considering the fact that land-cover changes in KK10 and HYDE 3.2 
reflect the establishment of the first agricultural societies (Goldewijk 
et al., 2017b; Kaplan et al., 2009), and show 17% and 0% of 
agriculture-driven landscape changes at TW14 correspondingly (Fig. 6), 
we suggest that high HPI values at TW14 (Figs. 3 and 5) are partially 
attributed to pre-agricultural anthropogenic land-cover modifications 
that accumulated throughout the history of human-environment in
teractions in Europe and led to high levels of vegetation divergence from 
potential natural state. These findings emphasize the importance of 
accounting for early anthropogenic landscape impact, reported in pre
vious studies (Archibald et al., 2012; Bos and Urz, 2003; Doughty, 2013; 
McWethy et al., 2010; Pinter et al., 2011; Roberts et al., 2021; Ellis et al., 
2021; Nikulina et al., 2022). 

Fig. 6. HYDE 3.2 simulated land use, expressed as fraction of croplands and grazing per grid cell (left panel), and KK10 simulated land use, expressed as deforestation 
index (right panel). 

Fig. 7. Correlation between human pressure index (HPI) versus HYDE 3.2 
population density estimates over latitudinal zones in Europe for TW14 
(5700–6200 BP). 
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4.4. Methodological limitations 

It should be noted that the overestimation in HPI could be partially 
attributed to methodology limitations. Such limitations were caused by 
data availability in the REVEALS dataset, as well as by unequal reli
ability of the REVEALS grid cells (Serge et al., 2023). The intercom
parison between reconstructed and modelled vegetation was also 
previously reported to be challenging (Dallmeyer et al., 2023). In 
addition, to correct biases of the used climate model we used the CDF-t 
approach (Vrac, 2018; Zapolska et al., 2023), but no bias correction was 
performed for the vegetation model (CARAIB). For the intercomparison 
PNV data was resampled and reclassified to be compatible with the 
REVEALS dataset, which in turn led to simplifications and resampling 
biases. For example, as in this work we assigned each taxon to a unique 
PFT category, the taxon Ericaceae was only included in broadleaved 
evergreen boreal/temperate cold shrubs (BEBTS) PFT (Table 1). How
ever the Ericaceae family includes species that live both in the north and 
at high elevations (herbs and low shrubs, i.e. Vaccinium, Arctostaphylos 
uva-ursi), and in the South (trees, i.e. Arbutus unedo, Erica arborea) (Serge 
et al., 2023). 

We hypothesise that the descending temporal trend and high HPI 
values in northern latitudes were mainly caused by the aforementioned 
methodology biases, such as PFT classification limitations and differ
ences in representation of bare ground in studied datasets. Moreover, 
the trees at high latitudes might be confined in small topographic de
pressions that induce a local micro-climate that we cannot reproduce at 
our spatial scale. However, the rising HPI values through the studied 
period in most of continental Europe (south of 54.5◦N) were mainly 
associated with human activity, which was previously reported to shift 
north throughout the second half of the Holocene (Goldewijk et al., 
2017a; Kaplan and Krumhardt, 2011; Stephens et al., 2019). 

4.5. Quantifying uncertainties 

It should be noted that the absolute HPI values (Figs. 2, 3 and 5) 
should be treated with caution, as they are affected by various meth
odology biases discussed in this study. To our knowledge, there is no 
approach to quantify given uncertainties. However, the study of 
Zapolska et al. (2023) estimated methodological uncertainties of the 
used approach by comparing PNV simulations from bias-corrected 
CARAIB and statistically modelled PNV distribution of Levavasseur 
et al. (2012), based on BIOME6000 pollen reconstructions. Their find
ings indicate that methodological biases can constitute up to nearly 50% 
when analysing matching ratios between PNV datasets of a different 
origin, which would place a lower boundary on the HPI absolute value at 
6000 BP (Fig. 5) at about 30%, but likely more if median taken. To 
eliminate the impact of these biases on our conclusions, we emphasize 
the importance of changes from one TW to another, rather than absolute 
differences between the datasets, as the impact of methodology biases 
remains constant in all TWs (assuming their stationarity). Hence, our 
conclusions are largely based on the analysis of temporal changes in HPI 
values and trends that appear in these changes. 

To verify our findings, further studies aimed at evaluation of human 
pressure on land-cover could compare the results using several vegeta
tion models (i.e. Dallmeyer et al., 2023), undertake a detailed inter
comparison with established and emerging pollen-indicator type 
approaches (e.g. Deza-Araujo et al., 2022), draw on more extensive 
compilations of pollen records, as well as investigate potential impact of 
bare ground in pollen-based reconstructions (e.g. through the applica
tion of the Modern Analogue Technique demonstrated by Sun et al., 
2022). In addition, incorporating ALCC estimates in the workflow and 
introducing plant consumption by megafauna would allow further 
analysis of underlying processes behind detected land-cover changes. 

4.6. More than agriculture – pre-agricultural practices and land-cover 
naturalness 

Despite the limitations of our study, the significant relationship be
tween the HPI and HYDE 3.2 population density (Fig. 7) supported the 
suggestion that relatively high HPI values in the Mid-Holocene were 
mainly attributed to human vegetation cover modifications by the 
means of early agricultural and non-agricultural practices during the 
periods preceding TW14 (5700–6200 BP). It should be noted that HYDE 
3.2 population estimates are highly debated in the land use community 
due to their uncertainties related to strong dependency on a few his
torical population sources, such as McEvedy and Jones (1978), Maddi
son (2001) and Livi-Bacci (2007) (uncertainty ranges reported by 
Goldewijk et al., 2017b). However, our conclusion on partially 
non-agricultural nature of high HPI values at Mid-Holocene is also 
supported by the widespread evidence of hunter-gatherer land use, 
which indicates that land-cover were largely transformed by humans 
prior to agricultural onset (Bos and Urz, 2003; Finsinger et al., 2006; 
Nikulina et al., 2022; Roebroeks et al., 2021; Scherjon et al., 2015). 
Moreover, findings of Ellis et al. (2021), based on the analysis of 
spatially explicit global reconstruction of historical human populations 
and land use, show that nearly three quarters of Earth’s land was already 
inhabited by hunter-gatherer and/or early agricultural societies at the 
beginning of the current interglacial interval, transforming wildlands 
into cultured anthromes. Their conclusions are in line with our findings 
that indicate around 70% difference between reconstructed and poten
tial natural state of land-cover at 5700–6200 BP (Fig. 5, TW14). Con
trastingly, KK10 land use indicates 17% of land-cover change over the 
same study area at 5700–6200 BP (Fig. 6, right panel, TW14), which is 
rather an indicator for adoption of agriculture, than land-cover 
“naturalness”. 

Notably, high HPI values at TW14 are concentrated in the Mediter
ranean region (see Fig. 2). In support of our findings, a synthesis of 
existing sedimentary charcoal records (Marlon et al., 2013) reports 
significant fire activity during the early Holocene in the same region. 
While the study of Marlon et al. (2013) acknowledges that it is chal
lenging to analyse complex fire-vegetation-climate dynamics over the 
Mediterranean, they suggest strong dependence of the European early 
Holocene fire history on climate rather than human activity. Our find
ings, however, suggest a link between high early HPI and very high 
burning in the area during the early Holocene (~10,000 BP). It should 
be noted that Marlon et al. (2013) highlight the difficulty in establishing 
the link between temperature and human impact within each local 
sub-region. Additionally, even minor climate changes, such as slightly 
drier conditions, can facilitate human-triggered fires. Hence, we propose 
that climate change amplifies the dynamics of human-related fires, 
particularly in arid regions, as emphasized in the compilations of Marlon 
et al. (2013). 

Nevertheless, HPI increase across the continent throughout our study 
period aligns with fire intensity patterns in northeastern and central 
Europe reported by Marlon et al. (2013), which during this time they 
hypothesise to be driven primarily by human activity. Hence, alongside 
the use of the climate-driven baseline in our study, high charcoal index, 
KK10 index and long history of archaeological evidence of human 
presence across the Mediterranean region support our findings that 
suggest high human pressure on vegetation “naturalness” of the region 
and call for a more extensive analysis of HPI against charcoal records. 
Thus, our findings do not support the hypothesis of a relatively natural 
land-cover in the Mid-Holocene in Europe, and suggest high levels of 
anthropogenic modifications to vegetation composition due to cumu
lative effect of changes introduced by early agricultural and 
non-agricultural activities. 

The HPI values indicate that at TW1 (present − 100 BP) nearly 87% 
of the studied land-cover differed from the potential natural state, which 
accounts for changes due to agricultural activity as well as impact of 
non-agricultural activities, accumulated throughout the long history of 
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human-environment interaction. These values are comparable with 
previously published estimates, indicating that from 75 to 95% of the 
global area is somewhat transformed by human societies (Ellis et al., 
2010, 2021; Williams et al., 2015). It is, however, challenging to esti
mate the full extent of anthropogenic impact on land-cover from the 
existing literature, as lands that are described as “natural” often exhibit 
long histories of use, including protected areas, managed forest and 
cultural landscapes (Ellis et al., 2021). Using a quantitative approach, 
our results validated high levels of cumulative anthropogenic change of 
vegetation cover at 6000 BP (nearly 72%) and in the modern period 
(nearly 87%) and emphasized that while agriculture was an important 
driver of land-cover change in the Holocene, other human practices also 
significantly contributed to divergence of land-cover from its natural 
state. Similar conclusions were reported by Strona et al. (2016), who 
compared forest structure data with PNV simulations, and indicated that 
at present day European forests are far from a natural condition, 
showing only moderate signals of the ecological spatial structure typical 
of undisturbed vegetation (mostly at higher latitudes). It should be noted 
that while HPI values reflect time-cumulative anthropogenic impact on 
landscapes, they do not represent exclusively unstable or disturbed 
ecosystems. If, after an anthropogenic disturbance, an area recovered 
into a stable and mature ecosystem which is different to the existing 
pre-disturbance ecosystem, it is still considered to have been altered by 
human activity through our analysis. Hence, our findings are not 
directly comparable with a concept of disturbed ecosystems used in 
ecology, since this study quantifies magnitude by which humans shifted 
vegetation off its natural climate-driven course regardless of the 
end-state of the resulting ecosystem. Our findings, however, contribute 
to the debate on the start of Anthropocene (Lewis and Maslin, 2015; 
Ruddiman et al., 2016; Ruddiman, 2013, 2018; Smith and Zeder, 2013; 
Waters et al., 2016; Zalasiewicz et al., 2021), highlighting the impor
tance of acknowledging the long history of anthropogenic land-cover 
modifications. 

5. Conclusions 

In this study we examined the relationship between simulated po
tential vegetation (PNV) and pollen-based regional estimates of vege
tation abundance (REVEALS) to quantify human pressure on land-cover 
over the second half of the Holocene (6200 CE). With this method we 
observed a northward increase of anthropogenic pressure in time, 
expressed in a form of a human pressure index (HPI) in the largest part of 
continental Europe (41–54◦N) throughout the second half of the Holo
cene. The time and location of this increase coincide in trajectory and 
evolution with well-known anthropogenic land-cover change (ALCC) 
scenarios, KK10 and HYDE 3.2, as well as with findings of the Archae
oGLOBE initiative. Similar to KK10 and Archaeoglobe, in the Mid- 
Holocene HPI values suggest anthropogenic land-cover modifications 
across Mediterranean Europe, and partial modifications in central and 
northern Europe. From there, HPI extends towards the north, with 
increasing intensity around 1200–1700 BP, following patterns similar to 
the ALCC scenarios. Our study found that almost 60% of grid cells 
exhibited a significant increase in HPI values during the modern time 
(TW1), compared to 5700–6200 BP (TW14). These findings align with 
estimates of ALCC: nearly 56% of the study area’s land-cover was 
transformed by human activities during the modern era (TW1) based on 
KK10 estimates, while HYDE 3.2 estimates suggest that agriculture 
impacted nearly 45% of the land-cover, with grazing accounting for 18% 
and cropland accounting for 27%. However, our inferred human impact 
on vegetation (as indicated by HPI values) was greater than suggested by 
the KK10 deforestation index, and HYDE 3.2 cropland and grazing es
timates. We observed high initial values of HPI at 5700–6200 BP, indi
cating up to 70% of the vegetation composition was affected by humans, 
as well as the absence of correlation between presence of agricultural 
taxa in REVEALS. These findings suggest that our approach demon
strates human impact on land-cover in a broader aspect than agriculture. 

Significant correlation of HPI with HYDE 3.2 population density (r =
0.75, p-value <0.005) indicates that the HPI is strongly associated with 
human activity. Our findings suggest that up to 70% of vegetation 
composition in Europe may have been affected by both early agricul
tural and pre-agricultural human practices prior to the Mid-Holocene. In 
the context of the debate about the chronology of the Anthropocene, this 
study suggests that anthropogenic land-cover change transcends the 
boundaries of agriculture. It highlights the significance of cumulative 
effect of pre-agricultural practices on the state of land-cover in the Mid- 
Holocene, and calls for a more comprehensive exploration of the com
plex interactions between humans and the environment during that era. 
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Lamentowicz, M., Latałowa, M., Marcisz, K., Obremska, M., Pędziszewska, A., 
Poska, A., Rehfeld, K., Stančikaitė, M., Stivrins, N., Święta-Musznicka, J., Szal, M., 
Vassiljev, J., Veski, S., Wacnik, A., Weisbrodt, D., Wiethold, J., Vannière, B., 
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Stivrins, N., Święta-Musznicka, J., Szal, M., Vassiljev, J., Veski, S., Wacnik, A., 
Weisbrodt, D., Wiethold, J., Vannière, B., Słowiński, M., 2018. Holocene fire activity 
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