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Abstract: Socio-ecological systems are complex, dynamic structures driven by cross-scale interactions
between climate, disturbance and subsistence strategies. We synthetize paleoecological data to
explore the emergence and evolution of anthropogenic landscapes in southwestern Europe and
northern Africa. Specifically, we estimate trends in vegetation and fire, and assess how changes in
climate and resource exploitation altered ecosystem dynamics over the last 10,000 years. Pollen data
reveal that a complex vegetation mosaic resulted from the conversion of forests into areas suitable
for crops, especially after 7000 cal yr BP. Cross-scale analysis shows a progressive decoupling of
climate and ecosystem trajectories, which displayed an overall south-to-north time-transgressive
pattern consistent with models of population expansion. As human impact increased, so did the
use of fire, and after 4000 cal yr BP, levels of biomass burning became homogeneous across the
region. This region-wide rise in burning suggests that land-management overrode the effects of
climate, fuel and topography. Thus, while increasing the returns and predictability of resources,
rapidly-growing communities created a new form of frequent and extensive disturbance that led to
profound and persistent changes in the landscape, including shrub encroachment, increased erosion
and soil impoverishment.

Keywords: deforestation; fire; human impact; climate change; land-use; Holocene;
preindustrial; Anthropocene

1. Introduction

Throughout the geological history of Earth, climate has been a key driver of biophysical processes
at a variety of scales, from landform transformation and biological evolution, to biome reorganization
and geochemical cycles. Modern ecosystems have been shaped by these processes, as well as by
the legacy effects of millennia of anthropic resource exploitation [1]. In particular, the emergence of
agriculture and the changes in land-cover associated with its spread may have altered, not only the
local distribution of vegetation, but also greenhouse-gas concentrations and global climate [2].

In the Mediterranean Basin, for example, the expansion of agriculture is believed to have started
over 11,000 years ago and reached southwestern Europe at ca. 8000 cal yr BP (calibrated years before
present; [3]). Pollen- and charcoal-based reconstructions show coeval deforestation that resulted in the
loss of up to 60% of Early Holocene European forests (10,000–8000 cal yr BP) by preindustrial times [4],
as well as altered fire regimes [5]. This association suggests that, rather than pristine landscapes,
anthropic ecosystems have dominated the continent for thousands of years.
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Human-environment relationships, however, are not unidirectional. Processes as diverse as food
production, migrations, settlement patterns and the domestication of species have been attributed in
part to environmental change (e.g., [6,7]). Socio-environmental systems (SES) thus emerge as complex,
dynamic structures driven by changes in climate, disturbance regimes and subsistence strategies. For
this reason, the understanding of these systems informs not only on ecosystem responses to climate and
anthropogenic change, but also provides insights into the time-variant social, economic, technological
and esthetic forces involved in their evolution.

In this study, we explore the emergence and evolution of anthropogenic landscapes in the Western
Mediterranean and Adjacent Atlantic Regions (WMAAR; Figure 1). In order to account for both
the climate and human dimensions of ecosystem change, we synthetized publicly-available pollen
and charcoal data to (i) estimate Holocene trends in fire, vegetation and land-use at the regional and
sub-regional scales. The results are then compared with independent, published models of area burned
and land-cover to (ii) assess how and at what scales the anthropogenic impact and climate variability
altered vegetation and fire dynamics over the last 10,000 years. We thus expect to harness the power
of empirical data to describe past environmental conditions, and use data-model comparisons to
offer process-based representations of climate-fire-vegetation linkages that can be interrogated with
ecological goals.
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Figure 1. Western Mediterranean and Adjacent Atlantic Regions (WMAAR). The dashed lines show
the approximate boundaries of the sub-regions identified with a classification tree. Squares and
triangles depict the location of the sites employed in the vegetation and fire reconstructions, respectively
(Table S1).

2. Materials and Methods

2.1. Regional Setting

The Mediterranean Sea is a semi-enclosed, relatively deep body of water that constitutes a large
reservoir of heat and moisture. Climate in the surrounding landmasses is characterized by warm/hot,
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dry summers and mild/cold, humid winters. Due to the latitudinal position of the region, precipitation
is mainly associated with systems migrating eastwards along the storm tracks.

Dry summer conditions result from the pole-ward migration of the Inter-tropical Convergence
Zone (ITCZ), which brings southwestern Europe under the influence of the Azores subtropical high,
and blocks the circulation of the mid-latitude westerly winds. Conversely, the southward shift of
the ITCZ in winter months allows humid Atlantic air masses to reach the area, leading to increased
precipitation [8].

Although the sea and the ocean have a strong effect on atmospheric circulation and cyclogenesis,
the Western Mediterranean and Adjacent Atlantic Regions (WMAAR) cannot be defined as a climatically
homogeneous area [9]. An overall north-to-south temperature and precipitation gradient prevails in
the region, with longer, warmer and drier summers south of latitude 40◦N [10]. The gradient is altered
by complex orography, which, combined with land-sea interactions and local processes, results in a
mosaic of climates. As a consequence, annual precipitation ranges from <200 mm in arid environments
to the south to > 3500 mm in the most humid alpine watersheds. A long history of human occupation
adds further complexity to the landscape, and humid alpine ecosystems, hot subtropical deserts and
temperate maritime forests co-exist in the area [11,12].

2.2. Rationale

Environmental trajectories result from cross-scale interactions, wherein the higher levels of
interconnections constrain the lower ones to various degrees [13]. Climate is a large-scale driver
of ecosystem dynamics. If climate requirements are met, site-specific factors are thought to govern
vegetation structure at the watershed-scale. Paleoecological studies support this assertion by showing
that ecosystem development at the regional-scale can be attributed to long-term changes in insolation
(incoming solar radiation) and atmospheric circulation (e.g., [14]). Suitable climate consequently
emerges as a necessary condition for vegetation establishment and persistence, but by itself, this does
not provide a sufficient set of mechanisms to explain the distribution of plant communities [15,16].
Based on the corollary of this theoretical framework, i.e., that the relative importance of a given process
is scale-dependent, synthesis of proxy data has allowed the identification of the climate signal on
vegetation and fire at sub-continental scales [17–21]. We followed a similar approach to assess the
relative role of climate and anthropogenic impact in driving regional ecosystem dynamics during the
last 10,000 years. Specifically, we first reconstructed regional trends in biomass burning and vegetation.
We then visually compared the estimated trends with independent models of the area burned and
potential woody biomass for southwestern Europe [5,22,23]. Given that the model of area burned and
that of the potential woody biomass are driven by climate, we expect a close correspondence between
our data-based reconstructions and the simulations at times when climate was the main driver of
ecosystem dynamics. Conversely, a mismatch between the models and the estimated trends in fire
and/or woody taxa abundance is interpreted as possible evidence of large-scale anthropogenic impact
and/or strong positive vegetation–fire feedbacks that override the direct effects of climate.

To further explore human-environment interactions, we also considered modeled woody biomass
under the widely used Kaplan and Krumhardt 2010-scenario (KK10; [24]). KK10 is a model of Holocene
land-cover change in Europe driven by population density and constrained by climate and soil
characteristics. Woody vegetation cover at any time is assumed to be dependent upon the physical
setting. Deforestation, in turn, is a function of the amount of cultivable land and population size, whose
impact is conditioned on technological advances that improve food production (see [22] for details).
Congruency between our data and the modeled time series of land-cover change lends support to
the assumptions of the KK10-scenario, in particular, non-linear relationships between population
density and land-use. These non-linearities have been proposed to result from land-use intensification
associated with increasingly higher population densities over time [25].

According to hierarchical theory, deviations from regional fire or vegetation dynamics are expected
to result from sub-region-specific factors, such as synoptic climate, soil characteristics and the local
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historical context [26]. In an effort to disentangle the regional and sub-regional-scale drivers of
environmental trajectories, we (iii) divided the study area in relatively homogenous sub-regions and
(iv) analyzed how fire, vegetation and anthropogenic impact at each sub-region deviated from the
trends estimated for the entire study area.

2.3. Reconstruction of Regional Trends in Fire and Vegetation during the Holocene (ca. 10,000 cal yr
BP–Present)

Charcoal and pollen data publicly available in the Global Charcoal Database (www.paleofire.
org; [21,27]) and the European Pollen Database (www.europeanpollendatabase.net; [28]), respectively,
were used to estimate long-term trends in fire and vegetation. Reconstructions draw on well-dated,
high-resolution time series. Only the 334 sites whose chronological control and resolution are equal
or higher than the median of all records in the databases are included in this study (i.e., at least one
radiocarbon sample per 3000 years, and at least one charcoal sample every 56 years, or one or more
pollen samples every 290 years) (Figure 1; Table S1). Past fire activity was inferred from trends in the
accumulation of micro- or macro-charcoal particles in lake-sediment cores (<125 and ≥125 µm; [29]).
In order to reduce the influence of changes in sedimentation, non-influx data were converted to charcoal
accumulation rates (CHAR Equation (1)).

CHAR(i) = charcoal(i) * sed. rate(i) (1)

where charcoal(i) is the number of particles tallied in the ith sample and sed. rate(i) is the sedimentation
rate of the same sample.

CHAR were BoxCox-transformed [30] and rescaled to account for differences in particle size,
laboratory techniques and analytical approach, and expressed as anomalies with respect to the Holocene
range of each record. Equation (2) See [21,31,32] for further details and examples of this approach.

tr_CHAR(i) = (CHAR(i) −min(CHAR))/(max(CHAR) −min(CHAR)) (2)

where tr_CHAR(i) corresponds to the transformed CHAR calculated for the ith sample.
The reconstruction of vegetation dynamics was based on the ratio of woody to herbaceous taxa.

The ratio is expected to reflect relative vegetation openness, with higher values representing closed
forest, and lower ones associated with open landscapes. We also estimated the relative proportion of
shrubs to total woody taxa in order to better characterize community structure.

Pollen-types commonly used as anthropogenic indicators (e.g., [33]), and present in at least
85% of the records, were factored into an anthropogenic index that served as a proxy of land-use.
Specifically, the index was calculated as the sum of the minimax-transformed pollen percentages of
cultivated plants identified as Avena, Hordeum, Secale cereale, Tritium, Zea mays, Cerealia, Castanea,
Juglans and Olea pollen-types, and ruderal species of the genera Plantago and Rumex tallied in each
sample. The proportion of the anthropogenic index to ruderals is reported and interpreted as an overall
measure of the efficiency of agricultural practices.

Some of these taxa are native to Mediterranean ecosystems [34]. For this reason, changes in their
abundance in the southernmost ecosystems of the study area cannot be attributed exclusively to human
activities. However, given that their physiological tolerances and requirements differ, we expect the
anthropogenic index to be dominated by noise in the absence of human impact. Conversely, a trend
should emerge in the presence of anthropogenic activities that promote the expansion of all of these
trees, herbs and grasses [35].

Following Iglesias & Whitlock [36], we used Generalized Additive Models (GAMs) to construct
regional composite records of fire, vegetation and anthropogenic impact for the Western Mediterranean
and Adjacent Atlantic regions. GAMs constitute a powerful trend-detection tool that overcomes the
limitations of compounded single-site interpretations, and unlike other methods employed in data
synthesis, GAMs allow a specification of the link function, and do not assume linearity [37].

www.paleofire.org
www.paleofire.org
www.europeanpollendatabase.net
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Trends in continuous, normally-distributed response variables (i.e., standardized CHAR and
anthropogenic index) were modeled as smoothing functions of the concatenated data of all sites.
Woody taxa percentages, which were directly derived from counts (i.e., relative quantity of pollen
grains from woody species with respect to the sum of all grains in a sample), were assumed to be
Poisson-distributed. For this reason, Poisson-rate GAMs with a logarithmic link between the means of
the pollen counts and time were employed to ensure that the fitted values were always nonnegative.
Because over-dispersion of the residuals was observed, we also assessed the performance of models
that used quasi-Poisson and negative binomial distributions.

In all cases, trend estimation was based on penalized likelihood maximization. GAMs have a
propensity to overfit, and careful model selection is necessary to counter this limitation. We performed
this step through a comparison of Akaike’s Information Criterion values (AIC; [38,39]) and an inspection
of the residuals. Prior to fitting the GAMs, the time series were interpolated to their median resolution
(charcoal = 36 years cm−1; pollen = 119 years cm−1) to avoid an overrepresentation of the records
with higher temporal resolution. It is important to note that the relationships between pollen and
vegetation, and charcoal and fire have been shown to be positive, but not necessarily linear [29,40–42].
For this reason, our reconstructions are of a qualitative nature, and a linear association between pollen
or charcoal data and vegetation abundance, anthropogenic impact, or fire, is not assumed or implied.

We applied constrained cluster analysis (CONISS; [43]) to a Manhattan-distance matrix computed
from the estimated regional trends in fire, vegetation and anthropogenic impact to define stages of
socio-environmental development. The optimal number of stages was determined with a broken-stick
model [44]. To aid in the description of the dataset, the onset of the decline of forest cover was
constrained through break-point detection. The optimal number and location of break-points was
estimated with the Cross-Entropy method, which is a model based on stochastic optimization [45].
The algorithm was implemented by simulating the location of break-points on sets of 200 samples (M
= 200). A subset comprising 5% of all samples was used to obtain a best performing set of sample
solutions (ρ = 0.05).

2.4. Reconstruction of Sub-Regional Trends in Ecosystem Dynamics during the Holocene

Defining ecological sub-regions is a non-trivial task that involves converting a four-dimensional
continuum defined by latitude, longitude, elevation and time to discrete units. To tackle this objective,
we used a classification tree (i.e., a non-parametric technique employed in the partitioning of large
datasets) [46] to recursively divide the space defined by the pollen samples from all sites into
homogeneous vegetation zones. In particular, we modeled woody taxa pollen percentages from all
samples as a function of latitude, longitude and elevation. Given that classification trees tend to overfit,
the preliminary trees were cross-validated and ‘pruned’ to allow the generalization of the results to
independent pollen datasets [47].

Spatiotemporal variability in ecosystem trajectories was assessed through a comparison of trends
in charcoal, woody-to-herbaceous taxa ratios, anthropogenic indices and plant functional types (i.e.,
conifers, broad-leaved trees and shrubs), estimated with GAMs at each sub-region. This approach
allowed the identification of periods and locations of abnormally high or low charcoal accumulation
rates or pollen percentages, which are interpreted as anomalous biomass burning or woody taxa
cover [48,49]. The same procedures employed in the estimation of the phases of socio-environmental
development and the onset of deforestation at the regional scale were applied at each sub-region.
In addition, the standardized variance of the residuals of the GAM employed in the reconstruction of
the regional trend in charcoal is interpreted as a measure of the spatial variability in fire activity, with
low (high) values suggesting spatially homogeneous (heterogeneous) burning.

All analyses and figures were made using R-programming version 3.0.2 [50] with packages AID
1.4 [51], akima 0.5-11 [52], alr3 [53], breakpoint [45], dplyr 0.4.3 [54], ggplot2 [55], mgcv 1.7-29 [37],
rioja [56]; tree 1.0-35 [57], and corresponding dependencies.
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3. Results and Discussion

3.1. Regional Trends in Ecosystem Dynamics during the Holocene

Multivariate analysis of the charcoal, pollen and anthropogenic index time series (i.e., CONISS)
allowed the identification of four stages in the development of socio-environmental systems (Table 1;
Figure 2):

Table 1. Generalized Additive Models (GAMs) applied to the charcoal and pollen data to estimate
trends in fire and woody taxa abundance anthropogenic impact, respectively.

Model Family Dev. Expl. * δ AIC

Western Mediterranean and Adjacent
Atlantic Regions

Cht = α + f(Timei)+ Sitei+ εi Gaussian 66.4% 101
Wt = α + f(Timei)+ Sitei+

log(Terrestrial pollen sum−1)i + εi
Neg. binom. 39.8% 7001

AIt = α + f(Timei)+ Sitei+ εi Gaussian 58.8% 1779
Temperate Western Europe

Cht = α + f(Timei)+ Sitei+ εi Gaussian 36.9% 3
Wt = α + f(Timei)+ Sitei+

log(Terrestrial pollen sum−1)i + εi
Quasipoisson 81.2% NA

AIt = α + f(Timei)+ Sitei+ εi Gaussian 59.8% 1914
Alpine subregion

Cht = α + f(Timei)+ Sitei+ εi Gaussian 42.5% 36
Wt = α + f(Timei)+ Sitei+

log(Terrestrial pollen sum−1)i + εi
Poisson 82.9% 13,381

AIt = α + f(Timei)+ Sitei+ εi Gaussian 59.7% 999
Northern Mediterranean

Cht = α + f(Timei)+ Sitei+ εi Gaussian 47.1% 55
Wt = α + f(Timei)+ Sitei+

log(Terrestrial pollen sum−1)i + εi
Quasipoisson 78.3% NA

AIt = α + f(Timei)+ Sitei+ εi Gaussian 45.0% 775
Southern Mediterranean

Cht = α + f(Timei)+ Sitei+ εi Gaussian 53.1% 60
Wt = α + f(Timei)+ Sitei+

log(Terrestrial pollen sum−1)i + εi
Poisson 52.0% 35,171

AIt = α + f(Timei)+ Sitei+ εi Gaussian 40.8% 96

Where charcoal (Ch), woody taxa (W) and the anthropogenic index (AI) were modeled as smoothing functions of
the concatenated time data of all sites [f(Timei)] and the nominal variable Sitei. α is the intercept for the baseline site,
log(Terrestrial pollen sum−1)i and log(Accumulation rate)i are the offsets of the models, and εi is the ith residual. *
Dev. expl. = Deviance explained.
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Figure 2. Holocene trends in fire, vegetation and anthropogenic impact in the Western Mediterranean
and Adjacent Atlantic Regions (WMAAR). (A) Regional biomass burning, as estimated by a Generalized
Additive Model (GAM) applied to the charcoal data from the entire Western Mediterranean and
Adjacent Atlantic Regions (this study), and modeled area burned [5]. (B) Vegetation openness inferred
from modeled potential woody biomass [5], biomass under the KK10 scenario [25] and regional
woody-to-herbaceous pollen taxa (this study). The relative proportion of shrubs-to-woody taxa pollen
is shown in orange. The arrow indicates the onset of pronounced forest loss identified through the
Cross-Entropy method for break-point detection. (C) Anthropogenic index as a function of time (this
study). The pink shading represents the total anthropogenic index-to-ruderal taxa ratio. In all cases,
the black shading depicts 95% confidence intervals for the estimated trends.



Fire 2019, 2, 53 8 of 23

3.1.1. Stage I (>ca. 6500 cal yr BP): Hunting-Gathering in Densely Forested Landscapes

This socio-environmental system is coeval with the end of the Mesolithic and characterized
by very high levels of biomass burning, abundant woody vegetation (predominantly conifers and
broad-leaved trees), and negligible evidence of anthropogenic impact on the landscape (as inferred
from an anthropogenic index statistically equal to zero). Between ca. 10,000 and 7000 cal yr BP, summer
insolation was ~7% higher than at present, and winter values were ~4% lower [58]. Paleoclimate models
and multi-proxy reconstructions suggest that elevated annual insolation at the time was associated with
pronounced seasonality [59], higher Mediterranean Sea surface temperatures [60], 2–2.5 ◦C warmer
summers, and a more relaxed pole-to-Equator pressure gradient than at present [61,62]. This climatic
configuration likely led to a northward shift of the North Atlantic low- and high-pressure systems and
Intertropical convergence zone (ITZD). The blocking effects of the North Atlantic high-pressure system
on atmospheric circulation would have prevented Atlantic moisture from reaching latitudes north
of 40◦N, and would thus have resulted in drier-than-present environments throughout most of the
region [63,64]. Conversely, wetter-than-today conditions punctuated by periods of drought [65] would
have been brought about by cyclic Atlantic flow south of this latitude ([62] and references therein).

Matching trends in biomass burning and tree abundance inferred from climate-driven models
and proxy data suggest that fires and extensive forest cover prior to 7000 cal yr BP at the regional
scale can be explained by the long, warm growing seasons prevailing in southwestern Europe (with
the exception of southeastern Iberia and southwestern Italy; Figure 2). Pronounced seasonal and
inter-annual precipitation variability [66,67] likely led to frequent floods [68]. Additionally, cyclical
oscillations in moisture availability would also have favored fire spread by allowing fuel accumulation
during humid periods and fuel desiccation in under drier conditions [69]. Hunter-gatherers may
have operated synergistically with climate to maintain the fire regime and improve or perpetuate
foraging conditions within forest patches [70]. Although our data show no evidence of changes
in the overall structure of the vegetation that would suggest large-scale, persistent anthropogenic
impact (i.e., quasi-stationary woody-to-herbaceous taxa ratio and anthropogenic index equal to zero),
they do not rule out small-scale burning. This management strategy could have created complex
vegetation patterns and increased the density and predictability of resources [71]. In time, each burned
patch would have returned to its pre-disturbance state, resulting in no net change in vegetation
composition [72].

3.1.2. Stage II (ca. 6500–4200 cal yr BP): Extensive Land-Use of Semi-Open Forests

The Mesolithic-to-Neolithic transition featured a progression from warm growing seasons to
overall cooler, relatively humid climates [64,68,73]. Regionally, a decline in biomass burning was
accompanied by pronounced forest loss. Divergent trends in potential woody biomass and the
reconstructed opening of the landscape, in addition to increasing evidence of anthropogenic activity
(Figure 2), suggest that the effects of resource management prevailed over those of climate on ecosystem
dynamics. In Iberia, for example, spatial variability at the time has been associated with complex
patterns of vegetation change that cannot be solely explained by differences in physical setting [74,75].
Carrión et al. [76] attribute this complex mosaic to anthropogenic impact, whose intensity would have
been heterogeneous, and its effects, site-dependent [75].

Forest clearing by early peoples has been registered in many parts of the world, but always with
significant manipulation of the fire regime (e.g., [77]). Our data, nonetheless, indicate that in the
WMAAR, rapid, widespread deforestation occurred prior to the invention of metallic tools and without
large-scale biomass burning, whose long-term trend prior to ca. 4000 yr BP can be attributed to climate
(Figure 2). Early studies by Iversen [78] conclude that even though cutting branches and seedlings
with stone axes is relatively easy, felling older trees can be a strenuous activity. It is thus highly unlikely
that early farmers used this method to clear mature forests. Instead, it is more plausible that they
took advantage of naturally-occurring disturbances such as climate variability and fires, and managed
non-forested patches to maintain high-productivity, early-successional ecosystems.
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Opportunistic exploitation of the environment would not have necessarily precluded the use of
frequent, relatively small fires to create or maintain clearings that aided in the expansion of agriculture.
Anthropogenic fires employed as a management tool usually produce fine-scale vegetation patterns
that attenuate the severity of the fire regime at larger spatial scales [70]. In most cases, charcoal time
series do not have the temporal or spatial resolution to distinguish several frequent, small fires from a
few large ones [79]. For this reason, it is possible that targeted low-severity burning was involved in
the pronounced decline of tree populations (e.g., [80,81]).

Regardless of the mechanisms driving the reconstructed structural change in vegetation, rising
anthropogenic index values suggest that deliberate propagation of species of nutritional value, the
inadvertent spread of weeds, and possibly grazing, were significant at the regional-scale after ca.
7000 cal yr BP. The development of a more diversified economy, increasingly sedentary life-styles
and rapidly growing human populations [82,83], would have resulted in a new form of frequent and
extensive disturbance that probably led to profound and persistent changes in the landscape that
cannot be explained by climate alone [1,84–87].

3.1.3. Stage III (ca. 4200–2400 cal yr BP): Expansion of Anthroposystems in More Open Landscapes

The Late Holocene is characterized by spatially-variable climate conditions across the
region [88–90]. Decreasing woody-taxa pollen percentages at the time are consistent with sustained
deforestation, which was associated with shrub encroachment and a rise in biomass burning.
Contrasting trends in reconstructed and potential vegetation, as well as in charcoal and modeled area
burned (Figure 2), point to a remarkable decoupling of ecosystem dynamics from climate.

Although crop rotation and the use of dung as fertilizer would have increased crop yields,
continuous expansion of the agricultural frontier was still necessary [91]. To this end, conversion
of forested lands into areas suitable for crops and pastures for cattle, sheep, goats and pigs would
have been performed mainly with the use of fire [72]. It is therefore possible that, through targeted
and probably frequent ignitions, humans extended the climatically short and humid fire season, and
emerged as a large-scale forcing of fire. Additional deforestation could have been brought about by
wood extraction and pollution associated with the rapid development and intensification of metallurgic
industries, but the long-term impact of these activities is still in debate (e.g., [92]).

The human footprint on the landscape became especially pronounced during the late Bronze
Age and Iron Age (ca. 3200–2400 cal yr BP), and was likely driven by the need of larger human
populations to sustain their rising energy demands ([72]). Increasingly larger proportions of taxa of
nutritional value with respect to ruderals in the anthropogenic index suggest that this period represents
a transition to more intense and efficient agriculture practices (Figure 2).

3.1.4. Stage IV (ca. 2400 cal yr BP–Present): Intensive Land-Use and Urban Extractive Industries

The last two millennia display progressive but slower-than-before deforestation and the highest
rates of human impact in the Holocene. Biomass burning peaked during the Roman Period (ca. 2000
cal yr BP) and declined afterwards (Figure 2). It is likely that, as soils degraded and lost productivity,
human populations continued to grow and social structures changed, fire was continuously used to
expand the surface of arable lands to the detriment of forests. This expansion was in part possible
due to the adoption of technological innovations. The wheeled plow and moldboard, for instance,
are thought to have facilitated the use of heavy, moist and productive soils that were previously very
difficult to cultivate [93].

During the Modern period, biomass burning declined, and deforestation rates slowed at the
regional scale, possibly because of the combined effects of long-term anthropogenic impact, increased
food-production efficiency and a change in socio-economic structures. Millennia of progressive forest
opening and landscape fragmentation would have significantly reduced the availability and continuity
of fuels, limiting fire spread and intensity [59,81,94,95]. In addition, the maintenance of agro-pastoral
systems would have been less dependent upon fire, thanks to the adoption of improved felling axes [77],
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and higher crop yields were plausibly achieved after the development and spread of efficient tools,
such as iron scythes and nailed horseshoes.

Emerging land management technologies likely permitted decreasing land-use per capita, slowing
the expansion of arable lands, despite rapidly growing human populations [2]. In addition, the collapse
of the Roman state brought about large changes in institutions, transport, communication, food supply
and taxation [96]. The new organizational regime led to a shift from a state-stimulated, large-scale
production of grain, oil and wine (i.e., the Mediterranean Triad) with high levels of surplus allocated
towards exchange and commerce, to a less-specialized system of mixed farming, arboriculture, animal
husbandry and pastures [97].

3.2. The Role of Climate and Humans in Driving Regional Ecosystem Dynamics

Comparison of pollen-based deforestation reconstructions and simulated land-cover changes
lends support to the assumptions of the KK10-scenario; i.e., a shift in socio-environmental systems
governed by a Malthusian representation of population growth prior to ca. 4000 cal yr BP, to agricultural
intensification afterwards [25]. Congruent trends in simulated and reconstructed biomass therefore
suggest that the extent of land used by hunter-gatherers would have been proportional to population
size [98], and ecosystem dynamics were largely driven by climate. As populations grew during the
Neolithic, land-use per capita declined, possibly as a result of changes in production traditions and
technological innovations, leading to more complex and efficient resource exploitation [99].

Although vegetation reconstructions and models agree on the overall deforestation trend, they
differ in the rates at which it occurred. The pollen-based reconstruction suggests a steady decline in
woody biomass between ca. 7000 and 3000 cal yr BP, followed by a millennium of rapid loss of trees,
and slower deforestation rates coupled with shrub encroachment in the last ca. 2000 years. Conversely,
the KK10-derived scenario indicates relatively slow forest loss prior to ca. 3000, and very high rates
thereafter, with the exception of around a 500-year period of stability centered at 1000 cal yr BP.

Uncertainty propagation in the merging of datasets (i.e., uncertainties inherent to the reconstruction
and interpretation of environmental conditions, population size and timing of events) could explain
the discrepancy. Alternatively, it is also possible that some of the underlying assumptions of the KK10
scenario are not likely given the empirical data. For example, the simulation builds upon the idea
that the carrying capacity of the land (i.e., the population density it can support) changes only as
a function of human labor and technology. Considering the pronounced shifts in climate inferred
for the Holocene, fertility and resource availability possibly varied over time, even without human
intervention. Additionally, the definition of ‘resource’ probably changed as culture, technology and
religion were transformed, with the extraction of metals being a clear example. This variability in both
environmental conditions and the human perception of the landscape, may be reflected in land-use
per capita.

3.3. Sub-Regional Trends in Ecosystem Dynamics during the Holocene

A classification tree allowed the partition of the study area into discrete sub-units with relatively
homogenous palynological characteristics. After pruning the tree (residual mean deviance = 354.9;
residual mean = 0; residual standard deviation = 12.4), four sub-regions were identified (Figure 1).
Temperate western Europe (TwE; lat. > 41.76, elev. < 1200 m) mainly comprises modern temperate
broadleaf and mixed forests. The Alpine sub-region (Al.; lat. > 41.76, elev. > 1200 m) overlaps with
high-elevation conifer forests, grasslands and meadows of the Alps. Finally, Northern Mediterranean
(NM; elev. > 108 m and lat. < 41.76) and Southern Mediterranean (SM; elev. < 108 m) correspond
to present-day Mediterranean forests, woodlands and shrublands. Inspection of charcoal records,
woody-to-herbaceous taxa ratios and anthropogenic indices, reveals that all sub-regions featured
sustained an increase in human impact and forest loss over time (Figures 3–6).
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Figure 3. Holocene trends in fire, vegetation and anthropogenic impact in Temperate western Europe.
(A) Regional biomass burning as estimated by a GAM applied to the charcoal data from the sub-region.
(B) Vegetation openness inferred from woody-to-herbaceous pollen taxa. The relative proportion of
conifers, broad-leaved trees and shrubs is shown. (C) Anthropogenic index as a function of time. The
pink shading represents the total anthropogenic index-to-ruderal taxa ratio. The arrow shows the onset
of pronounced deforestation depicted in Figure 7. In all cases, the black shading depicts 95% confidence
intervals for the estimated trends.
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Figure 4. Holocene trends in fire, vegetation and anthropogenic impact in the Alpine sub-region.
(A) Regional biomass burning as estimated by a GAM applied to the charcoal data from the sub-region
(B) Vegetation openness inferred from woody-to-herbaceous pollen taxa. The relative proportion of
conifers, broad-leaved trees and shrubs is shown. (C) Anthropogenic index as a function of time. The
pink shading represents the total anthropogenic index-to-ruderal taxa ratio. The arrow shows the onset
of pronounced deforestation depicted in Figure 7. In all cases, the black shading depicts 95% confidence
intervals for the estimated trends.
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Figure 5. Holocene trends in fire, vegetation and anthropogenic impact in the Northern Mediterranean.
(A) Regional biomass burning as estimated by a GAM applied to the charcoal data from the sub-region
(B) Vegetation openness inferred from woody-to-herbaceous pollen taxa. The relative proportion of
conifers, broad-leaved trees and shrubs is shown. (C) Anthropogenic index as a function of time. The
pink shading represents the total anthropogenic index-to-ruderal taxa ratio. The arrow shows the onset
of pronounced deforestation depicted in Figure 7. In all cases, the black shading depicts 95% confidence
intervals for the estimated trends.
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Figure 6. Holocene trends in fire, vegetation and anthropogenic impact in the Southern Mediterranean.
(A) Regional biomass burning as estimated by a GAM applied to the charcoal data from the sub-region
(B) Vegetation openness inferred from woody-to-herbaceous pollen taxa. The relative proportion of
conifers, broad-leaved trees and shrubs is shown. (C) Anthropogenic index as a function of time.
The pink shading represents the total anthropogenic index-to-ruderal taxa ratio. The arrow shows the
onset of pronounced deforestation depicted in Figure 7. In all cases, the black shading depicts 95%
confidence intervals for the estimated trends.

At the regional-scale, comparison of modeled and reconstructed trends in area burned point to a
progressive decoupling between climate and fire activity after ca. 4000 cal yr BP. Conversely, at the
sub-regional scale, charcoal trends show that fire activity, which was spatially homogeneous prior to
ca. 7000 cal yr BP, became highly variable between ca. 7000 and 4000 cal yr BP, and pronouncedly
more uniform thereafter (Figure 7). In Temperate western Europe (TwE) and the Northern (NM) and
Southern Mediterranean (SM) biomass, burning increased monotonically until ca. 7000 cal yr BP and
then decreased to reach local minima between ca. 5500 and 4000 cal yr BP (Figures 3–5). The inverse
trend was observed in the Alpine sub-region (Figure 6).
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Figure 7. (A) Stages of socio-environmental development. The black line depicts the onset of
pronounced forest loss identified at each sub-region through the Cross-Entropy method for break-point
detection. Note the south-to-north time-transgressive pattern of deforestation. (B) Standardized
variance of the residuals of the GAM employed in the detection of temporal trends in charcoal. The
values are interpreted as a measure of spatial variability in fire activity, with low (high) values suggesting
homogeneous (heterogeneous) burning.

Warm, dry summers and pronounced seasonal precipitation variability before ca. 7000 cal yr BP
([67] were associated with long fire seasons and abundant dry fuel at lower elevations [34,85,100–105].
These conditions would have increased the probability of large fires and explain the peak in burning
throughout a large portion of the region [5].

A contrasting pattern in biomass burning inferred for the Alpine sub-region can be attributed to
the direct effects of elevation on synoptic climate and its indirect consequences on ecosystem processes.
By 8700 cal yr BP, winter precipitation was relatively abundant in the mountainous areas of central
Europe, and triggered peat accumulation in the Jura mountains [89] and a shift from pronounced
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retrogradation (i.e., recession of river deltas associated with low sediment input) to slow transgression
(i.e., increased sediment input resulting from higher up-valley erosion) in the Maritime Alps [106].
Consequently, soils would have been either covered by snow or humid during the spring/early
summer months.

Generalized lowering of the upper tree line was also registered at the time [69,107,108]. The lack
of fuel continuity [59,109] coupled with abundant moisture, would have precluded fire ignition and
spread, despite high temperatures [5,84,110]. Paleoenvironmental data thus point to a strong top-down
control of climate on environmental dynamics, modulated by vegetation-fire linkages characteristic of
each sub-region.

At the regional-scale, the earliest signal of anthropogenic impact on ecosystem structure is
provided by the departure of the reconstructed trend in woody biomass from the potential woody
biomass modeled for the area. Comparison of the onset of forest degradation at each sub-region
shows that it started as early as ca. 7000 cal yr BP in the Southern Mediterranean, and not until
ca. 5300 cal yr BP in the north of the region (Figure 7). The emerging time-transgressive pattern of
deforestation matches models of Neolithic incursions and population growth [3,6,82], and is coupled
with a coeval rise in the anthropogenic index in all sub-regions (Figures 3–6).

Woody pollen data suggest that, while Temperate western Europe (TwE) and the Alpine sub-region
(Al) featured relatively slow deforestation rates (Figures 3 and 4), forest loss was very rapid in the
Northern (NM) and Southern Mediterranean (SM) sub-regions (Figures 5 and 6). This contrast could be
due to differential land-use intensities, ecological feedbacks and/or synoptic climate. Historiographic
information from the Iberian Peninsula and Northern Africa, for instance, reveals that pastoralism
and agriculture rapidly replaced the coastal economies of Mesolithic populations after ca. 7500 cal
yr BP [111]. This rapid transition, which is attributed to a crisis in the subsistence system driven by
decreased marine productivity and drier conditions along the coast [112], had no analogs in the TwE
or Al sub-regions.

In addition, regeneration in forests in NM and SM would have been more difficult than in more
humid, deciduous forests to the north [113]. Neighborhood analysis of modern Quercus woodlands
suggests that the presence of trees positively affects the emergence of seedlings [114]. Climate and
deforestation may have therefore altered vegetation trajectories through neighbor-specific impacts on
the recruitment of arboreal species, indirectly favoring the expansion of open vegetation.

The last ca. 4000 years are characterized by cooler summers and increasingly higher lake
levels in Temperate western Europe, the Alpine sub-region and the Northern Mediterranean [88–90].
In mountainous areas, lower temperatures and abundant moisture promoted neoglaciation [115].
Conversely, the Southern Mediterranean featured the onset of an aridification process that has
lasted until the present [116–121]. Despite different trends in climate, decreasing woody taxa pollen
percentages are consistent with sustained and widespread deforestation, and associated with shrub
encroachment and spatially homogeneous fire activity (Figure 7). In addition, similar patterns of
landscape evolution, including shrub encroachment, increased erosion [115,122], peat humification [89],
soil impoverishment [94], floods, allochthonous input to lakes [68] and altered aquatic biological
interactions [123], have been registered in all sub-regions. The decoupling of ecosystem processes
from large-scale forcing during the Neolithic-to-Bronze Age transition suggests that land management
mitigated the effects of climate, fuel and topography.

Although human impact and ecosystem trajectories in recent millennia were similar across
sub-regions, they were not identical. For example, deforestation in Temperate western Europe and the
Alpine sub-region was steady, and mainly characterized by the loss of conifers, while the abundance of
anthropogenic indicators rose uninterruptedly (Figs. 3 and 4). The decline in tree populations was
particularly pronounced in the Alpine sub-region, and has been correlated with the local extinction
of trees such as Abies and Taxus [124], increased landslide activity at the Schwartsee (Switzerland)
and erosion at Lake d’Annecy (France), and in all cases is attributed to human impact ([115,125],
respectively). It is possible, however, that the advance of glaciers led to changes in stream piracy,
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altering the routing of water and sediment in mountainous areas. These conditions may have led
to a redistribution of effective moisture that amplified the impact of human-set fires and grazing
upon vegetation.

Further south, rates of land opening were slower, non-monotonic and accompanied by high
fire activity (Figures 5 and 6). Aridification in the Northern and Southern Mediterranean is likely
to have promoted (or at least facilitated) the shrinkage of forests and the spread of fire. However,
anthropogenic indicators show a similar trend to that of charcoal until ca. 1500 cal yr BP in both
sub-regions, attesting to the likely use of fire for agricultural purposes (e.g., [85,126]) as well as to
periods of land-use intensification alternating with times of de-intensification (e.g., [34,96]).

4. Conclusions

The Western Mediterranean and Adjacent Atlantic Regions has been continuously inhabited since
the beginning of the Holocene. Paleoenvironmental data reveal a sustained increase in anthropogenic
impact during this period, as indicated by pronounced non-climate-driven deforestation after ca.
7000 cal yr BP, and rising evidence of crops and ruderal species.

Further support to the role of humans in altering ecosystem dynamics comes from the reconstructed
decoupling of vegetation from climate, which displayed an overall south-to-north time-transgressive
pattern consistent with current models of population expansion in Europe and northern Africa [6,34].
Our results thus point to a shift from a strong top-down control of climate to a progressively larger
anthropic signal on environmental dynamics.

As human impact increased, so did the use of fire. Remarkably uniform biomass burning across
the region after ca. 4000 cal yr BP cannot be explained by climate alone. This large-scale homogeneity in
fire activity suggests that land management at the time was extensive and efficient enough to override
the effects of climate, fuel and topography. The long-term history of the Western Mediterranean and
Adjacent Atlantic Regions thus reveals that the complex mosaic of landscapes characteristic of the
region emerged from non-linear, evolving interactions among biophysical and social processes that
have operated across scales for millennia.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-6255/2/4/53/s1,
Table S1: Paleoenvironmental records used in this study.
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