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The uniqueness of each environmental context urgently requires a new vision of environmental and 
health protection. We propose a new view of environmental diseases that focuses on the value of 
the individual locality rather than on the generalisations smoothing out differences. By focusing on 
paleoenvironmental reconstructions, the Pro-Anthropocene data show trajectories that led to and 
explain the current developments. The evolution of local biodiversity and its transformations over 
time reveal differentiating elements not only based on the current appearance but also on long-time 
trajectory of each site. We gathered data from archaeological sites and surrounding ancient landscapes 
in Italy, drawing from 1,208 pollen spectra. Italy serves as a prime example of a bio-cultural hotspot. 
By means of β-diversity-based statistical analyses to assess biological uniqueness of the sites, we 
tested the hypothesis that, despite the low taxonomic resolution of pollen identification and the 
uniformity of anthropogenic habitats, many sites would result floristically unique. We discuss the role 
of archaeological sites as robust support for sustainability through nature-based solutions. Drawing for 
the first time a parallel between workflows in precision medicine and palaeoecology, we propose that a 
site-specific study—referred to as Precision Land Knowledge of the Past (PLKP)—is crucial for planning 
effective conservation and restoration efforts. While recognising the resilience of ecosystems, this 
innovative approach promises to have the power to raise public awareness of the importance of caring 
for nature.

Keywords  Biodiversity, Palaeoecology, Pollen, Site uniqueness, β-diversity, Pro-Anthropocene

In the third millennium, the biosphere is facing an unprecedent transformation, triggered by an ongoing climate 
change inextricably linked to the health and functioning of ecosystems1. A series of actions are planned to 
improve the resilience of ecosystems and prevent climate and human-induced alterations. The link between 
culture and land use is indisputable, with evidence from studies of the current state2 or reconstructions of 
past environments3. Palaeoecology is developing increasingly sophisticated models for large-scale global 
projection4,5, that are of extraordinary effectiveness for palaeoenvironmental reconstructions on a wide scale. 
However, each ecosystem is unique, and each site is different. Local institutions often call for concrete actions 
to promote the management of natural resources, and such actions strictly depend on the local variables. In 
this perspective, palaeoecological and archaeological information should be incorporated into ecology to create 
diachronic models and increase the effectiveness of ecosystems conservation.

Palaeoenvironmental research has proved that understanding patterns and effects of environmental dynamic 
processes, including climate-resilience and human agency on one site, needs long-term datasets. Such concepts 
have been largely accepted by the scientific community, but not many successful examples of application are 
available6. In recent years, advanced interdisciplinary studies have been reported starting from the experience 
of archaeological and Quaternary scientists, such as the ArchaeoGLOBE network7, the PAGES LandCover6k 
working group8,9 and the BRAIN-Botanical Records of Archaeobotany Italian Network10. This approach needs 
to combine consilience and long-term syntheses. The palaeoresearch provides data on past cultural processes 
deeply impacting ecosystems, building databases useful to interpret bio-geophysical changes and to untangle 
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the complexity of human-environment interactions. This further demonstrates how ‘change’ has always been 
inherent in ecosystems and biodiversity11–13, also serving as marker of the Anthropocene (Methods). The 
latter is here considered as the event (and not a geological era, see14) during which human agency on pristine 
ecosystems became dominant, its effects became permanent, and anthromes became evident15–17. The phase of 
bewilderment and helplessness that human society has gone through has led to an awareness of the need for a 
deeper understanding of environmental dynamics.

Palaeoecological disciplines applied to the archaeological record, including bio- and geo-archaeology, 
represent the most effective approach providing objective data not only on past ecological conditions, but also 
on historical dynamics and temporal changes18,19. Forced to read into stratified landscapes, stratigraphic units 
and plant records what has not been documented by written sources or documents, archaeological scientists 
reconstruct environmental events and human behavior otherwise buried and forgotten20. In such contexts, 
the history of humans is closely intertwined with that of water, soil, plants, and animals, revealing trajectories 
of adaptation and contrast, expansion and decline, cooperation and conflict, thus offering the opportunity to 
deeply understand the interaction between the environment and humankind and detangle the trajectory of 
anthromes. Just as medical research has multiplied efforts to develop adequate defense against the spread of 
human diseases, environmental research has produced new work on long-term resilience and sustainability 
(e.g.,21). As a measure of the persistence of systems22, resilience encompasses adaptation to adversity and can 
be a positive trait of ecosystems1,23,24. This better understanding of contexts helps to adopt strategies for the 
prevention of future environmental adversities25–27.

Because increasing knowledge can amplify the ethical view of the subject, this paper proposes to emphasize 
the uniqueness of individual sites and to incorporate a new ‘medical view’ of the conservation problem into 
the palaeoecological methods. Comparing the ‘sick’ environment to human illness can serve to increase the 
motivation to protect it, strengthening people’s awareness and commitment for Nature.

Interdisciplinarity to understand the complexity of the Pro-Anthropocene in the 
Mediterranean
Since the beginning of the Holocene, human action has left marks on terrestrial ecosystems7,28. In such 
context, the Mediterranean region can be considered an emblematic case. In prehistory, Mesolithic, Neolithic, 
Chalcolithic and Bronze Age populations adopted subsistence and land use strategies initially based on hunting, 
harvesting and wood exploitation, with the progressive introduction of cultivation and herding. Mesolithic 
cultures developed technical innovations at local scale whose signs do not seem to have permanently altered 
the local equilibrium of each ecosystem. Notwithstanding, the ecosystem exploitation strategies of Mesolithic 
groups preceded and were propaedeutic to Neolithic adaptive behaviour and land use. Since the late Neolithic, 
the exploitation of natural resources for food production progressively shifted from extensive to intensive 
strategies29 (Fig. 1). The increasing human pressure on the environment has led to a progressive accumulation of 
knowledge and impact on the environment that has prepared to the Anthropocene, a sort of Pro-Anthropocene, 
the prologue, or better the ‘progenote behaviour’, opening towards the present. Therefore, in this paper, the 
word ‘Pro-Anthropocene’ is preferred to other terms (e.g., Palaeoanthropocene30) as it evokes a long process not 
limited to the past as an outdated phase (Methods).

With the onset of sedentary agrarian cultures, climate oscillations and human action may have had 
cooperative effects on vegetation and soil fertility31,32. Similarly, geomorphic processes, such as the hillslope 
activation and soil loss and the loosing of nutrients, may have been triggered by major climatic shifts and 
promoted/enhanced by concomitant human intervention since the prehistory33, thus altering the pristine 
equilibrium of the Critical Zone34,35. For this reason, distinguishing between anthropogenic and natural signals 
requires comparisons of different contexts, the analysis of different archives of proxy data, interdisciplinarity and 
detailed and diachronic studies of changing systems36. Mesophilous forest decline and slope instability may also 
be due to climatic instability or cooling. Deforestation and other land-use types (e.g., uncontrolled herding and 
overgrazing) contribute to vegetation and geomorphic instability. Patterns of changes generated an influence on 
the environment that turned into an impact, when human action persisted for a long time in the same place. 
This produced, for instance, forest reduction and modification in plant diversity. The dramatic fall of forest cover, 
the spread of cultivated species and pastures, the increase in synanthropic weeds, the intensification of erosion 
and slope processes, and the loss of soil are the classical surface processes and markers of human impact. The 
permanent marks that human activity has left on the environment and the repeated collapse of civilisations over 
time (albeit with different cultural trajectories in different environmental contexts) indicate that the exploitation 
of the environment has often been driven by a logic of predation, opportunistically rather than deliberately. The 
conscious idea of sustainable development is contemporary, not even fully accepted today.

Nevertheless, past cultures provided for a multifunctional land use in the Mediterranean37, and therefore 
less impacted but gradual and profound transformation of ecosystems occurred. In this cradle of civilisation, 
characterised by wide climate variability throughout the Holocene, the holistic perspective of ‘looking back 
while moving forward’38 is especially urgent because incipient population increases the risks from land use and 
consumption. The development of Mediterranean cultures over the last millennia, combined with the biological, 
climatic and geological diversity of habitats has created mosaic landscapes. Their distribution, along altitudinal 
and longitudinal gradients, makes local environmental conditions very different depending on space (location) 
and time (chronology).

The pollen-based uniqueness of each site
The reconstruction of past land cover at sub-continental, continental and global scales is effectively used for 
evaluating past land cover and climate interactions, and land use and landscape transformations over millennia. 
Pollen is considered among the best witnesses of past flora and vegetation, and records from lakes and similar 

Scientific Reports |        (2025) 15:12587 2| https://doi.org/10.1038/s41598-025-97372-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


sedimentary contexts are therefore used in the elaboration of regional and local models (within 104-105 km2 with 
the REVEALS model4,39,40). The LOcal Vegetation Estimates (LOVE) model is especially calibrated for estimating 
local vegetation composition within the relevant source area of pollen and calculated on smaller mires or bogs. 
Although ‘local’ is defined as being within 102 m of the depositional basin41, there are some aspects that make 
its application difficult in real cases. First, sites of conservation interest and requiring biodiversity studies often 
do not include lakes or peat bogs of adequate size. Second, most of the current interesting areas are human-
disturbed lands (in plains, hills or mountains), and have hosted archaeological sites in the past that cannot be 
considered in these models. Archaeological sites are largely unpredictable and disrupt the concept of ‘local pollen/
environment’ by shifting it from simple flight paths to the effects of cultural choices and ‘areas of influence’ in a 
single site. Pollen spectra from archaeological sites and their surroundings reflect the area exploited by humans 
and correspond to the combination of cultural and natural features of each single site. ‘On-site palynology 
allows us to recognise the first influence of humans even before it can be recognised in off-site sequences, and 
off-site sequences can allow us to determine the area of influence of a site’37: 830). Therefore, although this 
paper is centred on the undervalued role of the on-site records in palaeoenvironmental reconstructions and 
conservation, a few off-site contexts were considered as a benchmark. To test the potential biological uniqueness 
of sites, we expressly considered the archaeological sites and related near/off-sites, examining the floristic and 
plant cover from 1,208 pollen spectra. Each of the studied sites shows a forest cover ranging from ~ 20% to 
~ 38%, and Anthropogenic Pollen Indicators from ~ 3% to ~ 54% (Extended Data Table  1). The number of 
pollen types ranges from 33 to 240, reflecting the plant diversity based on pollen morphology and marking each 
site’s contribution to the total biodiversity. Statistical elaborations based on β-diversity, as a means of measuring 
biological diversity of the sites in terms of species composition and abundance, allowed for the assessment of 
the biological uniqueness of each site with regard to their community composition (Local Contribution to Beta 
Diversity, LCBD). Consequently, this enabled the identification of the sites whose contribution to the total β-
diversity was significantly higher from the others (Fig. 2; Extended Data Table 2), exploring and underlining 
spatial biodiversity patterns in the investigated system. Data prove similarity between on-sites and off-sites, and 
the persistence of biodiversity in human-influenced sites (Methods).

Implications of the biological uniqueness of a site
Despite the complexity of the variables involved, our data demonstrate that the biological uniqueness of a site 
can sometimes be evident just by considering past pollen spectra, i.e. the plant diversity of the past. As it is 
well known, the gametophytic generation has considerable specificity but hardly ever allows the same level of 
identification as the sporophytic generation. Palynologists adopt categories for a detailed level of identification, 
although it is always necessary to resort to nomenclatural harmonisation to avoid redundancies and reduce 

Fig. 1.  The long history of human impacts on the Mediterranean region: twelve thousand years of human-
environment interactions that have shaped the landscape, from low influence (green) to high impact 
(red). The non-linear arrows mark the need to recover more virtuous attitudes and relationships with the 
environment closer to past habits. The terms ‘Anthropocene’ and ‘Pro-Anthropocene’ are intended as a cultural 
concept and not as epoch in Earth’s geological timeline (as discussed by International Subcommission on 
Quaternary Stratigraphy in 2024); the ‘Pro-Anthropocene’ refers to the environmental-cultural conditions that 
prepared the onset of the Anthropocene.
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identification errors. Pollen can be identified only at a low-resolution taxonomical level with respect to plant 
species and sub-species, and the uniformity of anthropogenic habitats increases the risk of uniformity between 
sites that have been affected by anthropogenic action for a long time. Although the simplification of harmonised 
pollen lists might reduce differences based on past floristic composition alone, the data show that at least 20% 
of the sites have significant biological uniqueness, marking them as remarkably diverse with regards to their 
biological community (Table 1). We can infer that this is determined by a different floristic-vegetational starting 
point, but also by the special skills and land use choices that characterised at a certain time each patch of the 
different Mediterranean domain.

These results show a striking correspondence between the study of specific environmental cases and clinical 
cases. Just as each patient has a specific clinical history and requires customised treatment in case of disease, each 
threatened site may require different restoration/conservation interventions depending on its own characteristics.

The health-disease metaphor for the environment of the future
The new evolutive trajectory of ecosystems pushed by human agency – in the form of uncontrolled expansion of 
intensive land use, abandonment of traditional way to exploit lands and rapid climate change - often becomes an 
e-disease (i.e. a disease of the environment). Our vision is that, in effectively deal with environmental diseases, we 
must adopt a precision approach inspired by the latest developments in precision medicine. The events that could 
have caused an e-disease must be reconstructed in as much detail as possible to apply the correct e-therapy. Any 
environmental critical issue can only be addressed by applying a rigorous study protocol involving systematic 
and interdisciplinary research. This is rooted in the archaeological record of the human-environment nexus. All 
scientific expertise must work together to find sustainable solutions and to cope with current environmental 
challenges to finally ensure sustainable development for the next generations. For this reason, we introduce the 
concept of Precision Land Knowledge of the Past: the application of methods offered by palaeoenvironmental 
research to identify the best ‘therapeutic’ actions to safeguard biodiversity and ecosystems for the future. Rooted 
into local particularities, the PLKP goes beyond the state of the art, looking at the present as the result of the past.

Intervening on diseases is one of the skills that humans have always sought to gain to increase their control 
over life and death. Medicine has routinely adopted anamnesis as the first step to identifying the causes of a 
disease in each patient. Recently, the search for tailor-made solutions beyond personalised medicine unlocks the 
possibility of respecting the complexity of the body-mind systems to be safeguarded or, more importantly, to 
be cared for42. New frontiers medicine has introduced precision medicine as the optimal approach to customise 
therapy and successfully achieve patient’s recovery (e.g.,43; Methods). There is therefore a growing consensus44 
that the same disease, but different individual genetic and phenotypic characteristics, cannot be tackled with 
the same shared treatment. Awareness of individual differences is increasingly gaining ground in medicine45, 
while it is not unanimously recognised or not practically considered in other scientific disciplines as in the case 
of ecological/environmental sciences. A comparable precision approach to the e-disease today is urgent as it can 
‘heal’ precious ecosystems and their specific ecological traits and services.

As medicine teaches, meticulous anamnesis is required to arrive at the best differential diagnosis in 
environmental conservation or restoration of each site (Fig. 3). In this perspective, the Precision Land Knowledge 
of the Past (PLKP), like the Precision Medicine (PM), starts from the history of a specific landscape, its 
characteristics, and local transformations over millennia, and based of such diagnosis proposes the most effective 
conservation or restoration therapy. It is not appropriate to mention any specific type of intervention without 
the risk of generalising and contradicting the thesis of this approach. It is true that precise knowledge allows 
for better dosing and targeting of interventions on soil, water, or flora (e.g., ecosystems), but this approach also 
involves citizens as integral parts of the therapy. PLKP provides a new awareness of the value of environmental 
quality, making the parallelism between environmental health and human health more immediate. Involving 

BRAIN ID Site name Macroregion Latitude N Longitude E Chrono-cultural phase Current features

On-sites

NER3 Sant’Agata Bolognese - Nuova Geovis North 44.686111 11.17 Medieval Urban area

NER68 Montale - Terramara di Montale North 44.576111 10.910556 Bronze Age Archaeological Park within an urban area

NER79 Noceto - Vasca Votiva North 44.800556 10.169444 Bronze Age Archaeological Museum within a farmland

NER80 Parma - Piazza Garibaldi North 44.801389 10.327778 Roman, Medieval Urban area

NFV26 Palù di Livenza - PaluON North 46.021944 12.482222 Neolithic Wetland and UNESCO pile-dwelling site

CTO52 Tombarelle Centre 42.933611 11.373056 Roman Tuscan countryside with olive groves

SBA4 Difesa S. Biagio South 40.505833 16.680833 Hellenistic Pastureland and Mediterranean macchia

SBA12 Torre di Satriano South 40.57 15.6375 Hellenistic Cereal crops and pasture area

Off-sites

NER137 Montale - Profile 3 North 44.575278 10.9075 – Archaeological Park within an urban area

CLA64 PNEM94 − 1B Centre 41.716667 12.7 – Volcanic lake located in the Park of Castelli Romani

SEA1 RF93-30 Sea 42.066944 15.6675 – Adriatic Sea (18 km N of the Gargano promontory)

Table 1.  Sites presenting a significant biological uniqueness by considering past pollen spectra. Each site is 
characterised by different geographical and chrono-cultural contexts, and nowadays has specific environmental 
features (BRAIN ID according to10).
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citizens with familiar communication reminds us that all protection and conservation actions must be carried 
out with awareness, responsibility and respect.

The Precision Land Knowledge of the Past
Current ecosystems are far from being completely natural and, instead, they have been shaped by millennia 
of human action. Thus, to understand their ecological dynamics and ongoing changes, the Precision Land 
Knowledge of the Past - PLKP is a tool based on local resolution investigation. Thanks to its interdisciplinary 
approach, the PLKP responds to general and specific key research questions (Table  2) for an enhanced 
understanding of environment-human interaction and tailor-made landscape management strategies. Knowing 

Fig. 2.  . Total β-diversity for on-sites and off-sites, with the relative contribution of each location to its 
category’s total β-diversity (Local Contribution to Beta Diversity, LCBD). Top: maps of Italy showing the 
geographical distribution of the considered sites for the β-diversity analysis (black dots) together with their 
LCBD value (circle area) and significance (colour). The zooms allow easier visualisation of sites with very 
close geographical location. Centre: regular bar plots reporting LCBD indices for each site with an associated 
p-value. The code below each bar refers to the ID code assigned to the corresponding site in the BRAIN-
Botanical Record of Archaeobotany Italian Network database (https://brainplants.successoterra.net). Sites with 
an associated p-value < 0.05 to their LCBD are marked with an asterisk (*). Bottom: stacked bar plots showing 
the overall contribution of the sites grouped by macroregion (North, Centre, South/Sea) to the total β-diversity 
of their category (on-site/off-site). Maps were retrieved through the giscoR package version 0.6.1 ​(​​​h​t​t​p​s​:​/​/​r​o​p​e​n​
g​o​v​.​g​i​t​h​u​b​.​i​o​/​g​i​s​c​o​R​/​​​​​)​.​​​​
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the details of the environmental/vegetation development, and how cultures influenced this history, prevents 
ineffective interventions because correct preventive analyses avoid unnecessary actions.

Precision medicine through targeted analyses leads to customised therapies. Similarly, the PLKP consists of the 
targeted study of environmental problems to design solutions tailor-made for each place, elaborated considering 
past and present environmental evolution as a continuum of the same process. This is strategic for understanding 
the trajectories that led to the current situation and the directions towards a sustainable future. At the same time, 
it helps to assess the current state of the territory, the reasons for its current state and its vocation. The approach 
can be, therefore, at the base of the assessment of human-climate ecosystem dynamics for achieving sustainable 
land management practices. Climatic oscillations on a global scale and environmental-cultural changes acting at 
a local scale have continuously transformed habitats. In the Holocene, climate oscillations seem to have followed 
general trends towards aridity and cooling; hydroclimatic changes have been found to be synchronous with drier 
or cooler conditions in some records46,47. Increased aridity/cooling and vegetation changes were sometimes 
coincident with increased social complexity in the mid-Holocene (e.g.,48). Ecological complexity is the trait 
connecting all the questions posed by palaeoenvironmental research.

A PLKP tool for conducting these assessments is intended as a protocol of guidelines that examines problems, 
objectives and methodologies incorporating bio-geo-palaeoecology. It supports that prevention and cure are two 
sides of the same coin, and research must go on both fronts simultaneously. We suggest that the PLKP research 
protocol needs to follow three steps (Fig. 4):

	(1)	 identification of the ecological/historical problem,
	(2)	 definition of the objectives (scientific research, conservation/restoration ecology, valorisation of natural 

resources),
	(3)	 definition of the methodology (analysis, interdisciplinarity, dissemination).

These steps constitute the backbone of the protocol and support the subsequent phases of environmental 
intervention.

Such approach requires a shared analytical baseline, highly interdisciplinary and including methodologies 
complementary the standard ones to be applied to on-site and off-site records: Geoarchaeology, Geomorphology; 
Palynology, Archaeobotany; Biomolecular analyses; Statistical processing of pollen data; Databases; GIS and spatial 
analyses. Long-term data from bio- and geoarchaeology are strategic tools to learn in detail what environmental 
changes have led to today’s landscapes. The traditional ecological knowledge (TEK) is also included in the PLKP 
workflow as a mean to improve biodiversity management and conservation practices (Methods). The protocol 
of Precision Land Knowledge of the Past is flexible and adaptable to different environmental, chronological and 
cultural context, at any archaeological site/landscape.

The results obtained from the application of the PLKP must be communicated to stakeholders (local 
politicians and managers), indicating the strengths and weaknesses of the site they manage or protect.

The results contribute to the debate on protection of cultural and environmental heritage (sustainable 
development) and for formulating models of sustainable natural resources exploitation (contribution to the 
solution of social problems). The points of strength of the PLKP approach are: (i) to target e-diseases with great 
accuracy; (ii) to identify the traditional vocation of a territory; (iii) to increase success rate or permanence of 
intervention effects; (iv) to mitigate the negative effects of wrong or unnecessary interventions; (v) to optimise 
costs and duration for sustainable development.

Future perspectives
A growing body of research shows that knowing the past does not mean wasting time and funding, but rather 
improving the chances of successful recovery interventions. Palaeoecological research has often emphasised the 

General (g) questions on Holocene and Anthropocene PLKP support

1g) What level of complexity has typically existed? How has the dynamic relationship between humans and the environment changed over the 
millennia?

Long-term ecosystems traits and 
complexity

2g) What environmental features/transformations have had a key influence on cultural choices or adaptations? Conversely, what human actions 
played major roles in environmental transformations?

Long-term ecological dynamics; 
Environment-human interactions

3g) What lessons should we learn from the past to ensure sustainable development for the future? Past nature-based solutions

Specific (s) questions pointing to central Mediterranean and ‘local Anthropocene’ PLKP support

1s) When did land-use changes and human adaptations leave permanent marks in the site? Can we detect trace of the inception of the local 
Anthropocene from such marks?

Human marks on the site, from 
low influence to strong impact

2s) What is the role of climate change and human impact in ecosystems in each site (e.g., mountain-plain system over time)? What processes 
control the stability/variability of the relationships in this system?

Local agents of changes and their 
dynamic system (flora, vegetation, 
landform and soil dynamics)

3s) Can we distinguish between the human impact and the natural triggers of the uniqueness of the site? Geological and biological markers 
of land specificity

Table 2.  General and specific key questions which PLKP can answer for an enhancedunderstanding of 
ecological dynamics and processes and better-informed landscape management. General questions (1–3 g) 
are centered on Holocene and Anthropocene; specific questions (1–3 s) focus on central Mediterranean and 
‘localAanthropocene’. The answers to these latter questions are particularly related to each place studied and 
therefore offer to policy-makers tools for proposing targeted interventions.
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inescapable value of change and that plant associations of the past are not the same as today. Conifer-broadleaf 
mixed woods were more common than monospecific woods, and plant distribution shifted with suitable species 
following climate oscillations.

Boivin and Crowther27 explain that leveraging the past to enrich biodiversity, support conservation and 
improve fire management is the sustainable way to shape the Anthropocene. Morley et al.20 point out that 
geosciences are becoming increasingly vital for understanding unsuspected scientific questions, such as the 
evolution of our species. Mensing et al.49 emphasise the key role in palaeoecological interpretation of the 
combination of historical and archaeological sources with climatic and ecological methods; however, surprisingly 
only few localities ‘possess high-quality historical, archeological and high-resolution palaeoecological datasets’. 
There is an urgent need for such data to be collected for a larger number of locations, considering that geo-
biostratigraphical analyses should be routinely prescribed by environmental administrators when planning 
emergency archaeology or conservation ecology projects. However, there may be limitations to modern 
conservation efforts in certain contexts, such as significant differences in hydro-climatic conditions, land uses 
that hinder restoration, absence of suitable palaeoecological contexts, or simply a lack of funding.

In the absence of such limitations, PLKP can also be usefully employed in geographical realities other than 
the one where we tested the approach, including regions with less extensive archaeological or palaeoecological 
data because the protocol is easily adaptable and is based on a combination of methods.

Fig. 3.  Parallel steps in medicine and environmental sciences to address human or environmental 
diseases, from diagnostic process to therapy.
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Therefore, a real risk exists that large actions for the protection of natural and cultural heritage – as 
generally planned by decision-making groups – may be inappropriate or ineffective (with high costs) due to 
standardised guidelines/regulations at the regional scale. On the contrary, the PLKP approach suggests that an 
in-depth knowledge of local environmental assets and a thorough understanding of millennial transformations 
are essential for long-term planning on a local scale. Building on the lessons from the past, good practices 
and solutions should be more and more incorporated in the environmental assessment process, such as in the 
‘Guidelines for conducting integrated environmental assessment’ by the UN Environment Programme.

In this way, the protection and preservation of the environment and its (past to future) evolution become 
effective respecting its unique bio-geo-cultural diversity. This is ultimately the result of a long term, multi-scalar 
and multi-factor process. Complexity and potential uniqueness of each site show that sustainable solutions should 
not be the same everywhere and adopting the PLKP approach helps the identification of the best solution for 
each local situation. While enabling sustainable tailor-made environment therapy, PLKP strengthens awareness 
and commitment for Nature, and improves empathy and connectedness to Nature. Stimulating empathy has 
important effects on both environmental and human health. According to Di Fabio & Kenny50, in fact, ‘fostering 
empathy and connection to nature could represent promising foci for a range of preventive interventions in the 
workplace and beyond that would address the urgent issue of environmental sustainability’.

Looking at the Holocene evolution of ecosystems, PLKP may furnish solutions to prevent an uncontrolled land-
use expansion, explain/prevent the effects of the abandonment of traditional ways for landscape management, 
or mitigate local effects of rapid climate changes. Future conservation or restoration planning must draw based 
on new data provided by palaeosciences7. Not just ‘a history of the land’, but a deep consideration of the traits, 
vocation and potential development of each land.

Methods
One word many meanings: specific definitions for an unambiguous connotation
The meaning of some of the terms here adopted may be ambiguous or slightly different in studies from different 
disciplines, and therefore the definitions followed in this paper are reported below.

Anthropocene = both scientifically and philosophically (e.g.,51,52), it is a cultural concept describing the 
current time in which humans act as a key force permanently impacting on the environment, accelerating climate 
change and biodiversity loss. First used in 2000 as a human-dominated geological epoch53, this term focused on 
anthropic influenced habitats and novel ecosystems, in which human impacts are at least as important as natural 
processes54. The definition as the most recent geological epoch, either after or within the Holocene, has been 
currently rejected by the SQS (Subcommission on Quaternary Stratigraphy55), regarded as a broad process or an 
event in geological history, but not as a distinct break in time14.

Pro-Anthropocene = environmental-cultural precondition that – after the long-term intensification of human 
impact over time – led to the onset of the Anthropocene in the industrial era. Biologically, the suffix ‘Pro’ indicates 
a form/state that precedes and often gives rise to another (the one indicated by the second element) considered 
definitive (e.g., proembryo, promeristemio, etc.;56,57). ‘Pro’ is used, for example, in biology (e.g., Prokaryotes - 
i.e. before the nucleus; Progenotes - i.e. before the organisms), and specifically in evolutionary botany to signal 
groups that already possess characters that will be retained and are visible in the groups living today (e.g., the 
photosynthetic apparatus in Prochlorophyceae, or the homoxylous wood in the Progymnospermae). Similarly, 

Fig. 4.  The PLKP protocol, from the identification of the environmental history, analyses to obtain a 
palaeoenvironmental reconstruction and dissemination to develop a tailor-made intervention. TEK stands 
for Traditional Ecological Knowledge.
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the progressive accumulation of knowledge and impact on the environment due to the increasing human pressure 
that prepared for the Anthropocene could be compared to the ‘progenote behaviour’. Progenotes are the basic 
organisation of very different cellular models, just as the Pro-Anthropocene is an adaptation to different models 
leading to the present Anthropocene. In this paper it means the progressive acquisition of cultural and skills and 
technology and the accumulation of anthropogenic effects on environment that gave rise to the Anthropocene.

Anthromes = the krasis of the two words ‘anthropogenic biomes’ was coined by Ellis & Ramankutty58, who 
identified the biomes highly influenced by humans as mosaics of settlements, agriculture, forests and other land 
uses and land covers. This prevents a general ecological understanding of ‘human–eco-system interactions’.

Consilience = the synergy of natural sciences and humanities59,60.
Long-term = the time significantly longer than that of a few human generations (e.g.,61).
On-site = an archaeological site corresponding to an ancient settlement or location clearly affected by past 

human activities.
Off-site = a context outside the major archaeological settlement that can be influenced by human presence.
Personalised medicine = according to William Osler (1849–1919), who was a diagnostician, a clinician and a 

medicine professor and established a patient-centered approach: "It is much more important to know what sort 
of patient the disease has than what sort of disease a patient has’’. Physicians have always practiced personalised 
medicine, in the sense of using professional experience to adapt the best literature data to the individual patient. 
Medical science, however, has adopted a predominantly population-based approach, favoring the reaction of the 
‘average patient’ over the particular case, especially in the field of pharmacology. The results have been positive 
overall, but in detail every day many people take medication that is little or not at all effective for their disease62–64.

Precision medicine = originally coined in the oncology field, this approach aims to analyse all dimensions of 
the patient to ‘tailor’ the treatment to individual characteristics65. It was possible thanks to the enormous technical 
advances in molecular biology, which made it possible to objectify and quantify the heterogeneous nature of 
most diseases and phenotypic variability of individuals at the level of genomics, epigenomics, transcriptomics, 
proteomics and metabolomics, the so-called ‘panomics’63.

Traditional Ecological Knowledge (TEK) = holistic concept expressing the bio-cultural links between people 
and nature; focused on human-environment relationships in local ecosystems, the study of TEK started from 
ethnobiology and then considered the understanding of adaptation and ecological processes. The use of this 
term was established mainly through the work of the International Union for Conservation of Nature (IUCN) 
working group66. In our paper, we are referring to the definition of TEK given by Berkes and colleagues67 as ‘a 
cumulative body of knowledge, practice, and belief, evolving by adaptive processes and handed down through 
generations by cultural transmission, about the relationship of living beings (including humans) with one 
another and with their environment’.

Site selection
We selected 43 Italian sites, including 32 on-sites and 11 off-sites, with archaeopalynological analyses included 
in the BRAIN database (analysed by the LPP team;10). On-sites (archaeological sites) provide intrinsic evidence 
of past land use and human impact, at the core of features that must be considered to assess the current state 
and transformations in environmentally important contexts (e.g.,68). The area of investigation is Italy, guardian 
of Mediterranean biodiversity, rich in plant species, endemics and habitats. More than 50% of plant species 
and 30% of animal species of Community Conservation Interest are Italian endemics. Italy has been selected 
thanks to the availability of the BRAIN database and because it is a peninsula stretching in the Mediterranean 
region encompassing a high variability of ecosystems and being settled and exploited since the early prehistory. 
Sites were distributed in 10 regions on northern (Friuli-Venezia Giulia, Trentino-Alto Adige, Veneto, Emilia-
Romagna, and Repubblica di San Marino), central (Toscana and Lazio) and southern Italy (Basilicata, Sicilia, 
and Adriatic Sea), according to the database ID. To study the similarity/diversity between past floristic lists, 
pollen spectra obtained from archaeological sites were only considered if at least 30 pollen taxa were identified. 
This made it possible to exclude data affected by selective pollen degradation, a problem that may be common in 
samples from floors and other potentially oxidised/carbonised spots on archaeological sites69. In general, not all 
data obtained on site are of the same quality, as taphonomy has a certain influence and can alter them. Modern 
pollen samples (surface soils, moss pollsters or top samples from sediment cores) were excluded from this study.

Data elaboration
Pollen taxa standardisation
To enable data processing, the lists of pollen taxa from the original works were standardised according to the keys 
by Moore et al.70, Beug71 and other authors. Identifications at species level follows the botanical nomenclature 
used by APG IV72 and The Plant List Version 1.173. The local flora defines the nomenclatural standardisation 
of all pollen taxa in the sequences, mainly using a critical bottom-up harmonisation according to Birks et al.74.

Data elaboration for local contribution to beta diversity (LCBD)
β-diversity, intended as the variation in species composition on a geographical area75,76, was assessed for 32 
fossil pollen datasets from on-sites and for 11 fossil pollen datasets from off-sites. Due to pollen identification 
concerns, β-diversity is intended as the variation in pollen taxa composition among the considered locations.

A presence-absence matrix was separately computed for on-sites data and for off-sites data, with p species 
arranged in columns and n locations arranged in rows. Both the matrices were then transformed in distance 
matrices using the binary form of Jaccard’s similarity coefficient77. These indices are considered suitable for 
β-diversity assessment and have desirable properties for the purpose of this study78. Then, the total β-diversity 
(BDTotal) for each matrix was computed as Var(Y), with Y being the matrices, following78,79. The maximum 
BDTotal value obtainable when using Jaccard-transformed matrices is 0.577.
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After calculating BDTotal, Local Contribution to Beta Diversity (LCBD;78) was assessed for each on-site and 
off-site location. LCBD is the relative contribution of a location to the total β-diversity, and ecologically represents 
the degree of uniqueness of its biotic community78. LCBD for each location was computed following Legendre 
& De Cáceres78, and the statistical significance of each LCBD index was assessed via random independent 
permutations (n = 9999) within the matrices’ columns, testing H0 that the pollen taxa are distributed at random 
and independently of one another among the sites78 with a significance threshold of p < 0.05. Due to each LCBD 
value being a fraction of the total β-diversity of its site’s respective category (on-site/off-site), each value was 
multiplied by 100 for clarity and data visualisation in plots.

All statistical analyses were performed with R version 4.3.380 and the adespatial package version 0.3–2481. 
Figure 2 plots, depicting the results of the statistical analyses, were produced with R version 4.3.380. and the 
ggplot2 package82.

The statistical significance of each site’s contribution to the total β-diversity was assessed according to the 
null hypothesis that pollen taxa were distributed randomly and independently of one another among the sites 
(Fig.  2). Thus, a non-significant contribution to the total β-diversity does not suggest a poorly biodiversity 
community per se, but rather indicates a community higher in generalist or ubiquitous plant species, therefore 
more likely to be obtained through data randomisation. As a consequence, sites with a non-significant LCBD 
do not add much to the total β-diversity when compared to sites that significantly contribute to it instead. Sites 
with a non-significant LCBD keep some degree of uniqueness, not only in a biological sense because of their 
communities never being perfectly identical, but also owing to each’s own peculiar chrono-cultural, geological 
and geographical setting. Moreover, statistical processing of the data on the plant communities of the sites shows 
that the total β-diversity is not much lower at the off-sites than at the on-sites, even if the off-site datasets are 
almost half of the on-sites. This suggests considerable biological diversity in communities of the analysed off-
sites. As on-sites bear the human influence on biodiversity, the results show a clear reflection of past human 
presence heavily influencing native plant communities in on-sites. Nonetheless, a similar proportion of sites 
among the two categories (on-sites/off-sites) had a significant LCBD, and the difference between significant 
and non-significant LCBD values is never remarkably high. This highlights the presence, value and persistence 
of biological uniqueness in human-influenced locations, as well, and shows how biodiversity flourishes even in 
a past semi- or non-natural (anthropogenic) environment, further underlining the importance of considering 
every single location as a potential biodiversity host.

Data availability
The datasets used and/or analysed during the current study are provided in the Supplementary information.
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