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EXTENDED ABSTRACT

11 presente studio esamina il complicato rapporto dei processi climatici, geologici e atmosferici che modellano le forme, i paesaggi
e gli ecosistemi compresi i cambiamenti del reticolo idrografico, I’erosione del suolo e la generale degradazione del territorio, con
effetti diretti sui rischi idrogeologici. Il record geopaleontologico rivela che il clima ¢ il risultato cumulativo di decine di migliaia di
anni di fenomeni sub-climatici che, a loro volta, derivano da eventi atmosferici che si verificano nel corso di decenni o secoli. Questa
comprensione gerarchica degli eventi climatici, che abbraccia la scala meteorologica, sub-climatica e climatica, sfida le definizioni
attuali fornite da istituzioni come il World Meteorological Organization le quali non considerano adeguatamente le complessita tempo-
rali e geologiche presenti nel record geologico. Gli archivi geologici, infatti, sottolineano che le fluttuazioni climatiche si verificano su
scale temporali millenarie, con effetti profondi sulle forme del suolo e sugli ecosistemi. Queste fluttuazioni sono influenzate da fattori
terrestri e astronomici, inclusi i cicli di Milankovi¢, che forniscono un quadro matematico validato per comprendere le oscillazioni
climatiche a lungo termine. Tuttavia, le definizioni moderne di clima e dei fenomeni sub-climatici non integrano tali prove, portando
a strategie non coerenti nell’affrontare le sfide ambientali.

Questo studio sostiene la necessita di una rivisitazione della terminologia climatica, enfatizzando la natura gerarchica di questi fe-
nomeni: 1) i fenomeni meteorologici si sviluppano nell’arco di decine o centinaia di anni; 2) i fenomeni sub-climatici si accumulano nel
corso di centinaia o poche migliaia di anni; 3) i fenomeni climatici si manifestano in periodi di decine di migliaia di anni o piu. Adottando
questo quadro, lo studio offre una lente attraverso cui comprendere il clima come un processo multilivello e cumulativo, alimentato sia
da cicli naturali che da eventi episodici. Riconoscere queste distinzioni ¢ fondamentale per prevedere le pericolosita ambientali e creare
strategie efficaci e sostenibili per la gestione delle risorse terrestri e idriche e dei rischi geologici. I risultati evidenziano anche i limiti
dell’affidarsi a misurazioni strumentali, che coprono solo gli ultimi due secoli, rispetto alle ampie informazioni offerte dai record geo-
logici e paleontologici che si estendono su milioni di anni. Questa discrepanza sottolinea la necessita di una prospettiva temporale piu
coerente nelle politiche climatiche, concentrandosi su tendenze naturali a lungo termine piuttosto che sugli impatti antropogenici isolati.

Infine, lo studio critica 1’assunzione che il riscaldamento globale moderno sia prevalentemente antropogenico, suggerendo che
Iinterazione tra i livelli di CO, e la temperatura nel corso del tempo geologico ¢ pit complessa di quanto i modelli climatici sugge-
riscano. Sebbene la mitigazione dei gas serra sia fondamentale per ridurre le polveri sottili e migliorare le condizioni ambientali, le
tendenze climatiche piu ampie rimangono governate da forze che sono al di fuori del controllo umano. Questa prospettiva gerarchica
sugli eventi climatici pone le basi per strategie adattive in geologia applicata e gestione ambientale. Integrare le intuizioni climatiche,
per definizione a lungo termine, nei quadri di valutazione degli eventi regionali pud migliorare la conservazione delle risorse naturali,
mitigare i rischi idrogeologici e guidare la pianificazione dell’uso del territorio. Una definizione piu chiara e delineata dei fenomeni
climatici e sub-climatici a livello globale, regionale e territoriale ¢ essenziale per sviluppare misure mirate ed efficaci per affrontare
le sfide ambientali contemporanee e promuovere una gestione sostenibile delle risorse. Con una definizione chiara dei cambiamenti
climatici che durano migliaia di anni, nessun essere vivente potra mai sperimentare un cambiamento climatico. Pertanto, affermare che
stiamo vivendo un cambiamento climatico, e che questo sia imputabile all’attivita umana, risulta difficilmente sostenibile, alla luce
delle evidenze scientifiche provenienti dagli archivi naturali.
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ABSTRACT

Present-day landscapes and biomes result from interactions
among climate, landform dynamics, and atmospheric
processes, driving environmental risks such as soil erosion,
hydrological changes, and land degradation. Geological
records show transitions between cool-cold and temperate-
warm climate cycles, shaping both landforms and ecosystems.
The geopaleontological record, from deep geological time
to present, shows climate as the cumulative result of tens of
thousands of years of sub-climate phenomena, which stem
from weather events unfolding over decades to centuries. These
long-term records provide vital context for assessing geological
hazards and guiding sustainable land and water management.
Geological evidence shows that climatic fluctuations occur
over millennial time scales, far beyond the lifespan of any
organism and human influence. This reveals the inadequacy of
current meteorological and climatic definitions, which overlook
geological complexities. A precise redefinition is needed,
distinguishing decadal, centennial, and millennial phenomena
to prevent flawed definitions that misguide climate mitigation
efforts. Revising meteorological terminology would refocus
efforts on adapting to climate realities and implementing
effective land and water management policies. This study
emphasizes adaptive management integrating geological and
climatic data. Clear definitions of climate, sub-climate, and
meteorological events at global, regional, and local levels are
vital for forecasting risks and promoting sustainable solutions.

KEYWORDS: climate change, geological timescale, geopaleontological

evidence, new climate paradigm, environmental risk management

INTRODUCTION

Present-day biomes, with all their diverse characteristics and
ecosystems, are the culmination of intricate relationships forged
over geological time between climate, biota, and landform
dynamics. Climate change has been a driving force shaping
the distribution, structure, and composition of biomes on Earth
(MONCRIEFF et alii, 2016; HUNTER et alii, 2021). Temperature
fluctuations, alterations in precipitation patterns, and other
climatic factors have exerted profound influences, sculpting the
landscapes we observe today.

The Earth’s climate on a global scale can, in turn, be impacted
by numerous interdependent components of the atmosphere,
hydrosphere, geosphere and biosphere, as well as by their variations
and variable interactions through time (LOWE & WALKER, 2015).
These include not only the size and composition of terrestrial
ecosystems and the biomass present in the oceans, but also biotic
responses such as biodiversity shifts, speciation and extinction
patterns. Additionally, factors like the distribution and depth of
permafrost and ice masses, ocean circulation patterns, and changes
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in sea level play crucial roles in shaping environmental conditions
and influencing biome distribution. Moreover, the climate system
can exhibit a degree of inertia across multiple temporal scales, from
short-term feedbacks to millennial-scale processes. The present
discussion focuses on the delayed responses linked to long-standing
drivers, such as orbital forcing and ocean-atmosphere interactions.

Biomes exert significant influence on climate dynamics,
hydrological processes, and serve as interfaces for energy flux
between the atmosphere and terrestrial systems (MCPHERSON,
2007; Liu & REN, 2012; Musau et alii, 2016; MALHI et alii, 2022).
Forests can influence Earth’s albedo, as well as local to regional
temperatures by providing shade and releasing moisture through
transpiration (WOODWARD et alii, 2004; LOWE & WALKER,
2015), while large bodies of water, such as oceans, can moderate
nearby climates by absorbing and releasing heat. Additionally,
the distribution of vegetation across biomes affects atmospheric
circulation patterns and precipitation regimes. Thus, biomes not
only respond to climate changes but also contribute to the complex
feedback loops that regulate Earth’s climate system. Throughout
Earth’s history, the interplay between climate and biome has been
a continuous story of adaptation and transformation. Past climatic
variations have acted as catalysts for the emergence, expansion,
and contraction of various biomes, each adapting to the prevailing
environmental conditions. From the lush rainforests of the tropics
to the vast expanses of deserts and tundra, the present-day mosaic
of biomes reflects the legacy of these historical interactions.
By delving into the geological archives of climate change and
examining the fossil record, we gain insights into the processes
that have shaped the present biome. Understanding how past
climates influenced biome evolution provides essential context
for interpreting current ecological patterns and anticipating future
changes, underscoring the dynamic nature of ecosystems and
the resilience of life in the face of environmental upheavals. By
contextualizing present-day biomes within the framework of past
climatic interactions, we can better appreciate the complexity of
Earth’s ecological tapestry and chart a course towards sustainable
management of our planet’s precious biodiversity.

Climate science deals with a complex archive of records of
both terrestrial and extraterrestrial events that occurred through
geological time. Earth has undergone significant climatic
changes, particularly during the period known as the Quaternary,
commencing approximately 2.588 Ma. In this geological interval,
the planet experienced alternate cycles of colder and milder
periods, manifesting as glacial and interglacial phases at higher
latitudes, and as rainy or arid phases at mid-low latitudes (HAys et
alii, 1976; BRADLEY, 1999; NicHOLSON, 2000; DEMENOCAL, 2001;
RubppmvaN, 2001; Lisiecki & Raymo, 2005; LOWE & WALKER,
2015). Nevertheless, climatic variations were not exclusive to
the Quaternary Period. Other time intervals in geological history
have also documented substantial climate changes (CROWLEY &
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NORTH, 1991; SCOTESE et alii,2001b; ROYER et alii 2001; ZACHOS
et alii, 2001; Kump et alii. 2011). Geopaleontological evidence
traces a complex story of climate fluctuations resulting from
an intricate interplay of terrestrial and extraterrestrial factors.
Exploring this detailed documentation of geoclimatic events
helps researchers towards a more comprehensive understanding
of climatic variations in the past and through time. By studying
these detailed geoclimatic records, researchers can more
accurately interpret modern weather patterns by considering the
influence of Earth’s ever-changing geological history.

This article provides an outline of the geological evolution
of climate, depicted through a condensed synthesis of
geopaleontological evidence. The past provides us with an
appropriate perspective on the ever-changing, cyclical nature
of climate, enabling more reliable forecasts of potential future
atmospheric events and facilitating informed and correct land
management to mitigate the adverse impacts of extreme weather
occurrences. Nevertheless, it seems that misunderstandings
regarding the definition of climatic and meteorological
phenology have led to divergent interpretations of available
data. The aim of the present study is to reframe these discussions
by integrating deep-time geopaleontological evidence with
contemporary meteorological models, thereby offering a novel
perspective on how cyclical climatic processes have shaped
biomes over geological time. It will be demonstrated that a
more holistic interpretation of climatic records, one that fully
accounts for both terrestrial and extraterrestrial influences, can
resolve current ambiguities and improve forecasts of future
atmospheric events. This integrative approach provides a fresh
framework for understanding the interplay between climate
dynamics and ecosystem evolution, ultimately guiding more
informed land management and sustainability strategies.

CLIMATE: YES, BUT WHAT IS IT?

When discussing climate, it is imperative to precisely define
what we mean by this term. The Quaternary Period serves as
an ideal backdrop for this discussion, as it is characterized by
significant climatic variability.

The Quaternary, which began around the time of the
emergence of the genus Homo, is distinguished by its dramatic
climate fluctuations (LOWE & WALKER, 2015). These fluctuations
entail alternations between glacial periods, characterized by
extensive ice coverage and colder temperatures, and interglacial
periods, marked by the retreat of ice caps and ice sheets, resulting
in more temperate global conditions. While these variations are
most prominent at higher latitudes, they also manifest as shifts
between wetter and drier phases at medium and low latitudes.

A notable feature of Quaternary climate is the discernible and
consistent periodicity of its variations. These patterns, involving
warmer intervals (interglacials) and colder phases (glacials),
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occur approximately every 41,000 years, beginning roughly
2.5 Ma. Around 1 to 0.8 Ma, a transition to 100,000-year-paced
cycles in climate changes commenced (MILANKOVIC, 1923,
1941; Lisieck1 & Raymo, 2005). Our civilization has developed
within this latter climatic regime. Despite widespread attention to
global warming and the commonly held but mistaken belief that
we are living in a “post”-glacial phase, it is crucial to recognize
that we are currently in an interglacial period (Marine Isotope
Stage 1-MIS 1) that began approximately 11.7 ka, following
the Last Glacial Maximum (~20 ka) (e.g., RASMUSSEN et alii,
2006; VINTHER et alii,, 2006; MASSON-DELMOTTE et alii,, 2011,
TZEDAKIS et alii,, 2012). In contrast, some authors (e.g., HUDZER
& VANDENBERGHE, 1998; HELMENS, 2014; PAST INTERGLACIALS
WORKING Group oOfF PAGES, 2016) describe the broader
climate history of the last 100 ky as the Pleniglacial, a period
characterized by alternating glacial (MIS 4, MIS 2) and milder
interstadial (the Middle Pleniglacial, MIS 3) conditions rather
than a single, continuous glacial cycle. From this viewpoint, the
long-term trend beginning with MIS 4 suggests that we are likely
to enter a new glacial phase in the geologically near future.

The World Meteorological Organization (WMO) provides
an official definition of “climate,” which considers climatic
phenomena occurring over a 30-year timespan [(https:/
community.wmo.int/en/activity-areas/climate-services/
climate-products-and-initiatives/wmo-climatological-
normals (June 2025). See also pdf available at https:/
www.agroorbi.pt/livroagrometeorologia/DocsProg/Temas
&Exerc%C3%ADciosExtraPorCap%C3%ADtulo/Capl _
Introdu%C3%A7%C3%A30/Docs/WMO%20Guidelines%20
on%20the%20Calculation%200f%20Climate%20Normals_
en.pdf]. However, this definition failsto capture the full complexity
of climate as understood in geological and paleontological
contexts. While the WMO’s operational definition of climate
is applied primarily to instrumentally recorded data spanning
only the past 150-200 years (collected through thermometers,
rain gauges, tide gauges, barometers, anemometers, probes,
satellites, efc.), natural archives, such as glaciers, sediments,
loess-paleosol sequences, pollen content, tree growth rings,
coral development, fossil records of the evolution and spatial
distribution of plants, large and small mammal paleoecology
and stratigraphy, human evolution and dispersal, etc., indicate
that real climate encompasses meteorological events occurring
across much longer timescales, spanning thousands of years. This
geological perspective situates climate change within a vastly
broader framework, encompassing millennia rather than mere
decades. From this perspective, climate does not align with the
definition provided by meteorologists, but instead corresponds to
what is commonly identified today as paleoclimate.

In light of this geological understanding, it becomes evident
that Earth’s climate has always undergone natural fluctuations
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over geological time, predating the influence of human
activities. The notion that climate should remain stable or
that humanity is solely responsible for climate shifts is highly
questionable when viewed through this broader lens of past
climate variability (KAGEYAMA et alii, 2024; see also https:/
www.ipcc.ch/report/ar6/wgl/downloads/faqs/IPCC_AR6_WGI
FAQ_Chapter_03.pdf; https://energyeducation.ca/encyclopedia/
Natural vs_anthropogenic climate change).

THE CAUSES OF CLIMATE CHANGE: COMPLEX
INTERACTIONS OF TERRESTRIAL AND
EXTRATERRESTRIAL VARIABLES

Climate variability arises from a multitude of factors,
both terrestrial and extraterrestrial, which are only partially
understood and often imperfectly so. Milutin Milankovi¢ (1923,
1941), inspired by the ideas of other scholars (CroLL, 1875;
KOPPEN & WEGENER, 1924), elucidated some of the terrestrial
causes of climate change. He correlated these factors with shifts
in how the Earth “exposes” to solar irradiation, identifying
regular fluctuations ca. every 100,000-400,000 years in the
eccentricity of Earth’s orbit, ca. every 41,000 years in the tilt
angle of the planet’s axis, and ca. every 26,000-23,000 years
in the precession of the equinoxes and perihelion. It is worth
noting that all these changes unfold in many thousands of years,
and not in hundreds or tens of years. Incidentally, we now know
that variations in solar radiation alone are insufficient to account
for Earth’s pronounced 100,000-year climatic cycle, indicating
the potential involvement of internal feedback mechanisms
(SALTZMAN et alii, 1984; TzIPERMAN et alii, 2006; LISIECKI,
2010; Huysers, 2011; ABE-OucHI et alii, 2013). Previous
theoretical frameworks, for instance, proposed that glacial
terminations coincide with the accumulation of ‘excess ice’ in
the Northern Hemisphere, yet the specific physical processes
driving the 100,000-year cycle remain ambiguous (RAymo,
1997; PAILLARD, 1998; PARRENIN & PAILLARD, 2003; HUYBERS,
2011; ABe-OucHi et alii, 2013; HERBERT, 2023).

Milankovi¢’s research unequivocally demonstrated the
pivotal role of orbital geometric variations in shaping the Earth’s
climate. His studies, which were foundational in developing our
understanding of orbital forcing, have been strongly supportedby
subsequent research. However, some aspects, such as the
relatively weak influence of orbital eccentricity on the 100,000-
year glacial cycles and the role of the 400,000-year periodicity,
remain the subject of ongoing investigation (SzARKA et alii,
2020). The substantive merit of Milankovi¢’s research and the
veracity of his conclusions are also acknowledged by the IPCC
(Intergovernmental Panel on Climate Change), the esteemed
international authority responsible for assessing climate change.
In so doing, the IPCC implicitly affirmed the protracted timescale
over which climate changes take place, spanning millennia.
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However, there are numerous other terrestrial factors whose
cumulative effects over extended time periods equally contribute
to shaping Earth’s climate. These encompass an intricate web of
factors, involving exchanges of gases amidst the hydrosphere,
biosphere, and atmosphere; volcanic phenomena; greenhouse
gases and aerosols; geothermal energy contributions; the spatial
configuration and orientation of a majority of continental
land masses in the Northern Hemisphere; the disposition of
prominent mountain ranges; intricate thermohaline circulation
patterns; the albedo attributes characterizing diverse regions of
Earth’s surface; as well as the influence of biotic components
such as vegetation and animal life, to cite but a sparse selection.
All these components interact, contributing to determining
the overall energy balance of the planet and thus influencing
meteorological changes on a scale of decades. However, we
know that these variables redistribute, modulate, amplify, and
recycle in various ways a complex energy input primarily of
extraterrestrial origin. The Sun is undeniably the main source
of energy that reaches Earth and sustains life on it. Our star
possesses an extremely complex dynamo-magnetic activity,
both cyclical and aperiodic (aperiodic perhaps due to our still
very limited and imperfect knowledge). Seventy percent of solar
activity can be considered “normal,” while 15%-20% exhibits
characteristics of the so-called “Grand Solar Minima,” and 10%-
15% displays characteristics of “Grand Solar Maxima” (the last
“Grand Solar Maximum” began in the early 1900s and ended
with the 23rd solar cycle in the early years of this century;
UsoskiN, 2017; HANSLMEIER, 2020; ZHARKOVA, 2020; Biswas
ET ALIIL, 2023; SCAFETTA, 2023; SCAFETTA & BIANCHINI, 2023).
We know that the solar wind interferes with the cosmic rays
that reach the Solar System, which significantly contribute to
cooling the Earth’s surface (STEFANI et alii, 2020; CONNOLLY et
alii, 2021). Gravitational interferences from other planets in the
Solar System may also influence climate, especially when these
planets assume specific alignments (Cionco & Soon, 2015;
SCAFETTA et alii, 2016; YNDESTAD & SOLHEM, 2017; CioNnco &
Paviov, 2018; CoNNOLLY et alii, 2021). Furthermore, lunar tidal
forces have been shown to modulate atmospheric circulation,
affecting Rossby wave dynamics and the Polar Jet Stream, as
demonstrated by BEST & MADRIGALI (2015, 2016).

The role of the sun in shaping Earth’s atmosphere, hydrosphere,
and biosphere, and thereby driving meteorological, sub-climatic,
and climatic events (RAISBECK et alii, 1990; PEKAREK, 2000;
KERN et alii, 2012; ABeE-OucHI et alii, 2013; CioNco & SOON,
2017; PANCHANG et alii, 2023) is often marginalized in both
scientific literature and public reports, while other factors are
overemphasized, greenhouse gases above all. There is no doubt
whatsoever that neither greenhouse gases nor aerosols, nor any
other factors conventionally deemed pivotal in driving “climate
change,” possess the capacity to generate the requisite energy
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for Earth’s climatic evolution. Solar activity exhibits evident
correlations with numerous terrestrial phenomena, spanning from
alterations in Earth’s temperatures (FR1S-CHRISTENSEN & LASSEN,
1991; PEKAREK, 2000; MARSH & SVENSMARK, 2003) to changes
in global sea levels (MORNER, 2019), terrestrial environments
(ZHARKOVA et alii, 2023), atmospheric and oceanic circulation
and rainfall patterns (BonDp et alii, 2001; AGNIHOTRI et alii,
2002; AZHARUDDIN et alii, 2019; BERISHA, 2023; MAGHRABI ef
alii, 2023; Wu et alii, 2024), ecological dynamics (KASATKINA ef
alii, 2023), all the way down to, say, human lifespan (Davis Jr
& LoweLL, 2018) and proliferation of epidemics among human
populations (CHEN et alii, 2023).

Considering the complexity of Earth’s climate and its short-
and long-term changes, a careful examination of paleoclimatic
signals provided by glaciers, sediments, corals, tree rings,
fossil records of past faunal and floral communities, and other
natural repositories becomes imperative (SCAFETTA, 2022;
PresTININZI, 2022). Such analysis offers a comprehensive
understanding of (true) climate changes throughout far
longer, more ancient periods than those documented through
bicentennial instrumental coverage. But what does geological
and paleontological evidence actually tell us?

COMPREHENSIVE ANALYSIS OF EARTH’S
THERMAL HISTORY

Anexamination of the geo-paleontological archive delineates
a clear pattern of climatic evolution during the Phanerozoic. In
the Paleozoic Era, the four temperature maxima, much warmer
average surface temperatures than modern ones, documented
by the J180 (180/160 oxygen isotope ratio) curve date
approximately 500, 430-420, 380-370 and 310-300 Ma (Fig.
la; SCOTESE et alii, 2021b). They are interspersed with as many
minima. One of these, corresponding to the Late Ordovician
mass extinction, occurred around 445 Ma. This event was
driven by significant glaciation, which led to a dramatic drop
in sea levels and subsequent anoxia (lack of oxygen) in marine
environments (FINNEGAN et alii, 2012; ZHouU et alii, 2015;
BARTLETT et alii, 2018; Q1uU et alii, 2022). As a result, there was
a substantial loss of marine biodiversity, as many species could
not adapt to the changing conditions. Another mass extinction,
induced by or associated with intense global cooling and likely
also by massive volcanic activity, occurred in the Late Devonian,
around 372-359 Ma (HUANG et alii, 2018; KRAVCHINSKY et alii,
2002). This extinction was accompanied by a series of declines
in biodiversity and disruptions to marine ecosystems, especially
among reef-building organisms. This interval also coincides
with the diversification of early terrestrial vertebrates and the
spread of vascular plants, which likely influenced atmospheric
composition and climate feedbacks. Two additional Palacozoic
thermal minima, dated around 330-320 and 290-280 million
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years ago, were as cold as, or even colder than, the Quaternary
glacial periods (Fig. la; FIELDING et alii, 2008; MONTANEZ,
2022). These cooling events correspond to the Carboniferous
glaciations, linked to the assembly of the supercontinent Pangaea
and extensive ice sheet development in the southern hemisphere.
The Carboniferous also saw high atmospheric oxygen levels,
fostering gigantism in terrestrial arthropods and amphibians.

The Palaeozoic-Mesozoic transition was marked by one of
the most severe mass extinctions in Earth’s history: the Permian-
Triassic Extinction, which occurred about 252 Ma. This
catastrophe was likely triggered by massive volcanic eruptions
in the Siberian Traps. The volcanic activity led to global
warming, ocean acidification, and extensive environmental
collapse, causing widespread extinctions and reshaping Earth’s
biota (JURIKOVA et alii, 2020). The extinction eradicated
approximately 90% of marine species and 70% of terrestrial
vertebrates, fundamentally reshaping Earth’s biota and paving
the way for the rise of the dinosaurs and other Mesozoic groups.

Moving along the 6180 curve, the ensuing Mesozoic
Era starts with a particularly warm interval, succeeded by
two relatively cooler phases approximately 200 and 150 Ma,
coinciding with the initial breakup of Pangaea and associated
changes in ocean circulation and climate patterns (Fig. 1a; SONG
et alii, 2019; SCOTESE et alii, 2021b). Two intense warming
episodes occurred around 180 and 100-90 Ma, corresponding to
the Jurassic and mid-Cretaceous thermal maxima, respectively.
These warm intervals facilitated the diversification of dinosaurs,
early mammals, birds, and the emergence of angiosperms,
which dramatically altered terrestrial ecosystems).

During the early Mesozoic, Pangaea, the vast supercontinent,
encompassed the majority of contemporary landmasses. It
consists of two principal subcontinents, Laurasia to the north
and Gondwana to the south, positioned approximately along
the equatorial belt, while the oceans assume a predominantly
latitudinal arrangement. This configuration strongly influenced
global with vast continental interiors
experiencing extreme seasonality and arid conditions, while

climate patterns,

the surrounding oceans exhibited predominantly latitudinal
circulation patterns (SCOTESE et alii, 2021b). The early Mesozoic
witnessed the ascendancy of dinosaurs, the prolific radiation of
ammonites, and the widespread development of hexacoral reef
barriers. It was also the era when birds and primitive mammals
first emerged, alongside the initial appearance of angiosperms,
which would later transform terrestrial ecosystems.

About 201.4 Ma, volcanic eruptions from the Central
Atlantic Magmatic Province contributed to significant global
warming and environmental stress (CAPRIOLO et alii, 2022).
This event precipitated the Triassic-Jurassic mass extinction, a
major biotic crisis that, at the transition from between Triassic
and Jurassic Periods, reshaped both marine and terrestrial
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Fig. 1 - 4180 curves of paleotemperatures at various temporal scales: a) Oxygen isotope curve reconstructing surface temperatures of tropical seas over the
last 500 Ma (adapted from SCOTESE et alii, 2021b). b) Oxygen isotopic curve reconstructing deep ocean isotopic temperatures during the Cenozoic
over the last 66 Ma (adapted from SCOTESE et alii, 2021b). ¢) Oxygen isotopic curve of the last 2.6 Ma (adapted from LOWE & WALKER, 2015). d)
Reconstructed Holocene temperature record from the Greenland Ice Sheet Project 2 (GISP2) ice core (adapted from SCAFETTA et alii, 2016). e) High-
resolution sea-surface temperatures (spanning between 2 and 5 years) over the last 2000y (adapted from SICRE et alii., 2008).
A.D. = Anno Domini; C = Carboniferous; C O = Climate Optimum; Cm = Cambrian; Cool P = cool period; D = Devonian, E P = Early
Pliocene; I C = Ice Cap; J = Jurassic;, K = Cretaceous;, L M = Late Miocene; LGM = Last Glacial Maximum; MPR = Middle Pleistocene
Revolution; MPT = Middle Pleistocene Transition; N = Neogene,; O = Ordovician; P = Permian,; Pg = Paleogene; S = Silurian; T = Triassic,
W P = warm period; 6180 = 180/160 isotope ratio
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ecosystems by eliminating many species and opening ecological
niches for the subsequent dominance of dinosaurs and other
groups (WHITESIDE et alii, 2010). The extinction also coincides
with shifts in ocean chemistry and climate that had long-
lasting impacts on biodiversity and ecosystem structure. During
the mid-Mesozoic, Pangaea broke up, and the continental
fragments predominantly began migrating towards the
planet’s northern pole, while the oceans gradually assume the
longitudinal arrangement we see today (SCOTESE et alii, 2021b).
This tectonic reconfiguration influenced ocean circulation
and climate, contributing to regional climatic heterogeneity.
Progressing towards the end of the Mesozoic, a decline in global
temperatures is evident in the 6180 curve, around 80-70 Ma.
Around 66 Ma, three concurrent events profoundly affected
Earth’s climate: an asteroid impact near the Yucatan Peninsula, a
massive resurgence of volcanic activity in the Indian Deccan Traps,
and significant changes in sea levels affecting the epicontinental
seas that once covered much of North America (DINGUS & ROWE,
1997; ALVAREZ et alii, 1980; SELF et alii, 2022 and references
therein; STRINGER & SLOAN, 2023). This combination of factors
led to the Cretaceous-Paleogene Extinction, a world-famous event
that triggered drastic climate changes, including atmospheric
dust loading, acid rain, and greenhouse warming, which together
reshaped global biodiversity and resulting in the extinction of
approximately 75% of Earth’s species. This included not only the
non-avian dinosaurs but also flying and marine reptiles, as well
as a wide range of marine organisms such as ammonites, rudists,
foraminifera, coccolithophores, and various zooplankton taxa.
This catastrophic event was followed by a substantial
temperature rebound, with global climates becoming
significantly warmer, upon transitioning to the Cenozoic era
(Figs. 1a, b). The escalation of global temperatures culminated
around 57 to 50 Ma with a series of global perturbations of
atmospheric CO, and CH, content and global climate of still
debated origin, defined by Paleogene “hyperthermal” events
(such as the Paleocene-Eocene Thermal Maximum, PETM,
and the Early Eocene Climatic Optimum; ZACHOS et alii, 2001,
2008; HIGGINS & SCHRAG, 2006; DUNKLEY JONES ef alii, 2013;
GUTJAHR et alii, 2017; HARPER et alii, 2020) representing much
warmer peaks than any intervals since the emergence of hominids
(Fig. 1b). The PETM, in particular, is noted for its profound
impacts on marine and terrestrial ecosystems, including rapid
species migrations, extinctions, and evolutionary radiations.
From that juncture onwards, the 6180 curve, with more or
less extensive oscillations, descends towards progressively colder
temperatures. The start of the Oligocene, approximately 34-33
million years ago, coincided with the progressive paleogeographic
isolation of Antarctica due to its separation from South
America and Australia, leading to the opening of the Drake and
Tasmanian gateways. This allowed for the establishment of the

Italian Journal of Engineering Geology and Environment, 2 (2025)

Antarctic Circumpolar Current, thermically isolating Antarctica
from warmer ocean currents and initiating the formation of a
continental-scale ice sheet that eventually blanketed the continent
with thousands of meters of ice (ZACHOS et alii, 2001) (Fig. 1b). In
parallel, a substantial decline in atmospheric CO: concentrations
across the Eocene-Oligocene transition likely contributed to
the global temperature drop, consistent with the so-called CO:
Hypothesis (LUNT et alii, 2014). For the first time in many million
years, one of Earth’s poles came to be permamently shrouded by
an ice cap. Since then, the 6180 curve has displayed an ongoing,
relentless, and inexorable planetary cooling (RAILSBACK et alii,
2015; SCOTESE et alii, 2021a, 2021b).

The stratigraphic records worldwide serve as eloquent
testaments to the substantial influence exerted by astronomical
forcing on climate change (Hinnov, 2013). Carbonates were
the dominant lithologies in lower Mesozoic to early Cenozoic
sedimentary successions, extending up to their earliest Oligocene
strata (BERNER et alii, 1983; BOSELLINI, 1989; MILLIMAN &
DROXLER, 1996; ARVIDSON et alii, 2006; POMAR & KENDALL,
2008). Conversely, terrigenous siliciclastic sediments predominate
in the more recent, upper parts of the stratigraphic successions,
which have significantly lower carbonate contents. The carbonates
largely derive from oozes that are fed by a continuous rain-out
from the water column of mixed organic detritus, termed “marine
snow” (LOWE & WALKER, 2015). In warm tropical to subtropical
seas marine snow is largely constituted by carbonate shells of
planktonic and benthic microorganisms. The marked reduction
of these carbonate accumulations in the past submarine archives
preserved in stratigraphic sequences worldwide thus serves as
a marked signal of significant and gradual global cooling of the
Earth’s oceans over the last 34-33 My (ZacHos et alii, 2001;
CoxALL et alii, 2005; BoHATY et alii, 2009; Liu et alii, 2009;
PROTHERO & BERGGREN, 2014; WESTERHOLD et alii, 2020).

The most recent peak of relatively warmer and more humid
climatic conditions occurred during the early to mid-Miocene,
approximately 18-15 Ma (RAILSBACK et alii, 2015; SCOTESE et
alii, 2021a, 2021b) (Early-Middle Miocene C O in Fig. 1b). Lush,
warm-moist tropical-subtropical forests spread over wide expanses
of land, from the equator to temperate regions. Alternating warmer
and cooler phases characterized the Late Miocene, around 7 Ma,
and the following Pliocene Epoch, from 5.3 to 2.6 Ma, all set
against the backdrop of an overarching and discernible trend of
gradual cooling (L M - E P C O in Fig. 1b).

Most prominent changes in Pliocene biome distribution
compared to today include northwards shift of temperate and
boreal vegetation zones in response to a warmer and wetter
climate as well as an expansion of tropical savannas and forests
at the expense of deserts (SALZMANN et alii, 2011). Similar large-
scale biome shifts had also occurred during earlier Cenozoic
hyperthermal events, such as the PETM (ZAcHos et alii, 2001;
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MUDELSEE et alii, 2014), when Arctic and subarctic latitudes were
covered by extensive paratropical forests (SUNDERLIN ef alii, 2011;
CLIFTON, 2012; AKHMETIEV, 2015; GOLOVNEWA et alii, 2023).
During the Pliocene, the Arctic region was devoid of ice,
and boreal forests, primarily dominated by coniferous trees,
extend northward, reaching as far as northern Greenland
and the Arctic Archipelago situated to the north of mainland
Canada (MAcCPHEE, 2018). In the marine realm, the Pliocene
is characterized by a reconfiguration of ocean gateways,
particularly the narrowing of the Indonesian Seaway and closure
of the Central American Isthmus, which produced an essentially
modern pattern of ocean circulation (MCGIRR et alii, 2021). In
the Southern Ocean, a warm early Pliocene climate gave way
to late Piacenzian cooling. Proxy data indicate a reduced east-
to-west sea surface temperature gradient in the tropical Pacific
during this period of Pliocene warmth (SALZMANN et alii, 2011).
These climatic and oceanographic conditions influenced
terrestrial ecosystems as well. Between 5 and 2.6 Ma, Eurasia was
dominated by warm and humid sequoia forests (COMBOURIEU-
NEeBOUT et alii, 2015), inhabited by mastodons, tapirs,
rhinoceroses, small-sized cervids, black bears, saber-toothed
tigers, and other solitary carnivores, typical ambush predators
well-adapted to densely forested environments (KAHLKE et alii,
2011). These ecological contexts closely resemble the warm and
humid forests of present-day Southeast Asia.
As the Pliocene gave way to the Pleistocene, increasing climate
variability became a defining feature, particularly in tropical Africa.
Although fragmentary, the African faunal and paleoclimatic
records reveal periodic shifts between wetter and drier
conditions, during the Plio-Pleistocene, notably around 2.8 Ma,
1.7 Ma, and 1.0 Ma, in alignment with glacial cycles (PETER,
2004). However, these records do not support a unidirectional
trend toward sustained aridity. Instead, under conditions of
diminished summertime insolation, which typically prompted
glacial expansion at high-latitudes and heightened aridity
in tropical Africa, there is evidence for an intensification of
millennial-scale climate fluctuations (LUPIEN et alii, 2020).
Faunal transformations occured at key temporal junctures, such
as 2.9-2.4 Ma and after 1.8 Ma, corresponding to pivotal stages
in early hominid evolution (PETER, 2004). Hominins likely had
to contend with increasing climate instability amid already pre-
existing exceptionally challenging environmental conditions.
Progressive cooling during the Late Pliocene culminated
around 2,588 Ma, when Greenland became covered with ice and
the Arctic ice sheet expanded, essentially forming for the first time
(Arctic I C in Fig. 1b). This pivotal event marked the beginnig
of the Pleistocene, the first Epoch of the Quaternary Period, and
the Earth’s most recent geological interval. At this juncture, both
poles of the planet are occupied by glacial caps, an unprecedented
situation at least since the Mesozoic Era (250 Ma).
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Following this event, global climate conditions appear to
primarily respond to the 41,000-year obliquity orbital periodicity
(IMBRIE et alii, 1992; Lisiecki & Raymo, 2005) (Figure 1C).
Temperatures inexorably continued to decrease, with each
cold phase accompanied by growing aridity. The warm moist
forests were gradually replaced by cool-temperate forests during
interglacial phases and by wooded-grasslands/steppe-savannas
during glacial phases (COMBOURIEU-NEBOUT et alii, 2015).

The drastic environmental transformation leads to the
replacement of the original tropical-subtropical fauna, associated
with warm moist forested habitats, with species adapted to typical
steppe-like settings. Gradually, faunal assemblages ecologically
akin to present-day African savannahs, albeit adapted to cooler-
colder environments, began to take shape (KAHLKE et alii,
2011). This transformation is initiated by the arrival of antelope-
like forms, ecologically similar to wildebeests. Subsequently,
elephants, zebra-like equids, rhinoceroses, large suids, cervids
of varying sizes, carnivorous bears more akin to today’s brown
bear, canids resembling modern wolves, coyotes, and African
wild dogs, panthers, lynxes, wildcats, giant cheetahs, giant
hyenas, and beavers, to mention but a few characteristic faunal
components of this interval, arrived (KAHLKE et alii, 2011). Herds
of seasonably mobile grazing herbivores gradually supplant the
original solitary browsers and grazers, and the mostly ambushing
carnivores of the Pliocene, typical of densely vegetated forested
settings, were replaced by gregarious predators and fleet-
footed runners of open environments. Towards the mid-Early
Pleistocene, around 1.8 Ma, Homo georgicus, the earliest known
hominin in Eastern Europe, arrived from Africa and settled in
what is now Georgia (VEKUA et alii, 2002). This was followed by
subsequent arrivals of a close relative, Homo erectus. Soon after,
hippopotamuses and giant deer enrich the faunal communities.

Apivotal transformationinvegetation occurred approximately
1.2 Ma, characterized by a reduction in needle-leaved forest
and a considerable spread of Artemisia, Chenopodiaceae, and
Poaceae grasslands. Subsequently, a persistent deterioration
of the local forest vegetation ensued, ultimately yielding to its
displacement by woody grassland around 0.7 Ma (ZnHou et alii,
2018). In fact, towards the end of the Early Pleistocene, starting
approximately 1,000,000-900,000 years ago, the cool-cold/
temperate-warm alternations became irregular. This is possibly
caused by an extremely warm interglacial event in the Ross Sea,
Antarctica (SCHERER et alii, 2004). After about 800,000 years
ago, hence from the onset of the Middle Pleistocene, there
was a marked prolongation and intensification of the glacial/
interglacial climate cycles to 100,000 years: it is the so-called
MPR (Mid-Pleistocene Revolution) (MAASCH & SALTZMAN,
1990; BERGER & JANSEN, 1994; MUDELSEE & STATTEGGER, 1997,
KAHLKE, 2000; LisiEck1 & Raymo, 2005; MASLIN & RIDGWELL,
2005) or MPT (Mid-Pleistocene Transition) (HERBERT, 2023)
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(Fig. 1c). Environmental conditions demonstrated a progressive
rise in continentality, with greater disparity between winter and
summer temperatures. These alterations in climate, especially
the heightened severity and prolonged duration of cold periods,
exerted a profound impact on both the biota and the physical
landscape, with particular impact in the Northern Hemisphere.
In Eurasia, periodic temperate phases, characterized by the
proliferation of broad-leaved forests in the plains and needle-
leaved forests on the highlands, alternate with cold phases
during which the plains transition to grassy steppes as the
forests recede (COMBOURIEU-NEBOUT et alii, 2015). This leads
to a major reorganization of large-mammal communities, with the
extinction of many original species from the Early Pleistocene
and their replacement by new species originating from both Asia
and Africa, better suited to the modified environmental contexts.
New elephants and rhinoceroses appeared, alongside wild horses,
wild boar, bison, aurochs, red deer, roe deer, spotted hyena, bears
(both brown and cave), wolf, lion, and leopard (HEAD & GIBBARD,
2005; KAHLKE et alii, 2011). Eurasia served as the destination for
subsequent hominin migrations, especially marked by one that
ultimately results in the emergence of Homo neanderthalensis.
The Middle Pleistocene, from approximately 800,000 to
about 130,000 years ago, witnessed fifteen climatic oscillations,
seven temperate-warm ones (two notably warm, around 400,000
and 220,000 years ago) and eight cool-cold ones (two particularly
cold, at 650,000 and 350,000 years ago) (HEAD & GIBBARD,
2005). The Late Pleistocene started with a very warm event
around 123,000-109,000 years ago (also known as the Eemian
Interglacial; TURNER, 2002; SHACKLETON et alii, 2003), during
which temperatures were so high that elephants, rhinoceroses,
and hippopotamuses reached the high latitudes of the British
Isles. Following this event, temperatures gradually began to
decrease, albeit punctuated by a series of significant warm-
humid oscillations (as many as twenty, known as Dansgaard—
Oeschger events; DANSGAARD et alii, 1993; MENVIEL et alii,
2014) and cold-dry periods (six of which are particularly cold,
referred to as Heinrich events; HEINRICH, 1988; BOND et alii,
1992) (PeDRO et alii, 2022). According to multiple sources,
approximately 50,000 years ago, during the last glacial interval,
habitats underwent fragmentation, resulting in the isolation of
large mammal populations. The fauna experienced a progressive
decline and ultimately becomes extinct from Eurasia (LISTER &
BanN, 1994; WARD, 1997; REUMER, 2007; MONDANARO et alii,
2021). Pachyderms vanish swiftly, followed by most carnivores.
The climate change trend culminated in an intense glacial
phase, dubbed the LGM (Last Glacial Maximum) (Figure 1C).
The LGM occurred approximately 20,000 years ago, followed
by the so-called ‘post-glacial” period, marked by a progressive
global climatic amelioration (the end of the LGM actually
marks the onset of the current interglacial, the geological
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interval of warmer average global temperatures in which we
are living today). Nevertheless, this improvement in climatic
conditions was abruptly interrupted by a momentaneous, short-
lasting (in geological terms) yet intense cooling event, occurring
approximately between 12,900 and 11,700 years ago (Younger
Dryas) (BROECKER et alii, 2010; MAHANEY, 2023). This dramatic
climate change resulted in the extinction of 34 genera of large
mammals in North America and 46 additional genera in South
America. Moreover, it coincided with the disappearance of
the Clovis culture, the earliest known human culture in North
America. The Pleistocene Epoch concludes 11,700 years ago,
starting the current Epoch, known as the Holocene.

In the early part of the Holocene, there are pervasive trends
of environmental “banalization”, here understood as a significant
reduction in overall biodiversity, alongside simplification, marked
by declining species richness and habitat homogenization (SMITH
et alii, 2022; PUZACHENKO & MARKOVA, 2023). Eurasia becomes
predominantly covered by near-continuous forestation, stretching
from western Spain to the eastern fringes of Russia. Conversely,
the Near and Middle East gradually undergo desertification, while
extensive grasslands blanket North America. This substantial
environmental degradation is perhaps the primary among the
numerous contributing factors that compel the majority of
human populations across various parts of the planet to transition
almost simultaneously from a nomadic, hunting and gathering
lifestyle, to a sedentary one. This transition is particularly
evident in the Fertile Crescent region, where archaeological
evidence correlates with significant environmental shifts driving
the domestication of wheat and barley (Nyu, 2024). This marks
the so-called “Neolithic Revolution” of the ancient Holocene,
during which the domestication of both plants and animals
experiences its greatest momentum, culminating in agriculture
and animal husbandry. These agricultural practices become the
sole means to procure the resources necessary for the survival of
exponentially growing human populations (BLAKEMORE, 2019).

It is crucial not to misconceive the Holocene as a climatically
stable interval; quite the contrary. Understanding Holocene solar
and climatic variations on centennial to millennial timescales
has been advanced by recent research employing new proxies
and analytical methods. Studies utilizing nitrate concentrations
from ice cores and advanced wavelet analysis have identified
fundamental solar modes and their correlations with climate
proxies across various global regions (SooN et alii, 2014).
This research highlights the significant role of solar activity
in shaping long-term climatic variations and underscores the
complexity of climatic responses to solar modulation.

The present interglacial phase initially leads to a series of
warm peaks, around 10,000 and 4,800 years ago, referred to as the
early Holocene Optimum (ARZHANOV & MOKHOV, 2017; MAGNY,
2023) (Fig. 1d). The rest of the Holocene presents intermittent
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cooler periods interspersed within generally warmer phases.
Specifically, there were three warm intervals, one at the time of the
Minoans, another during Ancient Rome (Roman Warm Period),
and a third during the High Middle Ages (Medieval Warm Period),
with the Dark Ages cool period in between (Figs. 1d, e).

The Holocene further encompasses the Little Ice Age,
spanning from 1300 through 1900, with its coldest phase known
as the Maunder Minimum (1645-1715), and culminates in the
ongoing warm modern period (HOLZHAUSER, 1997; PFISTER et alii,
1998; WANNER et alii, 2000; McGANN, 2008; SICRE et alii, 2006,
2008; HONG et alii, 2009; LUNING et alii, 2017,2018, 2019) (Figs.
1d, e). Notice the centennial pacing of the sub-climatic oscillations
and the decadal ones of the meteorological events (Fig. 1e).

Around 10,550 years ago, near Pisa, the sea level is
approximately 35 m below the current average level. Later
on, and until around 7,050 years ago, it rises rapidly, slowing
down its rate of growth only after this date. Around 6,050 years
ago, the sea level is some -5 m relative to the current average
level (KANIEWSKI et alii, 2018). From then on, the rate of sea
level rise further slows down, reaching a minimum over the last
4,000 years, during which the global variation in relative sea
level stays within 1.5 m of the modern mean level. Recent high-
resolution studies further refine these reconstructions, offering
insights into localized coastal dynamics and sedimentary
processes in the Western Mediterranean (ONAC et alii, 2022).

Two major sub-climatic events punctuate the Holocene
Epoch. The first, occurring approximately 8,200 years ago, is a
short-lived but abrupt cooling episode that defines the boundary
between the Greenlandian and Northgrippian stages (ALLEY &
AGUSTSDOTTIR, 2005; ROHLING & PALIKE, 2005). The second,
more prolonged event occurs around 4,200 years ago, marking
the transition from the Northgrippian to the Meghalayan stage
(WEIss et alii, 1993; STAUBWASSER & WEISS, 2006). Around this
time, a sharp reduction in rainfall diminishes the overall fluvial
discharge, leading to a decrease in agricultural and pastoral
activities in the Pisa area, reaching a nadir around 4,150 + 45
years ago. The event concludes around 3,950 + 45 years ago,
transforming the basin into an extensive alluvial area with a
significant influx of freshwater (KANIEWSKI et alii, 2018).

These reconstructions reflect the melting trends of the
Laurentide ice sheet in North America and are perfectly
consistent with what was also recorded in the central and northern
parts of the Western Mediterranean. Historical sources inform
us that around 2,200 years ago, a natural lagoon formed near
Pisa, connected to the sea through a strait; there the Romans built
Portus Pisanus, which survives until the 5th century CE. The
decline of the protected lagoon began around 1350 and peaked
around 1500 when it transformed into a coastal lake (KANIEWSKI
et alii, 2018). This compelled Cosimo I de’ Medici to establish
the city and port of Livorno. As seen, the evolution of the Pisan
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port basin was significantly influenced by sea-level excursions,
governed by substantial sub-climatic changes.

History offers further evidence regarding the Roman Warm
Period. The principal ancient authorities on the invasion routes
followed by the Punic Army in 218 BC across the Alps are
Polybius and Livy (PorLyBius; Livy; OAKLEY, 2019). Of the two,
Polybius holds a position of prominence due to his personal
exploration of the invasion route, conducted some 60 years
after the event. Conversely, Livy, who resided in Padua, did not
undertake a similar journey and based his account on sources
that are no longer available. In the third volume of his Totopiot
Polybius informs us that Hannibal crossed the Alps towards the
end of September leading a force of 38,000 men, 8,000 cavalry
mounts, an “immense string of beasts” (pack animals), thousands
of handlers and 37 elephants (PoLyBIUS), the modern equivalent
of nearly four infantry divisions. The army presumably passed
through a valley about 3000 m asl (MAHANEY, 2008; MAHANEY
et alii, 2008, 2016). “He” (Hannibal) “had spent fifteen days in
crossing the Alps” (PoLyBius) completing the journey at “the
setting of the Pleiads” when “snow had already gathered on the
summit” (October) (PoLyBius). The elephants most probably
were of the species Loxodonta cyclotis (LAZENBY, 1978;
GERKENS, 2013; Esposito, 2023), now prevalent in the warm
climates of West Equatorial Africa.

It is worth highlighting that in his accounts of Hannibal’s
mountain crossings, such as the Pyrenees or the Alps, Polybius
refers to “snow,” whereas any mention of “ice” or “glacier”
remains conspicuously absent. In fact, it is important to recognize
that the term “glacier” is not found in ancient Latin, and the
concept itself was likely unfamiliar to the ancient Romans.
Etymologically, the word glacier is a loanword from French
language, with its origins tracing back, through Franco-Provencal
language, to the Vulgar Latin term glaciarium. This term, in turn,
stems from the Late Latin glacia, which can be ultimately traced
back to the Latin word glaci€s, meaning “ice” (SMPSON, 1979).

Concerning the Medieval Warm Period, during the High
Middle Ages, concurrent with the Maya civilization succumbing
to a severe drought reaching its apex around 1000 CE (DOUGLAS
et alii, 2016), Icelandic settlers established themselves in
Greenland circa in the year 985. They occupied regions
corresponding to present-day districts of Narsaq, Julianehaab,
and Godthaab (LamB, 1982). Their deceased could be buried
at a depth in the soil that has remained consistently frozen in
permafrost since. During the warm early 12th century, the fjord
waters were sometimes warmer by at least 4°C compared to the
current average temperature (McCGOVERN, 1981). These climatic
conditions may have facilitated trans-Atlantic exploration, such
as Norse expeditions to North America, while simultaneously
supporting agricultural expansion in Europe (OGILVIE & PALSSON,
2003; CosTELLO, 2021; SKOGLUND, 2023). During that time,
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drifting ice only reached the shores of Iceland for a few weeks a
year (KocH, 1945). Also, in the early 12 century, in central and
western Europe, there is an increasing spread of grape cultivation
northwards: medieval vineyards in England are documented up
to a latitude of 53° N (McGovEerN, 1981). Medieval sources
report grape harvests even in Bohemia, Thuringia, and Belgium
(ALEXANDRE, 1987). During this phase, vineyards were even
cultivated at altitudes ranging from 600 to 700 m in the pre-
Alpine Toggenburg valley (SCHERER, 1874). Indeed, in Norway,
agricultural settlements extend up to an altitude of 200 meters
on the hills, and wheat is cultivated almost up to the latitude of
the Arctic Circle (LamB, 1984). In Alpine territories, pastures
are used up to an altitude of 2800 m (ROTHLISBERGER, 1976).
During this climatic “Little Optimum”, the transitional seasons
are presumably warmer by about 0.7-1.0°C compared to the
20th-century average in England and 1.0-1.4°C in central Europe
(ROTHLISBERGER, 1976; LAMB, 1984; PFISTER, 20006).

Rich documentation related to cereal cultivation in central
Europe are crucial for understanding the cumulative influence
of meteorological conditions over time, and thus of sub-climatic
changes, on agriculture. In the first half of the 16™ century,
early cereal harvest events in the hop and vine cultivation
region of Bohemia are repeated, as indicated, for example, in
the accounting books of Louny (BRAzDIL & KoTyZA, 2000). In
the same region, records of grape harvests in the period 1501-
1560 show that vine cultivation progressively expand from
traditional locations, such as Mé&lnik, Roudnice nad Labem,
and Litoméfice, in the Elbe Valley, to DéCin. The main grape
varieties cultivated are Traminer and Pinot Noir. The various
available datasets are perfectly consistent, demonstrating the
solidity and reliability of the information (MOZNY et alii, 2012).

The existence of an unusually warm period in the 16th
century is evidenced by reports of thermophilic cultivation
practices that are no longer possible in subsequent years. For
instance, in 1558, Martin Rakovsky observed, in a description
of the city of Louny (Czech Republic) (OkAL, 1974), ‘The
meadows and orchards are enchanting, with extensive orchards
of Damask plums, peaches, quinces, chestnuts, almonds, and
various other fruits; here grow saffron and melons [. . .]. Wheat
on the plain is growing well; on the hills, vines are found
everywhere.’ It was noted (PEIML, 1966) that during this period,
trees are planted in vineyards as protection against direct sun.
Melons (probably Cucumis melo) cultivated in the Kolin region
(Czech Republic) are used as gifts to curry favor with Prague
administrators (PEIML, 1974). The 1530s and 1550s the warmest
and driest summer decades of the 16th century in central Europe
(PFISTER & BRAZDIL, 1999). Indeed, the year 1540, with its very
hot and dry conditions, is probably the most exceptional of its
kind in the last 500 years in central Europe (GLASER ef alii,
1999; PFISTER, 1999). The very warm May-July period in the
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16™ century, comparable even to the end of the 20" century, has
recently been reconstructed from the grape harvest dates series
in Lower Austria (MAURER et alii, 2009).

CONCLUSIONS

The climatic evolution of Earth throughout geological time
serves as the backdrop for gaining a deeper understanding of the
intricate ecological relationships between climate, landforms,
and ecosystems at risk. Milutin Milankovit¢’s foundational work,
still widely accepted by the scientific community and referenced
by the IPCC, offers a comprehensive mathematical framework for
understanding orbital forcing and its role in climatic oscillations.
Although certain aspects, such as the relatively weak influence
of eccentricity on the ~100,000-year glacial cycles and the
significance of the 400,000-year periodicity, remain topics of
ongoing investigation, the theory has been broadly validated by
recent studies, across both short-term interannual and long-term
millennial timescales (SzZARKA et alii, 2020).

Insights gleaned from geological and paleontological records
reveal the intrinsic variability of climate over vast timescales,
driven by both terrestrial and astronomical factors. This
perspective is essential for understanding how natural climate
fluctuations, spanning hundreds of thousands to millions of years,
have profoundly shaped Earth’s landscapes and ecosystems at risk.
Recognizing millennial-scale climatic cycles is essential to mitigate
geological hazards, such as soil instability, hydrological shifts, and
land-use challenges. Integrating long-term climatic insights into
hazard assessment frameworks can enhance predictive models
and support sustainable management practices. The shaping of
Earth’s landforms and ecosystems over geological time reflects
the combined effects of significant climatic changes identified by
Milankovi¢’s cycles and major geological events of extraordinary
scale and importance. This integrated perspective should form the
fundamental framework for improving the forecasting of geological
hazards and guiding sustainable land-use planning.

The five major mass extinctions that punctuate Earth’s
history, the Late Ordovician, Late Devonian, Permo-Triassic,
Triassic-Jurassic, and Cretaceous-Paleogene extinctions, are
among the most compelling examples of the profound impact that
these climatic and geological interactions have had on life, with
implications that may extend into the geological future. It could
even be argued that biological evolution itself has been shaped
over hundreds of thousands to millions of years by these forces.
However, reliable evidence of such long-term climate fluctuations
is found only in geological and paleontological records, which
vastly exceed the limited scope of instrumental measurements.
These measurements mostly cover merely the past two centuries
and suffer from well-known issues of comparability and
standardization, due to the inevitable evolution of data-gathering
techniques and recording practices over time (e.g. BRATH et alii,
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2004; GLASER & RIEMANN, 2009; CHRISTIANSEN & LIJUNGQVIST,
2017; Capozzi et alii, 2020). Relying solely on these narrow
records risks overlooking the comprehensive insights provided
by geological and paleontological archives, which offer a far
deeper understanding of long-term climate patterns.

The most recent glacial cycle, which began around
100,000 years ago, culminated in the Last Glacial Maximum
approximately 20,000 years ago. This was followed by the
Last Glacial-Interglacial Transition, leading to the onset of the
Holocene, the current interglacial period, around 11,700 years
ago. These transitions represent the most recent, significant long-
term climatic cycles. Glacial and interglacial cycles have direct
implications for understanding soil erosion dynamics, sediment
transport, and flood risks in vulnerable regions. The findings of
this study underscore the importance of integrating paleoclimatic
data to discriminate atmospheric phenomena across appropriate
timesclaes, thereby enabling more effective regional hazard
assessments and improved landscape management.

The current interglacial period, in which we are living today,
has experienced secular oscillations, including warm peaks
such as the Holocene Optimum, the Minoan Warm Period,
the Roman Warm Period, the Medieval Warm Period, and the
ongoing modern warm period, interspersed with cooler periods
such as the Dark Age cool period and the Little Ice Age.

The examination of long-term climatic patterns provides
essential context for understanding contemporary climate
projections. To appreciate how modern models fit into this broader
narrative, we must consider how they align with or diverge
from historical climate variability, and how their structural
assumptions may limit their reliability when extrapolated beyond
their calibration window (ScCAFETTA, 2019). CLARK et alii
(2016) emphasize that policy decisions made today could have
profound effects on climate and sea levels over the next 5,000
to 10,000 years. Their projections are based on current carbon
emissions and their potential long-term impacts, utilizing CO,
concentrations and paleotemperature values derived from
ice samples dating back 20,000 years. However, they do not
specifically address the complexities of CO, — temperature
relationships across deeper geological timescales. For example,
Davis (2017), drawing on over 400 million years of geological
data, highlights that there have been significant temporal
decouplings have occurred between atmospheric CO, levels and
paleotemperatures. These decouplings occurred across a wide
range of time scales, depending on the resolution and extent
of the data analyzed. The time spans range from annual and
decadal fluctuations in modern instrumental records, through
the last two millennia of high-resolution proxy data, to intervals
approaching about one million years in the more fragmentary
Phanerozoic proxy records. These mismatches between CO,
and temperature were modulated by factors such as continental
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configurations and drift, ocean circulation patterns, variations
in silicate weathering rates, and changes in solar radiation. Such
findings underscore the importance of contextualizing present-
day CO: dynamics within a broader temporal framework that
accounts for non-linear and lagged climate responses. They
also caution against uncritical acceptance of projections of
catastrophic future warming, which may fail to reflect the
complexities and phase lags revealed by deep-time climate
proxies, particularly the recurrent absence of a consistent in-
phase relationship between CO, concentrations and global
temperatures over geological timescales.

JupD et alii (2024) have recently contributed to this field
by presenting a new reconstruction of global mean surface
temperature (GMST) over the past 485 My, emphasizing the
strong correlation between GMST and atmospheric CO, levels.
However, their work relies heavily on data assimilation models,
which integrate proxy data with climate simulations, raising
concerns about the validity of the correlation, as it may reflect
the model’s assumptions rather than actual historical data.
Additionally, their findings do not align with studies using
purely observational proxies (e.g., Davis, 2017). Furthermore,
they overlook the possibility that rising CO, concentrations
could be a consequence of temperature change rather than
the cause, given that CO, solubility in oceans is temperature-
dependent. Even accepting high climate sensitivity to CO,
proposed by some models, up to 8°C, the fundamental question
remains unresolved: what mechanisms drove the fluctuations in
atmospheric CO, concentrations during the pre-industrial era,
long before anthropogenic emissions? Some contend that recent
exponential increases in CO, levels reflect human amplification
of natural processes. However, such claims warrant careful
scrutiny, particularly in the light of the extremely short time
span involved and our still-limited understanding of how carbon
cycle dynamics influence Earth’s temperatures and atmospheric
behavior. The attribution of CO, as the primary driver of long-
term temperature changes over geological timescales remains
problematic, given the complexity of natural carbon cycle
feedbacks and the many non-anthropogenic factors influencing
both temperatures and atmospheric composition. Nevertheless,
some hypotheses suggest that pre-industrial human activities,
such as early extensive farming and deforestation, may have
contributed to greenhouse gas fluctuations on shorter timescales
(e.g., RupDIMAN & THOMSON, 2001; KApPLAN et alii, 2011,
RupbpimaN, 2017; NeEVLE & BIrD, 2008; DuLL et alii, 2010;
ZALASIEWICZ et alii, 2015). However, the extent of these
influences remains debated and does not fully explain the large-
scale CO2 variations observed in deep-time records.

As we have seen, while CLARK et alii (2016), McKay et
alii (2022), and JupD et alii (2024) provide critical insights
into the potential impacts of current policies and global

www.ijege.uniromal..it



REASSESSING CLIMATE VARIABILITY THROUGH GEOLOGICAL TIME:

IMPLICATIONS FOR ENVIRONMENTAL MANAGEMENT AND HAZARD MITIGATION

warming thresholds, their models must be interpreted with
an awareness of the long-term climate patterns identified in
geological records. A clearer and more delineated understanding
of climatic events and their effects at the global, regional,
and territorial levels can aid in developing more targeted and
effective strategies for forecasting and mitigating their impacts.
By grounding these strategies in accurate definitions, we can
better assess the most appropriate measures for environmental
containment, ensuring that responses are both judicious and
precise. These recommendations highlight the importance of
mitigating soil degradation, optimizing water resources, and
interpreting landform changes within the appropriate temporal
context of geological and environmental variations. CO, and
temperature relationships, as illustrated by these patterns,
are complex and not always synchronous, a factor that could
significantly influence the accuracy of future projections.
Although such models underscore potential risks, they must
be considered within a broader geological framework that
presents a different narrative. Despite the widespread focus
on global warming as evidence of climate change, the 6180
curve suggests we may be approaching the next ice age (see
HecHT, 1994; BERGER & LOUTRE, 2002; STAGER, 2011), albeit
on geological timescales. Rather than Earth overheating due
to human activity, Milankovi¢’s cycles and geological data
indicate a long-term trend toward another glacial period.
Given this, it is clear that to understand climate change
effectively, it is crucial to adopt a hierarchical perspective,
distinguishing meteorological phenomena, occurring over
decades, and sub-climatic events, which accumulate over
centuries, from climatic events manifesting over millennia
(or longer). The geopaleontological record demonstrates that
climate is the cumulative result of tens of thousands of years of
sub-climate phenomena, which themselves arise from hundreds
to a few thousand years of weather events (SHACKLETON, 1987;
EPICA CoMMUNITY MEMBERS, 2004; Lisiecki & Raymo, 2005;
ALLEY, 2014). These weather events are sets of conditions that
unfold over decades to centuries. This layered understanding
of timeframes is essential for properly interpreting Earth’s
climatic evolution. By adopting the appropriate temporal
perspective, it becomes evident that sub-climatic changes may
only be perceivable by certain long-lived organisms, such as
specific sponges and trees, while climatic changes unfold
over timescales that far exceed the lifespan of any individual
organism. Consequently, no living being will ever directly
experience a climate change within its lifetime, as such changes
manifest over millennia. Therefore, asserting that we are
currently experiencing a phase of accelerated climate change and
attributing it to human activity is a misunderstanding of the true
nature and magnitude of climatic processes. Current definitions
of climate, sub-climate, and meteorological phenomena,
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as outlined by the WMO, fail to capture the complexities
revealed by geological and paleontological data, which span
vast timescales. These definitions remain inadequate and
imprecise, necessitating their careful and official redefinition
to better reflect an accurate understanding of Earth’s climatic
history. Misunderstanding the scale and nature of climatic
events, and confusing extreme meteorological phenomena with
long-term climate change, can lead to misguided efforts and
squandered resources. It can also have important implications
for understanding future environmental risks, including
hydrological changes and sediment stability. Without a precise
grasp of these distinctions, we risk directing significant efforts,
energy, and funding towards actions that are fundamentally
ineffective. Can we genuinely believe that our actions today will
impact the climate thousands of years from now? And again,
paradoxically, if current global warming were genuinely a result
of anthropogenic climate change, a proper geological and scientific
perspective would impose that human activities dating back to
the end of the Pleistocene or the beginning of the Holocene are
responsible for today’s warming. Anthropogenic activities over the
past few decades would be irrelevant to this warming; such impacts
should have started millennia ago if they were to be a significant
factor. In other terms, the blame would be on early Homo sapiens.
Once this is understood, the WMO’s thirty-year timescale for
climate changes appears entirely untenable.

Thus, it becomes apparent that while greenhouse-gas
mitigation efforts play a role in addressing environmental
impacts, they may have limited influence on broader climate
trends, which are governed by more significant natural processes
beyond human control. Given the terrestrial and extraterrestrial
energies at play, as elucidated in this discourse, mankind
has minimal capacity to interfere even with meteorological
phenomena, truth be told. This study’s hierarchical framework
for understanding climatic events offers actionable insights
for engineering geology and environmental management. By
differentiating between short-term meteorological phenomena
and long-term climatic patterns, the findings provide a valuable
lens for addressing critical environmental issues, including
groundwater conservation, landslide risk mitigation, and the
reclamation of degraded lands. These insights contribute to the
development of adaptive strategies that balance environmental
resilience with sustainable resource management. Aware of this
reality, our focus should instead be directed towards measures that
yield maximum efficacy in environmental impact containment,
involving a drastic reduction in pollution, plastic production,
and the implementation of proper management of land, water,
plant, and animal resources. However, without a comprehensive
understanding of what climate really is and of its complexities, our
efforts may be misdirected, leading to an inefficient and possibly
damaging use of time, energy, and resources.

www.ijege.uniromal..it

105



106

P.P.A. MAZZA

ACKNOWLEDGEMENTS the manuscript and for the considerable improvements resulting

The author expresses gratitude to Prof. Nicola Scafetta for the from their suggestions. The author was funded by the Italian
extremely helpful advice and details he provided. Sincere thanks Ministry of Education, Universities and Research [grant numbers
are also extended to the reviewers for their thorough revision of PAULMAZZARICATEN24 — Mazza P. Fondo Ateneo 2024 MIUR].
REFERENCES

ABE-OucHI A., Sarto F., Kawamura K., Raymo MLE., OkuNo J., TakanasHI K. & BLATTER H. (2013) - Insolation-driven 100,000-year glacial cycles and
hysteresis of ice-sheet volume. Nature, 500: 190-193. https://doi.org/10.1038/nature12374

AGNIHOTRI R., Durta K., BHUSHAN R. & SomayajuLu B.L.K. (2002) - Evidence for solar forcing on the Indian monsoon during the last millennium. Earth
Planetary Scientific Letters, 198(3-4): 521-527. https://doi.org/10.1016/S0012-821X(02)00530-7

AKHMETIEV M. A. (2015) - High-latitude regions of Siberia and Northeast Russia in the Paleogene: Stratigraphy, flora, climate, coal accumulation. Stratig-
raphy and Geological Correlation, 23: 421-435.

ALEXANDRE P. (1998, ED.) - Le climat en Europe au Moyen Age. Contribution a [’histoire des variations climatiques de 1000 a 1425 d’apres les sources
narratives de I’ Europe occidentale. Ecole des Hautes Etudes en Sciences Sociales, Paris.

ALLEY R.B. (2014) - The two-mile time machine: ice cores, Abrupt climate change, and our future-updated edition. Princeton University Press.

ALLEY R.B. & AGUSTSDOTTIR A.M. (2005) - The 8k event: cause and consequences of a major Holocene abrupt climate change. Quaternary Science Re-
views, 24(10-11): 1123-1149.

ALVAREZ L.W., ALVAREZ W., AsArO F. & MicHEL H.V. (1980) - Extraterrestrial cause for the Cretaceous—Tertiary extinction. Science, 208 (4448): 1095-
1108. DOI: 10.1126/science.208.4448.1095

ARVIDSON R.S., MACKENZIE F.T. & GUIDRY M. (20006) - MAGic: A Phanerozoic model for the geochemical cycling of major rock-forming components.
American Journal of Science, 306(3): 135-190.

ARzZHANOV M.M. & Moknov 1. L. (2017) - Stability of continental relic methane hydrates for the holocene climatic optimum and for contemporary condi-
tions. Doklady Earth Sciences, 476(2): 1163-1167. https://doi.org/10.1134/S1028334X17100026

AZHARUDDIN S., GovIL P., SINGH A.D., MisHRA R. & SHEKHAR M. (2019) - Solar insolation driven periodicities in southwest monsoon and its impact on
NE Arabian Sea paleoceanography. Geoscience Frontiers, 10(6): 2251-2263. https://doi.org/10.1016/j.gs£.2019.03.007

BARTLETT R., ELRICK M., WHEELEY J.R., POLYAK V., DESROCHERS A. & ASMEROM Y. (2018) - Abrupt global-ocean anoxia during the Late Ordovician-early
Silurian detected uding uranium isotopes of marine carbonates. Proceedings of the National Academy of Sciences, 115: 5896-5901.

BERrisHA A. (2023) - Solar and human activity impact on high and low land river flows. Civil Engineering Journal, 9(07): 1630-1645. DOI: 10.28991/CEJ-
2023-09-07-06

BERGER A. & LOUTRE MLE. (2002) - An exceptionally long interglacial ahead?. Science, 297(5585): 1287-1288.

BERGER W.H. & JANSEN E. (1994) - Mid-Pleistocene climate shift: the Nansen connection. In: JOHANNESSEN O.M. MUENCH R.D. & OverLAND J.E. (1994
eds.) - The Polar Oceans and Their Role in Shaping the Global Environment. AGU Geophysical Monograph, 85: 295-311. DOI: 10.1029/GM085p0295.

BERNER R.A., LasaGa A.C. & GARRELS R.M. (1983) - The carbonate-silicate geochemical cycle and its effect on atmospheric carbon dioxide over the past
100 million years. American Journal of Science, 283(7): 641-683. DOIL: 10.2475/ajs.283.7.641

BEesT C.H. & MADRIGALI R. (2015) - Observation of a tidal effect on the Polar Jet Stream. Atmospheric Chemistry and Physics Discussions, 15(16): 22701-
22713. Doi: 10.5194/acpd-15-22701-2015

BEesT C.H. & MADRIGALI R. (2016) - Evidence of a tidal effect on the polar jet stream. Italian Journal of Engineering Geology and Environment, 16: 17-23.
DOI: 10.4408/1JEGE.2016-01.0-02

Biswas A., Karak B.B., UsoskIN I. & WEISSHAAR E. (2023) - Long-term modulation of solar cycles. Space Science Reviews 219(3): 19. DOI:10.1007/
$11214-023-00968-w.

BLAKEMORE E. (2019) - What was the Neolithic revolution. National Geographic, Culture. https://www.nationalgeographi c.com/culture/article/neolithic-
agricultural-revolution#close. Accessed October 6, 2024.

BoHary S.M., ZacHos J.C., FLORINDO F. & DELANEY M.L. (2009) - Coupled greenhouse warming and deep-sea acidification in the middle Eocene.
Paleoceanography, 24(2): PA2207.

BonND G., HEINRICH H., BROECKER W. & LABEYRIE L. (1992) - Evidence of massive discharges of icebergs into the North Atlantic during the last glacial
period. Nature, 360: 245-249.

BonD G., KROMER B., BEER J., MUSCHELER R., EVANS M. N., SHOWERS W., HOFFMANN S., LOTTI-BOND R., HAIDAS I. & BONANI G. (2001) - Persistent solar
influence on North Atlantic climate during the Holocene. Science, 294(5549): 2130-2136. DOI: 10.1126/science.106568

BOSELLINIA. (1989) - Dynamics of Tethyan carbonate platforms. In CREVELLO P.D., WILSON J.L, SARG J.F., READ J.F. (eds,) Controls on Carbonate Platform
and Basin Development. Special Publication, 44: 2-13

Italian Journal of Engineering Geology and Environment, 2 (2025) www.ijege.uniromal.it



REASSESSING CLIMATE VARIABILITY THROUGH GEOLOGICAL TIME:
IMPLICATIONS FOR ENVIRONMENTAL MANAGEMENT AND HAZARD MITIGATION

BratH A., MONTANARI A. & ToTH E. (2004) - Analysis of the effects of different scenarios of historical data availability on the calibration of a spatially-
distributed hydrological model. Journal of Hydrology, 291: 232-253.

BRADLEY R.S. (1999) - Paleoclimatology: reconstructing climates of the Quaternary. 3" Edition. Academic Press, Amsterdam.

BrAzDIL R. & Kotyza O. (2000) - Utilisation of the Louny economic sources for the reconstruction of winter temperature patterns in 1518-1621 (in Czech).
Zeszyty Naukowe Uniwersytetu Jagiellonskiego. Prace Geograficzne, 107: 72-78.

BrOECKER W.S., DENTON G.H., EDWARDS R.L., CHENG H., ALLEY R.B. & PurNam A E. (2010) - Putting the Younger Dryas cold event into context. Qua-
ternary Science Reviews, 29: 1078-1081.

BRONNIMANN S., PFISTER C. & WHITE S. (2018) - Archives of Nature and Archives of Societies. In: WHITE S., PFISTER C. & MAUELSHAGEN F. (2018, eds.) -
The Palgrave Handbook of Climate History. Palgrave Macmillan, 13: 28. https://doi.org/10.1057/978-1-137-43020-5_3.

Caprozz1 V., COTRONEO Y., CASTAGNO P., VIvo C. & BUDILLON G. (2020) - Rescue and quality control of sub-daily meteorological data collected at Mon-
tevergine Observatory (Southern Apennines), 1884-1963. Earth System Science Data, 12: 1467-1487.

CaprioLo M., MiLLs B.J.W., NEwTON R.J., DAL CORsO J., DUNHILL A.M., WIGNALL P.B. & MaRrZOLI A. (2022) - Anthropogenic-scale CO, degassing from
the Central Atlantic Magmatic Province as a driver of the end-Triassic mass extinction. Global and Planetary Change, 209: 103731. DOIL: 10.1016/].
gloplacha.2021.103731

CHEN S., WEI'Y., YUE X.A,, XU K., L1 M. & LiNn W. (2023) - Correlation analysis between the occurrence of epidemic in ancient China and solar activity.
Science China Earth Sciences, 66(1): 161-168. Doi: 10.1007/s11430-022-9986-5

CHRISTIANSEN B. & LIUNGQVIST F. (2017) - Challenges and perspectives for large-scale temperature reconstructions of the past two millennia. Reviews of
Geophysics, 55: 40-96.

CioNco R.G. & PavLov D.A. (2018) - Solar barycentric dynamics from a new solar-planetary ephemeris. Astronomy & Astrophysics, 2018: 615. DOL:
10.1051/0004-6361/201732349.

Cionco R.G. & SooN W.W. (2015) - 4 phenomenological study of the timing of solar activity minima of the last millennium through a physical modeling of
the Sun—Planets Interaction. New Astronomy, 34: 164-171. Doi: 10.1016/j.newast.2014.07.001.

Cionco R.G. & SooN W.W. (2017) - Short-term orbital forcing: A quasi-review and a reappraisal of realistic boundary conditions for climate modeling.
Earth-Science Reviews, 166: 206-222. DOI: 10.1016/j.earscirev.2017.01.013

CLARK P.U., SHAKUN J.D., MARCOTT S.A., Mix A.C., EBy M., KuLP S., LEVERMANN A., MILNE G.A., PFISTER P.L., SANTER B.D., SCHRAG D.P., SoLO-
MON S., STOCKER T.F., STRAUSS B.H., WEAVER A.J., WINKELMANN R., ARCHER D., BARD E., GOLDNER A., LAMBECK K., PIERREHUMBERT R.T. &
PLATTNER G.-K. (2016) - Consequences of twenty-first-century policy for multi-millennial climate and sea-level change. Nature Climate Change,
6(4): 360-369. DOI: 10.1038/NCLIMATE2923

CLIFTON A.J. (2012) - The Eocene flora of Svalbard and its climatic significance. Doctoral dissertation, University of Leeds.

CoMBOURIEU-NEBOUT N., BERTINT A., Russo-ErmoLLI E., PEYRON O., KLOTZ S., MONTADE V., FAUQUETTE S., ALLEN J., Fusco F., GORING S., HUNTLEY
B., JoANNIN S., LEBRETON V., MAGRI D., MARTINETTO E., ORAIN R. & SaDORI L. (2015) - Climate changes in the central Mediterranean and Italian
vegetation dynamics since the Pliocene. Review of Palaeobotany and Palynology, 218: 127-147. DOI: 10.1016/j.revpalbo.2015.03.001

ConnNoLLy R., SooN W., CoNNOLLY M., BALIUNAS S., BERGLUND J., BUTLER C.J., CioNcOo R.G., EL1AS A.G., FEDOROV V.M. & HARDE H. (2021) - How
much has the Sun influenced Northern Hemisphere temperature trends? An ongoing debate. Research in Astronomy and Astrophysics, 21(6): 13.1.
DOI: 10.1088/1674-4527/21/6/131

CosteLLo E. (2021) - The colonisation of uplands in medieval Britain and Ireland: climate, agriculture and environmental adaptation. Medieval
Archaeology, 65(1):151-179.

CoxaLL HK., WiLsoN P.A., PALIKE H., LEAR C.H. & BackMAN J. (2005) - Rapid stepwise onset of Antarctic glaciation and deeper calcite compensation in
the Pacific Ocean. Nature, 433(7021): 53-57.

CroLL J. (1875) - Climate and time in their geological relations: a theory of secular changes of the earth’s climate. Daldy, Isbister, and Co., London.

CROWLEY T.J. & NortH G.R. (1991) - Paleoclimatology. Oxford University Press, Oxford.

DANSGAARD W., JOHNSEN S.L., CLAUSEN H.B., DAHL-JENSEN D., GUNDESTRUP N.S., HAMMER C.U., HVIDBERG C.S., STEFFENSEN J.P., SVEINBJORNSDOTTIR
A.E., JouzeL J. & BonD G. (1993) - Evidence for general instability of past climate from a 250-kyr ice-core record. Nature, 364: 218-220.

Davis JrR G.E. & LoweLL W.E. (2018) - Solar energy at birth and human lifespan. Journal of Photochemistry and Photobiology B: Biology, 186: 59-68.
DOI: 10.1016/j.jphotobiol.2018.07.006

Davis W.J. (2017) - The relationship between atmospheric carbon dioxide concentration and global temperature for the last 425 million years. Climate,
5(4): 76. DOL: 10.3390/cli5040076

DeMENOCAL P.B. (2001) - Cultural responses to climate change during the late Holocene. Science, 292(5517): 667-673. DOI: 10.1126/science.1059287.

DinGus L. & Rowe T. (1997) - The Mistaken Extinction: Dinosaur Evolution and the Origin of Birds. Freeman, New York.

DoucLas PM., DEMAREST A.A., BRENNER M. & CaNuTO M.A. (2016) - Impacts of climate change on the collapse of lowland Maya civilization. Annual

Italian Journal of Engineering Geology and Environment, 2 (2025) www.ijege.uniromal.it

107



108

P.P.A. MAZZA

Review of Earth and Planetary Sciences, 44: 613-645. DOI: 10.1146/annurev-earth-060115-012512

DunkLEY JONES T., LUuNT D.J., ScHMIDT D.N., RIDGWELL A., SLUUS A., VALDES P.J. & MasLIN M. (2013) - Climate model and proxy data constraints on
ocean warming across the Paleocene-Eocene Thermal Maximum. Earth-Science Reviews, 18: 123-145.

Epica CoMMUNITY MEMBERS (2004) - Eight glacial cycles from an Antarctic ice core. Nature, 429(6992): 623-628.

Espostro G. (2023) - Carthaginian Armies of the Punic Wars, 264—146 BC: History, Organization and Equipment. Pen and Sword Military, Barnsley, South Yorkshire.

FIELDING C.R., FRANK T.D. & ISBELL J.L. (2008) - The late Paleozoic ice age — A review of current understanding and synthesis of global climate patterns.
In: FIELDING C.R., FRANK T.D. & ISBELL J.L. (2008 eds.) - Resolving the Late Paleozoic Ice Age in Time and Space. Geological Society of America
Special Paper, 441: 343-354.

FINNEGAN S., HEIM N A, PETERS S.E. & FisCHER W.W. (2012) - Climate change and the selective signature of the Late Ordovician mass extinction. Proceed-
ings of the National Academy of Sciences, 109: 6829-6834.

Fris-CHRISTENSEN E. & LASSEN K. (1991) - Length of the solar cycle: an indicator of solar activity closely associated with climate. Science, 254(5032):
698-700. DOI: 10.1126/science.254.5032.698

GERKENS J.F. (2013) - Some Considerations on Hannibal's Elephants. In: CAIRNs J.W. (2013, ed.) - Symposium in Honour of Olga Tellegen-Couperus. The
University of Edinburgh, Edinburgh. Available at: https://orbi.uliege.be/bitstream/2268/160044/1/ElephantsOrbi.pdf. Accessed October 6, 2024.

GLASER R., BRAZDIL R., PFISTER C., DOBROVOLNY P., BARRIENDOS VALLVE M., Bokwa A., CAMUFFO D., KoTyza O., LIMANOWKA D., RAcz L. &
RoDRIGO F. S. (1999) - Seasonal temperature and precipitation fluctuations in selected parts of Europe during the sixteenth century. Climate Change,
43: 169-200. DOI: 10.1023/A:1017171832098.

GLASER R. & RIEMANN D. (2009) - 4 thousand-year record of temperature variations for Germany and Central Europe based on documentary data. Journal
of Quaternary Science 24: 437-449.

GOLOVNEVA L.B., ZoLINA A.A. & SPICER R.A. (2023) - The early Paleocene (Danian) climate of Svalbard based on palaeobotanical data. Papers in
Palaeontology, 9(6): e1533.

GUTIAHR M., RIDGEWELL A., SEXTON P.F., ANAGNOSTOU E., PEARSON P.N., PALIKE H., NORRIS R.D., THOMAS E. & FOSTER G.L. (2017) - Very large release
of mostly volcanic carbon during the Paleocene-Eocene Thermal Maximum. Nature, 548: 573-577.

HANSLMEIER A. (2020) - Chaotic Dynamo Models. In: WING-HUEN 1. (2020, ed.) - The Chaotic Solar Cycle. Atmosphere, Earth, Ocean & Space. Springer,
Singapore: 153-190. DOI: 10.1007/978-981-15-9821-0_8

Harper D.T., HONiscH B., ZegBe R.E., SHAFFER G., HAYNES L.L., THOMAS E. & ZacHos J.C. (2020) - The magnitude of surface ocean acidification and
carbon release during Eocene Thermal Maximum 2 (ETM-2) and the Paleocene-Eocene Thermal Maximum (PETM). Paleoceanography and Paleocli-
matology, 35: E2019PA003699.

Hays J.D., IMBRIE J. & SHACKLETON N. J. (1976) - Variations in the Earth’s Orbit: Pacemaker of the Ice Ages: For 500,000 years, major climatic changes
have followed variations in obliquity and precession. Science, 194(4270): 1121-1132. https://doi: 10.1126/science.194.4270.1121

Heap M.J. & GIBBARD P.L. (2005) - Early-Middle Pleistocene transitions: an overview and recommendation for the defining boundary. Geological Society
Special Publication, 247(1): 1-18. DOI: 10.1144/GSL.SP.2005.247.01.01

HecHT L. (1994) - The Coming (or Present) Ice Age. 21* Century: 23-35.

HEeINrICH H. (1988) - Origin and consequences of cyclic ice rafting in the northeast Atlantic Ocean during the past 130,000 years. Quaternary Research,
29: 142-152.

HerLMens K.F. (2014) - The Last Interglacial-Glacial cycle (MIS 5-2) re-examined based on long proxy records from central and northern Europe.
Quaternary Science Reviews, 86: 115-143.

HerBERT T.D. (2023) - The Mid-Pleistocene Climate Transition. Annual Review of Earth and Planetary Sciences, 51: 389-418. DOI: 10.1146/annurev-
earth-032320-104209

HiGGINS J.A. & SCHRAG D.P. (20006) - Beyond methane: towards a theory for the Paleocene-Eocene Thermal Maximum. Earth and Planetary Science Letter,
245: 523-537.

HinNov L.A. (2013) - Cyclostratigraphy and its revolutionizing applications in the earth and planetary sciences. Bulletin, 125(11-12): 1703-1734.
DOI: 10.1130/B30934.1.

HovrzuAuser H.P. (1997) - Fluctuations of the grosser Aletsch glacier and the Gorner glacier during the last 3200 years: new results. In: FRENZEL B., BouL-
TON G.S., GLASER B. & HUCKRIEDE U. (1997, eds.) - Glacier Fluctuations during the Holocene. Gustav Fischer Verlag, Stuttgart: 35-58.

Hong B., Liu C.Q., Lin Q.H., Yasuyuki S., LENG X.T., WANG Y., ZnU Y.X. & HONG Y.T. (2009) - Temperature evolution from the 6180 record of Hani peat,
Northeast China, in the last 14000 years. Science China Earth Sciences, Series D, 52(7): 952-964. DOI: 10.1007/s11430-009-0086-z.

HuaNG C., JoacHIMSKI M.M. & GONG Y. (2018) - Did climate changes trigger the Late Devonian Kellwasser Crisis? Evidence from a high-resolution cono-
dont record from South China. Earth and Planetary Science Letters, 495: 174-184. DOI: 10.1016/j.eps.2018.05.016

Hunzer B. & VANDENBERGHE J. (1998) - Climatic reconstruction of the Weichselian Pleniglacial in northwestern and central Europe. Journal of Quaternary

Italian Journal of Engineering Geology and Environment, 2 (2025) www.ijege.uniromal.it



REASSESSING CLIMATE VARIABILITY THROUGH GEOLOGICAL TIME:
IMPLICATIONS FOR ENVIRONMENTAL MANAGEMENT AND HAZARD MITIGATION

Science: Published for the Quaternary Research Association, 13(5): 391-417.

HUNTER J., FRANKLIN S., LUXTON S. & Loip1 J. (2021) - Terrestrial biomes: a conceptual review. VCS 2: 73-85. DOI: 10.3897/VCS/2021/61463

Huysers P. (2011) - Combined obliquity and precession pacing of late Pleistocene deglaciations. Nature, 480: 229-232. DOI: 10.1038/nature10626.

ImMBRIE J., BOoYLE E.A., CLEMENS S.C., DUFFY A., HowarRD W.R., KUKLA G., KUTZBACH J., MARTINSON D.G., MCINTYRE A., Mix A.C., MoLFINO B., MOR-
LEY J.J., PETERSON L.C., P1sias N.G., PReLL W.L., Raymo M.E., SHACKLETON N.J. & TOGGWEILER J.R. (1992) - On the structure and origin of major
glaciation cycles. Part I. Linear responses to Milankovitch forcing. Paleoceanography and Paleoclimatology, 7(6): 701-738. DOI: 10.1029/92PA02253.

Jupp E.J., TIERNEY J.E., LUNT D.J., MONTANEZ L.P., HUBER B.T., WING S.L. & VALDES P.J. (2024) - 4 485-million-year history of Earth’s surface tempera-
ture. Science, 385(6715): eadk3705. https://doi.org/10.1126/science.adk3705

JurikovA H., GUTJAHR M., WALLMANN K., FLOGEL S., LIEBETRAU V., POSENATO R., ANGIOLINI L., GARBELLI C., BRAND U., WIEDENBECK M. & EISEN-
HAUER A. (2020) - Permian—Triassic mass extinction pulses driven by major marine carbon cycle perturbations. Nature Geoscience, 13(11): 745-750.
https://doi.org/10.1038/541561-020-00646-4

KaGEYAMA M., BRACONNOT P., CHigsst C.M., REHFELD K., AT BRaHIM Y., DUTSCH M., GWINNETH B., HoU A., LOUTRE M.-F., HENDRIZAN M., MEISSNER
K., MONGWE P., OTTO-BLIESNER B., PEZZ1 L.P., ROVERE A., SELTZER A., SIME L. & ZHu J. (2024) - Lessons from paleoclimates for recent and future
climate change: opportunities and insights. Frontiers in Climate, 6: 1511997.

KAHLKE R.D. (2000) - The early Pleistocene (Epivillafranchian) faunal site of Untermassfeld (Thuringia, central Germany) synthesis of new results.
Eraul, 92: 123-138.

KaHLKE R.-D., Garcia N., Kostorouros D.S., LACOMBAT F., LISTER A.M., Mazza P.P.A., Spassov N. & Trtov V.V. (2011) - Western Palaearctic palaeoen-
vironmental conditions during the Early and early Middle Pleistocene inferred from large mammal communities, and implications for hominin dispersal
in Europe. Quaternary Science Revews, 30(11-12): 1368-1395. https://doi.org/10.1016/j.quascirev.2010.07.020

KANIEWSKI D., MARRINER N., MORHANGE C., VAccHI M., SARTI G., Ross1 V., BINT M., PasQuinucct M., ALLINNE C., OTTo T., LUCE F. & VAN Campo E.
(2018) - Holocene evolution of Portus Pisanus, the lost harbor of Pisa. Scientific Reports, 8(1): 11625. https://doi.org/10.1038/s41598-018-29890-w.

KasatkiNa E.A., SHumiLov O.L., DeENisov D.B. & Makarov D.V. (2023) - Recent shift in diatom record from Lake Rabbvatnet: response to global warming
or solar variability? Acta Botanica Brasilica 2023: 37:¢20220269. https://doi.org/10.1590/1677-941X-ABB-2022-0269

KerN A K., HARZHAUSER M., PILLER W.E., MANDIC O. & SOLIMAN A. (2012) - Strong evidence for the influence of solar cycles on a Late Miocene lake system
revealed by biotic and abiotic proxies. Palacogeography, Palaeoclimatology, Palacoecology, 329: 124-136. https://doi.org/10.1016/j.palaco.2012.02.023

KocH L. (1945) - The East Greenland ice. Meddelelser om Grenland, 130(3): 1-373.

KOpPEN W. & WEGENER A. (1924) - Die Klimate der geologischen Vorzeit. Verlag von Gebriider Borntréger, Berlin.

KravcHINSKY V.A., KONSTANTINOV K.M., COURTILLOT V., SAVRASOV J.I., VALET J.-P., CHERNIY S.D., MISHENIN S.G. & Parasotka B.S. (2002) - Palaeo-
magnetism of East Siberian traps and kimberlites: two new poles and palaeogeographic reconstructions at about 360 and 250 Ma. Geophysical Journal
International, 148(1): 1-33. DOI: 10.1046/j.0956-540x.2001.01548.x

Kump L.R., KaSTING J.F., CRANE R.G. (2011) - The Earth System. Pearson Education, London.

Lawms H. (1982) - Climate, history and the modern world. Methuen, London.

Lam H.H. (1984) - Climate in the last thousand years: natural climatic fluctuations and change. In: The climate of Europe: past, present and future.
Springer, Berlin: 25-64.

Lazensy J.F. (1978) - Hannibal s war: a military history of the second Punic War. Aris & Phillips, Warminster.

LepLey T.S. (1995) - Summer solstice solar radiation, the 100 kyr ice age cycle, and the next ice age. Geophysical research letters, 22(20): 2745-2748.

Listecki L. (2010) - Links between eccentricity forcing and the 100,000-year glacial cycle. Nature Geoscience, 3(5): 349-352. DOI: 10.1038/nge0828.

Lisiecki R.E. & Raymo MLE. (2005) - 4 Pliocene-Pleistocene stack of 57 globally distributed Benthic 0180 records. Paleoceanography, 20(1): PA1003.
Doi: 10.1029/2004PA001071

LisTER A. & BAHN P. (1994) - Mammoths. MacMillan, London.

Liu X. & REN Z. (2012) - Vegetation coverage change and its relationship with climate factors in northwest Science in China Series C: Life Sciences,
45: 1954-1963.

Liu Z., PAGANI M., ZINNIKER D., DECONTO R., HUBER M., BRINKHUIS H., SHAH S.R., LECKIE R.M. & PEARSON A. (2009) - Global cooling during the Eocene-
Oligocene climate transition. Science, 323(5918): 1187-1190.

Livy (1905) - Ab urbe condita libri XXI-XXX. https://en.wikisource.org/wiki/From the Founding of the City. Accessed October 6, 2024.

Lowe J.J. & WALKER M.J. (2015) - Reconstructing Quaternary environments. Routledge, Abingdon, Oxon.

LOUNING S., GALKA M., DANLADI I.B., ADAGUNODO T.A. & VAHRENHOLT F. (2028) - Hydroclimate in Africa during the medieval climate anomaly. Palacoge-
ography, Palaeoclimatology, Palacoecology, 495: 309-322. Doi: 10.1016/j.palaeo.2018.01.025

LOUNING S., GALKA M. & VAHRENHOLT F. (2017) - Warming and cooling: the medieval climate anomaly in Africa and Arabia. Paleoceanography, 32(11):
1219-1235. DOI: 10.1002/2017PA003237

Italian Journal of Engineering Geology and Environment, 2 (2025) www.ijege.uniromal.it 109



110

P.P.A. MAZZA

LONING S., SCHULTE L., GARCES-PASTOR S., DANLADI L.B. & GALkA M. (2019) - The medieval climate anomaly in the Mediterranean region. Paleoceanog-
raphy and Paleoclimatology, 34(10): 1625-1649. DOI: 10.1029/2019PA003734

Lunt DJ., FosTeEr G.L., HAYWooDp A.M. & STONE E. J. (2014) - Uncertainties in the modelled CO: threshold for Antarctic glaciation. Climate of the Past,
10: 451-466.

LupieN R.L., RusseLL J.M., GROVE M., BEck C.C., FEBEL C.S. & COHEN A.S. (2020) - Abrupt climate change and its influences on hominin evolution dur-
ing the early Pleistocene in the Turkana Basin, Kenya. Quaternary Science Reviews, 245: 10653 1. https://doi:10.1016/j.quascirev.2020.106531

MaascH K.A. & SALTzZMAN B. (1990) - 4 low-order dynamical model of global climatic variability over the full Pleistocene. Journal of Geophysical Re-
search D. 95: 1955-1963. DO1:10.1029/JD0951D02p01955

MACPHEE R D. (2018) - End of the megafauna: the fate of the world’s hugest, fiercest, and strangest animals. W W Norton & Company, New York.

MASSON-DELMOTTE V., BUIRON D., EKAYKIN A., FREZZOTTI M., GALLEE H., JoUZEL J., KRINNER G., LANDAIS A., MoTOYAMA H., OERTER H., PoL K.,
PoLLARD D., Ri1z C., SCHLOSSER E., SIME L.C., SODEMANN H., STENNI B., UEMURA R. & VIMEUX F. (2011) - 4 comparison of the present and last
interglacial periods in six Antarctic ice cores. Climate of the Past, 7(2): 397-423.

MCcPHERSON R A. (2007) - 4 review of vegetation—atmosphere interactions and their influences on mesoscale phenomena. Progress in Physical Geography,
31:261-285. DOI: 10.1177/0309133307079055.

MAGNY M. (2023) - Holocene. In: WALLENHORST N. & WULF C. (2023, eds.) - Handbook of the Anthropocene: humans between heritage and future. Springer
International Publishing, Cham: 365-368.

MAGHRABI A.H., ALaAMouDI H.A. & ALRUHAILL A.S. (2023) - Investigation of a possible link between solar activity and climate change in Saudi Arabia:
rainfall patterns. ACS, 13(4): 478-490. DOL: 10.4236/acs.2023.134027.

MaHANEY W.C. (2008) - Hannibal's odyssey: environmental background to the Alpine invasion of Italia.: Gorgias Press, Piscataway, NJ.

MaHANEY W.C. (2023) - The Younger Dryas boundary (YDB): terrestrial, cosmic, or both? International Journal of Earth Science, 112(3): 791-804.
DOI: 10.1007/s00531-022-02287-x

MaHANEY W.C., ALLEN C.C.R., PENTLAVALLI P., KULAKOVA A., YOUNG J.M., DIrRszowsKy R.W., WEST A., KELLEHER B., JORDAN S., PULLEYBLANK C.,
O’REILLY S., MURPHY B.T., LASBERG K., SOMELAR P., GARNEAU M., FINKELSTEIN S.A., SoBoL M.K., KaLM V., Costa P.J.M., HANcock R.G.V., HART
K.M., TRICART P., BARENDREGT R.W., BuncH T.E. & MILNER M.W. (2016) - Biostratigraphic evidence relating to the age-old question of Hannibal's
invasion of Italy, II: chemical biomarkers and microbial signatures. Archaecometry, 59(1): 179-190. DOI: 10.1111/arcm.12228.

MaHANEY W.C., KAPRAN B. & TRICART P. (2008) - Hannibal and the Alps: unravelling the invasion route. Geology Today, 24(6): 223-230. DOI:
10.1111/5.1365-2451.2008.00695.x

MacH1 Y., LANDER T., LE Roux E., STEVENs N., Macias-FAURIA M., WEDDING L., GIRARDIN C., KRISTENSEN J.A., Sanpom C.J., Evans T.D., SVEN-
NING J.-C. & CANNEY S. (2022) - The role of large wild animals in climate change mitigation and adaptation. Current Biology, 32(4): R181-
R196. DOI: 10.1016/j.cub.2022.01.041

MaRsH N. & SVENSMARK H. (2003) - Solar influence on Earth's climate. In: CHIAN A.C.L., CAIRNS I.LH., GABRIEL S.B., GOEDBLOED J.P., HADA T., LEUBNER
M., NoceRra L., STENING R., TOFFOLETTO F., UBEROI C., VALDIVIA J.A., VILLANTE U., WU C.-C. & YAN'Y. (2003, eds.) - Advances in space environment
research. Springer, Dordrecht: 317-325. DOI: 10.1007/978-94-007-1069-6_30

MasLIN M.A. & RIDGWELL A.J. (2005) - Mid-Pleistocene revolution and the ‘eccentricity myth’. Geological Society Special Publication, 247(1): 19-34.
DOI: 10.1144/GSL.SP.2005.247.01.02

MAURER C., KocH E., HAMMERL C., HAMMERL T. & POKORNY E. (2009) - BACCHUS temperature reconstruction for the period 16th to 18th centuries from
Viennese and Klosterneuburg grape harvest dates. Journal of Geophysical Research: Atmospheres, 114: D22. DOI: 10.1029/2009JD011730

McGANN M. (2008) - High-resolution foraminiferal, isotopic, and trace element records from Holocene estuarine deposits of San Francisco Bay, California.
Journal of Coastal Research, 24(5): 1092-1109. DOI: 10.2112/08A-0003.1

MCcCGIRR R., SETON M. & WILLIAMS S. (2021) - Kinematic and geodynamic evolution of the Isthmus of Panama region: implications for Central American
seaway closure. Bulletin of the Geological Society of America, 133(3-4): 867-884. DOI: 10.1130/B35595.1

McGoverN T.H. (1981) - The economics of extinction in Norse Greenland. In: WIGLEY T.M.L., INGRAM M.J. & FARMER G. (1981, eds.) - Climate and his-
tory. Studies in past climates and their impact on man. Cambridge University Press, Cambridge: 404-433.

McKay D.ILA., STAAL A., ABRAMS J.F., WINKELMANN R., SAKSCHEWSKI B., LORIANI S., FETZER I., CORNELL S.E., ROCKSTROM J. & LENTON T.M. (2022) -
Exceeding 1.5 C global warming could trigger multiple climate tipping points. Science, 377(6611): eabn7950. DOI: 10.1126/science.abn7950

MENVIEL L., TIMMERMANN A., FRIEDRICH T. & ENGAND M. (2014) - Hindcasting the continuum of Dansgaard-Oeschger variability: mechanisms, patterns
and timing. Climate of the Past, 10: 63-77.

MiLankovi¢ M. (1923) - Kaloricna godisnja doba i njihov primena u paleoklimaskom problemu (in Cyrillic). Separat iz., Glas Sprske kraljevske
akademje ,109: 1-30.

MILANKOVIC M. (1941) - Kanon der Erdbestrahlung und seine Anwendung auf des Eiszeitenproblem. Special Publication 132, Section of Mathematical and

Italian Journal of Engineering Geology and Environment, 2 (2025) www.ijege.uniromal.it



REASSESSING CLIMATE VARIABILITY THROUGH GEOLOGICAL TIME:
IMPLICATIONS FOR ENVIRONMENTAL MANAGEMENT AND HAZARD MITIGATION

Natural Sciences Royal Serbian Academy of Sciences, Belgrade, Serbia 1941, 33: 1-633.

MiLLivaN J.D. & DROXLER A.W. (1996) - Neritic and pelagic carbonate sedimentation in the marine environment: ignorance is not bliss. Geologische
Rundschau, 85: 496-504.

MoncrIerr G.R., Bonp W.J. & HIGGINS S.I. (2016) - Revising the biome concept for understanding and predicting global change impacts. Jurnal of
Biogeography, 43(5): 863-873. DOI: 10.1111/jbi.12701

MONDANARO A., D1 FEBBRARO M., MELCHIONNA M., MAIORANO L., D1 MarRCO M., EDWARDS N. R., HOLDEN P. B., CASTIGLIONE S., RoOk L. & Ra1a P. (2021)
- The role of habitat fragmentation in Pleistocene megafauna extinction in Eurasia. Ecography, 44(11): 1619-1630. https://doi.org/10.1111/ecog.05939

MORNE N.A. (2019) - Rotational eustasy as understood in Physics. International Juronal of Geoscience, 10(6): 709-723. https://doi.org/10.4236/ijg.2019.106040.

MoONTAREZ LP. (2022) - Current synthesis of the penultimate icehouse and its imprint on the Upper Devonian through Permian stratigraphic record. In:
Lucas S.G., SCHNEIDER J.W., WANG X. & NIKOLAEVA S. (2022 eds.) - The Carboniferous Timescale. Geological Society of London Special Publication,
512: 213-245.

MoznNY M., BRAZDIL R., DOBROVOLNY P. & TRNKA M. (2012) - Cereal harvest dates in the Czech Republic between 1501 and 2008 as a proxy for March—
June temperature reconstruction. Climate Change, 110(3-4): 801-821. https://doi.org/10.1007/s10584-011-0075-z

MubELSEE M., BICKERT T., LEAR C.H. & LOHMANN G. (2014) - Cenozoic climate changes: A review based on time series analysis of marine benthic 6180
records. Reviews of Geophysics, 52(3): 333-374.

MUDELSEE M. & STATTEGGER K. (1997) - Exploring the structure of the mid-Pleistocene revolution with advanced methods of time-series analysis. Geolo-
gische Rundschau, 86: 499-511. https://doi.org/10.1007/s005310050157

Musau J., PatiL S., SHEFFIELD J. & MARSHALL M. (2016) - Spatio-temporal Vegetation Dynamics and Relationship with Climate over East Africa. Hydrology
and Earth System Sciences Discussions 2016: 1-30. DOL: 10.5194/hess-2016-502

NicHOLSON S.E. (2000) - The nature of rainfall variability over Africa on time scales of decades to millenia. Global and planetary change, 26(1-3): 137-158.
DOI: 10.1016/S0921-8181(00)00040-0

NyYU A. (2024) - The Archaeological Record of Wheat: From Neolithic Innovations to Modern Developments. Triticeae Genomics and Genetics, 15(5): 234-
243. DOLI: 10.5376/tgg.2024.15.002

OAKLEY S.P. (2019) - Hannibal Reaches the Alps: Livy 21, 32, 6-33, 1 and Polybius 3, 50, 1-51, 13. In: BALDO G. & BELTRAMINI L. (2019, eds.) - 4 Primordio
urbis: Un itinerario per gli studi liviani: 27-52.

OKAL M. (1974) - Martin Rakovsky. Zobrané spisy. Krasna literatura, Bratislava.

OGILVIE A. & PALSSON G. (2003) - “Mood, Magic and Metaphor: Allusions to Weather and Climate in the Sagas of Icelanders’. In: STRAUSS S. & ORLOVE B.
(2003, eds.) - Weather, Climate, Culture. Berg, Oxford and New York: 251-274.

ONAcC B.P., MiTrovicA J.X., GINEs J., ASMEROM Y., Poryak V.J., TucciMEr P., AsHE E.L., FORNOs J.J., HOGGARD M.J., COULSON S., GINES A., SOLIGO M. &
ViLLa M. (2022) - Exceptionally stable preindustrial sea level inferred from the western Mediterranean Sea. Science Advances, 8(26): eabm6185.

PAILLARD D. (1998) - The timing of Pleistocene glaciations from a simple multiple-state climate model. Nature, 391: 378-381. https://doi.org/10.1038/34891.

PANCHANG R., AMBOKAR M., PANCHAMWAR K. & KHARE N. (2024) - Mechanisms and proxies of solar forcing on climate and a peek into Indian paleocli-
matic records. In: KHARE N. (2024, ed.) - The Role of Tropics in Climate Change. Elsevier, Amsterdam: 453-506. https://doi.org/10.1016/B978-0-323-
99519-1.00016-8

PARRENIN F. & PAILLARD D. (2003) - Amplitude and phase of glacial cycles from a conceptual model. Earth and Planetary Science Letters, 214: 243-250.
https://doi.org/10.1016/S0012-821X(03)00363-7

PeDRO J.B., ANDERSSON C., VETTORETTI G., VOELKER A.H.L., WAELBROECK C., DOKKEN T.M., JENSEN M.F., RasMUSSEN S.O., SEssFORD E.G., JocHum M. &
NisancioGLu K H. (2022) - Dansgaard-Oeschger and Heinrich event temperature anomalies in the North Atlantic set by sea ice, frontal position and
thermocline structure. Quaternary Science Review, 289: 107599. https://doi.org/10.1016/j.quascirev.2022.107599

PeimL K. (1996) - Prispévek ke kolisani klimatu v severoceské vinarské a chmelarské oblasti od r. 15001900 (Contribution to climate fluctuations in the
north Bohemian wine- and hop-growing region from 1500-1900). Sbornik praci Hydrometeorologického ustavu CSSR, 7: 23-78.

PeML K. (1974) - Prispévek ke znalosti kolisani klimatu v Cechach v 16. az 18. stol. Meteorologické zpravy, 27: 90-95.

PEkAREK A.H. (2000) - Solar forcing of Earth’s climate. Environmental Geosciences, 7(4): 215-215. https://doi.org/10.1046/.1526-0984.2000.74003-7.x

PETER B.D. (2004) - African climate change and faunal evolution during the Pliocene—Pleistocene. EPLS 220, (1-2): 3-24. https://doi.org/10.1016/S0012-
821X(04)00003-2

PrISTER C. (1999) - Wetternachhersage: 500 Jahre Klimavariationen und Naturkatastrophen. Paul Haupt, Bern.

PrisTER C. (20006) - Variations in the spring-summer climate of central Europe from the High Middle Ages to 1850. IN: WANNER H. & SIEGENTHALER U.
(2006, EDS.) - Long and Short Term Variability of Climate. Springer Berlin, Heidelberg: 57-82.

PrISTER C. & BRAZDIL R. (1999) - Climatic variability in sixteenth-century Europe and its social dimension: a synthesis. Climate Change, 43: 5-53.
https://doi.org/10.1023/A:1017171832098

Italian Journal of Engineering Geology and Environment, 2 (2025) www.ijege.uniromal.it

111



112

P.P.A. MAZZA

PrISTER C., LUTERBACHER J., SCHWARZ-ZANETTI G. & WEGMANN M. (1998) - Winter air temperature variations in western Europe during the Early and
High Middle Ages (AD 750—1300). The Holocene, 8(5): 535-552. https://doi.org/10.1191/095968398675289943

PoLyBIUs FROM MEGALOPOLIS. Totopiat. Available at: http://penelope.uchicago.edu/Thayer/E/Roman/Texts/Polybius/home.html

http://www.perseus.tufts.edu/hopper/text?doc=Perseus%3 Atext%3A1999.01.0234%3 Abook%3D1%3 Achapter%3D1

PoMAR L. & KenpaLL C.S.C. (2008) - Carbonate platform architecture; a response to hydrodynamics and evolving ecology. Controls on Carbonate Platform
and Reef Development, SEPM Special Publication, 89: 187-216.

PROTHERO D.R. & BERGGREN W.A. (eds.) (2014). Eocene-Oligocene climatic and biotic evolution. Princeton University Press.

PRESTININZI A. (a cura di) (2022) - Dialoghi sul clima. Tra emergenza e conoscenza. Rubbettino Editore.

PuzacHENKO AY. & Markova AK. (2023) - The Scandinavian ice sheet against the Atlantic Ocean: How the Scandinavian ice sheet affected Euro-
pean small mammal assemblage during the Greenland stadial GS-2.1. Quaternary Science Review, 305: 108013. https://doi.org/10.1016/j.quasci-
rev.2023.108013.

Qu Z.,Zou C., MiLLs B. J.W., XionG Y., Tao H., Lu B., Liu H., X1a0 W. & PourtoN S.W. (2022) - 4 nutrient control on expanded anoxia and global cool-
ing during the Late Ordovician mass extinction. Communications Earth & Environment 3(1): 82. DOI: 10.1038/s43247-022-00412-x.

RaiLsBack L.B., GiBBARD P.L., HEAD M.J., VOARINTSOA N.R.G. & TOUCANNE S. (2015) - An optimized scheme of lettered marine isotope substages for the
last 1.0 million years, and the climatostratigraphic nature of isotope stages and substages. Quaternary Science Review, 111: 94-106. DOI: 10.1016/j.
quascirev.2015.01.012.

RaisBeck G.M., Yiou F., JouzeL J. & PemiT J.R. (1990) - 10Be and 62H in polar ice cores as a probe of the solar variability s influence on climate [and
discussion]. Philosophical Transactions A: Mathematical, Physical and Engineering Sciences, 330(1615): 463-470. Doi: 10.1098/rsta.1990.0027.

RASMUSSEN S.O., ANDERSEN K.K., SVENSSON A.M., STEFFENSEN J.P., VINTHER B.M., CLAUSEN H.B., SIGGAARD-ANDERSEN M.-L., JOHNSEN S.J., LARSEN
L.B., DAHL-JENSEN D., BIGLER M., ROTHLISBERGER R., FISCHER H., GoTO-AZUMA K., HANSsON M.E. & Ruth, U. (20006) - 4 new Greenland ice core
chronology for the last glacial termination. Journal of Geophysical Research: Atmospheres, 111: (D6).

Raymo MLE. (1997) - The timing of major climate terminations. Palaeoceanography, 12: 577-585. DOI: 10.1029/97PA01169.

REUMER J.W. (2007) - Habitat fragmentation and the extinction of mammoths (Mammuthus primigenius, Proboscidea, Mammalia): arguments for a causal
relationship. CFS, 259: 279-286.

ROHLING E.J. & PALIKE H. (2005) - Centennial-scale climate cooling with a sudden cold event around 8,200 years ago. Nature, 434(7036): 975-979.

ROTHLISBERGER F. (1976) - Gletscher-und Klimaschwankungen im Raum Zermatt, Ferpécle und Arolla. Die Alpen, 52(3-4): 59-152.

Rover D.L., BERNER R.A. & BEERLING D.J. (2001) - Phanerozoic atmospheric CO2 change: evaluating geochemical and paleobiological approaches.
Earth-Science Reviews, 54(4): 349-392. Doi: 10.1016/S0012-8252(00)00042-8.

RuppmaN W.F. (2001) - Earth’s Climate: past and future. MacMillan, London.

SALTZMAN B., HANSEN A.R. & MaascH K.A. (1984) - The late Quaternary glaciations as the response of a three-component feedback system to Earth-
orbital forcing. Journal of Atmospheric Science, 41: 3380-3389.

SALzMANN U., WiLLiaMS M., HAYwWoop A.M., JOHNSON A.L., KENDER S. & ZArLasiEwicz J. (2011) - Climate and environment of a Pliocene warm world.
Palaeogeography, Palaeoclimatology, Palacoecology, 309(1-2): 1-8. DOI: 10.1016/j.palaeo.2011.05.044.

ScAFETTA N. (2019) - On the reliability of computer-based climate models - Italian Journal of Engineering Geology and Environment, 1: 49-70.
https://doi.org/10.4408/IJEGE.2019-01.0-05

ScAFETTA N. (2022) - Interpretazione del cambiamento climatico: dai modelli basati sulla CO, a quelli basati sulle oscillazioni astronomiche. In: PRESTIN-
INzI A. (a cura di) - Dialoghi sul clima. Tra emergenza e conoscenza. Rubbettino Editore: 76-107.

ScAFETTA N. (2023) - Empirical assessment of the role of the Sun in climate change using balanced multi-proxy solar records. GSF, 14(6): 101650.
DOI: 10.1016/5.gs£.2023.101650.

ScareTTA N. & BIANCHINI A. (2023) - Overview of the spectral coherence between planetary resonances and solar and climate oscillations. Climate, 11(4):
77. Doi: 10.3390/cli11040077.

ScAFETTA N., MiLANI F., BIANCHINI A. & ORTOLANI S. (2016) - On the astronomical origin of the Hallstatt oscillation found in radiocarbon and climate
records throughout the Holocene. Earth-Sci Review, 162: 24-43. DOI: 10.1016/j.earscirev.2016.09.004.

SCHERER G. (1874) - Kleine Toggenburger Chroniken: mit Beilagen und Erdrterungen. Huber and Co., St. Gellen, Switzerland.

SCHERER R., BoHATY S., HARWOOD D., ROBERTS A. & Taviano M. (2004) - Global correlation of a warm Early Pleistocene interglacial in the Antarctic
coastal zone. Program and Abstracts CD-ROM, 32 International Geological Congress, Florence, Italy, Session: 43-46.

Scotesk C.R., SONG H., GrossMaN E., JoacHMskI M. & VALDES P.A. (2021a) - A Paleogeographic Atlas of Oxygen Isotope Localities. AGU Fall Meeting
Abstracts 2021, PP25A-0893. https://ui.adsabs.harvard.edu/abs/2021 AGUF.

Scotest C.R., SONG H., MILLs B.J. & VAN DER MEER D.G. (2021b) - Phanerozoic paleotemperatures: The earth’s changing climate during the last 540 mil-
lion years. Earth-Sci Review, 215: 103503. DOI: 10.1016/j.earscirev.2021.103503.

Italian Journal of Engineering Geology and Environment, 2 (2025) www.ijege.uniromal.it



REASSESSING CLIMATE VARIABILITY THROUGH GEOLOGICAL TIME:
IMPLICATIONS FOR ENVIRONMENTAL MANAGEMENT AND HAZARD MITIGATION

SELF S., MITTAL T., DOLE G. & VANDERKLUYSEN L. (2022) - Toward understanding Deccan volcanism. Annual Review of Earth and Planetary Sciences,
50(1): 477-506. DOI: 10.1146/annurev-earth-012721-051416.

SHACKLETON N.J. (1987) - Oxygen isotopes, ice volume and sea level. Quaternary science reviews, 6(3-4): 183-190.

SHACKLETON N.J., SANCHEZ-GORI MLF., PAILLER D. & LANCELOT Y. (2003) - Marine Isotope Substage 5 and the Eemian Interglacial. Global and Planetary
Change, 36: 151-155.

SKOGLUND M.K. (2023) - Climate and Agriculture in the Little Ice Age. Docrtoral Thesis, Acta Universitatis Agriculturae Sueciae, Swedish University Of
Agricultural Sciences (Slu).

SICRE A., LABEYRIE M., EzaT U., DUPRAT J., TURON J.L., SCHMIDT S., MICHEL E. & MAZAUD A. (2006) - Erratum to: Mid-latitude Southern Ocean response
to northern hemisphere Heinrich events. Earth and Planetary Science Letters, 243(1-2): 303-304. DOI: 10.1016/j.eps.2005.09.032.

SICRE M.-A., JacOBJ., EzAT U., ROUSSE S., KisseL C., Y10U P., EIRikssoN J., KNUDSEN K.L., JANSEN E. & TURON J.-L. (2008) - Decadal variability of sea sur-
face temperatures off North Iceland over the last 2000 years. Earth and Planetary Science Letters, 268(1-2): 137-142. DOI: 10.1016/j.eps1.2008.01.011.

SmvpsoN D.P. (1979) - Cassell s Latin Dictionary. 5" ed. Cassell Ltd., London.

SmiTH P., ARNETH A., BARNES D.K.A., IcH1 K., MARQUET P.A., PopP A., PORTNER H.-O., ROGERS A.D., SCHOLES R.J., STRASSBURG B., WU J. & NGo H. (2022)
- How do we best synergize climate mitigation actions to co-benefit biodiversity? Global Change Biology, 28(8): 2555-2577. DOI: 10.1111/gcb.16056.
SoNG H., WIGNALL P.B., SONG H., Da1 X. & Cnu D. (2019) -Seawater temperature and dissolved oxygen over the past 500 million years. Journal of Earth

Sciences, 30(2): 236-243. https://doi.org/10.1007/s12583-028-1002-2.

SoON W, VELASCOHERRERA V.M., SELVARAJ K., TRAVERSI R., UsoskIN 1., CHEN C-T.A., Lou J.Y., Kao S.J., CARTER R.M., PIPIN V., SEVERI M. & BECAGLI S.
(2014) - 4 review of Holocene solar-linked climatic variation on centennial to millennial timescales: physical processes, interpretative frameworks and
a new multiple cross-wavelet transform algorithm. Earth-Science Review, 134: 1-15. Doi: 10.1016/j.earscirev.2014.03.003.

STAUBWASSER M. & WEIss H. (2006) - Holocene climate and cultural evolution in late prehistoric—early historic West Asia. Quaternary Research, 66(3): 372-387.

STEFANI F., BEER J., GIESECKE A., GLOAGUEN T., SEILMAYER M., STEPANOV R. & WEIER T. (2020) - Phase coherence and phase jumps in the Schwabe cycle.
Astronomische Nachrichten, 341(6-7): 600-615. DOI: 10.1002/asna.202013809.

STAGER C. (2011) - Deep future: The next 100,000 years of life on earth. St. Martin’s Press, Macmillan Publishers, New York.

STRINGER G.L. & SL0AN J.C. (2023) - First Cretaceous telostean otolith assemblage (Arkadelphia Formation, upper Maastrichtian) from Arkansas, USA,
early Gadiformes, and the Western Interior Seaway. PaleoBios, 40(3): 1-39. https://doi.org/10.5070/P940361192.

SUNDERLIN D., LoOPE G., PARKER N.E. & WiLLiams C.J. (2011) - Paleoclimatic and paleoecological implications of a Paleocene—Eocene fossil leaf as-
semblage, Chickaloon Formation, Alaska. Palaios, 26(6): 335-345.

Szarka L., SooN W.W.H. & Cionco R.G. (2020) - How the astronomical aspects of climate science were settled? On the Milankovitch and Bacsak an-
niversaries, with lessons for today. Advances in Space Research, 67(1): 700-707. DOI: 10.1016/j.as1.2020.09.020.

TurNER C. (2002) - Formal status and vegetational development of the Eemian interglacial in northwestern and southern Europe. Quaternary Research, 58: 41-44.

Tzepaxis P.C., CHANNELL J.E.T., HopeLL D.A., KLEIVEN H.F. & SKINNER L.C. (2012). Determining the natural length of the current interglacial. Nature
Geoscience, 5(2): 138-141.

TzErMAN E., Raymo MLE., HUYBERS P. & WuNscH C. (2006) - Consequences of pacing the Pleistocene 100 kyr ice ages by nonlinear phase locking to
Milankovitch forcing. Paleoceanography, 21(4): PA4206. Doi: 10.1029/2005PA001241.

UsoskiIN L.G. (2017) - 4 history of solar activity over millennia. Living Reviews in Solar Physics, 14(3): 1-97. DOI:1 0.12942/1rsp-2008-3.

VEKUA A., LORDKIPANIDZE D., RIGHTMIRE G. P., AGUSTI J., FERRING R., MAISURADZE G., MOUSKHELISHVILI A., NIORADZE M., PONCE DE LEON M. & ZoOL-
LIKOFER C. (2002) - 4 new skull of early Homo from Dmanisi, Georgia. Science, 297(5578): 85-89. Doi: 10.1126/science.1072953.

VINTHER B.M., CLAUSEN H.B., JOHNSEN S.J., RASMUSSEN S.O., ANDERSEN K.K., BUCHARDT S.L., DAHL-JENSEN D., SEIERSTAD [.K., SIGGAARD-ANDERSEN
M.-L., STEFFENSEN J.P., SVENSSON A., OLSEN J. & HEINEMEIER, J. (2006) - A synchronized dating of three Greenland ice cores throughout the Holocene.
Journal of Geophysical Research: Atmospheres, 111: (D13).

WANNER H., HoLzHAUSER H.P., PFISTER C. & ZUMBUHL H. (2000) - Interannual to century scale climate variability in the European Alps. Erdkunde, 54:
62-69. http://www.jstor.org/stable/25647250.

WARD P.D. (1997) - The Call of Distant Mammoths: Why the Ice Age Mammals Disappeared. Copernicus/Springer Verlag, New York.

WEiss H., CourTY M.A., WETTERSTROM W., GUICHARD F., SENIOR L., MEADOW R. & CURNOW A. (1993) - The genesis and collapse of third millennium
north Mesopotamian civilization. Science, 261(5124): 995-1004.

WESTERHOLD T., MARWAN N., DRURY A.J., LIEBRAND D., AGNINI C., ANAGNOSTOU E., BARNET J. s. K., BOHATY S. M., DE VLEESCHOUWER D., (ET AL.) & ZA-
cHOS J.C. (2020) - An astronomically dated record of Earth’s climate and its predictability over the last 66 million years. Science, 369(6509): 1383-1387.

WHITESIDE J.H., OLSEN P.E., EGLINGTON T., BROOKFIELD M.E. & SAMBROTTO R.N. (2010) - Compound-specific carbon isotopes from Earth's largest flood
basalt eruptions directly linked to the end-Triassic mass extinction. PNAS, 107(15): 6721-6725. DOI: 10.1073/pnas.1001706107.

Woobpwarp F.I, Lomas M.R. & KeLry C.K. (2004) - Global climate and the distribution of plant biomes. Philosophical Transactions of the Royal Society

Italian Journal of Engineering Geology and Environment, 2 (2025) www.ijege.uniromal.it

113



114

P.P.A. MAZZA

B: Biological Sciences, 359(1450): 1465-1476. DOL: 10.1098/rstb.2004.1525.

Wu'Y., ZHANG L., ZHANG Z., LING J., YANG S, S1J., ZHAN H. & CHEN W. (2024) - Influence of solar activity and large-scale climate phenomena on extreme
precipitation events in the Yangtze River Economic Belt. Stochastic Environmental Research and Risk Assessment, 38: 211-231. https://doi.org/10.1007/
800477-023-02573-3.

YNDESTAD H. & SoLHEM J.E. (2017) - The influence of solar system oscillation on the variability of the total solar irradiance. New Astronomy, 51: 135-152.
https://doi.org/10.1016/j.newast.2016.08.020.

ZAacHoS J.C., Dickens C.R. & ZegBE R.E. (2008) - An early Cenozoic perspective on greenhouse warming and carbon-cycle dynamics. Nature, 451: 279-283.

ZAcHos J.C., PAGant M., SLoaN L., THoMas E. & BiLrups K. (2001) - Trends, rhythms and aberrations in global climate 65 Ma to present. Science, 292
(5517): 686-693. https://doi.org/10.1126/science.1059412.

ZHARKOVA V. (2020) - Modern Grand Solar Minimum will lead to terrestrial cooling. Temperature, 7: 217-222. https://doi.org/10.1080/23328940.2020.1796243.

ZHARKOVA V. V., VASILIEVA 1., SHEPHERD S.J. & Porova E. (2023) - Periodicities in solar activity, solar radiation and their links with terrestrial environment.
Natural Science, 15(03): 111-147. https://doi.org/10.4236/ns.2023.153010.

Znou L., ALGeo T.J., SHEN J., HU Z., GONG H., XIE S., HUANG J. & Gao S. (2015) - Changes in marine productivity and redox conditions during the Late
Ordovician Hirnantian glaciation. Palaeogeography, Palaeoclimatology, Palacoecology, 420: 223-234.

Znou X., YANG J., WANG S., X1a0 G., ZHao K., ZHENG Y., SHEN H. & L1 X. (2018) - Vegetation change and evolutionary response of large mammal
fauna during the Mid-Pleistocene Transition in temperate northern East Asia. Palaeogeography, Palaeoclimatology, Palaeoecology, 505: 287-294.
https://doi.org/10.1016/j.palaco.2018.06.007.

Received January 2025 - Accepted November 2025

Italian Journal of Engineering Geology and Environment, 2 (2025) www.ijege.uniromal.it



