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Tools and Approaches to Addressing the Climate-Humans
Nexus during the Holocene

Sandy P. Harrison*°, Esmeralda Cruz-Silva*, Olivia Haas**, Mengmeng Liu**,
Sarah E. Parker*, Shengchao Qiao®, Yicheng Shen*, and Luke Sweeney*"

Abstract

The impact of humans on climate and landscape is obvious today when anthropogenic cli-
mate change impacts are being felt around the world and more than 10% of the land surface
is intensively managed. However, transformations of natural ecosystems by humans began
with the shift from hunting and gathering to cultivation during the Mesolithic and Neolithic
periods. There have also been substantial changes in climate during the Holocene, giving rise
to natural changes in vegetation cover and fire regimes. It is important to quantify the impact
of natural and anthropogenic influences on landscapes at a regional scale, and understand
how climate-induced changes affected the resources available to people and hence the expan-
sion of human populations, to provide a firm foundation for interpreting human development
in the past and for predicting human-environment interactions in the future. Several recent
developments make it possible to address these issues more systematically. New statistical
tools have been developed that provide independent and robust quantitative reconstructions
of past changes in climate, vegetation and fire regimes through the Holocene. These recon-
structions can be compared with evidence for population growth and/or agricultural practic-
es at a regional scale to isolate human and natural impacts on ecosystems and disturbance
regimes. Process-based modelling tools, including eco-evolutionary optimality models of
gross primary production and of specific crop types, can be used to disentangle the roles of
climate, climate variability, changes in atmospheric CO, levels, and agricultural practices on
agricultural yields through time. Transient climate model simulations can be used to examine
the response of regional climates to changes in external forcing through time and also the
interaction between long-term trends in climate, changes in climate modes and unforced
climate variability. Together, these tools can be used to foster a better understanding of the
climate-human nexus during the Holocene.

Introduction

The influence of human activities on the natural world today is obvious: anthropogenic
greenhouse gas emissions have modified atmospheric composition with direct impacts on
the climate system (IPCC 2021), while human-induced changes in land use have indirect
consequences for climate (IPCC 2021) and affect biodiversity, ecosystem functioning and
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the natural resource base (IPCC 2022). Almost half of the ice-free land surface is under
human use today, and much of the rest of the world is influenced to some extent by human
activities (Foley et al. 2005; Ellis and Ramankutty 2008; Ellis et al. 2013). The magnitude
of the impact of human activities on landscapes and climate before the industrial revolution
is still a matter of debate (Ruddiman 2003; Joos et al. 2004; Kaplan et al. 2011; Singarayer
et al. 2011; Mitchell et al. 2013; Stocker et al. 2017; Harrison et al. 2020). However, the
modification of natural ecosystems by humans began with the time-transgressive shift from
hunting and gathering to cultivation during the Mesolithic to Neolithic transition (Mazoyer
and Roudart 2006; Zohary, Hopf and Weiss 2012; Tauger 2013; Maezumi et al. 2018) and the
later Holocene is marked by increasing evidence of human impact as a result of the spread of
agriculture from the Middle East across Europe during the Neolithic.

As the evidence of the impact of recent climate changes on food security and livelihoods
(Rosenzweig et al. 2014; Hasegawa et al. 2018; Lesk et al. 2021; IPCC 2022) shows, there is
a two-way relationship between humans and climate: climate change and climate variability
have a profound effect on resource availability and on human well-being. The Holocene was
characterised by large changes in climate, caused by latitudinal and seasonal shifts in incom-
ing solar radiation (insolation) caused by changes in the Earth’s orbit (Crucifix et al. 2002;
Wanner et al. 2008). Interactions (or feedbacks) with other elements of the climate system
also resulted in more abrupt shifts in climate with multi-centennial duration: for example,
changes in oceanic circulation associated with meltwater discharge into the North Atlantic
gave rise to an abrupt and quasi-global event around 8.2 ka (Alley ef al. 1997; Morrill et al.
2013; Matero et al. 2017; Parker and Harrison 2022). Externally forced changes in climate
are also associated with changes in climate modes, such as the El Nifio Southern Oscillation
(ENSO) or the North Atlantic Oscillation (NAO), which result in substantial changes in re-
gional climates on decadal to multi-decadal timescales (e.g. Brown et al. 2020; Hernandez et
al. 2020; Carré et al. 2021; Parker and Harrison 2022). Regionally coherent climate changes
during the Holocene were sufficiently large to have had a substantial impact on the natural
landscape and on the resources available to people. Indeed, the impact of even comparatively
small changes in climate could have had a non-negligible effect on human populations with
a relatively low technological base at the beginning of the Neolithic.

The attribution of cause and effect can be difficult because of the complex and two-way in-
teractions between climate, vegetation, disturbance and humans. Climate change has multiple
impacts on natural ecosystems, causing changes in vegetation productivity (Zhu et al. 2016;
Cai and Prentice 2020; Piao ef al. 2020) and, through competition, on species distributions
(Parmesan and Yohe 2003; Parmesan 2006; VanDerWal ef al. 2013), and to changes in veg-
etation type when the climate change is sufficiently large (Huntley and Webb 1989; Prentice
et al. 2000; Harrison and Sanchez Goiii 2010). Climate change also impacts vegetation dis-
turbance, for example through wildfires (Krawchuk ef al. 2009; Daniau et al. 2012; Marlon
et al. 2013) and the incidence of windthrow events (e.g. Gregow, Laaksonen and Alper 2017,
Seidl et al. 2017). Vegetation disturbance has feedbacks to climate, through for example the
greenhouse gas emissions associated with wildfires or change in land-surface albedo associ-
ated with large-scale windthrow events. Climate changes also have direct effects on human
well-being and productivity (Sarofim et al. 2016; Doherty, Heal and O’Connor 2017; Rocque
etal. 2021), as well as impacting the suitability for different crops and other farming practices
(Rosenzweig and Parry 1994; Zhao et al. 2017). However, human activities that modify the
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landscape also affect the incidence of vegetation disturbance, including the extent and the
severity of wildfires (Bowman et al. 2011; Andela ef al. 2017). These impacts are not the same
everywhere. The impact of human activities on wildfire, for example, depends on the kind of
vegetation and whether it is fire-prone or fire-adapted (Harrison et al. 2021), as illustrated in
model experiments which compare the incidence, size and intensity of wildfire under modern
climate conditions depending on the presence and absence of human influences (Fig. 1). This
level of complexity has meant that it has often proved difficult to determine the relationship
between climate and human activities during the Holocene and many existing interpretations
are based on apparent correlations and assumptions about cause and effect. More robust tools
are needed to disentangle changes in the climate-human nexus unambiguously.

In this paper, we will discuss some of the tools now available to address this challenge.
Specifically, we will examine tools to reconstruct different elements (climate, vegetation,
fire, people) independently and statistical and process-based modelling approaches that can
be used for hypothesis testing. We will provide a case study focusing on Iberia to show
how these tools can be used to address specific questions about climate-human interactions.
Finally, we will discuss ways in which the palacoenvironmental and archaeological commu-
nities could work together more effectively to understand the changing nature of human-cli-
mate interactions during the Holocene.

Reconstruction tools

Many types of palacoenvironmental evidence have been used to make qualitative inferences
about changes in regional climate during the Holocene. Pollen records of vegetation changes
between more open vegetation types and forests, for example, have been interpreted as indi-
cating shifts from drier to wetter, or colder to warmer, conditions (e.g. Harrison and Sanchez
Goiii 2010). Similarly, records of changes in lake levels have been interpreted as indicating
changes in the moisture balance over the lake and its catchment (Cheddadi et al. 1997; De
Cort et al. 2021). Geomorphic evidence, including the presence of loess, dunes or fluvial
deposits also indicate changing climatic conditions (Macklin, Lewin and Woodward 2012;
Lehmkuhl ez al. 2021). While qualitative interpretations can be useful, many of these indi-
cators are influenced by multiple climate variables making it hard to disentangle the specific
nature of the change in climate.

Climate reconstructions

Quantitative reconstructions of specific climate variables have been made from several types
of biological records, including pollen, diatoms, chironomids and beetles (e.g. Fritz et al.
1991; Elias 1997; Lotter et al. 1997; Mauri et al. 2015; Tarrats et al. 2018; Sinopoli et al.
2019; Liu et al. 2021), based on the idea that individual taxa are subject to bioclimatic limits
on their distribution (Woodward 1987; Harrison et al. 2009). There are two basic approaches:
statistical methods or inversion of process-based models. While model inversion (e.g. Wu et
al. 2007; Garreta ef al. 2010; Izumi and Bartlein 2016) may seem to be the ideal way to take
account of all the factors that could influence species distribution, including competition
and the role of changing CO, on physiological processes in the case of plants, the results are
highly contingent on the quality of the model used (Chevalier et al. 2020). The tendency to
use relatively simple models because of the additional uncertainties involved in inverting
complex models means the outcomes have not been very satisfactory. Statistical methods
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have been more widely used to reconstruct past climates and multiple statistical approaches
have been developed. These can broadly be divided into regression-based techniques such as
inverse regression (Huntley and Prentice 1988) or weighted averaging partial least squares
regression (ter Braak and Juggins 1993), artificial neural networks (Peyron ef al. 1998), mod-
ern analogues (Overpeck, Webb and Prentice 1985), and response surfaces (Bartlein, Prentice
and Webb 1986). Bartlein ef al. (2011) have summarised the advantages and disadvantages of
these various techniques in the context of pollen-based reconstructions.

All statistical techniques are necessarily based on modern relationships between taxon
distribution and climate variables, and thus they share a number of problems. The first is
the need to identify the appropriate climate variable (or variables) that control the distribu-
tion of the organisms. Many pollen-based reconstructions, for example, provide estimates of
mean annual temperature which is not related to any mechanism that controls plant growth.
Seasonal temperature reconstructions (January or July temperature, or winter and summer
temperatures defined as December-January-February and June-July-August) provide a closer
approximation to the mechanisms controlling plant growth — the necessity to avoid frost
damage and the requirement for energy for growth — but nevertheless they are approxima-
tions and the mean temperature of the coldest month (MTCO) and the accumulated tempera-
ture sum during the growing season (growing degree days, GDD) are more physically appro-
priate measures to reconstruct (Woodward 1987; Harrison et al. 2009). Variable selection is
even more problematic in reconstructions based on aquatic organisms such as chironomids,
which are usually used to reconstruct summer air temperature (e.g. Heiri e al. 2003; Tarrats
et al. 2018) although they are known to be influenced by water temperature and the depth and
stability of the lake thermocline (Luoto ef al. 2014; Matthews-Bird et al. 2016).

A final issue that affects statistically based climate reconstructions is whether the modern
day can provide realistic analogues for the past. The generic example of this is the more sea-
sonally contrasted climates of the early Holocene. However, a more egregious case is the direct
role of atmospheric CO, concentration on the ratio of stomatal water loss to carbon uptake for
photosynthesis, which determines the water requirement for plant growth. The reduction in
water use efficiency when CO, is lower than today means that vegetation assemblages appear
to reflect drier conditions than they actually experienced (Prentice ef al. 2017). Statistical
methods to reconstruct past hydroclimates from pollen data depend on relationships between
pollen abundances and climate variables that are determined under recent atmospheric con-
ditions (Chevalier et al. 2020) and cannot, by their nature, take the effect of varying CO, into
account (Idso 1989). Recent work combining eco-evolutionary optimality modelling of plant
photosynthetic traits and published experimental findings on how the ratio between CO, levels
inside the leaf and in the air outside responds to variations in atmospheric CO, concentrations,
however, now provides a method to correct pollen-based statistical reconstructions of mois-
ture variables such as precipitation or plant-available moisture (Prentice, Villegas-Diaz and
Harrison 2022) when atmospheric CO, levels were different from today. An earlier version of
this method (Prentice ef al. 2017) has been applied to correct reconstructions of reconstructed
moisture during the last glacial at a single site (Wei ef al. 2021) and used in model-data as-
similation reconstructions of the Last Glacial Maximum (Cleator et al. 2020).

Statistical techniques are also affected by the availability and appropriateness of the mod-
ern training data set. The choice of the training data set determines the range of climate
sampled and thus the range of changes that could be reconstructed from the fossil record
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(Turner et al. 2020). Most modern data sets are regional in scope and in some cases, such
as the training data sets used for reconstructions based on chironomids and diatoms, limited
to small sub-continental regions. While it has been argued that more local or regional train-
ing data sets yield reconstructions with lower errors (e.g. Dugerdil et al. 2021), differences
between, for example, pollen-based and chironomid-based temperature reconstructions at
individual sites have been attributed to differences in the scope of the climate sampled by
the relevant training data sets (Rosén et al. 2003; Holmes ef al. 2011; Liu et al. 2021). The
development of more extensive modern training data sets, sampling a wider range of climate,
would provide a more robust way of reconstructing past climate and indeed a number of
efforts are underway to produce data sets extending the geographic area sampled (e.g. the
Eurasian Modern Pollen Dataset, Davis et al. 2020).

A further issue that affects the ability to reconstruct climates radically different from to-
day is the tendency for statistical methods, and particularly regression-base techniques, to
compress reconstructions towards the centre of the sampled climate range, such that values
reconstructed from the training dataset tend to be higher than observed values at the low end,
and lower at the high end. A new approach that takes account of the climatic tolerance of
individual taxa and the frequency of the sampled climate in the training data set (Liu ef al.
2020), applied within the framework of Weighted Averaging Partial Least-Squares regres-
sion, has been shown to reduce this compression bias (Fig. 2) when applied to pollen data
from Europe. The reduction of the compression bias has a noticeable impact on down core
reconstructions of climate through time, leading to the recognition of greater climate varia-
bility than would be apparent from standard statistical approaches (Fig. 3).

Vegetation Reconstructions

Approaches to vegetation reconstruction have undergone a similar evolution from qualitative
interpretations of fossil pollen or plant macrofossil records towards quantitative approaches.
One of the most widely used methods of vegetation reconstruction, biomisation (Prentice et
al. 1996), is semi-quantitative in that it calculates similarity scores between pollen assem-
blages and vegetation types (biomes) but relies on expert knowledge of the regional flora
to group plant taxa to plant functional types (PFTs) defined in terms of life form, leaf type,
phenology and climate tolerance. Biomes are then defined as assemblages of PFTs, where
the PFTs represent either the dominant or most characteristic taxa present in a specific biome.
Although biomisation produces robust regional vegetation reconstructions (e.g. Prentice et
al. 2000 and references cited therein; Bigelow et al. 2003; Pickett et al. 2004; Marchant et
al. 2009), the subjective choices made in allocating taxa to PFTs and PFTs to biomes ne-
cessitate an iterative approach to classification. Furthermore, the biomisation method uses
an ad hoc approach to account for the non-linear relationship between pollen assemblages
and vegetation cover because of the differences in pollen production between species and
differences in pollen capture because of differences in site characteristics. There are methods
that account for variability in pollen productivity between species and the influence of pollen
transport on pollen assemblages, such as the Landscape reconstruction Algorithm (LRA) and
the REVEALS pollen transport model (Sugita 2007a; 2007b), but they are extremely data
demanding and have not been applied widely. A final issue with the biomisation approach is
that it does not readily identify vegetation types which are not present on the landscape today,
so-called non-analogue vegetation.
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Various modern analogue techniques (MAT) have also been developed and applied to
reconstruct past vegetation (e.g. Overpeck, Webb and Prentice 1985; Overpeck, Webb and
Webb 1992; Jackson et al. 2000; Janska et al. 2017; Chytry et al. 2019). These approaches
use modern training datasets to establish relationships between pollen abundances and bi-
omes, and then use these relationships to reconstruct biomes for a fossil pollen assemblage.
Decisions about the number of analogues for each reconstruction are often arbitrary and,
although threshold values have been used to distinguish between different biomes, the choice
of threshold is scale dependent (Gavin et al. 2003). Furthermore, by focusing on a limited
number of analogues, potential within-biome variability is ignored. Both MAT and biomisa-
tion are sensitive to small changes in pollen abundance, which can produce apparent rapid
and unrealistic shifts in biome assignments downcore, the so-called “flickering switch” prob-
lem (Allen, Watts and Huntley 2000; Fyfe, Woodbridge and Roberts 2018).

Many of these issues have been addressed in a recently developed method that combines
the relative simplicity of biomisation with the more rigorous basis of statistical reconstruc-
tions (Cruz-Silva et al. 2022). This new technique assigns modern pollen samples to a bi-
ome based on the observed within-biome means and variability (standard deviations) in the
abundances of the pollen taxa. These values are then used to calculate a dissimilarity index
between any fossil pollen sample and every biome, and thus assign the sample to the most
likely biome. The modern data set is also used to determine threshold values to determine
when fossil pollen samples are unlike any modern biome, and this can be used to identify
non-analogue vegetation types in the fossil record. Application of this new method to sites
from the Eastern Mediterranean-Black Sea Caspian Corridor (EMBSeCBIO) region, for ex-
ample, shows that many records were characterised by non-analogue vegetation during the
transition into the Holocene (Fig. 4). However, modern vegetation types are recognised in
the Holocene and the records show coherent changes from open vegetation towards closed
forests initially and giving way more open landscapes in the last few thousand years (Fig. 4).

Fire reconstructions

There are multiple sources of data that provide information about wildfires in the past. Ice-
core records of substances emitted during biomass burning, including methane, carbon mon-
oxide, levoglucosan, black carbon and vanillic acid (for review see Rubino et al. 2016) pro-
vide a record of changing fire that is either globally integrated, in the case of the well-mixed
atmospheric gases, or are geographically integrated at the continental or hemispheric scale.
At the other extreme, fire scars, registered as disruptions to the annual increments of tree
growth rings in living or fossil trees, provide a highly localised indication of fire occurrence
(Higuera, Whitlock and Gage 2011; Marlon et al. 2013). Reconstructions of fire history from
fire scars have two disadvantages, however. Firstly, they only record relatively low intensity
fires because high intensity fires remove the evidence by killing and destroying the trees.
Secondly, these records only extend back a few thousand years. Charcoal, preserved in anox-
ic sediments, has the advantage that it provides a record of fires occurring within the catch-
ment of a site and thus providing a local- to regional-scale picture of changes in fire regimes
that can extend back for much longer periods, encompassing interglacial-glacial-interglacial
transitions of the last climatic cycle (e.g. Marlon et al. 2008; Power et al. 2008; Daniau,
Harrison and Bartlein 2010; Marlon et al. 2013). The latest global compilation of charcoal
data, the Reading Palaeofire Database (RPD: Harrison et al. 2022) contains 1676 individ-
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ual records from 1480 sites, with standardised Bayesian age models using the appropriate
INTCAL20 calibration curve, metadata that allows pre-selection of sites of different types
or basin size and discrimination between macrocharcoal and microcharcoal, thus making it
possible to select the data appropriate for a given analysis.

The interpretation of sedimentary charcoal records in terms of fire histories is complicated
by two issues. Firstly, charcoal values can vary by orders of magnitude between and within
sites because of the broad range of record types, site characteristics and analytical techniques.
Secondly, it is unclear what aspects of the fire regime influence charcoal accumulation at
individual sites and thus whether the charcoal record reflects fire occurrence, area burnt, fire
intensity or the completeness of combustion. The variation in charcoal values is generally
dealt with through standardisation techniques, including minimax transformation, homog-
enisation of variance and rescaling through the calculation of z-scores (Power et al. 2008;
2010). Compositing of individual records to construct curves representative of regional fire
histories has also proved a powerful way of minimising the idiosyncratic responses of indi-
vidual records, although temporal binning of the records is necessary to reduce the impact
of differences in sampling resolution on the composite curve (Marlon et al. 2008). Although
composite charcoal curves provide a useful way of examining changes in fire through time,
they are nevertheless only indications of relative changes. Attempts have been made to derive
local calibrations that relate changes in charcoal quantitatively to proximity, burnt area and
intensity (e.g. Peters and Higuera 2007; Leys et al. 2015; Hennebelle ef al. 2020; Shen et al.
2022). However, it is unclear whether the amount of charcoal is determined by burnt area,
which is a measure of fire size and fire return time, or whether it is influenced by the amount
and type of biomass combusted which is largely determined by fire intensity. Recent work
suggests that measurements of charcoal size and shape (e.g. Crawford and Belcher 2014;
Pereboom et al. 2020; Feurdean 2021) or reflectance (e.g. Hudspith et al. 2015; Belcher et al.
2018) provide independent information about the material burnt and fire intensity and could be
combined with charcoal values to derive a more complete understanding of past fire regimes.

Land use reconstructions

Human impact on the environment is reflected in changes in land use. Changes in land use
have been inferred from pollen data, either directly in terms of the occurrence of crop pollen
or other non-native adventive species (e.g. Behre 1981; 1988) or by increased frequency
of native pollen types indicative of disturbance such as Plantago (e.g. Behre 1981; Lang
1994; Tinner et al. 2003). Unfortunately, many crops produce limited pollen; crops other
than cereals are found only rarely in most pollen records and thus our picture of change in
land use based on pollen may be incomplete (Trondman et al. 2015). Increases in pollen
characteristic of disturbance can also reflect natural disturbance, through fires or windthrow,
or indeed from climate trends towards increased aridity and more open vegetation. Various
methods have been developed to reduce this uncertainty, for example by combining pollen
records with archaeological evidence (e.g. Berger et al. 2019) or using techniques to account
for the low representation of most crops using regionally specific estimates of pollen pro-
ductivity (e.g. Trondman et al. 2015; Pirzamanbein ef al. 2018; Cao et al. 2019; Githumbi et
al. 2022). The LandCover6k project, for example, is currently using this approach to provide
regional reconstructions of changes in land cover and land use during the Holocene using
the REVEALS model of pollen dispersal and deposition (Sugita et al. 2007a, b). However,
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the need for large amounts of data on pollen productivity means that these reconstructions
are currently only available for Europe and some other limited regions of the world (e.g.
Trondman et al. 2015; Pirzamanbein et al. 2018; Cao et al. 2019; Githumbi et al. 2022).
Furthermore, there has been no consideration of the fact that the pollen productivity of early
domesticates probably differed from that of modern crop varieties. Global reconstructions
of land use changes, such as HistorY Database of the global Environment (HYDE: Klein
Goldewijk et al. 2011; Klein Goldewijk et al. 2017) or KK 10 (Kaplan and Krumhardt 2011;
Kaplan et al. 2011) are modelled based on highly uncertain estimates of changes in pop-
ulation density and assumptions about land-use per capita. Differences in the underlying
assumptions and uncertainties in the population estimates result in very large differences
between the different land use reconstructions, and thus large uncertainties in the timing and
magnitude of land use changes both regionally and at a global scale (Gaillard et al. 2010;
Kaplan et al. 2017; Harrison et al. 2020). Again, the LandCover6k project is seeking to ad-
dress this by incorporating archaeological data, such as the date agriculture is first adopted in
a region and ethnographic information about land-use per capita, in the framework of these
global models (Harrison ef al. 2020; Morrison ef al. 2021).

Population reconstructions

Global land-use reconstructions, such as HYDE and KK 10, use historical estimates of ab-
solute population levels but population estimates before the 1700s are extremely uncertain
(Klein Goldewijk et al. 2011). Indeed, for many regions of the world, population estimate for
earlier times in the Holocene are either lacking or vary wildly from one another (e.g. Harrison
et al. 2020). Several alternative approaches to estimate population have been developed
based on using archaeological data, including skeletal age data (McFadden 2021) and settle-
ment or house size data, where the number of people per area is derived from ethnographic
information (see reviews in Kaplan, Krumhardt and Zimmerman 2009; Ruddiman and Ellis
2009). The most widely used technique is to reconstruct relative changes in population size
based on the quantity of radiocarbon-dated archaeological material (Rick 1987; Robinson et
al. 2019). This approach is based on the idea that the number of dated samples reflects the
amount of material produced at any time and this in turn is dependent on the number of peo-
ple. The dated samples are then used to estimate relative changes in population size through
creation of a summed probability distribution (SPD) of aggregated calibrated dates through
time. There are known limitations of the SPD approach to estimating population including
biases in sampling of archaeological sites (e.g. Torfing 2015) and in the sampling intensity
of radiocarbon dates through time (Crema and Bevan 2021). Calibration of the radiocarbon
dates can also induce artificial peaks or smoothing of the SPD curve (Crema and Bevan
2021). These limitations can be overcome to some extent by testing whether the resulting
SPD deviates significantly from a null model of growth (Shennan et al. 2013; Timpson et
al. 2014). Combining the SPD approach with other sources of information or using models
of population dynamics (e.g. Por¢i¢ and Nikoli¢ 2016) and/or resource base constraints (e.g.
Freeman ef al. 2020) in a Bayesian framework also appears to offer the possibility to recon-
struct plausible and robust estimates of changing population.
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Modelling tools

Models are tools that encapsulate our current understanding of different components of the
natural world. Climate models, for example, draw on our understanding of fluid dynamics to
simulate atmospheric and oceanic circulations and from this predict changes in local weather
patterns and climate in response to changes in forcing. Although models vary in complexity
and the range of processes that they seek to simulate, there are a number of common features,
notably the need to simplify the system they represent because of lack of knowledge, issues
of spatial or temporal resolution, or computational costs. Models can therefore be thought of
as hypothesis-testing tools (Harrison, Bartlein and Prentice 2016). One of the earliest uses of
climate models, for example, was to examine whether changes in insolation consequent on
changes in the Earth’s orbit through time were sufficient to explain the observed waxing and
waning of the northern African monsoon (Kutzbach and Street-Perrott 1985). When there
are multiple factors that can influence a given phenomenon, models can be used to assess
the impact and relative importance of individual factors and how these might vary spatially
or through time. Fig. 1, for example, shows how a simple statistical model can be used to
test the importance of human activities on fire regimes and the degree to which this varies in
different types of vegetation.

Statistical models

Multivariate statistical techniques are widely used to explore the relationships between en-
vironmental factors and responses to these factors and these analyses form the basis for
developing simple statistical models. Generalised linear modelling, for example, has been
used to investigate the controls on daily weather patterns (e.g. George, Letha and Jairaj 2016;
Chandler 2020), vegetation distribution (e.g. Guisan, Weiss and Weiss 1999; Schwarz and
Zimmermann 2005) and wildfires (e.g. Bistinas et al. 2014; Haas, Prentice and Harrison
2022) under modern day conditions. Although similar investigations can be done using ma-
chine learning techniques (e.g. Hengl et al. 2018; Kuhn-Régnier et al. 2021), one advantage
of generalised linear models (GLMs) is that they allow the underlying relationships with in-
dividual predictor variables to be diagnosed, even when there are correlations or interactions
between variables, and displayed via partial residual plots. The form of these plots shows
the nature of the relationship after the effects of other predictors are taken into account. The
strength of these (positive or negative) relationships, as measured by the t-value, determines
the relative importance of the predictor in the model. For example, analyses of GLMs cre-
ated separately for burnt area, fire size and fire intensity (Fig. 5) but using the same set of
predictor variables (climate, vegetation, ignition sources and human impacts on landscape
fragmentation) show that climate and vegetation variables are more important controls on
burnt area than ignitions or measures of landscape fragmentation. This plot also shows that
the impact of a specific variables on burnt area may be different from the impact of that varia-
ble on fire size or intensity. Vegetation productivity, as measured by gross primary production
(GPP), has a positive effect on burnt area but a negative effect on fire intensity and does not
have a significant effect on fire size (Fig. 5). Once developed for modern conditions, GLMs
can be used to simulate future or past states. However, the power of these relatively simple
types of model to predict the past has yet to be exploited.
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Vegetation and crop models

Simple biogeography, or biome, models (Prentice ef al. 1992; Haxeltine and Prentice 1996;
Kaplan et al. 2003) were developed to predict vegetation distribution at a global scale based
on defining the climatic limits of a small number of PFTs using known physiological con-
straints on their growth and then applying a dominance hierarchy to determine how these
PFTs are aggregated into biomes. Biome models are therefore essentially static in nature
and do not model competition between PFTs explicitly. Dynamic global vegetation models
(DGVMs) explicitly account for disturbance and competition (e.g. Sitch et al. 2003; Krinner
et al. 2005; Kelley, Harrison and Prentice 2014). However, they preserve many of the under-
lying assumptions of biome models in that the properties of the vegetation at a given location
are determined by competition between the plants that could grow there as determined by
basic physiological constraints. Furthermore, most DGVMs use a limited number of PFTs,
generally delineated in terms of life form (e.g. tree or grass), leaf form (e.g. broadleaf or
needleleaf), phenology (e.g. evergreen or deciduous) and climatic limits (e.g. tropical, tem-
perate, boreal), although there are some models (e.g. LPJ-GUESS: Smith, Prentice and Sykes
2008) that use a limited number of species representative of these PFTs for regional applica-
tions. Both biome models and DGVMs have been used to simulate the vegetation response
to climate changes in the past (Prentice ef al. 1993; Harrison ef al. 1998; Kaplan et al. 2003;
Ni et al. 2006; Ciais et al. 2011; Prentice, Harrison and Bartlein 2011), and to discriminate
between the impact of climate and the direct physiological control of changing atmospheric
CO, on vegetation productivity (e.g. Harrison and Prentice 2003; Martin Calvo and Prentice
2015). Originally, DGVMs represented disturbance generically but many models now in-
clude an explicit representation of fire disturbance (Rabin et al. 2017), allowing exploration
of climate and climate-induced vegetation changes on fire regimes, as well as climate-in-
duced changes in disturbance on vegetation, in the past (e.g. Martin Calvo, Harrison and
Prentice 2014; Martin Calvo and Prentice 2015). Several DGVMs now simulate the growth
of specific crops (e.g. Bondeau et al. 2007; Levis ef al. 2012), although the distribution and
growing season for each crop type is pre-determined and thus there is no competition and
growth is solely determined by climatic and soil conditions.

DGVMs have many uses and are a necessary component of Earth System Models.
Nevertheless, several problems have become apparent in recent years. DGVM predictions of
future changes in vegetation cover and carbon fluxes diverge considerably and indeed this is
considered one of the most important sources of uncertainty in projections of future climate
(Ciais et al. 2013; Arora et al. 2020). Modellers have sought to reduce this divergence by
introducing new processes, for example an explicit treatment of the nitrogen cycle (e.g. von
Bloh et al. 2018), but with little success. Indeed, the increasing complexity of DGVMs and
land-surface models itself leads to additional problems since the models require specification
of an ever-increasing number of parameters most of which are currently poorly known from
observations (Prentice ef al. 2015; Franklin ef al. 2020). Increases in model realism through
representing additional processes has often led to a reduction in predictive power because of
the increase in uncertainty. In addition, the fact that most DGVMs continue to represent veg-
etation as a collection of a limited number of PFTs is problematic since it hides the consider-
able variation in key functional traits within each PFT (Kattge et al. 2020) and the potential
for the observed variation in these traits along environmental gradients to be influenced by
short-term acclimation and longer-term adaptation to environmental conditions (Siefert ez al.
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2015). Many groups are now exploring new approaches to modelling vegetation, including
trait-based modelling (e.g. Scheiter, Langan and Higgins 2013) and the use of eco-evolu-
tionary optimality (EEO) theory to develop new and simpler process representations (e.g.
De Kauwe et al. 2015; Ali et al. 2016; Mengoli et al. 2022). EEO approaches to fundamental
processes, such as photosynthesis, primary production, dark respiration, stomatal behaviour
and the carbon economics of leaf type, have been developed and shown to perform better
than existing models (Harrison ez al. 2021). This opens up the possibility of using these much
simpler models to explore the factors influencing vegetation patterns in the past.

EEO approaches are particularly powerful in terms of crop modelling since they can be
used to predict not only growth and yield (Qiao ef al. 2020; 2021; Yuwono 2021) but also
the optimal timing of the growing season to maximise yields (Qiao et al. 2022). This is par-
ticularly important because the models currently used to predict crop yields under climate
change, for example as part of the Inter-Sectoral Impact Model Intercomparison Project,
ISIMIP2b: https://www.isimip.org/protocol/#isimip2b/) necessarily specify the planting and
harvest dates based on current conditions, even though there is already evidence that farmers
are adjusting to current climate changes (e.g. Olesen ef al. 2012; Hunt et al. 2019). The com-
parison of EEO-based model predictions of potential yield compare well with observations
of potential wheat yield in 2000 CE from EARTHSTAT (www.earthstat.org), both in terms
of spatial patterns and in overall magnitude (Fig. 6). In fact, Qiao et al. (2021) show that this
simple EEO-based model performs better than the more complex models in ISIMIP - most of
which underestimate potential yield either over substantial regions of the world or globally.
Sensitivity experiments examining the impact of climate change from changes in climate
and atmospheric CO, concentration combined (Fig. 6) show that the positive effects of CO,
fertilisation on plant growth offset the negative impacts of higher temperatures over much
of the world. The importance of CO, fertilisation on crop growth under current conditions
raises the question of whether the increase in CO, during the deglaciation into the Holocene
was instrumental in facilitating the adoption of agriculture (Sage 1995; Cunniff ef al. 2010).

Climate models

General circulation models (GCMs) provide a tool to examine how regional climates have
changed in response to changes in external forcing, such as the change in insolation caused
by changes in the Earth’s orbit. These models are based on known physics but, since they
are generally run at relatively coarse spatial resolution (ca 2 x 2°) to reduce computational
costs, processes that operate at finer resolutions are represented in a simplified way through
parameterisations. One example of this is that most GCMs do not resolve individual clouds
or within-cloud processes like droplet formation explicitly, but instead describe the aggregate
behaviour of clouds within a grid cell. The earliest GCMs only described the behaviour of
the atmosphere (e.g. Gates 1976; Manabe and Hahn 1977; Kutzbach and Guetter 1986) and
other elements of the climate system, such as sea-surface temperatures and vegetation, were
prescribed from observations. However, there has been a gradual evolution towards explic-
itly modelling all the components of the climate system such that state-of-the-art models
used, for example, for future climate projections now explicitly include the circulation of the
ocean, sea ice formation and dynamic vegetation. As such, they are often referred to as Earth
System Models. Although the models have increased in complexity, there are still climate
processes that are not included in most models, such as ice sheet dynamics or ocean biology.
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Furthermore, although model resolution has increased, parameterisation is still required for
sub-grid scale processes in the ocean and on land.

The computational costs of running complex Earth System Models has meant that, until
recently, most palaeoclimate simulations were snapshots of specific time periods such as the
Last Glacial Maximum (conventionally defined as 21,000 years ago) or the mid-Holocene
(6000 years ago). The Palacoclimate Modelling Intercomparison Project (PMIP: Kageyama
et al. 2018) has coordinated international efforts to produce snapshot simulations of key
times in the past to understand the mechanisms of past climate changes, to compare differ-
ent models to gain insights into the uncertainties of their predictions, and to evaluate model
performance (Braconnot et al. 2012; Harrison et al. 2014; Schmidt et al. 2014; Harrison et
al. 2015). PMIP has evaluated model performance through multiple phases of model devel-
opment, from simple atmosphere-only models through to the current generation of Earth
System Models, and these evaluations indicate the extent to which models that are used for
future climate projections capture large climate changes (e.g. Brierley et al. 2020; Kageyama
et al. 2021). Snapshot simulations have also been used to test hypotheses about the trig-
gers for observed climate changes, for example the role of changes in orbital forcing and
land-surface feedbacks in modulating the monsoons (Kutzbach et al. 1996; Claussen and
Gayler 1997; Braconnot et al. 1999; Levis, Bonan and Bonfils 2004; Vamborg, Brovkin
and Claussen 2011; Krinner et al. 2012; Swann et al. 2014), the role of meltwater discharge
into the North Atlantic on causing abrupt events during the last glacial or the recent degla-
ciation (Morrill et al. 2014; Kageyama et al. 2013; Menviel et al. 2014), and the impact of
anthropogenic changes in land-surface conditions on climate during the Holocene (He et al.
2014; Smith et al. 2016). These simulations are not necessarily realistic: the magnitude of
the freshwater inputs required to generate a shut-down of the Atlantic meridional overturning
circulation in a model, for example, is usually much larger than the actual inputs associated
with abrupt climate events. Nevertheless, they are useful ways to explore specific hypotheses
about the mechanisms involved.

Time-varying or transient simulations are increasingly being used to explore past cli-
mates. Transient simulations of the millennium prior to the industrial revolution provide a
way of examining decadal to centennial climate variability in a climate state relatively simi-
lar to the present and determining the relative importance of internal stochastic processes and
external forcings in generating this variability (Jungclaus et al. 2017). These simulations are
therefore important for detection-attribution studies and provide the context for current and
future climate changes (Masson-Delmotte ef al. 2013). Although climate changes in the last
millennium have been relatively small compared to earlier palaecoclimate intervals, they have
nevertheless left their imprint on human history (Biintgen et al. 2016; Xoplaki et al. 2016;
Camenisch et al. 2016), and thus the transient simulations of the last millennium can help to
identify plausible mechanisms underpinning these impacts through sensitivity experiments
examining the role of individual forcings (Jungclaus et al. 2017).

Transient climate simulations have now been run for periods before the last millennium,
including relatively coarse-resolution simulations from the Last Glacial Maximum to the
present-day (Liu et al. 2009), and higher-resolution simulations of the last deglaciation (e.g.
Kapsch et al. 2022; Snoll et al. 2022) and the latter part of the Holocene (Braconnot et al.
2019; Crétat et al. 2020; Dallmayer et al. 2020). These simulations allow us to explore the
relationship between long-term multi-millennial trends and decadal to centennial variabili-
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ty (Carré et al. 2021) and how this variability influences the prevalence of climate modes
(Crétat et al. 2020). They have also been used to explore both forced abrupt events (e.g.
8.2ka: Tindall and Valdes 2011; Matero ef al. 2017) and the potential for abrupt events to be
generated by internal unforced variability (Drijfhout et al. 2013; Gottwald 2020). However,
the existence of unforced variability is a challenge in terms of comparisons of simulated
and observed climate changes since there is no expectation that these will be registered at
the same time: observations document the actual, realised climate changes while models
represent one of the many climate trajectories that could have occurred. Thus, these simula-
tions need to be analysed in terms of the strength and frequency of variability and how these
change under different forcings or are affected by different feedbacks. Nevertheless, tran-
sient simulations provide an invaluable tool for interpreting palacoenvironmental records.
Such simulations, for example, show marked difference in precipitation and temperature
change across Europe and the Middle East during the mid-Holocene (Fig. 7), with increased
precipitation in southern Europe contrasting with drier conditions compared to present in
northern Europe (Fig. 7a) and less marked warming on the maritime fringe of western Europe
compared to large changes in temperature further east (Fig. 7b). The simulated longterm
trends in precipitation and summer (June, July, August) temperature vary regionally (Figs.
7¢, d, e); comparing these trends with 680 records from speleothems suggests that the spele-
othem records in the Middle East predominantly reflect changes in precipitation while those
from northern Europe reflect changes in temperature. Both the speleothem records and the
simulated climate exhibit multi-centennial variability, which is broadly similar across all of
the regions but considerably more muted in the simulations than in the speleothem records,
suggesting that in the real world this variability is enhanced by forcings or feedbacks not
captured in the model simulations.

Case study: the Holocene of Iberia and potential human impacts

We use the Iberian Peninsula as a case study to show how these various tools can be used to
address questions about climate-human interactions since there are now independent recon-
structions of climate, population and fire regimes for this region through the Holocene. Pollen-
based climate reconstructions using an updated version of fxTWA-PLS (fxTWA-PLSv2: Liu
et al. 2021) show a gradual increase in winter temperature over the Holocene (Fig. 8a), con-
sistent with changes in winter insolation forcing. This trend is also seen in transient climate
model simulations over the latter part of the Holocene (Fig. 8d). Climate changes in summer
are not related in a straight-forward way to the changes in summer insolation. Rather there is
a marked peak in plant-available moisture between ca 10,000 and 6000 yr B.P. (Fig. 8c) and
this interval is characterised by somewhat warmer but relatively stable summer temperatures
(Fig. 8b). Liu et al. (2021) attribute the wetter conditions in the early- to mid-Holocene to
increased moisture advection into the interior of Iberia, which implies changes in atmospher-
ic circulation, and argue that feedbacks associated with the increased moisture would have
moderated the direct response to changes in summer insolation. The Iberian Peninsula is
characterised by a steep west-east moisture gradient today, and the absence of such a strong
gradient in the early- to mid-Holocene has implications for the development of natural veg-
etation and fire disturbance. Indeed, reconstructions of burnt area (Fig. 8e; Shen et al. 2022)
show that the mid-Holocene was characterised by low fire activity and peaks in burnt area
around ca 11,500 yr B.P. and in recent millenium correspond with times that are relatively
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dry. Comparison of the burnt area reconstructions with estimates of population based on
summer probability distributions of radiocarbon dates on archaeological material (Fig. 8f;
Sweeney, Harrison and Vander Linden 2022) suggest there is no direct correlation between
times of rapid population growth, around 7400 and 5400 yr B.P., with either climate changes
or fire. Sweeney, Harrison and Vander Linden (2022) argue that the lack of correlation with
changes in fire regime suggests that human impacts on the landscape were of relatively mi-
nor importance compared to climate. However, there is no obvious signal of the impact of
climate changes on fire regimes, although this may reflect the coarse resolution of the climate
reconstructions and the fact that they are a composite signal for the whole of the Iberian
Peninsula. A more nuanced examination of the impact of changes in the west-east moisture
gradient on fire regimes would be useful here. The reduced west-east moisture gradient in
the early- to mid-Holocene also has implications for the resources available for people, since
it would render parts of the Peninsula more suitable for human habitation and agriculture. It
is interesting to speculate whether the wetter conditions in central and eastern Iberian during
the early- to mid-Holocene influenced the timing of the Neolithic transition across the region,
given that the earliest adoption of agriculture occurred in the south and east of the Peninsula
(Isern ef al. 2014; Drake, Blanco-Gonzalez and Lillios 2017).

Perspective: examining climate-human interactions and inter-community synergies
An understanding of the complex interactions between climate and humans requires a mul-
ti-disciplinary approach, involving independent reconstructions of climate, environmental
changes, and the intensity of human activities at a continental scale. The existing data cov-
erage across the Middle East and Europe for any of these is uneven, so a systematic analysis
would require a considerable improvement in the spatial and temporal coverage of recon-
structions of climate, vegetation, fire and human activities. One issue, particularly for recon-
structions of population based on radiocarbon dates, is to ensure that the sampling approach
is consistent between different regions. Exploration of alternative sources of information for
each of these parameters would be useful. In the case of the reconstruction of fire, for exam-
ple, it would be useful to explore the emerging techniques for reconstructing fire intensity as
a way of improving the interpretation of changes in charcoal abundance. The combination
of pollen data and archaeological information to reconstruct the growth of agriculture and
the intensity of human impacts on natural vegetation also appears to be a promising avenue
to pursue. Any comparison of multiple reconstructions must be based on rigorous statistical
approaches to data analysis. One issue in combining different data sources on climate, envi-
ronmental changes and human activities is to include the propagation of uncertainty. While
uncertainties in age models are routinely considered, there is less consideration of the statis-
tical uncertainties associated with the individual reconstructions.

Models can be used to investigate how things might change, for example, how climate
might change in response to changes in insolation forcing or how crop yields might change
in response to warming. However, the outcomes of such model experiments are crucially de-
pendent on the accuracy of the inputs and the quality of the model. Changes in insolation are
well known, for example, but changes in land cover and land use are not well known globally.
Thus, simulations to test the impact of land cover and land use on climate will produce predic-
tions that differ considerably because of the uncertainties in the input data sets. Furthermore,
the models themselves produce different results and do not necessarily capture observed
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changes accurately. However, there is a role for climate, vegetation and crop models as tools
for hypothesis testing. Crop models can be used, for example, to test whether the growth of
a particular crop was constrained by climate conditions at a particular time or was limited by
the availability of nutrient inputs. Fire-enabled vegetation models could be used in a similar
way to test whether changes in fire regimes were a response to changes in moisture availability
or changes in temperature by perturbing individual inputs. In hypothesis-testing mode, model
inputs do not have to be realistic — for example, climate inputs could be perturbed propor-
tionally and the realism of the results assessed by comparison with observations. In a similar
way, the impact of nutrient supply on crop growth could be investigated by using plausible
scenarios of management practices. However, in using models as hypothesis-testing tools,
it is important to consider the generalisability of the results and the possibility that they are
influenced by differences in the scale of the models and the observations used as a constraint.

No matter whether we approach the interactions between humans and their environment
through a rigorous statistical analysis of multiple types of observations or through using
model experiments to test specific hypotheses, there is a need for close collaboration between
diverse scientific communities — archaeologists, palaecoclimatologists and people working
on other palacoenvironmental reconstructions, and modellers. An urgent necessity is to work
together to define clear questions that could be addressed given the wealth of tools that we
now have available.

Acknowledgements

SPH, YS, SP and EC-S acknowledge support from the ERC-funded project GC 2.0 (Global
Change 2.0: Unlocking the past for a clearer future; grant number 694481). SPH, LS, OH
acknowledge support from the Leverhulme Centre for Wildfires, Environment and Society.
SPH also acknowledges support from the High-End Expert program of the China State
Adminstration of Foreign Expert Affairs through Tsinghua University (G20190001075,
G20200001064, G2021102001). OH also acknowledges support from the NERC Centre
for Doctoral Training in Quantitative and Modelling skills in Ecology and Evolution. ML
acknowledges support from Imperial College through the Lee Family Scholarship. SQ ac-
knowledges support from the National Natural Science Foundation of China (No: 32022052).
The CRANE 2.0 project at Toronto University has provided much valuable support.

References
Ali, A. A., Xu, C., Rogers, A., Fisher, R. A., Wullschleger, S. D., Massoud, E. C., Vrugt, J. A., Muss, J.
D., McDowell, N. G., Fisher, J. B., Reich, P. B., and Wilson, C. J.
2016 A Global Scale Mechanistic Model of Photosynthetic Capacity (LUNA V1.0). Geoscientific
Model Development 9, 587-606.
Allen, J. R. M., Watts, W. A. and Huntley, B.
2000 Weichselian Palynostratigraphy, Palacovegetation and Palacoenvironment; The Record from
Lago Grande di Monticchio, Southern Italy. Quaternary International 73-74, 91-110.
Alley, R. B., Mayewski, P. A., Sowers, T., Stuiver, M., Taylor, K. C., and Clarke, P. U.
1997 Holocene Climatic Instability: A Prominent, Widespread Event 8200 yr Ago. Geology 25,
483-486.
Andela, N., Morton, D. C., Giglio, L., Chen, Y., van der Werf, G. R., Kasibhatla, P. S., DeFries, R.
S., Collatz, G. J., Hantson, S., Kloster, S., Bachelet, D., Forrest, M., Lasslop, G., Li, F., Mangeon, S.,
Melton, J. R., Yue, C., and Randerson, J. T.
2017 A Human-driven Decline in Global Burned Area. Science 356, 1356-1362.



20 S. P. Harrison, E. Cruz-Silva, O. Haas, M. Liu, S. E. Parker, S. Qiao, Y. Shen, L. Sweeney

Arora, V. K., Katavouta, A., Williams, R. G., Jones, C. D., Brovkin, V., Friedlingstein, P., Schwinger,
J., Bopp, L., Boucher, O., Cadule, P., Chamberlain, M. A., Christian, J. R., Delire, C., Fisher, R. A.,
Hajima, T., Ilyina, T., Joetzjer, E., Kawamiya, M., Koven, C. D., Krasting, J. P., Law, R. M., Lawrence,
D. M., Lenton, A., Lindsay, K., Pongratz, J., Raddatz, T., Séférian, R., Tachiiri, K., Tjiputra, J. F.,
Wiltshire, A., Wu, T., and Ziehn, T.
2020 Carbon-concentration and Carbon-climate Feedbacks in CMIP6 Models, and their
Comparison to CMIP5 Models. Biogeosciences 17, 4173-4222.

Bartlein, P. J., Harrison, S. P., Brewer, S., Connor, S., Davis, B. A. S., Gajewski, K., Guiot, J., Harrison-

Prentice, T. 1., Henderson, A., Peyron, O., Prentice, I. C., Scholze, M., Seppé, H., Shuman, B., Sugita, S.,

Thompson, R. S., Viau, A., Williams, J., and Wu, H.

2011 Pollen-based Continental Climate Reconstructions at 6 and 21 ka: A Global Synthesis.
Climate Dynamics 37, 775-802.

Bartlein, P. J., Prentice, 1. C. and Webb III, T.

1986 Climatic Response Surfaces from Pollen Data for some Eastern North American Taxa.
Journal of Biogeography 13, 35-57.

Behre, K.-E.

1981 The Interpretation of Anthropogenic Indicators in Pollen Diagrams. Pollen et Spores 23,
225-245.

1988 The Role of Man in European Vegetation History. In: Vegetation History. Handbook of
Vegetation Science, Dordrecht, 633-672.

Belcher, C. M., New, S. L., Santin, C., Doerr, S. H., Dewhirst, R. A., Grosvenor, M. J., and Hudspith, V. A.
2018 What can Charcoal Reflectance tell us about Energy Release in Wildfires and the Properties
of Pyrogenic Carbon? Frontiers in Earth Science 6, 169, https://doi.org/10.3389/feart.2018.00169.

Berger, J. -F., Shennan, S., Woodbridge, J., Palmisano, A., Mazier, F., Nuninger, L., Guillon, S., Doyen,

E., Begeot, C., Ponel, V. A., Azuara, J., Bevan, A., Fyfe, R., and Roberts, C. N.

2019 Holocene Land Cover and Population Dynamics in Southern France. The Holocene 29,
776-798.

Bigelow, N. H., Brubaker, L. B., Edwards, M. E., Harrison, S. P., Prentice, I. C., Anderson, P. M., Andreev,

A. A., Bartlein, P. J., Christensen, T. R., Cramer, W., Kaplan, J. O., Lozhkin, A. V., Matveyeva, N. V.,

Murray, D. F., McGuire, A. D., Razzhivin, V. Y., Ritchie, J. C., Smith, B., Walker, D. A., Gayewski, K.,

Wolf, V., Holmgqvist, B. H., Igarashi, Y., Kremenetskii, K., Paus, A., Pisaric, M. F. J., and Volkova, V. S.
2003 Climate Change and Arctic Ecosystems: 1. Vegetation Changes north of 55°N between the
Last Glacial Maximum, mid-Holocene, and Present. Journal of Geophysical Research: Atmospheres
108(D19), 8170.

Bistinas, 1., Harrison, S. P., Prentice, 1. C., and Pereira, J. M. C.

2014 Causal Relationships versus Emergent Patterns in the Global Controls of Fire Frequency.
Biogeosciences 11, 5087-101.

Bondeau, A., Smith, P. C., Zaehle, S., Schaphoff, S., Lucht, W., Cramer, W., Gerten, D., Lotze-Campen,

H., Miiller, C., Reichstein, M., and Smith, B.

2007 Modelling the Role of Agriculture for the 20th Century Global Terrestrial Carbon Balance.
Global Change Biology 13, 679-706.

Bowman, D. M. J. S., Balch, J., Artaxo, P., Bond, W. J., Cochrane, M. A., D’ Antonio, C. M., DeFries, R.,

Johnston, F. H., Keeley, J. E., Krawchuk, M. A., Kull, C. A., Mack, M., Moritz, M. A., Pyne, S.,

Roos, C. 1., Scott, A. C., Sodhi, N. S., Swetnam, T. W., and Whittaker, R.

2011 The Human Dimension of Fire Regimes on Earth. Journal of Biogeography 38, 2223-2236.

Braconnot, P., Crétat, J., Marti, O., Balkanski, Y., Caubel, A., and Cozic, A.

2019 Impact of Multiscale Variability on last 6000 years Indian and West African Monsoon Rain.
Geophysical Research Letters 46, 14021-14029.



Tools and Approaches to Addressing the Climate-Humans Nexus during the Holocene 21

Braconnot, P., Harrison, S. P., Kageyama, M., Bartlein, P. J., Masson-Delmotte, V., Abe-Ouchi, A.,
Otto- Bliesner, B., and Zhao, Y.
2012 Evaluation of Climate Models using Palaeoclimatic Data. Nature Climate Change 2,417-424.
Braconnot, P., Joussaume, S., Marti, O., and de Noblet, N.
1999 Synergistic Feedbacks from Ocean and Vegetation on the African Monsoon Response to Mid-
Holocene Insolation. Geophysical Research Letters 26, 2481-2484.
Brierley, C., Zhao, A., Harrison, S. P., Braconnot, P., Williams, C., Thornalley, D., Shi, X., Peterschmitt,
J.-Y., Ohgaito, R., Kaufman, D. S., Kagayama, M., Hargreaves, J. C., Erb, M., Emile-Geay, J.,
D’Agostino, R., Chandan, D., Carré, M., Bartlein, P. J., Zheng, W., Zhang, Z., Zhang, Q., Yang,
H., Volodin, E. M., Routsen, C., Peltier, W. R., Otto-Bliesner, B., Morozova, P. A., McKay, N. P.,
Lohmann, G., LeGrande, A. N., Guo, C., Cao, J., Brady, E., Annan, J. D., and Abe-Ouchi, A.
2020 Large-scale Features and Evaluation of the PMIP4-CMIP6 midHolocene Simulations.
Climate of the Past 16, 1847-1872.
Brown, J. R., Brierley, C. M., An, S.-1., Guarino, M.-V., Stevenson, S., Williams, C. J. R., Zhang, Q.,
Zhao, A., Abe-Ouchi, A., Braconnot, P., Brady, E. C., Chandan, D., D’Agostino, R., Guo, C.,
LeGrande, A. N., Lohmann, G., Morozova, P. A., Ohgaito, R., O’ishi, R., Otto-Bliesner, B. L., Peltier, W.
R., Shi, X., Sime, L., Volodin, E. M., Zhang, Z., and Zheng, W.
2020 Comparison of Past and Future Simulations of ENSO in CMIP5/PMIP3 and CMIP6/PMIP4
Models. Climate of the Past 16, 1777-1805.
Biintgen, U., Myglan, V. S., Charpentier Ljungqvist, F., McCormick, M., Di Cosmo, N., Sigl, M.,
Jungclaus, J., Wagner, S., Krusic, P. J., Esper, J., Kaplan, J. O., de Vaan, M. A. C., Luterbacher, J.,
Wacker, L., Tegel, W., and Kirdyanov, A. V.
2016 Cooling and Societal Change during the Late Antique Little Ice Age from 536 to around 660
AD. Nature Geosciences 9, 231-236.
Cai, W. and Prentice, I. C.
2020 Recent Trends in Gross Primary Production and their Drivers: Analysis and Modelling at
Flux-site and Global Scales. Environmental Research Letters 15, 124050.
Camenisch, C., Keller, K. M., Salvisberg, M., Amann, B., Bauch, M., Blumer, S., Brazdil, R.,
Bronnimann, S., Biintgen, U., Campbell, B. M. S., Fernandez-Donado, L., Fleitmann, D., Glaser, R.,
Gonzélez-Rouco, F., Grosjean, M., Hoffmann, R. C., Huhtamaa, H., Joos, F., Kiss, A., Kotyza, O.,
Lehner, F., Luterbacher, J., Maughan, N., Neukom, R., Novy, T., Pribyl, K., Raible, C. C., Riemann, D.,
Schuh, M., Slavin, P., Werner, J. P., and Wetter, O.
2016 The 1430s: A Cold Period of Extraordinary Internal Climate Variability during the Early
Spérer Minimum with Social and Economic Impacts in North-western and Central Europe. Climate
of the Past 12,2107-2126.
Cao, X., Tian, F., Li, F., Gaillard, M.-J., Rudaya, N., Xu, Q., and Herzschuh, U.
2019 Pollen-based Quantitative Land-cover Reconstruction for Northern Asia Covering the Last
40ka BP. Climate of the Past 15, 1503-1536.
Carré, M., Braconnot, P., Elliot, M., D’Agostino, R., Schurer, A., Shi, X., Marti, O., Lohmann, G.,
Jungclaus, J., Cheddadi, R., Abdelkadert Di Carlo, 1., Cardich, J., Ochoa, D., Salas Gismondi, R., Pérez,
A., Romero, P. E., Turcq, B., Corrége, T., and Harrison, S. P.
2021 High-resolution Marine Data and Transient Simulations Support Orbital Forcing of ENSO
Amplitude since the mid-Holocene. Quaternary Science Reviews 268, 107125.
Chandler, R. E.
2020 Multi-site, Multivariate Weather Generation Based on Generalised Linear Modelling.
Environmental Modelling and Software 134, 104867.
Cheddadi, R., Yu, G., Guiot, J., Harrison, S. P., and Prentice, I. C.
1997 The Climate of Europe 6000 years ago. Climate Dynamics 13, 1-9.



22 S. P. Harrison, E. Cruz-Silva, O. Haas, M. Liu, S. E. Parker, S. Qiao, Y. Shen, L. Sweeney

Chevalier, M., Davis, B. A. S., Heiri, O., Seppé, H., Chase, B. M., Gajewski, K., Lacourse, T., Telford, R.
J., Finsinger, W., Guiot, J., Kiihl, N., Maezumi, S. Y., Tipton, J. R., Carter, V. A., Brussel, T., Phelps, L.
N., Dawson, A., Zanon, M., Vallé, F., Nolan, C., Mauri, A., de Vernal, A., Izumi, K., Holmstrém, L.,
Marsicek, J., Goring, S., Sommer, P. S., Chaput, N., and Kupriyanov, D.
2020 Pollen-based Climate Reconstruction Techniques for Late Quaternary Studies. Earth Science
Reviews 210, 103384.
Chytry, M., Horsak, M., Danihelka, J., Ermakov, N., German, D. A., Hajek, M., Hajkova, P., Koci, M.,
Kubesova, S., Lustyk, P., Nekola, J. C., Pavelkova Ricankova, V., Preiislerova, Z., Resl, P., and
Valachovic, M.
2019 A Modern Analogue of the Pleistocene Steppe-tundra Ecosystem in Southern Siberia. Boreas
48, 36-56.
Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R., Galloway, J.,
Heimann, M., Jones, C., Le Quéré, C., Myneni, R. B., Piao, S., and Thornton, P.
2013 Carbon and other Biogeochemical Cycles. In: T. F. Stocker, D. Qin, G. -K. Plattner, M.
Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, P. M. Midgley (eds). Climate Change
2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change, Cambridge, 465-570.
Ciais, P., Tagliabue, A., Cuntz, M., Bopp, L., Scholze, M., Hoffmann, G., Lourantou, A., Harrison, S.
P., Prentice, 1. C., Kelley, D. 1., Kovan, C., and Piao, S. L.
2011 Large Inert Carbon Pool in the Terrestrial Biosphere at the Last Glacial Maximum. Nature
Geoscience 5, 74-79.
Claussen, M. and Gayler, V.
1997 The Greening of the Sahara during the mid-Holocene: Results of an Interactive Atmosphere-
biome Model. Global Ecology & Biogeography Letters 6, 369-377.
Cleator, S. F., Harrison, S. P., Nichols, N. K., Prentice, 1. C., and Roustone, 1.
2020 A New Multi-variable Benchmark for Last Glacial Maximum Climate Simulations. Climate
of the Past 16, 699-712.
Crawford, A. J. and Belcher, C. M.
2014 Charcoal Morphometry for Paleoecological Analysis: The Effects of Fuel Type and
Transportation on Morphological Parameters. Applied Plant Science 2, 1400004.
Crema, E. R. and Bevan, A.
2021 Inference from Large Sets of Radiocarbon Dates: Software and Methods. Radiocarbon 63,
23-39.
Crucifix, M., Loutre, M. F., Tulkens, P., Fichefet, T., and Berger, A.
2002 Climate Evolution during the Holocene: A Study with an Earth System Model of Intermediate
Complexity. Climate Dynamics 19, 43-60.
Cruz-Silva, E., Harrison, S. P., Marinova, E., and Prentice, 1. C.
2022 A Robust Method Based on Surface-sample Pollen Data for Reconstructing Palacovegetation
Patterns. Journal of Biogeography 49, 1381-1396.
Cunniff, J., Charles, M., Jones, G., and Osborne, C. P.
2010 Was Low Atmospheric CO, a Limiting Factor in the Origin of Agriculture? Environmental
Archaeology 15, 113-123.
Dallmeyer, A., Claussen, M., Lorenz, S. J., and Shanahan, T.
2020 The End of the African Humid Period as seen by a Transient Comprehensive Earth System
Model Simulation of the Last 8000 Years. Climate of the Past 16, 117-140.
Daniau, A.-J., Bartlein, P. J., Harrison, S. P., Prentice, 1. C., Brewer, S., Friedlingstein, P., Harrison-
Prentice, T. 1., Inoue, J., Izumi, K., Marlon, J. R. et al.
2012 Predictability of Biomass Burning in Response to Climate Changes. Global Biogeochemical
Cycles 26, GB4007, https://doi.org/10.1029/2011GB004249.



Tools and Approaches to Addressing the Climate-Humans Nexus during the Holocene 23

Daniau, A.-L., Harrison, S. P. and Bartlein, P. J.
2010 Fire Regimes during the Last Glacial. Quaternary Science Reviews 29, 2918-2930.
Davis, B. A. S., Chevalier, M., Sommer, P., Carter, V. A., Finsinger, W., Mauri, A., Phelps, L. N., Zanon,
M., Abegglen, R., Akesson, C. M. et al.
2020 The Eurasian Modern Pollen Database (EMPD), Version 2. Earth System Science Data 12,
2423-2445, https://doi.org/10.5194/essd-12-2423-2020.
De Cort, G., Chevalier, M., Burrough, S., Chen, C. Y., and Harrison, S. P.

2021 An Uncertainty-focused Database Approach to Extract Robust Spatiotemporal Trends from
Qualitative and Discontinuous Lake-status Histories. Quaternary Science Reviews 258, 106870.
De Kauwe, M. G., Kala, J., Lin, Y.-S., Pitman, A. J., Medlyn, B. E., Duursma, R. A., Abramowitz, G.,

Wang, Y.-P., and Miralles, D. G.
2015 A Test of an Optimal Stomatal Conductance Scheme within the CABLE Land Surface Model.
Geoscientific Model Development 8, 431-452.
Dobherty, R. M., Heal, M. R. and O’Connor, F. M.
2017 Climate Change Impacts on Human Health over Europe through its Effect on Air Quality.
Environmental Health 16, 118.
Drake, B. L., Blanco-Gonzalez, A. and Lillios, K. T.
2017 Regional Demographic Dynamics in the Neolithic Transition in Iberia: Results from Summed
Calibrated Date Analysis. Journal of Archaeology Method & Theory 24, 796-812.
Drijthout, S., Gleeson, E., Dijkstra, H. A., and Livina, V.
2013 Spontaneous Abrupt Climate Change due to an Atmospheric Blocking-sea-ice-ocean
Feedback in an Unforced Climate Model Simulation. Proceedings of the National Academy of
Sciences 110, 19713-19718.
Dugerdil, L., Joannin, S., Peyron, O., Jouffroy-Bapicot, 1., Vanniére, B., Boldgiv, B., Unkelbach, J.,
Behling, H., and Ménot, G.
2021 Climate Reconstructions Based on GDGT and Pollen Surface Datasets from Mongolia and
Baikal Area: Calibrations and Applicability to Extremely Cold, Dry Environments over the Late
Holocene. Climate of the Past 17, 1199-1226.
Elias, S. A.
1997 The Mutual Climatic Range Method of Palaeoclimate Reconstruction based on Insect Fossils:
New Applications and Interhemispheric Comparisons. Quaternary Science Reviews 16, 1217-1225.
Ellis, E. C., Kaplan, J. O., Fuller, D. Q., Vavrus, S., Klein Goldewijk, K., and Verburg, P. H.
2013 Used Planet: A Global History. Proceedings of the National Academy of Science 110,
7978-7985.
Ellis, E. C. and Ramankutty, N.
2008 Putting People in the Map: Anthropogenic Biomes of the World. Frontiers in Ecology and
Environment 6, 439-447.
Feurdean, A.
2021 Experimental Production of Charcoal Morphologies to Discriminate Fuel Source and Fire
Type: An Example from Siberian Taiga. Biogeosciences 18, 3805-3821.
Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., Chapin, F. S., Coe, M. T.,
Daily, G. C., Gibbs, H. K., Helkowski, J. H., Holloway, T., Howard, E. A., Kucharik, C. J., Monfreda, C.,
Patz, J. A., Prentice, 1. C., Ramankutty, N., and Snyder, P. K.
2005 Global Consequences of Land Use. Science 309, 570-574.
Franklin, O., Harrison, S. P., Dewar, R., Farrior, C. E., Brannstrém, A., Dieckmann, U., Pietsch, S.,
Falster, D., Cramer, W., Loreau, M., Wang, H., Mékeld, A., Rebel, K. T., Meron, E., Schymanski, S. J.,
Rovenskaya, E., Stocker, B. D., Zaehle, S., Manzoni, S., van Oijen, M., Wright, L. J., Ciais, P.,
van Bodegom, P. M., Pefiuelas, J., Hofhansl, F., Terrer, C., Soudzilovskaia, N. A., Midgley, G., and
Prentice, I. C.
2020 Organizing Principles for Vegetation Dynamics. Nature Plants 6, 444-453.



24 S. P. Harrison, E. Cruz-Silva, O. Haas, M. Liu, S. E. Parker, S. Qiao, Y. Shen, L. Sweeney

Freeman, J., Robinson, E., Beckman, N. G., Bird, D., Baggio, J. A., and Anderies, J. M.
2020 The Global Ecology of Human Population Density and Interpreting Changes in Paleo-
population Density. Journal of Archaeological Science 120, 105168.
Fritz, S. C., Juggins, S., Battarbee, R. W., and Engstrom, D. R.
1991 Reconstruction of Past Changes in Salinity and Climate using a Diatom-based Transfer
Function. Nature 352, 706-708.
Fyfe, R. M., Woodbridge, J. and Roberts, C. N.
2018 Trajectories of Change in Mediterranean Holocene Vegetation through Classification of
Pollen Data. Vegetation History and Archaeobotany 27, 351-364.
Gaillard, M.-J., Sugita, S., Mazier, F., Kaplan, J. O., Trondman, A.-K., Brostroem, A., Hickler, T.,
Kjellstroem, E., Kunes, P., Lemmen, C., Olofsson, J., Smith, B., and Strandberg, G.
2010 Holocene Land-cover Reconstructions for Studies on Land-cover Feedbacks. Climate of the
Past 6, 483-499.
Garreta, V., Miller, P. A., Guiot, J., Hély, C., Brewer, S., Sykes, M. T., and Litt, T.
2010 A Method for Climate and Vegetation Reconstruction through the Inversion of a Dynamic
Vegetation Model. Climate Dynamics 35, 371-389.
Gates, W. L.
1976 Modeling the Ice-age Climate. Science 191, 1138-1144.
Gavin, D. G., Oswald, W. W, Wahl, E. R., and Williams, J. W.
2003 A Statistical Approach to Evaluating Distance Metrics and Analog Assignments for Pollen
Records. Quaternary Research 60, 356-367.
George, J., Letha, J. and Jairaj, P. G.
2016 Daily Rainfall Prediction using Generalized Linear Bivariate Model — A Case Study. Procedia
Technology 24, 31-38, https://doi.org/10.1016/j.protcy.2016.05.006.
Githumbi, E., Pirzamanbein, B., Lindstrom, J., Poska, A., Fyfe, R., Mazier, F., Nielsen, A. B., Sugita, S.,
Trondman, A.-K., Woodbridge, J., and Gaillard, M.-J.
2022 Pollen-based Maps of Past Regional Vegetation Cover in Europe over 12 Millennia-Evaluation
and Potential. Frontiers in Ecology and Evolution 10, https://doi.org/10.3389/fev0.2022.795794.
Gottwald, G. A.
2020 A Model for Dansgaard—Oeschger Events and Millennial-scale Abrupt Climate Change with-
out External Forcing. Climate Dynamics 56, 227-243.
Gregow, H., Laaksonen, A. and Alper, M. E.
2017 Increasing Large Scale Windstorm Damage in Western, Central and Northern European
Forests, 1951-2010. Scientific Reports 7, 46397, https://doi.org/10.1038/srep46397.
Guisan, A., Weiss, S. B. and Weiss, A. D.
1999 GLM versus CCA Spatial Modeling of Plant Species Distribution. Plant Ecology 143,
107-122.
Haas, O., Prentice, 1. C. and Harrison, S. P.
2022 Global Environmental Controls on Wildfire Burnt Area, Size and Intensity. Environmental
Research Letters 17, 065004.
Harrison, S. P., Bartlein, P. J., Brewer, S., Prentice, I. C., Boyd, M., Hessler, 1., Holmgren, K., [zumi, K.,
and Willis, K.
2014 Climate Model Benchmarking with Glacial and mid-Holocene Climates. Climate Dynamics
43, 671-688.
Harrison, S. P., Bartlein, P. J., [zumi, K., Li, G., Annan, J., Hargreaves, J., Braconnot, P. B., and
Kageyama, M.
2015 Evaluation of CMIP5 Palaeo-simulations to Improve Climate Projections. Nature Climate
Change 5, 735-743.



Tools and Approaches to Addressing the Climate-Humans Nexus during the Holocene 25

Harrison, S. P., Bartlein, P. J. and Prentice, I. C.
2016 What have we Learnt from Palaeoclimate Simulations? Journal of Quaternary Science 31,
363-385.
Harrison, S. P., Gaillard, M.-J., Stocker, B., Vander Linden, M., Klein Goldewijk, K., Boles, O.,
Braconnot, P., Dawson, A., Fluet-Chouinard, E., Kaplan, J. O., Kastner, T., Pausata, F. S. R.,
Robinson, E., Whitehouse, N., Madella, M., and Morrison, K. D.
2020 Development and Testing of Scenarios for Implementing Holocene LULC in Earth System
Model Experiments. Geoscientific Model Development 13, 805-824.
Harrison, S. P, Jolly, D., Laarif, F., Abe-Ouchi, A., Dong, B., Herterich, K., Hewitt, C., Joussaume, S.,
Kutzbach, J. E., Mitchell, J., de Noblet, N., and Valdes, P.
1998 Intercomparison of Simulated Global Vegetation Distribution in Response to 6 kyr BP Orbital
Forcing. Journal of Climate 11, 2721-2742.
Harrison, S. P. and Prentice, 1. C.
2003 Climate and CO, Controls on Global Vegetation Distribution at the Last Glacial Maximum:
Analysis based on Palaeovegetation Data, Biome Modelling and Palacoclimate Simulations. Global
Change Biology 9, 983-1004.
Harrison, S. P., Prentice, I. C., Bloomfield, K., Dong, N., Forkel, M., Forrest, M., Ningthoujam, R. K.,
Pellegrini, A., Shen, Y., Baudena, M., Cardoso, A. W., Huss, J. C., Joshi, J., Oliveras, 1., Pausas, J. G.,
and Simpson, K. J.
2021 Understanding and Modelling Wildfire Regimes: An Ecological Perspective. Environmental
Research Letters 16, 125008.
Harrison, S. P., Prentice, I. C., Sutra, J.-P., Barboni, D., Kohfeld, K. E., and Ni, J.
2009 Towards a Global Scheme of Plant Functional Types for Ecosystem Modelling, Palacoecology
and Climate Impact Research. Journal of Vegetation Science 21, 300-317.
Harrison, S. P. and Sanchez Goiii, M. F.
2010 Global Patterns of Vegetation Response to Millennial-scale Variability during the Last
Glacial: A Synthesis. Quaternary Science Reviews 29, 2957-2980.
Harrison, S. P., Villegas-Diaz, R., Cruz-Silva, E., Gallagher, D., Kesner, D., Lincoln, P., Shen, Y.,
Sweeney, L., Colombaroli, D., Ali, A. et al.
2022 The Reading Palaeofire Database: An Expanded Global Resource to Document Changes
in Fire Regimes from Sedimentary Charcoal Records. Earth System Science Data 14, 1109-1124,
https://doi.org/10.5194/essd-14-1109-2022.
Hasegawa, T., Havlik, P., Fuijmori, S., Valin, H., Bodirsky, B. L., Doelman, J. C., Fellmann, T., Kyle, P.,
Koopman, J. F. L., Lotze-Campen, H., Mason-D’Croz, D., Ochi, Y., Pérez Dominguez, 1., Stehfest, E.,
Sulser, T. B., Tabeau, A., Takahashi, K., Takakura, J., van Meijl, H., van Ziest, W.-J., Wiebe, K., and
Witzke, P.
2018 Risk of Increased Food Insecurity under Stringent Global Climate Change Mitigation Policy.
Nature Climate Change 8, 699-703.
Haxeltine, A. and Prentice, 1. C.
1996 BIOME3: An Equilibrium Terrestrial Biosphere Model based on Ecophysiological
Constraints, Resource Availability and Competition among Plant Functional Types. Global
Biogeochemical Cycles 10, 693-709.
He, F., Vavrus, S. J., Kutzbach, J. E., Ruddiman, W. F., Kaplan, J. O., and Krumhardt, K. M.
2014 Simulating Global and Local Surface Temperature Changes due to Holocene Anthropogenic
Land Cover Change. Geophysical Research Letters 41, 623-631.
Heiri, O., Lotter, A. F., Hausmann, S., and Kienast, F.
2003 A Chironomid-based Holocene Summer Air Temperature Reconstruction from the Swiss
Alps. The Holocene 13, 477-484.



26 S. P. Harrison, E. Cruz-Silva, O. Haas, M. Liu, S. E. Parker, S. Qiao, Y. Shen, L. Sweeney

Hengl, T., Walsh, M. G., Sanderman, J., Wheeler, 1., Harrison, S. P., and Prentice, 1. C.
2018 Global Maps of Potential Natural Vegetation: An Assessment of Machine Learning Algorithms
for Operational Mapping of Land Potential. PeerJ 6, €5457.
Hennebelle, A., Aleman, J. C., Ali, A. A., Bergeron, Y., Carcaillet, C., Grondin, P., Landry, J., and
Blarquez, O.
2020 The Reconstruction of Burned Area and Fire Severity using Charcoal from Boreal Lake
Sediments. Holocene 30, 1400-1409.
Hernandez, A., Martin-Puertas, C., Moffa-Sanchez, P., Moreno-Chamarro, E., Ortega, P., Blockley, S.,
Cobb, K. M., Comas-Bru, L., Giralt, S., Goosse, H., Luterbacher, J., Martrat, B., Muscheler, R.,
Parnell, A., Pla-Rabes, S., Sjolte, J., Scaife, A. A., Swingedouw, D., Wise, E., and Xu, G.
2020 Modes of Climate Variability: Synthesis and Review of Proxy-based Reconstructions through
the Holocene. Earth-Science Reviews 209, 103286.
Higuera, P. E, Whitlock, C. and Gage, J. A.
2011 Linking Tree-ring and Sediment-charcoal Records to Reconstruct Fire Occurrence and Area
Burned in Subalpine Forests of Yellowstone National Park, USA. The Holocene 21, 327-341.
Holmes, N., Langdon, P. G., Caseldine, C., Brooks, S. J., and Birks, H. J. B.
2011 Merging Chironomid Training Sets: Implications for Palaeoclimate Reconstructions.
Quaternary Science Reviews 30, 2793-2804.
Hudspith, V. A., Belcher, C. M., Kelly, R., and Hu, F. S.
2015 Charcoal Reflectance Reveals Early Holocene Boreal Deciduous Forests Burned at High
Intensities. PLoS ONE 10, e0120835.
Hunt, J. R., Lilley, J. M., Trevaskis, B., Flohr, B. M., Peake, A., Fletcher, A., Zwart, A. B., Gobbett, D.,
and Kirkegaard, J. A.
2019 Early Sowing Systems can Boost Australian Wheat Yields despite Recent Climate Change.
Nature Climate Change 9, 244-247.
Huntley, B. and Prentice, 1. C.
1988 July Temperatures in Europe from Pollen Data 6000 Years before Present. Science 241,
687-690.
Huntley, B. and Webb III, T.
1989 Migration: Species’ Response to Climatic Variation Caused by Changes in the Earth’s Orbit.
Journal of Biogeography 16, 5-19.
Idso, S. B.
1989 A Problem for Paleoclimatology? Quaternary Research 31, 433-434.
IPCC
2021 V. Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen,
L. Goldfarb, M. 1. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock,
T. Waterfield, O. Yelekei, R. Yu, and B. Zhou (eds.), Climate Change 2021: The Physical Science
Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change, Cambridge.
2022 H. -O. Portner, D. C. Roberts, M. Tignor, E. S. Poloczanska, K. Mintenbeck, A. Alegria,
M. Craig, S. Langsdorf, S. Loschke, V. Moller, A. Okem, B. Rama (eds.), Climate Change 2022:
Impacts, Adaptation, and Vulnerability. Contribution of Working Group II to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change, Cambridge.
Isern, N., Fort, J., Carvalho, A. F., Gibaja, J. F., and Ibafiez, J. J.
2014 The Neolithic Transition in the Iberian Peninsula: Data Analysis and Modeling. Journal of
Archaeology Method & Theory 21, 447-460.
Izumi, K. and Bartlein, P. J.
2016 North American Paleoclimate Reconstructions for the Last Glacial Maximum using an Inverse
Modeling through Iterative Forward Modeling Approach Applied to Pollen Data. Geophysical
Research Letters 43, 10965-10972.



Tools and Approaches to Addressing the Climate-Humans Nexus during the Holocene 27

Jackson, S. T., Webb, R. S., Anderson, K. H., Overpeck, J. T., Webb III, T., Williams, J. W., and
Hansen, B. C. S.
2000 Vegetation and Environment in Eastern North America during the Last Glacial Maximum.
Quaternary Science Reviews 19, 489-508.
Janska, V., Jiménez-Alfaro, B., Chytry, M., Divisek, J., Anenkhonov, O., Korolyuk, A., Lashchinskyi, N.,
and Culek, M.
2017 Palaeodistribution Modelling of European Vegetation Types at the Last Glacial Maximum
using Modern Analogues from Siberia: Prospects and Limitations. Quaternary Science Reviews
159, 103-115.
Joos, F., Gerber, S., Prentice, 1. C., Otto-Bliesner, B. L., and Valdes, P. J.
2004 Transient Simulations of Holocene Atmospheric Carbon Dioxide and Terrestrial Carbon
since the Last Glacial Maximum. Global Biogeochemical Cycles 18, GB2002.
Jungclaus, J. H., Bard, E., Baroni, M., Braconnot, P., Cao, J., Chini, L. P., Egorova, T., Evans, M.,
Gonzélez- Rouco, J. F., Goosse, H., Hurtt, G. C., Joos, F., Kaplan, J. O., Khodri, M., Klein Goldewijk, K.,
Krivova, N., LeGrande, A. N., Lorenz, S. J., Luterbacher, J., Man, W., Maycock, A. C., Meinshausen, M.,
Moberg, A., Muscheler, R., Nehrbass-Ahles, C., Otto-Bliesner, B. 1., Phipps, S. J., Pongratz, J.,
Rozanov, E., Schmidt, G. A., Schmidt, H., Schmutz, W., Schurer, A., Shapiro, A. 1., Sigl, M.,
Smerdon, J. E., Solanki, S. K., Timmreck, C., Toohey, M., Usoskin, I. G., Wagner, S., Wu, C.-J., Yeo, K.
L., Zanchettin, D., Zhang, Q., and Zorita, E.
2017 The PMIP4 Contribution to CMIP6 — Part 3: The Last Millennium, Scientific Objective, and
Experimental Design for the PMIP4 past1000 Simulations. Geoscientific Model Development 10,
4005-4033.
Kageyama, M., Braconnot, P., Harrison, S. P., Haywood, A., Jungclaus, J., Otto-Bliesner, B.,
Peterschmitt, J.-Y., Abe-Ouchi, A., Albani, S., Bartlein, P., Brierley, C., Crucifix, M., Dolan, A.,
Fernandez-Donado, L., Fischer, H., Hopcroft, P., Ivanovic, R., Lambert, F., Lunt, D., Mahowald, N.,
Peltier, W. R., Phipps, S., Roche, D., Schmidt, G., Tarasov, L., Valdes, P., Zhang, Q., and Zhou, T.
2018 The PMIP4 Contribution to CMIP6 — Part 1: Overview and Over-arching Analysis Plan.
Geoscientific Model Development 11, 1033-1057.
Kageyama, M., Harrison, S. P., Kapsch, M., Lofverstrom, M., Lora, J. M., Mikolajewicz, U., Sherriff-
Tadano, S., Vadsaria, T., Abe-Ouchi, A., Bouttes, N., Chandan, D., LeGrande, A. N., Lhardy, F.,
Lohmann, G., Morozova, P. A., Ohgaito, R., Peltier, W. R., Quiquet, A., Roche, D. M., Shi, X.,
Schmittner, A., Tierney, J. E., and Volodin, E.
2021 The PMIP4-CMIP6 Last Glacial Maximum Experiments: Preliminary Results and
Comparison with the PMIP3-CMIPS Simulations. Climate of the Past 17, 1065-1089.
Kageyama, M., Merkel, U., Otto-Bliesner, B., Prange, M., Abe-Ouchi, A., Lohmann, G., Ohgaito, R.,
Roche, D. M., Singarayer, J., Swingedouw, D., and Zhang, X.
2013 Climatic Impacts of Fresh Water Hosing under Last Glacial Maximum Conditions: A Multi-
model Study. Climate of the Past 9, 935-953.
Kaplan, J. O., Bigelow, N. H., Prentice, I. C., Harrison, S. P., Bartlein, P. J., Christensen, T. R.,
Cramer, W., Matveyeva, N. V., McGuire, A. D., Murray, D. F., Razzhivin, V. Y., Smith, B., Walker, D.
A., Anderson, P. M., Andreev, A. A., Brubaker, L. B., Edwards, M. E., and Lozhkin, A. V.
2003 Climate Change and Arctic Ecosystems II: Modeling, Palacodata-model Comparisons, and
Future Projections. Journal of Geophysical Research 108, 8171.
Kaplan, J. O. and Krumhardt, K. M.
2011 The KK10 Anthropogenic Land Cover Change Scenario for the Preindustrial Holocene.
PANGAEA, https://doi.org/10.1594/PANGAEA.871369.
Kaplan, J. O., Krumhardt, K. M., Ellis, E. C., Ruddiman, W. F., Lemmen, C., and Klein Goldewijk, K.
2011 Holocene Carbon Emissions as a Result of Anthropogenic Land Cover Change. Holocene 21,
775-791.



28 S. P. Harrison, E. Cruz-Silva, O. Haas, M. Liu, S. E. Parker, S. Qiao, Y. Shen, L. Sweeney

Kaplan, J. O., Krumhardt, K. M., Gaillard, M.-J., Sugita, S., Trondman, A.-K., Fyfe, R., Marquer, L.,

Mazier, F., and Nielsen, A. B.
2017 Constraining the Deforestation History of Europe: Evaluation of Historical Land Use
Scenarios with Pollen-based Land Cover Reconstructions. Land 6, 9.

Kaplan, J. O., Krumhardt, K. M. and Zimmerman, N.
2009 The Prehistoric and Preindustrial Deforestation of Europe. Quaternary Science Reviews 28,
3016-3034.

Kapsch, M.-L., Mikolajewicz, U., Ziemen, F., and Schannwell, C.
2022 Ocean Response in Transient Simulations of the Last Deglaciation Dominated by Underlying
Ice-sheet Reconstruction and Method of Meltwater Distribution. Geophysical Research Letters 49,
€2021GL096767.

Kattge, J., Bonisch, G., Diaz, S., Lavorel, S., Prentice, L. C., Leadley, P., Tautenhahn, S., Werner, G. D.

A., Aakala, T., Abedi, M. et al.
2020 Twelve Years of TRY — Towards a Third Generation of Plant Trait Data Assimilation and
Sharing. Global Change Biology 26, 119-188, https://doi.org/10.1111/gcb.14904.

Kelley, D. 1., Harrison, S. P. and Prentice, I. C.
2014 Improved Simulation of Fire-vegetation Interactions in the Land surface Processes and
eXchanges Dynamic Global Vegetation Model (LPX-Mv1). Geoscientific Model Development 7,
2411-2433.

Klein Goldewijk, K., Beusen, A., Doelman, J., and Stehfest, E.
2017 Anthropogenic Land-use Estimates for the Holocene; HYDE 3.2. Earth System Science Data
9,927-953.

Klein Goldewijk, K., Beusen, A., van Drecht, G., and de Vos, M.
2011 The HYDE 3.1 Spatially Explicit Database of Human Induced Land Use Change over the
Past 12,000 Years. Global Ecology & Biogeography 20, 73-86.

Krawchuk, M., Moritz, M., Parisien, M.-A., Van Dorn, J., and Hayhoe, K.
2009 Global Pyrogeography: The Current and Future Distribution of Wildfire. PLoS ONE 4, e5102.

Krinner, G., Lézine, A.-M., Braconnot, P., Sepulchre, P., Ramstein, G., Grenier, C., and Gouttevin, 1.
2012 A Reassessment of Lake and Wetland Feedbacks on the North African Holocene Climate.
Geophysical Research Letters 39, L07701.

Krinner, G., Viovy, N., de Noblet-Ducoudré, N., Ogée, J., Polcher, J., Friedlingstein, P., Ciais, P.,

Sitch, S., and Prentice, I. C.
2005 A Dynamic Global Vegetation Model for Studies of the Coupled Atmosphere-biosphere
System. Global Biogeochemical Cycles 19, GB1015.

Kuhn-Régnier, A., Voulgarakis, A., Nowack, P., Forkel, M., Prentice, 1. C., and Harrison, S. P.
2021 The Importance of Antecedent Vegetation and Drought Conditions as Global Drivers of Burnt
Area. Biogeosciences 18, 3861-3879.

Kutzbach, J., Bonan, G., Foley, J., and Harrison, S. P.
1996 Vegetation and Soil Feedbacks on the Response of the African Monsoon to Orbital Forcing in
the Early to Middle Holocene. Nature 384, 623-626.

Kutzbach, J. E. and Guetter, P. J.
1986 The Influence of Changing Orbital Parameters and Surface Boundary Conditions for the Past
18,000 Years. Journal of the Atmospheric Sciences 43, 1726-1759.

Kutzbach, J. E. and Street-Perrott, F. A.
1985 Milankovitch Forcing of Fluctuations in the Level of Tropical Lakes from 18 to 0 kyr BP.
Nature 317, 130-134.

Lang, G.
1994 Quartire Vegetationsgeschichte Europas: Methoden und Ergebnisse, Jena/Stuttgart/New
York.



Tools and Approaches to Addressing the Climate-Humans Nexus during the Holocene 29

Lehmkuhl, F., Nett, J. J., Potter, S., Schulte, P., Sprafke, T., Jary, Z., Antoine, P., Wacha, L., Wolf, D.,
Zerboni, A., Hosek, J., Markovic, S. B., Obreht, 1., Sumegi, P., Veres, D., Zeeden, C., Boemke, B.,
Schaubert, V., Viehweger, J., and Hambach, U.
2021 Loess Landscapes of Europe — Mapping, Geomorphology, and Zonal Differentiation. Earth
Science Reviews 215, 103496.
Lesk, C., Coftel, E., Winter, J., Ray, D., Zscheischler, J., Seneviratne, S. I., and Horton, R.
2021 Stronger Temperature—moisture Couplings Exacerbate the Impact of Climate Warming on
Global Crop Yields. Nature Food 2, 683-691.
Levis, S., Bonan, G. and Bonfils, C.
2004 Soil Feedback Drives the mid-Holocene North African Monsoon Northward in Fully Coupled
CCSM2 Simulations with a Dynamic Vegetation Model. Climate Dynamics 23, 791-802.
Levis, S., Bonan, G. B., Kluzek, E., Thornton, P. E., Jones, A., Sacks, W. J., and Kucharik, C. J.
2012 Interactive Crop Management in the Community Earth System Model (CESM1): Seasonal
Influences on Land-atmosphere Fluxes. Journal of Climate 25, 4839-4859.
Leys, B., Brewer, S. C., McConaghy, S., Mueller, J., and McLauchlan, K. K.
2015 Fire History Reconstruction in Grassland Ecosystems: Amount of Charcoal Reflects Local
Area Burned. Environmental Research Letters 10, 114009.
Liu, Z., Otto-Bliesner, B. L., He, F., Brady, E. C., Tomas, R., Clark, P. U., Carlson, A. E., Lynch-
Stieglitz, J., Curry, W., Brook, E., Erickson, D., Jacob, R., Kutzbach, J., and Cheng, J.
2009 Transient Simulation of Last Deglaciation with a New Mechanism for Bolling-Allerod
Warming. Science 325, 310-314.
Liu, M., Prentice, 1. C., ter Braak, C. J. F, and Harrison, S. P.
2020 AnImproved Statistical Approach for Reconstructing Past Climates from Biotic Assemblages.
Proceedings of the Royal Society A, Mathematics A476, 20200346.
Liu, M., Shen, Y., Gonzéalez-Sampériz, P., Gil-Romera, G., ter Braak, C. J. F., Prentice, 1. C., and
Harrison, S. P.
2021 Holocene Climates of the Iberian Peninsula. Climate of the Past Discussions, https://doi.
org/10.5194/cp-2021-174.
Lotter, A. F., Birks, H. J. B., Hofmann, W., and Marchetto, A.
1997 Modern Diatom, Cladocera, Chironomid, and Chrysophyte Cyst Assemblages as Quantitative
Indicators for the Reconstruction of Past Environmental Conditions in the Alps. 1. Climate. Journal
of Paleolimnology 18, 395-420.
Luoto, T. P., Kaukolehto, M., Weckstrom, J., Korhola, A., and Viliranta, M.
2014 New Evidence of Warm Early-Holocene Summers in Subarctic Finland Based on an Enhanced
Regional Chironomid-based Temperature Calibration Model. Quaternary Research 81, 50-62.
Macklin, M. G., Lewin, J. and Woodward, J. C.
2012 The Fluvial Record of Climate Change. Philosophical Transactions of the Royal Society
A370, 2143-2172.
Maezumi, S. Y., Robinson, M., de Souza, J., Urrego, D. H., Schaan, D., Alves, D., and Iriarte, J.
2018 New Insights from pre-Columbian Land Use and Fire Management in Amazonian Dark Earth
Forests. Frontiers in Ecology and Evolution 6, 111.
Manabe, S. and Hahn, D. G.
1977 Simulation of the Tropical Climate of an Ice Age. Journal of Geophysical Research 82,
3889-3911.
Marchant, R., Cleef, A., Harrison, S. P., Hooghiemstra, H., Markgraf, V., van Boxel, J., Ager, T., Almeida,
L., Anderson, R., Baied, C., Behling, H., Berrio, J. C., Burbridge, R., Bjorck, S., Byrne, R., Bush, M.,
Duivenvoorden, J., Flenley, J., De Oliveira, P., van Geel, B., Graf, K. J., Gosling, W. D., Harbele, S.,
van der Hammen, T., Hansen, B. C. S., Horn, S. P., Islebe, G. A., Kuhry, P., Ledru, M.-P., Mayle, F. E.,
Leyden, B. W., Lozano-Garcia, M. S., Lozano-Garcia, S., Melief, A. B. M., Moreno, P., Moar, N. T.,



30 S. P. Harrison, E. Cruz-Silva, O. Haas, M. Liu, S. E. Parker, S. Qiao, Y. Shen, L. Sweeney

Prieto, A., van Reenan, G. B., Salgado-Labouriau, M. L., Schébitz, F., Schreve-Brinkamn, E. J., and

Wille, M.

2009 Pollen-based Biome Reconstructions for Latin America at 0, 6000 and 18 000 Radiocarbon
Years Ago. Climate of the Past 5, 725-767.

Marlon, J., Bartlein, P. J., Carcaillet, C., Gavin, D. G., Harrison, S. P., Higuera, P. E., Joos, F., Power, M.,

and Prentice, I. C.

2008 Climate and Human Influences on Global Biomass Burning over the Past Two Millennia.
Nature Geoscience 1, 697-702.

Marlon, J. R., Bartlein, P. J., Daniau, A.-L., Harrison, S. P., Maezumi, S. Y., Power, M. J., Tinner, W.,

and Vanniére, B.

2013 Global Biomass Burning: A Synthesis and Review of Holocene Paleofire Records and their
Controls. Quaternary Science Reviews 65, 5-25.

Martin Calvo, M., Harrison, S. P. and Prentice, 1. C.

2014 Climate versus Carbon Dioxide Controls on Biomass Burning: A Model-based Analysis of
the Glacial-interglacial Contrast. Biogeosciences 11, 6017-6027.

Martin Calvo, M. and Prentice, 1. C.

2015 Effects of Fire and CO, on Biogeography and Primary Production in Glacial and Modern
Climates. New Phytologist 208, 987-994.

Masson-Delmotte, V., Schulz, M., Abe-Ouchi, A., Beer, J., Ganopolski, A., Gonzéalez Rouco, J. F.,

Jansen, E., Lambeck, K., Luterbacher, J., Naish, T., Osborn, T., Otto-Bliesner, B., Quinn, T., Ramesh, R.,

Rojas, M., Shao, X., and Timmermann, A.

2013 Information from Paleoclimatic Archives. In: T. F. Stocker, D., Qin, G. -K. Plattner,
M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, P. M. Midgley, (eds.), Climate
Change 2013: The Physical Basis. Contribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change, Cambridge-New York.

Matero, 1. S. O., Gregoire, L. J., Ivanovic, R. F., Tindall, J. C., and Haywood, A. M.

2017 The 8.2 ka Cooling Event caused by Laurentide Ice Saddle Collapse. Earth Planetary Science
Letters 473, 205-214.

Matthews-Bird, F., Gosling, W. D., Coe, A. L., Bush, M., Mayle, F. E., Axford, Y., and Brooks, S. J.
2016 Environmental Controls on the Distribution and Diversity of Lentic Chironomidae (Insecta:
Diptera) across an Altitudinal Gradient in Tropical South America. Ecology and Evolution 6,
91-112.

Mauri, A., Davis, B. A. S., Collins, P. M., and Kaplan, J. O.

2015 The Climate of Europe during the Holocene: A Gridded Pollen-based Reconstruction and its
Multi-proxy Evaluation. Quaternary Science Reviews 112, 109-127.

Mazoyer, M. and Roudart, L.

2006 A History of World Agriculture: From the Neolithic to the Current Crisis, London.

McFadden, C.

2021 The Past, Present and Future of Skeletal Analysis in Palacodemography. Philosophical
Transactions of the Royal Society B376,2019070920190709.

Mengoli, G., Agusti-Panareda, A., Boussetta, S., Harrison, S. P., Trotta, C., and Prentice, 1. C.

2022 Ecosystem Photosynthesis in Land-surface Models: A First-principles Approach Incorporating
Acclimation. Journal of Advances in Modelling Earth Systems 14, €2021MS002767.

Menviel, L., Timmermann, A., Friedrich, T., and England, M. H.

2014 Hindcasting the Continuum of Dansgaard—Oeschger Variability: Mechanisms, Patterns and
Timing. Climate of the Past 10, 63-77.

Mitchell, L., Brook, E., Lee, J., Buizert, C., and Sowers, T.

2013 Constraints on the Late Holocene Anthropogenic Contribution to the Atmospheric Methane
Budget. Science 342, 964-966.



Tools and Approaches to Addressing the Climate-Humans Nexus during the Holocene 31

Morrill, C., Anderson, D. M., Bauer, B. A., Buckner, R., Gille, E. P., Gross, W. S., Hartman, M., and
Shah, A.
2013 Proxy Benchmarks for Intercomparison of 8.2 ka Simulations. Climate of the Past 9, 423-432.
Morrill, C., Ward, E. M., Wagner, A. J., Otto-Bliesner, B. L., and Rosenbloom, N.
2014 Large Sensitivity to Freshwater Forcing Location in 8.2ka Simulations. Paleoceanography
29, 930-945.
Morrison, K. D., Hammer, E., Boles, O., Madella, M., Whitehouse, N., Gaillard, M.-J., Bates, J.,
Vander Linden, M., Merlo, S., Yao, A. et al.
2021 Mapping Past Human Land Use using Archaeological Data: A New Classification for Global
Land Use Synthesis and Data Harmonization. PLoS ONE 16, €0246662, https://doi.org/10.1371/
journal.pone.0246662.
Ni, J., Harrison, S. P., Prentice, 1. C., Kutzbach, J. E., and Sitch, S.
2006 Impact of Climate Variability on Present and Holocene Vegetation: A Model-based Study.
Ecological Modelling 191, 469-486.
Olesen, J. E., Borgesen, C. D., Elsgaard, L., Palosuo, T., Rotter, R. P., Skjelvag, A. O., Peltonen-
Sainio, P., Borjesson, T., Trnka, M., Ewert, F., Siebert, S., Brisson, N., Eitzinger, J., van Asselt, E. D.,
Oberforster, M., and van der Fels-Klerx, H. J.
2012 Changes in Time of Sowing, Flowering and Maturity of Cereals in Europe under Climate
Change. Food Additives & Contaminants: Part A: Chemistry, Analysis, Control, Exposure & Risk
Assessment 29, 1527-1542.
Overpeck, J. T., Webb III, T. and Prentice, 1. C.
1985 Quantitative Interpretation of Fossil Pollen Spectra: Dissimilarity Coefficients and the
Method of Modern Analogs. Quaternary Research 23, 87-108,
Overpeck, J. T., Webb, R. S. and Webb, T.
1992 Mapping Eastern North American Vegetation Change of the Past 18 ka: No-analogs and the
Future. Geology 20, 1071-1074.
Parker, S. E. and Harrison, S. P.
2022 The Timing, Duration and Magnitude of the 8.2 ka Event in Global Speleothem Records.
Science Communications 12, https://doi.org/10.21203/rs.3.1rs-1272634/v1.
Parmesan, C.
2006 Ecological and Evolutionary Responses to Recent Climate Change. Annual Reviews of
Ecology, Evolution and Systematics 37, 637-669.
Parmesan, C. and Yohe, G.
2003 A Globally Coherent Fingerprint of Climate Change Impacts across Natural Systems. Nature
421, 37-42.
Pereboom, E. M., Vachula, R. S., Huang, Y., and Russell, J.
2020 The Morphology of Experimentally Produced Charcoal Distinguishes Fuel Types in the
Arctic Tundra. Holocene 7, 1-6.
Peters, M. and Higuera, P.
2007 Quantifying the Source Area of Macroscopic Charcoal with a Particle Dispersal Model.
Quaternary Research 67, 304-310.
Peyron, O., Guiot, J., Cheddadi, R., Tarasov, P., Reille, M., de Beaulieu, J.-L., Bottema, S., and
Andrieu, V.
1998 Climatic Reconstruction in Europe for 18000 yr BP from Pollen Data. Quaternary Research
49, 183-196.
Piao, S., Wang, X., Park, T., Chen, C., Lian, X., He, Y., Bjerke, J. W., Chen, A., Ciais, P., Temmervik, H.,
Nemani, R. R., and Myneni, R. B.
2020 Characteristics, Drivers and Feedbacks of Global Greening. Nature Reviews Earth &
Environment 1, 14-27.



32 S. P. Harrison, E. Cruz-Silva, O. Haas, M. Liu, S. E. Parker, S. Qiao, Y. Shen, L. Sweeney

Pickett, E. J., Harrison, S. P., Hope, G., Harle, K., Dodson, J. R., Peter Kershaw, A., Prentice, 1.

C., Backhouse, J., Colhoun, E. A., D’Costa, D., Flenley, J., Grindrod, J., Haberle, S., Hassell, C.,

Kenyon, C., Macphail, M., Martin, H., Martin, A. H., McKenzie, M., Newsome, J. C., Penny, D.,

Powell, J., Raine, J. 1., Southern, W., Stevenson, J., Sutra, J. P., Thomas, I., van der Kaars, S., and

Ward, J.

2004 Pollen-based Reconstructions of Biome Distributions for Australia, Southeast Asia and the
Pacific (SEAPAC region) at 0, 6000 and 18,000 14C yr BP. Journal of Biogeography 31, 1381-1444.

Pirzamanbein, B., Lindstrom, J., Poska, A., and Gaillard, M.-J.

2018 Modelling Spatial Compositional Data: Reconstructions of Past Land Cover and Uncertainties.
Spatial Statistics 24, 14-31.

Por¢i¢, M. and Nikoli¢, M.

2016 The Approximate Bayesian Computation Approach to Reconstructing Population Dynamics
and Size from Settlement Data: Demography of the Mesolithic-Neolithic Transition at Lepenski Vir.
Archaeological & Anthropological Sciences 8, 1690186.

Power, M. J., Marlon, J. R., Bartlein, P. J., and Harrison, S. P.

2010 Fire History and the Global Charcoal Database: A New Tool for Hypothesis Testing and Data
Exploration. Palaeogeography, Palaeoclimatology, Palacoecology 291, 52-59.

Power, M. J., Marlon, J., Ortiz, N., Bartlein, P. J., Harrison, S. P., Mayle, F. E., Ballouche, A., Bradshaw,

R. H. W., Carcaillet, C., Cordova, C. et al.

2008 Changes in Fire Activity since the LGM: An Assessment Based on a Global Synthesis
and Analysis of Charcoal Data. Climate Dynamics 30, 887-907, https://doi.org/10.1007/
$00382-007-0334-x.

Prentice, 1. C., Cleator, S. F., Huang, Y. F., Harrison, S. P., and Roulstone, I.

2017 Reconstructing Ice-age Climates: Quantifying Low-CO, Effects on Plants. Global and
Planetary Change 149, 166-176.

Prentice, 1. C., Cramer, W., Harrison, S. P., Leemans, R., Monserud, R. A., and Solomon, A. M.

1992 A Global Biome Model Based on Plant Physiology and Dominance, Soil Properties and
Climate. Journal of Biogeography 19, 117-134.

Prentice, 1. C., Guiot, J., Huntley, B., Jolly, D., and Cheddadi, R.

1996 Reconstructing Biomes from Palaeoecological Data: A General Method and its Application
to European Pollen Data at 0 and 6 ka. Climate Dynamics 12, 185-194.

Prentice, 1. C., Harrison, S. P. and Bartlein, P. J.

2011 Global Vegetation and Terrestrial Carbon Cycle Changes after the Last Ice Age. New
Phytologist 189, 988-998.

Prentice, 1. C., Jolly, D. and BIOME 6000 Participants
2000 Mid-Holocene and Glacial-maximum Vegetation Geography of the Northern Continents and
Africa. Journal of Biogeography 27, 507-519.

Prentice, 1. C., Liang, X., Medlyn, B., and Wang, Y.

2015 Reliable, Robust and Realistic: The Three R’s of Next-generation Land-surface Modelling.
Atmospheric Chemistry and Physics 15, 5987-6005.

Prentice, 1. C., Sykes, M. T., Lautenschlager, M., Harrison, S. P., Denissenko, O., and Bartlein, P. J.
1993 Modelling Global Vegetation Patterns and Terrestrial Carbon Storage at the Last Glacial
Maximum. Global Ecology and Biogeography Letters 3, 67-76.

Prentice, 1. C., Villegas-Diaz, R. and Harrison, S. P.

2022 Accounting for Atmospheric Carbon Dioxide Variations in Pollen-based Reconstruction of
Past Hydroclimates Global and Planetary Change 211, 103790.

Qiao, S., Harrison, S. P., Prentice, I. C., and Wang, H.

2022 Optimality-based Modelling of Wheat Sowing Dates Globally. Agricultural Systems (in
review).



Tools and Approaches to Addressing the Climate-Humans Nexus during the Holocene 33

Qiao, S., Wang, H., Prentice, 1. C., and Harrison, S. P.
2020 Extending a First-principles Primary Production Model to Predict Wheat Yields. Agricultural
& Forest Meteorology 287, 107932.
2021 Optimality-based Modelling of Climate Impacts on Global Potential Wheat Yield.
Environmental Research Letters 16, 114013.
Rabin, S., Melton, J. R., Laslop, G., Bachelet, D., Forrest, M., Hantson, S., Kaplan, J. O., Li, F.,
Mangeon, S., Ward, D. S., Yue, C., Arora, V. K., Hickler, T., Kloster, S., Knorr, W., Nieradzik, L.,
Spessa, A., Folberth, G. A., Sheehan, T., Voulgarakis, A., Prentice, 1. C., Sitch, S., Harrison, S. P., and
Arneth, A.
2017 The Fire Modeling Intercomparison Project (FireMIP), Phase 1: Experimental and Analytical
Protocols with Detailed Model Descriptions. Geoscientific Model Development 10, 1175-1197.
Rick, J. W.
1987 Dates as Data: An Examination of the Peruvian Preceramic Radio-carbon Record. American
Antiquities 52, 55.
Robinson, E., Zahid, H. J., Codding, B. F., Haas, R., and Kelly, R. L.
2019 Spatiotemporal Dynamics of Prehistoric Human Population Growth: Radiocarbon ‘Dates as
Data’ and Population Ecology Models. Journal of Archaeological Sciences 101, 63-71.
Rocque, R. J., Beaudoin, C., Ndjaboue, R., Cameron, L., Poirier-Bergeron, L., Poulin-Rheault, R.-A.,
Fallon, C., Tricco, A. C., and Witteman, H. O.
2021 Health Effects of Climate Change: An Overview of Systematic Reviews. BMJ Open 11,
e046333.
Rosén, P., Segerstrom, U., Eriksson, L., and Renberg, 1.
2003 Do Diatom, Chironomid, and Pollen Records Consistently Infer Holocene July Air
Temperature? A Comparison Using Sediment Cores from Four Alpine Lakes in Northern Sweden.
Arctic, Antarctic, and Alpine Research 35, 279-290.
Rosenzweig, C., Elliott, J., Deryng, D., Ruane, A. C., Miiller, C., Arneth, A., Boote, K. J., Folberth, C.,
Glotter, M., Khabarov, N., Neumann, K., Piontek, F., Pugh, T. A. M., Schmid, E., Stehfest, E., Yang, H.,
and Jones, J. W.
2014 Assessing Agricultural Risks of Climate Change in the 21 Century in a Global Gridded Crop
Model Intercomparison. Proceedings of the National Academy of Sciences 111, 3268-3273.
Rosenzweig, C. and Parry, M. L.
1994 Potential Impact of Climate Change on World Food Supply. Nature 367, 133-138.
Rubino, M., D’Onofrio, A., Seki, O., and Bendle, J. A.
2016 Ice-core Records of Biomass Burning. The Anthropocene Review 3, 140-162.
Ruddiman, W. F.
2003 The Anthropogenic Greenhouse Era Began Thousands of Years Ago. Climatic Change 61,
261-293.
Ruddiman, W. F. and Ellis, E. C.
2009 Effect of Per-capita Land-use Changes on Holocene Forest Clearance and CO, Emissions.
Quaternary Science Reviews 28, 3011-3015.
Sage, R. F.
1995 Was Low Atmospheric CO, During the Pleistocene a Limiting Factor for the Origin of
Agriculture? Global Change Biology 1, 93-106.
Sarofim, M. C., Saha, S., Hawkins, M. D., Mills, D. M., Hess, J., Horton, R., Kinney, P., Schwartz, J.,
and St. Juliana, A.
2016 Temperature-related Death and Illness. In: The Impacts of Climate Change on Human Health
in the United States: A Scientific Assessment, U.S. Global Change Research Program, Washington,
DC, 43-68.



34 S. P. Harrison, E. Cruz-Silva, O. Haas, M. Liu, S. E. Parker, S. Qiao, Y. Shen, L. Sweeney

Scheiter, S., Langan, L. and Higgins, S. I.
2013 Next-generation Dynamic Global Vegetation Models: Learning from Community Ecology.
New Phytologist 198, 957-969.
Schmidt, G. A., Annan, J. D., Bartlein, P. J., Cook, B. 1., Guilyardi, E., Hargreaves, J. C., Harrison, S.
P., Kageyama, M., LeGrande, A. N., Konecky, B., Lovejoy, S., Mann, M. E., Masson-Delmotte, V.,
Risi, C., Thompson, D., Timmermann, A., Tremblay, L.-B., and Yiou, Y.
2014 Using Paleo-climate Comparisons to Constrain Future Projections in CMIPS5. Climate of the
Past 10, 221-250.
Schwarz, M. and Zimmermann, N. E.
2005 A New GLM-based Method for Mapping Tree Cover Continuous Fields Using Regional
MODIS Reflectance Data. Remote Sensing of Environment 95, 428-443.
Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J., Ascoli, D.,
Petr, M., Honkaniemi, J., Lexer, M. J., Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika, M., Nagel, T. A.,
and Reyer, C. P. O.
2017 Forest Disturbance under Climate Change. Nature Climate Change 7, 395-402.
Shen, Y., Sweeney, L., Liu, M., Lopez Saez, J. A., Pérez-Diaz, S., Luelmo-Lautenschlaeger, R., Gil-
Romero, G., Hoefer, D., Jiminez Moreno, G., Schneider, H., Prentice, 1. C., and Harrison, S. P.
2022 Reconstructing Burnt Area During the Holocene: An Iberian Case Study. Climate of the Past
18, 1189-1201.
Shennan, S., Downey, S. S., Timpson, A., Edinborough, K., Colledge, S., Kerig, T., Manning, K., and
Thomas, M. G.
2013 Regional Population Collapse Followed Initial Agriculture Booms in mid-Holocene Europe.
Nature Communications 4, 2486.
Siefert, A., Violle, C., Chalmandrier, L., Albert, C. H., Taudiere, A., Fajardo, A., Aarssen, L. W.,,
Baraloto, C., Carlucci, M. B., Cianciaruso, M. V., Dantas, V. de L., de Bello, F., Duarte, L. D. S.,
Fonseca, C. R., Freschet, G. T., Gaucherand, S., Gross, N., Hikosaka, K., Jackson, B., Jung, V.,
Kamiyama, C., Katabuchi, M., Kembel, S. W., Kichenin, E., Kraft, N. J. B., Lagerstrom, A., Le
Bagousse-Pinguet, Y., Li, Y., Mason, N., Messier, J., Nakashizuka, T., Overton, J. McC., Peltzer, D. A.,
Pérez-Ramos, 1. M., Pillar, V. D., Prentice, H. C., Richardson, S., Sasaki, T., Schamp, B. S., Schéb, C.,
Shipley, B., Sundqvist, M., Sykes, M. T., Vandewalle, M., and Wardle, D. A.
2015 A Global Meta-analysis of the Relative Extent of Intraspecific Trait Variation in Plant
Communities. Ecology Letters 18, 1406-1419.
Singarayer, J. S., Valdes, P. J., Friedlingstein, P., Nelson, S., and Beerling, D. J.
2011 Late Holocene Methane Rise Caused by Orbitally Controlled Increase in Tropical Sources.
Nature 470, 82-85.
Sinopoli, G., Peyron, O., Masi, A., Holtvoeth, J., Francke, A., Wagner, B., and Sadori, L.
2019 Pollen-based Temperature and Precipitation Changes in the Ohrid Basin (Western Balkans)
between 160 and 70ka. Climate of the Past 15, 53-71.
Sitch, S., Smith, B., Prentice, I. C., Arneth, A., Bondeau, A., Cramer, W., Kaplan, J. O., Levis, S.,
Lucht, W., Sykes, M. T., Thonicke, K., and Venevsky, S.
2003 Evaluation of Ecosystem Dynamics, Plant Geography and Terrestrial Carbon Cycling in the
LPJ Dynamic Global Vegetation Model. Global Change Biology 9, 161-185.
Smith, B., Prentice, 1. C. and Sykes, M. T.
2008 Representation of Vegetation Dynamics in the Modelling of Terrestrial Ecosystems:
Comparing Two Contrasting Approaches within European Climate Space. Global Ecology &
Biogeography 10, 621-637.
Smith, M. C., Singarayer, J. S., Valdes, P. J., Kaplan, J. O., and Branch, N. P.
2016 The Biogeophysical Climatic Impacts of Anthropogenic Land Use Change During the
Holocene. Climate of the Past 12, 923-941.



Tools and Approaches to Addressing the Climate-Humans Nexus during the Holocene 35

Snoll, B., Ivanovic, R. F., Valdes, P. J., Maycock, A. C., and Gregoire, L.
2022 Effect of Orographic Gravity Wave Drag on Northern Hemisphere Climate in Transient
Simulations of the Last Deglaciation. Climate Dynamics 59, 2067-2079, https://doi.org/10.1007/
s00382-022-06196-2.
Stocker, B. D., Yu, Z., Massa, C., and Joos, F.
2017 Holocene Peatland and Ice-core Data Constraints on the Timing and Magnitude of CO,
Emissions from Past Land Use. Proceedings of the National Academy of Science 114, 1492-1497.
Sugita, S.
2007a Theory of Quantitative Reconstruction of Vegetation I: Pollen from Large Sites REVEALS
Regional Vegetation Composition. The Holocene 17, 229-241.
2007b Theory of Quantitative Reconstruction of Vegetation II: All You Need is LOVE. The
Holocene 17, 243-257.
Swann, A., Fung, I. Y., Liu, Y., and Chiang, J. C. H.
2014 Remote Vegetation Feedbacks and the mid-Holocene Green Sahara. Journal of Climate 27,
4857-4870.
Sweeney, L., Harrison, S. P. and Vander Linden, M.
2022 Assessing Anthropogenic Influence on Fire History during the Holocene in the Iberian
Peninsula. Quaternary Science Reviews 287, 107562.
Tarrats, P., Heiri, O., Valero-Garcés, B., Cafiedo-Argiielles, M., Prat, N., Rieradevall, M., and Gonzalez-
Sampériz, P.
2018 Chironomid-inferred Holocene Temperature Reconstruction in Basa de 1a Mora Lake (Central
Pyrenees). The Holocene 28, 1685-1696.
Tauger, M. B.
2013 Agriculture in World History, London.
ter Braak, C. J. F. and Juggins, S.
1993 Weighted Averaging Partial Least Squares Regression (WA-PLS): An Improved Method for
Reconstructing Environmental Parameters from Species Assemblages. Hydrobiologia 269, 485-502.
Timpson, A., Colledge, S., Crema, E. R., Edinborough, K., Kerig, T., Manning, K., Thomas, M. G., and
Shennan, S.
2014 Reconstructing Regional Population Fluctuations in the European Neolithic Using
Radiocarbon Dates: A New Case-study Using an Improved Method. Journal of Archaeological
Sciences 52, 549-557.
Tindall, J. and Valdes, P.
2011 Modeling the 8.2 ka Event using a Coupled Atmosphere—ocean GCM. Global and Planetary
Change 79, 312-321.
Tinner, W., Lotter, A. F., Ammann, B., Conedera, M., Hubschmid, P., van Leeuwen, J. F. N, and
Wehrli, M.
2003 Climatic Change and Contemporaneous Land-use Phases North and South of the Alps 2300
BC to 800 AD. Quaternary Science Reviews 22, 1447-1460.
Torfing, T.
2015 Neolithic Population and Summed Probability Distribution of “C- dates. Journal of
Archaeological Science 63, 193-198.
Trondman, A. K., Gaillard, M.-J., Mazier, F., Sugita, S., Fyfe, R., Nielsen, A. B., Twiddle, C., Barratt, P.,
Birks, H. J. B., Bjune, A. E., Bjorkman, L., Brostrdom, A., Caseldine, C., David, R., Dodson, J.,
Dorfler, W., Fischer, E., van Geel, B., Giesecke, T., Hultberg, T., Kalnina, L., Kangur, M., van der
Knaap, P., Koff, T., Kune§, P., Lagerés, P., Latatlowa, M., Lechterbeck, J., Leroyer, C., Leydet, M.,
Lindbladh, M., Marquer, L., Mitchell, F. J. G., Odgaard, B. V., Peglar, S. M., Persson, T., Poska, A.,
Rosch, M., Seppé, H., Veski, S., and Wick, L.



36 S. P. Harrison, E. Cruz-Silva, O. Haas, M. Liu, S. E. Parker, S. Qiao, Y. Shen, L. Sweeney

2015 Pollen-based Quantitative Reconstructions of Holocene Regional Vegetation Cover (Plant-
functional Types and Land-cover Types) in Europe Suitable for Climate Modelling. Global Change
Biology 21, 676-697.

Turner, M. G., Wei, D., Prentice, 1. C., and Harrison, S. P.

2020 The Impact of Methodological Decisions on Climate Reconstructions Using WA-PLS.
Quaternary Research 99, 341-356.

Vamborg, F., Brovkin, V. and Claussen, M.

2011 The Effect of a Dynamic Background Albedo Scheme on Sahel/Sahara Precipitation During
the mid-Holocene. Climate of the Past 7, 117-131.

VanDerWal, J., Murphy, H. T., Kutt, A. S., Perkins, G. C., Bateman, B. L., Perry, J. J., and Reside, A. E.
2013 Focus on Poleward Shifts in Species’ Distribution Underestimates the Fingerprint of Climate
Change. Nature Climate Change 3, 239-243.

von Bloh, W., Schaphoff, S., Miiller, C., Rolinski, S., Waha, K., and Zaehle, S.

2018 Implementing the Nitrogen Cycle into the Dynamic Global Vegetation, Hydrology, and Crop
Growth Model LPJmL (version 5.0). Geoscientific Model Development 11,2789-2812.

Wanner, H., Beer, J., Biitikofer, J., Crowley, T. J., Cubasch, U., Fliickiger, J., Goosse, H., Grosjean, M.,

Joos, F., Kaplan, J. O., Kiittel, M., Miiller, S. A., Prentice, I. C., Solomina, O., Stocker, T. F., Tarasov, P.,

Wagner, M., and Widmann, M.

2008 Mid- to Late Holocene Climate Change: An Overview. Quaternary Science Reviews 27,
1791-1828.

Wei, D., Gonzalez-Sampériz, P., Gil-Romera, G., Harrison, S. P., and Prentice, I. C.
2021 Seasonal Temperature and Moisture Changes in Interior Semi-arid Spain from the Last
Interglacial to the Late Holocene. Quaternary Research 101, 143-155.

Woodward, F. 1.
1987 Climate and Plant Distribution, Cambridge.

Wu, H., Guiot, J., Brewer, S. C., and Guo, Z. T.

2007 Climatic Changes in Eurasia and Africa at the Last Glacial Maximum and mid-Holocene:
Reconstruction from Pollen Data using Inverse Vegetation Modelling. Climate Dynamics 29,
211-229.

Xoplaki, E., Fleitmann, D., Izdebski, A., Luterbacher, J., Wagner, S., Zorita, E., Telelis, 1., and Toreti, A.
2016 The Medieval Climate Anomaly and Byzantium; A Review of Evidence on Climatic
Fluctuations, Economic Performance and Societal Change. Quaternary Science Reviews 136,
229-252.

Yuwono, Y.

2021 A Parameter-sparse Model to Predict Maize Yields and their Responses to the Environmental
Changes, MSc. thesis, London.

Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D. B., Huang, Y., Huang, M., Yao, Y., Bassu, S., Ciais, P.,

Durand, J.-L., Elliott, J., Ewert, F, Janssens, I. A., Li, T., Lin, E., Liu, Q., Martre, P., Méller, C., Peng, S.,

Peiiuelas, J., Ruane, A. C., Wallach, D., Wang, T., Wu, D., Liu, Z., Zhu, Y., Zhu, Z., and Asseng, S.
2017 Temperature Increase Reduces Global Yields of Major Crops in Four Independent Estimates.
Proceedings of the National Academy of Sciences 114, 9326-9331.

Zhu,Z.,Piao, S., Myneni, R. B., Huang, M., Zeng, Z., Canadell, J. G., Ciais, P, Sitch, S., Friedlingstein, P.,

Arneth, A., Cao, C., Cheng, L., Kato, E., Koven, C., Li, Y., Lian, X., Liu, Y., Liu, R., Mao, J., Pan, Y.,

Peng, S., Pefuelas, J., Poulter, B., Pugh, T. A. M., Stocker, B. D., Viovy, N., Wang, X., Wang, Y.,

Xiao, Z., Yang, H., Zachle, S., and Zeng, N.

2016 Greening of the Earth and its Drivers. Nature Climate Change 6, 791-795.

Zohary, D., Hopf, M. and Weiss, E.

2012 Domestication of Plants in the Old World: The Origin and Spread of Domesticated Plants in
South-west Asia, Europe, and the Mediterranean Basin, Oxford.



Tools and Approaches to Addressing the Climate-Humans Nexus during the Holocene 37
Extended captions of figures

Figure 1

Impact of human activity on different properties of the fire regime in different biomes under modern
conditions based on generalised linear models predicting burnt area, fire size and fire intensity as a
function of climate, vegetation and measures of human activity. The biome data were derived from
the Hengl et al (2018) potential natural vegetation map. The biomes are xeric shrubland (XSHB),
warm temperate evergreen and mixed forest/warm-temperate evergreen needleleaf and sclerophyll
broadleaf forest (WTFS), tundra (TUND), tropical savanna (TRSA), cool-temperate tropical rainforest
(TRF), evergreen broadleaf forest (TREB), temperate deciduous broadleaf forest/temperate malaco-
phyll broadleaf forest (TEDE), tropical deciduous broadleaf forest and woodland (TDFW), steppe/
graminoids with forbs (GRAM), temperate woodland/evergreen needleleaf woodland (ENDW), desert
(DESE), cool mixed evergreen needleleaf and deciduous broadleaf forest (CMIX) and cold deciduous
forest (CENF). In pink, predictions of fractional burnt area, fire size (km?) and fire intensity (W.m™)
accounting for human influence on the landscape (population density, cropland and road density) and in
blue predictions where these human influences were excluded and only climate and vegetation factors
were considered.

Figure 2

Comparison of reconstructions of mean temperature of the coldest month (MTCO), growing degree
days above a baseline of 0°C (GDDO0) and a moisture index (o), an estimate of the ratio of actual evap-
otranspiration to equilibrium evapotranspiration, based on a modern training pollen data set for Europe.
The left panels (a, c, €) show reconstructions of these three variables using Weighted Averaging Partial
Least-Squares (WA-PLS) regression and the right panels (b, d, f) show reconstructions based on the
new approach which takes account of the climatic tolerance of individual taxa and the frequency of
the sampled climate in the training data set (fxTWA-PLS2). The 1: 1 line is shown in black; the fitted
linear regression line between observed and reconstructed values is shown in red, to show the degree of
overall compression. The horizontal dashed lines indicate the natural limit of a (0~1.26).

Figure 3

Comparison of downcore reconstructions of (a) mean temperature of the coldest month: MTCO, (b)
growing degree days above a baseline of 0°C: GDDO and (c) a moisture index estimated as the ratio
of actual evapotranspiration to equilibrium evapotranspiration: a, based on the Holocene pollen record
from Basa de la Mora. The black lines show reconstructions made using Weighted Averaging Partial
Least-Squares (WA-PLS) regression and the red lines show reconstructions using the new approach
which takes account of the climatic tolerance of individual taxa and the frequency of the sampled cli-
mate in the training data set (fxTWA-PLS2). The shading shows 95% confidence intervals (reconstruc-
tions plus or minus 1.96 times their bootstrap estimates of sample-specific errors) of reconstructions
using WA-PLS (black shading) and fxTWA-PLS v2 (red shading). Dashed horizontal lines show the
estimate of the central range of the climate in the training dataset. Lines at 0 cal yr BP show the ob-
served modern climate values at the site. The bar graphs show the range (maximum minus minimum)
of reconstructed values over the Holocene for (d) MTCO, (¢) GDDO and (f) o using the two methods,
and the numerical difference is given above each bar.

Figure 4

Downcore vegetation reconstructions through time for pollen records spanning at least 8000 years from
the Eastern Mediterranean-Black Sea Caspian Corridor (EMBSeCBIO) region (28°-49°N, 20°-62°E).
The plot shows entities that have a minimum length of 500 years and a minimum mean resolution of 130
years in 1000-year windows with 50% overlap; the vegetation reconstructions are made for individual
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bins of 130 years where the pollen samples were objectively assigned to vegetation types based on their
similarity scores (Cruz-Silva et al. 2022). The biomes are tundra (TUND), desert (DESE), graminoids
with forbs (GRAM), evergreen needleleaf woodland (ENWD), xeric shrubland (XSHB), cold ever-
green needleleaf forest (CENF), temperate malacophyll broadleaf forest (TEDE), cool mixed evergreen
needleleaf and deciduous broadleaf forest (CMIX), and warm-temperate evergreen needleleaf and scle-
rophyll broadleaf forest (WTFS). Samples with scores below the minimum threshold for each biome are
shown as non-analogue (NON-ANALOG). The records are grouped by biogeographic regions, based
on the classification of Rivas-Martinez et al. (2004): A) Apennino-Balkan, B) Pannonio-Carpathian,
C) Euxine, D) Graeco-Aegean, E) Adriatic, F) Escitian, G) Armenio-Iranian, H) Caucasian, I) Caspian.

Figure 5

T-values of individual predictors (significant at p<10) for individual generalised linear models of
burnt area (BA), fire size (FS) and fire intensity (FI) (Haas, Prentice and Harrison 2022). The predictors
can be classified as vegetation load and type predictors (annual gross primary production, GPP; GPP
seasonality; and the percentage cover of trees, grass and shrubs), landscape fragmentation predictors
(as measured by road density; area of crops; and topographic complexity as measured by the vector
ruggedness index, VRI, or the topographic prediction index, TPI), climate predictors (number of dry
days, DD; seasonality of dry days; vapour pressure deficit, VPD; diurnal temperature range, DTR; wind
speed, wind) and ignition predictors (number of lightning strikes, light; number of human ignitions as
indexed by population density, popd). Controls of burnt area, fire size and fire intensity are shown by
the strength of each relationship, either as a driver (positive relationship) or as a limit (negative rela-
tionship), where the larger the absolute t-value, the stronger the relationship.

Figure 6

Crop modelling. (a) PC model predictions of potential wheat yield in 2000 CE compared to

(b) the observation-based potential wheat yield in 2000 CE from EARTHSTAT (www.earthstat.org).
Model simulations of (c) the change in potential yield as a consequence of changes in climate between
2000 and 2015 CE and (d) as a result of changes in climate and CO, over the same interval.

Figure 7

Regional changes in annual precipitation and summer (June to August) temperature for the last 6000
years, simulated by four transient climate model simulations. The models are the MPI (Max Plank
Institute) Earth system Model, the AWI (Alfred Wegener Institute) Earth system model and two ver-
sions of the IPSL (Institut Pierre Simon Laplace) model. The uppermost panels show (a) anomalies in
precipitation at 6000 yr BP compared to present and (b) anomalies in summer (June, July, August: JJA)
temperature at 6000 yr BP compared to present. The middle panels show the evolution of precipitation
and summer temperature for (c) the Middle East, (d) northern Europe and (e) southern Europe from
6000 years BP to the present day. The simulated climate evolution can be compared to observations,
here regional composites of speleothem §'%0 evolution. The geographic distribution of the speleothem
sites is shown in (a) and (b). The speleothem composites were constructed by converting §'°0 values
to z-scores (to standardise values) using a base period of 2,000-5,000 years BP. The overall trend is
obtained by fitting a 500-year half-window loess fit and 5 and 95 % confidence intervals were obtained
by bootstrap resampling by site.

Figure 8

Composite reconstructions of changes in climate, fire, and people on the Iberian Peninsula during
the Holocene. The pollen-based climate reconstructions of (a) mean temperature of the coldest month
(MTCO), (b) mean temperature of the warmest month (MTWA), and (c) plant-available moisture repre-
sented by a, an estimate of the ratio of actual evapotranspiration to equilibrium evapotranspiration, were
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derived using fx-TWAPLS (Liu et al. 2021). Changes in mean winter (December, January, February)
temperature (d) as simulated by four climate models, (the Alfred Wegener Institute Earth System Model:
AWI; two versions of the Institut Pierre Simon Laplace Earth system model: IPSL-sr, IPSL-vlr; and
the Max Planck Institute Earth System model: MPI), are shown for comparison with the reconstructed
MTCO. The coloured lines show the mean temperature values for each model and the shading repre-
sents the 95% confidence interval. The reconstruction of (e) burnt area is based on a calibration of the
pollen-charcoal relationship against observed modern burnt area and applied downcore (Shen et al.
2022). The reconstruction of (f) changes in population is based on the summed probability distribution
of radiocarbon dates on archaeological material (Sweeney, Harrison and Vander Linden 2022).
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Fig. 1: Impact of human activity on different properties of the fire regime in different biomes under
modern conditions. See extended caption above
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Fig. 2: Comparison of reconstructions of mean temperature of the coldest month
(MTCO), growing degree days above a baseline of 0°C (GDD,) and a moisture
index (o). See extended caption above
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for pollen records spanning
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Fig. 5: T-values of individual predictors (significant at p<10-®) for individual generalised linear models
of burnt area (BA), fire size (FS) and fire intensity (FI) (Haas, Prentice and Harrison 2022). See extend-

ed caption above
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6000 years, simulated by four transient climate model simulations. See extended caption above
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Fig. 8: Composite reconstructions of changes in climate, fire, and people on the Iberian Peninsula dur-
ing the Holocene. See extended caption above



