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The temperature history of the Holocene is intensely debated, with both proxy seasonality
effects and climate model sensitivity being proposed as possible reasons for the
“Holocene temperature conundrum”. However, possible human impacts on terrestrial
proxies are often not adequately considered, especially for the late Holocene. Based on a
review of pollen-based and pollen-dominated temperature records on regional, continental
and global scales, we propose that pollen may be a poor indicator of temperature change
in late Holocene, mainly as a result of the impacts of intensified human activities on
terrestrial vegetation. Thus, we suggest that possible human impacts on terrestrial
Holocene temperature records should be carefully evaluated; and also that more
Holocene temperature records are obtained from areas without significant direct
human impacts, or that proxies that are insensitive to human impacts are used for late
Holocene climatic reconstruction.
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INTRODUCTION

During the past decade or so, the temperature history of the Holocene has been intensely debated. In
2013, basedmainly onmarine records (~80%), a stacked record (hereafter termedMR13) was used to
indicate a warmer stage of global mean annual temperature during 10–5 ka, followed by a cooling
trend, and that an overall long-term cooling trend occurred during the Holocene (Marcott et al.,
2013). In 2014, simulated global mean annual temperature records estimated using different climate
models were proposed to show an overall long-term warming trend during the Holocene (Liu et al.,
2014). Subsequently, the reconstructed long-term cooling and simulated long-term warming trends
during the Holocene came to be known as the “Holocene temperature conundrum” (Liu et al., 2014),
which has been much debated ever since. Both the sensitivity of the climate models and the
seasonality of the proxy reconstructions were originally proposed as the most plausible reasons for
the “Holocene temperature conundrum” (Liu et al., 2014).

However, subsequent reconstructed and stacked Holocene temperature records present a
confusing picture. Ice wedge and stalagmite δ18O records, respectively from the Siberian Arctic
(Meyer et al., 2015) and the southern Ural Mountains (Baker et al., 2017), have been proposed as
indicators of winter temperature changes, which suggest an overall Holocene long-term warming
trend. On the regional scale, the stacked Holocene temperature records for the latitudinal bands of
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90–70°N, 70–50°N and 50–30°N show pronounced long-term
cooling trends, but those for the latitudinal bands of 30–10°N
and from 10°N to 10°S show no apparent long-term trends
(Routson et al., 2019). Recently, 44 marine records from the
region of 40°N to 40°S, together with a new method to determine
possible seasonality, were used to produce a stacked record of
seasonal and mean annual sea surface temperature (MASST,
hereafter termed BS21). The seasonal and mean annual
temperature records show overall long-term cooling and
warming trends, respectively (Bova et al., 2021). On the global
scale, based mainly on terrestrial records (~70% of the total), a
recent stacked record of Holocene global mean surface
temperature (hereafter termed Temperature 12K) shows a
warming trend from the last deglaciation to the mid-Holocene,
with the warmest interval at ~6.5 ka, which was followed by a
long-term cooling trend in the late Holocene (Kaufman et al.,
2020a). Most recently, on the global scale, based on 539 globally
distributed marine records and using paleoclimate data
assimilation method, the stacked global mean surface
temperature record (ΔGMST, hereafter termed OM21) shows
a slightly but steadily warming of ~0.5°C since ~9 ka in the early
Holocene (Osman et al., 2021).

Fossil pollen data have long been used to reconstruct the
temperature history of the Holocene. For example, pollen records
from China have been adopted as evidence to support the
traditional viewpoint of a mid-Holocene Megathermal that
was followed by a cooling trend in the late Holocene (Shi
et al., 1994). Regional pollen data from Europe have also been
used for Holocene temperature reconstruction (e.g., Davis et al.,
2003; Mauri et al., 2015). More importantly, pollen records are
typically incorporated within the abovementioned regional and
global stacked Holocene temperature records (e.g., Routson et al.,
2019; Kaufman et al., 2020a, b). The accelerated development of
human civilization during the Holocene, and the resulting
intensification of human impacts on Earth’s surface
environment, are well known (e.g., Stephens et al., 2019),
including impacts on the terrestrial vegetation (e.g., Mottl
et al., 2021). We therefore suggest that in addition to possible
seasonality signals in proxy reconstructions and limitations in
model simulations (Zhang et al., 2022), the possible impacts of
human activity on the terrestrial proxy reconstructions should
also be carefully considered. Given that Holocene pollen records
from locations such as polar regions and high mountains are not
necessarily significantly impacted by human activity, we now
address the issue of human impacts on pollen records on
progressively larger spatial scales, from regional to continental
and global.

BRIEF REVIEW OF HOLOCENE POLLEN
RECORDS
Pollen Records of the Mid-Holocene
Megathermal in China
Based on paleoclimatic records obtained in China since the 1970s,
which are mainly pollen records, the concept of a mid-Holocene
Megathermal in China was proposed in the early 1990s (Shi et al.,

1994). Specially, the interval of ~8.3 – 3 ka was proposed as the
mid-HoloceneMegathermal, with ~7.2 – 6 ka as theMegathermal
Maximum, which was followed by a long-term cooling trend
during the late Holocene. This viewpoint has had a wide and
long-standing influence on the Chinese academic community,
and doubtless it has made a large historical contribution to
promoting studies of Holocene climate change. However, as
was stated in the original paper (Shi et al., 1994), and as
indicated by recent results (e.g., Cheng et al., 2018; Li F. et al.,
2020; Chen et al., 2020), there are uncertainties regarding the
supporting pollen evidence.

Notably, the cited supporting pollen records (Figures 1A–I)
are mainly from the monsoonal humid region of China
(Figure 1J; Chen et al., 2008). Moreover, it was clearly stated
in the original paper that “human activities during the Neolithic
also had considerable effects on natural vegetation in some places”
(in fifth sentence in third paragraph in page 354) (Shi et al., 1994).
As demonstrated by Figures 1K,L, for both the Neolithic Age
(~10–4 ka) and the Bronze Age after ~4 ka (Sun et al., 2019), there
is a dense distribution of archaeological sites in monsoonal humid
China (Dong et al., 2020), indicating that the environment of the
region was potentially strongly influenced by human activity,
especially during the late Holocene. A recent high-resolution
pollen record from the northern South China Sea demonstrates
that the pattern of Holocene pollen changes is unusual compared
with that during the previous four peak interglacial. This suggests
that the natural vegetation in southern China was substantially
and possibly permanently altered by human activities after ~6 –
5 ka (Cheng et al., 2018). Similarly, a recent quantitative
reconstruction of anthropogenic changes in land cover in
China, using a novel methodology, demonstrated that
cultivated land has been a significant component of the land
cover in monsoonal humid China since ~3 ka (Figure 1J; Li F.
et al., 2020). Considering that the natural vegetation of
monsoonal humid China has been significantly modified by
human activities from the late Holocene onwards, the late
Holocene cooling trend in the region, as inferred from pollen
data, is questionable. Notably, warmer stages in the early and late
Holocene, with a colder stage in the mid-Holocene, are proposed
based on recent pollen data from the Bohai Bay in northern China
(Chen et al., 2020), which is quite different from the concept of a
mid-Holocene Megathermal. Based on pollen evidence of an
abrupt decrease in Quercus and increase in secondary
coniferous forest, it is suggested that the late Holocene
vegetation in the nearby Shandong Peninsula was strongly
influenced by human activities (Chen et al., 2020).

The Pollen-Based Holocene Temperature
Record of North America and Europe
Based on sedimentary pollen data from 642 sites in North
America and Europe (Figure 2A), the composite Holocene
mean annual temperature record of Marsicek et al. (2018)
(hereafter termed MJ18), at a continental scale, indicates
abrupt warming during ~11–10 ka, further warming during
~10–6 ka, the warmest interval during ~6–4 ka, and a slight
cooling trend since ~4 ka (Figure 2B). The overall long-term

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 10 | Article 8456502

Rao et al. Pollen Data in Late Holocene

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


FIGURE 1 | (A–I), Pollen-based Holocene temperature records from monsoonal humid China which support a mid-Holocene Megathermal and a long-term
cooling trend during the late Holocene (Shi et al., 1994). (J), Spatial distribution of the pollen-based Holocene temperature records shown in the upper column
(represented by the same codes). The dashed black line represents the modern monsoonal limit (Chen et al., 2008), and the background colors represent the proportion
of cultivated lands at ~3 ka (Li F. et al., 2020). (K, L), Spatial distribution of Chinese archaeological sites for the intervals of ~10–4 ka and ~4–2 ka, respectively (Dong
et al., 2020).

FIGURE 2 | Spatial distribution of pollen records in North America and Europe (A) and the corresponding regional stacked mean annual temperature record (B);
Marsicek et al., 2018.
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Holocene warming trend in MJ18 is consistent with the
previously-reported climate model simulation results (Liu
et al., 2014), but the slight cooling trend since ~4 ka in MJ18
is not consistent with this simulated trend (Liu et al., 2014).

Based on 3,980 calibrated 14C ages from 632 globally-
distributed lakes, records of sedimentation rates demonstrate
that soil erosion in the lake watersheds, spanning a substantial
portion of the Earth’s terrestrial surface, increased significantly
after ~4 ka (Jenny et al., 2019). Additionally, based on 43,669
pollen data from these lakes, a decrease in tree cover was found to
have occurred simultaneously, beginning at ~4 ka in most lake
watersheds. These changes in sedimentation rate and vegetation
cover are proposed to have been caused mainly by anthropogenic
land clearance that resulted in increased soil erosion. It is
noteworthy that ~88% of the 632 globally-distributed lakes are
located in North America and Europe (Jenny et al., 2019).
Therefore, on the one hand, the pollen data from 642 sites in
North America and Europe were used to compile MJ18 (Marsicek

et al., 2018), which shows a slight cooling trend since ~4 ka
(Figure 2B); while on the other hand, the decreased tree cover in
most lake watersheds in North America and Europe since ~4 ka
was attributed to anthropogenic deforestation (Jenny et al., 2019).
These observations highlight the uncertainties involved in
interpreting late Holocene pollen data from North America
and Europe as an indicator of temperature changes. Arguably,
the pollen-based slight cooling trend since ~4 ka, which largely
parallels the decrease in tree pollen, is quite possibly not a genuine
climate signal and is instead a result of human activities (Li Y.
et al., 2020).

A Global Stacked Holocene Temperature
Record Based Mainly on Pollen Data
Based on 1,319 Holocene records from 679 globally-distributed
sites (Figure 3A), a composite global mean surface temperature
record (hereafter termed Temperature 12K) (Figure 3B) was

FIGURE 3 | Spatial distribution of 1,319 selected global records (A) (note that most of them are pollen records, represented by red dots) and the corresponding
stacked global mean surface temperature record (B); Kaufman et al., 2020a.
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developed (Kaufman et al., 2020a). Among the 679 sites, 470
(i.e., ~70% of the total) are terrestrial sites, and more importantly,
of the 1,319 records, 785 (~60%) are pollen records (Kaufman
et al., 2020b). Considering that there are 9 pollen records in the
359 marine records, the percentage of pollen records in the
terrestrial records exceeds 80% (Kaufman et al., 2020b), with
the majority of the pollen records from North America and
Europe and the remainder from other continents, including
Asia, Oceania, Africa and South America (Figure 3A).
Therefore, the terrestrial records are dominated by pollen
records and Temperature 12K is dominated by terrestrial
records; i.e. the pattern of Holocene temperature change in
Temperature 12K (Figure 3B) is largely determined by pollen
records.

As demonstrated by Temperature 12K (Figure 3B), the global
mean surface temperature shows a pattern of relatively rapid
warming during ~12–10 ka, moderate warming during ~10–7 ka,
the warmest interval at ~6.5 ka, and long-term cooling after ~6 ka.
Based on the research of more than 250 archaeologists, a recent
empirical assessment on a global scale suggested that since ~3 ka
the land cover of the Earth’s surface was largely transformed by
pastoralists, farmers and hunter-gatherers (Stephens et al., 2019),
highlighting the potentially significant damage to the natural
vegetation in regions of intensive human activities in the late
Holocene. Most recently, changes in the rates of vegetation
composition for all continents since 18 ka were reconstructed
(Mottl et al., 2021). The records are based on newly-developed
statistical methods and 1,181 pollen records from globally-
distributed sites, which largely replicate the distribution of the
pollen records that were used to generate Temperature 12K; most
of the records are from North America and Europe with the rest
from Asia, Oceania, Africa and South America (Mottl et al.,
2021). The results demonstrate a worldwide acceleration of rates
of change of vegetation composition during ~4.6–2.9 ka, which
was unprecedented in both magnitude and extent since 18 ka.
More importantly, for all continents, the rates of vegetation
compositional change in the late Holocene equal or exceed
that during the last deglaciation, which were suggested to have
been dominantly driven by human activity and climate change,
respectively. That is, the extent of human modification of
terrestrial ecosystems in the late Holocene quite possibly
exceeds the climate-driven transformation of terrestrial
environments during the last deglaciation (Mottl et al., 2021).
Therefore, the late Holocene long-term cooling trend in
Temperature 12K (Kaufman et al., 2020a), which is largely
determined by globally-distributed pollen data, arguably
resulted from human activities.

DISCUSSION

On various spatial scales, including regional, continental and
global, sedimentary pollen data have been widely used to
reconstruct the temperature history of the Holocene. Most of
these records indicate a long-term cooling trend during the late
Holocene (Figures 1–3). However, new pollen and
paleoenvironmental data from monsoonal humid China (e.g.,

Cheng et al., 2018; Li F. et al., 2020; Chen et al., 2020), North
America and Europe (e.g., Jenny et al., 2019) and on a global scale
(e.g., Stephens et al., 2019; Mottl et al., 2021), all emphasize the
significant impacts of humans on the natural vegetation in the late
Holocene. In principle, the observed vegetation changes could be
the result of climate change and/or human activities. However,
for the late Holocene, given the well-documented intensification
of human activity, we suggest that possible human impacts on the
natural vegetation—and thus on the reconstructed temperature
history inferred from vegetation changes—should not be ignored.

From another perspective it is widely accepted that the global
mean temperature is closely related to global ice volume and the
associated sea-level changes, and that atmospheric greenhouse
gases (GHG) and insolation respectively are the most important
internal and external drivers of global climate change. The global
stacked ice-volume equivalent sea-level record (Lambeck et al.,
2014) increases rapidly from the last deglaciation to the mid-
Holocene but shows no obvious trend during the late Holocene
(Figure 4A). The areal extent of the Laurentide ice sheet (LIS) in
mid-to high latitudes of the Northern Hemisphere (Dyke, 2004),
as a possible index of global ice volume, decreased rapidly from
the last deglaciation to the mid-Holocene, but with no expansion
in the late Holocene (Figure 4B). Radiative forcing by GHG
(CO2, CH4 and N2O) (Köhler et al., 2017) decreased slightly
during ~11–7 ka, then increased slightly, and was followed by a
rapid large-amplitude post-industrial increase (Figure 4C). The
mean annual insolation radiative forcing (Berger, 1978) was more
moderate and increased smoothly during the Holocene
(Figure 4D). Based on this evidence, we suggest that the
proposed overall long-term cooling trend during the Holocene,
as demonstrated by MR13 (Marcott et al., 2013; Figure 4E) is
questionable. Conversely, the proposed overall long-term
warming trend during the Holocene, as demonstrated by
OM21 (Osman et al., 2021; Figure 4F) and BS21 (Bova et al.,
2021; Figure 4G), which is proposed to be of global significance,
is more reasonable. That is, there are inconsistencies between
MR13 (Figure 4E) and the records of sea-level, LIS areal extent,
GHG and annual insolation radiative forcing that shown in
Figures 4A–D; but, OM21 and BS21 (Figures 4F,G) provide
better matches to the records shown in Figures 4A–D.

Notably, the warming trends from the last deglaciation to the
mid-Holocene that evident in pollen-based MJ18 (Marsicek et al.,
2018; Figure 4H) and pollen-dominated Temperature 12K
(Kaufman et al., 2020a; Figure 4I) are consistent with OM21
(Osman et al., 2021; Figure 4F) and BS21 (Bova et al., 2021;
Figure 4G), with the areal extent of the LIS (Dyke, 2004;
Figure 4B), and with the global stacked ice-volume equivalent
sea-level record (Lambeck et al., 2014; Figure 4A). This
consistency supports the reliability of pollen data as an
indicator of temperature change from the last deglaciation to
the mid-Holocene. However, the long-term late Holocene cooling
trends evident in pollen-based MJ18 and pollen-dominated
Temperature 12K are inconsistent with OM21 and BS21, and
with records of mean annual insolation and GHG radiative
forcing, LIS areal extent, and global stacked ice-volume
equivalent sea-level. This raises a question regarding the
reliability of the pollen data as an indicator of temperature
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FIGURE 4 |Comparison of selected Holocene paleotemperature and paleoenvironmental records: (A), Globally stacked ice-volume equivalent sea-level (Lambeck
et al., 2014); (B), LIS areal extent (Dyke, 2004); (C), GHG radiative forcing (Köhler et al., 2017); (D), mean annual insolation radiative forcing (Berger, 1978); (E), MR13
temperature stack (Marcott et al., 2013); (F), OM21 temperature stack (Osman et al., 2021); (G), BS21 temperature stack (Bova et al., 2021); (H), MJ18 temperature
stack (Marsicek et al., 2018); (I), Temperature 12K record (Kaufman et al., 2020a); (J), Globally estimated spatial expansion of the extensive agriculture (Stephens
et al., 2019); (K), Globally estimated spatial expansion of the intensive agriculture (Stephens et al., 2019).
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change during the late Holocene. Notably, as indicated by the
globally estimated spatial expansions of both the extensive
agriculture (Figure 4J) and intensive agriculture (Figure 4K),
the human activities and their impacts on terrestrial surface
environment were significantly intensified in the late Holocene
(Stephens et al., 2019), supporting our suspicious about the
above-mentioned pollen-based and pollen-dominated late
Holocene temperature records.

Reference to the stacked Holocene temperature records for
different latitudinal bands (Routson et al., 2019; Figure 5) reveals
only two pollen records among the 20 records for the latitudinal
band of 90–70°N (Figure 5A). However, the warmest Holocene
interval of ~10–8 ka in the stacked temperature record for this
latitudinal band (90–70 °N; Figure 5B) is questionable, due to the
large remnant terrestrial ice sheets at mid-to high latitudes of the
Northern Hemisphere during ~10–8 ka (Figure 4B). For the

FIGURE 5 | Spatial distribution of the adopted records (the pollen records are represented by red dots) (A) and the corresponding stacked Holocene temperature
records for different latitudinal bands (B–F); Routson et al., 2019.
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latitudinal bands of 70–50 and 50–30 °N, there are 47 and 23 pollen
records among the 103 and 65 adopted records, respectively
(Figure 5A); however, for the latitudinal bands of 30–10 °N and
10 °N to 10 °S, there are only 1 and 0 pollen records among the 22
and 26 adopted records, respectively (Figure 5A). We therefore
question the validity of the proposed differentHolocene temperature
patterns for these latitudinal bands (i.e. long-term cooling trends for
70–50 and 50–30 °N and no apparent trends for 30–10 °N and 10 °N
to 10 °S) (Figures 5C–F), and instead suggest that the patterns are
determined by the different proxies used. That is, the long-term
Holocene cooling trends for 70–50 (Figure 5C) and 50–30 °N
(Figure 5D) are largely determined by pollen records
(Figure 5A). These results further highlight the uncertainties in
the late Holocene cooling trends indicated by pollen data (Figure 5).
Notably, for the relevant stacked Holocene temperature of both
global (Kaufman et al., 2020a; Figure 3A) and different latitudinal
bands (Routson et al., 2019; Figure 5A), the most important portion
of pollen records are from North America and Europe. At the same
time, both the intensified human activities, especially that in the late
Holocene in Europe (Ruddiman et al., 2016, 2020), and the possible
anthropogenic deforestation in the late Holocene in North America
and Europe (Jenny et al., 2019), have been repeatedly emphasized.

Temperature history is a major component of Holocene
paleoclimatic studies because it largely determines our
understanding of: 1) the driving mechanisms of Holocene
climate change; 2) human-environment interactions during the
Holocene; and 3) the historical background of ongoing global
anthropogenic warming. Moreover, the two alternative
trends—overall long-term warming or cooling during the
Holocene—provide a quite different historical context for policy
making designed to address ongoing climate change. The most
significant discrepancies in the existing Holocene temperature
records are in the late Holocene (Figure 4), which was also the
interval of the unprecedented intensification of human activities.
Therefore, we suggest that it is both necessary and appropriate to
evaluate human impacts on late Holocene temperature records.

The impact of human activity on late Holocene terrestrial
temperature reconstructions may exist not only in pollen data
but also in other indicators that are sensitive to human activity.
One example is fossil animals. The animal fossils discovered at mid-
Holocene archaeological sites in monsoonal, humid central–north
China, with the corresponding animals only being found today in
South China or in south of China, such as Elephus maximus,
Rhinoceras sondaicus and Alligator sinensis, have also been used as
indicators of a cooling trend from the mid-Holocene to the late
Holocene (Shi et al., 1994). A recent study found that for the past two
millennia the range contraction and extinction of five megafauna
(Asiatic elephants, rhinoceroses, tigers, Asiatic black bears, and brown
bears) that were historically widespread in China, was dominantly
caused by humans and not by climate change (Teng et al., 2020). This
highlights the possible human impacts on late Holocene temperature
histories inferred from animal fossils.

Given the importance of temperature history of the Holocene,
and the Holocene temperature conundrum, we propose the
following: 1) more terrestrial reconstructions could be obtained
from areas without significant direct impacts from human
activities, such as the polar regions and high mountains (Li Y.

et al., 2020); 2) in the areas that are profoundly impacted by human
activities, more terrestrial reconstructions could be obtained using
proxies that are not significantly and directly impacted by human
activities, such as possible organic and isotopic proxies (Zhang
et al., 2022).

Finally, regarding the term of “late Holocene” that used in this
paper, obviously, the significant human impacts on terrestrial
surface environment were quite possibly asynchronously
occurred in different regions. From a global perspective and
considering the recent evidence of different spatial extents from
regional (e.g., Jenny et al., 2019; Dong et al., 2020) to global (e.g.,
Stephens et al., 2019; Mottl et al., 2021), we roughly define the “late
Holocene” as the last ~4 ka (Figures 1K,L; Figures 4J,K).

SUMMARY REMARKS

Recent paleoenvironmental reconstructions for the late Holocene
emphasize the significant effects of human activities on the
natural vegetation in monsoonal humid China, North
America, Europe and elsewhere. Consideration of the evidence
of forcing by global ice volume and sea-level, GHGs, and
insolation, together with other Holocene temperature records,
leads us to question the reliability of the long-term cooling trends
during the late Holocene evident in pollen-based or pollen-
dominated temperature records from monsoonal humid
China, North America, Europe and elsewhere.

We propose that vegetation change during the late Holocene
was dominantly influenced by human activities and not climate
change. Thus, pollen data may not be a reliable indicator of the
temperature history of the late Holocene. Given that the same
problem may also exist for other terrestrial proxies, we appeal for
a careful evaluation of the possible impacts of human activity on
terrestrial temperature records, which may provide new insights
into the Holocene temperature conundrum. Finally, we suggest
that paleoclimatic reconstructions from areas and using proxies
with minimum direct impacts from human activities may provide
a better understanding of Holocene temperature history.
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