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Introduction

Introduction

Current as well as past fire-climate relationships are complex and differ between biomes and
with variable degrees of anthropogenic modifications (Bond et al. 2005, Bowman et al. 2009,
Marlon et al. 2016, Lasslop and Kloster 2017). On a global scale, fires affect the Earth climate
directly by releasing aerosols, CO>, and other greenhouse gases to the atmosphere and indirectly
through disruption of vegetation compositions and structure, soil carbon releases, and
modification of the surface albedo (Page et al. 2002, Randerson et al. 2006, Bowman et al.
2009, Andela et al. 2017).

For the period since 1850 AD, previous charcoal compilations proposed a decoupling of fire
activity from climate and population density that was ascribed to increasing landscape
fragmentation and fire management (called “broken fire hockey stick”-hypothesis, Marlon et
al. 2008, van der Werf et al. 2013). The proposed fire decline remains highly ambiguous due to
large dating uncertainties of most sediment records especially during the 20™ century, a strong
geographical bias of observations towards Europe and North America (Marlon et al. 2016), and
lacking supporting data (e.g. Mischler et al. 2009). These ambiguities suggest that the
underlying processes are not entirely understood. For instance, long-term vegetation dynamics,
fuel availability and its flammability may likewise play an important and complex role for fire
distribution and frequencies, which is not well constrained (Kloster et al. 2012, Andela et al.
2017). However, recent uncontrolled and destructive wildfires on all vegetated continents
caused enormous ecological and societal costs, and combined with these uncertainties raise
major public and scientific concerns about future fire management strategies under predicted
climate change (Kehrwald et al. 2013, Moritz et al. 2014, Syphard et al. 2017, Wendel et al.
2017, Young et al. 2017).

Glaciers can deliver valuable insights into long-term fire, vegetation, land use, and pollution
dynamics and their relationship with changing climate (e.g. Eichler et al. 2011, Arienzo et al

2017). They preserve microfossils over millennia and usually provide high-resolution records
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and excellent age-depth models, especially for the most recent 200 years, where glacier
chronologies can rely on annual layer counting and reference horizons as for instance volcanic
ash layers (e.g. Eichler et al. 2011, Herren et al. 2013, Konrad et al. 2013, Uglietti et al. 2016).
Multiple climate and environmental proxies from the same cores as for instance temperature
reconstructions or chemical fire tracers as black carbon (Eichler et al. 2011, Osmont et al. 2018,
Sigl et al. 2018) contribute to assess numerous dimensions of past environmental dynamics.
Despite the high potential of ice archives, most of the previous palynological studies remained
largely restricted to changing wind-directions and pollen source areas or pollen-based
seasonality as an additional dating method (e.g. Hicks and Isaksson 2006, Festi et al. 2015),
hence their ecological potential was not fully exploited.

The goal of this thesis is to explore the timing and different interactions between long-term
fire, vegetation, land use, climate, and pollution dynamics that occur in various biomes for the
first time based on palynological records from ice cores. This goal is achieved with comparable
methods and globally distributed ice cores that provide excellent chronologies (Blunier et al.
1993, Sigl et al. 2009, Kellerhals et al. 2010, Herren et al. 2013), particularly after 1800 AD to
present, the period that experienced important climatic changes and an increasing globalization
of human activities. The ice records derive from regions that are or will be highly threatened
by climate change and land use pressure and/or provide recent high-quality data for direct
comparison and proxy calibration. Combined, the investigated ice records cover the tropical
(ITlimani), the subtropical-temperate (Colle Gnifetti), the steppic-boreal (Tsambagarav), and the
arctic biome (Summit; Figure 1).

The palynological methods in this thesis comprise pollen and spores to infer vegetation
composition and land use activity, microscopic charcoal for fire activity from biomass burning
(e.g. Finsinger and Tinner 2005, Eichler et al. 2011), and spheroidal carbonaceous particles
(SCP) for industrial pollution from high-temperature combustion of fossil fuel (Hicks and

Isaksson 2006, Rose 2015). The optical discrimination of microscopic charcoal and SCP
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provides a huge benefit to define burning sources (biomass vs. fossil fuel) and can contribute
to separate sources of less specific burning tracers that were analyzed on the same ice cores i.e.
black carbon (Sigl et al. 2018).

Microfossil concentrations in remote ice archives are comparably low and maximum
extraction of items is crucial. Although comparable methods are a fundamental requirement to
achieve reliable environmental reconstructions and to obtain comparable results among
different records, a quantitative comparison of the existing microfossil extraction approaches
was missing, and no standard palynological extraction method was proposed for ice samples.
The aim of Manuscript 1 is to provide a quantitative comparison of available extraction
approaches and to propose an improved method for microfossil extraction from ice archives.

Europe offers high-quality data on past fire, vegetation, and land use dynamics including
numerous high-quality sedimentary paleoecological records (e.g. Vanniere et al. 2016) and
written sources for the past centuries (e.g. Pfister et al. 2015). The focus of Manuscript 2 is the
generation of a palynological ice record from the Swiss Alps (Colle Gnifetti), in the Center of
the densely populated European continent spanning the past 1000 years. We aim at investigating
the impact of industrialization and globalization on past vegetation, fire, landuse, and pollution
dynamics across biomes in comparison to pre-industrial conditions and at linking the large-
scale ice core evidence to historical sources.

Boreal forest-steppe dynamics in remote southern Siberia are largely controlled by climate
variations (Bonan 2008) and projected future climate change in combination with changing land
use may greatly increase boreal forest fire risks and release massive carbon emissions to the
atmosphere (IPCC 2014). Tsambagarav glacier in the Mongolian Altai is located close to the
boreal forest-steppe ecotone and currently surrounded by widespread steppe vegetation. In
Manuscript 3 we present a novel palynological record from Tsambagarav glacier spanning the
past 5500 years and compare it to a previously investigated ice record in the densely forested

Russian Altai 320 km northwest (Belukha, Eichler et al. 2011). The study aim is to examine
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past vegetation and fire responses to climate variability in the Mongolian Altai and to use these
past response dynamics to anticipate future boreal forest responses to climate change in the
Russian Altai and other Central Asian areas.

Neotropical ecosystems are precious biodiversity hotspots with a high degree of endemism
and considered among the most threatened ecosystems by modern anthropogenic disruptions
and climate change (Olson and Dinerstein 2002, Ibisch and Mérida 2004). Pre-Columbian
societies are assumed to have influenced these environments since millennia but the scale of
their impacts on ecosystems and fire activity remains unclear (e.g. Levis et al. 2017, McMichael
et al. 2017). Manuscript 4 investigates a continuous Holocene-long record from the Central
Andean Illimani glacier. Its proximity to Lake Titicaca, a core region of pre-Columbian
activities is ideal to study the extent and magnitude of ecosystem alterations by pre-Columbian
societies, compared to Colonial and modern land-use impacts and ultimately, to derive natural
baseline conditions for planning of ecosystem conservation.

The Arctic region is experiencing fast climate change that rapidly transforms sensitive arctic
plant communities (Pearson et al. 2013, Biintgen et al. 2015). Although North American boreal
forests are likely the dominant source for the biomass-burning signal in Central Greenland
(Bauer et al. 2013), current observations of fires in thawing permafrost areas along the
Greenland coast suggest that Arctic fire activity may become more important in the future
(Wendel et al. 2017). Moreover, growing deposition of black particles from burning (e.g.
microscopic charcoal, SCP) on snow may increase melting processes and further accelerate
climate change. In Manuscript 5, we assess the potential of palynology in Central Greenland
ice. A short ice record (1730—-1989 AD) from Summit Eurocore ’89 is used to investigate large-
scale vegetation, fire, and pollution dynamics and their interaction with changing climate in the
Arctic region.

Although most microscopic charcoal particles in natural archive derive from regional fires

ca. 40 km around a site (Adolf et al. 2017), some particles may be transported over large
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distances. For instance, the devastating Portugal fires in June 2017 produced an ash plume that
crossed Western Europe and deposited a surprising amount of black carbon and microscopic
charcoal particles on the Jungfraujoch in the Swiss Alps ca. 1500 km westwards (Figure 2).
Especially for remote archives as the glaciers in this thesis, more knowledge about long-
distance transport mechanisms may contribute to a better understanding of how various sources
contribute to the microfossil signal. The aim of Manuscript 6 is to implement for the first-time
microscopic charcoal particles into a global climate-aerosol model (ECHAM6-HAM) and to
simulate their atmospheric transport and interactions with other aerosols, clouds, and radiation.
The model simulations are validated with modern microscopic charcoal influx from the ice
cores in this thesis and sedimentary archives (Adolf et al. 2017, ALPADABA database Bern).

Ultimately, the presented thesis contributes to the overarching goal of the SNF-Sinergia
project Paleo fires from high-alpine ice cores, which is an integrated research framework,
aiming to test the “broken fire hockey stick”-hypothesis with multiproxy fire reconstructions

from ice cores.
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Figure 1 Distribution of the investigated ice archives for this thesis overlaid on a global vegetation map.
Vegetation classes modified from the biome classification in Olson et al. (2001).
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Figure 2 A comparison of microscopic charcoal and black carbon concentrations in a snow profile at Jungfraujoch
(Swiss Alps) spanning June 2017 (black carbon analysis: Dimitri Osmont). Dating of the snow pit is derived from
estimates of snow accumulation rates based on precipitation measurements at the nearby Lauterbrunnen
meteorological station. Concentrations of both fire tracers increased significantly after 22" June 2018, when the
atmospheric ash plume from Portugal reached the Jungfraujoch station. Its origin was confirmed by calculations
of back trajectories for the air masses (Osmont et al. in preparation).
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ABSTRACT. Microfossil records from ice archives allow vegetation, fire and land-use activity reconstruc-
tions on broad spatial scales. Samples typically contain low microfossil concentrations. Therefore, large
ice volumes are often needed for palynology. Hence, it is crucial to extract maximum microfossil
numbers through appropriate physical-chemical treatments. We compare six methods covering the
main water reduction procedures: evaporation, filtration and centrifugation with snow samples.
Adding a known number of Lycopodium marker spores prior to sample treatment and a second
marker (Eucalyptus) after laboratory processing allows a quantitative microfossil loss assessment
during pollen extraction. We applied the best-performing method (average loss of 22%) to high-
alpine firn cores from Colle Gnifetti glacier for validation with a natural archive containing extremely
low microfossil concentrations. We conclude that samples processed with different microfossil extrac-
tion protocols may give different results for pollen concentrations, percentages and ratios between dif-
ferent pollen types, especially if vesiculate conifer pollen is an important pollen assemblage component.
We recommend a new evaporation-based method which delivers the smallest and least variable losses
among the tested approaches. Since microfossil losses are inevitable during laboratory procedure,
adding markers prior to sample processing is mandatory to achieve reliable microfossil concentration
and influx estimates.

KEYWORDS: ice biology, paleoclimate, Eucalyptus marker, glacier, Lycopodium marker, palynology, pollen

volumes are needed for quantitative microfossil analyses.

Only a handful of microfossil records from ice cores and
surface snow samples are available at present (overview in
Table 1), probably because the records are difficult to retrieve
and the concentrations of the target material are low. In con-
trast to the more traditional archives of palynology (e.g. lakes
and peat bogs), ice archives have specific advantages. For
instance, they are well suited to address vegetation dynamics
and land-use activities at subcontinental scales (Liu and
others, 1998), since drilling sites on high-alpine glaciers are
remote from microfossil sources and undesired local biases
are absent. Further, they do not suffer from fine-scale distur-
bances that may affect lakes or peatlands such as soil erosion
and related reworking issues. Ice cores usually provide excel-
lent chronologies and high temporal resolution records,
especially for the most recent 200 years where age-depth
models can rely on absolutely-dated reference horizons
(e.g. volcanic layers) and annual layer counting (e.g.
Preunkert and others, 2003; Olivier and others, 2006; Jenk
and others, 2009; Sigl and others, 2009; Herren and others,
2013; Konrad and others, 2013). Multiproxy climate and
environmental evidence from the same cores (e.g. tempera-
ture reconstructions or chemical tracers for environmental
variables; Eichler and others, 2011) contribute to assess
past ecosystem dynamics.

Glaciers contain extremely low microfossil concentrations
compared with lake and mire sediments, hence large ice

Furthermore, given the difficulty of accessing the often
remote drilling sites, ice core material is usually very
limited and therefore it is crucial to extract a maximum of
microfossils for analysis. This provides a major challenge
for sample processing. Different methods have been used
in the past to concentrate and extract pollen from ice
or snow samples with three main water elimination
approaches described in the literature: evaporation, centrifu-
ging followed by decanting of the supernatant liquid
and filtering methods (see Table 1 for an overview of the
available methods). No qualitative or quantitative com-
parison of the different extraction methods is available so
far. Differences among the approaches may impede com-
parison of microfossil ice core results, but this potential
source of uncertainty is unexplored. Thus, the situation is
very different than for pollen analysis in lake and mire sedi-
ments with well-recognized preparation procedures and pro-
tocols (Faegri and Iversen, 1989; Moore and others, 1991;
Lang, 1994).

Marker spike application is a long-established and reliable
method to estimate microfossil concentrations and influx
(Benninghoff, 1962; Stockmarr, 1971; Peck, 1974; Birks
and Birks, 1980; Maher, 1981; Birks and Gordon, 1985;
Moore and others, 1991). Its use additionally allows to
check for microfossil losses during sample preparation
(Stockmarr, 1971). Most of the previous microfossil records
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Table 1. Methods for microfossil extraction from ice, grouped according to the main water elimination procedure with an indication of

marker use

Centrifugation
Eichler and others (2011)* (EICHLER method)

Festi and others (2015)" (FESTI method)
Vareschi (1934)¥; Ambach and others (1966)*
Fredskild and Wagner (1 974)*

Feurdean and others (2011)*

Evaporation

Liu and others (1998; 2005; 2007)* (LIU method),
Reese and Liu (2002; 2005)*,

Reese and others (2003)*

Yang and others (2008)* (YANG method)

Filtration
Dissolving filter
Andreev and others (1997)*

Hicks and Isaksson (2006)*

Koerner and others (1988)*

McAndrews (1984)*

Short and Holdsworth (1985)* (SHORT method)

Rinsing filter
Papina and others (201 3)*

Counting on filter

Nakazawa and others (2004, 2005, 2006, 2011)*

Uetake and others (2006)*

Santibafiez and others (2008)*

Bourgeois (1990; 2000), Bourgeois and others (2000; 2001)*

Approaches used for the method comparison in this paper with method-name in brackets. Filtration-based approaches are divided in methods that chemically
dissolve the filter, rinse the microfossils with water from the filter surface or methods where microfossils are directly counted on the filter.

* Marker added, tNo marker added, ¥No information available.

from ice cores rely on marker application (e.g. Liu and others,
1998; Eichler and others, 2011; see Table 1 for an extensive
list). Exceptionally, its use has been neglected in recent ice
studies (Festi and others, 2015) because the utility of this
standard palynological approach has been questioned
(Festi and others, 2016). Here we address existing knowledge
gaps and open questions in respect to the effects of sample
preparation methods on pollen assemblages from ice core
records with the following aims: (1) to compare different
palynological extraction methods for snow, firn and ice
core records; (2) to assess the risk of microfossil losses
during the extraction procedure and thus the utility of
markers in ice core samples; and (3) to propose an improved
extraction protocol to gain reliable, accurate and compar-
able microfossil results from snow and ice samples with a
minimum of loss during extraction.

2. MATERIALS AND METHODS
2.1. Marker tablets

To quantify the losses during the different extraction
procedures, we added two different markers to the
samples, one before and another after the physical and
chemical treatments. We used Lycopodium clavatum
(Batch number 3862 with 9666 spores per tablet+ 671
Std dev.) and Eucalyptus marker tablets (Batch number
106720 with 13500 pollen grains+210) provided by
University of Lund (Maher, 1981). Before proceeding with
microfossil extraction, we tested the reliability of the
marker tablets by mixing one tablet of Lycopodium
marker and one tablet of Eucalyptus marker. Ten of
these marker tablet pairs were dissolved in 10% HCI
following standard procedures for palynology (e.g. Moore
and others, 1991). The marker suspensions were mounted
on microscopic slides. We counted a sum of 1000 grains
(Lycopodium + Eucalyptus) to estimate the accuracy of
the expected marker ratio between Lycopodium and
Eucalyptus grains.

2.2. Microfossil extraction methods

2.2.1. Snow replicate samples

To compare the different microfossil extraction methods from
snow and ice, we collected 10 surface snow samples (upper-
most 30 cm) of ~4 kg at Jungfraujoch (Swiss Alps, 46° 32’
54.6” N, 7°58'58.8" E, 3400 ma.s.l.) in July 2016 after conifers
flowered in late spring (Lauber and Wagner, 2012). The 10
samples (Jung-1 — Jung-10) were transported frozen to the
laboratory and separated in small pieces in the freezing
chamber at —17°C to avoid melting. The pieces were homoge-
nized well before dividing them into six replicate subsamples,
resulting in a total of 60 test samples. Each of the six replicate
samples weighed between 370 and 400 g (corresponding to a
volume of 370-400 mL). The microfossil extraction followed
five methods from the literature covering the main physical
water reduction procedures of evaporation (Liu and others,
1998; Yang and others, 2008), centrifuging and decanting
(Eichler and others, 2011; Festi and others, 2015), and filtration
(Short and Holdsworth, 1985; Fig. 1), followed by a chemical
treatment involving several centrifuging steps. For simplicity,
we labeled the applied methods using the first author’'s name
in the publications (e.g. LIU method for the method described
in Liu and others, 1998; and accordingly, YANG, EICHLER,
FESTI and SHORT method; Table 1). The evaporation-based
methods LIU and YANG differ in a HF treatment included in
the latter method, which requires additional steps for the
laboratory protocol. The EICHLER and FESTI methods follow
a comparable protocol except for the addition of Lycopodium
tablets and an alcohol treatment to lower the water surface
tension in the samples used by FESTI. Microfossil concentration
methods based on filtration, with direct counts of microfossils
on the filter, were not considered in this study due to the
strong limitations in the taxonomic resolution that can be
achieved (Nakazawa and others, 2005).

We tested a new extraction method, which we refer to as
BRUGGER method (Fig. 1). This method starts with evapo-
ration in a drying cabinet (1 week at 70°C for 400 mL
sample volume) to reduce the water content to ~20 mL. The
samples are then transferred to 50 mL tubes including

13



434

10x for 400mL

LIU YANG
modified* original modified* original modified* original
Lycopodium Reee @l Evaporation | WEVSCRWIel Evaporation
e o 70°C until <50mL i 65°C until <50mL
HCI 10% S HCI10% - et - HCI 10%
1 drop, cold ~1drop, cold | RMAI 1 drop, cold
2 Irop, co drop.ica
Evaporation Evaporation / HCI 10% | Evaporation
70°C until <50mL 70°C until <50mL -1 drop, cold " |70°C until <50mL
e T
Transfer Transfer Transfer
to 50mL tube to 50mL tube to 50mL tube
I 1 &
C,H,0 100% cD
t dm‘:’ &l Transfer
CND CD to 15mL tube
cD
HCI 10%
hot, 15min
CD
HF 40% 15min hot,
CcD
HCI 10% 15min hot
Transfer Transfer cD
to 15mL tube to 15mL tube T
|
C,H,0 100% —
1 drop, cold dem. H,O
P -
CND CD CD

C,H,0, 100% cold
CND
C,H;0, + H,SO, 2min hot
CND
C,H,0, 100% cold
CND

| |
C,H,0, 100% cold
cb
C,H,0, + H,SO, 2min hot
cb
C,H,0, 100% cold
cD

C,H,0, 100% cold
CD
C,H:O, + H,SO, 2min hot
CD
C,H,0, 100% cold
CD

deml H,0O
cD

|
dem. H,0O

I
dem. H,O
1 ¥
CND

CD

Eucalyptus
marker

Eucalyptus
marker

~HCI10% ,  KOH 10%  ~ HCI 10% ~HCI10% ~, / HCI 10%
. cod - hot, 5min . cod . cod cold
o : Ncoldl _Cae
CND CD CD
r
Glycerine Glycerine Glycerine

Eucalyptus'q Lycopodium B Eucalyptus
marker marker marker

Brugger and others: A quantitative comparison of microfossil extraction methods from ice cores

EICHLER FESTI SHORT
modified* original modified* original modified* original
Lycopodium Lycopodium i Lycopodium Filtration
ymgrker ymgrker in SOEII_I(ube ymgrker Cellulose triacetate,
5 micron gauge
HCI 10% ./ HCI10% ™ HCI 10%
1 drop, cold ~1drop, cold .1 drop, cold
LLhe Ifop.Icol
Fill Fill Filtration
in 50mL tube in 50mL tube Whatman ashless 44
! 1 L
- C,H,O 100% Transfer
£ 1 drop, cold filter to 15mL tube
o 1L
< CD
5 T Eucalyptus
ho Refill marker
CD (=) until all sample processed
f -
Refill

until all sample processed

HF 40% 1h hot HF 50% 12h cold
cD cD

HCI 10% hot | HCI 10% hot
cD cD

Transfer Transfer
to 15mL tube to 15mL tube
T T
C,H,0 100% -
1 drop, cold dem. H,0
I .
CD CD CD

1
C,H,0, 100% cold
CD
C,H;0, + H,SO, 2min hot
CcD
C,H,0, 100% cold
CD

C,H,0, 100% cold
CD
C,H;0, + H,SO, 2min hot
CD
C,H,0, 100% cold
CD

|
C,H,0, 100% cold
cD
C,H,O, + H,SO, 90min hot
cD
C,H,0, 100% cold
cD

I ] | I
dem. H,O dem. H,O dem. H,O
1§ i | 1
CcDh CD CD ,
Eucalyptus' Eucalyptus' E)e?./é:g
marker marker
~HCI10% >, / KOH 10%  « HCI 10% ™ , KOH 10% ~ ~HCI10%
: cold g hot, 5min cold hot, 5min : cod
T 1 § . - L § B —
CD CD CD
I I
Glycerine Glycerine Glycerine

* Left column for each extraction method shows needed modification of original lab protocols for the standardized comparison in this study with a double treatment of exotic markers.

Fig. 1. Flowcharts for ice and snow sample extraction methods: BRUGGER = this study, LIU = Liu and others (1998), YANG = Yang and
others (2008), EICHLER = Eichler and others (2011), FESTI = Festi and others (2015), SHORT = Short and Holdsworth (1985). Right
column for each method indicates original method description. Left column (shaded in dark grey) indicates required steps to add a second
marker (Eucalyptus) and the deviation from the original protocol for the standardized method comparison of this paper with two markers.
CND = centrifuging, shock-freezing in liquid nitrogen, decanting, CD = centrifuging, decanting. C,H¢O = ethanol, C,H,O, = glacial
acetic acid, C;H¢O5 = acetic anhydride, H,SO, = sulphuric acid, dem. H,O = demineralized water.

careful rinsing of the original containers. After each centrifu-
gation step, we shock-freeze the bottom liquid of the tubes,
which contains the sunken microfossils, with liquid nitrogen
and decant the remaining water. Subsequently, the samples
are transferred to 15 mL tubes. Acetolysis and a 10% KOH
treatment follow before mounting the samples in glycerine
(for details on acetolysis see Moore and others, 1991). The
protocol is comparable with the method described in Liu
and others (1998) but it includes the step of shock-freezing
the bottom liquid after each centrifugation step to avoid mater-
ial losses. Additionally, we add a drop of ethanol (C,HgO) to
the centrifuge tubes before centrifuging for all protocol steps
with water to reduce floating of microfossils due to water
surface tension effects (Dietrich, 1923). Finally, to test for
microfossil losses during the physical and chemical procedure
we added one Lycopodium tablet to each snow replicate
sample prior to sample processing (Stockmarr, 1971). After
sample processing, we added one Eucalyptus marker tablet
and we applied once more 10% HCI to dissolve the tablet
before the last centrifugation step (Fig. 1). Lycopodium
spores and Eucalyptus pollen are nonvesiculate grains and
have a diameter of ~25 and 20 pm, respectively.

2.2.2. High-alpine ice core samples
To further evaluate our new method, we applied it to high-
alpine ice core samples from Colle Gnifetti glacier. This

glacier saddle forms part of the Monte Rosa massive in the
Swiss Alps (45°55’50”N, 7°52'33"E, 4450 m a.s.l.). The ice
core was drilled in September 2015 and stored frozen at the
Paul Scherrer Institute in Villigen. In total 18 samples from
adjacent core segments of varying length (Samples Colle-1 —
Colle-18) spanning 2015-01 AD were cut in the freezing
chamber. We included one additional replicate sample
(Colle-15 replicate) from core segment 15 to examine the
reproducibility of the results. Each sample contained
between 230 and 870 g of ice. The samples were processed
identically to the Jungfraujoch snow samples following the
BRUGGER method, involving the same protocol modification
for the second marker treatment (Fig. 1).

2.3. Pollen analysis

A pollen sum of 500 grains per sample was counted except for
the high-alpine ice samples from Colle Gnifetti for which we
reached a pollen sum of 350 due to low pollen concentra-
tions. Pollen identification was conducted under a light micro-
scope at 400x magnification following Beug (2004) and the
reference collection of the Institute of Plant Sciences at
University of Bern. Pollen percentage calculations are based
on the terrestrial pollen sum, and concentrations were standar-
dized to one liter of water. Lycopodium and Eucalyptus
markers were counted alongside pollen and we obtained a
minimum sum of 1000 marker grains for each sample.
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Fig. 2. Marker ratio of Lycopodium (added prior to sample processing) to Eucalyptus (added before mounting in glycerine) for standard snow
replicate samples from Jungfraujoch (Jung-1 to Jung-10). Sample preparation according to flowcharts in Figure 1 (modified for the standardized
method comparison with two markers). Ideal marker relationship (dashed lines) with confidence intervals for marker tablet uncertainties based
on standard deviations of tablet content (grey). Marker ratio and average deviation of markers from ideal marker ratio (% of 0.72) indicating
average sample loss during processing with R? as a measure of correlation strength indicating loss variability.

2.4. Numerical analysis

We estimated average deviation of marker loss in percentages
from the ideal marker ratio Lycopodium : Eucalyptus (0.72)
based on the mean content of one marker tablet with one
standard deviation of each marker to indicate the range of
the ratio uncertainty for the tablets (0.66-0.78). We calculated
coefficients of determination (R?) for the marker ratios for each
extraction method of the snow replicate samples and for the
marker ratio of the high-alpine ice core samples as well as
for pollen percentages of the two Colle Gnifetti replicate
samples of segment Colle-15, with all pollen types >1%,
including and excluding vesiculate pollen taxa. To test statis-
tically potential differences between the effects of the extrac-
tion methods, we conducted one-way ANOVA followed by a
Tukey-Kramer post-hoc test for the marker ratios and the vesi-
culate pollen percentages for all 60 snow samples grouped by
extraction methods.

We performed ordination analyses to visualize the dis-
tance between the pollen assemblages of the 60 snow
samples. The short length of the first axis (1.48 Std dev.
units) of a detrended correspondence analysis (DCA, by seg-
ments) for the pollen percentage dataset of the snow replicate
samples justifies using linear ordination methods (ter Braak
and Prentice, 1988). Principal component analysis (PCA,
ter Braak and Smilauer, 2002) was performed based on a cor-
relation matrix for pollen percentages (all taxa >1%), which
is the standard unit to present pollen data (Maher, 1981;
Faegri and Iversen, 1989). Additionally, we conducted PCA
with the same explanatory variable based on a covariance
matrix for pollen concentrations (grains 71 standardized
by norm to assess potential absolute differences of single
pollen types independently from each other (data not
shown). Ordinations were carried out using CANOCO
version 4.5 (ter Braak and Smilauer, 2002).
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Fig. 3. Left: Boxplots for vesiculate pollen (as percentages of the terrestrial pollen sum, left side) and the counted marker ratio (Lycopodium :
Eucalyptus with indication of the ideal marker ratio and one standard deviation uncertainty in grey, right side) for the different extraction
methods sorted according to number of involved centrifugation steps including the physical and chemical treatment for 400 mL water (see
numbers on the x-axis and in brackets in the method description) applied to standard snow replicate samples from Jungfraujoch. Right: One-
way ANOVA followed by Tukey-Kramer post-hoc test results of marker ratios (top) and vesiculate pollen percentages among the different
extraction methods. Circles joined by green lines indicate samples for which the tests did not provide evidence for statistical differences at the
p=0.05 level. All protocols modified from original lab protocols for the standardized comparison with a second marker (see flowchart in Fig. 1).

3. RESULTS AND INTERPRETATION

3.1. Marker tablet reliability

Given that the tablets completely dissolved in HCI, the added
marker did not alter the quality of the samples. Instead, we
assume that the marker spores and pollen increase the
quality by adding more mass to the samples, thus contribut-
ing mass to and strengthening the organic pellet formed at the
base of the centrifuge tubes (Moore and others, 1991). The
tablets contained only the declared spores and pollen and
the screening of the entire microscopic slides yielded no
foreign materials (e.g. other pollen, charcoal) as potentially
deriving from contamination during the tablet production
process (see Festi and others, 2016). The ratio of
Lycopodium/Eucalyptus grains was in all 10 samples of the
marker reliability test within the expected ratio (0.66-0.78
Lycopodium/Eucalyptus) confirming that the marker tablets
are reliable to use for our quantitative investigations.

3.2. Comparison of microfossil extraction methods
with standard snow samples

All 60 samples yielded countable microfossil slides. The
average marker ratio Lycopodium/Eucalyptus in the replicate
snow samples processed with the BRUGGER method is 0.56
(22.1% average deviation from the ideal marker ratio i.e.
0.72). The number of counted Lycopodium spores is strongly
correlated with the counted Fucalyptus pollen (R* of 0.94;
Figs 2 and 3), suggesting that this pollen loss resulted in a sys-
tematic (and thus predictable) shift in the estimated pollen
concentrations. Slightly higher marker deviation with 24%
(average ratio = 0.55) is reached with the filtration-based
SHORT method and 29.8% deviation (average ratio = 0.51)

with the related LIU method, while the R?> of 0.87 reached
in both methods is somewhat reduced compared with the
BRUGGER method (R? of 0.94, Fig. 2). Extraction methods
which involve many centrifugation steps without bottom
freezing (EICHLER, FESTI, YANQG) result in higher average
marker deviation and lower R* (Figs 2 and 3, marker ratio =
0.36-0.42, 41-50% deviation, R* = 0.81-0.86) suggesting
that, on average, considerable numbers of Lycopodium
spores (and thus of the targeted microfossils) are lost during
water removal and chemical treatment and that the loss
variability is larger with these extraction methods. However,
ANOVA for the marker ratio differences between the extrac-
tion methods (Fig. 3) suggests that only the best performing
BRUGGER and the least performing EICHLER method vyield
statistically significant differences in the mean marker ratios.

The pollen assemblages in all samples are dominated by
Picea abies, Pinus sylvestris-type (both vesiculate = pollen
with air bladders), Alnus and Poaceae with lower amounts
of Betula, Plantago lanceolata-type, Cyperaceae and small
pollen grains of Castanea and Urtica (Fig. 4). Picea abies
and Pinus sylvestris-type pollen percentages and concentra-
tions are generally higher in samples processed with evapor-
ation- (BRUGGER, LIU, YANG) or filtration-based (SHORT)
methods compared with samples processed with solely centri-
fugation-based methods (EICHLER, FESTI), suggesting that
centrifugation may reduce vesiculate pollen grains compared
with nonvesiculate pollen grains (Fig. 4). The large and rela-
tively constant amount of Urtica (grain diameter ~10-15
pm, 15-20% abundance in all replicates from Jung-2) and
Alnus, Poaceae and Betula (grain diameter 20-30 pm) in all
replicate samples indicates that the six tested methods do
not induce biases related to pollen grain size in the small to
medium size range. Assessing differences in the amount of
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Fig. 4. Pollen percentage diagram of all pollen types more common than 5% in any one sample based on the terrestrial pollen sum and
concentrations [grains~'] of vesiculate and nonvesiculate pollen for standard snow samples from Jungfraujoch. Fach sample (Jung 1-10)
was divided into replicate samples that were processed with six extraction methods (Modified from original protocols for a standardized

comparison with a second marker, see flowchart in Fig. 1). Hollow

large nonvesiculate pollen (>50 pm, e.g. Larix) was not pos-
sible as these pollen types were too rare in our snow
samples. The pollen concentrations in the snow replicate
samples vary between 12000 and 65000 grains |~' (average
26000 grains |') except samples Jung-4 and Jung-10 which
contain five to 10 times higher pollen concentrations (Figs 3

bars = 10x exaggeration.

and 4). Nonvesiculate pollen shows only small variability
among snow replicate samples while vesiculate pollen concen-
trations show a much larger variability confirming that vesicu-
late pollen is mainly responsible for the differences in the
percentages of the replicate samples, and therefore also of the
main pollen percentage diagram for trees, shrubs and herbs.
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Fig. 5. Principal component analysis of pollen assemblages (percentages of the terrestrial pollen sum) for standard snow replicate samples
from Jungfraujoch processed with six different microfossil extraction methods modified from original lab protocols for a standardized
comparison with a second marker; see flowchart in Fig. 1. Colors refer to extraction methods grouped according to the main water
elimination procedures: evaporation, centrifugation and filtration. Symbols refer to replicate samples.

The first PCA axis for the pollen percentages of the snow
replicate samples explains 69.1% of the variance, and sepa-
rates samples that used evaporation (BRUGGER, LIU and
YANQ) and filtration (SHORT) from samples that underwent
many centrifugation steps without bottom freezing (EICHLER
and FESTI methods). These latter samples contain generally
lower amounts of Picea abies pollen (Fig. 5). The second
axis explains 13.6% of the variance, and possibly reflects
Pinus sylvestris-type abundance in the samples. Thus, the
high cumulative variance explained by the two axes
(82.7%) suggests that the vesiculate pollen abundance in
the pollen assemblages may be strongly affected by the
microfossil extraction procedure. Analyses with absolute
values (pollen concentrations in grains | ~') yield comparable
results confirming the ordination results of the percentage
dataset (data not shown).

The boxplots (Fig. 3) for vesiculate pollen percentages
grouped by methods also indicate a selective vesiculate
pollen loss with centrifugation-based methods without
bottom freezing (EICHLER and FESTI by ~25%). It also
seems that pollen composition among samples is character-
ized by a slightly higher variability compared with the
evaporation and filtration-based methods. ANOVA for
vesiculate pollen percentages grouped by extraction
methods (Fig. 3) provides no evidence for statistically signifi-
cantdifferences between samples processed with evaporation
and filtration-based methods (BRUGGER, LIU, SHORT and
YANG,). For the centrifugation-based methods EICHLER and
FESTI, ANOVA also provides no evidence for statistically
significant differences in vesiculate pollen percentages.
However, the analyses indicate statistically significant differ-
ences between these samples and those processed with the
four other methods. Both ANOVA and visual examination of

the data, therefore, suggest a distinct difference between evap-
oration- or filtration-based methods and solely centrifugation-
based methods in respect to the percentage of vesiculate
pollen, with a clearly larger loss of vesiculate pollen in the
EICHLER and FESTI methods. In contrast, the influence of dif-
ferent extraction methods on the marker ratio is less distinct
(Fig. 3). This suggests a disproportionate effect of the solely
centrifugation-based methods on vesiculate pollen (i.e.
EICHLER and FESTI methods involving 16 centrifugation
steps for 400 mL water, Fig. 3).

3.3. Validation of the BRUGGER method with high-
alpine glacier ice samples

We applied the BRUGGER method to ice samples from
the high-alpine Colle Gnifetti glacier because it yielded the
smallest loss among all approaches used in our comparison
with snow replicates from Jungfraujoch. The average
marker ratio (0.57, 20.2% deviation from ideal ratio) in the
high-alpine ice samples is very similar to the average
marker ratio in the snow replicate samples processed with
the same method (0.56, 22.1%), suggesting minor losses of
Lycopodium and thus microfossils. The slightly lower correl-
ation between Lycopodium spores and Eucalyptus pollen
(R*=0.78, Fig. 6a), when compared with snow samples
(Fig. 6a), may be explained by properties inherent to these
specific samples, for example low concentrations of insol-
uble organic and inorganic particles leading to smaller
pellets during the concentration process. Indeed the micro-
scopic slides from ice contained fewer dust particles than
those from snow.

Pollen concentrations in the high-alpine ice core samples
from Colle Gnifetti are low when compared with the snow
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samples from Jungfraujoch, ranging between 310 and 18300
grains |~ (mean of 6600 grains |~") vs. 12000400000 grains
I=" (115000 grains I~"), respectively. This finding may reflect
the altitudinal difference of 1000 m between Colle Gnifetti
(4450 m a.s.l) and Jungfraujoch (3400 m a.s.l.), which
markedly increases the distance to the vegetation at lower
altitudes (colline to alpine belts between ~200 and 3000 m a.
s.l.; Ellenberg, 1996) that produces the palynological signal.
Pollen percentages for taxa >1% in the two replicate samples
of Colle-15 are very similar resulting in a high R* between
pollen percentages of different taxa in these two samples
(0.88 for pollen >1% occurrence without vesiculate). The
exception is Pinus sylvestris-type which occurs at 27% in
Colle-15 and 10% in the Colle-15 replicate resulting in a
much lower R? (0.62, Fig. 6b), if the vesiculate pollen taxa
are included in the dataset (Fig. 6b). This suggests a high repro-
ducibility of most pollen taxa (e.g. Poaceae and Castanea). The
vesiculate morphology of Pinus sylvestris-type may influence
the reproducibility of its abundance compared with other
pollen taxa with a nonvesiculate morphology, while Pinus
cembra values (2% vs. 0%, respectively) are too low to
be assessed. Even though the statistical power of two high-
alpine ice core replicates is limited, these results strongly
support the outcome of the snow replicates as discussed in
Section 3.2.

4. DISCUSSION

4.1. The necessity of marker application

Adding microfossil markers to palynological sediment
samples has been a standard in palynology since the early

1970s (e.g. Stockmarr, 1971; Moore and others, 1991;
Dark and Allen, 2005; Finsinger and Tinner, 2005; Maher
and others, 2012; Brugger and others, 2016; Campbell and
others, 2016; Rey and others, 2017). This allows quantitative
pollen concentration and influx estimates (Stockmarr, 1971;
Birks and Gordon, 1985), which cannot be achieved other-
wise unless the entire sample is counted (von Post, 1916;
Welten, 1944; Moore and others, 1991). Adding markers
also helps to estimate losses during pollen extraction. Some
recent studies tend to avoid adding markers to the palyno-
logical samples because of the costs, the additional labor
or presumed contamination issues (Festi and others, 2016).
Based on our results presented here, we can reject these
speculations about contamination issues when using com-
mercially available, standardized and quality checked
marker tablets (e.g. Lycopodium tablets provided by the
University of Lund; Maher, 1981).

Our results clearly show that microfossil loss during pollen
extraction from ice samples is inevitable (i.e. >20% of the
Lycopodium marker is lost). This loss occurs while initially
reducing the water content (e.g. evaporation, filtration, cen-
trifuging followed by decanting), during the chemical treat-
ment involving inevitable centrifuging steps in all tested
methods and after sample processing. The very low amount
of pollen in ice and snow samples is not easy to extract
from the centrifuge tubes, to be fixed without losses on the
slide and partly becomes covered under the microscopic
cover slip margins. These losses strongly affect any absolute
microfossil counts (e.g. pollen, charcoal particles in ice core
samples) that do not add markers. Thus, marker application is
imperative to estimate realistic absolute values (concentra-
tions, influx) and as a control for total sample loss
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(Stockmarr, 1971; Peck, 1974; Finsinger and Tinner, 2005),
particularly for ice samples.

4.2. Influence of specific ice sample properties on
pollen extraction

Ice samples have specific properties that may explain differ-
ences in the microfossil behavior during laboratory process-
ing compared with sedimentary samples. The microfossil
deposition on glaciers is different than the deposition in
lake and mire sediment archives. Fresh pollen, spores and
other microfossils (e.g. charcoal) get directly covered with
snow after deposition on the surface and incorporated into
the ice. This is unlike pollen deposited in lake sediments,
which only settles to the lake bottom when it is saturated
with water and dense enough to sink (Faegri and Iversen,
1989; Dark and Allen, 2005). A special behavior of vesicu-
late pollen compared with nonvesiculate pollen was demon-
strated in transect studies in lakes, with shore sediments
enriched in vesiculate pollen compared with sediments
from the lake center. This pattern is explained by the fact
that vesiculate pollen floats for a long time and is thus trans-
ported to the shore where it accumulates (Ammann and
Tobolski, 1983). The different behavior of vesiculate and
nonvesiculate pollen was also observed in floating pollen
traps in lakes (Giesecke and Fontana, 2008). Early controlled
laboratory experiments on the pollen floating behavior con-
firmed that the majority of vesiculate pollen (e.g. Pinus sp.)
floated on the water surface in still standing glass beakers
for hours while most fresh nonvesiculate pollen (e.g. 95-
100% Corylus, Quercus, Juniperus and Larix) sank within
the first 5 minutes after the experiment started (Hopkins,
1950). We thus assume that pollen of vesiculate pollen
floated on the water surface after thawing of the ice
samples and was preferentially lost during the subsequent
decanting of the centrifuge tubes. A major difference
between ice and sediment samples is that while pollen is
frozen in ice, sediment pollen is soaked in water over years
to millennia, potentially reducing its floating capacity. The
high floating capacity of well-preserved vesiculate pollen in
ice may explain the larger variability of vesiculate compared
with nonvesiculate pollen (Fig. 4). This finding is important
because it implies a negative bias on vesiculate pollen con-
centration estimates from ice core records. Peck (1972),
Davis and Brubaker (1973) and Holmes (1990) reported dif-
ferences of settling time among nonvesiculate pollen
depending on the size. However, based on our results we
cannot confirm a larger variability of pollen grains with
small diameters and lower densities compared with larger
grains (e.g. Urtica and Castanea vs. Alnus and Poaceae).
While the morphology of vesiculate pollen is an evolutionary
advantage for wind and water pollination (the latter because
buoyancy aids floating upwards in a liquid drop into the
ovules; Owens and others, 1998; Runions and others, 1999), it
is a clear disadvantage for laboratory processing of palynological
samples. This implies that thawed ice samples should stand
around some days to extend the water saturation and sinking
time for pollen before applying centrifugation steps. This
waiting time is inherent to evaporation-based methods
(BRUGGER; LIU; YANG) where the pollen stays in the water
for several days during the initial evaporation. Similarly, filtra-
tion-based methods (SHORT; or the method in Nakazawa and
others, 2005) circumvent the problem of floating pollen in the
first water reducing step. However, centrifuging samples may

also help vesiculate pollen to sink from a water surface by
filling the air bladders with water (Hopkins, 1950) implying
that increasing the centrifugation time in each centrifuging step
may help to increase the number of sunken vesiculate pollen.

Microfossils from ice samples are not incorporated in a matrix
as is typical for sediment samples from lakes or mires. We
assume that this causes higher and more variable pollen loss
during the pollen extraction from ice samples, especially
during decanting of centrifuge tubes. Indeed, pollen assemblage
differences were smaller in sediment samples as evidenced by a
tentative comparison with replicate sediment samples from
Moossee, Switzerland (unpublished results). Similarly, snow rep-
licate samples from Jungfraujoch with most likely higher dust
concentrations have a lower pollen loss variability than the
high-alpine ice samples from Colle Gnifetti glacier, presumably
since they form a more stable pellet at the bottom of centrifuga-
tion tubes after centrifugation. Our solution to this problem is to
minimize pollen losses in ice samples by mimicking a matrix
through shock-freezing of the tube bottom always after centrifu-
ging and before decanting. The pollen quality was not affected
by the shock-freezing procedure. However, our observations
suggest that the low concentrations of suspended particles in
the high-alpine ice core samples compared with samples with
a sediment matrix may influence the sinking behavior during
centrifugation. Comparing samples that are processed with iden-
tical laboratory protocols except for an alcohol treatment before
centrifuging to lower the surface tension (EICHLER and FESTI
methods) points to smaller pollen loss with an alcohol treatment
(FESTI), although marker ratios are not significantly lower
according to the comparison statistics (Fig. 3).

Our data indicate that losses increase with the number of
increasing centrifuging steps (Fig. 3) suggesting that the
number of centrifuging steps is crucial for microfossil losses.
Remote archives at high altitudes (e.g. high alpine glaciers in
the Andes above 6000 m a.s.l.; Liu and others) or high latitudes
(e.g. Arctic sites, Short and Holdsworth, 1985; Hicks and
Isaksson, 2006) usually demand high ice volumes (e.g. >400
mL) because of low pollen concentrations. Microfossil concen-
trations may also be more diluted in archives with high snow
accumulation rates common in some mountain ranges (e.g.
Neff and others, 2012; Schwikowski and others, 2013;
Mariani and others, 2014). Given that the required sample
volume for reliable analysis is much larger (i.e. several liters)
in such extreme archives, evaporation methods appear best
suited to reduce undesired pollen losses.

5. CONCLUSIONS

The BRUGGER extraction method is developed from existing
evaporation-based water reducing methods (e.g. LIU proto-
col; Liu and others, 1998) with a newly invented step of freez-
ing the tube bottom after centrifugation during the chemical
treatment. Based on our results, the BRUGGER protocol can
minimize microfossil loss if compared with the other
approaches. However, the differences are statistically not pro-
nounced. Our study highlights that pollen assemblages from
ice cores processed with different microfossil extraction pro-
tocols challenge the reproducibility between records from dif-
ferent study sites. This is especially valid for sites where
vesiculate pollen grains from conifers are an important com-
ponent of pollen assemblages. Remote ice archives at
extreme altitudes, high latitudes, or with high snow accumu-
lation rates and consequently extremely low microfossil con-
centrations, need a special focus when processing samples for
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palynological analysis. We show that significant losses are
inevitable during processing of samples. Therefore, applying
high-quality marker tablets prior to microfossil extraction
from ice records is crucial if the goal is to produce absolute
counts and not only percentages. Speculations about
marker contaminations or other negative effects on the
pollen assemblage quality can definitely be rejected. To con-
clude, we recommend following a strictly standardized proto-
col that includes high-quality marker tablets to obtain reliable
concentration and influx estimates. Applying the new
BRUGGER approach may contribute to minimizing microfos-
sil losses and gaining reproducible results.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at
https:/doi.org/10.1017/jog.2018.31
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Supplementary material

Table S1 Results of one-way ANOVA with Tukey-Kramer post-hoc test for vesiculate pollen
percentages among the different extraction methods.

Sum of Mean
One-way ANOVA squares df square F p(same)
Between groups 9838.16 5 1967.63 11.99 7.89
Within groups 8859.28 54 164.06
Total 18697.40 59
Tukey-Kramer Extraction method
post-hoc test BRUGGER LIU YANG | EICHLER FESTI | SHORT
BRUGGER 1 0.76 <0.01 <0.01 1.00
g o LIU 0.17 0.69 <0.01 <0.01 1.00 Tg
B 2 YANG 1.91 2.07 <0.01 <0.01 089 | s
% g EICHLER 5.79 5.62 7.70 1.00 <0.01 | &
&) FESTI 6.23 6.08 8.15 0.46 <0.01
SHORT 0.39 0.55 1.52 6.18 6.63
Q statistics
Table S2 Results of one-way ANOVA with Tukey-Kramer post-hoc test for marker ratios
among the different extraction methods.
Sum of Mean
One-way ANOVA squares df square F p(same)
Between groups 0.33 5 0.07 2.90 0.02
Within groups 1.21 54 0.02
Total 1.54 59
Tukey-Kramer Extraction method
post-hoc test BRUGGER LIU YANG | EICHLER FESTI | SHORT
BRUGGER 0.96 0.30 0.04 0.33 1.00
g o LIU 1.17 0.80 0.26 0.83 0.99 Tg
'§ é‘ YANG 2.98 1.81 0.94 1.00 041 | s
£ ‘é’ EICHLER 4.26 3.10 1.29 0.92 007 | &
&3] FESTI 2.88 1.72 0.09 1.38 0.45
SHORT 0.28 0.89 2.70 3.99 2.61

Q statistics
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Abstract

Land use and rapid climate change are threatening ecosystems across Europe,
increasing environmental risks and hazards e.g. through the spread of pathogens or invasions
of alien species. Paleoecological studies from natural archives provide valuable information
on long-term environmental dynamics and thus may reveal novel potentials for future
ecosystem conservation. Nevertheless, natural archives are rarely used to investigate the long-
term impact of industrialization and globalization on continental-scale vegetation. To fill this
gap, we present a unique palynological record from the high-alpine glacier Colle Gnifetti on
Monte Rosa in the Alps spanning the past millennium with exceptional temporal resolution
and precision. Our ice archive is located at the interface between Western, Central, and
Southern Europe, and thus has the potential to integrate fire, land use, and pollution dynamics
across important European biomes. We combine ice core evidence with historical sources to
provide novel insights into industrial impacts on land use, fire regime, and vegetation
dynamics. Preindustrial land use depended mainly on photosynthesis and thus solar energy.
Hence, solar societies heavily affected natural vegetation already before the medieval climate
optimum when our record begins. Our multiproxy-data suggest that in Europe the
transformation to fossil fuel-based industrial land use (e.g. shift to large scale maize
production and massive fire increase) started shortly after 1750 AD together with first signs of
large-scale atmospheric pollution. The pronounced shift around 1750 AD challenges 1750—
1850 AD as a pre-industrial reference period suggesting that 1650—-1750 AD might be more
suited to define European preindustrial conditions. We conclude that lowland vegetation
suffered from progressive globalization of economies that intensified industrialized
production on fertile lowland soils. While these formerly forested areas are further disrupted,
industrialized agriculture may provide novel opportunities for the recovery of quasi-natural

plant communities in mountain forests, riparian wetlands, and alpine grasslands.
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1 Introduction

Progressive land-use pressure combined with rapid climate warming is increasingly
raising public and scientific concern about the fate of quasi-natural ecosystems in heavily
populated and industrialized Europe. Despite their high potential to solve conservation and
mitigation issues (Lamentowicz et al. 2015), natural archives are seldom used to study the
long-term impact of industrialization and globalization on continental-scale vegetation
(Seddon et al. 2014). This scantiness of data comes from low temporal resolution and dating
uncertainties of most sediment records, which challenge the comparison with written sources
and the assessment of large-scale industrialization and globalization impacts (e.g. Wehrli et
al. 2010; Giesecke et al. 2014; Mauri et al. 2015; Seppé et al. 2015; Pérez-Diaz et al. 2016;
Kaplan et al. 2017). Indeed, most paleoecological studies were designed to assess local to
regional vegetation changes and either focus on prehistoric periods or the most recent decades
for modern calibrations (e.g. Ammann and Lotter 1989; Lotter 1999; Giesecke et al. 2014;
Seppé et al. 2004, Bjune et al. 2010; Seppé et al. 2015; Birks et al. 2014; Felde et al. 2016;
Poraj-Gorska et al. 2017; Rey et al. 2017; Adolf et al. 2018a, 2018b). Despite the unique
potential of high-alpine glaciers to study large-scale vegetation, fire, and pollution dynamics
(e.g. Eichler et al. 2011, Brugger et al. 2018a), no long-term palynological records from high-
alpine ice archives in Europe are available. This lack of data hampers the understanding of
processes that may allow identifying future potentials of plants under changing land use and
climatic conditions. Using ice cores would allow filling this gap and in addition it would
contribute to circumvent the '“C-plateau after 1600 AD that prevents precise dating of
sedimentary records during the early industrialization period (Guilderson et al. 2005; Hua
2009), unless varved sediments are used (e.g. Haltia-Hovi 2007; Rey et al. 2018).

Colle Gnifetti glacier is located on the Monte Rosa massif at the border between

Western, Central, and Southern Europe (Sigl et al. 2018). The location in the center of Europe

26



Manuscript 2 - Ice record reveals industrial footprint in European vegetation

together with its very high elevation > 4,000 m a.s.l. allows ice accumulation over long
periods and results in a wide catchment covering important sections of the continent
(Wagenbach and Geis 1989; Thevenon et al. 2009, Sigl et al. 2018). These special
characteristics combined with an exceptional temporal resolution and precision, especially for
the period of increased globalization (recent 250 years), may permit to answer how
globalization and industrialization impacted biomes across Europe. Here we aim at 1)
reconstructing large-scale vegetation, land use, fire, and industrial pollution dynamics at the
interface between Western, Central, and Southern Europe with an exceptional temporal
resolution and precision, (2) discussing the retrieved vegetation information in the light of
historical sources, and (3) assessing the ecosystem responses to land use, fire,
industrialization, climate change, and increasing globalization. A better understanding of past
ecosystem responses to industrial impacts may contribute to refine conservation strategies for

mitigating ecosystem degradation under global change conditions.

2 Study site

The high-alpine glacier Colle Gnifetti is located on the Monte Rosa massif in the
Swiss Alps close to the Italian border (Fig. 1A). It is the highest glacier saddle of the Alps and
a so-called cold glacier (Wagenbach and Geis 1989) that allows the formation of a long-term
ice archive with relatively low annual snow accumulation rates (ca. 0.33 m year™) due to
preferential erosion of dry winter snow (Jenk et al. 2009; Thevenon et al. 2009). Being
located on the border between Southern, Western, and Central Europe it provides the unique
opportunity to investigate large-scale environmental dynamics across different European
biomes.

Europe is characterized by strong climatic gradients from a moister oceanic climate in

the west to an increasingly dry continental climate in the east combined with strong latitudinal

27



Manuscript 2 - Ice record reveals industrial footprint in European vegetation

temperature increases from cold subarctic Northern Europe towards the subtropical
Mediterranean (Lang 1994). The predominant wind direction is the Westerlies. The continent
is under intense anthropogenic influence since millennia including humanization of vegetation
in vast agricultural areas (Stoate et al. 2001). The Alps as a natural barrier divide southern
European (subtropical mediterranean) from western (oceanic temperate) and central European
(subcontinental temperate) vegetation (Fig. 1, Lang 1994). The modern altitudinal vegetation
belts in the Alps are controlled by temperature. The permanent snow line is at around 3,000 m
a.s.l. (Ellenberg 1996), while the tree line reaches uppermost elevations of 2,400 m a.s.l. that
are occupied by Larix decidua and Pinus cembra (Tinner and Theurillat, 2003). The forests in
the montane belt are dominated by Picea abies, Abies alba, with increasing importance of
Fagus sylvatica below 1,400 m a.s.l. Temperate mixed Fagus and Quercus communities
dominate the forests in the lowlands north and south of the Alps (Ellenberg 1996). South of
the Alps, Castanea sativa is an important submediterranean forest component of the colline
belt (Ellenberg 1996). Towards the Mediterranean Sea subtropical evergreen broadleaved
trees and shrubs such as Quercus ilex, Pistacia, and Olea become increasingly important

(Lang 1994).

3 Material and Methods

We analyzed samples from two ice cores (CG03B and CG15) of Colle Gnifetti glacier.
The glacier saddle was drilled in September 2003 AD for CG03B at an altitude of 4,450 m
a.s.l. (45°55°55°N, 7°52°34°E). The drilling reached bedrock with a total ice core length of
82 m and a diameter of 8.2 cm. In September 2015 AD an additional shallow core (CG15
covering 2002-2015 AD; Sigl et al. 2018) was drilled to update CG0O3B to the recent period.
Frozen core segments of ca. 70 cm were transported to the Paul Scherrer Institute (PSI) for

sample processing.
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202 continuous samples spanning the period 1050 AD to 2015 AD (56.5—0 m weq of
CGO03B and 6-0 m weq of CG15; weq = water equivalent, corrected for varying density) were
dedicated to palynological analysis. The exponential depth-age relationship (Fig. 2) results in
varying annual layer thickness along the ice record. Thus, the temporal sampling resolution in
the younger part was much higher compared to the older part where the ice had thinned
substantially. This results in a changing microfossil detection threshold with growing core
depth. The resulting sample resolution is 10-20 years (1050—1500 AD) and 5-10 years
(1500-1900 AD). Samples covering 1900-2015 AD reached extremely high-resolution (less
than one year per sample), therefore they were merged to five years after microfossil analysis
using the existing chronology (Jenk et al. 2009; Sigl et al. 2009; Fig. 2). Each sample
contained 110-1,000 g ice (average = 400 g). The microfossil extraction followed the
protocol for ice sample preparation developed in Brugger et al. (2018b), which involves initial
evaporation to reduce the water content, followed by acetolysis and KOH treatment before
mounting in glycerine.

We use pollen and spores to infer vegetation dynamics and the coprophilous fungal
spore Sporormiella for herbivore-grazing activity (Cugny et al. 2010). Pollen sums varied
largely along the record (average pollen sum = 427 grains) with a minimum of 101 and a
maximum of 2,300 grains in the uppermost part (1900-2015 AD) where samples were
merged after analysis. Pollen and spore identification under a light microscope at 400x
magnification followed Beug (2004) and the reference collection in Bern, Switzerland. We
present pollen and spore data as percentages of the terrestrial pollen sum with summary
curves for primary and secondary cultural indicators (complete taxa list and assignment to
summary curves in supplementary table S1; Lang 1994).

Optimal sum-of-squares partitioning was applied for zonation of the pollen data

including all taxa >5 % (= 27 taxa; Birks and Gordon 1985). Subsequently, we inferred
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statistically significant local pollen assemblage zones (LPAZ) with the broken stick approach
(Bennett 1996). We applied principal component analysis (PCA) to summarize the pollen
percentage data since the short gradient length of the first axis (= 1.734) of a detrended
correspondence analysis (DCA, detrended by segments) justifies using linear ordination
methods (ter Braak and Prentice 1988).

Microscopic charcoal >10 um is used to infer fire activity (e.g. MacDonald et al. 1991;
Conedera et al. 2009; Brugger et al. 2018a). We counted a minimum sum of 200 items
(charcoal fragments and Lycopodium grains; Tinner and Hu 2003; Finsinger and Tinner 2005)
and, if needed due to low charcoal concentrations, we continued until a minimum of 20
charcoal fragments was reached. Subsequently, we calculated the >90-percentile (10 % upper
charcoal concentration values over the entire record = 7,350 particles 1) to infer regional fire
activity peaks. SCP (= spheroidal carbonaceous particles) with a diameter >10 pm and clear
features were counted along pollen and spores to reconstruct industrial air pollution (Rose

2015). All microfossil concentrations were standardized to one liter.

4 Results and Interpretation

4.1 Glacier ice pollen signal and its interpretation

More than 180 different pollen and spore types (Supplementary table S1) were
determined. The modern pollen concentration of ca. 4,920 grains I'' corresponds to a total
influx of 230 grains cm™ year™!. This is similar to other high-alpine glacier records with
comparable preparation methods (e.g. Brugger et al. 2018a) but extremely low compared to
influx values from Alpine treeline pollen traps or sedimentary sites (e.g. at Gouillé Rion ca.
3,000 grains cm™ year™'; Tinner et al. 1996; van der Knaap et al. 2001).

The largest amount derives from arboreal pollen (AP; = 71 %) with high portions of

mediterranean taxa as e.g. Olea europaea (6 %; Fig. 3). The record also contains high shares
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of wind-pollinated summer-flourishing taxa as Castanea, while the late-winter to early-spring
flourishing taxon Corylus is underrepresented compared to sedimentary studies possibly due
to wind-erosion of dry winter snow at Colle Gnifetti (Lauber and Wagner 1996; Thevenon et
al. 2009). Poaceae and other nonarboreal (NAP) secondary cultural indicators (12 % and 15
%, respectively) are abundant and possibly derive from (sub)-alpine meadows. Primary
cultural indicators are rare (1 %), indicating low pollen dispersal of modern industrially
managed crop fields. Occasional pollen of Lygeum spartum that grows in North Africa along
the record correlates with visible red dust layers in the ice record. Red dust layers were
recorded during sampling and indicate air masses from the Sahara.

The palynological record suggests no strong long-term shift in and between biomes
during the past millennium. Short-term pollen composition changes between samples might
be related to the nature of the archive (Fig. 4). Our palynological record is a mixture of
different altitudinal belts and vegetation regions, thus it is not suited for a conventional local
to regional vegetation reconstruction but can be used to assess vegetation composition and
land use dynamics on a subcontinental to continental scale, covering the boreal, temperate,

mediterranean, and steppic biomes.

4.2 Large scale vegetation changes

Two statistically significant local pollen assemblage zones (LPAZ) were identified
along the palynological record (CG-1 and CG-2; Fig. 4). We additionally divided LPAZ CG-1
in three non-significant subzones (CG-1a—c). Results are presented as pollen percentages and
pollen concentrations, on an average reaching 3,000 pollen grains 1! along the record.

Pollen data in zone CG-1a (1050-1300 AD, Fig. 4) consist of ca. 60 % AP at the
beginning, then values drop to 40 % for temperate and boreal trees. Important arboreal taxa
include Pinus sylvestris-type, Quercus robur-pubescens-type, Q. ilex-type, Alnus glutinosa-

type, A. viridis, Juniperus, and up to 5 % Castanea. NAP consist mainly of Poaceae and other
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secondary cultural indicators that reach highest shares (see supplementary table S1) as well as
primary cultural indicators as e.g. Cannabis-type or Secale. In combination with high
Sporormiella percentages, this may indicate intensification of arable and pastoral farming
activities in and around the Alps. A first peak of Cannabis-type percentage together with
Urtica occurs around 1150-1200 AD, which is in line with sedimentary records from north
and south of the Alps, suggesting a period of increased hemp production (van der Knaap et al.
2000).

After 1300 AD at the beginning of zone CG-1b (Fig. 4), AP increases to 70 %
suggesting expansions of trees and shrubs. Primary cultural indicators decrease around 1350
AD and again after 1450 AD pointing to periods with reduced land use. Subsequently, the
peak of Beta-type around 1500 AD together with a second increase in Cannabis-type possibly
hints to intensified land use. After 1600 AD increasing Olea europaea percentages point to
olive plantations more than spontaneous afforestation dynamics since other mediterranean
trees as e.g. Quercus ilex-type, Ostrya-type and shrubs such as Pistacia remain low. First Zea
mays pollen and frequent occurrence of Platanus pollen after 1750 AD suggest the
introduction of maize agriculture and the plantation of ornamental and wind-protecting trees
e.g. along roads and in parks.

The period 1820-1890 AD (LPAZ CG-lc, Fig. 4) is characterized by tree pollen
decreasing to 30 %. Reductions comprised boreal (e.g. Pinus sylvestris-type, Larix),
temperate (e.g. Fagus, Quercus robur-pubescens-type) as well as mediterranean taxa (e.g.
Ostrya-type). Together with the contemporaneous increase of heliophilous and disturbance-
adapted Juniperus this vegetational change points to large-scale deforestation (Fig. 4). Some
primary cultural indicators increase (e.g. Cerealia type, Beta-type and Zea mays), while
Secale and Cannabis-type decrease, suggesting general expansions of arable land but

substantial reductions of rye and hemp cultivation.
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After 1890 AD (zone CG-2, Fig. 4), Larix, Abies, Pinus sylvestris-type, Alnus
glutinosa-type, Ostrya-type, and Fraxinus ornus increase, while Juniperus decreases, together
indicating forest expansion and shrubland reduction. This results in a general increase of tree
pollen to ca. 60 % during the 20" century. Castanea pollen percentages show low values
around 1940 AD, and start to increase after 1960 AD with a major rise after 1990 AD. The
systematic appearance of neophyte pollen originating from varying biomes (e.g. Eucalyptus,
Nothofagus, Parthenocissus quinquefolia, Fallopia, Pterocarya, and Heliotropium) after 1910
AD implies the introduction or expansion of alien species. At the same time, the
disappearance of Vitis pollen suggests vineyard decreases during the 20 century.

The first two axes of the PCA explain 20.9 % and 15.7 % of the total variance,
respectively. The sample distribution on these axes shows a large LPAZ overlap suggesting
only minor biome shifts over the past millennium (Fig. 5SA). The PCA groups boreal AP taxa
(e.g. subalpine Picea, Larix, Alnus viridis-type), temperate AP taxa (e.g. Fagus, Corylus), dry
adapted mediterranean (e.g. Olea, Quercus ilex-type, Phyllirea, Pistacia) or steppic taxa
(Ephedra fragilis-type), as well as land use indicators (e.g. Poacaea, Urtica, Cannabis-type,
Castanea or Vitis, Fig. 5B). Thus, the ordination groups the taxa according to their occurrence
in the natural biome, concurrently dividing natural plants from field crops, weeds and fruit
trees. In summary, the PCA results support that intensified land-use phases occurred

synchronously across biomes.

4.3 Fire and industrial pollution history

The average charcoal concentration in the recent part (ca. 8,540 particles 1! for the
period 2000-2015 AD) corresponds to a microscopic charcoal influx of ca. 390 particles cm™
year! or 0.16 mm? cm™ year™' (Tinner and Hu 2003). This is similar to other high-alpine

glacier records that used analogue preparation methods (e.g. 200 particles cm™ year™! at
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Tsambagarav; Brugger et al. 2018a) but very low compared to sedimentary time-series (e.g.
Tinner et al. 1998; Adolf et al. 2018a; Rey et al. 2017).

Charcoal concentrations are low (average ca. 2,500 particles I'") and show no peak
values (>90-percentile) before 1750 AD, implying no major fire activity (Fig. 4, 6). Charcoal
concentrations sharply increase after 1750 AD, revealing a major fire regime change with
increased fire activity (probably frequency, Conedera et al. 2009). This fire-regime shift
coincided with the first pollen-inferred Zea mays cultivation. Major charcoal peaks (> 90-
percentile) are concentrated in the period 1750-1820 AD and during the 20™ century with a
maximum peak in 1970 AD. Conversely, charcoal concentrations are lower 1820-1890 AD
(average ca. 2,500 particles 1" and no peaks >90-percentile), suggesting minimum fire
activity, which coincided with maximum NAP-inferred openland abundance.

Frequent SCP finds occur after 1770 AD and delimit the onset of atmospheric
pollution, likely as a result of fossil fuel burning (Fig. 4). Most strikingly, initial atmospheric
pollution occurred contemporaneously with the onset of Zea mays cultivation and the sharp
increase of fire activity after 1750 AD. SCP concentrations raise during the 20 century
suggesting reinforced fossil fuel burning that reached extremes around 1970 AD (ca. 900
particles I'!). SCP concentrations decrease again after 1980 AD to values comparable to the
early 20" century, most probably as a consequence of technical advances and environmental
regulations (Fig. 6). Indeed, after excessive levels 1970—-1980 AD, by 2000-2015 AD

charcoal and SCP levels had fallen to 19™ century levels.

5 Discussion

5.1 Pre-Industrial land-use
The Medieval climate optimum (ca. 1000-1300 AD) in Europe is widely recognized as

a period of propitious climatic conditions for agriculture (Ruddiman 2003). Population grew
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rapidly and further space was needed for crops, husbandry and settlements (Jones 2003). New
agricultural innovations increased the crop yields (e.g. in tons per hectare through three-field-
crop-rotation system) and expanded the area that could be managed by each farmer (e.g.
heavy plow technology or shift from oxen to horse-pulled plows; Cipolla 2004). These
innovations are mirrored in the Colle Gnifetti record with increased cultivation and maximum
landscape openness. The openness pattern before 1300 AD is also recorded at sedimentary
sites (e.g. Rosch et al. 1992; Tinner et al. 2003; Gobet and Tinner 2012) and in historical data
(e.g. Bitzing 2015). Timber was cut for house construction, used as heating fuel, and
furthermore for iron smelting e.g. in the lowlands of the Southern Alps (Pini 2002;
Colombaroli et al. 2010). Additionally, subalpine forests were cleared for pasture, hay
meadow areas, and crop cultivation (e.g. Gobet et al. 2003). In particular, when the Walser
people left the Canton of Valais from the 13™ century onwards, they settled close to the
treeline (and even beyond) in the Swiss Cantons of Uri and the Grisons, as well as in western
Austria. They cut forests to create new pastures and thereby increased the risk of avalanches
(Renner 2013 for the Ursern Valley).

Crop cultivation and pasture activities were markedly reduced at the end of the
medieval climate optimum ca. 1300 AD according to our glacier record, when climate became
cooler and famines and Black Death reduced population (Rosch et al. 1992; Ruddiman 2003;
Campbell 2016, 2018). Subsequently, shrublands and forests expanded in the pollen
catchment of our ice record, a process also recorded in sedimentary sites north and south of
the Alps (e.g. Tinner et al. 1999; Gobet and Tinner 2012). The period of unfavorable
conditions lasted until the end of the Little Ice Age (LIA) cold period ca. 1850 AD
(Holzhauser et al. 2005). Somewhat surprisingly, no centennial-scale LIA effects are recorded
at Colle Gnifetti. However, particularly cold phases of the LIA (e.g. 1600-1650 AD, 1675—

1715 AD, 1790-1840 AD; Luterbacher et al. 2001; Masson-Delmotte et al. 2013; CH2014-
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Impacts 2014) coincide with reduced agricultural activity (e.g. primary cultural indicators
reduced at 1650 AD, 1670 AD, 1720 AD, 1830 AD, 1900 AD; see figure 4 and Bracher 2016
for Upper Valais pasture areas). Our record suggests two further very pronounced short-term
periods of reduced cultivation (no finds of primary cultural indicators) around 1350 AD and
1450 AD that correlate with historical events. The Black Death of 1347-1352 AD largely
reduced population across Europe and the related agricultural activities (Aberth 2005;
Hoffmann 2014; Campbell 2016, 2018). A hundred years later, the Kuwae volcanic eruption
of 1453 AD significantly affected the climate, accelerating the LIA cooling trend that had
intensified after 1430 AD (Camenisch et al. 2016; Esper et al. 2017). The following three cold
decades (Esper et al. 2017) strongly reduced crop yields, causing famines and other societal
problems. The problem were not only the numerous wet summers with poor harvests, but the
extended rain in autumn furthermore hampered the sowing of winter grain. Additionally, it
led to the stored grain being more vulnerable to the spread of the grain weevil, other insects,
infections, and fungi (Campbell 2016; Camenisch 2018; Camenisch and Rohr 2018). In
contrast, the Tambora eruption (1815 AD) left no visible impact in the Colle Gnifetti record in
regard to subsequent agricultural yields, despite the historically documented crop failures
(Kramer 2015). This lacking sensibility of our record is explicable by the unfortunate pollen
sampling that bridges the Tambora eruption (recorded with an ash layer in the ice; see Fig. 2)
with an insufficient sample resolution of ten years, which impedes a thorough assessment of
the short-term climatic effects (ca. 1-3 years).

1540 AD is historically widely documented as a “Megadrought” year in Europe,
lasting from spring to autumn and covering most parts of Europe from the southern British
Isles to southern Italy and from the Iberian Peninsula to Poland. More than 300 independent
documentary sources give evidence about extremely low river flows and lakes, crop failure

and Europe-wide forest and settlement fires (Pfister et al. 2015). Trees and vines suffered
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from severe drought stress. Surprisingly, previous highly resolved natural archives (e.g. tree
ring records) failed to detect this drastic event (Wetter et al. 2014; Biintgen et al. 2015; Pfister
et al. 2015), while in our time series wide-scale burning over Europe is unambiguously
recorded (charcoal peak dated at 1538 AD; fig. 4). Other minor charcoal-inferred fire episodes
from the Colle Gnifetti record may correspond to historically important dry periods, which
increased the fire risk in Europe markedly (e.g. 1473 AD, 1718-1719 AD; Wetter et al. 2014;
Camenisch et al. in review). Combining our pre-industrial ice core evidence with historical
sources suggests that large-scale agricultural dynamics depended on both, climate and societal
crises. Thus, small-scale subsistence systems that were characteristic for preindustrial
societies show a high sensitivity to large-scale drivers of ecosystem change (Tinner et al.

2003; Hoffmann 2014).

5.2 Onset of European Industrialization and Globalization around 1750 AD

Our Colle Gnifetti record suggests a pronounced shift in land-use, fire, and pollution
history around 1750 AD. Historically the 18™ century was characterized by huge scientific
progresses of the enlightenment (the Century of Philosophy; Israel 2002) that released rapid
population growth and agrarian innovations, which started the transformation from
subsistence economy to industrialized machine-age production. During the LIA (especially
during the Maunder minimum ca. 1675-1715 AD), crop storage over winter was extremely
difficult. This facilitated the invention of novel crops that were less susceptible to rain or hail
and less complicated for winter storage (Pfister 1979, 1984; Montanari 1996; Luterbacher et
al. 2001; Xoplaki et al. 2011; Sereni 2014). Maize was introduced in Europe after Columbus
and became the first edible plant from America that was widely accepted (Montanari 1996;
Bétzing 2015). The high productivity of maize compared to traditional European crops (e.g.
Triticum, Panicum, Setaria, Hordeum) opened new income possibilities with high margins

and nutrition at low cost in southern Europe. This promoted the shift from garden-cultivation
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of maize to large-scale production on agricultural fields after the 16" century (Montanari
1996). By the mid-18™ century, maize production expanded rapidly in northern Italy and after
the crisis in 1740/41 AD in the Balkan region, where it replaced millet and barley as the major
crop within decades (Montanari 1996; Sereni 2014). Soon the diet of Mediterranean peasants
was based on maize to a degree that the novel malnutrition disease Pellagra appeared in 1730
AD. The new disease was closely associated with the almost exclusive maize diet that
eventually caused skin maladies and dementia (Montanari 1996; Hegyi 2004).

With industrial food production and population growth, energy needs increased (Jones
2003; Wrigley 2013; Malanima 2016). Around 1750 AD, timber and charcoal were the main
fuels for e.g. energy-demanding salt extraction in Austria as well as for mining, metallurgy,
and smelting in Piemont and Lombardy (Hiirlimann 2008; Mathieu 2015). Timber and
charcoal were exported from forested subalpine regions in immense quantities (Hiirlimann
2008). The drastic shift of the fire regime documented in the Colle Gnifetti record may reflect
a change in land use activity connected to the introduction of new crops such as maize (e.g.
burning of crop residuals after harvest) or increasing forest burning. For instance, historically,
forest fires in the Engadin region and in the Canton of Valais were connected to accidents
during charcoal production as well as fires in wooden-built villages (Fliickiger-Seiler 2006;
Rohr 2011). Indeed, frequent fires and shortage of timber in the southern Alps caused a shift
in architecture towards stone buildings or at least a decrease of wooden shingle roofs.
However, in some cases the local people did not fight large forest fires such in the case of
Nendaz (1821 AD), because the ash seemed more useful than the timber itself (Rohr 2011).
The fire event in Nendaz, only ca. 30 km away from Colle Gnifetti glacier, correlates clearly
with a fire peak in the ice record.
The lacking response in forest cover change (AP remains unchanged) may primarily indicate

that young forests or timber was collected or affected, producing no marked pollen signal
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(Conedera et al. 2004). In the ice record the effects of the so-called “timber era” (large-scale
forest disruption; Sombart 1919; Stuber 2008) are recorded after 1820 AD, with marked AP
declines (von Gunten et al. 2008). Natural wood resources only recovered with the transition
to fossil energy consumption (black or stone coal; Stuber 2008; Radkau 2012; Wrigley 2013;
Malanima 2016). However, new forest protection paradigms also contributed to forest
recovery (Mathieu 2015). Indeed, negative consequences of the deforested landscapes (e.g.
erosion, frequent flood events, avalanches) were so massive that they triggered the creation of
first mountain forest protection laws (1876 AD in Switzerland and 1877 AD in Italy; Pfister
and Brandli 1999; Summermatter 2012).

The onset of SCP deposition deriving from fossil fuel burnings is dated at ca. 1770 AD
in the Monte Rosa ice core. In lake sediments, SCPs are regularly recorded after 1850 AD,
when fossil energy, mainly as black or brown coal, was already widely consumed on the
European continent (Rose 2015; Mathieu 2015; Malanima 2016). SCPs often serve as a
temporal marker (onset = 1850 AD) to refine lake sediment chronologies (Kamenik et al.
2009; Rose 2015). Various archeological sites in Europe document the use of black coal from
small outcrops already since the Roman period (Harris 1946; Dearne and Branigan 1995). In
fact, the first large-scale burnings of black coal are documented from Great Britain in the 171
and 18" century, where energy demands exceeded timber availability much earlier than on the
still to some extent forested European continent. For instance, 650,000 tons of black coal
were shipped from Tyneside to Wearside each year by 1750 AD (Wrigley 1967; Wrigley
2013; Malanima 2016). Wherever people mined for black coal, the problem of transport
remained until the breakthrough of steam-powered ships and railways in the mid-19" century.
Hence, black coal was only used for steam engines close to the coal deposits. The search for
black coal deposits in Switzerland began in the 16" century and was intensified during the

18" century, but most of the deposits in Switzerland were relatively small and therefore
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exploited after some years or decades. After 1850 AD, black coal became important also for
Swiss industries and transport. It was mostly imported from Germany (Saarland district),
Belgium and eastern France (Loire basin near Saint-Etienne; Pelet 2008). Our precise
chronology from Colle Gnifetti ice record suggests that first SCP-derived fossil fuel pollution
reached the Alps shortly after 1750 AD (Jenk et al. 2009; Sigl et al. 2009), possibly related to
the easiness of recognition in clean ice compared to dark sediments and/or the larger SCP-
catchment for the ice record (Rose 2015). The subsequent SCP-derived increase of fossil fuel
pollution 1770-1850 AD correlates well with the black carbon pattern from Colle Gnifetti,
which was, however, mainly attributed to forest fire activity (Malanima 2016; Sigl et al.
2018). Indeed, SCP is a more specific tracer for industrial burning than black carbon.
Specifically, it allows the detection of small fossil fuel burning portions that cannot be
distinguished from wood burning with less specific chemical tracers (Sigl et al. 2018).

The shift to fossil energy in Europe also facilitated the transportation of people and
goods tremendously as e.g. the decline of Cannabis cultivation in the 19" century is
connected to the replacement of hemp and flax by imported cotton that initiated the successful
Swiss textile industry (van der Knaap et al. 2000). Fossil fuel-operated steamboats suddenly
allowed a rapid exchange between continents e.g. crossing of the Atlantic Ocean in <14 days
(Dumpleton 2002). Henceforth, European colonialists in the 19 century could not only bring
seeds or bulbs from their travels but imported entire new plant species for botanical gardens
(Mack and Lonsdale 2001; McAleer, 2016). Some of these exotic plants spread to an extent
that they become detectable in the Colle Gnifetti record already at the beginning of the 20"
century (e.g. Eucalyptus, Fallopia). The increasing exchange of plants between continents
brought also new plant pathogens as e.g. the grape Phylloxera that was introduced with
American wine species in Europe after 1860 AD and spread quickly from France to

neighboring countries. In the late 19" century, the “grape pest” reached Germany and the very
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west of Switzerland, whereas vineyards in the Bielersee region on the Swiss Plateau and in
Northern Switzerland were only slightly affected in the 1910s (Schneider-Orelli 1923;
Aebischer 2018; Deppeler 2018). Swiss vineyards were adjusted by selection of resistant
varieties, but were reduced in general since the 1880s due to a lower demand for Swiss wines,
among other reasons caused by the anti-alcohol campaigns in Switzerland (Auderset and
Moser 2016). This overall (southern) European reduction is visible to an extent that Vitis
pollen vanishes in the Colle Gnifetti record despite the growing likelihood to discover Vitis

pollen grains because of increasing sampling resolution during the 20" century.

5.3 Responses of humanized vegetation to industrial agriculture

Temperate mixed beech or oak forests are the predominant lowland forest vegetation
on fertile soils in Western and Central Europe. Forests were heavily disrupted since millennia
and their species composition changed markedly in response to land use (Conedera et al.
2017; Whitlock et al. 2018; Rey et al. 2017). Industrial agriculture with fossil-based heavy
machineries concentrated on lowland areas, which are most profitable for large-scale
production. Our Colle Gnifetti record suggests that lowland forest disruption continued until
2015 AD, which is in agreement with sedimentary time series from central areas (Tinner et al.
2005; Colombaroli et al. 2007; Vanniére et al. 2008; Tinner et al. 2009; Kaltenrieder et al.
2010; Rey et al. 2017). Cereal production in the lowlands further increased during the 20"
century with growing population. The cereal pollen decrease during the past decades in the
Colle Gnifetti record may be related to the collapse of cereal production on terraces in and
around the Alps or less likely to new varieties and/or cereal elaboration developed in the last
decades that may have affected pollen dispersal (Stoate et al. 2001).

Increasing fossil-fuel-powered cultivation and the use of fertilizers as well as
pesticides facilitated more agricultural biomass on shrinking field areas (Erb et al. 2008). This

centralization triggered the abandonment of subsistence cultivation on less favorable grounds
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for large-scale agricultural production as e.g. on mountain terraces that could not be managed
profitably with heavy machines (Zoller et al. 1996; MacDonald et al. 2000; Erb et al. 2008;
Mathieu 2015). Over this “historical pastoralization” many unprofitable subsistence crop
fields were either converted to pasture areas or completely abandoned in and around the Alps
(Bitzing 2015), as e.g. documented after 1800 AD at Colle Gnifetti. In agreement, shrinking
Secale and Cannabis cultivation was recorded at Gouillé Rion in the Central Swiss Alps
(Tinner et al. 1996, van der Knaap et al. 2001). The desertion of less favorable vineyards in
the Alpine region after 1900 AD provides another example for reduced cultivation activity in
marginal areas (Aebischer 2018; Deppeler 2018). This land use-decline allowed subalpine and
montane forest recoveries, which is mirrored in the Colle Gnifetti as e.g. Pinus sylvestris,
Abies alba, and Larix decidua expanded in the most recent period. Forest recoveries were also
reconstructed at lake sites in the Alps and the Iberian mountains and were attributed to land
abandonment partly in combination with ongoing climate warming (Desprat et al. 2003;
Gobet et al. 2003; Gehrig-Fasel et al. 2007; Schworer et al. 2014a; Schworer et al. 2014b;
Morales-Molino et al. 2018). Most strikingly, our high-alpine glacier archive perfectly mirrors
the forest and chestnut cultivation fluctuations in the colline belt of the southern Alps during
the last century (Tinner et al. 1998).

Land-use pressure decline in marginal areas with little agricultural value favored
submediterranean woodland communities dominated by Ostrya carpinifolia and Fraxinus
ornus, which form pioneer vegetation on carbonate rock slopes south of the Alps and
expanded in the Colle Gnifetti record and elsewhere south of the Alps during the past decades
(Poldini 1982; Gobet et al. 2000). In general, forests expanded across many landscapes in and
around Alps, as in the Northern and Central Alps the forest areas increased by 27-50 %
between 1880 AD and 2000 AD and in the Southern Alps by 100 % (Poyatos et al. 2003;

Ginzler et al. 2011; Mathieu 2015). Interestingly, shrublands did not expand at the large scale
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covered by our record, as expected for pioneer vegetation types after abandonment of land
use. For instance, A/nus viridis thickets often spread as initial succession after abandonment
of subalpine meadows (Gobet et al. 2003; Biithimann et al. 2014), but this species did not
increase in our record.

Fluvial wetland areas provide fertile soils for profitable agriculture, limited by
recurrent floods that may harm crop yields (Blume et al. 2016). During the 19'" and 20™
century, many rivers were straightened to drain additional wetland areas for production and to
prevent flood events as e.g. the Po-plain-wetlands in Northern Italy, the Rhone, Linth, and
Jura water corrections (Vischer 1986, 2003; Simeoni and Corbau; 2009; Summermatter
2012). On the other hand, riparian forests in the remaining wetlands could recover since
small-scale production in these marginal areas was reduced. In agreement, the riparian taxa
Alnus glutinosa and Pinus sylvestris expanded in the Colle Gnifetti record or in records from
remote peatland areas (e.g. Gatka et al. 2017) during the past century. Land abandonment and
forest successions in the past decades and near future will further increase dead biomass,
which may potentially enhance fire risks in the Southern Alps and the Mediterranean,
counteracting public efforts of fire prevention (Tinner et al. 1998, 2000, 2005; Conedera and

Tinner 2010; Daniau et al. 2012).

6 Conclusions

For the first time, we directly combine palynological ice core data with historical
sources to provide novel insights into industrialized and globalized land-use impacts on fire
regime and vegetation dynamics across European biomes. Preindustrial land use was mainly
based on solar energy i.e. timber regrowth, field harvests, animal power depend directly or
indirectly on photosynthesis. Solar societies heavily affected natural vegetation since the

onset of agriculture, and hence since millennia before the medieval climate optimum when
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our record begins. The transformation to fossil fuel-based industrial land use started soon after
1750 AD together with first signs of large-scale atmospheric pollution, which challenges
1750-1850 AD as a pre-industrial reference period (Sigl et al. 2018). Therefore, an earlier
reference period e.g. 1650—-1750 AD might be used as a baseline to infer pre-industrial
conditions for e.g. atmospheric modeling approaches. Today, industrialized production is
concentrated in central areas, where ecosystems are heavily exploited, including the
conversion of formerly forested areas in industrial, urban, and farmland space. While lowland
vegetation suffers from progressive globalization of economies, industrialized agriculture may
provide novel opportunities for the recovery of quasi-natural plant communities in marginal
areas. However, current rapid climate warming, the introduction of new invasive species, and

pathogens might counteract potential vegetation recoveries.
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9 Figures

Figure 1 Map of the study site. A) Showing European biomes (= vegetation zones, following Lang 1994) and
geographical regions (modified from Jordan 2005) study region (red triangle). B) Map of the Monte Rosa region in
the Swiss Alps with drilling location (red triangle, topographic map © SWIsstopo ch 2018).
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Figure 2 Chronology of the Colle Gnifetti palynological record (lilac shaded period). Chronology for the upper core
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particles (yellow dots with uncertainty bars). Figure adapted from Jenk et al. (2009) and Sigl et al. (2009).
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Figure 3 Modern pollen composition at Colle Gnifetti glacier shows selected pollen types and summary curves

based on classification in table S1 as percentages of the terrestrial pollen sum. Colors refer to biome assignment
of arboreal pollen taxa (light green = mediterranean; dark green = temperate; blue = boreal, black = other AP; red
= herbaceous taxa). Pollen sum = 4729. Cl = Cultural indicators, NAP = nonarboreal pollen, AP = arboreal pollen.
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Figure 4 Percentage diagram for Colle Gnifetti for selected pollen types and the fungal dung spore Sporormiella
based on the pollen sum. Neophyte sum includes Eucalyptus, Nothofagus, Parthenocissus quinquefolia, Fallopia,
Pterocarya, and Heliotropium. Hollow curves = 10x exaggeration. Concentration curves for microscopic charcoal
(including peaks exceeding 90-percentile, spheroidal carbonaceous particles (SCPs), pollen, and Sporormiella in
particles I''. Counted pollen sums. LPAZ = local pollen assemblage zone. Depth indicates core depth in m water
equivalent of core CG03B drilled in 2003. Chronology according to Jenk et al. (2009), Sigl et al. (2009) with
indication of absolute reference horizons (see Fig. 2).
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Figure 5 Principal component analysis (PCA) for the Colle Gnifetti (CG) palynological record based on
percentages of the terrestrial pollen sum. A: Sample scores grouped by local pollen assemblage zones (LPAZ,
marked with different colors see lilac box). B: Selected taxa scores with colors indicating assigned biome and red
for primary and secondary cultural NAP (= nonarboreal pollen). Abbreviation of genera: A = Alnus; B = Betula; E =
Ephedra; F = Fraxinus; Q = Quercus; P = Plantago.
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Figure 6 Scatterplot for European natural fire and industrial pollution dynamics inferred from Colle Gnifetti
microscopic charcoal (x-axis) and SCP (spheroidal carbonaceous particles, y-axis) concentration records during
the past millennium. Average for the period 1050—1700 AD, 50 years average for the period 1700—1900 AD, 10
year average after 1900 AD.
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Supplementary material

Table S1 Complete pollen and NPP taxa list for the palynological record of Colle Gnifetti glacier with assignment
to summary groups in the pollen diagram primary and secondary cultural indicators following Lang (1994), pollen
types according to Beug (2004).
Taxa

Mediterranean AP | e Cultivated: Morus, Olea europaea, Pistacia

o Other: Celtis, Fraxinus ornus, Genista-type, Ligustrum-type, Mimosoideae, Myrtus
communis, Ostrya-type, Phillyrea, Quercus cerris-type, Q. ilex-type, Tsuga

Temperate AP o Cultivated: Aesculus hippocastanum, Castanea, Juglans, Prunus-type, Vitis

o Other: Abies, Acer, Alnus glutinosa-type, , Buxus, Carpinus betulus, Cornus mas-type,
C. sanguinea, Corylus, Daphne, Fagus, Frangula alnus, Fraxinus excelsior-type,
Hedera helix, Hippophaé rhamnoides, Platanus orientalis, Populus, Quercus robur-
pubescens-type, Rhamnus-type, Salix, Sambucus, Sambucus nigra-type, Sorbus-
type, Thymelaea passerina, Tilia, Uimus, Viburnum lantana, V. opulus-type

Boreal AP o A. viridis, Betula alba-type, Calluna vulgaris, Empetrum, other Ericaceae, Erica,
Juniperus, Larix, Picea, Pinus cembra, P. sylvestris-type, Rhododendron, Vaccinium-
type

Steppic AP o Ephedra distachya-type, E. fragilis-type, Eucalyptus, Parthenocissus quinquefolia

Neophyte AP o Nothofagus, Pterocarya

Mediterranean NAP

Temperate/ steppic Primary cultural indicators: Cannabis-type, Cerealia-type, Beta-type, Humulus-type,
NAP Secale, Zea mays

Emex spinosa, Lygeum spartum

e Secondary cultural indicators: Allium vineale-type, Amaranthus, Ambrosia, Anagallis-
type, other Apiaceae, Artemisia, Asteroideae undiff., Brassicaceae, Bupleurum-type,
other Campanulaceae, Carduus-type, Caryophyllaceae, other Centaurea, C.
scabiosa-type, Chaerophyllum-type, Chenopodium-type, other Chenopodiaceae,
Cichorioideae, Conium-type, Coronilla-type, Cyperaceae, Daucus-type, Eryngium,
Fabaceae undiff., Galium, Heracleum sphondylium, Lathyrus-type, Liliaceae undiff.,
Mentha-type, Mercurialis annua, M. perennis-type, Odontites-type, Onobrychis,
Ononis, Papaver rhoeas-type, Peucedanum-type, Pimpinella-type, Plantago
coronopus-type, P. lanceolata-type, P. major, P. media, Poaceae, Polygonum
aviculare-type, Ranunculus, R. acris-type, R. arvensis, other Ranunculaceae,
Rubiaceae, Salsola-type, Senecio-type, Trifolium repens-type, Urtica

o Other: Callygonum-type, Cuscuta europaea-type, Echium, Filipendula, Hypericum,
Lamiaceae, Parnassia palustris-type, Pedicularis palustris-type, Plumbaginaceae,
other Rosaceae, Sanguisorba minor-type, Stachys-type, Thalictrum, Valeriana undiff.,
V. officinalis-type, Xanthium spinosum-type

o Neophytes: Fallopia, Heliotropium

Boreal NAP e Secondary indicators: Achillea, Aster-type, Centaurea cyanus, C. jacea-type,
Centaurea montana-type, Oxyria, Plantago alpina-type, Rumex undiff., R. acetosa-
type, R. acetosella-type, Rumex alpinus-type, R. obtusifolius

o Other: Androsace alpina-type, Anthyllis montana-type, Bartsia-type, Gentiana undiff.,
Gentiana pneumonanthe-type, Geum-type, Helianthemum, Herniaria glabra-type,
Jasione montana-type, Ligusticum mutellina-type, Lysimachia undiff., Lysimachia
nemorum, Phyteuma-type, Potentilla-type, Ranunculus aconitifolius-type, Saxifraga
aizoides-type, Scrophulariaceae, Sedum-type, Valeriana montana-type

Aquatic e Sparganium-type, Utricularia

Fern spores e Asplenium, Botrychium, Dryopteris filix-mas, Gymnocarpium, Isoetes, other monolete
spores, Polypodium, other trilete spores

Fungal spores o Celasinospora retispora, Diporotheca, Neurospora, Sporormiella, Sordaria, Ustulina

Algae e Pediastrum, Tetraedron
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ARTICLE INFO ABSTRACT

Forest and steppe communities in the Altai region of Central Asia are threatened by changing climate and
anthropogenic pressure. Specifically, increasing drought and grazing pressure may cause collapses of moisture-
demanding plant communities, particularly forests. Knowledge about past vegetation and fire responses to cli-
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Diversity mate and land use changes may help anticipating future ecosystem risks, given that it has the potential to
ﬁz;:;:e chanee disclose mechanisms and processes that govern ecosystem vulnerability. We present a unique paleoecological
Pollen & record from the high-alpine Tsambagarav glacier in the Mongolian Altai that provides novel large-scale in-

Microscopic charcoal formation on vegetation, fire and pollution with an exceptional temporal resolution and precision. Our paly-

SCP nological record identifies several late-Holocene boreal forest expansions, contractions and subsequent re-
coveries. Maximum forest expansions occurred at 3000-2800 BC, 2400-2100 BC, and 1900-1800 BC. After
1800 BC mixed boreal forest communities irrecoverably declined. Fires reached a maximum at 1600 BC,
200 years after the final forest collapse. Our multiproxy data suggest that burning peaked in response to dead
biomass accumulation resulting from forest diebacks. Vegetation and fire regimes partly decoupled from climate
after 1700 AD, when atmospheric industrial pollution began, and land use intensified. We conclude that
moisture availability was more important than temperature for past vegetation dynamics, in particular for forest
loss and steppe expansion. The past Mongolian Altai evidence implies that in the future forests of the Russian
Altai may collapse in response to reduced moisture availability.

1. Introduction

Forest disruption has substantially increased globally in recent years
(McDowell and Allen, 2015). The vast boreal forests and forest steppes
in and around the Altai region in Central Asia provide an important
terrestrial carbon storage but respond highly sensitive to recent global
change (Sato et al., 2007; Liu et al., 2013; Chenlemuge et al., 2013; Tian
et al.,, 2013, 2014; Hijioka et al., 2014; Dulamsuren et al., 2016;
Khansaritoreh et al., 2017; Zhao et al., 2018). In the past decades, the
Altai region experienced rising temperatures combined with increasing
extreme events such as prolonged heatwaves, drought periods, and
short-term heavy rainfall events (Lkhagvadorj et al., 2013). As boreal
forest growth is not only limited by temperature but also by moisture

availability, the forests progressively suffer from water constraints
(Dulamsuren et al., 2010, 2014). The establishment, persistence, and
decline of these boreal forests depend on soil moisture availability,
which is not only constrained by precipitation, but also by the local soil
development and its water-holding capacity (Henne et al., 2011) that is
extremely low for the predominant soil types in the region.

The central position of the Altai Mountains between the vast
Siberian Taiga forests in the north and the Gobi desert in the south
results in a steep climatic and vegetation gradient with fragmented and
diverse habitats including many rare and endemic species (Rudaya
et al., 2008). Their natural resources such as forests, productive grass-
lands, and fresh water sources have attracted Central Asian nomadic
groups since centuries (Rudaya et al., 2008). In recent years, these
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ecotonal mountain steppe ecosystems experienced rapid degradation
through over-grazing, systematic logging, dead wood collecting, and
human-set fires (Tsogtbaatar, 2004; Dulamsuren et al., 2014). Anthro-
pogenic pressure combined with growing moisture deficiency may
cause irreversible forest vegetation loss, reduce steppe pasture pro-
ductivity and thus alter species composition and diversity (Lkhagvador;j
et al., 2013).

Knowledge about past vegetation dynamics in the Mongolian Altai
contributes to a better understanding of future ecosystem responses to
climate change and human land use, and may assist forest, grassland,
and fire management strategies by providing baselines of past eco-
system variability in response to strong environmental change.
However, paleo records that provide information about Holocene ve-
getation and fire history are scarce, lack temporal resolution and/or
chronological precision (Tarasov et al., 2000; Gunin et al., 1999;
Rudaya et al., 2009; Umbanhowar Jr et al., 2009; Unkelbach et al.,
2018). Such limitations impede a thorough assessment of ecosystem
resilience and vulnerability. The snow-capped Tsambagarav Mountain
provides a regional to supra-regional ice archive of ecosystem change,
which is well suited to reconstruct ecosystem dynamics with high
temporal resolution and precision (Herren et al., 2013). Here we ad-
dress persisting knowledge gaps with the following aims: (1) for the
first time, we use microscopic charcoal to reconstruct the fire dynamics
in the Mongolian Altai; (2) pollen, spores, and spheroidal carbonaceous
particles are used to investigate the long-term linkages between the fire
regime, vegetation, land use, and pollution; (3) we use the palynolo-
gical information including charcoal to assess ecosystem response
variability to climate change, and (4) evidence from other studies is
used to underscore the spatio-temporal relevance of our outcomes and
to derive implications for ecosystem responses under global-change
conditions.

2. Study site

The Altai Mountains stretch over ca. 1200 km, crossing the borders
of Russia, Mongolia, Kazakhstan, and China. With 4500 m a.s.l. max-
imum elevation (Mount Belukha in Russia, Fig. 1A) the Altai Mountains
build a continental climate barrier for air masses from northwest, re-
sulting in a strong northwest (800 mmyear ') to southeast
(< 200 mm year ~ ') precipitation gradient (Klinge et al., 2003) because
the main moisture source in the region are the Westerlies. The extreme
continental climate is dominated by the Siberian High with cold dry
winters and precipitation prevailing in June to August (Klinge et al.,
2003). The investigated ice archive on Tsambagarav Mountain is lo-
cated in the Mongolian Bayan-Olgii province (Fig. 1A), a region with
very dry climatic conditions (annual precipitation ca. 200 mm at
1700 ma.s.L.).

Geologically, the Mongolian Altai consists of siliceous bedrock, in-
cluding schists and granites with Leptosols as prevailing soil type that
are susceptible to erosion and desiccation (Dulamsuren et al., 2014).
The modern vegetation around Tsambagarav reflects the cold semi-arid
continental climate characterized by huge differences in maximum and
minimum daily and yearly temperatures (July average + 22.7 °C, Jan-
uary average — 22.6 °C at Olgii weather station; NOAA, 2013). Gra-
dients such as altitude and exposure lead to pronounced local differ-
ences in growth season length, heat sum, precipitation, and soil
formation, which together strongly affect species distribution and pro-
ductivity (Rudaya et al., 2009).

Wide areas at high elevations surrounding Tsambagarav are occu-
pied by cryo-xerophyllic mountain steppe communities mainly com-
posed of Festuca sulcata sp., Poa botryoides, Carex pediformis, but also
Artemisia frigida and A. tanacetifolia (Walter, 1974). Alpine tundra
communities with Betula nana ssp. rotundifolia (Spach) Malyschev (sy-
nonyms Betula glandulosa Michaux subsp. rotundifolia (Spach) Regel,
and Betula rotundifolia Spach, see TPL, 2018; Gunin et al., 1999), Salix
glauca, Kobresia, and Potentilla sericea become more abundant with
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increasing altitude and may penetrate up to 3000 ma.s.l. (Walter,
1974). High alpine Kobresia meadows with Poa altaica, P. sibirica, Fes-
tuca, Carex and Thalictrum alpinum are increasingly fragmented above
3200 m a.s.l. Sedum algidum is found up to the nival zone close to the
eternal snow margin (Walter, 1974), which is at Tsambagarav between
3000 and 3800 m a.s.l. depending on the exposure (Herren et al., 2013).
Below 1800-2000 m a.s.l. the mountain steppes are gradually replaced
by dry Stipa-Artemisia steppe communities with Stipa glareosa, S. gobica,
Allium, Tanacetum, Artemisia sp., and Caragana (Walter, 1974; Gunin
et al., 1999). Anabasis brevifolia (Chenopodiaceae) is the most common
halophilous taxon in the region. Desert-steppe communities composed
of Stipa sp. and Salsola dominate in dry isolated valleys and southeast of
Tsambagarav in the large mountain depression “basin of the large
lakes”, where precipitation is further reduced to < 200 mm year '
(Gunin et al., 1999). Wet herbaceous communities and small woody
stands with Betula pendula, Populus tremula, Salix, and Alnus glutinosa
grow along streams (Walter, 1974; Gunin et al., 1999; Stritch et al.,
2014). The closest of these parklands with dozens of km? sizes occur ca.
50 km northwest of Tsambagarav.

The mid-elevation forest belt in the Mongolian Altai is restricted to
north facing slopes in the western (Hoton Nur area, Fig. 1A) and
northwestern part of the Mongolian Altai between 1900 and
2100 m a.s.l., while on south facing slopes, mountain steppe commu-
nities directly pass over to alpine plant communities. The narrow and
discontinuous forest belts are composed of Pinus sibirica, Larix sibirica,
and Betula pendula. Picea obovata co-occurs where soil moisture is suf-
ficient (Walter, 1974; Gunin et al., 1999). In these forest stands at ca.
100 km distance from Tsambagarav, the upper limit of tree growth is
controlled by summer temperature and the lower limit by moisture
availability and anthropogenic pressure such as logging activities
(Klinge et al., 2003; Lkhagvadorj et al., 2013; Tsogtbaatar, 2013).
Floristically, the Mongolian forest relicts belong to the forests in the
Russian Altai (Walter, 1974), which consist of Pinus sibirica, Abies si-
birica, Larix sibirica and Betula pendula that form a dense boreal forest
belt between ca. 1000 and 2000 m a.s.l. in the region north of the Be-
lukha glacier (see Fig. 1A; Walter, 1974; Eichler et al., 2011). Below
1000 m a.s.] the Russian Altai is characterized by lowland feather-grass
steppes (Stipa, other Poaceae, Artemisia, and Chenopodiaceae; Walter,
1974). Modern Pinus sylvestris and Abies sibirica distribution is restricted
to the Russian and Kazakh Altai, ca. 150-200 km north of Tsambagarav
(Gunin et al., 1999).

3. Material and methods
3.1. Ice material and microfossil analysis

We analyzed samples from an existing ice core from Tsambagarav
Mountain. The core was drilled on the eastern summit (48° 39.338" N,
90° 50.826’ E; Fig. 1A) in July 2009 at an altitude of 4130 ma.s.l.
(Herren et al., 2013). The drilling reached bedrock with a total ice core
length of 72m and a diameter of 8.2 cm. Core segments of ca. 70 cm
were transported frozen to the Paul Scherrer Institute (PSI) in Swit-
zerland.

202 continuous samples spanning the time 3500 BC to 2009 AD
(55.6-0 m weq = water equivalent, corrected for varying density) from
the outer part of the ice core were taken for palynological analysis. The
sampling resolution was 40-90 years (3500 BC-1200 AD), 20-30 years
(1200-1650 AD), 10 years (1650-1700 AD), five years
(1700-1985 AD), and one year (1985-2009 AD, merged to five years
after analysis) using the chronology of Herren et al. (2013). An addi-
tional !*C-date from an insect remain found during palynological
sampling confirmed the accuracy of the existing depth-age model
(Fig. 1B; Uglietti et al., 2016). Each sample contained 200-400 g ice,
except one sample with 45 g at 52.2 m weq. The microfossil extraction
followed a protocol for ice sample preparation (Brugger et al., 2018).
One Lycopodium tablet was added to each sample before lab treatment
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Fig. 1. Study area, chronology and modern pollen deposition at Tsambagarav glacier. Panel A: Map of the Altai region with glacier records (triangle) and selected
records of fire and vegetation reconstructions (white dots), map modified (source of satellite images: U.S. Geological Survey). Panel B: Chronology of Tsambagarav
record based on a glacier flow model (blue dashed line), annual layer counting (2009-1815 AD), maximum tritium peak (red diamond), volcanic layers (red
triangles) and 210pp activity (green circles). Before 1815 AD modeled ages result from an exponential equation (black dashed line) with upper and lower limit of the
equation (gray shaded) based on '*C- dating of water-insoluble organic carbon of atmospheric origin (black squares with uncertainty bars). Insert: '*C-date of an
insect remain (red cross and photo, Uglietti et al., 2016). Figure adapted from Herren et al. (2013). Panel C: Modern pollen assemblage in Tsambagarav glacier ice
(average over 20 years as percentages of the terrestrial pollen sum). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

to estimate microfossil concentrations (Stockmarr, 1971). Due to strong
thinning in the deeper part of the glacier caused by lateral ice flow,
annual layers could not be identified before 1825 AD, preventing influx
calculations with a reasonable time resolution.

We use pollen and spores to infer vegetation history and the co-
prophilous fungal spore Sporormiella as a proxy for herbivore grazing
activity. A pollen sum of 500 was reached except in the samples of
section 54-53 m weq (2600-2000 BC), where due to small pollen con-
centrations we reached 100 grains, which is above the minimum for
reliable percentage calculations and environmental reconstructions (50
items; Heiri and Lotter, 2001). Pollen and spore identification under a
light microscope at 400 x magnification followed palynological keys
(Huang, 1972; Moore et al., 1991; Beug, 2004) and the reference col-
lection in Bern, Switzerland. Shrub type (referred to as Betula nana-
type) and tree type Betula (Betula alba-type) separation is based on the
pore depth and the grain diameter to pore depth ratio (D/P) following
Clegg et al. (2005). The palynological Betula distinction covers B. pub-
escens, B. pendula (both B. alba-type), B. glandulosa and B. nana (both B.
nana-type) as well as other North American and Eurasian birch species
(Birks, 1968; Clegg et al., 2005). Cerealia-type was classified according
to Beug (2004). Although Artemisia comprises herb and shrub species,
we include all Artemisia pollen in the herb pollen sum following Gunin
et al. (1999) since pollen taxonomy allows no further discrimination.
Pollen and spore data are presented as percentages of the terrestrial
pollen sum.

Microscopic charcoal > 10 um is used as a proxy for fire activity
(e.g. MacDonald et al., 1991; Tinner et al., 1998; Conedera et al., 2009;
Adolf et al., 2017). We counted a minimum sum of 200 items (charcoal
fragments and Lycopodium grains, Finsinger and Tinner, 2005; Tinner
and Hu, 2003). If needed (low charcoal concentrations), we continued
until a minimum of 20 charcoal fragments was reached. Subsequently,
the > 90th percentile (=10% upper charcoal concentration values over
the entire record) was identified to infer regional fire activity peaks.
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SCP (=spheroidal carbonaceous particles) with a diameter > 10 um
and clear features (Rose, 2015) were counted along pollen and spores to
reconstruct industrial air pollution. All microfossil concentrations were
standardized to one liter.

Annual layer thickness is highest in the uppermost part of the ice
core, resulting in an exponential depth-age relationship (Fig. 1B). Thus,
the temporal sampling resolution in the younger part is much higher
compared to the older part of the ice core where the ice had thinned
substantially (i.e. one to several hundred years per m weq with in-
creasing core depth). These archive characteristics result in varying
detection limits for rare microfossil types along the record for com-
parable time periods. We kept the original lab sampling resolution for
the interpretation of the palynological record (Fig. 2-4) while we
amalgamated samples of the overview pollen and charcoal records to
reach 40 to 50years resolution in the younger part (period
1100-2009 AD; Fig. 5). This resulted in comparable time steps along
the sequence.

3.2. Numerical analysis

Optimal sum-of-squares partitioning was applied for zonation of the
pollen data (Birks and Gordon, 1985). Subsequently, statistically sig-
nificant local pollen assemblage zones (LPAZ) were inferred with the
broken stick approach (Bennett, 1996). Only LPAZ with more than two
samples were accepted. We applied ordination methods to statistically
summarize the pollen signal and to search for correlations with sup-
plementary variables and similarities with external data. The short
gradient length of the first axis (=1.35) of a detrended correspondence
analysis (DCA, detrended by segments) justifies using linear ordination
methods (Ter Braak and Prentice, 1988). Therefore, we applied prin-
cipal component analysis (PCA) based on a correlation matrix. Charcoal
concentrations, fern spore and Sporormiella percentages of the Tsam-
bagarav data were included as supplementary variables (Fig. 4) and
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Fig. 2. Percentage diagram of Tsambagarav ice core spanning the past 5500 years. Selected pollen types, fern spores, and coprophilous fungal spores based on the
terrestrial pollen sum. Temperate arboreal summary curve consists of Fagus, Corylus, Quercus, and other temperate arboreal pollen taxa. Hollow curves = 10 X
exaggeration. Diversity estimation based on a minimum pollen sum of 105 for pollen richness (PRI; Birks and Line, 1992), evenness-detrended pollen richness (DE-
PRI; Colombaroli and Tinner, 2013), and evenness index (PIE; Hurlbert, 1971). Concentration curves for charcoal, pollen and Sporormiella in particles 17! and total
terrestrial pollen sum. LPAZ = statistically significant local pollen assemblage zones, dashed lines not statistically significant. Chronology according to Herren et al.
(2013), reference horizons in Fig. 1B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

pollen percentages from Belukha glacier (Eichler et al., 2011) were
included as external samples (not influencing the ordination dataset) to
search for spatio-temporal similarities between the two sites. We
amalgamated Betula (includes Betula nana-type and Betula alba-type)
and Chenopodiaceae (Salsola and remaining Chenopodiaceae) to
homogenize the taxonomic resolution between the Tsambagarav and
Belukha data.

To our knowledge palynologically-based diversity measures (e.g.
palynological richness, evenness) are not available yet from the Altai
region. To fill this gap we estimated palynological richness (PRI) with
rarefaction analysis as a proxy for species richness and the probability
of interspecific encounter (PIE) as a proxy for evenness (Birks and Line,
1992; Hurlbert, 1971). The minimum pollen sum for rarefaction ana-
lysis was 105 pollen grains. To account for evenness distortions of pa-
lynological richness we calculated PIE-detrended palynological richness
(DE-PRI; Colombaroli and Tinner, 2013).

4. Results and interpretation
4.1. Modern pollen composition reflects vegetation and pollen catchment

The modern pollen concentration in the Tsambagarav record is ca.
6000 grains 17! which corresponds to a total influx of 450 grains
cm ™ ?year™!. This is very low compared to sedimentary archives. The
largest amount derives from the steppic taxa Artemisia (53%), Poaceae
(8%) and Chenopodiaceae (7%), with arboreal pollen (AP) of Betula
alba-type (12%), Juniperus (4%), and conifers such as Pinus sibirica (6%;

Fig. 1C). With 25% AP and 75% non-arboreal pollen (NAP) the pollen
signal reflects the patchy modern regional vegetation dominated by dry
herbaceous steppes with scattered boreal trees. The presence of conifer
and Betula pollen indicates regional sources, as the closest parklands
with Betula pendula (Betula alba-type pollen) occur at ca. 50 km north-
westwards and forested areas around 100 km westwards in the Hoton
Nur region (Fig. 1A). Single grains of warm-loving taxa (e.g. Casta-
nopsis-type and Pistacia; Fig. 2) along the record indicate pollen trans-
port by southern air masses over > 1000 km, where Pistacia has its
northern distribution limit today (Golan-Goldhirsh, 2009). Westerlies
are the main moisture source for the Altai region. On the basis of the
modern atmospheric pattern (Herren et al., 2013) we assume northwest
as the predominant wind direction for our site during the mid and late
Holocene. The historical pollen assemblages at Tsambagarav are clearly
distinct from those from Belukha glacier in the Russian Altai ca. 320 km
northwest (Fig. 1A; Eichler et al., 2011). This finding suggests little
overlap of the two glacier pollen catchments. Based on the pollen
composition in the top sample of Tsambagarav and its comparison with
vegetation composition in the study area (e.g. Walter, 1974; Gunin
et al.,, 1999) we assume that the Tsambagarav pollen signal derives
from a catchment of ca. 60-200 km around the site, most likely with a
strong northwest bias and with only occasional pollen grains deriving
from longer distances.

4.2. Vegetation history

Six statistically significant local pollen assemblage zones (LPAZ)
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were identified along the palynological record (Figs. 2-3). We ad-
ditionally divided TSA-3 and TSA-5 in two non-significant subzones a
and b. Results are presented as pollen percentages and pollen con-
centrations (around 10,000 grains 1~ ! except the period 2900-1800 BC
(zone TSA-3a) with low concentrations < 2000 grains 1.

Pollen data in zone TSA-1 (3500-3100 BC) indicate that the vege-
tation was dominated by herbaceous steppe communities, mainly
composed of Artemisia (80%) with Poaceae, Chenopodiaceae and other
taxa growing in dry Stipa-Artemisia steppe communities (e.g.
Cyperaceae, Bupleurum-type, Galium-type; Fig. 2). The pollen record
indicates that Salsola, a key taxon of semi-desert environments occur-
ring i.e. in sheltered valleys (Walter, 1974), was also present. AP per-
centages are low (0-10%) and mainly composed of Betula alba-type and
the dry adapted taxon Ephedra with single pollen grains of Pinus syl-
vestris-type and Pinus sibirica. The conifer pollen suggests either pre-
sence of single conifers in locally favorable spots in the herbaceous
steppe or long-distance pollen transport.

Tree pollen percentages reach highest peaks between 3000 and
1800 BC (up to 50%; LPAZ TSA-2-TSA-3a; Fig. 2) indicating affor-
estation pulses in the steppes possibly resulting from moister and/or
warmer conditions. Betula alba-type percentages (30%) as well as tree
pollen concentration peaks around 3000 and 1900 BC hint to periods
with propitious environmental conditions that allowed expansion of the
pioneer species. Pollen of the arctic-alpine shrub taxa Betula nana-type
and Salix, as well as Juniperus reaches highest percentages of the entire
record during this phase. This suggests an upward expansion of alpine
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tundra vegetation to altitudes higher than 3000 m a.s.l., which is today's
upper altitudinal limit of alpine tundra shrubs such as Salix glauca and
Betula nana ssp. rotundifolia in the area (Walter, 1974; Gunin et al.,
1999). The second tree pollen peak between 2400 and 2100BC is
marked by an initial rise of Betula alba-type (20%) followed by a second
phase where pollen percentages of Pinus sibirica, Picea, Larix, Abies, and
Alnus viridis increase, indicating a succession from primary Betula pen-
dula-dominated forests to more diverse secondary forests and green
alder thickets (Fig. 2). The rise of pollen from temperate trees (mainly
Quercus, Corylus and Fagus) to 5% may indicate a stronger influence of
southern airmasses since the closest occurrence of these taxa is in China
(Wu and Raven, 1999). The forest expansions coincided with a spread
of ferns (maximum fern spore percentages of the record). This period is
further characterized by the lowest pollen concentrations of the entire
record (< 2000 grains 1Y) that indicate diluted microfossil con-
centrations possibly caused by higher ice accumulation rates due to
moister environments (Fig. 2, Herren et al., 2013).

AP decreases stepwise at ca. 1800BC, 800BC, 1100 AD, and
1700 AD (LPAZ TSA-3b-TSA-5b), pointing to several forest or arboreal
vegetation retraction phases in the areas northwest and north of
Tsambagarav. Dry Stipa-Artemisia steppe (e.g. Poaceae, Artemisia) as
well as desert-steppe communities (e.g. increasing Chenopodiaceae and
Salsola-type percentage values, Figs. 2-3) expanded. The tree diebacks
are defined by LPAZ boundaries indicating significant shifts in the ve-
getation around the glacier. A short-term Pinus sibirica pollen increase
between 900 and 1100 AD (defined by LPAZ TSA-4) hints to a
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Fig. 4. Principle component analysis (PCA) for pollen percentages of Altai glacier records. Panel A: PCA for the Mongolian Altai (Tsambagarav glacier) today
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future vegetation dynamics in the Russian Altai may follow past climate impact trajectories in the Mongolian Altai, from forested (positive scores) to steppic
communities (negative scores) along PCA axis 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

temporary establishment of the species in the catchment. Maximum
landscape openness was reached after 1700 AD (AP < 10%; Fig. 3). AP
rises noticeably during LPAZ TSA-6 (1960-2009 AD), which is mainly
due to increasing Betula alba-type and indicates rapid spreads of pioneer
trees.

The presence of Cerealia-type is interpreted as a primary indicator
for farming activities if associated with other pollen indicative of land
use (e.g. Linum usitatissimum, Plantago lanceolota; Lang, 1994). Asso-
ciation with other adventive pollen (or less ideal apophytes pollen) is
needed, because in entire Eurasia Cerealia-type pollen is occasionally
produced by wild grass species (Beer et al., 2007; Van Zeist et al.,
2016), e.g. by Trisetum spicatum, a common wild grass species of the
Mongolian mountain steppes (Walter, 1974). Secondary anthropogenic
pollen indicators such as Rumex crispus (R. acetosa-type), Cichorioideae,
Urtica, and Liliaceae prefer nutrient enriched former campsites sug-
gesting pastoralism activities, although they may occasionally also
occur naturally on humid and nutrient-rich soils in the Mongolian Altai
(Gunin et al., 1999). Thus, the presence and in particular the combined
increase of these indicators (Fig. 2) might point to land use activities in
the Mongolian Altai after 3500 BC. Cerealia-type pollen occurs reg-
ularly after 2000 BC and reaches a maximum around 1000 AD, often in

193

combination with Urtica, Rumex, and Liliaceae. Cerealia-type pollen
rises again around 1700 AD, and after 1700 AD Urtica, Cannabis-type,
and Rumex percentages increase indicating intensified pastoralism ac-
tivities (Gunin et al., 1999).

Dung fungal spores of Sporormiella are continuously present in large
quantities along the entire record indicating continuous herbivore
grazing in the steppes. The Sporormiella record suggests that herbivore
grazing activities reached a maximum during the afforestation phase
(20% around 2200 BC). Increased grazing activity was possibly released
by an enhanced productivity of the steppes related to increasing
moisture, or less likely, by favorable (humid) conditions for fungi
growth and spore production. As observed for pollen, Sporormiella
concentration values remain low due to increased ice accumulation
rates. The Sporormiella concentrations rise slightly after 1600 AD, which
might be related to intensified herding activities over the past centuries.

4.3. Diversity and ordination analysis

In a large pollen catchment such as Tsambagarav that includes a
wide range of habitats, pollen richness is rather related to ecosystem
diversity and thus the number of habitats, than to floristic diversity
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Fig. 5. Comparison of the palynological record from Tsambagarav with regional and climate records. From left: Tsambagarav ice accumulation rate (anomaly from
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this study) and selected nomadic empires (Rogers, 2012). Green numbers indicate climatically induced forest minima phases at Tsambagarav. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

within plant communities. Low PIE values (< 0.5) throughout the se-
quence follow PRI suggesting that species evenness was constantly low.
However, evenness reconstructions were possibly affected by the large
Artemisia portions, a pollen taxon that is commonly overrepresented in
steppic ecosystems (Liu et al., 1999) and prevails over the entire record
(Figs. 2-3). PRI and DE-PRI remain low until 3000 BC (PRI ca. 5-15,
DE-PRI ca. 10), followed by an increase (PRI max. 20-30, DE-PRI 15)
between 3000 and 2400 BC when AP percentages are peaking. Given
that pollen richness is correlated with AP (r = 0.64, Figs. 2-3) it is
likely that forest expansions contributed to increasing diversity. After
the forest retreat at 1800 BC, diversity remained at intermediate levels
(PRI ca. 10-20, DE-PRI ca. 10-15) until 1700 AD. Higher diversity in
the younger steppes (pre-3000 BC vs. post-1800 BC) was possibly re-
lated to reorganizations to grassy steppe communities (e.g. Poaceae
increase; Fig. 3). Palynological diversity drops to low values after
1700 AD (PRI and DE-PRI around 10) suggesting a further decline of
diversity perhaps related to intensified herding (e.g. Sporormiella rise).

The sample distribution on the PCA axes 1 and 2 (Fig. 4A) shows a
large LPAZ overlap with only minor vegetation changes over the past
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five millennia. Samples of LPAZ TSA-1 and TSA-6 vs. TSA-4 are sepa-
rated along axis 1 and samples of LPAZ TSA-2 and TSA-3a are shifted
along axis 2, reflecting variations in the vegetation composition be-
tween different steppe communities and boreal forests over time. A very
high share (66%) of the variance is explained by axis 1, which splits
mainly moist steppe communities (Artemisia, Persicaria vivipara) from
the rest: dry steppic (Chenopodiaceae, Rheum, Poaceae), cryophilous
alpine Kobresia-meadow (e.g. Cyperaceae) and rather mesophilous
boreal forests (e.g. Betula, Pinus sibirica). Axis 2 explains another 21% of
the variance and separates dry grass steppe (e.g. Poaceae, Chenopo-
diaceae, Thalictrum) from cryophilous, mesophilous and rather ther-
mophilous communities: tundra shrublands (e.g. Alnus viridis), boreal
(Picea, Larix, Betula) and nemoboreal or temperate (e.g. Ulmus, Quercus,
Corylus) arboreal taxa. Thus, both axes may indicate aspects related to
moisture availability and associated temperatures, such as steppic
species composition (e.g. Artemisia vs. Chenopodiaceae and Poaceae for
axis 1) and biomass or biome allocation (steppic vs. boreal or nemo-
boreal) for axis 2.

PCA for the Belukha samples (Fig. 4B) reveals that the Tsambagarav
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results are reproducible in the Russian Altai. Axis 1 explains 42% of the
variance separating Artemisia from dry steppic Stipa-communities (e.g.
Poaceae, Chenopodiaceae) and axis 2 explains 22% separating dry
steppes from boreal forests (Betula, Pinus sibirica). The compositional
similarities between the two PCA suggests moisture availability and less
important temperature as drivers of vegetation change. If combined
(Fig. 4A) Russian Altai sample scores group in one edge of Axis 1, along
an axis 2 gradient. The sample score comparison suggests a high simi-
larity of Belukha with Tsambagarav during the afforestation phase
3000-1800BC (TSA-2-TSA-3a). The ordination clearly separates
modern Tsambagarav (TSA-6) and Belukha samples probably because
of moisture-related differences and different anthropogenic influence
on both, Mongolian and Russian Altai plant communities.

4.4. Fire and industrial pollution history

The average charcoal concentration in the upper firn (ca. 6,000
particles 17! for the period 2009-2005 AD) corresponds to a micro-
scopic charcoal influx of ca. 200 particles cm %year™' or
0.085 mm? cm_zyear_1 (Tinner and Hu, 2003), which is extremely
low if compared to sediment records (Adolf et al., 2017). Charcoal
concentrations reveal no major fire activity trend between 3500 BC and
1700 AD with an average of ~ 5,000 particles 1~ *. A single outstanding
charcoal peak around 1540 BC (29,000 particles 1~ ') suggests a short
phase of major fire activity ca. 250 years after a major forest decline.
Other charcoal-concentration inferred fire-activity peaks (> 90-per-
centile >7,300 particles 1~ %; Figs. 2-3) also occurred following forest
declines (e.g. ~2650BC ca. 150 years after the forest decline around
2800 BC), suggesting that collapses of boreal taxa provided dead bio-
mass and thus fuel for fire activity (De Groot et al., 2000; Eichler et al.,
2011; Tinner et al., 2015; Kuuluvainen et al., 2017). Charcoal con-
centrations remain low after 1700 AD with an average of ~2,600
particles 1~ and no peaks > 90-percentile indicating minimal fire ac-
tivity when herbaceous steppe ecosystems were dominant. However,
microscopic charcoal hints to minor increase of fire activity after
1960 AD. Charcoal concentration as supplementary variable in the PCA
(Fig. 4) groups with AP, again suggesting biomass availability as an
important factor for burning.

First SCP occur around ca. 1720 AD at the beginning of zone TSA-5b
(Fig. 3). Those scattered but frequent particles indicate initial atmo-
spheric pollution, possibly deriving from early industrialization and
mining activities (Naumov, 2006). Regionally, they coincide with
minimum fire activity and maximum landscape openness, indicating a
possible shift from solely timber-based to increasingly fossil fuel-based
energy consumption, perhaps motivated by limited timber availability.
SCP rise after 1920 AD, suggesting amplified industrial air pollution
during the 20th century. A first concentration peak around 1960 AD
with 80 particles 17! and a second maximum around 2000 AD (100
particles 17') coincide with highest charcoal concentration values
(6,000 particles 17!) during the 20th century.

5. Discussion
5.1. Fire and fuel dynamics during the past 5000 years

Tsambagarav receives ca. 200 microscopic charcoal particles
cm ™~ 2yr~! today, which is in the same order of magnitude as Belukha
glacier 320 km northwest in the Russian Altai (150 particles cm ™2 yr ™~ %;
Eichler et al., 2011) at a similar altitude (4062 m a.s.l.). Charcoal influx
values at Belukha are ca. 40 times lower than at nearby Teletskoye Lake
at 1900 m a.s.l. (8,200 particles cm_zyr_l; Andreev et al., 2007). The
influx difference between glaciers and neighboring lake sediment ar-
chives is best explained by the remoteness of the glaciers and the lim-
ited vertical atmospheric transport to the high elevation ice core sites
(Gilgen et al., 2018). To our knowledge, no microscopic charcoal re-
cords from the Mongolian Altai are available. Local fire reconstructions
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are based on macroscopic charcoal and cover the past millennia
(Umbanhowar Jr et al., 2009; Unkelbach et al., 2018). Despite the
spatio-temporal variability their reconstructed fire signal corresponds
to our regional fire activity peaks from Tsambagarav (microscopic
charcoal peaks > 90-percentile, Fig. Al), if dating uncertainties are
considered. Recent calibration studies at the continental scale showed
that micro- and macroscopic charcoal have very similar spatial prove-
niences spanning a radius of about 40 km around sedimentary sites
(Adolf et al., 2017). Glaciers on the other hand act as a regional to
subcontinental archive of biomass burning, integrating fire activity over
larger spatial scales (Legrand et al., 2016). Very high concentra-
tions > 20,000 particles 17! suggest that the fire activity peak in the
Tsambagarav record around 1500 BC was comparable to the maximum
burning of the past 800 years that occurred around 1600 AD at Belukha
glacier in the Russian Altai (Fig. A2). The 1500 BC maximum fire phase
in the Tsambagarav record may chronologically correspond to the late-
Holocene fire activity peak at Zagas Nur around 20 km southwest of
Tsambagarav (Umbanhowar Jr et al., 2009) where it is dated to
1400 BC, while at Doroo Nur (50 km south) fire activity was only
moderate around 1500 BC. As the fire peak does not occur in more
distant records from western Mongolia (Fig. Al; Umbanhowar Jr et al.,
2009) we assume that burning might have been localized close to the
glacier (20-40 km) or located north or northwest.

Increased fire activity at Tsambagarav was related to declines of
boreal tree stands or forests that likely provided fuel for burning
(Fig. 5), similarly to what was found at Belukha (Eichler et al., 2011).
There, a dry period inducing forest diebacks was succeeded by max-
imum fire activity around 1600 AD (Fig. A2), a period with increased
fire activity also in the Tsambagarav area (three consecutive charcoal
peaks > 90-percentile; Fig. 5) and in the Eurasian Arctic (Akademii
Nauk ice record; Grieman et al., 2017). Lacking biomass availability
combined with low temperatures during the Little Ice Age period may
explain the fire minimum at 1700-1960 AD when maximum vegetation
openness is documented in the pollen record of Tsambagarav and at
adjacent sites (Fig. 5; Umbanhowar Jr et al., 2009, Unkelbach et al.,
2018). Finally, the past four decades of the Tsambagarav record suggest
again a slight increase of regional and local fire activity possibly caused
by increased biomass availability due to pioneer birch tree expansions.

5.2. Composition, successional dynamics, and diebacks of the mid-Holocene
forests

Our high-resolution record from Tsambagarav provides a unique
chronological control in combination with high-temporal and con-
tinuous sampling resolution and is therefore suited to assess rapid
ecosystem responses to climate change. The Tsambagarav record sug-
gests that the Mongolian Altai experienced several prominent forest
contraction and expansion phases before 1800 BC. The magnitude and
fluctuation pattern of this early phase are comparable to the pattern
observed for the past 800 years in the Russian Altai (Eichler et al.,
2011). There, mixed Pinus sibirica-Larix sibirica stands form a dense
forest belt between 1000ma.s.]. and the timberline around
2000 m a.s.l., in which Abies sibirica and Picea obovata co-occur in areas
where soil moisture is sufficient (Eichler et al., 2011). Below this belt
Betula pendula and Pinus sylvestris form boreal forests (Walter, 1974).
The forests in the Russian Altai produce a pollen signal, which is
comparable to that of the Tsambagarav record during the period
3000-1800BC (Figs. 4 and A2). The Belukha pollen assemblage is
mainly composed of Pinus sibirica and Betula with only single Larix
grains despite its importance in the vegetation (Eichler et al., 2011).
Scattered Larix pollen in the Tsambagarav record may thus suggest that
Larix sibirica was an important forest element during the afforestation
phases in the Mongolian Altai. This similarity is striking, given that
nowadays Larix sibirica and Pinus sibirica form only relict and dis-
continuous forest belts in the northern part of the Mongolian Altai and
Abies sibirica has completely vanished (Walter, 1974; Gunin et al.,
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1999).

The multiproxy Belukha record suggests that forest diebacks in the
Russian Altai were induced by severe drought decades resulting in
enhanced fire risk and that forests recovered rapidly after moisture re-
increased (Eichler et al., 2011). The repeated forest contractions at
Tsambagarav followed by Artemisia steppe expansions indicate similar
vegetation responses to moisture variability. Forest recoveries similar to
the Russian Altai ended 1800 BC. This is in line with regional sedi-
mentary pollen records showing consistent deforestation in the Mon-
golian Altai during the mid- to late-Holocene. For instance, pollen-in-
ferred vegetation reconstructions from Hoton Nur point to taiga forest
contractions between 3000 and 2000 BC (Fig. 5; Rudaya et al., 2009) to
never recover again. At Bayan Nur forests contracted around 1500 BC,
in the Dayan Nur region around 650 BC and in the Achit Nur area be-
tween 4000BC and 200 AD (Gunin et al., 1999; Sun et al., 2013;
Unkelbach et al., 2018). Diachronic forest diebacks suggest that
moisture thresholds for forest growth were underrun in different per-
iods in the Mongolian Altai. Specifically, local forest persistence until
about 800BC, 1200AD, and 1700AD indicates that decreasing
moisture effects on forests endured until modern times, resulting in
stepwise forest and tree stand disruptions. These late-Holocene dy-
namics occurred also at larger distances, e.g. at Akkol Lake (ca. 190 km)
in the northern Tuva region after 1000 BC (Blyakharchuk et al., 2004;
Fig. 1A) suggesting that forests contracted also far north of the Mon-
golian Altai in response to moisture reductions. However, chronological
uncertainties as resulting from few '*C-dates from bulk sediments (see
Rey et al., 2018) and a general lack of *C-dates in the mid- to late-
Holocene (Gunin et al., 1999; Sun et al., 2013) impede precise assess-
ments of the deforestation timing at individual sites.

5.3. Climate-driven pulses of steppe expansions and human impact after
1800 BC

Hunter and gatherer communities inhabited the Altai region since
the early-Holocene (Volkov, 1995; Hauck et al., 2012), and nomadic
herders were present since at least 1000 BC (Fig. 5; Fernandez-Giménez,
1999; Rogers, 2012; Rudaya et al., 2008), but their impact on the
natural vegetation is supposed to be minor (Bourgeois et al., 2007;
Rudaya et al., 2009). We thus assume that natural climate change, such
as aridity and/or cooling, was the main forcing of repeated forest
contractions and subsequent herbaceous steppes expansions during the
late-Holocene (Schliitz et al., 2008). A pollen-based moisture index
derived from other sites in the Mongolian Altai (Wang and Feng, 2013)
was previously interpreted as a proxy for the Asian summer monsoon
strength (Fig. 5). This index is driven by the same factors as our pollen
data and is therefore not an independent climatic proxy and indeed its
course is in line with our ecological interpretation, thus indicating si-
milar moisture trends across sites. The vegetation-based reconstructions
are in good agreement with mid-Holocene climate model simulations
for Asian monsoon strength (Harrison et al., 2016) and with pollen-
independent oxygen isotope records (e.g. Dongge cave record; Fig. 5;
Wang et al., 2005; Wang and Feng, 2013) that suggest declining
moisture availability in the Mongolian Altai in response to a weakening
of monsoon activity resulting from changes of orbital forcing during the
late-Holocene. Reduced monsoon sources of moisture as a possible
cause for deforestation at Hoton Nur was proposed by Rudaya et al.
(2009). Although our Tsambagarav vegetation and fire record begins at
3500 BC when monsoon had already started to weaken (Wang et al.,
2005), we assume that the progressive late-Holocene reduction of
subtropical air-masses resulted in strong moisture oscillations that may
have resulted in flickering of forest ecosystems before their final col-
lapse at ca. 1800 BC (Dakos et al., 2013).

The Tsambagarav record suggests that the long-term tree contrac-
tion in the Mongolian Altai continued stepwise after 1800 BC to reach
its apex only 300-200 years ago. Contractions of forest ecosystems were
possibly induced by climate variability related to e.g. solar activity
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changes (Eichler et al., 2009; Steinhilber et al., 2009; Roth and Joos,
2013). For instance, the forest minima around 3400 BC, 2800 BC,
2500 BC, 800-400 BC, 500 AD, and 1200 AD might have been related to
dry cooling events (Fig. 5) as partly recorded regionally (e.g. the 4.2 kyr
cool and dry period; Staubwasser and Weiss, 2006; Dixit et al., 2014), in
other Northern Hemisphere records from the Alpine region and Alaska
(Haas et al., 1998; Tinner et al., 2015) or in the reconstructed global
surface air temperature (Roth and Joos, 2013).

During the past decades, climate proxies suggest reversing climate
trends with warming (e.g. Eichler et al., 2009; Roth and Joos, 2013)
and re-strengthening of the Asian monsoon (e.g. reconstructed from
Dongge cave isotope record; Wang et al., 2005). In contrast, after the
end of the Little Ice Age at ca. 1850 AD (Eichler et al., 2011) tree stands
in the Mongolian Altai did not recover suggesting a decoupling of ve-
getation dynamics from climate, e.g. due to increasing human activities.
The historical onset of larger-scale smelting in the Altai dates to
1729 AD (Naumov, 2006) coinciding with the beginning of the in-
dustrial pollution signal in our ice record as documented in SCPs
(Fig. 3). The related energy requirements induced increasing human
pressure not only on the Russian Altai forests but also on the remaining
tree stands in the Mongolian Altai until 1960 AD (Lkhagvadorj et al.,
2013), likely shifting the lower tree line upwards (Dulamsuren et al.,
2014). Thus, human activities altered vegetation responses to climate.
The Tsambagarav record suggests that industrial pollution remained
high after 1960 AD and only pioneer Betula pendula may have very
recently recovered, when fossil fuel-based energy consumption (e.g.
coal or diesel-consuming engines for heating, transportation or water-
supply) increased, relieving pressure on woody stands (Fernandez-
Giménez, 1999).

5.4. Altai ecosystems under future climate change

Past vegetation dynamics suggest that warmer and moister condi-
tions during the mid-Holocene allowed boreal forest establishments in
the Tsambagarav area in the Mongolian Altai. These forests collapsed
around 1800 BC. Subsequently, further stepwise tree reductions and a
gradual shift to more dry adapted steppe communities occurred likely
in response to drying and cooling during the late-Holocene. Future
climate projections for continental areas propose further warming and
drying in the coming decades for the Altai Region (Sato et al., 2007;
Tchebakova et al., 2009; Dai, 2011; Collins et al., 2013; Dulamsuren
et al., 2014; IPCC, 2014; Lehner et al., 2017). In agreement, during the
past decades, the Mongolian Altai experienced significant warming and
increasing numbers of drought periods. Precipitation more often in-
cluded heavy rainfall events that are only partly beneficial for vegeta-
tion (D'Arrigo et al., 2001; Dulamsuren et al., 2010; Lkhagvadorj et al.,
2013). Other areas in Mongolia and southern Siberia also experienced
climate warming and moisture decrease, probably affecting tree growth
and hindering forest regeneration (Allen et al., 2010; Tsogtbaatar,
2013; Dulamsuren et al., 2014; Xu et al., 2017). If future climate pro-
jections are correct about declining moisture availability, the persisting
forest patches and belts in the Mongolian, Russian Altai, and other dry
areas of Central Asia will be strongly affected. For instance, forest
boundaries might shift north of the Russian Altai releasing un-
precedented forest collapses in response to increasing drought. The
available fire histories from ice core records from the Russian and
Mongolian Altai also suggest that fire incidence may increase where
biomass is not limiting burning (Eichler et al., 2011; Hessl et al., 2016).
This interpretation of the paleo record agrees with modern observations
indicating a significant link between dry conditions and fire activity
(Tsogtbaatar, 2013; Ponomarev and Kharuk, 2016). Thus, fire may
exacerbate the effects of future climate change on vegetation, especially
if associated to high grazing pressure (Tsogtbaatar, 2004; Hauck et al.,
2014; Ponomarev and Kharuk, 2016).

In the past, when climate forcing was natural, warm conditions
were in this region usually accompanied by increases in moisture

70



S.0. Brugger et al.

availability, likely deriving from increased monsoonal and/or westerly
wind activity that promoted forest growth. Despite many projection
efforts and progresses, the magnitude of global warming and in parti-
cular of precipitation changes remains ambiguous (Braconnot et al.,
2012). Future projections may underestimate moisture availability in
continental areas (Berg et al., 2017), as for example, northern hemi-
sphere monsoon simulations for the mid-Holocene underestimate its
magnitude (Braconnot et al., 2012; Harrison et al., 2015). If moisture
should unexpectedly increase with future warming as it did during the
early and mid late-Holocene, forests may thus persist and perhaps even
expand in the Mongolian Altai, as they did during the period
3000-1800 BC, at least if human pressure will not become excessive.

6. Conclusions

The Tsambagarav record demonstrates for the first time the ecolo-
gical potential of ice palynology, specifically, based on its high chron-
ological resolution and precision, it provides novel insights into past
fire, vegetation, and land use dynamics in the Mongolian Altai region.
Late-Holocene vegetation reorganizations in response to climate and
moisture availability changes underscore the vulnerability of forest
ecosystems that are still thriving in the Mongolian or Russian Altai. We
conclude that precipitation regime changes were the main driver for
forest diebacks ca. 4700-4000 years ago and their final collapse ca.
3800 years ago in the Tsambagarav area. The lacking resilience of forest
communities (e.g. Pinus sibirica-Larix sibirica stands) to moisture
changes emphasizes the vulnerability of forests in other dry areas of
Central Asia, if global warming will be associated to moisture declines
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as anticipated by future scenarios (IPCC, 2014). To better assess past
vegetation and forest fire dynamics, new high-resolution and -precision
multiproxy studies from natural archives are urgently needed. Such
studies may help to disclose the mechanisms and processes behind the
vulnerability of plant species and communities. Ultimately, they are
thus essential to improve our knowledge of future ecosystem responses
to global change.

Data availability

All data will be deposited in the Alpine Palynological Database
(ALPADABA) and the Neotoma database (www.neotomadb.org).
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Appendix A

Tsambagarav

Macroscopic charcoal influx of sedimentary sites
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Fig. Al. Comparison of Tsambagarav vegetation and fire reconstructions (charcoal concentrations and charcoal concentrations exceeding 90-percentile of all
samples) with local fire reconstructions (macroscopic charcoal influx of particles > 180 um) from lakes in western Mongolia (Umbanhowar Jr et al., 2009) over the
past 5500 years.
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Fig. A2. Comparison of forest phases recorded in glacier archives in the Mongolian and Russian Altai. Left: Tsambagarav main pollen diagram (percentages) and
charcoal concentrations (particles 17') during maximum afforestation (3000-1800 BC), right: Belukha main pollen diagram and charcoal concentrations

1250-1990 AD (Eichler et al., 2011). Hollow curves = 10 X exaggeration.
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Abstract

The extent of pre-Columbian land use and its legacy on modern ecosystems, plant
communities and species of the Americas are still hotly debated. To address this gap, we
present a Holocene palynological ice record (pollen, spores, microscopic charcoal, SCP
analyses) from Illimani glacier with exceptional temporal resolution and chronological control
close to the center of Inca activities around Titicaca Lake in Bolivia. Our results suggest that
Holocene fire activity was largely climate-driven and pre-Columbian agropastoral and
agroforestry practices had moderate (large-scale) impacts on ecosystems. Unprecedented
human-shaped ecosystems emerged after 1740 AD following the establishment of novel
Colonial land use practices and were further reinforced in the modern era post-1950 AD with
intensified coal consumption and industrial plantations. Although agroforestry practices date
back to the Incas, the recent vast afforestation with exotic monocultures together with rapid
climate warming and associated fire regime changes may provoke unprecedented and

possibly irreversible ecological and environmental alterations.
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1 Introduction

Neotropical mountain ecosystems may span broad altitudinal ranges resulting in steep
environmental (e.g. temperature, precipitation) gradients. This environmental diversity results
in a remarkable richness of plant communities spanning from sparse high Andean dry Puna
above treeline to species-rich montane Yungas and tropical lowland forests (Mourguiart and
Ledru 2003, Ibisch and Mérida 2004). These habitats are among the most threatened on Earth
by human disruption and climate change (Olson and Dinerstein 2002, Bush et al. 2005),
however, anticipation of future dynamics is difficult, mainly because of the high diversity
which implies sensitive (e.g. species extinctions) and complex (e.g. species interactions)
responses, that are co-determined by the multitude of ecological niches involved. Modern
human activities include intense pastoralism, crop cultivation, and vast areas with exotic tree
plantations that strongly alter these precious ecosystems and result in rapid degradation
(Ibisch and Mérida 2004, Gareca et al. 2007). Climate change is expected to rise temperature
by >3°C in the region by the end of the century, while precipitation may reduce by 10-30 %
on the Altiplano (Minvielle and Garreaud 2011, Magrin et al. 2014).

Paleoecological studies can provide ecological baselines for naturalness prior to
substantial human alterations that may be implemented into nature protection and planning
measures (Mayle et al. 2004, Seddon et al. 2014, Nolan et al. 2018). In Latin America, the
extent of pre-Columbian land use and its legacy on modern ecosystems, plant communities
and species are still hotly debated, probably also because of the strong spatial variability in
the different Neotropical regions (Levis et al. 2017, McMichael et al. 2017a, Piperno et al.
2017, Watling et al. 2017, Roberts et al. 2018). For example, studies along Northern Inca
trade routes with Amazonian tribes suggest that native imperial ecosystem disturbances may
have exceeded modern forest disruptions (Loughlin et al. 2018). More central areas such as

the Altiplano and Titicaca Lake area in the Bolivian and Peruvian Andes are culturally
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important since the mid Holocene (ca. 7000 uncal BP; Lynch 1983, Aldenderfer 1999, Nunez
et al. 2002, Marsh 2015). Vast archeological evidence suggests highly developed pre-
Columbian cultures that successfully domesticated large herbivores (Lamini), cultivated
crops, and had refined metallurgy skills (Burger and Gordon 1998, Abbott and Wolfe 2003,
Bruno and Whitehead 2003, Eichler et al. 2017). Despite extensive research on millennial-
scale climate responses of Central Andean vegetation, temporally highly resolved and
accurately dated records for the past 2000 years are lacking in this central areas, where
ancient cultures emerged (e.g. Baied and Wheeler 1993, Mourguiart and Ledru 2003, Bush et
al. 2004, Hanselmann et al. 2005, Urrego et al. 2005, Valencia et al. 2010, Sublette Mosblech
et al. 2012). This gap hampers the chronological and ecological assessment of ecosystem
responses to disturbance processes by pre-Columbian and Colonial land use, ultimately
hindering the estimation of natural baseline conditions for nature protection and planning
measures (Olson and Dinerstein 2002, McMichael et al. 2017b).

High-Andean glaciers allow high-temporal resolution records with exceptional
chronological control (e.g. Reese et al. 2013) and thus have a high potential to address such
ecological knowledge gaps (Brugger et al. 2018a). The ice-capped Illimani (6300 m asl) is
located above Titicaca Lake in the Bolivian Eastern cordillera (16° 39’ S, 67° 47° N; Fig. 1A;
Kniisel et al. 2003). It provides a suitable ice archive to study environmental dynamics (e.g.
Eichler et al. 2015, 2017, Osmont et al. in review) with an exceptionally well-constrained
chronology refined by precise reference horizons inferred from volcanic eruptions (Fig. 2;
Kniisel et al. 2003, Kellerhals et al. 2010). Due to its proximity to the center of pre-
Columbian activities, the ice archive is ideal to examine the resilience of mountain
ecosystems to Holocene human impact, for instance the rise and fall of the Inca empire during
the period 1438 to 1532 AD. We pursue the following aims: (1) to reconstruct Holocene

vegetation, land use, fire, and pollution dynamics on the Altiplano and adjacent montane areas
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of the Central Andes during the Holocene, (2) to compare our data from the center of pre-
Columbian empires with those from marginal areas (as investigated by previous studies), and
(3) to assess the resilience capacity of mountain vegetation to various degrees of past human

disturbance to derive baselines for nature protection under global-change conditions.

2 Material and methods

2.1 Environmental setting and vegetation

Bolivia is characterized by steep climatic and environmental gradients mainly deriving
from its pronounced topography. The Eastern Cordillera divide the Amazonian lowland (100—
800 m asl) from the inter-Andean Altiplano (3700 to 4400 m asl; Vuille et al. 2000, Ibisch
and Mérida 2004). The climate on the Bolivian Altiplano is arid with a mean annual
temperature below 18°C (Koppen class BSk for Northeastern and BWk for Southwestern
Bolivian Altiplano; Peel et al. 2007). Precipitation is concentrated from November to March
and originates mostly from the Amazon basin (Vuille et al. 2000), which is characterized by a
tropical climate with monthly mean temperatures >18°C and high rainfall during the austral
summer (Koppen class Af-Am; Peel et al. 2007).

The topographic and climatic setting results in distinct vegetation communities. The
permanent snow line is around 5000 m asl and is reached by few vascular cushion plants that
are adapted to the harsh climatic conditions (Ibisch and Mérida 2004). The Altiplano
vegetation is composed of steppic mountain plant communities (Puna), which comprise semi-
humid to humid Puna species in the Northeast of the Altiplano and increasingly dry-adapted
Puna species towards the Salar Uyuni and Atacama desert (Fig. 1; Ibisch and Mérida 2004).
Dry Puna is dominated by Asteroideae (e.g. Baccharis incarum, B. boliviensis, Chaetanthera
sp., Parastrephia lepidophylla), Poaceae (e.g. Deyeuxia breviaristata, D. crispa, Festuca sp.,

Stipa sp.), various Caryophyllaceae, Apiaceae, and Fabiana densa (Solanaceae).
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Amaranthaceae sensu lato (s.l.) are an important Puna family, which includes desert and salt-
adapted species (Suaeda sp., Chenopodiaceae s.s.) that together with Cactaceae become
important with reduced precipitation (Fig. 1; Ibisch and Mérida 2004).

The moister northeast and eastern areas are the most densely populated parts of the
Altiplano, with vast spaces used for crop cultivation, terraces, sheep and cattle herding, and
mineral exploitation (Ibisch and Mérida 2004). Semi-humid Puna communities in these areas
are composed of Poaceae (e.g. Deyeuxia sp., Festuca sp., Poa buchtienii, Stipa sp.),
Asteroideae (e.g. Ageratina azangaroense, Baccharis sp.), Caryophyllaceae, Gentianaceae,
and Cyperaceae (Ibisch and Mérida 2004).

The montane forests on the eastern slopes of the Cordillera below the humid Puna are
divided in a distinct northeastern moist montane forest belt (Yungas) and dry seasonal
Tucuman forests on the southeastern slopes (Fig. 1). The humid Yungas support Paramo
vegetation with Polylepis pepei growing up to 4200 m asl. Today these communities are
widely replaced by evergreen thickets and man-made woodlands (Ibisch and Mérida 2004).
Podocarpus sp., Polylepis racemosa, Symplocos nana, and Weinmannia sp. are characteristic
forest components between ca. 3600—3100 m asl. Cloud forests (ca. 3100-2500 m asl) are
composed of Clusia sp., Loranthaceae, Myrica pubescens, Araliaceae, Lauraceae, and
Weinmannia. Important genera of the diverse lower montane Yungas are e.g. Acalypha,
Alchornea, Ficus, Inga, Solanum, Trichilia, Clethra, Hedyosmum, Miconia, Piper,
Podocarpus, and Weinmannia (Ibisch and Mérida 2004).

The less humid and more seasonal Tucuman forests on the southeastern slopes are
composed of Tabebuia lapacho, Myrtaceae, Alnus acuminata, Lauraceae, Weinmannia, and
above 2000 m asl Podocarpus, while precipitation-sheltered inter-andean valleys comprise
drought-adapted forests and xerophytic shrublands with Anacardiaceae, Cactaceae, and

Mimosoideae species (Fig. 1; Ibisch and Mérida 2004). The lowlands below 500 m asl are a
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mosaic of evergreen forests often dominated by Arecaceae (e.g. Euterpe, Bactris, Mauritia,
Mauritiella), Annonaceae, and Moraceae such as Ficus (e.g. humid evergreen forests, riparian
Virzea forests), flooded grasslands, and dry shrublands and forests (e.g. Cerrado, Gran
Chaco, Chiquitano) depending on topography and edaphic conditions (Fig. 1; Ibisch and

Meérida 2004, Navarro Sanchez 2011)

2.2 Ice material and chronology

In June 1999 AD an ice core (referred to as 1111’99 in this study) was drilled at 6300 m
asl on the Illimani glacier saddle between Pico Sur and Pico Central (16° 39 S, 67° 47’ N).
The drilling reached the bedrock at 138.7 m depth (=113.2 m weq; Kniisel et al. 2003). The
chronology of the 111i’99 ice core is established on annual layer counting of the electrical
conductivity signal, volcanic eruptions detected as sulfate peaks, the maximum Tritium peak
attributed to 1964 AD (Kniisel et al. 2003), and '*C-dating of carbonaceous particles
(Kellerhals et al. 2010). The depth-age model is based on a two-parameter glacier flow model
fitted through the reference horizons and the '*C dates. The depth-age model suggests an
average accumulation rate of 0.58 m weq year’! along the record (Fig. 2; Kellerhals et al.
2010). The estimated model uncertainty is +£2—5 years for 1800-1999 AD (varying with
distance to reference horizons), 20 years for 1250—-1800 AD, and +110 years at the youngest
14C date (1060-1280 cal BP 1 o range; fig. 2; Kellerhals et al. 2010).

In 2015, the shallow core 1111’15 was drilled to update 111i’99. The chronology of
I111°15 1s based on annual layer counting of black carbon and has a palynological overlap of
four years (years 1996-1999 AD) with 111’99. The overlapping sequence suggests good
reproducibility between the palynological results of the two ice cores (Fig. S1 and PCA in fig.
3). The tie point for the combined master core of Illi’15 and 111’99 was set at 1998 AD (Fig.

32).

82



Manuscript 4 - Tropical Andean glacier reveals Colonial legacy in modern montane ecosystems

2.3 Palynological methods and numerical approaches

The palynological record covers the period ca. 10,000 BC-2015 AD and it consists of
136 continuous samples (no sampling gaps). Each sample contained 205-2300 g ice (average
= 870 g). The microfossil extraction followed the evaporation-based method in Brugger et al.
(2018b) with an additional HF treatment to dissolve abundant dust particles. The exponential
depth-age relationship results in varying temporal sampling resolution along the record:
millennial sampling intervals for 10,000 BC—1 AD, ca. 40 years for 1-1300 AD, and ca. 20
years for 1300-1700 AD. As a result of the extremely high temporal resolution related to the
nature of the ice archive, the top record reached resolutions < 5 years. After analysis, we
merged samples for the period 1700-2015 AD to reach a resolution of 5 years.

We use pollen and spores to infer vegetation history and land use activity. Pollen sums
along the record range from 101 to 778 pollen grains per sample (average = 442 pollen
grains). Pollen and spore identification was made under a light microscope at 400x
magnification and followed palynological atlases of Heusser (1971), Markgraf and D’ Antoni
(1978), Hooghiemstra (1983), Hooghiemstra (1984), Roubik and Moreno (1991), Carreira
(1996), Herrera and Urrego (1996), Colinveaux et al. (1999), Beug (2004), and the reference
collection at the palynological laboratory at University of Gottingen, Germany. A complete
list of all identified pollen, spores, and non-pollen palynomorphs (NPP) is provided in
supplementary table S1. The assignment of pollen taxa to predominant vegetation types
follows Marchant et al. (2002), with additional botanical information provided where needed
(Navarro Sanchez 2011, Ibisch and Mérida 2004). We present pollen and spore percentages
based on the terrestrial pollen sum. A summary curve for pollen taxa characteristic for
evergreen lowland forests (Supplementary table S1) and the total pollen concentration is also

shown.
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We applied optimal sum-of-squares partitioning for the zonation of the pollen data
(Birks and Gordon 1985) including all taxa >5 % (in at least one sample), this included the
twelve taxa Asteroideae, Poaceae, Alchornea, Moraceae/Urticaceae, Amaranthaceae s./.,
Dodonea, Cyperaceae. Alnus, Plantago major-type, Podocarpaceae, Polylepis, and Myrica.
The local pollen assemblage zones (LPAZ) were tested for significance with the broken stick
approach (Bennett 1996). The short gradient length of the first axis (= 1.49) of detrended
correspondence analysis (DCA, detrended by segments) justifies the application of linear
ordination methods. Therefore, we used principal component analysis (PCA) to summarize
square-root-transformed pollen percentage data of all taxa >1 % (in at least one sample, ter
Braak and Prentice 1988).

We use microscopic charcoal >10 um as a proxy for fire activity (e.g. Eichler et al.
2011, Brugger et al. 2016, 2018a) and counted a minimum of 200 items for each sample (sum
of charcoal fragments and Lycopodium grains; Tinner and Hu 2003, Finsinger and Tinner
2005). If needed due to low charcoal concentrations, we continued > 200 items until we
reached a minimum of 20 charcoal fragments. To check for deposition biases we calculated
the correlation coefficient between pollen and microscopic charcoal concentration for the
entire record. Finally, we counted SCP (= spheroidal carbonaceous particles) with a diameter
>10 pm and clear features to infer industrial air pollution (Rose 2015). We standardized all

microfossil concentrations to one liter.

3 Results and Interpretation

3.1 Microfossil deposition at lllimani
Pollen concentrations along the record are ca. 1000-2000 grains 1" from 10,000 BC—
1600 AD and increase to ca. 2500-3000 I"! until present (Fig. 4). The modern pollen

concentration (20002015 AD) is ca. 2500 grains 1"}, which corresponds to an influx of ca.
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145 grains cm™ yr'l. High shares of herbaceous pollen (ca. 50 %) with abundant Asteroideae
and Poaceae suggest a dominance of Puna vegetation. The most important arboreal taxa (AP
= sum of trees and shrubs) are characteristic of montane Yunga forest (Fig. 4 and
Supplementary table S1; Ibisch and Mérida 2004) and the record contains only marginal
percentages of lowland tropical evergreen AP. The comparison with extant vegetation shows
that this pollen signal must come from within a distance of max. 200-300 km (Fig. 1A),
confirming previous estimations of glacier ice pollen catchments (Brugger et al. 2018a).

The modern microscopic charcoal concentration is ca. 2300 fragments I'' for 2000—
2015 AD (Fig. 4), which corresponds to ca. 130 particles cm? yr'! or ca. 0.007 mm? cm™
(Tinner and Hu 2003). The extremely low correlation coefficient between microscopic
charcoal and pollen concentrations along the record (R? = 0.002) shows no archive bias as it
could e.g. result from changing snow accumulation or single deposition events. Modern SCP
concentrations (ca. 20 particle 1"! for 2015-2000 AD) correspond to an influx of ca. 1.1

particle cm? yr!.

3.2 Holocene vegetation dynamics

We use pollen and spores to infer past vegetation and land use dynamics presuming a
catchment of max. 200-300 km around Illimani (Fig. 1). The entire pollen record contains
continuously high herbaceous pollen (70-80 %) suggesting minimal shifts in landscape
openness throughout the Holocene on a large regional scale (Fig. 4). Herbaceous pollen is
mainly composed of Asteroideae and Poaceae, characteristic for open Puna vegetation on the
Altiplano above 3700 m asl (Fig. 1B; Ibisch and Mérida 2004, Marchant et al. 2002). The
most important arboreal taxa (AP = sum of trees and shrubs) are distinctive of moist montane
forests (Yungas) occupying the eastern Andean slopes below Puna. The record contains only
marginal percentages of characteristic lowland tropical evergreen AP (Fig. 4, Supplementary

table S1).

85



Manuscript 4 - Tropical Andean glacier reveals Colonial legacy in modern montane ecosystems

From 10,000 BC to 7800 BC abundant Poaceae pollen (40%) suggest a grass-
dominated more humid Puna vegetation (Liu et al. 2005). Tree pollen consists mainly of late-
successional taxa as e.g. Polylepis, Podocarpaceae, and Myrica indicating mature upper
montane forests. Around 7800 BC pollen composition changed significantly as evidenced by
a statistically significant first pollen zone boundary (Illi-1-111i-2; fig. 4), including a decrease
of Poaceae to 20 % and an increase of Asteroideae to 40 %, suggesting a vegetation shift in
Altiplano vegetation towards drier conditions (xerophytic Puna, Liu et al. 2005).
Subsequently, the pollen record suggests relatively stable Puna communities until 500 BC.
From 500 BC to 100 AD, Asteroideae pollen decreases and Amaranthaceae s./. pollen
(including Amaranthaceae and Chenopodiaceae) increases (5 %). This shift may have resulted
from enhanced human impact on the Altiplano. Indeed, native Amaranthaceae s./. includes a
suite of species that are cultivated up to 3800 m asl (e.g. Chenopodium quinoa, C.
pallidicaule, Amaranthus sp.; Bhargava et al. 2006, Jarvis et al. 2017) and favored by
disturbance and/or halophytic conditions (Bruno and Whitehead 2003, Flantua et al. 2016). In
agreement, the increase of Sporormiella, a coprophilous fungal spore points to increased
herbivore activity (Cugny et al. 2010) and is possibly related to growing presence of Lamini
on the Altiplano. Frequent pollen of heliophilous Alchornea, Dodonea, and Cupressaceae
after 1 AD points to growing disturbance in the Yungas, possibly related to human activity
(Marchant et al. 2002). First Zea mays pollen occurs ca. 1 AD-300 AD and reappears around
900 AD suggesting either substantial maize cultivation below 3200 m asl in the Yungas or
cultivation of high-altitude-adapted varieties growing up to 4100 m asl (Staller 2016). After
1200 AD Zea mays reappears together with a contemporaneous increase of Amaranthaceae
s.l. to 10 % and first presence of Plantago sericea-type points to intensified crop cultivation

and weed expansions.
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After 1360 AD (zone boundary Illi-2—Illi-3, fig. 4), Asteroideae values decrease, while
Poaceae values steadily increase to reach a maximum at 1740 AD during the Little Ice Age
(LIA; Apaéstegui et al. 2018). This compositional change in Puna vegetation is accompanied
by a spread of upper montane forest taxa as e.g. Polylepis, Alnus, Hedyosmum, and
Podocarpaceae that indicates slight expansions of the Yungas possibly related to a climatic
shift and/or decreasing human activity (Marchant et al. 2002). Frequent Zea mays pollen
grains after 1600 AD show growing crop production during the following centuries.

The rapid and pronounced shift in the Poaceae and Asteroideae percentages around
1740 AD (zone boundary Illi-3-I11i-4, fig. 4) suggests a drastic replacement of grass-
dominated Puna by drought-adapted Asteroideae that is comparable with vegetation
conditions prior to 7800 BC. The contemporaneous spread of the nutrient-loving weed taxa
Plantago sericea-type, P. major-type, and Rumex-type together with Sporormiella was likely
induced by expanding grazing activity. Thus, we interpret this shift in Puna vegetation after
1740 AD as a consequence of intensified European cattle herding on the Altiplano that
suppressed edible grass species by advantaging xerophytic Asteroideae taxa (Baied and
Wheeler 1993). The contemporaneous increase of pioneer and heliophilous tree and shrub
taxa (e.g. Trema, Alchornea, Acalypha, Cecropia, Dodonea, Cupressaceae) between 1740 and
1950 AD illustrates the rising significance of early successional woody communities. Finally,
the coeval onset of non-native tree pollen (e.g. Pinus, Eucalyptus, Platanus) documents the
historically known and wide-spread introduction of exotic tree species for timber production
or ornamental purposes (Gareca et al. 2007).

During the most recent pollen zone (1950-2015 AD), Asteroideae decrease as well,
and woody taxa spread in the region pointing to afforestation. The past decades are
characterized by disturbance-adapted species as e.g. Moraceae and Dodonea as well as further

spreads of exotic Pinus and Eucalyptus. The pronounced decrease of Polylepis pollen is
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possibly related to modern anthropogenic disruption of the Polylepis-dominated forests at the
upper treeline (Ibisch and Mérida 2004).

Principal Component Analysis (PCA) is used to summarize vegetation composition
changes (in pollen samples) over time. Axis 1 and 2 explain 16 % and 10 %, respectively
(Fig. 3, supplementary 2). PCA separates early-Holocene samples prior to the appearance of
first cultural indicators (i.e. before 7800 BC) from the remaining mid and late Holocene
record (i.e. after 7800 BC). All samples for the period between 7800 BC and 1740 AD group
closely together, suggesting stable ecosystems with minor floristic changes. Samples of the
period 1740-1950 AD are again clearly distinct due to their drastically different composition
of herbaceous taxa possibly related to increasing grazing pressure (e.g. Sporormiella rise),
and changing forest plants (e.g. increase of disturbance-adapted taxa and onset of exotic
trees). The modern samples (1950-2015 AD) are again different, if compared to the
remaining Holocene samples, likely as a consequence of excessive human impact. Overall,
the PCA supports that after the first appearance of human impact around 1 AD, ecosystem
and composition never returned to early Holocene conditions (i.e. natural baseline conditions

prior to 8000 BC).

3.3 Fire and pollution history

We use microscopic charcoal to infer fire history (Tinner and Hu 2003, Finsinger and
Tinner 2005, Eichler et al. 2011, Brugger et al. 2018a). Microscopic charcoal concentrations
are low during the early Holocene around 10,000 BC (ca. 3000 particles 1'!) and increase
markedly from around 8000 to 2000 BC (ca. 26,000 particles 1) suggesting maximum fire
activity when dry-adapted Puna communities spread on the Altiplano. After 2000 BC
microscopic charcoal concentrations decrease steadily to reach a minimum of <2000 particles
I"! during the LIA indicating decreasing fire activity during the late Holocene. Microscopic

charcoal-inferred fire activity remained low until 1870 AD, when drought-adapted Puna
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communities expanded, likely as a consequence of human impact (e.g. cattle herding). During
the past century, microscopic charcoal concentrations rise again to ca. 3000 particles 1". The
long-term-trend of Holocene fire activity shows no clear correlation with phases of human
land use (e.g. Zea mays, Amaranthaceae, or Sporormiella increase), suggesting natural forcing
such as moisture or temperature changes of centennial-scale fire activity trends (e.g. fire
activity minimum during LIA cooling 1500-1850 AD).

We use spheroidal carbonaceous particles (SCP) as a proxy for fossil fuel combustion
(Rose 2015). Frequent SCPs occur after 1820 AD indicating beginning atmospheric pollution
related to fossil fuel combustion (Rose 2015). SCP concentrations reach a first maximum
around 1910-1930 AD with ca. 20 particles 1" and a second maximum spanning 1950-2000
AD with ca. 30 particles I''suggesting two periods of amplified fossil fuel combustion that
were interrupted by the second world war crisis. SCP concentrations decrease after 2000 AD
in the last two horizons of the record and point to first efficient attempts to reduce

atmospheric fossil fuel pollution.

4 Discussion

4.1 Holocene fire dynamics driven by precipitation

The Illimani microscopic charcoal record suggests that fire activity increased during
the mid Holocene (ca. 8000—2000 BC) to subsequently steadily decline until today.
Interestingly, a previous charcoal record from Sajama glacier on the Western side of the
Altiplano ca. 200 km southwest from Illimani indicates only a slight increase of fire activity
4000-1000 BC followed by a massive increase during the most recent centuries (Reese et al.
2013). Especially the historical fire increase at Sajama is completely lacking in the Illimani
record, which likely implies that the centennial fire activity trends in the ice records reflect

different fire catchments (Reese et al. 2013). The much higher share of Puna taxa in the pollen
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assemblages of the Western Sajama record compared to Illimani may also be related to
different microfossil catchments (Liu et al. 2005, Reese et al. 2013). Our reconstructed fire
history at Illimani furthermore contrasts with sedimentary sites on the Altiplano as e.g. the
Bolivian Titicaca Lake sediment record ca. 150 km northwest (Paduano et al. 2003) and
Peruvian records (Hansen and Rodbell 1995). However, similar centennial-scale trends of fire
records occurred in the montane cloud forest belt (e.g. Mourguiart and Ledru 2003, Valencia
et al. 2010), a vegetation type which is not very flammable in absence of human impact (Bush
et al. 2005). Several sites across the Bolivian lowland inferred amplified fire activity in the
mid Holocene that declined towards the late Holocene (e.g. Abbott et al. 2003, Urrego et al.
2013, Brugger et al. 2016, Power et al. 2016). We thus infer a wide microscopic charcoal
catchment for Illimani, a typical feature of glacier records which is supported by recent paleo-
validated global modelling efforts (Gilgen et al. 2018). Large-scale fire activity may have
been largely controlled by climate, as supported by independent paleoclimatic evidence from
[llimani (Osmont et al. in review).

In best agreement with the Illimani record, fire activity increased across the Amazon
basin ca. 8000—2000 BC, when Titicaca lake levels and speleothems suggest a pronounced
dry period (Baker et al. 2001, Cruz et al. 2005). Reduced late-Holocene fire activity (Cruz et
al. 2005) may be related to the subsequent precipitation increase as likely released by the
strengthening of the South American summer monsoon (SASM). SASM changes may thus
have controlled centennial- to millennial-scale fire activity, ultimately driven by orbital-
forcing (Power et al. 2016). Holocene minimum fire activity occurred during the LIA period
1500-1850 AD (Power et al. 2013), when independent proxies for SASM strength across
tropical South America inferred maximum precipitation for the past two millennia (e.g.

Thompson et al. 1986, Bird et al. 2011, Vuille et al. 2012, Apaéstegui et al. 2018).
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Puna vegetation rapidly expanded after 1740 AD, at the end of the LIA. Similar Puna
vegetation dynamics based on the Asteroideae/Poaceae ratio were recorded at Sajama glacier
and previously interpreted as a dry period starting at 1700 AD (Liu et al. 2005). Considering
the pollen-independent climatic availability from the region this interpretation seems unlikely.
Alternatively, on the basis of the novel evidence of increasing grazing activity from the
Illimani record (as inferred from expanding Sporormiella), declining fire activity and
vegetation-independent evidence for a wet period (Bird et al. 2011, Apaéstegui et al. 2018),
we hypothesize that the shift of drought-adapted Asteroideae communities was mainly the

consequence of human impact including increased erosion (Baied and Wheeler 1993).

4.2 Mountain ecosystem responses to human impact

Our Illimani record provides novel evidence of maize cultivation and increasing
herbivore grazing activity after 1 AD. Such substantial agropastoral activity may have been
related to the Tiwanaku culture, which was thriving in the region around Titicaca Lake
(Staller 2016). Despite human impact, remote Puna vegetation composition remained stable
during the rise and fall of several highly developed cultures in the area until 1740 AD (e.g.
Eichler et al. 2017). Similarly, the Illimani record suggests no large-scale deforestation in the
mountain Yungas forest belt, although a compositional shift to more heliophilous taxa
occurred after 1 AD. Early succession species likely spread after deforestation or small-scaled
forest openings (Marchant et al. 2002). Adjacent upper montane sites in Peru show similar
vegetational trends towards heliophilous taxa as e.g. Trema, Celtis, or Acalypha after 1 AD
(e.g. Bush et al. 2005, Valencia et al. 2010, Sublette Mosblech et al. 2012). The Illimani
record suggests that mountain forest ecosystems in the surrounding Central Andes endured
during the Inca Empire from 1438—1532 AD, which had its densely populated center in close
proximity. Human impact likely changed forest composition as e.g. documented by the

marked expansion of disturbance-adapted trees such as e.g. A/nus (Chepstow-Lusty et al.
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2003, Valencia et al. 2010, Sublette Mosblech et al. 2012). Previous studies concluded that
Alnus acuminata initially expanded due to climate change after ca. 800 AD and was favored
by agroforestry practices of pre-Columbian societies, expanding its altitudinal range above its
naturally realized climatic niche (Chepstow-Lusty and Jonsson 2000, Hastorf et al. 2005,
Sublette Mosblech et al. 2012). Interestingly in the Illimani area, late-successional Yunga
forest taxa (e.g. Polylepis, Hedyosmum, and Podocarpaceae) expanded together with moist
Puna communities after 1360 AD. These expansions were probably climatically induced by
the moisture increase of the LIA (Apaéstegui et al. 2018), providing beneficial agropastoral
conditions for the rise of the Inca Empire. Rather stable forest and grassland ecosystems in the
Central Andes (Chepstow-Lusty et al. 2003, Valencia et al. 2010, Sublette Mosblech et al.
2012) are in apparent contrast with contemporaneous massive forest disruptions as inferred
along the Northern Inca trade routes in Ecuador (Loughlin et al. 2018). There, the Inca period
was marked by rapid deforestation and a massive fire increase together suggesting ecosystem
impacts exceeding the scale of modern disturbance (Loughlin et al. 2018). These differences
may point to careful and long-term sustainable ecosystem management in the core region of
pre-Columbian societies around Illimani while land use practices in occupied marginal areas
were less sustainable.

The Inca Empire declined in 1532 AD with the arrival of the Spanish viceroyalty;
during which European livestock was established on the Altiplano and silver mines around
Potosi were exploited for the European market (Baied and Wheeler 1993, Preston et al. 2003,
Eichler et al. 2017). The lacking response of ecosystems until 1740 AD suggests a lag of 200
years until the Spanish viceroyalty had established a novel political and economic land use
system that significantly altered Bolivian and neighboring Andean environments. The sharp
shift to dry Puna after 1740 AD, resulting in an Asteroideae dominance comparable to that of

the mid-Holocene (Fig. 4), was accompanied by a massive spread of nutrient-loving weedy
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taxa. This vegetation pattern suggests that marked pastoral activities (see expansion of
Sporormiella) overran climatic forcing on the Altiplano (Apaéstegui et al. 2018), likely
generating a false dry signal (Liu et al. 2005). The large-scale Spanish Colonial land use
changes after 1740 AD encompassed rapid compositional changes in mountain forest
ecosystems, including new plants from the Old World, such as Eucalyptus and Pinus that are
historically documented in Chile since the 17™ century (Simberloff et al. 2010).
Unprecedented human-shaped ecosystems shifts after 1740 AD were recorded elsewhere in
the region (e.g. McMichael et al. 2017a), suggesting that not surprisingly Colonial activities
played a stronger role in shaping modern ecosystems than pre-Columbian societies.

The colonial land use practices during the Spanish viceroyalty initiated a rapid
transformation to humanized systems that was reinforced in the following centuries with
growing industrialization. Pre-Columbian and Spanish miners exploited mainly copper and
silver (Wilson and Petrov 1999, Uglietti et al. 2015, Eichler et al. 2017), despite their
knowledge of black coal deposits at the Chilean coast (De Grazia 1997). The Independence
from Spain (1809-1825 AD) and growing exchange with English coal-experienced mariners
initiated the use of black coal around 1820 AD (De Grazia 1997). The shift to fossil fuel-
based energy immediately released a large-scale atmospheric fossil fuel pollution signal,
recorded as onset of SCP deposition at Illimani at ca. 1820 AD. The subsequent SCP-inferred
fossil fuel pollution increase resulted in a first maximum around 1910-1930 AD. The second
maximum at 1950-2000 AD lasted much longer than inferred for the Northern hemisphere,
where SCPs usually decline after 1980 AD due to environmental laws and the resulting use of
refined combustion technologies (e.g. Rose et al. 2015, Brugger et al. 2018a). The long-
lasting fossil fuel pollution in the Andes is consistent with amplified Pb-values, suggesting

steady traffic-pollution until ca. 2000 AD (Eichler et al. 2015).
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The Illimani record suggests that modern ecosystem conditions were reached only
recently after 1950 AD, when the Bolivian land reform of 1952 AD was implemented
(Preston et al. 2003). Since the 1960s, natural mountain woodlands across the Neotropics as
e.g. former Polylepis woodlands are increasingly replaced by monocultures dominated by few
exotic species as e.g. Eucalyptus globulus and Pinus radiata (Buytaert et al. 2007, Simberloff
et al. 2010). These plantations bring short-term economic value (Cubbage et al. 2007, Raga
2009) but recent observations suggest effects on soil water-nutrient balance, an invasive
character of some tree species, and ecosystem erosions (Pefia et al. 2007, Gareca et al. 2007).
Rapid climate warming in the past decades (Vuille and Bradley 2000) and associated drought
periods affected forests and climate-sensitive Puna communities on the Altiplano, reducing
their carrying capacity for herding activity (Adler and Morales 1999). The Holocene fire
regime suggests that such drought periods may likewise enhance future fire risks across the
Neotropics (Brando et al. 2014, Power et al. 2016). Ensuing rapid ecosystem alterations may
result in biodiversity losses (e.g. trough replacement by invasive exotics or extinctions) and

unpredictable social costs (Gareca et al. 2007, Raga 2009, Andersson et al. 2016).

5. Conclusions

Our high-resolution record from Illimani provides novel insights into pollution history
and fire as well as vegetation responses to past land use in the Central Andean Puna and
Yunga vegetation belts. The millennial and centennial scale fire-activity trends were closely
related to variability in moisture and the precipitation regime, in response to South American
summer monsoon activity and other forcings (e.g. during the LIA), rather than human
impact. Pre-Columbian societies practiced land use with moderate large-scale ecosystem
alterations on the Altiplano grasslands and in adjacent mountain forest Yungas. These

sustainable practices in the center of highly developed native pre-Colombian cultures such as
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the Incas contrast with massive ecosystem disruptions in marginal areas suggested by
previous studies. Unprecedented human-shaped ecosystems emerged after 1740 AD following
a wide establishment of novel land use practices by the Spanish viceroyalty. The Colonial
land use played a much larger role for the emergence of modern ecosystems than pre-
Columbian societies. The rapid shift to humanized ecosystems was further reinforced in the
modern era post-1950 AD, with industrial plantations and coal exploitation. We conclude that
sustainable agropastoral and agroforestry practices have an ancient tradition in the Central
Andes, but recent vast afforestation with exotic monocultures has the potential to result in
irreversible ecological and environmental modifications and risks. In combination with rapid
climate change and associated fire regime changes such ecosystem modification may provoke

unpredictable social and economic costs.
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8 Figures

Figure 1 Vegetation map of Bolivia. A: Vegetation distribution with indication of the glacier site Illlimani
(red triangle), large waterbodies in blue. Red dashed circle indicates the assumed main source area
for the pollen signal (a radius of ca. 200—300 km around the site, Brugger et al. 2018a). B: Altitudinal
range and precipitation gradient of vegetation types. Classification adapted from Ibisch and Mérida
(2004).
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Figure 3 Principal component analysis (PCA) for the lllimani palynological ice record based on
square-root-transformed pollen percentages of the terrestrial pollen sum. PCA shows vegetation shifts
along an environmental gradient over time. Sample scores for axis 1 and 2 are grouped by local pollen
assemblage zones (LPAZ established following Birks and Gordon (1985) and Bennett (1996), marked
with different colors in lilac box). Samples of the shallow lllimani 2015 core (llli’'15) group closely
together with recent samples (LPAZ llli-5) of the Holocene lllimani 1999 ice record.
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Figure 4 Percentage diagram of the lllimani ice record based on the terrestrial pollen sum with
selected pollen types and the coprophilous fungal spore Sporormiella. See Supplementary table S1 for
taxa included in the lowland evergreen sum curve. Hollow curves = 10x exaggeration. Concentration
curves for microscopic charcoal, spheroidal carbonaceous particles (SCPs), and pollen. LPAZ =
statistically derived local pollen assemblage zones (Birks and Gordon 1985, Bennett 1996). Depth
indicates master core depth in m water equivalent of combined ice cores lllimani 2015 and lllimani
1999. Chronology is based on volcanic eruption layers (VE) and '“C- dates (chronology details in
Supplementary 3; Kellerhals et al. 2010). Time axis adjusted to increase visibility for the recent part
(post-1 AD) due to increasing sample resolution.
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Supplementary material

Figure S1 Correlation of ice core llli-'15 and Illi-"99. Overlapping palynological sequences (years
1996-1999 AD) from lllimani ice cores drilled in 2015 (llli'15) and in 1999 (11'99). Red line indicates
the tie point in 1998 AD for the two ice records based on the palynological assemblages of the
overlapping sequences that suggest reproducible data.
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Table S1 List of pollen, spore, and other cell types found in the lllimani ice record and their attribution
to summary groups in the pollen diagram. Assignment to ecosystems according to main taxa
distribution following Marchant et al. (2002) and Navarro Sanchez (2011). Symbols in brackets
indicate morphotype abundance in samples: taxa recorded in one sample (1), in less than 10 % of all
samples (<10), in 10-50 % of all samples (+), and in >50 % of all samples (++).

Distribution Taxa

Dry Puna

Humid
Puna

Upper
Yuncas

Lower
Yungas

Xerophytic

Lowland
evergreen

Long-
distance
Non-native

Other

NPP

Herbs: Achillea-type (+), Amaranthaceae (++), Ambrosia-type (++), Apiaceae (++), other
Asteroideae (++), Baccharis-type (++), Artemisia (+), Brassicaceae (<10), Bromeliaceae (++),
Caryophyllaceae (+), Cerealia-type (++), Cichorioideae (+), Cyperaceae (++), Fragaria-type
(<10), Gomphrena (+), Lamiaceae (<10), Lathyrus-type (+), Liliaceae (1), Malva-type (<10),
other Malvaceae (+), other Plantago (++), P. alpina-type (<10), P. sericea-type (++), P. major -
type (++),Polygalaceae (<10), other Rosaceae (++), Potentilla-type (<10), Rumex acetosella-
type (++), R. alpinus-type (<10), Senecio-type (++), Shrubs/lianas: Ephedra dystachya-type
(<10), E. fragilis-type (++)

Herbs: Borreria-type (+), Geraniaceae (<10), Hypericum (+), Lupinus-type (+), Poaceae (++),
other Ranunculaceae (<10), Ranunculus acris-type (1), R. bonariensis-type (+),Valerianaceae
(<10) Shrubs/lianas: Ericaceae (+), Monnina (<10)

Herbs: Cuphea (<10), Galium-type (+), Thalictrum (++), Shrubs/lianas: other Cupressaceae
(+), Dodonaea (++), Juniperus-type (++), Loranthaceae (+), Muehlenbeckia-type (<10), Myrica
(++), Salix humboldtiana (+), Solanaceae (+), Trees: Alnus (++), Araliaceae (<10), Bocconia
(++), Clethra-type (+), Clusiaceae (1), Didimopanax-type (<10), Euphorbiaceae (++), Ficus
(<10), Flacourtiaceae (1), Hedyosmum (++), Juglans (++), other Melastomataceae/Combretaceae
(++), Miconia-type (+), Myrsine-type (++), other Myrtaceae (+), Podocarpaceae (++), Polylepis
(++), Proteaceae (1), Prunus-type (+), Quercus humboldtii (++), Rhamnaceae (<10), other
Rubiaceae (+), Sambucus-type (1), Sapium-type (<10), Styrax (<10), Thymelaeaceae (<10),
Vallea (++), Weinmannia (++)

Herbs: Amaryllis-type (1), Begonia (+), Shrubs/lianas: Cannabaceae (<10), Crofon-type (+),
Menispermaceae (+), Paullinia (<10), Vitis-type (<10), Trees: Acalypha (++), Acer (<10),
Alchornea (++), other Anacardiaceae (+), other Arecaceae (+), Bignoniaceae (<10), Cecropia
(+), Celtis-type (+), Elacocarpaceae (1), Hyeronima-type (<10), Luahea-type (+), Malpighiaceae
(<10), other Moraceae/Urticaceae (++), Phyllanthus-type (+), Piper (+), Sapindaceae (+), other
Tiliaceae (<10), Trema (++), Triumfetta-type (+), Vochysia-type (<10)

Herbs: Boraginaceae (1), Convolvulaceae (<10), Dalechampia (1), Dipsacus-type (1), Echium
(1), Papilionoides (1), Shrubs/lianas: other Cactaceae (<10), Eulychnia-type (1), Maihuenia-
type (1), Opuntia (<10), Rhipsalis-type(<10), Trees: Acacia-type (1), Adenanthera-type (+),
Albizia-type (+), Anadenanthera-type (+), Apocynaceae (<10), Fabaceae (++), other Mimosa-
type (++), M. pteridifolia-type (1), M. pudica-type (<10), M. scabrella-type (+), other
Mimosoideae (++), Schinus (+)

Shrubs/lianas: Hippocratea (<10), Trees: Apeiba (1), Aphelandra-type (<10), Bombacaceae
(1), Mabea-type (<10), Machaerium-type (<10), Mauritia/Muritiella (1), Mortoniodendron-type
(1), Pseudobombax-type (<10), Tilia-type (+)

Shrubs/lianas: Lonicera (1), Trees: Abies (<10), Carpinus-type (+), Nothofagus (+), Ulmus
(<10)

Herbs: Impatiens (1), Papaver rhoeas-type (1), Trees: Aesculus hypocastanea (<10),
Eucalyptus (+), Fortunaeria-type (1), Picea (+), Pinus sylvestris-type (+), Platanus (+)

Cultivated herbs: Zea mays (+), Aquatic: Myriophyllum-type (<10), Typha/Sparganium (+),
Varia pollen: unknown pollen grains,

Fern spores: Cyathea (<10), Isoetes (++), Lycopodium (<10), monolete (++), trilete (++),
Fungal spores: Sporormiella (++), Ustulina (+), other fungal spores, Algae: Pediastrum (1)
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Abstract

Arctic environments may respond very sensitively to ongoing global change, as
observed during the past decades for Arctic vegetation. Only little is known about the large-
scale impacts of early- and mid-20™ century industrialization and climate change on remote
arctic environments. Palynological analyses of Central Greenland ice cores may provide
invaluable insights into the long-term vegetation, fire, and pollution dynamics in the Arctic
region. We present a palynological record of the Summit Eurocore ’89 ice core from Central
Greenland (72°35'N, 37°38'W; the location of Greenland Ice core Project GRIP) that provides
novel high-resolution microfossil data on Arctic environments spanning the past ~300 years
(1730-1989 AD). Our data suggest an expansion of birch woodlands after 1850 AD that was

abruptly interrupted at the onset of the 20" century despite propitious climatic conditions. We

therefore attribute this Betula woodland decline during the 20" century to anthropogenic
activities such as sheep herding and wood collection. First signs of coal burning activities
around 1900 AD coincide with the onset of Arctic coal mining. The use of coal and fire
activity increased steadily until 1989 AD resulting in microscopic pollution of the ice sheet.
We conclude that human impact during the 20" century strongly affected (sub)-Arctic
environments. Moreover, ecosystems have changed through the spread of adventive plant

species (e.g. Ranunculus acris, Rumex) and the destruction of sparse native woodlands.
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1 Introduction

Central Greenland ice cores are key records of past environmental change in the
Northern Hemisphere (e.g. Blunier et al., 1993; Hartmann et al., in review; Rasmussen et al.,
2014; Seierstad et al., 2014; Vinther et al., 2010). Palaeoecological studies from such ice
cores are rare and mainly rely on molecular approaches, while microfossil-based studies are
lacking (De Vernal and Hillaire-Marcel, 2008; Willerslev et al., 2007). Moreover, existing
Arctic palynological ice studies are restricted to pollen source areas and the assessment of
wind directions and generally do not fully exploit the potential to reconstruct large-scale
ecological and environmental dynamics (Bourgeois et al., 2000; Hicks and Isaksson, 2006;
McAndrews, 1984; Short and Holdsworth, 1985). Palynological studies on mire and lake
deposits on the other hand focus primarily on the local impact on vegetation of Old Norse
settlements (985—-1500 AD) or formerly pristine Greenland environments (Barlow et al.,
1997; Bryan, 1954; Gauthier et al., 2010; Schofield and Edwards, 2011; Schofield et al.,
2013; Wagner et al., 2008). Consequently, little is known about the large-scale impact of
recent global change in remote Greenland. Current observations of increased fires in thawing
permafrost areas in Greenland and browning of vegetation raise public concern about future
environmental risks in the Arctic region (Phoenix and Bjerke, 2016; Wendel, 2017).
Palacoecology may provide valuable pre-industrial base-line information and a long-term
perspective on these recent observations. It may also help answering how the 20" century
industrialization and rapid global change is affecting sparsely inhabited and remote Arctic
environments (Petit et al., 2008). For instance, recent studies suggest that submicron particles
from large-scale pollution in Europe reached the Arctic already since the Antiquity
(McConnell et al., 2018) while environmental impacts of larger particle deposition may have

started only with local industrialization.
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Vast Greenland ice sheets cover a radius of 300 km around Summit. Hence, the area is
extremely remote and exceptionally distant from local sources of biomass and industrial
burning. Such a setting is ideal to investigate large-scale environmental and ecological
dynamics by avoiding influences of local sources and the supra-regional impact of global
change in the Arctic. To our knowledge, we present the first palynological attempt at
reconstructing Greenland vegetation, fire, and pollution from fossil fuel burning history from
a site in Central Greenland. Covering the past 250 years the novel data are used to compare
industrial impacts to pre-industrial conditions, and to identify triggers, processes, and

mechanisms of Greenland and Arctic environmental change under global change conditions.

2 Study site and the Arctic environment

Greenland is the largest island on Earth with a vast glacial area extending to 1.8 million
km? (Pfadenhauer and K16tzli, 2015) and its apex Summit reaching 3232 m a.s.1. (72°35'N,
37°38'W). The climate is arctic to subarctic oceanic in the southern and southwestern part of
Greenland exhibiting high rain- and snowfall (2200 mm weq year™'; weq = water equivalent).
Annual temperature amplitudes are relatively small but increase with growing continentality
in the northern parts of the island, where precipitation declines (300 mm weq; Bocher et al.,
1968; Mernild et al., 2015). Only a narrow ice-free band along the coast hosts Arctic tundra
vegetation, with the largest stands growing in the northernmost part where snowfall is
minimum (Fig. 1).

The Arctic tundra biome is characterized by a short growing season (1-3 months with a
mean monthly temperature mean above 5° C) and long winters with extreme frost periods
(temperatures below -30° C; Nentwig et al., 2004). Precipitation is not limiting for plant
growth, as evapotranspiration is low (Nentwig et al., 2004). Due to harsh climatic conditions

combined with the isolated position in the North Atlantic, the modern flora in Greenland
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consists only of roughly 500 vascular plants of which many are restricted to the subarctic,
low-arctic, and high-arctic vegetation types (Bennike, 1999; Bocher et al., 1968).

Subarctic vegetation is constrained to the warmest valleys in the southern and
southwestern part of Greenland, where summer temperatures are sufficiently high to support

thickets and woodlands including Betula glandulosa, Salix glauca, Alnus viridis, and the only

native tree species Betula pubescens, growing up to 4 m height (Bocher et al., 1968). This
subarctic vegetation corresponds to small patches of boreal vegetation elements within the
Arctic tundra biome. The potential upper tree line is at 100-200 m a.s.l. (@dum, 1979) where
average July temperatures are 9-12° C (Anderson et al., 1991; Timoney et al., 1992). Low-

arctic vegetation extends up to 72° N in sheltered inland areas where July temperatures >7° C

allow Salix-Juniperus shrub tundra formations (Bocher et al., 1968; Pfadenhauer and Klotzli,

2015). Finally, tall shrubs such as B. glandulosa and A. viridis are absent in the high-arctic

vegetation north of ca. 69-72°N. This vegetation type is mainly composed of Cassiope

(Ericaceae) heathlands, bogs, and grass tundra species (e.g. Deschampsia brevifolia, Festuca

ssp., Poa abbreviata, Taraxacum arcticum, T. pumilum), and Betula nana may penetrate north

to ca. 78° N (Bocher et al., 1968).
Although_B. pubescens is the only native boreal tree, few conifer species such as Pinus

sylvestris, P. contorta, Larix sibirica, Picea glauca, and Abies lasiocarpa endure in small

plantations around villages in southern Greenland today (@dum, 1979). However, the closest

natural conifer forests occur in North America, where Picea mariana, P. glauca, Abies

balsamea, and Pinus banksiana grow up to 50° N (~2000 km southwestwards from Summit;

Pfadenhauer and Kl6tzli, 2015). American nemoboreal deciduous forests with e.g. Acer

saccharum and Tilia americana are located about 3000 km southwest of Summit, while

Quercus species are restricted to warmer regions further south (Pfadenhauer and Kl6tzli,

2015).
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3 Material and Methods

The ice core was drilled during the Eurocore project in 1989 at Summit in Central
Greenland (location of GRIP, Greenland Ice Core Project). Its chronology is based on
electrical conductivity, chemical data, and acid layers of volcanic eruptions (accuracy +2
years; Blunier et al., 1993; Cachier and Pertuisot, 1994). We dedicated the remaining firn ice
of 2.5 x 2.5 cm thickness spanning 0—-80 m of core depth (1730-1989 AD) to palynological
analyses, with a gap between 58.3—-61.0 m (= 11 years). The 19 samples weighed 1090-3160
g (average = 2360 g) covering ~12 years each. Microfossil extraction followed a standard
protocol for ice sample preparation (Brugger et al., 2018a) with an additional 40% HF
treatment to dissolve abundant dust particles.

We use pollen and spores as a proxy for vegetation and land-use. The counted pollen
sums ranged between 28 and 122 (average = 56) grains which is around the absolute
minimum to achieve stable percentage values for environmental reconstructions (40-50 items,
Heiri and Lotter, 2001). Pollen and spore identification under a light microscope at 400 x
magnification followed Beug (2004), McAndrews et al. (1973), Moore et al. (1991), and the
reference collection at the Palacoecology lab in Bern (Table S1). We separated Betula pollen
into a tree Betula-type (referred to as Betula alba-type) and a shrub Betula-type (Betula nana-
type; following Birks, 1968; Clegg et al., 2005). We present pollen and spore data as
percentages of the pollen sum with summary curves (trees, shrubs) for native Greenland
arboreal taxa (Bocher et al., 1968; complete taxon list and assignment to summary curves in
Table S1).

We estimated palynological richness (PRI) as a proxy for plant species richness using
rarefaction analysis and the probability of interspecific encounter (PIE) as a measure for
palynological evenness (Birks and Line, 1992; Hurlbert, 1971). We applied Principal

Component Analysis (PCA) to the pollen percentage data, only including native Greenland
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taxa, to investigate vegetation shifts in the subarctic and arctic vegetation types (following
Bocher et al., 1968; see Table S1). The short gradient length of the first axis (= 1.57) of
detrended correspondence analysis (DCA, detrended by segments) justifies using linear
ordination methods (ter Braak and Prentice, 1988).

We used standard analysis for microscopic charcoal > 10 um to infer regional fire
activity (e.g. Adolf et al. 2018; Brugger et al., 2018b; Finsinger and Tinner, 2005; Tinner and
Hu, 2003). Spheroidal carbonaceous particles (SCP) with a diameter > 10 pm and clear
features were counted to reconstruct microscopic fossil fuel pollution (Brugger et al., 2018b;

Rose, 2015). We standardized all microfossil concentrations to one liter.

4 Results and Interpretation

4.1 Pollen deposition

Pollen concentrations in the Eurocore ice record are ca. 20 grains 1! in the oldest part
and increase to 50 grains I'! after 1790 AD, except in the uppermost sample with a relatively
high pollen concentration (ca. 410 grains 1"; Fig. 2). This corresponds to a pollen influx along
the record of ca. 0.7 grains cm™ year™!, which increases in the top sample to ca. 7 grains cm™
year!. Pollen influx in remote Central Greenland is extremely low compared to estimates
from other ice records including Arctic sites (e.g. Hicks and Isaksson, 2006; Brugger et al.
2018b) This can be expected because of the long distance to the closest plants. In general, the
taxonomic composition of the pollen assemblages is similar to that of other Arctic ice records

with high shares of Betula (B. alba and B. nana types), Poaceae, and Artemisia. The large

portions (average = 25 %) of long-distance airborne arboreal pollen (AP) are remarkable, e.g.

up to 10 % Pinus subgenus_Diploxylon that may mainly derive from the boreal zone, although

it is also growing in temperate vegetation types. This finding suggests that the main pollen

source includes the Arctic, with a strong influence of boreal forests (Whitmore et al., 2005),
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as also documented in glacier ice studies from neighboring North American Arctic islands
(e.g. Agassiz and Devon ice caps, Bourgeois et al., 2000; McAndrews, 1984). Compared to
these sites with much smaller ice sheets that are surrounded by Arctic shrub tundra, the
Eurocore at Summit contains only few pollen grains of insect-pollinated plants such as
Ericaceae, which comprise typical plants of the Arctic shrub tundra. This reduction of arctic
insect-pollinated plants is likely the effect of the isolated position of the site in inland ice-

covered Greenland. Pollen from plants introduced during the Old Norse settlement phase (e.g.

Ranunculus acris-type, Rumex; Schofield et al., 2013) indicates large-scale persistence of
these taxa until modern times. Two Cerealia-type pollen grains and one Zea mays grain may
originate from very long-distance transport (e.g. North America). Long-distance transport
over 2000-3000 km also explains the presence of pollen of temperate taxa such as Quercus,

Tilia, Ulmus, Fagus, and Acer (Thompson et al., 1999) in our record.

4.2 Vegetation dynamics

Two local pollen assemblage zones (LPAZ) reflect the vegetation development. LPAZ
Sum-1 (1730-1900 AD) consists of 50 to 60 % arboreal pollen (AP, sum of trees and shrubs),
suggesting the prevalence of open habitats such as arctic tundra during the period 1730-1900

AD. Pollen of the only native tree (Betula alba-type) increases to 30 % and shrub pollen (e.g.

Alnus viridis type, Betula nana type, Salix, and Juniperus) slightly raises to ca. 25 % between
1850 and 1900 AD, indicating a spread of subarctic woodlands and thickets (Fig. 2). After
1900 AD (LPAZ Sum-2, 1900-1989 AD), non-arboreal pollen (NAP, herbs) expands (e.g.

Artemisia, Ambrosia, other Asteroideae, Poaceae), while Betula alba-type, Alnus viridis-type,

and Betula nana-type as well as fern spores decrease, suggesting that open herb and grass
tundra replaced scattered subarctic woodlands and thickets. Pollen percentages of shrubs that
were probably growing in the arctic tundra remains stable (e.g. Juniperus) or marginally

increases (e.g. Salix). Finally, the pollen record shows that Betula woodlands partly recovered
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around 1960 AD (supported by increasing influx values) and then decline to minimum values
around 1990 AD. AP percentages and influx declined, suggesting no general increase of
arboreal taxa (Fig. 2).

Pollen richness (PRI = 15-18, based on the pollen sum of 28; Fig. 2) is relatively high
and remains stable over the past 250 years. The pollen spectra at Summit are markedly
influenced by continuous and diverse long-distance pollen deposition from boreal and

nemoboreal tree taxa such as e.g. Quercus, Tilia, Ulmus, and Fagus deriving from > 2000 km

distance. This long-distance pollen hampers the regional diversity estimation, an effect, which
was also recorded in calibration studies using surface soil samples (Felde et al., 2016). Pollen
evenness (PIE = 0.9-0.95; Fig. 2) remains stable and relatively high due to co-occurrence of

several major taxa that dominate along the record (e.g. Poaceae, Artemisia, Betula alba-type).

The stable diversity estimation agrees with local richness estimations from a southern
Greenland peat deposit that suggests no richness trend during the past centuries (Schofield
and Edwards, 2011).

The sample distribution on PCA axes 1 and 2 (33.2 and 22.5% variance explained,
respectively) separates samples from Sum-1 and Sum-2 along axis 1, supporting the LPAZ
boundary. The ordination splits taxa indicative of boreal to subarctic shrub- and woodlands

(e.g. Betula alba-type, Alnus viridis-type, Cornus suecica-type) from arctic taxa that grow on

wet (e.g. Artemisia, Salix, Cyperaceae, Anemone-type) or dry soils (e.g. Poaceae,

Chenopodiaceae,; Schofield and Edwards, 2011). The co-occurrence of Juniperus with arctic
taxa suggests that the pollen predominantly derives from the arctic subspecies J. communis
subsp. alpina that grows in Greenland and not from temperate and boreal juniper species
growing on continental North America. Despite the clear trends with regard to taxa and
sample grouping, caution is needed when interpreting the ordination data as low pollen counts

may influence PCA analyses (Heiri and Lotter, 2001).
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4.3 Fire and fossil fuel combustion

Microscopic charcoal concentration (average ca. 700 particles I'! along the record) and
influx (average ca. 9 particles cm™ year!) are extremely low compared to other Arctic ice
records (ca. 200 particles cm™ year! at Lomonosovfonna; Hicks and Isaksson, 2006) or to
Greenland sedimentary records (ca. 500 particles cm™ year™!; Schofield and Edwards, 2011).
The microscopic charcoal influx suggests two periods of enhanced regional fire activity
around 1790 AD and after 1970 AD. Considering the predominant westerly wind direction
(Steffen and Box, 2001), potential sources include peatland fires on the Greenland coast and
boreal forest fires in Alaska and Canada. SCP deposition at Summit starts around 1880 AD
and rises steadily after 1900 AD, suggesting increased atmospheric organic pollution from

regional and long-distance fossil fuel burning (e.g. coal; Rose, 2015).

5 Discussion

5.1 Fire activity and fossil fuel burning in the Arctic

Summit recorded two major peaks in fire activity during the past 300 years, around
1790 and after 1970 AD. The first peak correlates with increased fire activity documented at
the boreal forest-tundra ecotone in Alaska, possibly caused by reduced precipitation during
the Little Ice Age (LIA; Tinner et al., 2008) and was also recorded in the black carbon (BC)
record from Eurocore (Cachier and Pertuisod, 1994). The recent fire activity peak corresponds
to increases of fire severity in the Canadian and Alaskan boreal forests after 1980 AD,
attributed to both man-set fires and natural ignition (Calef et al., 2017; Kelly et al., 2013; Soja
et al., 2007; Veraverbeke et al., 2017). Thus, either regional fire activity trends followed
similar trajectories or fire activity at Summit is reflecting distant forest fires (Thomas et al.,

2017).
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SCP maximum values at Summit remain about 50 times lower than in other ice records
such as Lomonosovfonna on Svalbard (ca. 0.5 vs. ca. 40 particles cm™ year™'; Hicks and
Isaksson, 2006). This pronounced difference is likely a consequence of the Eurocore drilling
site in the center of the huge ice cap (radius 300 km) on Greenland. For instance, three coal-
fired power stations are located ca. 70 km from Lomonosovfonna glacier (Hicks and Isaksson,
20006), potentially dominating its SCP record. The onset of SCP pollution at Summit at ca.
1880 AD is concurrent with the start of the SCP record in Nunatak lake in Western Greenland
(Rose, 2015) and in Lomonosovfonna glacier in Svalbard (Hicks and Isaksson, 2006; Fig. 4.
The synchronous onset of SCP deposition likely originated from widespread Arctic coal
mining activities during the late-19™ and early 20" century. Historical sources give evidence
of coal mining in Greenland since ca. 1890 AD, in Svalbard since 1907 AD, whereas coal
based-ore smelting started after 1911 AD in Greenland (Kosack, 1967; National Museum of
Denmark). More generally, our SCP record follows the progressive fossil fuel burning of the
20" century, globally observed in many sedimentary SCP records (see Fig. 4; Rose, 2015).

The increasing long-term trends of microscopic forest fire and industrial burning
proxies at Summit contrasts with black carbon (BC) and vanillic acid (VA)-based
reconstructions from Greenland that suggest maximum fossil fuel pollution at the beginning
of the 20™ century, mainly attributed to coal burning (McConnell et al., 2007). Technical
advances, which reduced pollutant emmission to the atmosphere served as an explanation for
the early decline of BC (e.g. D4 record, Fig. 4; McConnell et al., 2007). In contrast to our
microscopic proxies these BC records mainly capture submicron particles with a long
residence time in the atmosphere and thus likely reflect a continental to northern hemispheric
origin, including the industrialized countries (McConnell et al., 2007). Because of the larger
size of microscopic particles (>10um), reconstructed pollution and fires may primarily come

from regional sources, as revealed by continental calibration (Adolf et al., 2018) and global
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modelling efforts (Gilgen et al., 2018). These contrasting trends are interesting because they
suggest that despite of declining northern hemispheric trends, pollution in sensitive Arctic
environments increased as late as during the 1980s. We hypothesize that in recent decades
SCP may have also derived from increasing oil combustion, possibly including gasoline
(Rose, 2015). This is supported by reconstructed lead (Pb)-pollution, which in the Arctic
culminated in 1960-1980 AD and partly derived from gasoline consumption (Bindler et al.,

2001; McConnell et al., 2007).

5.2 Anthropogenic footprint on Greenland vegetation

The Medieval Norse culture in Greenland had a strong impact on subarctic birch-willow
shrublands around settlements that persisted until they were abandoned ca. 1350-1450 AD
(Barlow et al., 1997; Berglund, 1986). The subsequent recovery of these shrub- and
woodlands implies a resilience of Arctic vegetation to local human disturbance similar to
observed vegetation recoveries after moderate anthropogenic impact of Neolithic settlements
in e.g. European temperate forests (e.g. Rey et al., 2017). However, rapid colonization by

alien plants (Bennike, 1999) introduced by European settlers such as Rumex or Ranunculus

acris was irreversible, as documented by the supraregional palynological record at Summit
three centuries later (Schofield and Edwards, 2011; Schofield et al., 2013).

Tree Betula may form temperature-controlled tree lines (Hoch and Kdrner, 2003;
Wieser et al., 2014) in Greenland and other Arctic areas (Anschlag et al., 2008; Hobbie and
Chapin III, 1998; Karlsson and Nordell, 1996). After the termination of the LIA at ca. 1850
AD (Fischer et al., 1998; Kaufman et al., 2009), rising temperatures increased shrub growing
rates in East Greenland and the Alaskan Arctic (Biintgen et al., 2015; Myers-Smith and Hik,
2018; Sturm et al., 2001), and allowed re-expansion of forests in Alaska (Tinner et al., 2008)
and elsewhere in the Arctic (Kullman and Oberg, 2009; Lescop-Sinclair and Payette, 1995;

McDonald et al., 2008). In agreement, birch woodlands expanded in Greenland (Figs. 2, 4).
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However, these woodland expansions ended ca. 1910 AD, when favorable climatic conditions
should have promoted further expansions of subarctic birch woodlands in Southern Greenland
(Fredskild, 1991; Fig. 4). This departure between temperature and vegetation dynamics
coincided with the onset of Arctic coal mining activities (Hicks and Isaksson, 2006; Kosack,

1967). We therefore speculate that increasing human impact may have contributed to the

reduction of woodlands in Greenland during the 20" century. Betula pubescens woods are
currently restricted to climatically mild conditions in Southern Greenland valleys, which are
attractive for human settlements (Kosack, 1967). Although substantial portions of energy
consumption were covered by coal rather than timber burning, birch woodlands potentially
provided an additional natural resource exploitable for various purposes. After reintroducing
sheep farming in Greenland in 1905 AD, browsing may have vigorously transformed woody
vegetation to grasslands (Austrheim et al., 2008; Dege, 1964; Jacobsen, 1987; Kosack, 1967;
Massa et al., 2012; Ross et al., 2016). Moreover, timber was possibly harvested for
constructions (e.g. fencing for cattle) since natural timber sources in Greenland are limited
and apart from birch trees and several shrub species, wood is largely restricted to drift wood
from the ocean (Alix, 2005). Thus, in these northernmost Greenland forest ecosystem human
impact during the 20™ century partly converted quasi-natural to humanized vegetation, despite
the remoteness and climatically challenging natural conditions of the harsh environments
(Fig. 4). Given that the birch species involved is a strong pioneer, Betula woodlands may re-
expand rapidly in the future, e.g. through the establishment of woodland conservation areas

(e.g. protection area in the Qinngua valley; Austrheim et al., 2008; Ross et al., 2016).

6 Conclusions

Our palynological record from Central Greenland reveals that increasing globalization

at the beginning of the 20™ century markedly affected Arctic environments. Ecosystem
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modification included the spread of adventive plants and subarctic deforestation as well as
pollution from both, fossil fuel burning and increasing forest fires. Land use and pollution
may contribute to alter even most remote Arctic ecosystems. Specifically, pollution of ice
through dark microscopic particles might become of growing importance given the recent
increase of fire activity in Greenland (Wendel, 2017). “Blackening” of pure Greenland snow
due to deposition of black particles may accelerate climate-warming feedbacks, thus
reinforcing ice melting and fire risk. This study illustrates for the first time that Central
Greenland ice core records have a high potential for the reconstruction of long-term high-
resolution environmental dynamics in the Arctic. Palacoecological ice studies covering longer
periods than Eurocore ‘89 reaching modern time may further constrain the long-term triggers,

processes, and mechanisms of rapid environmental change in the Arctic.
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9 Figures

Figure 1 Map of Greenland. Vegetation zones following Pfadenhauer and Kiétzli (2015). Numbers
indicate the drilling location of the Eurocore’89 at Summit and selected palynological records in the
Arctic. Ice cores from 1: Agassiz ice cap (Bourgeois et al., 2000), 2: Devon island (McAndrews, 1984),
3: Baffin island (Short and Holdsworth, 1985), D4 (e.g. McConnell et al., 2007). Sedimentary
palaeoecological sites from A: Eastern Norse settlement around Igaliku lake (e.g. Schofield et al.,
2013), B: Western Norse settlement (e.g. Barlow et al., 1997), C: Nunatak lake (Rose, 2015).
Subarctic vegetation is composed of boreal vegetation elements in arctic environments, not shown in
map. The map resolution is too coarse to display smaller ice caps in the Arctic as e.g. Devon, Baffin or
Agassiz.
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Figure 2 Pollen diagram of Summit Eurocore’89 (Greenland) shows pollen percentages of selected
pollen types and fern spores based on the terrestrial pollen sum with indication of taxa growing in
Greenland including introduced taxa by the Old Norse (adventive taxa) and taxa that are currently not
growing in Greenland (following Bdcher et al., 1968). Portion of total Greenland native trees and
shrubs from all arboreal pollen in the main diagram. AP = arboreal pollen, NAP = non-arboreal pollen,
t. = type. Concentration curves for pollen, microscopic charcoal, and spheroidal carbonaceous
particles (SCP) in particles per liter, influx curves for microscopic charcoal and total pollen in particles
cm-2 year, and total terrestrial pollen sum. Hollow curves = 10x exaggeration. Diversity estimation
(Hurlbert, 1971) based on a minimum pollen sum of 28 for pollen richness (PRI) and evenness index
(PIE). LPAZ = optically delimited local pollen assemblage zones.
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Figure 3 Principal Component Analysis (PCA) for the Summit Eurocore’89 (Greenland) pollen
percentage record. Only taxa growing in Greenland (following Bocher et al., 1968) are included in the
dataset. Graph shows selected pollen taxa and sample scores grouped according to the optically

defined local pollen assemblage zones (Sum-1 and Sum-2). t. = pollen-type. Betula alba-type = tree-
type Betula, Betula nana-t. = shrub-type Betula.
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Figure 4 Comparison of Summit Eurocore ’89 palynological record (pollen percentages, Betula alba-
type concentration and influx, microscopic charcoal influx, and SCP =spheroidal carbonaceous
particles influx) with independent burning, temperature and population records. Black carbon and
vanillic acid records from the D4 site with the green shaded area representing the portion of black
carbon attributed to industrial emissions, not boreal forest fires (pooled to resolution of the
palynological record; McConnell et al., 2007), SCP record from Nunatak lake in Western Greenland
(Rose, 2015), Svalbard palynological burning records (SCP and microscopic charcoal influx; Hicks
and Isaksson, 2006), GRIP summer temperature (5'80 in 1 year resolution and pooled to resolution of
the palynological record; Vinther et al., 2010), measured summer temperature anomalies from 5
meteorological stations along the Greenland coast (Blintgen et al., 2015). Shaded in light blue after
1900 AD indicates the period of global change impact in the Arctic. Betula alba-type = tree-type
Betula.
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Supplementary material

Supplementary Table S1 Complete pollen taxa and non-pollen palynomorph (NPP) list for the
palynological record of Summit Eurocore’89 (Greenland) with assignment to summary groups in the
pollen diagram. Greenland taxa assignment including adventive taxa introduced since the Old Norse
culture following Bécher et al. (1968) and Anderson et al. (1991). AP = arboreal pollen, NAP = non-
arboreal pollen. Indication of occurrence in one (*), two (**) or more than two (***) samples of the

record.

Taxa

Native Greenland
AP

Alnus viridis-type*™**, Betula alba-type***, Betula nana-type***,
Cornus suecica-type**, Ericaceae®, Juniperus***, Salix***

Boreal AP

Abies***, Calluna vulgaris*, Picea™"*, Pinus Diploxylon***, Pinus
Haploxylon***, Populus***

Nemoboreal and
temperate AP

Acer rubrum-type®, Acer saccharum-type*, Acer indet.***, Aesculus
hippocastanum-type®*, Alnus incana-type™*, Carpinus***,
Castanea™", Cornus sanguinea-type***, Corylus***, Fagus***,
Fraxinus excelsior-type**, Juglans**, Cf. Liquidambar*,
Platanus***, Prunus-type™*, Quercus***, Sambucus***, Taxus®,
Tilia***, Umus***

Greenland NAP

Achillea*, Apiaceae™, Artemisia***, other Asteroideae***, Aster-
type***, Brassicaceae™*, Campanula jasione-type*”,
Caryophyllaceae™, Centaurea®, Cichorioideae™,
Chenopodiaceae***, Cyperaceae*™*, other Fabaceae***, Galium®*,
Lamiaceae™, Liliaceae*, Oxyria*, Parnassia®, Pedicularis*, other
Plantago*™*, Plantago alpina-type***, Poaceae***, other
Polygonum***, Polygonum aviculare-type®, Primulaceae®,
Anemone-type***, other Ranunculaceae®, Ranunculus acris-type*,
other Rosaceae™", Rumex™*, Sedum®, Senecio-type***,
Thalictrum™*, Trifolium pratense-type**

Other NAP

Ambrosia*™**, Cannabis**, Cerealia-type**, Helianthemum™**,
Herniaria*, Humulus***, Hypericum**, Lupinus-type*, Plantago
major-type**, Plantago lanceolata-type™*, Sanquisorba minor*,
Trollius-type**, Urtica dioica-type***, Xanthium-type*, Zea mays*

Fern spores

Monolete fern spore***, trilete fern spore**

Fungal spores

Ustulina*
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Abstract. Microscopic charcoal particles are fire-specific
tracers, which are ubiquitous in natural archives such as lake
sediments or ice cores. Thus, charcoal records from lake
sediments have become the primary source for reconstruct-
ing past fire activity. Microscopic charcoal particles are gen-
erated during forest and grassland fires and can be trans-
ported over large distances before being deposited into natu-
ral archives. In this paper, we implement microscopic char-
coal particles into a global aerosol-climate model to better
understand the transport of charcoal on a large scale. Atmo-
spheric transport and interactions with other aerosol parti-
cles, clouds, and radiation are explicitly simulated.

To estimate the emissions of the microscopic charcoal par-
ticles, we use recent European charcoal observations from
lake sediments as a calibration data set. We found that scaling
black carbon fire emissions from the Global Fire Assimila-
tion System (a satellite-based emission inventory) by approx-
imately 2 orders of magnitude matches the calibration data
set best. The charcoal validation data set, for which we col-
lected charcoal observations from all over the globe, gener-
ally supports this scaling factor. In the validation data set, we
included charcoal particles from lake sediments, peats, and
ice cores. While only the Spearman rank correlation coeffi-
cient is significant for the calibration data set (0.67), both the
Pearson and the Spearman rank correlation coefficients are
positive and significantly different from zero for the valida-
tion data set (0.59 and 0.48, respectively). Overall, the model

captures a significant portion of the spatial variability, but
it fails to reproduce the extreme spatial variability observed
in the charcoal data. This can mainly be explained by the
coarse spatial resolution of the model and uncertainties con-
cerning fire emissions. Furthermore, charcoal fluxes derived
from ice core sites are much lower than the simulated fluxes,
which can be explained by the location properties (high alti-
tude and steep topography, which are not well represented in
the model) of most of the investigated ice cores.

Global modelling of charcoal can improve our understand-
ing of the representativeness of this fire proxy. Furthermore,
it might allow past fire emissions provided by fire models
to be quantitatively validated. This might deepen our under-
standing of the processes driving global fire activity.

1 Introduction

Fires are an important component of the Earth system and
are closely linked to vegetation. They reduce biomass, influ-
ence the distribution of biomes, and alter biodiversity (Bond
and Keeley, 2005; Secretariat of the Convention on Biolog-
ical Diversity, 2001). Furthermore, fires have a large im-
pact on the atmosphere, mainly by emitting aerosol particles
and greenhouse gases (Crutzen and Andreae, 1990) and to a
smaller extent by altering the surface albedo (Gatebe et al.,
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2014). They threaten humans not only because of infrastruc-
ture and death risks but also because of carcinogenic smoke
emissions (Stefanidou et al., 2008).

The biosphere, the atmosphere, and humans not only are
impacted by fires but also influence them: the occurrence
and size of fires strongly depend on the vegetation proper-
ties (e.g. vegetation structure and moisture), on some cli-
mate variables (e.g. lightning frequency, precipitation, tem-
perature), and on human behaviour (e.g. land use changes,
firefighting) (Hantson et al., 2016). In recent years, global
fire models have become more advanced, but open questions
still remain, e.g. regarding the complexity needed for global
fire models (Hantson et al., 2016). Current fire models are
generally tuned to match observations from recent decades,
where satellite products give valuable information on the oc-
currence of fires. Thus, a major goal of current research is
to test the fire models against palaeo-fire data (Rabin et al.,
2017), which are independent of this tuning: only if the mod-
els are able to reproduce past conditions may they capture
the key processes driving fires and provide trustworthy infor-
mation about the future.

A number of natural archives provide information about
palaeo-fires on different spatial and temporal scales. Sedi-
mentary charcoal records from lakes and natural wetlands
are unique because of the broad temporal and spatial cov-
erage they provide, ranging from local to global and decadal
to millennial scales (Whitlock and Larsen, 2001; Schiipbach
etal., 2015). Recently, charcoal particles originating from ice
cores have also been analysed (Isaksson et al., 2003). Beside
charcoal particles, ice cores from glaciers and ice sheets also
preserve other (potential) fire indicators such as black car-
bon (BC) or molecular fire tracers (Rubino et al., 2016). Due
to their remote locations, ice cores can provide information
on regional to subcontinental scale fire activity. Especially
for the last & 150 years, ice cores generally have a sound
chronology and a high temporal resolution, which allows re-
cent ice core data to be linked directly to coinciding satellite
observations or fire simulations. This is an advantage of ice
cores compared to other charcoal fire records, which are un-
dated in some cases and often have multi-decadal resolutions
only (with some exceptions such as sediment traps or varved
sediments).

Charcoal particles differ from BC (as defined in the aerosol
community; see e.g. Bond et al., 2013) in terms of formation
mechanism, size, density, and H: C and O : C ratios (Preston
and Schmidt, 2006; Conedera et al., 2009). BC condenses as
a secondary product from hot gases present in flames, thereby
forming aggregates of small carbon spherules. Characteristic
for BC particles are their submicron sizes and their very high
carbon content, the latter resulting in pronounced absorption
of visible light. In contrast, charcoal particles retain recog-
nisable anatomic structures of their biomass source, cover the
range from submicron to millimetre scale, and have consid-
erably higher H: C and O: C ratios than BC (i.e. containing
less carbon and thus absorbing less radiation). Both particles
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have in common that they are formed during biomass burning
and are considered to be rather inert, unreactive substances.

Charcoal particles can be divided into microscopic (Dy >
10pm, where Dy is the maximum dimension of the parti-
cle) and macroscopic (Dy > 100um) charcoal particles. In
the most recent version of the Global Charcoal Database
(GCDv3), more than a thousand sites with charcoal data are
collected (Marlon et al., 2016). However, comparing data
from the GCD with output from fire models is challeng-
ing: the collected charcoal data are only comparable to a
certain degree due to differences in methods for extraction
and counting, locations/environments, chronologies, particle
sizes, values presented in percentages vs. concentrations or
influx, etc. To circumvent the problem of inhomogeneous
data, global synthesis studies such as Power et al. (2008) and
Marlon et al. (2008) homogenised, rescaled, and standard-
ised the data. The derived standardised scores (also called
Z scores) enhance the comparability of the data but give only
information about the relative changes of charcoal deposi-
tion. To estimate fire emissions from 1750 to 2015, van Marle
et al. (2017) combined satellite retrievals, standardised scores
from charcoal records, fire models, and visibility observa-
tions. The charcoal signal and the output from the fire models
were scaled to match average regional GFED (Global Fire
Emissions Database) carbon emissions from 1997 to 2003.
However, to validate fire models and fire emission invento-
ries, absolute values of charcoal fluxes (called influx or char-
coal accumulation rate in the palaeo-science community) are
still crucial.

To link the location of charcoal emissions (i.e. fires) with
the fluxes derived at the observation sites (e.g. lake sedi-
ment), the transport of the particles must be taken into ac-
count. Previous studies have already investigated the trans-
port of charcoal particles, which can take place in either air
or water depending on site conditions and record type (e.g.
Clark, 1988a; Peters and Higuera, 2007; Tinner et al., 2006;
Lynch et al., 2004; Itter et al., 2017). Instead of explicitly
modelling the transport, many of these studies chose a statis-
tical approach.

In his pioneering study, Clark (1988a) focused on the
transport of charcoal particles in air. He expected that the
transport in fire plumes (which uplift particles to high alti-
tudes) is responsible for nearly the whole long-range trans-
port of microscopic charcoal particles. Clark (1988a) calcu-
lated that the transport of charcoal particles can be subcon-
tinental to global: although charcoal particles are deposited
relatively quickly due to their large sizes, their low density
leads to considerably lower settling velocities compared to
other supermicron particles (such as mineral dust).

More recently, Peters and Higuera (2007) and Higuera
et al. (2007) used numerical models to simulate the major
processes involved in macroscopic charcoal accumulation in
lakes. Since they focused on charcoal particles from lake
sediments, Higuera et al. (2007) considered not only fire
conditions (size, location, and frequency) and transport but
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also sediment mixing and sediment sampling of macroscopic
charcoal, while microscopic charcoal remained unexplored.

In the very recent study of Adolf et al. (2018), a uniform
European data set of absolute charcoal fluxes is compared
to satellite data of important fire regime parameters such as
fire number, intensity, and burnt area at local and regional
scales. Microscopic and macroscopic charcoal number fluxes
are considered separately.

In this study, we explicitly simulate the aeolian trans-
port and deposition of charcoal particles, which allows for
quantitative comparison of simulated and observed charcoal
fluxes. To model the transport of charcoal particles glob-
ally, we used the global aerosol-climate model ECHAMS6.3-
HAM2.3. We focus on microscopic charcoal particles, which
primarily originate from fires in a radius of up to 100 km
around the natural archive (Conedera et al., 2009) and are
thus less influenced by specific site conditions (e.g. nearby
burnable biomass). Part of microscopic charcoal particles can
be transported over larger distances. For example, Hicks and
Isaksson (2006) observed microscopic charcoal particles in
Svalbard, which probably originated from the neighbouring
continents and thus had been transported at least &~ 1000 km.

Using a global aerosol—climate model allows the meteoro-
logical conditions for the transport to be calculated online.
Furthermore, interactions of charcoal particles with other
aerosol particles, with clouds, and with radiation can be con-
sidered. These factors might impact the removal processes of
charcoal in the atmosphere and therefore where and when it
is deposited.

Our main goals are to study the transport of microscopic
charcoal particles on a global scale with a climate model and
to test the model performance using charcoal data from dif-
ferent palaeo-fire records. The structure of this paper is the
following: we first describe the charcoal data used for com-
parison with our simulations (Sect. 2). Subsequently, we de-
scribe the model, including the implementation of charcoal
particles as a new aerosol species into our aerosol scheme
(Sect. 3). In the “Results and discussion” section (Sect. 4),
a comparison between model results and charcoal observa-
tions is shown as well as general atmospheric properties of
the simulated charcoal particles such as mixing state. In the
conclusions (Sect. 5), we summarise the key findings of this
study.

2 Data

In this study, aerosol fire emissions (including charcoal) were
prescribed using a satellite-based emission inventory. Since
the emissions of microscopic charcoal are unknown, we esti-
mated them by scaling the fire emissions of BC and compar-
ing the model result to European charcoal observations (cal-
ibration data set, Sect. 2.1). The derived scaling factor was
then tested using different charcoal observations from vari-
ous regions around the globe (validation data set, Sect. 2.2).

www.atmos-chem-phys.net/18/11813/2018/

11815

2.1 Data used for calibration

To calibrate our emissions, we used the data from Adolf
et al. (2018). This data set comprises charcoal observations
from 37 lake sediments all over Europe (see Table S1 in the
Supplement). Compared to other parts of the world, biomass
burning emissions from Europe are small. Nevertheless, we
chose this data set because of its uniqueness: (i) annual fluxes
are estimated very accurately owing to the use of sediment
traps; (ii) due to the recent nature of the data (spring/summer
2012 to spring/summer 2015), it coincides with satellite-
based fire emissions; (iii) it includes a sufficiently large num-
ber of observation sites; (iv) it covers a region sufficiently
large to compare with a global model; and (v) all charcoal
samples were prepared with the same technique, and all par-
ticles counted by the same person.

For nearly all sediments considered in this study, we can
assume that the transport of charcoal takes place predomi-
nantly in air, not in water. However, for one lake in south-
ern Spain (Laguna Zéfiar) and one in Switzerland (Mont
d’Orge), surface run-off is expected to be important because
of the bare soil around the lakes. Surface run-off can trans-
port deposited charcoal particles from the soil to the lake and
thus enhance the number of charcoal particles in the sedi-
ment traps. Therefore, data from these two sites must be in-
terpreted with caution.

Charcoal particles were counted in pollen slides with a
magnification of 200-250x. Samples for microscopic char-
coal analysis were treated following palynological standard
procedures (Stockmarr, 1971; Moore et al., 1991). All black,
completely opaque, and angular particles (Clark, 1988b) with
a minimum Dy; of 10um and a maximum Dy of 500 um
were counted following Tinner and Hu (2003) and Finsinger
and Tinner (2005).

2.2 Data used for validation

To validate the model results, we used microscopic charcoal
observations covering different parts of the world, which are
independent of the calibration data set. Table S2 summarises
the locations and the time (period) of the observations used
for validation. Overall, data from 32 lake sediments and peats
were compiled using the Alpine Pollen Database of the Uni-
versity of Bern (ALPADABA). While many charcoal obser-
vations from lake sediments and peats exist, charcoal parti-
cles have so far only been studied in a handful of ice cores
(e.g. this study; Isaksson et al., 2003; Eichler et al., 2011;
Reese et al., 2013). In our analysis, we include five ice core
records. Three of them were obtained in the frame of the
project “Paleo fires from high-alpine ice cores” (which also
includes this study), in which charcoal data from the Euro-
core 89, Greenland, were also analysed. One of them is from
Belukha glacier, Siberian Altai (Eichler et al., 2011).

The selected data are as homogeneous as possible: to
compare the data set with our simulated results, only num-
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ber fluxes of charcoal particles with a lower threshold of
Dy = 10pum were considered. We excluded data using a dif-
ferent threshold or reporting no information from which we
could calculate fluxes. Since the preparation technique also
influences the estimated fluxes (Tinner and Hu, 2003), we
furthermore ensured that the sample preparation and charcoal
identification for the validation data set are identical to that of
the calibration data set. The only exception is the data from
Connor (2011). Instead of counting the number of charcoal
particles above 10 um, Connor (2011) measured the charcoal
area following the method from Clark (1982). To compare it
with the simulated number fluxes, the linear regression from
Tinner and Hu (2003) for Lago di Origlio was applied to the
observed data to convert charcoal area to number.

For the lake sediments and peats, we include additional
information about the dating of the records in Table S2. The
sediment age was used to calculate sediment accumulation
rates. Based on the original chronologies, we assumed a lin-
ear sediment accumulation between the two youngest char-
coal samples to calculate a sediment accumulation rate from
which we then derived the charcoal flux for the uppermost
sample of the record. By assuming a linear sediment accu-
mulation, we may underestimate true values given that sur-
face sediments are not compacted yet. The surface of the sed-
iment core usually reflects the time of drilling. Therefore,
the older the youngest dated point of the core, the larger the
uncertainty of the most recent sediment accumulation rate
and, consequently, the charcoal fluxes. Furthermore, the un-
certainty of the fluxes depends on the dated material and the
dating method (both listed in Table S2).

The ice cores considered for validation are derived
from Colle Gnifetti (Switzerland), Tsambagarav (Mongolia),
Belukha (Russia), Illimani (Bolivia), and Summit (Green-
land), thus spanning a wide range of the globe. An exotic
Lycopodium spore marker was added to the melted samples,
which were then evaporated to reduce the volume and after-
wards treated in the same manner as the standard sediment
samples (Brugger et al., 2018).

We only take into account data that are more recent than
1980 in the validation data set as we had to find a com-
promise between including observations reflecting the fire
conditions of the simulated period (2005-2014) and obser-
vations coming from many different locations but which are
older than the simulation period.

3 Methodology

3.1 Modelling charcoal particles in ECHAM6-HAM2

ECHAMG6-HAM?2 is a global climate model (ECHAM)
coupled with an aerosol model (HAM) and a 2-moment
cloud microphysical scheme. For more information about the
model, we refer to Stier et al. (2005), Lohmann et al. (2007),
Zhang et al. (2012), Stevens et al. (2013), and Neubauer et al.
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(2014). Since this is the first time that microscopic charcoal
has been implemented into a global aerosol—climate model,
in the following we will thoroughly describe which aspects
need to be considered. First, we will describe general phys-
ical properties of microscopic charcoal and how these are
represented by the model (Sect. 3.1.1). Second, we will de-
scribe how a life cycle of charcoal particles is simulated, i.e.
from the emissions (Sect. 3.1.2) via atmospheric interactions
(Sect. 3.1.3, 3.1.4) through to deposition (Sect. 3.1.5). In the
end, some diagnostics complementary to the existing model
output will be briefly mentioned (Sect. 3.1.6).

3.1.1 Size distribution, shape, and density

HAM uses the so-called M7 scheme (Vignati et al., 2004),
which distinguishes seven aerosol modes classified by their
size and solubility: soluble nucleation mode (number geo-
metric mean radius 7y < 5nm), soluble Aitken mode (Snm <
rg < 50nm), insoluble Aitken mode, soluble accumulation
mode (50nm < rg < 500nm), insoluble accumulation mode,
soluble coarse mode (500nm < rg), and insoluble coarse
mode. Each of these modes is log-normally distributed, and
the total aerosol particle size distribution is described by a su-
perposition of the seven modes. To implement charcoal par-
ticles, we extended the scheme by two additional modes (M9
scheme), namely by a soluble giant and an insoluble giant
mode. The giant mode has the same geometric standard de-
viation as the coarse mode (i.e. oy = 2). We restricted neither
the upper nor the lower bound of the giant mode, but the r,
of the emitted (i.e. initial) size distributions was set between
0.5 and 5um (see Sect. 3.1.2). When a particle size distribu-
tion grows in M7, part of its mass and number is shifted to
the next-larger mode, e.g. from the nucleation to the Aitken
mode. To simplify diagnostics, we did not allow shifts from
the coarse to the giant mode.

In HAM, all aerosol particles are assumed to be spheri-
cal. This condition is not fulfilled for charcoal particles, but
at least microscopic charcoal particles seem to have a shape
closer to a sphere than macroscopic charcoal particles (Craw-
ford and Belcher, 2014). To compare our result with obser-
vations, we therefore use the volume-equivalent radius (req)
of charcoal particles. To estimate req, the geometry of char-
coal particles must be considered. Some studies analysed the
shape of charcoal particles and reported their aspect ratios
R = %, where Dy, is the minimum dimension of a particle.
In the 1§upplement (Sect. S1.1), we summarise the findings
concerning R in the literature. In our model simulations, we
consider a range of R between 1.33 and 2.4 (corresponding
to 7eq 0f 4.9 and 3.5 um); our initial estimate is R = 2 (corre-
sponding t0 req = 3.9 um).

A distinct characteristic of charcoal particles is their
low density. Renfrew (1973) reports values of 0.3-
0.6gcm™3; Sander and Gee (1990) report similar values
of 0.45-0.75gcm™3. Hence, we chose a particle density
of 0.5gcm™ as an initial guess, which lies in the mid-
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dle of these ranges. For the test simulations, we considered
values where both observations overlap, i.e. from 0.45 to
0.6gcm™3.

3.1.2 Charcoal emissions

Thanks to fire emission inventories based on satellite data,
we have a good knowledge about where and when fires of
which sizes occurred in the last 1-2 decades. Nevertheless,
aerosol emissions from fires are still uncertain. This is caused
to a large degree by the pronounced variability of fires: emis-
sion factors (which relate the mass of the burnt vegetation
to the mass of emitted aerosol particles) vary considerably
depending for instance on vegetation type, fire temperature,
or fire dynamics. To our knowledge, no study has estimated
the emission factors of microscopic charcoal particles so far.
Clark et al. (1998) and Lynch et al. (2004) focused on macro-
scopic charcoal when estimating mass emission fluxes; there-
fore these values are not comparable.

Airborne measurements of aerosol particles from fires usu-
ally have upper cutoff sizes of a few micrometres or less (e.g.
Johnson et al., 2008; May et al., 2014). The aircraft measure-
ments by Radke et al. (1990) are exceptional since they in-
clude particles with sizes up to 3 mm, therefore covering the
whole size range of charcoal. In their study, they set three
fires in North America. The measured particle size distri-
bution showed similar shapes for all of these burns. Radke
et al. (1990) report that a considerable fraction of the parti-
cles measured in the plumes were larger than 45um in di-
ameter. From their data, we estimate that the mass emission
fluxes of supermicron particles should be of the same order
of magnitude as the mass emission fluxes of submicron par-
ticles, which is usually dominated by organic carbon (OC) in
fire plumes (Desservettaz et al., 2017). Thus, we assume that
all of these large particles are indeed charcoal and not ash or
other large particles emitted from fires.

Since both BC and charcoal particles form under condi-
tions when oxygen is limited in the burning process, we de-
cided to scale BC mass emissions from fires to derive char-
coal mass emissions. As a starting point for the scaling fac-
tor, we assume that the mass emission fluxes of microscopic
charcoal are comparable to those of submicron particles.
Since BC only contributes relatively little to the total sub-
micron particle mass, we scale the BC mass by a factor ~ 10
(based on the ratios of BC to total submicron particles and
to OC; Desservettaz et al., 2017; Akagi et al., 2011; Sinha
et al., 2003). Furthermore, scaling aerosol emissions from the
Global Fire Assimilation System (GFAS) by a factor of 3.4
leads to a better agreement between simulated and observed
aerosol optical depth for both the global Monitoring Atmo-
spheric Composition and Change (MACC) aerosol system
and ECHAMG6-HAM?2 (Kaiser et al., 2012; von Hardenberg
et al., 2012). Therefore, we use a factor of 10-3.4 = 34 as an
initial estimate. Then we adjust this scaling factor until the
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simulated charcoal fluxes agree with the calibration data set
(Sect. 2.1).

To describe the fire emissions, we use BC, OC, and
SO, mass emissions at a 3-hourly resolution by combining
the daily emissions from GFAS (GFASv1.0 until Septem-
ber 2014, GFASv1.2 afterwards) with the daily cycle from
GFED (year 2004; Kaiser et al., 2012; Mu et al., 2011).
GFAS emissions are based on fire radiative power and make
use of vegetation-specific aerosol emission factors follow-
ing Andreae and Merlet (2001, with annual updates by
Meinrat O. Andreae). The strongest spurious signals orig-
inating from industrial activity, gas flaring, and volcanoes
should be masked. However, in our simulations we found
unrealistically high charcoal emissions over Iceland. These
“emissions” are most likely caused by lava, which emits
a signal at the same wavelength at which fires are de-
tected. As an example, the volcano Bardarbunga caused
huge eruptions over Iceland in August/September 2014,
coinciding with extremely high fire emissions in GFAS
(232 x 107" kgm~2s~! averaged between 62°N, 26°W
and 67°N, 11°W for September compared to global mean
emissions of 1.57 x 10" kgm~=2s~! for the same month).
Therefore, we decided to mask all fire emissions over Iceland
for our simulations. Furthermore, note that some fires are not
detected by the satellite when clouds obscure the fire radia-
tive power signal or when the signal is below the detection
limit (which depends on the distance to sub-satellite track;
Kaiser et al., 2012). Other uncertainties of biomass burning
emissions include for example uncertainties in emission fac-
tors or land cover maps (Akagi et al., 2011; Fritz and See,
2008). More details about GFAS can be found in Kaiser et al.
(2012).

Observations show that the larger the microscopic char-
coal particles, the smaller their corresponding number con-
centration (e.g. Clark and Hussey, 1996). This implies that
the number geometric mean radius r of our emitted charcoal
size distribution should be smaller than the lower threshold
of microscopic charcoal detection (Dy; = 10 um); i.e. the ob-
servations rather lie on the descending branch of the emitted
log-normal size distribution (see Fig. S2).

The airborne measurements by Radke et al. (1990) only
show one clear maximum in the number size distribution at
radius r = 0.05um, which we attribute to aerosol particles
other than charcoal (e.g. BC and OC). There is however a dis-
tinct flattening of the negative slope above r ~ 0.5 um, which
could well be caused by an increase in the charcoal particle
number concentration. From the study by Clark and Patter-
son (1997), who analysed deposited charcoal distributions,
we estimate that the number geometric mean radius is & 5 um
(using R =2). Based on these two studies, we roughly esti-
mate that the number geometric mean radius at emission lies
in the range between 0.5 and 5 pm.

In contrast to the studies by Clark (1988a) and Higuera
et al. (2007), our fire plume heights depend on the planetary
boundary layer (PBL) height (Veira et al., 2015), which is
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illustrated in Fig. S1. If the PBL height is lower than 4km,
75 % of the fire emissions are distributed between the sur-
face and the model layer below the PBL height (at a con-
stant mass mixing ratio), 17 % are injected in the first model
layer above the PBL height, and 8 % are injected in the sec-
ond layer above the PBL height. In the rare cases of the PBL
height being larger than 4 km, the plume height is set to the
PBL height and the emissions are equally distributed from
the surface to the model layer below the PBL height.

We assume that all charcoal is emitted as insoluble, non-
hygroscopic particles because of their rather high carbon
content and inertness (Preston and Schmidt, 2006). Observa-
tions have shown that BC, which has an even higher carbon
content than charcoal, can take up soluble material and then
undergo further hygroscopic growth (Shiraiwa et al., 2007;
Zhang et al., 2008). Hence, we assume that the same holds
for charcoal particles, i.e. that charcoal particles can become
internally mixed and thus be shifted to the soluble mode. This
is explained in the following section.

3.1.3 Interactions with other aerosol particles

Charcoal particles can be shifted from the insoluble giant to
the soluble giant mode by two processes: (i) Brownian coag-
ulation with soluble particles from the nucleation or Aitken
mode and (ii) condensation of sulfuric acid on the particle
surface. Coagulation with larger modes is not considered be-
cause the Brownian motion of these particles is very low and
coagulation is therefore not effective. Schutgens and Stier
(2014) reported that even coagulation between the Aitken
(BC, OC, sulfate) and the coarse mode (dust) is negligible,
which suggests that the same might be the case for the Aitken
and the giant mode (charcoal). Since charcoal particles — in
contrast to dust — are co-emitted with BC, OC, and sulfate,
we decided to nevertheless implement the coagulation be-
tween the giant and the Aitken mode. By coagulation, the
aerosol species BC, OC, and sulfate can be transferred to the
soluble giant mode. The soluble giant mode is therefore a
mixture of different aerosol species, whereas the insoluble
giant mode is exclusively comprised of charcoal.

In our model, the condensation of sulfate shifts the char-
coal particle to the soluble mode when at least one mono-
layer of sulfate covers the surface of the charcoal particle.
Therefore, large charcoal particles are less likely to be trans-
ferred to the soluble mode by condensation of sulfate than
small charcoal particles.

It is assumed that the soluble giant mode is internally
mixed, i.e. that each individual aerosol particle consists of
all components present in the mode. As soon as charcoal has
been shifted to the soluble mode, the particles can grow fur-
ther by water uptake when hygroscopic material like sulfate
is present. In-cloud-produced sulfate mass can sometimes be
added to the giant soluble mode when cloud droplets evapo-
rate (see Sect. S2.1).
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3.1.4 Interactions with microphysics and radiation

To our knowledge, the propensity of charcoal to act as a cloud
condensation nucleus or ice-nucleating particle and the re-
fractive index (RI) of microscopic charcoal have not been
studied. In our model, mixed aerosol particles containing
charcoal in the soluble giant mode can act as cloud condensa-
tion nuclei following the Abdul-Razzak and Ghan (2000) ac-
tivation scheme. Charcoal itself does not dissociate. Further,
we assume that charcoal particles cannot initiate freezing of
cloud droplets. Concerning the interaction with radiation, we
used the same RI as for dust; for explanation, see Sect. S1.2.

We do not expect these decisions to have a large impact
on the atmospheric transport of charcoal particles since most
charcoal particles do not reach levels where heterogeneous
freezing becomes important, and the absorption of charcoal
particles is likely too small to change the thermodynamic
profile of the atmosphere.

3.1.5 Removal processes

Aerosol particles can be removed by three processes in
HAM: wet deposition, gravitational settling, and dry depo-
sition. Wet deposition in ECHAM6-HAM?2 includes both in-
cloud and below-cloud scavenging (Croft et al., 2009, 2010).
Furthermore, the calculation distinguishes between liquid,
mixed-phase, and ice clouds, as well as between stratiform
and convective clouds. The wet-deposition calculation ex-
plicitly considers the sizes and the solubility of the aerosol
particles. To prevent numerical instability, settling aerosol
particles cannot fall through more than one model layer
within one time step. However, this should not considerably
change the spatial gravitational settling pattern (for details,
see Sect. S2.2). In contrast to gravitational settling and wet
deposition, dry deposition is only calculated near the surface.
It accounts for the fact that a higher surface roughness leads
to an increased aerosol flux to the surface because of tur-
bulence. The surface roughness varies for different surface
types, e.g. forest, water, or ice. Since gravitational settling is
artificially slowed down near the surface on rare occasions
(Sect. S2.2), dry deposition might take over and could there-
fore be somewhat overestimated.

3.1.6 Additional diagnostics

As mentioned in Sect. 3.1.2, we estimate the number geo-
metric mean radius of the emitted charcoal size distribution
to lie in the range 0.5-5um. This implies that a substantial
portion of the simulated charcoal particles are smaller than
Dy, = 10pm and are therefore not included in the counts un-
der the microscope. When comparing the simulated number
fluxes to the surface with observations, we therefore want to
exclude these small particles in our diagnostics. However, in
the standard set-up of ECHAM6-HAM?2, only the total sur-
face fluxes for each giant mode are calculated. To circumvent
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Table 1. Exemplary results of test simulations with different param-
eters (emission number geometric mean radius remi in um, thresh-
old radius rthr in um, and density dens in g cm™3). The scaling
factor is the same for all simulations (SF = 34); the numbers hardly
depend on the scaling factor. The parameters chosen for further sim-
ulations are marked in bold.

Parameters Pearson Spearman Quartile
correlation rank coefficient
correlation  of dispersion
remi2.5,rthr3.9,dens0.5 0.22 0.70 0.28
remi2.5,rthr3.9,dens0.6 0.22 0.70 0.31
remi2.5,rthr4.9,dens0.5 0.22 0.69 0.32
remi2.5,rthr4.9,dens0.6 0.22 0.68 0.37
remi4,rthr3.5,dens0.5 0.22 0.69 0.33
remi4,rthr3.9,dens0.5 0.22 0.69 0.36
remid,rthr3.5,dens0.45 0.23 0.69 0.34
remi5,rthr3.5,dens0.5 0.23 0.68 0.36
remi5,rthr3.9,dens0.5 0.22 0.68 0.38
remi5,rthr3.9,dens0.6 0.22 0.68 0.41
remi5,rthr4.9,dens0.5 0.22 0.68 0.44
remi5,rthr4.9,dens0.6 0.21 0.67 0.47

this problem, we implemented additional diagnostics which
calculate how many particles above a threshold radius are
deposited. More information can be found in Sect. S2.3.

3.2 Model simulations

In this study, we used a model resolution of T63L31, which
corresponds to a grid box size of 1.9° x 1.9° (= 200km x
200km at the Equator) with 31 vertical layers. For all simu-
lations, we used a spin-up time of 3 months. We conducted
test simulations to find suitable values for charcoal emis-
sion factors and three uncertain parameters described below.
As mentioned previously, we increased the BC mass emis-
sions by a scaling factor (SF) to estimate the charcoal emis-
sions. These test simulations were nudged towards 6-hourly
ERA-Interim data from April 2012 to May 2015 to cover the
same time period as the calibration data set used to evalu-
ate the model performance. First, three charcoal parameters
were varied in the test simulations at a constant scaling factor
(SF = 34): the threshold radius (above which charcoal parti-
cles are counted), the emission number geometric mean ra-
dius, and the density. As an initial guess, we set the emission
number geometric mean radius to 7eq = 2.5 um, the thresh-
old radius to 7eq = 3.9 um (corresponding to R =2), and the
density to 0.5gcm™>. In Table 1, we refer to this simula-
tion as remi2.5,rthr3.9,dens0.5. The values were varied in the
ranges derived from the literature (see Sect. 3.1.2). Based on
the comparison with the observations, we selected the best
parameter set and then estimated which scaling factor is in
best agreement with the observations.

Finally, we conducted a nudged and a free simulation of
10 years each (January 2005 to December 2014) with the
derived parameter set and scaling factor and compared our
results with the observations described in Sect. 2.2.
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For all simulations, we used 3-hourly fire emissions based
on daily GFAS emissions (see Sect. 3.1.2). The other pre-
scribed aerosol emissions are monthly means and do not
show interannual variability. For most of these aerosol par-
ticles, we used present-day emissions (year 2000) from the
Atmospheric Chemistry and Climate Model Intercomparison
Project (ACCMIP; Lamarque et al., 2010). Dust, sea salt, and
oceanic dimethyl sulfide emissions were calculated within
the model at every time step.

To compare the simulations with the observations (e.g. cal-
culating correlation coefficients), we used the SciPy package
(Jones et al., 2001-).

4 Results and discussion
4.1 Calibration of emissions

We conducted test simulations and compared the result to the
European observations from Adolf et al. (2018). Three mea-
sures were used for the comparison: (i) the Pearson correla-
tion, which is a measure for linear correlation; (ii) the Spear-
man rank correlation, which assesses monotonic relation-
ships; and (iii) the quartile coefficient of dispersion, which is
a normalised and robust variability measure (gg;Q‘l , where
Q1 and Q3 are the first and third quartiles, respectively). Ta-
ble 1 shows some parameter combinations with positive cor-
relation coefficients. In all test simulations, the correlation
coefficients are very similar. While the Pearson correlation
coefficients are low (0.21-0.23) and statistically insignifi-
cant, the Spearman rank correlation coefficients are much
higher (0.67-0.69) and statistically significant. One reason
for that is some observations with clearly larger charcoal
fluxes than the simulated values (“outliers”) since the Pear-
son correlation coefficients are much more sensitive to out-
liers than the Spearman rank correlation coefficients. These
outliers can nicely be seen in Fig. S4 for the example of
remi2.5,rthr3.9,dens0.5. Two of them (black in Fig. S4) are
sites expected to be influenced by surface run-off (Laguna
Zofiar and Mont d’Orge), which explains the discrepancy
between observations and model results. Removing these
two points from the calculation causes the Pearson corre-
lation to increase (e.g. from 0.22 to 0.26 for simulation
remi2.5,rthr3.9,dens0.5). The other outliers (dots in Figs. S4
and S5 above 40000no.cm™2yr~! on the y axis) are sites
located in Sicily and southern France. A minor part of the
deviation might be due to the proximity of these sites to
the ocean. In this case, the grid boxes contain both land and
ocean, which leads to an underestimation of charcoal emis-
sion fluxes over land in the model.

In all test simulations, we found that the variability of char-
coal fluxes is clearly underestimated. We think that the two
following reasons are mainly responsible for the larger vari-
ability in the observations compared to the model:
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— Model resolution. Sub-grid variability cannot be re-
solved by the model; i.e. the simulated emissions
and depositions are an average over the whole grid
box. In contrast, the observation sites can differ by a
large amount, e.g. concerning the distance to burnable
biomass, especially in the highly fragmented landscapes
of Europe.

Uncertainties in fire emissions. Some fires might not
be detected by the satellite (e.g. due to dense clouds)
and therefore might not be accounted for in the sim-
ulated emissions. Furthermore, charcoal particle emis-
sions could show a different variability concerning veg-
etation than BC does; i.e. the charcoal emissions per
mass of burnt biomass might vary more between dif-
ferent vegetation types than we assumed.

The quartile coefficients of dispersion (Table 1) show that
the variability differs between the test simulations. The sim-
ulation with the highest variability (remi5,rthr4.9,dens0.6,
albeit still having a lower variability than the observations)
has only slightly lower correlation coefficients than the other
simulations. Therefore, we choose this parameter set as the
“best”. However, we are aware that choosing the parameter
set with the highest variability might compensate for errors
not related to the parameters (e.g. the model resolution) that
are responsible for an underestimated variability. Further-
more, none of the parameter sets has a statistically significant
Pearson correlation. Therefore, we cannot conclude from our
simulations which parameter set is the most realistic one.

For the chosen parameter set (remi5,rthr4.9,dens0.6), we
conducted simulations with different scaling factors (see
Fig. 1). The correlation coefficients and the quartile coeffi-
cients of dispersion hardly depend on the scaling factor be-
cause charcoal particles do not coagulate with each other.
We did not use the root mean squared error as a measure
for the best scaling factor because the charcoal observations
span several orders of magnitudes and the absolute deviations
would be biased by the highest absolute charcoal fluxes (in-
cluding the outliers). Instead, we consider the scaling factor
for which approximately the same number of observations
lies above and below the 1 : 1 line to be in best accordance
with the observations. This is the case for a scaling factor of
the order of SF=250 (see Fig. 1c¢), which furthermore has
the smallest mean absolute error. However, note that the scal-
ing factor depends on the chosen parameter set. Considering
all parameter sets listed in Table 1, the best scaling factors
range between SF =~ 50 and = 250.

Figure 2 shows the observed and the simulated charcoal
fluxes over Europe. Overall, the model is able to capture the
European north—south gradient in charcoal fluxes, with lower
values in the north.

In the next section, we will validate the model with obser-
vations from different regions of the world.
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4.2 Comparison with observations

In this section, we compare our simulated charcoal fluxes
with independent observations. Here, we show results for the
nudged 10-year model simulation; those of the free 10-year
simulation are very similar (for comparison, Fig. S5 shows
the same as Fig. 3 but for the free simulation). For the three
ice cores spanning a recent multi-annual period, we average
the model output over the same time periods (2005 to sum-
mer 2009 for Tsambagarav, 2005 to 2014 for Colle Gnifetti,
and 2008 to 2014 for Illimani). For all other observations, we
use the mean over the whole simulation for comparison.

As for the calibration simulations described in Sect. 4.1,
the high variability in the observations is not reproduced
by the model (see Fig. 3). For Bhutan, Italy, Switzerland,
and Georgia, several lake sediment samples were collected
in a small geographical region and are therefore not fur-
ther distinguished in Fig. 3 (black, yellow, green, and orange
symbols, respectively; medians over these samples shown as
large pentagrams). The regional medians of the observations
are rather close to the simulated median charcoal fluxes, indi-
cating that the simulated fluxes are representative for a large
scale. While the simulated median over Italy agrees very well
with the observations, it is overestimated for Switzerland,
Georgia, and Bhutan. Note that most of the data are also
shown on a linear scale (Fig. 4), where we zoom in for better
visibility (red frame in Fig. 3). The data from Connor (2011)
(orange crosses) are the only ones originally measured in
area fluxes and afterwards converted to number fluxes (see
Sect. 2.2). The converted number fluxes compare well with
the other observations and the model results, which indicates
that the regression from Tinner and Hu (2003) can indeed be
applied in this case.

Most simulated fluxes deviate by less than 1 order of
magnitude from the observations, providing evidence that
the simulated results are in good agreement with observed
values at the sites. However, the charcoal flux values are
highly overestimated for all ice cores (triangles), for three
peats in the Alpine region (Mauntschas, Rosaninsee, and
Wengerkopf), and for the sediment from Lake Kharinei
(northern Russia). The model probably overestimates the
fluxes at the ice core sites because of their high location
within complex topography. The model is not able to sim-
ulate these high locations correctly since the surface altitude
is constant over the whole grid box; i.e. the topography is
smoothed. The simulated grid box averages are therefore not
comparable to the ice core measurements. In reality, ice cores
are located above the top plume height of most fires (Rémy
et al., 2017), which may prevent transport of charcoal parti-
cles to them. Furthermore, the simulated fire emission height
has a bias towards higher plume heights (Veira et al., 2015),
which likely also contributes to the overestimation of simu-
lated charcoal fluxes for sites above 4000 m (Rodophu-2 and
all ice cores except Greenland). In addition, we expect that
this bias leads to an overestimation of the simulated transport
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Figure 1. Simulated vs. observed number fluxes of charcoal particles above the threshold radius (in cm™2 yr_l) using the chosen estimate
of parameters (an emission number geometric mean radius of req = 5 um, a threshold radius of req = 4.9 um, and a charcoal density of
0.6g cm_3). The scaling factor increases from (a) to (d) (see legends). The two black dots show the sites likely influenced by surface

run-off.

of charcoal to remote locations, which could explain the high
simulated fluxes at Lake Kharinei and in Greenland. Another
explanation for the overestimated simulated fluxes in Green-
land is an increase in fire activity: GFAS data between 2003
and 2015 suggest that the fire emissions in Greenland might
have increased in recent years. Fire activity was recorded in
the years 2003, 2007, and all years from 2011 onwards, with
highest aerosol emissions occurring in 2015. Therefore, it is
possible that the fire activity was lower in 1989 (when the ice
core was drilled) than in the simulated period (2005-2014).
For the alpine sites, the observed fluxes might again not be
representative for the whole grid box due to the small-scale,
heterogeneous landscape around these observation sites (fire

www.atmos-chem-phys.net/18/11813/2018/

emissions and vegetation cover are constant in one model
grid box).

Overall the chosen scaling factor (SF = 250) describes the
data well; i.e. a global charcoal scaling factor seems to be
justified. However, the validation data set does not cover
certain regions (e.g. Africa or Australia) and is biased to-
wards northern mid-latitudes. The correlation between ob-
served and simulated fluxes is 0.59 and 0.48 for the Pearson
and the Spearman rank correlation, respectively, and in both
cases statistically significant.
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Figure 2. (a) Observed vs. (b) simulated number fluxes of charcoal particles above the threshold radius (in cm™2 yrfl) using the chosen
estimate of parameters (an emission number geometric mean radius of req = 5um, a threshold radius of req = 4.9 um, and a charcoal density

of 0.6¢g cm_3).

4.3 Global distribution considering all microscopic
charcoal particles

The global microscopic charcoal burden, i.e. the vertically
integrated mass of microscopic charcoal particles in the at-
mosphere (above the threshold radius), is shown in Fig. 5a
averaged over the 10-year nudged simulation. As expected,
the burden is highest where most biomass burning emissions
occur, namely in the tropics followed by the northern high
latitudes (mainly Siberia and North America; Kaiser et al.,
2012). The simulated global mean burden above the thresh-
old radius is 1.44 x 10~%kgm™2, i.e. approximately 6 times
larger than the burden of BC, which is 2.37 x 10~7 kgm™2
including all BC sources and sizes (shown in Fig. 5b). Al-
though the largest charcoal burdens occur near the emission
sources, significant fractions of charcoal mass are transported
hundreds of kilometres in the model, which is for example
the case near the east coast of North America or the west
coast of central Africa.

Most of the charcoal above the threshold radius resides in
the insoluble mode in terms of number and mass, and only a
few percent is shifted to the soluble mode (see Fig. 6). The
small contribution of the soluble mode can be explained by
the large size of the charcoal particles (limiting amount of
coating material) and the related short atmospheric lifetime.
Beside charcoal, the soluble mode is predominantly com-

Atmos. Chem. Phys., 18, 11813-11829, 2018

prised of sulfate (and water), while the mass contributions
of BC and OC are small (not shown).

4.4 Deposition of microscopic charcoal particles

As expected, the different atmospheric removal processes for
charcoal particles above the threshold radius differ in geo-
graphic distribution (see Fig. 7). While gravitational settling
and dry deposition become less important the larger the dis-
tance to the emission source, this is not generally the case
for wet deposition. Large wet-deposition fluxes are observed
where (simulated) precipitation is high, e.g. along the At-
lantic storm track. Contrary to gravitational settling, dry de-
position depends on the surface properties (Stier et al., 2005).
Therefore, dry-deposition fluxes are small over the ocean
compared to over land.

Overall, gravitational settling is the most important re-
moval process, followed by dry deposition and then wet de-
position. Although gravitational settling and dry deposition
dominate the global charcoal deposition, wet deposition is
the dominant removal process in some remote regions like
part of Greenland.
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5 Conclusions

Charcoal records from lake sediments are widely used to re-
construct past fire activity. More recently, charcoal particles
have also been studied in ice cores. In this paper, we imple-
mented microscopic charcoal particles into a global aerosol—
climate model. Comparing simulated with observed charcoal
fluxes might help to quantitatively reconstruct past fire ac-
tivity. A recent and comprehensive charcoal data set from
Europe was used for calibration of model emissions. Increas-
ing BC fire emissions by a factor of 250 resulted in the best
match between the model and observations, but this scaling
factor depends on the chosen parameter set (ranging from
~ 50 to ~ 250 for the parameter sets that we tested). Al-
though the model is not able to reproduce the high local vari-
ability of the observations, it captures the large-scale pattern
of charcoal deposition (e.g. the north—south gradient in Eu-
rope) reasonably well. The charcoal fluxes for the validation
data set, which covers different locations across the globe,
are well captured with the constant charcoal scaling factor
derived from the European calibration data set. However, our
validation data set consists mostly of samples from northern
mid-latitudes. We also found an underestimation in variabil-
ity for the validation data set but a positive, statistically sig-
nificant correlation between modelled and observed fluxes.
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Figure 7. The number fluxes (number of particles above a threshold radius of req = 4.9pm in cm ™2 yr_l) of the three different charcoal
removal processes in the model (with an emission number geometric mean radius of req = 5um and a charcoal density of 0.6 g cm™3): (a)

gravitational settling, (b) dry deposition, and (c) wet deposition.

The model shows a systematic positive bias for the ice core
observations, which is likely due to the high altitude of the
ice core sites as well as the complex topography around them.

As expected, the largest simulated charcoal deposition
fluxes occur near fires. However, the model suggests that a
non-negligible amount of microscopic charcoal particles is
transported over large distances and therefore reaches remote
locations (although comparisons with observations indicate
that the model might overestimate long-range transport). In
the model, only a few percent of charcoal particles is mixed
with soluble material in the atmosphere.

The Global Paleofire Working Group (Hawthorne et al.,
2017) aims for more standardised charcoal observations that
cover all relevant fire regions. Here we suggest that more sys-
tematic and standardised observations of microscopic char-
coal as number fluxes (with e.g. maximum particle dimen-
sion > 10um, as in Adolf et al., 2018) could help to im-
prove data—model comparisons and to verify whether a con-
stant scaling factor indeed describes the data well on a global
scale. In future studies, our new framework allows global

www.atmos-chem-phys.net/18/11813/2018/

modelling of charcoal and other biomass-burning-relevant
tracers such as black carbon, which may improve the under-
standing of the representativeness of individual fire proxies.
In addition, simulating microscopic charcoal particles using
the scaling factor found might allow us to quantitatively val-
idate past fire emissions provided by fire models. The valida-
tion of fire models is essential to improve the understanding
of the key drivers of fires and to gain confidence in projec-
tions of future fire activity.

Code availability. The ECHAM-HAMMOZ model is made freely
available to the scientific community under the HAMMOZ Soft-
ware Licence Agreement, which defines the conditions under which
the model can be used. More information can be found at the HAM-
MOZ website (https://redmine.hammoz.ethz.ch/projects/hammoz,
ECHAM-HAMMOZ) developers, 2018).

Data availability. You can find the data at https://data.iac.ethz.ch/
Gilgen_et_al_2018_Charcoal (Gilgen, 2018).
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S1 Charcoal properties

S1.1 Aspect ratio of charcoal

In the following, we summarise findings about the aspect ratio R of microscopic charcoal particles
and how we derive from those estimates for the equivalent radius 7eq. The measurements by
Clark and Hussey (1996) show a distinct maximum for aspect ratios R = 1.5-2, and the mean
aspect ratio is 2.36 £ 1.53. While Clark and Hussey (1996) used 9 sites in temperate castern
North America for their analysis, Tinner and Hu (2003) studied charcoal particles from different
biomes, namely Lago di Origlio (Switzerland: warm-temperate chestnut forest), Grizzly Lake
(Alaska: spruce forest). and Wien Lake (Alaska:; shrub birch tundra. poplar forest, and boreal
forest). For the three sites, they report aspect ratios of R = 1.9, R = 1.7, and R = 1.6,
respectively. Crawford and Belcher (2014) measured the aspect ratios of both microscopic and
macroscopic charcoal particles. For microscopic charcoal (Dy up to 100 um), they found aspect
ratios of 1.8 and 2.4 for charcoal from wood and grass, respectively. It is worth mentioning that
they used a cross-sectional arca of 315 pm? as the lower threshold, which corresponds to a Dy
of about 11.5 — 13.4 pm for wood and 13.2 — 15.5nm for grass (assuming rectangual/clliptical
cross-sections), 1.c. a slightly larger Dy than the threshold of 10 pm used in this study.

All of these measurements of R lie in the same range. For our study. we chose R = 2 as
an initial estimate. The third, non-visible dimension of the particle is expected to be smaller or
cqual to Dy, for particles detected in pollen slides since the particles may tend to lie flat on the
slides (Clark and Hussey 1996). For simplicity, we describe the shape of the charcoal particles
with a rectangual cuboid (see Clark and Hussey 1996). Assuming that the non-visible axis equals
the minor axis Dy, (which is rather an upper estimate), the equivalent-volume radius req is given

by:

chuboid = Vvsphere (1)
Dy Dy 4 5
Dyi- 7 =3 e 2)
D
— Toq A 062 =3, (3)
Rs3

where V' stands for volume. The typical lower threshold for microscopic charcoal particles is
Dy = 10 pm, which corresponds to an equivalent-volume radius of req ~ 3.9 pm. However, since
the aspect ratio tends to increase with charcoal size (Crawford and Belcher 2014), R of the lower
threshold (Dy = 10 pm) might be smaller than the mean or median R for Dy > 10pm. In the
model, we cannot account for a size-dependent R. For this study, it is important that the lower
threshold of the counted and simulated charcoal particles match well since these small particles
have higher number concentrations than larger particles (Clark and Hussey 1996: Tinner ct
al. 1998). As a lower cstimate for our test simulations, we therefore use R = 1.33. which
corresponds to the often applied, observation-based threshold of 75 pm? for microscopic charcoal
cross-sections (e.g. Tinner et al. 2006) and which results in 7oq = 4.9nm. Based on the before
mentioned observations from Clark and Hussey (1996) and Crawford and Belcher (2014), R = 2.4
is considered to be an upper bound, which corresponds to 7¢q = 3.5 pm.

S1.2 Radiative index of charcoal

Many studies {(c.g. Habib and Vervisch 1988) report that higher H-C ratios result in a smaller
imaginary part of RI, i.c. in a smaller absorption component. However, Bond and Bergstrom
(2006) reviewed the radiative properties of different carbon-containing substances with focus on
light-absorbing acrosol particles and found that the number of sp? bonds (more precisely: the
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extent of spZ-islands) matters most. More sp2-islands result in higher absorption because sp?-
bonded carbon is arranged in planar layers, which allows the 7-clectrons to move freely. Although
the light absorption is closely related to the imaginary part of RI, it is important to note that
absorption also impacts the real part. It is therefore not possible to estimate the imaginary part
independently of the real part.

In general, measured Rls of light-absorbing carbonaceous substances show a high variability
caused by different burning conditions (Bond and Bergstrom 2006). In our opinion, charcoal
particles should share some of the radiative properties of coal with similar H-C and O-C ratios
(l.c. very low-ranked coal). If we slightly extend the “coal rank™ line in Fig. 7 from Bond and
Bergstrom (2006) to the H-C and O-C ratios of charcoal, we arrive at a refractive index of
RI ~ 1.75 — 0.1k (for a wavelength of 550 nm). Unfortunately, this approach does not give us
any information about the wavelength dependence of RI. However, the imaginary part of RI
should not matter as much as the particle size: the charcoal particles are large compared with
the dominant wavelengths of sunlight. If the absorption is relatively high, it is expected that no
light penetrates to the interior of the particle, so that only the “skin™ of the particle absorbs and
all light cncountering the particle skin is attenuated (Tami Bond, personal communication). The
acrosol absorption in our model scales with the acrosol mass and does therefore not account for
this. Henee we would overestimate the absorption by charcoal when using RI =~ 1.75—0.1k. When
we conducted 5-year test simulations with different RI for charcoal {(once using RI from BC, once
RI from dust), we did not detect clear differences in the atmospheric lifetime of charcoal between
the model simulations. The RI of charcoal is therefore likely not important for its atmospheric
transport. In the end. we decided to use the same RI as for dust (RI ~ 1.52 — 1.1 x 1073k); the
lower absorption component of dust compared to charcoal should counteract that only part of
the charcoal mass is expected to absorb radiation.

In our simulations, we found that the vertically integrated charcoal mass in the atmosphere is
approximately one order of magnitude smaller than the mass of dust (using the chosen parameter
set). Thercfore, charcoal only contributes little to the total acrosol absorption optical thickness
in our simulations. However, our simplified approach is very uncertain and does also not consider
the non-sphericity of charcoal particles. If the absorption of charcoal were larger than with our
simplified estimate, the contribution to the acrosol absorption optical depth might be somewhat
higher, although we do not expect it to be large.

S2 Model implementation of charcoal

S2.1 In-cloud produced sulfate

Sulfate acrosols can be produced in cloud droplets when SO reacts with Oz or HoOo. When
cloud droplets evaporate, acrosol particles remain, the size of which depends on the mass and
chemistry of the foreign material in the cloud droplets (Mitra et al. 1992). The reaction with
H5039 is considered to be the dominant pathway (Secinfeld and Pandis 2006). Since the HoOo
concentration is often the limiting factor for the reaction with SOz, most of sulfate is added to
those particles activated carly in the cloud. i.c. the best cloud condensation nuclei (Harris et al.
2014). Thercfore, we distribute the sulfate mass produced in-cloud among the larger soluble
acrosol modes (accumulation, coarse, and giant) in case these modes exist. If none of the three
modes exist, a new soluble coarse mode is created.

S52.2  Gravitational settling

To ensure numerical stability in acrosol gravitational settling, acrosol particles can only cross
onc model layer within one timestep. However, only size distributions with large geometric mean
radii close to the surface, where the model layers are thin, are affected. We expect that this
velocity restriction might delay gravitational settling for large geometric mean radii by up to
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Figure S1: Tlustration of fire emission heights in ECHAM6-HAM?2.

a few time steps near the surface. However, this should not considerably change the spatial
gravitational settling pattern since particles are not transported far horizontally within this time
(as the horizontal scale of the grid is much larger than the vertical scale and horizontal wind
velocities are rather low near the surface). Furthermore, only a very small number of charcoal
size distributions have a sufficiently large geometric mean radius to be impacted.

S2.3 C(Calculation of number fHuxes above threshold radius

To compare the simulated charcoal fluxes with observations, it is essential that only simulated
fluxes of particles with Dy > 10 pm are considered. We calculated the total number of charcoal
particles above this threshold directly before and after the calculation of the removal processes
(gravitational scttling, dry deposition, wet deposition). From the difference, we caleulate the
fluxes to the surface as illustrated in Supplementary Fig. S2.

Since the observations only consider pure charcoal particles, we should only take the charcoal
component of the soluble giant mode into account when comparing to observations. Therefore,
knowledge about the size distribution of the charcoal component is important. Our model as-
sumes an ideal internal acrosol mixture, i.c. the total number of particles for the soluble giant
mode is also representative for the number of charcoal particles in the soluble giant mode. The
charcoal mass on the other hand is only a fraction of the total soluble giant mode mass (c.g.
sulfate in addition). Hence, the number size distribution of the charcoal particles in the soluble
giant mode is shifted to smaller radii compared to the total soluble giant mode but also follows
a log-normal distribution with the same o as the total soluble giant mode (sce Supplementary
Fig. S3).

Due to a small inconsistency in the code, small negative surface fluxes can occur: the radius
used to calculate the removal processes is only updated once per timestep, while the number and
mass tracer tendencies are updated inbetween. Since we use the tracer tendencies to calculate the
radius before and after the removal process, our diagnostics do not use exactly the same radius
as the calculations for the removal processes do. However, the crror is negligible compared to
the mean surface fluxes.
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Hie,

dN/dIn(r)

Figure S2: Illustration of how the deposition of charcoal particles above a certain threshold
radius (ryny) was calculated. Before the removal process (e.g. gravitational settling), the number
geometric mean radius of a gridbox is p;. The number concentration of particles above the
threshold radius is proportional to the arca below the curve, i.e. the magenta arca. After the
removal process, both the number geometric mean radius and the total number concentration
change (shift to p2). Now the hatched arca represents the particle number concentration above
the threshold radius. From the difference between the magenta and the hatched arca we can
calculate how many charcoal particles are removed. Number fluxes are then calculated by dividing
by the time step and the area of the gridbox.
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Figure S4: An cxample of the simulated versus observed mumber fluxes of charcoal particles
above the threshold radius (in cm =2 y~1) {(a) on a lincar scale and (b) on a logarithmic scale. The
two black points show the sites likely influenced by surface runoff. The following parameters were
used in this simulation: an emission number geometric mean radius of req = 2.5 um, a threshold
radius of req = 3.9 pm, and a charcoal density of 0.5 gcm™3. The scaling factor is SF' = 34.
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Table S1: An overview of the observation sites from the calibration dataset (Adolf et al. 2018).
The data is sorted alphabetically by country.

Site Country Longitude Latitude [] | Altitude [m | Lake  size
[’] ASL] [ha]
Cerné jezero Czech 13.18 49.18 1007 18.4
Republic
Hromnické jezirko Czech 13.44 49.85 332 2
Republic
Etang d'Entressen France 4.92 43.6 34 103.5
Lac du Creés France 3.93 43.65 39 6
Holzmaar Germany 6.88 50.12 422 20
Limni Kournas Greece 24.27 35.33 18 42.0
Biviere di Gela Italy 14.35 37.02 0 150
Gorgo Basso Italy 12.66 37.61 27 3
Lago dell’ Accesa Italy 10.9 42.99 111 16
Lago dello Scanzano Italy 13.37 37.92 547 97
Lago di Baratz Italy 8.23 40.68 24 60
Lago di Pergusa Ttaly 14.31 37.52 677 50
Lago di Varese Italy 8.72 45.83 240 1480
Lago Piccolo d’Avigliana Italy 7.4 45.05 288 61.1
Speechio di Venere Italy 11.99 36.82 8 19.4
Jezioro Gotyn Poland 15.78 52.44 26 9.5
Jezioro Gosciaz Poland 19.34 52.58 76 42
Suchar I1 Poland 23.02 54.09 140 2.5
Lagoa Escura Portugal -7.64 40.36 1679 2
Lago Enol Spain -4.99 43.27 1077 12.2
Laguna Conceja Spain -2.81 39.93 857 29.4
Laguna de Taravilla Spain -1.97 40.65 1113 2.1
Laguna Grande de Estafia Spain -0.53 42.02 669 18.8
Laguna Zohar Spain -4.69 37.48 301 37
Hagsjon Sweden 13.69 57.26 170 22.2
Sarsjén Sweden 19.6 64.04 274 7.78
Sisstjiarnen Sweden 14.92 60.65 216 9.6
Stora Uttertrésk Sweden 20.41 66.12 277 28.1
Vuolep Njakajaure Sweden 18.78 68.34 408 30
Gerzensee switzerland | 7.55 46.83 603 25.2
Iffigsce Switzerland | 7.41 46.39 2065 10
Lac du Mont d'Orge switzerland | 7.34 46.23 595 3
Lago d’Origlio Switzerland | 8.94 46.05 423 8
Lej da San Murczzan Switzerland | 9.85 46.49 177 7
Mauensee Switzerland | 8.07 47.17 500 51
Soppensee Switzerland | 8.08 47.09 593 24
Blue Lake Ukraine 33.2 48.45 7 24.4
8
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Despite their potential to provide valuable information on environmental dynamics and
processes, the full ecological potential of palynological ice records was hitherto neglected. The
presented thesis explored for the first time the timing and different interactions between long-
term fire, vegetation, land use, pollution, and climate dynamics in various biomes by generating
novel, globally distributed palynological ice-core records. The presented palynological analyses
rely on the same standard extraction method developed in this thesis. The ice records provide
excellent chronologies, particularly for post-1800 AD. In these past 200 years occurred
important climatic changes and an increasing globalization of human activities that are difficult
to assess with sedimentary archives, due to often highly uncertain chronologies (Marlon et al.
2016) in the youngest period (unless varved sediments are used e.g. Rey et al. 2018). Here we
aim at filling this knowledge gap about the most recent rapid environmental changes, in
comparison with the long-term pre-industrial conditions, by using highly-resolved continuous
ice records.

In Manuscript 1, we present a quantitative comparison of available microfossil extraction
methods from ice samples. With an innovative, yet simple approach of adding a first exotic
marker (Lycopodium spores) prior to the laboratory treatment and a second marker (Eucalyptus)
afterwards, we derived quantitative estimates of microfossil behavior during the extraction
process. We conclude that different extraction methods may affect estimations of pollen
concentrations, pollen percentages, and ratios between pollen types, especially if vesiculate
pollen is an important component of the pollen assemblage, which hampers comparison
between different records. We recommend a new evaporation-based microfossil extraction
method, which produced the smallest and least variable losses among the tested approaches.
Since microfossil losses are inevitable, we emphasize the need of adding a marker prior to

sample treatment to achieve reliable concentration estimates. The novel extraction method
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builds the methodological fundament of the investigated palynological ice records presented in
this thesis.

In Manuscript 2, we directly combined palynological ice core data with historical sources
to provide novel insights into industrialized and globalized land-use impacts on fire regime and
vegetation dynamics across European biomes. Preindustrial land use occurred in humanized
vegetation that established millennia before the medieval climate optimum when our record
begins (e.g. Rey et al. 2017). Surprisingly, our multiproxy-data suggest that the transformation
to fossil fuel-based industrial land use (e.g. large-scale maize production with a
contemporaneous massive fire increase) started shortly after 1750 AD, together with first signs
of large-scale atmospheric pollution from fossil fuel combustion. Therefore, we propose a
period prior to 1750 AD (i.e. 1650—-1750 AD) to define preindustrial baseline conditions of
pollution in Europe e.g. for climate modelling. Progressive globalization of economies
intensified industrialized production on fertile lowland soils and heavily exploited lowland
forest ecosystems, creating urban areas and industries. While this lowland temperate vegetation
is still suffering, increasingly centralized land use provides novel chances for the recovery of
quasi-natural plant communities in marginal land-use areas such as in the Alps. Nevertheless,
globalization fosters also the spread of new invasive plants and pathogens (e.g. the introduction
of the grape pest Phylloxera after 1860 AD), which in combination with climate change may
counteract potential vegetation recoveries.

In Manuscript 3, we provide the first combined record of vegetation and fire dynamics from
Mongolia. The temporal precision and resolution of the record enabled us to attribute the long-
term environmental dynamics as well as short-term variability to independent climate records.
We conclude that several maximum forest expansions before 1800 BC produced a comparable
ice signal as modern forests at a similarly high-altitude glacier in the Russian Altai (Belukha,
Eichler et al. 2011). After 1800 BC, precipitation regime changes were the main driver for

irreversible forest diebacks and steppe expansions around Tsambagarav. Fire activity peaked in
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response to dead biomass availability subsequent to forest retractions. The long-term
environmental dynamics suggest that vegetation and fire regimes partly decoupled from climate
after 1700 AD together with land use intensification and atmospheric fossil burning pollution.
The lacking resilience of past forest communities to moisture decreases in the Mongolian Altai
implies that further moisture decreases associated to climate warming in the future may induce
forest dieback in the Russian Altai and in other Central Asian, where tree stands currently grow
at their moisture limit.

Manuscript 4 provides a Holocene record on Puna and montane forest (Yungas) vegetation
dynamics in the Central Andes. We attribute the Holocene-fire maximum 8000-2000 BC and
the subsequent decline towards the Little Ice Age (LIA, Apaéstegui et al. 2018) to precipitation
changes, likely induced by a strengthening of the South American summer monsoon rather than
fluctuating human activities. Surprisingly, according to our data pre-Columbian societies as e.g.
the Incas 1438-1532 AD, altered ecosystem on the Altiplano and in adjacent Yungas only
negligibly on a large scale. Unprecedented human-shaped ecosystems emerged after 1740 AD,
following a wide establishment of novel land use practices by the Spanish viceroyalty (e.g.
introduction of European cattle) and were further reinforced in the modern era post-1950 AD
with increasing industrial Pinus and Eucalyptus plantations and coal exploitation. In
combination with rapid climate change and associated fire regime shifts, we expect ecosystem
modification with unpredictable ecological and societal costs in the future.

Manuscript 5 explores the potential of palynological records in Central Greenland. The
Summit record reveals that 20" century globalization markedly affected Arctic environments
through the spread of adventive plants, deforestation of subarctic Betula stands, as well as
pollution from increasing fossil fuel burning and forest fires. Specifically, “Blackening” of pure
Greenland snow with growing microscopic charcoal and SCP deposition increased in the 20"
century and indicates that future climate-warming feedbacks may accelerate, and thereby

reinforce ice melting and fire risks in thawing permafrost areas. The period with enhanced
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Betula pollen concentrations ca. 1850—1900 AD correlates with higher biogenic ice nucleating
particle (INP) concentrations in the same ice core (Hartmann et al. submitted), which illustrates
that current changes in terrestrial biological activities may in turn affect climate by increasing
highly ice-active biogenic INP concentrations in Arctic clouds, thereby changing their radiative
properties (Solomon et al. 2015). This pre-study illustrates a high potential of palynology in
remote Arctic environments and underscores that rapid climate change and anthropogenic
impact are already strongly affecting these remote environments.

Manuscript 6 implements for the first-time microscopic charcoal particles into a global
aerosol-climate model and validates simulated against observed microscopic charcoal particle
influx in sediment and glacier archives. The model captures a significant portion of the spatial
variability of global microscopic charcoal deposition, but it is unable to reproduce the
variability between single sites due to its coarse spatial resolution. Particularly, the model
overestimates charcoal deposition at the glacier sites due to the altitude of the ice archives and
the surrounding complex topographies that are not well represented in the model.

Overall, the presented thesis shows that vegetation, fire, and climate interactions are complex
and involve various feedback mechanisms, varying between biomes and with the degree of
anthropogenic influence. If the climate is suitable (e.g. precipitation, temperature), natural
forest ecosystems develop in most regions as climax vegetation. However, humans as well as
climate altered these forest ecosystems since millennia. Our combined ice records (Figure 1)
show that in densely populated areas with propitious climate for forest growth, humans
disrupted forests and changed their floristic composition since centuries e.g. in the Bolivian
Andes or the Swiss Alps during the Medieval period. On the other hand, in remote ecotone
areas as the Central Asian Altai, irreversible forest diebacks were driven by precipitation
reductions. During the past 100-200 years, industrialization and globalization heavily disrupted
ecosystems in central and marginal areas, changing floristic compositions across biomes e.g.

by introducing alien species.
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The growing need of energy by increasing industrialization and globalization of economies
was covered by exploitation of fossil fuel energy, documented by our ice SCP records (Figure
2). Astonishingly, atmospheric fossil fuel pollution including rather large particles (i.e. ca.
10um) reached even the most remote areas of our planet as e.g. Central Greenland. The well-
constrained chronologies of the Alpine and Altai records imply that significant fossil fuel
pollution was released to the atmosphere already in the 18" century, which is corroborated by
historical sources. While the implementation of new regulations and associated technical
advances strongly reduced atmospheric fossil fuel pollution in Europe after the 1970s, the SCP
records from Central Asia and South America rose further during the past recent decades. The
spatial and temporal heterogeneities of SCP-inferred atmospheric pollution across the
investigated regions have important implications for the use of SCP onset and/or maximum
peaks as additional dating horizons in natural archives (Rose 2015).

Our long records from the Andes (Illimani) and Altai (Tsambagarav) suggest that Holocene
fire activity in both regions was mostly driven by climate dynamics and reached a minimum
during the LIA. Precipitation changes and their influence on biomass availability (Altai) and its
flammability (Andes) were likely more important than temperature itself (Figure 3A). This
finding confirms global sedimentary charcoal compilations suggesting that global fire activity
trends during the Holocene followed climate variability and reached a minimum during the LIA
(Power et al. 2008, Prentice 2010, Daniau et al. 2012). In the densely populated areas around
Colle Gnifetti in Europe, pre-industrial periods with enhanced fire activity were likely
connected to drought periods as e.g. the fire peak connected to the historically documented
drought period in 1540 AD (e.g. Pfister et al. 2015). On the other hand, after 1750 AD,
increasing fire activity was likely connected to the begin of large-scale industrial land use in
Europe, suggesting that human activities overran climate as the main driver for fire dynamics.

In regard to testing the “broken fire hockey stick”-hypothesis (Marlon et al. 2008, van der

Werf et al. 2013), the presented microscopic charcoal records provide important novel and
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continuous data from areas that are currently underrepresented in global charcoal compilations
(Marlon et al. 2016). The records cover a broad range of biomes under different scales of
anthropogenic land use, and provide additional vegetation and land use information, which is
crucial to assess potential drivers for fire activity. Microscopic charcoal records in the tropical
(Illimani), mediterranean-temperate (Colle Gnifetti), the steppic-boreal (Tsambagarav), and the
arctic region (Summit) suggest continuously rising fire activity in the 20" century
probably induced by combined global warming and increasing anthropogenic land use
(Figure 3B). These recent increases falsify the “broken fire hockey stick”-hypothesis during
the 20" century (i.e. declining fire activity), in best agreement with more recent global
charcoal compilations that propose further increases of fire activity during the 20"
century, although with large uncertainties (Marlon et al. 2016).

To conclude, the thesis provides regional fire records based on microscopic charcoal
combined with vegetation, land use, and fossil fuel pollution records in the four geographical
areas of Central Europe, Southern Siberia, tropical Amazonia, and the Arctic. The developed
data advance the understanding of the complex systemic linkages between fire, vegetation, land
use, pollution, and climate, and provide regional, temporally well-constrained multiproxy-

information that may contribute to refine global climate and fire models.
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Figure 1 Summary diagram of palynological ice records sorted by increasing latitude of the archive: Illimani
(10,000 BC-2015 AD), Colle Gnifetti (1050-2015 AD), Tsambagarav (3500 BC-2009 AD), and Summit (1730—
1989 AD). Pollen percentages for sums of trees, shrubs, and herbs, as well as Zea mays (Illimani and Colle
Gnifetti), sum of planted trees (Illimani), sum of neophytes (Colle Gnifetti) based on the terrestrial pollen sums,
and microscopic charcoal and SCP concentrations (particles 1"). Chronology was adjusted to increase the visibility
during 1-2000 AD. Lilac shading indicates 200-year-intervals along the records. Hollow curves = 10x
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Figure 3 Summary diagram of microscopic charcoal Z-scores (fine lines) from different biomes. Charcaol
concentrations (particles 1) were log transformed (logio) to down-weigh extreme peaks of the original datasets
before calculating Z-scores. A: Holocene records in South America (Illimani) and Central Asia (Tsambagarav). Z-
scores calculated on the entire records. Bold lines show smoothed Z-Scores based on a locally weighted regression
(Loess with smoothing parameter 0.1) and 95%-confidence interval (bootstrap approach with 999 iterations). B:
Past millennium for records in Europe (Colle Gnifetti), Greenland (Summit), South America (Illimani), and
Central Asia (Tsambagarav). Z-scores calculated on the past millennium. Bold lines show smoothed Z-Scores
based on a locally weighted regression (Loess with smoothing parameter 0.1), except for Summit, where the
original Z-scores were kept for comparison due to insufficient datapoints (19 samples).
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