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There is a major concern for the fate of Amazonia over the coming century in the face
of anthropogenic climate change. A key area of uncertainty is the scale of rainforest
dieback to be expected under a future, drier climate. In this study, we use the mid-
dle Holocene (ca. 6000 years before present) as an approximate analogue for a drier
future, given that palaeoclimate data show much of Amazonia was significantly drier
than present at this time. Here, we use an ensemble of climate and vegetation models
to explore the sensitivity of Amazonian biomes to mid-Holocene climate change. For
this, we employ three dynamic vegetation models (JULES, IBIS, and SDGVM) forced
by the bias-corrected mid-Holocene climate simulations from seven models that par-
ticipated in the Palaeoclimate Modelling Intercomparison Project 3 (PMIP3). These
model outputs are compared with a multi-proxy palaeoecological dataset to gain a
better understanding of where in Amazonia we have most confidence in the mid-
Holocene vegetation simulations. A robust feature of all simulations and palaeodata is
that the central Amazonian rainforest biome is unaffected by mid-Holocene drought.
Greater divergence in mid-Holocene simulations exists in ecotonal eastern and south-
ern Amazonia. Vegetation models driven with climate models that simulate a drier
mid-Holocene (100-150 mm per year decrease) better capture the observed (palaeo-
data) tropical forest dieback in these areas. Based on the relationship between simu-
lated rainfall decrease and vegetation change, we find indications that in southern
Amazonia the rate of tropical forest dieback was ~125,000 km? per 100 mm rainfall
decrease in the mid-Holocene. This provides a baseline sensitivity of tropical forests
to drought for this region (without human-driven changes to greenhouse gases, fire,
and deforestation). We highlight the need for more palaeoecological and palaeocli-

mate data across lowland Amazonia to constrain model responses.
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1 | INTRODUCTION

The fate of Amazonian forests is of great scientific concern, given
their global importance in terms of the ecosystem services they
provide. The tropical biomes of Amazonia host ~20%-25% of global
terrestrial species (Dirzo & Raven, 2003; May et al., 2013). These bi-
omes play animportant role in the global carbon budget, constituting
a large carbon reserve and a net sink for atmospheric CO, (Aragéo
et al., 2014; Pan et al., 2011; Phillips et al., 2009), and, through mois-
ture recycling, influence regional and global climate patterns (Gash
et al., 2004; Harper et al., 2014; Werth & Avissar, 2002). Although
Amazonia contains one of the largest remaining areas of intact forest
in the world (Potapov et al., 2017), decades of deforestation and for-
est fragmentation have left the ecosystems vulnerable (Malhi et al.,
2008; Skole & Tucker, 1993; Soares-Filho et al., 2006). However, di-
rect anthropogenic land use is not the only problem facing Amazonia
over the coming century. As moisture availability is considered one
of the most important limiting factors controlling Amazonia's forest
productivity (Meir & Woodward, 2010), the potential for a drier fu-
ture regional climate is particularly concerning (Malhi et al., 2008).

Simulations of future climate change vary between models, but
overall suggest that Amazonia will be subject to a decrease in precip-
itation, with particular concern for a significant intensification of the
dry season (e.g. Boisier et al., 2015; Duffy et al., 2015; Joetzjer et al.,
2013). Detailed field-based ecological impact analyses have demon-
strated the sensitivity of Amazonian forests to severe short-term
drought events. For example, the Amazon Forest Inventory Network
(RAINFOR; Malhi et al., 2002) project has provided evidence for in-
creased tree mortality and substantial loss of biomass carbon in re-
sponse to the 2005 and 2010 drought events (Doughty et al., 2015;
Feldpausch et al., 2016; Phillips et al., 2009), raising concerns that
Amazonian forests are finely balanced between being a carbon sink
or source (Aragio et al., 2014; Brienen et al., 2015; Cavaleri et al.,
2017; Gatti et al., 2014). However, the sensitivity of Amazonia to
long-term climate change over the coming centuries is much more
uncertain. Dynamic Global Vegetation Models (DGVMs) have be-
come the primary way to investigate the large-scale, long-term
responses of Amazonian vegetation to future climate change sce-
narios. However, projections from these DGVM studies vary consid-
erably; outcomes include widespread replacement of rainforest with
savannah (e.g. Betts et al., 2004; Cox et al., 2000; Huntingford et al.,
2008), transition of humid to dry forests (e.g. Levine et al., 2016), and
rainforest resilience (e.g. Cowling & Shin, 2006; Good et al., 2011,
2013; Huntingford et al., 2013). Reducing this uncertainty remains a
key area of scientific focus.

The overall aim of this study is to use a palaeo-modelling ap-
proach to improve understanding of the uncertainties surrounding
vegetation simulations of Amazonia and the scale of drought-induced
forest dieback.

The premise of our approach, pioneered by the Palaeoclimate
Modelling Intercomparison Project (Braconnot et al., 2011; Harrison
et al., 2002; Joussaume & Taylor, 1995), is to run model simula-
tions for a period in the past which had a climate state significantly

different to that of the modern day, and for which there are suffi-
cient palaeo-observational data to evaluate the model outputs. This
methodology allows an assessment of model performance outside
the range of modern forcings, providing potentially useful informa-
tion about the credibility of future model projections (Braconnot
et al., 2012; Harrison et al., 2015; Schmidt, 2010). The PMIP proto-
col also enables the community to focus on palaeo time slices that
are in some ways roughly analogous to future projections and, in so
doing, advance our understanding of Earth system sensitivities to
those conditions (e.g. Haywood et al., 2019).

One of the key time periods that PMIP focuses on is the mid-
Holocene, ca. 6000 years before present (6 ka BP), when levels
of incoming solar radiation (insolation) differed from today due to
changes in orbital forcing (Berger, 1978). Mid-Holocene atmospheric
CO, levels were around 265 ppm, only slightly lower than those of
the pre-industrial period (285 ppm). Palaeodata syntheses suggest
that the mid-Holocene was potentially slightly warmer than present
(possibly up to 0.7°C; Marcott et al., 2013). Southern-hemispheric
tropical South America experienced a decrease in austral summer in-
solation levels at this time (Berger & Loutre, 1991), which restricted
the seasonal southerly migration of the Inter-Tropical Convergence
Zone (ITCZ; Haug et al., 2001; Singarayer et al., 2017). The decrease
in austral summer insolation also reduced the strength of the South
American summer monsoon (Baker & Fritz, 2015; Cruz et al., 2009),
which is one of the major sources of precipitation for Amazonia (Raia
& Cavalcanti, 2008; Silva & Kousky, 2012). Various palaeoclimate
records show that much of Amazonia experienced a considerably
drier mid-Holocene climate than present (Figure 1b), for example,
significant lake-level reductions at Lake Titicaca on the Bolivian/
Peruvian Altiplano (Baker et al., 2001), at Laguna La Gaiba in eastern
lowland Bolivia (Whitney & Mayle, 2012; Whitney et al., 2011), and
enriched stable oxygen isotope (5'%0) values from speleothems in
southern Brazil (Bernal et al., 2016; Wang et al., 2007), the Peruvian
Andes (Kanner et al., 2013) and the western Peruvian Amazon (van
Breukelen et al., 2008; Cheng et al., 2013). There is also an indica-
tion of a mid-Holocene wet-dry dipole over Amazonia, with a re-
cent speleothem record from Paraiso Cave (Wang et al., 2017) and
several other records in the north-east suggesting wetter conditions
(Figure 1b) while central, southern, and western Amazonia display
drying.

There are a number of natural and anthropogenic drivers of veg-
etation change that may have significant impacts in the coming cen-
tury. These drivers include increasing atmospheric CO,, which may
enhance plant growth through the fertilization effect and reduce
transpiration due to increased stomatal resistance (Field et al., 1995;
Langenbrunner et al., 2019), deforestation and forest degradation
(Boers et al., 2017; Shukla et al., 1990), increases in forest fire fre-
quency and severity (Nobre et al., 2016), as well as climate change
itself and interactions between these factors. Here, we use the mid-
Holocene as an approximate analogue for the drier climate condi-
tions expected in future projections in order to explore the ‘natural’
sensitivity of Amazonian forests to drought. Although the mid-
Holocene climate is by no means a perfect analogue for potential
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FIGURE 1 Overview maps of study area. (a) Map of potential broad-scale modern ecoregions modified from Olson et al. (2001),
numbered points show locations of palaeoecological sites use in model-data comparison, see Table 2 for list. (b) Annual mean precipitation
from the WFDEI dataset 1979-2005 (Weedon et al., 2014), numbered points show locations of key palaeoclimate sites that provide a
qualitative estimate of relative dryness of the mid-Holocene (blue = MH wetter than present, red = MH drier than present), see Table 3 for
list. The solid black outline in (a) and (b) marks the delineation of our definition of ‘Amazonia’. Polygons in (a) outline key areas referenced
throughout this study: Northern Amazonia (NA), Central Amazonia (CA), Eastern Amazonia (EA), Southern Amazonia (SA)

future climate change (most notably with respect to atmospheric
CO, levels and temperature), it does provide a means for examining
how the models predict vegetation response to large-scale, long-
term, precipitation changes in Amazonia, thus providing insights into
those regions one can expect to be most vulnerable to a prolonged
drier climate in the future.

Previous studies have shown that two important sources of
uncertainty in vegetation model simulations derive from (1) which
DGVM is used (e.g. Galbraith et al., 2010; Sitch et al., 2008) and (2)
the climate data used to drive the DGVM (e.g. Good et al., 2013;
Schaphoff et al., 2006; Zhang et al., 2015). Therefore, to incorporate
these sources of uncertainty into our analysis, our ensemble consists
of simulations using three different DGVMs driven with the mid-
Holocene climate simulations from seven of the climate models that
participated in PMIP phase 3 (PMIP3; Braconnot et al., 2011). The
simulations are compared with a multiproxy palaeovegetation data-
set compiled in Smith and Mayle (2018). This allows us to assess the
relative skill of each model combination and help determine those
regions of Amazonia for which we have the most/least confidence in
the mid-Holocene vegetation simulations.

The specific aims of our study are to resolve two key questions:

1. Which of the climate-vegetation model combinations perform
better in a model-data comparison of mid-Holocene Amazonian
biomes?

2. What do the models reveal about the geographical scale of tropi-
cal forest dieback due to drier mid-Holocene conditions?

2 | MATERIALS AND METHODS

2.1 | Geographical setting

The area we define as ‘Amazonia’ in this study is shown in Figure 1.
This is predominantly based on the broad sensu latu definition of
Amazonia, which contains most of the lowland humid evergreen for-
est biome, including the ‘Guyanas’ of northern South America (Eva
& Huber, 2005). We extend the eastern edge of the defined area
into the Cerrado savannah/evergreen forest ecotone and extend the
southern edge to incorporate the Chiquitano dry forest of eastern
Bolivia (Figure 1a), as we are interested in potential ecotonal shifts in

these bordering regions.

2.2 | Dynamic global vegetation models (DGVMs)

Three DGVMs were used in this study: the Joint UK Land
Environment Simulator (JULES) version 4.9 (Best et al., 2011; Clark
et al., 2011), the University of Sheffield Dynamic Global Vegetation
Model (SDGVM) (Woodward & Lomas, 2004; Woodward et al.,
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TABLE 1 PMIP3 climate models used in this study

Dynamic

Original atmospheric grid

resolution

Reference(s)

vegetation

Modelling centre

Model name

No Voldoire et al. (2013)

T127 (~1.4° x 1.4°) L31

Centre National de Recherches Météorologiques/Centre Europeen

CNRM-CM5

de Recherche et Formation Avancees en Calcul Scientifique

(CNRM-CERFACS)
Commonwealth Scientific and Industrial Research Organisation/

Gordon et al. (2002; 2010), Jeffrey et al. (2013)

No

T63 (~1.875° x 1.875°) L18

CSIRO-Mk3-6-0

Queensland Climate Change Centre of Excellence (CSIRO-QCCCE)

Yes Bao et al. (2013)

Laboratory of Atmospheric Sciences and Geophysical Fluid Dynamics/ R42 (~1.66° x 2.81°) L26

FGOALS-s2

Institute of Atmospheric Physics, Chinese Academy of Sciences

(LASG-IAP)
National Aeronautics and Space Administration (NASA) Goddard

Schmidt, Kelley, et al. (2014)

No

2°x 2.5° L40

GISS-E2-R

Institute for Space Studies (GISS)

Met Office Hadley Centre (MOHC)

Collins et al. (2011), Martin et al. (2011)

Yes

1.875°x 1.25° L38
1.875° x 3.75° L39

HadGEM2-CC
IPSL-CM5A-LR

SMITH ET AL.

Kageyama, Braconnot, Bopp, Caubel, et al.

Yes

Institut Pierre Simon Laplace (IPSL)

(2013); Kageyama, Braconnot, Bopp, Mariotti,

et al. (2013); Marti et al. (2010)
Sueyoshi et al. (2013), Watanabe et al. (2011)

Yes

T42 (~2.8125° x 2.8125°) L80

Model for Interdisciplinary Research on Climate, University of Tokyo

MIROC-ESM

(MIROC)

1995), and the Integrated Biosphere Simulator (IBIS) version 2.6b4
(Foley et al., 1996; Kucharik et al., 2000). This study focuses pre-
dominantly on the simulation of vegetation dynamics within these
models, although they have been developed to include water and
energy exchange between vegetation, soil, and atmosphere. All
three of these vegetation models split each grid cell into fractions
of different plant functional types (PFTs; see Table S1.1), simulat-
ing vegetation dynamics and competition between these PFTs using
a ‘big-leaf’ approach. More detailed information about each DGVM
can be found in the original model description papers. Details of the
soil input data for each DGVM are shown in Appendix S3.

2.3 | Experimental design

For each DGVM, a control ‘pre-industrial’ simulation was con-
ducted using historical climate data and pre-industrial levels of CO,
of 285 ppm, as defined in the PMIP3 pre-industrial experiment
(Meinshausen et al., 2011; Taylor et al., 2012). Land-use change
was omitted for the control runs, so can be thought of as potential
modern vegetation simulations. The mid-Holocene simulations were
forced with climate data from the PMIP3 climate model simulations
and CO, concentration of 280 ppm, as defined in the PMIP3 mid-
Holocene experiment (Braconnot et al., 2011). An initial spin-up
phase was conducted in all vegetation simulations to allow carbon
and vegetation fields to equilibrate before the transient runs. Each
DGVM required a slightly different spin-up procedure. JULES is the
most computationally expensive model to run, so an accelerated
spin-up procedure was used that ran for ~400 years rather than the
>1000 years using a ‘standard’ procedure (Harper et al., 2014). For
IBIS, a modified spin-up procedure was used, increasing the spin-up
length from the default 150 years to 400 years. As SDGVM is the
most computationally inexpensive model to run, a long spin-up of

1500 years was used.

2.4 | Climate data

For the control pre-industrial simulation, the climate data come pre-
dominantly from the WATCH Forcing Data ERA-Interim (WFDEI)
dataset, which contains climate data in 3-hourly time steps cre-
ated specifically for use in hydrological and land surface models
(Weedon et al., 2014). WFDEI has data for most of the required cli-
mate variables except for cloud cover (for which we use data from
the Climatic Research Unit [CRU] TS v4.01 dataset (Harris & Jones,
2017; Harris et al., 2014)), and relative humidity (for which we used
a conversion equation using specific humidity, temperature, and sur-
face pressure—see Appendix S2 for full details). All the climate data
were re-gridded to a spatial resolution of 1.0° x 1.0° for the period
1979-2005. The modern WFDEI climate data were combined with
pre-industrial atmospheric CO, levels (as outlined in the previous
section) to drive the DGVMs in the control pre-industrial simulation.
This assumes that the climate for the pre-industrial was similar to
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present, and importantly enables us to force the DGVMs with realis-
tic spatial climate patterns and seasonality.

The climate fields used for the mid-Holocene runs were pro-
cessed from prior simulations of seven of the CMIP5 GCMs that ran
the mid-Holocene PMIP3 experiment (Table 1). These climate mod-
els span a range of potential climates for the mid-Holocene, allowing
us to explore the response of vegetation to different mid-Holocene
climate scenarios. As the climate models exhibit considerable biases
for Amazonia (Malhi et al., 2009), we applied an anomaly approach
to produce more realistic (spatially and temporally) climate fields
for the mid-Holocene. For each climate variable (except wet days,
temperature delta, and temperature range), after re-gridding to the
1.0° x 1.0° spatial resolution, monthly anomalies were calculated
between the mid-Holocene and pre-industrial PMIP3 experiments.
These monthly anomalies were then added to the WFDEI 3-hourly
climate data to create a 3-hourly mid-Holocene dataset. The vari-
ables of wet days, temperature delta, and temperature range were
then calculated from the resultant precipitation and temperature
fields. The three DGVMs each require slightly different driving cli-
mate fields (Table $2.1). IBIS and SDGVM required monthly averages

to be calculated from the 3-hourly mid-Holocene data.

2.5 | Palaeo-datareconstructions

The mid-Holocene represents a time period for which there are a
growing number of palaeoenvironmental data records for tropical
South America (e.g. see Marchant et al., 2009; Prado et al., 2013;
Smith & Mayle, 2018). The palaeoecological vegetation reconstruc-
tions used in this study are the Amazonian subset of the more geo-
graphically extensive multi-proxy data synthesis of tropical South
America from Smith and Mayle (2018), see Table 2. These vegetation
reconstructions are based primarily on fossil pollen assemblages,
with complementary information derived from stable carbon iso-
topes, phytoliths, and charcoal analyses. This dataset qualitatively
assigns a vegetation classification to each palaeoecological record
based on a critical evaluation of the original authors’ interpretations
of their proxy data. In some cases, a combination of two classifica-
tions was assigned, when it was deemed that the vegetation cover
was a mixture of vegetation types. Additionally, this dataset con-
siders the spatial scale of vegetation cover recorded at each site.
For example, in palynology, it is widely accepted that basin area is
roughly proportional to the spatial scale that the pollen assemblage
from that basin represents, for example, large (small) lakes collect
pollen from regional (local) source areas (Davis, 2000; Sugita, 1994,
2007; Sugita et al., 1999). This is important to consider, as the rela-
tively coarse-grid resolution of the model output (1.0° x 1.0°) will
clearly be more comparable with reconstructions from larger basins.
However, we do not dismiss the smaller-scale reconstructions as (1)
the already small number of sites across Amazonia would be reduced
even further; (2) clusters of smaller sites can help us infer the de-
gree of fine-grain heterogeneity/homogeneity in vegetation cover
that cannot be captured by coarse grain, regional reconstructions

I ey

from larger basins; and (3) changes occurring at smaller sites may still
reflect regional-scale climate change (e.g. Carson et al., 2014; Smith
et al.,, 2021). The palaeoclimate records shown in Figure 1b were
chosen for their ability to give qualitative estimates of the relative
changes in precipitation between the mid-Holocene and present,
which, like the palaeoecological records, were based on the original
authors’ interpretation of the data. These records provide direct evi-
dence of mid-Holocene precipitation changes, for example through
the changes of stable oxygen isotope (5'%0) valuesin speleothems or

lake-level reconstructions (see Table 3 for full list).

2.6 | Classification method

The palaeo-data that we use for comparison with the mid-Holocene
model outputs are given as qualitative classifications (see Smith and
Mayle (2018) for justification), whereas the model outputs are con-
tinuous quantitative data. Therefore, qualitative classification of the
model output is necessary to facilitate direct comparisons between
the simulations and observations. A simple approach would be to
use the most dominant PFT (in terms of percentage cover) in a grid
cell as the classification, but this may not be suitable in this study for
several reasons, including (1) the DGVMs differ in their representa-
tion of PFT coverage making inter-model comparisons difficult, for
example JULES typically simulates a mixture of PFTs, whereas IBIS
generally simulates a single PFT that dominates a grid cell (e.g. see
Figure 2c); (2) in some cases, the dominant PFT may be only margin-
ally dominant over other PFTs and may not reflect the actual overall
biome, especially in ecotonal areas where a mixture of vegetation
types may occur; (3) all the DGVMs perform poorly in differentiating
between tree cover and grass cover in savannah ecosystems such
as the Cerrado biome (Figure 2), a difficult area to model as impor-
tant, yet relatively poorly understood, controls on tree density here
include edaphic factors and fire frequency (Baudena et al., 2015;
Langan et al., 2017; Murphy & Bowman, 2012). Fire processes are
often not included or under-estimated in DGVMs. Instead, we use a
statistical approach to classification, allowing us to utilize a variety
of model output variables that, in combination, may provide a more
accurate estimation of the overall biome of a given grid cell.

A linear discriminant analysis (LDA) approach was chosen, as it
is a popular method in machine-learning classification problems and
has been successfully used for modern ecological classification using
physical attributes of vegetation (e.g. Cutler et al., 2007; Zizka et al.,
2014), including over South America (Gond et al., 2011). LDA was
found to be more accurate than several other classification tech-
niques (random forest method, multi-class logistic regression model,
multi-class multinomial logistic regression model, quadratic discrim-
inant analysis) when trained on a random 70% of the full dataset for
this study.

LDA is a supervised dimensionality reduction technique which
searches for the linear combination of features (i.e. model output
variables) that best discriminate between multiple classes (i.e. vege-
tation classification). In practice, this means that, for each DGVM, an
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TABLE 2 List of palaeoecological sites. ID refers to location number in Figure 1a
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Site name

Lago Tapajés
Coari Lake

Lago Rogaguado
Laguna Oricore
Laguna Bella Vista
Laguna Chaplin
Laguna La Gaiba

Prainha lake cluster: Lake Santa Maria/Lake
Geral/Lake Saracuri/Lake Comprida

Lagoa do Cacd

Lago Calado
Lake Sauce
Lake Santa Rosa
El Pauji

Lake Pata

Pantano de Monica
Maxus 4
Rio Curua

Lake Ayauchi

Lake Maraba

Carajas/Pantano da Mauritia/Lagoa da
Cachoeira

Humaitd HUO1
Lago do Saci
Lake Parker

Lake Gentry

Laguna Granja

Lago Consuelo

Lake Chalalan

Huanchaca

Barreirinhas soil profile collection 1
Barreirinhas soil profile collection 2

Humaita soil profiles collection 1

Humaita soil profiles collection 2

Humaita soil profiles collection 3
Jaco Sa soil profiles
Ariquemes

Pimenta Bueno

zl_l_l_l_l_l_l_ (_l'!
N
(1]

<

v »n 2 XL

w un unu un

wn

w »nu unu un

XS
XS

XS

XS
XS
XS
XS

Lon. (°E)
-55.1
-63.3
-65.99
-63.53
-61.55
-61.08
-57.72
=587/

-43.25

-60.58
-76.22
-67.87
-61.58
-66.68

-72.07
-76.03
-51.46
-78.03

-49.15
-50.39

-63.08
-56.27
-69.02

-69.1

-63.71
-68.98
-67.92
-60.73
-43
-43.09
-63.3

-63.8

-63.97
-67.52
-62.82
-61.2

Lat. (°N)

-2.79

-4.06
-13.0
-13.35
-13.62
-14.5
-17.76

-1.64

-2.96

=3.27
-6.71
-14.48
4.47
0.27

-0.7

-0.87
-1.74
-3.05

-5.35
-6.36

-7.92
=Bl
-12.14

-12.18

-13.26
=13.95
-14.43
-14.54
-2.75
=3.2
=77

-8.17

-8.72
-9.92
-10.17
-11.79

Reference(s)

Irion et al. (2006)

Horbe et al. (2011)

Brugger et al. (2016)

Carson et al. (2014)

Burbridge et al. (2004), Mayle et al. (2000)
Burbridge et al. (2004), Mayle et al. (2000)
Whitney et al. (2011)

Bush et al. (2000), Bush, Silman, and De
Toledo (2007)

Ledru et al. (2006), Pessenda et al. (2004,
2005), Sifeddine et al. (2003)

Behling et al. (2001)

Bush et al. (2016)

Urrego et al. (2013)

Montoya, Rull, and Nogué (2011)

Bush, De Oliveira, et al. (2004), Colinvaux
et al. (1996)

Behling et al. (1999)
Weng et al. (2002)
Behling and da Costa (2000)

Liu and Colinvaux (1988), McMichael et al.
(2012)

Guimaraes et al. (2013)

Absy et al. (1991), Sifeddine et al. (1994,
2001)/Hermanowski, Costa, and
Behling (2012), Hermanowski, da Costa,
Carvalho, et al. (2012)/Hermanowski
et al. (2014)

Cohen et al. (2014)
Fontes et al. (2017)

Bush, Silman, and De Toledo (2007), Bush,
Silman, and Listopad (2007)

Bush, Silman, and De Toledo (2007), Bush,
Silman, and Listopad (2007)

Carson et al. (2014)
Bush et al. (2004)
Urrego et al. (2013)
Maezumi et al. (2015)
Pessenda et al. (2004)
Pessenda et al. (2004)

de Freitas et al. (2001), Pessenda et al.
(2001)

de Freitas et al. (2001), Pessenda et al.
(2001)

de Freitas et al. (2001)
Watling et al. (2017)

Pessenda et al. (1998)
Pessenda et al. (1998)
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TABLE 2 (Continued)

ID Site name Size
37 Vilhena XS
38 Pontes e Lacerda XS
39 Laguna Sucuara XS

Lon. (°E)

=2
-62.04

Y ey

Lat. (°N) Reference(s)

-60.12 -12.7 Pessenda et al. (1998)
-15.27 Gouveia et al. (2002)
-16.83 Zech et al. (2009)

Note: Size refers to basin size, an indication of the spatial scale each site's vegetation reconstruction represents: L = Large, M = Medium, S = Small,

XS = Extra-small, see Smith and Mayle (2018) for more information.

LDA algorithm is trained using a set of the output variables from the
modern control simulations and the vegetation classifications based
on those shown in Figure 1a. This allows the algorithm to ‘learn’ what
combination of the simulated output variables would be expected
for each vegetation class. Then, for a given DGVM, the LDA can be
fed with the mid-Holocene simulated output variables for each grid
cell, which allows the algorithm to predict which vegetation class the
grid cell most likely belongs to. For this study, the model output vari-
ables used in each LDA include the following: the fraction of three
PFTs (evergreen broadleaf, deciduous broadleaf, and C4 grass), veg-
etation biomass, soil carbon, soil moisture content, leaf area index
(LAI), and net primary productivity (NPP). To simplify the classifica-
tion problem, we only considered three vegetation classes: humid
evergreen tropical forests (HETF), semi-deciduous tropical dry for-
est (SDTF), and savannah (SAV).

3 | RESULTS

3.1 | Modern vegetation simulations

The results of each DGVM PI control simulation, driven with mod-
ern observational climate data, are shown in Figure 2 as PFT per-
centage covers of evergreen broadleaf, deciduous broadleaf, and
C4 grass. We compare these with the modern potential ecoregions
(Figure 2a,e,i) rather than satellite observational data as much of
the Brazilian Cerrado, eastern Amazonia, and the dry forest regions
have undergone extensive anthropogenic land use in the last few
decades (Malhi et al., 2008; Soares-Filho et al., 2006), which was not
included in these simulations. Here it is important to note that the
modern potential ecoregions have well-defined edges to their extent
that will not be present in the modelled PFTs as PFTs are distinctly
different from ecoregions and several PFTs can coexist within each
grid cell. However, the comparison gives an indication of how well
the DGVMs simulate present-day Amazonia.

All DGVMs reproduce the core of the Amazonian humid ev-
ergreen forest reasonably well. Both JULES and SDGVM show
denser evergreen broadleaf cover in the central and western parts
than other parts of Amazonia (Figure 2b,d), whereas IBIS shows
less spatial variation, essentially simulating 100% evergreen
broadleaf cover across the entire region (Figure 2c). In southern
Amazonia, JULES captures the southern Amazonian ecotone in
north-east Bolivia reasonably well, including peaks in decidu-
ous broadleaf where the Chiquitano dry forest (eastern Bolivia)

is located (Figure 2e,f). SDGVM also shows a slight decrease in
evergreen broadleaf (and corresponding increase in deciduous
broadleaf) in this region, though not as pronounced as with JULES
(Figure 2d,h). Conversely, IBIS simulates extensive evergreen
broadleaf in north-east Bolivia, with no indication of a mix with
semi-deciduous forest (Figure 2c). In eastern Amazonia, IBIS re-
produces the location of the eastern ecotone of the Amazonian
humid evergreen tropical forests reasonably well (Figure 2c), al-
though the model simulates a transition to deciduous broadleaf
rather than the expected C4 grass of the cerrado savannah biome.
Similar results are seen in SDGVM, though the ecotone boundary
is slightly further east than in IBIS (Figure 2d). JULES simulates
evergreen broadleaf well into the cerrado savannah (Figure 2b).
In general, all models have difficulty reproducing the C4 grass
dominated landscape of the cerrado savannah, probably due to
the complex mix of edaphic and fire-related processes that influ-
ence vegetation cover here and which, in the case of fire, were not
represented in the DGVMs (Baudena et al., 2015; Castanho et al.,
2013; Marthews et al., 2014).

3.2 | Mid-Holocene climate anomalies

Overall, the DGVMs simulate the extent of Amazonian evergreen
broadleaf reasonably well when forced with the same observa-
tional modern climate data. To assess their efficacy at simulating
mid-Holocene vegetation, we first examine inter-model variation
in simulated mid-Holocene climate. Figure 3 shows the annual
precipitation anomalies between the mid-Holocene and pre-
industrial for each climate model. Except for CSIRO-Mk3-6-0
(Figure 3h), all models simulate an overall negative anomaly aver-
aged for the whole of Amazonia. For comparison, the surface air
temperature anomalies are shown in Figure S4.2. The annual aver-
age mid-Holocene changes are mostly < +0.7°C. Models that have
larger drying anomalies in precipitation tend to have more areas
with positive temperature anomalies and vice versa. MIROC-ESM
has larger temperature anomalies relative to the other models
but similar or smaller percentage precipitation changes (Figure 3;
Figure 54.3).

Although the overall mid-Holocene precipitation change is
negative in most models, the spatial distribution of the direction
and magnitude of changes varies quite considerably between
the models. GISS-E2-R, HadGEM2-CC, and FGOALS-s2 all sim-
ulate a drier mid-Holocene across most of Amazonia. However,
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GISS-E2-R has much stronger drying in the north (Figure 3b);
HadGEM2-CC has small areas of increased mid-Holocene precip-
itation in central Amazonia, but with negative anomalies to the
north and south (Figure 3c); FGOALS-s2 has fairly consistent but
weak drying across the whole region (Figure 3d). CNRM-CM5
simulates most drying in the east and south, with little change in
the west of Amazonia (Figure 3e). MIROC-ESM has weak negative
anomalies across much of Amazonia, but with increases in mid-
Holocene precipitation along the northeast coastline (Figure 3f).
IPSL-CM5A-LR (Figure 3g) has a north-to-south split in the anoma-
lies, with a wetter north and a drier south; however, these anoma-
lies are relatively small. Finally, CSIRO-Mk3-6-0 is the model with
the most widespread positive anomalies, particularly in the north
and east (Figure 3h). The models with the larger negative anom-
alies in the mid-Holocene are also the models that have a wetter
pre-industrial (Figure S4.1) and compare better with the present-
day observations (Figure 3a).

To explore the changes to the seasonality of simulated mid-
Holocene precipitation, Figure 4 presents the annual precipitation
cycle anomalies of each climate model for four key areas of Amazonia.
In northern Amazonia (Figure 4a), most of the climate models sim-
ulate a precipitation decrease during the late wet season and into
the early dry season (July-October), but a slight increase during
the late dry season and into the early wet season (January-April).
The exceptions are GISS-E2-R and CSIRO-Mk3-6-0, which simulate
decreases/increases throughout the year, respectively. In central
Amazonia (Figure 4b), most climate models simulate precipitation
decreases during the wet season (February-May) and increases
during the dry season (July-September), thus slightly reducing the
seasonality of precipitation in this area. CNRM-CM5 is an exception,
showing the opposite trend (wetter wet season, drier dry season). In
eastern Amazonia (Figure 4c), most climate models simulate precip-
itation decreases through the wet season (December-March), with
the exception of CSIRO-Mk3-6-0). Changes are negligible during the
early dry season, then during the late dry season (August-October)
there is a general agreement of a decrease in precipitation. Finally,
southern Amazonia (Figure 4d) shows similar patterns to eastern
Amazonia, with all climate models simulating a drier wet season
(December-March) and only small changes during the early dry sea-
son. However, there is disagreement among models during the late
dry season with a roughly 50/50 split in models simulating an in-
crease/decrease in precipitation from August to October.

Unfortunately, there is a lack of independent palaeoclimate data
across the Amazonian lowlands, with the majority of speleothem
and lake-level records coming from the Andean mountain range
or southern/eastern Brazil (Figure 1b), outside our defined study
region. Additionally, it is difficult to make quantitative estimates
of precipitation changes from the available palaeoclimate records.
These factors make it difficult to fully benchmark the simulated mid-
Holocene precipitation across Amazonia from the different climate
models. Nevertheless, some important qualitative comparisons can
be made and will be discussed in the relevant sections of the discus-
sion section below.

3.3 | Simulated mid-Holocene PFT anomalies

For each area of Amazonia, the average mid-Holocene versus
control anomalies for the evergreen broadleaf, deciduous broad-
leaf, and C4 grass PFTs are shown in Figure 5, in relation to the
anomalies in annual precipitation. In the areas of northern, east-
ern, and southern Amazonia, similar overall trends are shown
with respect to the PFTs' changes versus precipitation change.
Generally, evergreen broadleaf anomalies exhibit a positive cor-
relation with precipitation anomalies (i.e. precipitation decrease
associated with evergreen broadleaf decrease), as expected,
whereas both deciduous broadleaf and C4 anomalies exhibit a
negative correlation with precipitation anomalies (i.e. precipita-
tion decrease associated with increase in deciduous broadleaf/
C4). In central Amazonia, there is very little change in any of the
PFTs to any amount of precipitation change in all three DGVMs
(Figure 5d-f).

Despite the overall trends being similar, the sensitivities of the
DGVMs' PFTs to precipitation change vary considerably. For ex-
ample, SDGVM is much less sensitive to precipitation decrease
than IBIS and JULES, particularly in northern Amazonia. In eastern
Amazonia, IBIS simulates much larger changes than SDGVM and
JULES, predominantly due to IBIS not simulating the coexistence
of the evergreen broadleaf and deciduous broadleaf PFTs very well
(Figure 2c,g); for example, if a grid cell simulates decreases in ever-
green broadleaf, it will be a ~100% PFT shift, thus skewing the over-
all regional mean. Further detailed descriptions are shown found in
Appendix S5.

3.4 | LDA Classification maps and model-data
comparison with palaeoecological reconstructions

Figure 6 presents the result of the mid-Holocene LDA biome classifi-
cations for each model combination, allowing us to directly compare
the mid-Holocene vegetation simulations with the palaeoecological
observations for Amazonia. Perhaps unsurprisingly, given the neg-
ligible PFT anomalies presented in Figure 5 for central Amazonia,
most of the biome changes occur in northern, eastern, and southern

Amazonia.

3.4.1 | Central Amazonia

Central Amazonia remains classified as humid evergreen tropi-
cal forests in all model combinations (0% of grid cells change
to a mid-Holocene savannah classification, Figure 7b), despite
the range of precipitation changes between the climate models
(Figure 3, Figure 4b). The resilience of the central Amazonian
humid evergreen tropical forests is a feature corroborated by the
palaeo-data from this region (Figure 6; e.g. Colinvaux et al., 1996;
Bush et al., 2000; Irion et al., 2006; Bush et al., 2007; Horbe et al.,
2011).
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FIGURE 2 Modern distribution of potential broad ecoregions. (a) Humid evergreen tropical forest, (e) Semi-deciduous dry forest and (i)
savannah/grassland (as in Figure 1), alongside simulated PFT distributions of evergreen broadleaf trees (b-d), deciduous broadleaf trees (f-h)
and C4 grass (j-1) from the modern control runs of each vegetation model; JULES (b, f, j), IBIS (c,g,k) and SDGVM (d, h, I)

3.4.2 | Northern Amazonia

In northern Amazonia, extensive changes in biome classifications
are seen in the simulations using the GISS-E2-R (Figure 6d-f);
across all three DGVMs, ~20-25% more of the total grid cells in this
region are classified as savannah in the mid-Holocene (Figure 7a).
Biome changes in simulations using the other climate models are
much less substantial, with only a few grid cells switching classifica-
tions between the mid-Holocene and modern control, apparently
without a strong relationship with the magnitude or direction of
precipitation changes (Figure 7a). Interestingly, SDGVM is the only
vegetation model whose classification changes include grid cells
switching to semi-deciduous tropical dry forest (e.g. under climates
of FGOALS-s2, MIROC-ESM, and CSIRO-Mk3-6-0; Figure 6l,r,x,
respectively). Unfortunately, there is a lack of suitable palaeo-
data records in this region for evaluation of these vegetation sce-
narios. Existing records do not extend back to the mid-Holocene
(e.g. Charles-Dominique et al., 1998; Ledru, 2001; Montoya, Rull,
Stansell, et al., 2011), reflect locally anomalous vegetation due to
unusual geomorphology (e.g. Rull, 2004, 2005), or have been in-
fluenced by human activity to such an extent that the influence of
past climate change upon vegetation is hard to discern (Rull et al.,
2015).

3.4.3 | Eastern Amazonia

In eastern Amazonia, the available palaeoecological records show
that there was some degree of mid-Holocene savannah expansion
in ecotonal areas; for example, on the Serra Sul dos Carajas pla-
teau (Table 2, id = 20; Absy et al., 1991; Hermanowski et al., 2012;
Hermanowski et al., 2012; Sifeddine et al., 2001)at Lake Maraba
(Table 2, id = 19; Guimaraes et al., 2013), and at Lago do Saci (Table 2,
id = 22; Fontes et al., 2017). However, the spatial extent of these sa-
vannah expansions is unclear from the palaeo-records, as these sites
only have local-scale catchments, and in some cases (e.g. Carajas)
may reflect ecotonal shifts atop inselbergs which may be unrepre-
sentative of the surrounding lowlands below. Nevertheless, they
provide a rough guide as to where we would expect biome changes
in the mid-Holocene vegetation simulations.

In the JULES simulations, there is consistent savannah expan-
sion along the eastern Amazonian ecotone in most of the climate
models, despite their differences in precipitation anomalies. There
is between a ~10 and 20% increase in the total grid cells classified as
savannah in this region (Figure 7c). Spatially, this savannah expansion
appears to match well with the palaeo-records in the north-east of
the area, with grid cells to the east of Carajas/Marabd consistently

switching to savannah. However, in the south-west of the area, the
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FIGURE 3 Mid-Holocene (MH) annual
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JULES savannah expansion does not reach Lago do Saci in any of
the simulations. In the IBIS simulations, there is greater variation
in biome classification changes between the climate models. The
climate models with a drier mid-Holocene all show savannah ex-
pansion in eastern Amazonia (~5%-20%; Figure 7c), but the spatial
distribution of this expansion varies. Under the two driest climate

MH precipitation anomaly (mm)

models, HadGEM2-CC and CNRM-CMJ5, grid cells switching to sa-
vannah are located all along the ecotone (Figure 6h,n), both in the
north-east near Carajas/Maraba, and in the south-west, almost
reaching Lago do Saci. Under GISS-E2-R and FGOALS-s2 (the next
two driest climates), the savannah expansions are predominantly
clustered in the south-west of eastern Amazonia (Figure 6e,k), in
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FIGURE 4 Average annual cycle of mid-Holocene (MH) precipitation anomalies (left hand y-axis) for each PMIP3 climate model used in
this study for the four areas of Amazonia: (a) northern, (b) central, (c) eastern, and (d) southern (as defined in Figure 1a). The thick black line
with black circles presents the average WFDEI modern precipitation annual cycle to help put the changes into context (right hand y-axis)

the grid cells surrounding Lago do Saci. In the SDGVM simulations,
between ~10 and 20% grid cells change to savannah in the three
driest climate models HadGEM2-CC, CNRM-CM5, and GISS-E2-R
(Figure 7c). These changes occur predominantly in the north-east
of the area near the Carajas/Marabd palaeo-records. Further into
the Amazon basin in north-east Amazonia, under the HadGEM2-CC
and CNRM-CM5 climates, SDGVM shows large patches of savannah
centered at ~2°0’S, 54°0'W (Figure 6i,0). This does not match with
the palaeo-records here; for example, Lago Tapajés (Table 2, id = 1;
Irion et al., 2006) and the group of Prainha lakes (Table 2, id = 8;
Bush et al., 2000; Bush et al., 2007), which show persistence of the
humid evergreen tropical forests biome during the MH (e.g. Bush,
Silman, & De Toledo, 2007; Irion et al., 2006). In the south of the
area, as with JULES, savannah expansion in the SDGVM simulations
does not reach Lago do Saci in any of the simulations.

With IBIS and SDGVM, simulations using the climate models
that show a zero or positive mid-Holocene precipitation anomaly for
eastern Amazonia (IPSL-CM5A-LR, MIROC-ESM, and CSIRO-Mk-3-
6-0) generally show an increase in humid evergreen tropical forests
grid cells, particularly in the north of the area. This is clearly at odds

with the Carajas/Maraba palaeo-records, which show savannah
expansion.

3.4.4 | Southern Amazonia

There is strong evidence from the palaeoecological data that south-
ern Amazonia experienced significant vegetation changes during
the mid-Holocene, compared with present. In north-eastern Bolivia,
records from large lakes - Laguna Chaplin (Table 2, id = 6) and
Bella Vista (Table 2, id = 5) - provide evidence that the southern
Amazonian humid evergreen tropical forest ecotone was at least
130km further north than present (Burbridge et al., 2004; Mayle
et al., 2000). To the north-west of these records, the large lake of
Laguna Oricore (Table 2, id = 4) corroborates these findings (Carson
et al., 2014). In the north/north-west of this southern Amazonia
area, the extent of northward expansion of the ecotone is somewhat
constrained by results from the soil pit profiles of Jaco Sa (Table 2,
id = 34; Watling et al., 2017) which show persistence of rainforest
during the mid-Holocene.
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northern (a-c), central (d-f), eastern (g-i), and southern (j-1) (as defined in Figure 1a)

Inthe JULES simulations, all climate model runs show some degree appears to be roughly related to the degree of drying in the climate
of savannah expansion in this area, with between 15 and 30% of grid models, the drier climate models having more grid cells switching to
cells switching to savannah (Figure 7d). The extent of this expansion savannah. The spatial distribution of savannah expansion in JULES
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FIGURE 6 Results of the LDA vegetation classification, overlaid with palaeoecological data reconstructions. (a-c) Modern control
simulations. (d-x) Mid-Holocene simulations, where black dots represent grid cells where the LDA vegetation classification is different
between the mid-Holocene and modern control. Polygons outline the main sub-divisions of Amazonia, defined in Figure 1a. In the
palaeodata symbols, the pale blue indicates gallery forest and the dark blue indicates palm swamp. Green palaeodata symbols and model
grid cells represent humid evergreen tropical forest, red symbols represent semi-deciduous dry forest, and yellow symbols represent

savannah/grassland/shrubland

appears to compare well with the palaeo-records, with most climate
models showing increased savannah classifications through north-
east Bolivia up to Laguna Oricore. Some isolated grid cells switch
to savannah further north (e.g. in HadGEM2-CC, FGOALS-s2, and
MIROC-ESM,; Figure 6g,j,p), but never as far as, for example, the Jaco
Sa palaeo-records from eastern Acre. Results from the IBIS simula-
tions are more varied than those from JULES. The drier climate mod-
els of HadGEM2-CC and FGOALS-s2 produce savannah expansion
at a similar level to JULES (~20%-30% grid cells switch), though the

second driest climate model in this area, CNRM-CM5, appears to
be a slight outlier, with only ~12% of grid cells switching to savan-
nah (Figure 7d). The remaining climate models show <10% savannah
expansion in this area, even though they all simulate a drier mid-
Holocene climate. IPSL-CM5A-LR and CSIRO-Mk3-6-0 even have
a few grid cells that switch to humid evergreen tropical forests in
north-east Bolivia near the palaeo-record of Laguna Chaplin. In the
SDGVM simulations, results from the driest three climate models
(HadGEM2-CC, CNRM-CM5, and FGOALS-s2) match closely with
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FIGURE 6 (Continued)

those of JULES, both in terms of magnitude of grid cell changes
(~25%-30%,; Figure 7d) and the spatial distribution of these changes.
Conversely, the remaining climate models show more agreement
with the IBIS simulations, with much less savannah expansion across
the area.

Given the relatively high density of palaeodata in southern
Amazonia, the level of model-palaeodata agreement in this region
can be quantified at the locations of the palaesodata and summarized
using the Cohen's Kappa statistic (Cohen, 1960) for each climate-
DGVM model configuration (Figure 8). In Figure 8, the climate
models are ordered from those with the largest drying at the top to
those with the least drying at the bottom. The LDA classifications
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driven by climate models that simulate =100 to =150 mm per year
precipitation change (drying) in southern Amazonia display the
highest k-values, indicating a better level of agreement between
the models and palaeodata. These results suggest that JULES is
highly sensitive to decreases of precipitation in southern Amazonia,
which is perhaps what one would expect, given the climatically sen-
sitive nature of this region, whereas in IBIS and SDGVM, there ap-
pears to be a threshold of ~100 mm decrease in annual precipitation
needed to initiate the level of savannah expansion shown by the
palaeo-records. In general, JULES has a higher level of agreement
with the palaeodata than the other DGVMs, under all climate model
forcings.
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FIGURE 7 Percentage change in the proportion of savannah cells (based on the LDA classification). Percentage change is relative to total
cells between the mid-Holocene (MH) and modern control for each of the areas of Amazonia: (a) northern, (b) central, (c) eastern, and (d)

southern (as defined in Figure 1a)

4 | DISCUSSION

4.1 | Assessment of the overall scale of Amazon
rainforest dieback resulting from mid-Holocene
drying
41.1 | Central Amazonia

The central and western areas of Amazonia are presently some of
the wettest parts of tropical South America (> ~2500-3000 mm/yr;
Figure 1b), with relatively consistent levels of precipitation through-
out the year (Figure 4b). Speleothem records from the Peruvian
Amazon (i.e. Cueva del Tigre/El Condor - Table 3, id = 2, Shutuca
Cave - Table 3, id = 3) provide evidence that western Amazonia
was moderately drier than present during the mid-Holocene,
though the magnitude of drying is difficult to quantify based on
these records alone. Generally, all climate models show some de-
gree of mid-Holocene drying in this region, but in no climate model's
mid-Holocene simulation does annual precipitation decrease by
>300 mm in any central Amazonian grid cell (Figure 3), with the aver-
age annual anomaly across the whole central Amazonian area rang-
ing from +55 mm/yr (IPSL-CM5A-LR) to -140 mm/yr (GISS-E2-R).

JULES IBIS SDGVM 1
HadGEM2-CC
CNRM-CM5 i
FGOALS-s2 06 =
GISS-E2-R s
MIROC-ESM 04 =
IPSL-CM5A-LR _ 0.2
CSIRO-MK3-6-0 | i

FIGURE 8 Heatmap of the level of agreement between
modelled LDA mid-Holocene vegetation classification and
palaeodata vegetation classification. Heatmap values were
calculated using the Cohen's Kappa statistic (x-value; Cohen, 1960)

Therefore, given that humid evergreen tropical forest is supported
in climates > ~1600 mm/yr (Malhi & Wright, 2004), we would not
expect there to be any biome-scale turnover in this area based on
precipitation changes alone. It is reassuring then, that all our DGVM
simulations show that, on a biome scale, the core of the Amazonian
humid evergreen rainforest was unchanged with any scenario of
mid-Holocene climate change (Figures 5, 6, 7b). This finding is con-
sistent with the relatively sparse palaeoecological records from this
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region, which show persistence of rainforest vegetation through the
mid- to late-Holocene (Smith & Mayle, 2018). However, we note
that these palaeo-records are predominantly from small basins (e.g.
Behling et al., 1999; Bush & Colinvaux, 1988; Bush et al., 2004),
which only reveal local-scale vegetation histories. Our simulations
therefore provide important supporting evidence that the humid
evergreen tropical forests biome was resilient across the whole of
central Amazonia, not just in the local catchments of small, sparse

palaeoecological sites.

4.1.2 | Northern Amazonia

In northern Amazonia, only the DGVM simulations forced with the
GISS-E2-R climate predict large-scale savannah expansion during the
mid-Holocene (Figure 6d-f). The northern Amazonian mid-Holocene
precipitation simulation from GISS-E2-R is a notable outlier com-
pared with the other climate models, simulating a substantially drier
mid-Holocene climate across the whole area (~375 mm/yr decrease
on average). Although there are no palaeo-precipitation records from
directly within this area, evidence from other palaeo-precipitation
records in the northern hemisphere of tropical South America (i.e.
Lake Valencia - Table 3, id = 11, Cariaco Basin - Table 3, id = 12)
suggest this level of mid-Holocene drying is unlikely. Therefore, only
considering DGVM simulations forced using the other climate mod-
els, the results suggest overall humid evergreen tropical forest sta-
bility in this area. Some small differences are noted between these
simulations, with a range of between -8 and +5% change in the num-
ber of savannah grid cells (Figure 7a). These changes do not appear
to be consistent between the three DGVMs, even when using the
same climate model (suggesting uncertainty between the DGVMs).
Spatially, these differences occur mainly around the Gran Sabana/
Roraima savannah in northern Brazil, a notoriously difficult area to
understand the underlying drivers of long-term vegetation dynam-
ics, given the complexity of human, edaphic, fire, and climatic fac-
tors that influence this savanna vegetation (Montoya & Rull, 2011,
Montoya et al., 2011; Rull et al., 2015). Therefore, the differences in
the models are likely a result of the difficulty in the DGVMs model-
ling this area of savannah, and/or the difficulty in the LDA algorithm
classifying these grid cells.

4.1.3 | Eastern Amazonia

In contrast to central and northern Amazonia, there is more uncer-
tainty regarding the mid-Holocene dieback of humid evergreen trop-
ical forests in eastern Amazonia, with a range between the different
model simulations in the direction, magnitude, and spatial extent
of any biome changes. The simulated changes in savannah extent
do appear to be, at least in part, related to the different precipita-
tion regimes in the different climate models; drier climates tend to
cause more savannah expansion in all three DGVMs (Figure 7c).
This finding is pertinent, given the debate in the palaeco-community
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surrounding the mid-Holocene precipitation history of eastern
Amazonia. The savannah and dry forest expansion at the palaeoeco-
logical sites on the Carajas plateau (Table 2, id = 20) and at Lago
do Saci (Table 2, id = 22) suggest drier mid-Holocene conditions in
eastern Amazonia, supporting the hypothesis of a weaker SASM due
to a decrease in austral summer insolation (Absy et al., 1991; Fontes
et al., 2017; Hermanowski, Costa, & Behling, 2012; Hermanowski,
da Costa, Carvalho, et al., 2012; Sifeddine et al., 2001). However,
the recent speleothem record from Paraiso Cave (Table 2, id = 13)
contrasts with these interpretations, whereby more negative 5'%0
values point to a wetter-than-present mid-Holocene in the east-
ern Amazonia region (Cheng et al., 2013; Wang et al., 2017). Even
though this speleothem site is not within our defined area of eastern
Amazonia, it is likely that its palaeoclimate record is representative
of at least the northern part of our defined ‘Eastern Amazonia’ area,
given that the climate around the Paraiso Cave is influenced pre-
dominantly by easterly winds originating from the tropical Atlantic
(Wang et al., 2017).

Using climate models with a wetter mid-Holocene eastern
Amazonia (CSIRO-Mk3-6-0, IPSL-CM5A-LR, MIROC-ESM; Figure 3),
in concordance with the Paraiso Cave palaeodata, our DGVM sim-
ulations generally show humid evergreen tropical forest expansion
along the eastern Amazonian ecotone. Given the palaeoecological
evidence of savannah expansion, we suggest that these simulation
results are unlikely, and that the Paraiso Cave record may not be rep-
resentative of the eastern Amazonian ecotone. Fontes et al. (2017)
explore some potential mechanisms that might explain this appar-
ent mismatch between the Paraiso speleothem record and palaeo-
ecological data, such as decreased extent of Amazonian rainforest
influencing the atmospheric 5§20 through a reduction in moisture
recycling via evapotranspiration, and/or increased precipitation
in north-east Brazil (e.g. Rio Grande do Norte, Figure 1b, id = 14;
Cheng et al., 2013) propagating a negative 580 anomaly westward
into eastern Amazonia. Nevertheless, given the paucity of palaeo-
records and the uncertainty between the model simulations, it is
difficult to definitively rule out any scenarios of mid-Holocene pre-
cipitation/vegetation changes in eastern Amazonia. There is a clear
need for more palaeoecological and palaeoclimate records from this
sector of the basin to improve understanding of the nature of mid-

Holocene vegetation-climate relationships in Amazonia.

41.4 | Southern Amazonia

The strongest agreement between model simulations and palaeo-
data is found in southern Amazonia, where there is clear evidence
for the vulnerability of ecotonal Amazonian humid evergreen tropi-
cal forests to mid-Holocene drought (Figure 8). With an annual pre-
cipitation of ~1500-2000 mm/yr (Figure 1b) and a long, 5-7 month,
dry season (Figure 4d), this region is at the climatic threshold of sup-
porting humid evergreen tropical forests (Malhi et al., 2009; Malhi &
Wright, 2004). Therefore, even a relatively small decrease in precipi-
tation would be expected to cause some degree of rainforest dieback
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in this region. All of the climate models simulate a drier-than-present
mid-Holocene for southern Amazonia, which is corroborated by
the independent palaeoclimate records from the Bolivian/Peruvian
Andes (Table 3, ids = 4-6) and lowland eastern Bolivia (i.e. Laguna
La Gaiba, Table 3, id = 7). Consequently, most of the DGVM simula-
tions show some degree of humid evergreen tropical forest dieback
(Figure 5j) and expansion of savannah grid cells in the subsequent
LDA classifications (Figure 7d).

The relative abundance of palaeoecological records in south-
ern Amazonia allows us to assess the skill of our simulations and
LDA classifications with more confidence than in the other areas
of Amazonia. The savannah/dry forest expansion along the border
of north-eastern Bolivia and adjacent Brazil, as shown through the
regional-scale vegetation reconstructions from Laguna Chaplin, Bella
Vista, and Oricore is a relatively consistent feature among all three
DGVMs driven with the driest three climate models in this area.
However, under the climate models with less precipitation decrease,
only JULES reproduces the expected savannah expansion in eastern
Bolivia, with IBIS and SDGVM showing negligible changes in biome
classifications. Given the quantified levels of model-data agreement
displayed in Figure 8, we have more confidence in the drier climate
models (HadGEM2-CC, CNRM-CM5, and FGOALS-s2) to simulate
mid-Holocene vegetation changes in southern Amazonia, given that
all DGVMs show the expected savannah expansion under these drier
climate scenarios. These models which simulate a drier mid-Holocene
for southern Amazonia also share positive temperature anomalies
for this region (Figure S4.2), which, although small, further push the
models towards the threshold for rainforest dieback (consistent with
the findings by Good et al., 2011, for future projections).

Despite southern Amazonia having more palaeoecological re-
cords than the other areas of Amazonia, there are still insufficient
sites to precisely constrain the scale of the northward shift of the
humid evergreen tropical forest ecotone. Currently, the farthest
north this shift has been detected on a large scale is at Laguna
Oricore (Carson et al., 2014). There is some evidence for small, lo-
calized patches of savannah expansion occurring at small ‘savannah
islands’ within the dense humid evergreen tropical forests, ~500 km
north of Oricore, though the expanded savannah islands were still
likely surrounded by humid evergreen tropical forests (Table 2,
ids = 31-33; de Freitas et al., 2001; Pessenda et al., 2001). In eastern
Acre, the Jaco Sa soil profiles (Table 2, id = 34) provide evidence
that the bamboo forest ecosystem that exists there today was pres-
ent during the mid-Holocene (Watling et al., 2017), suggesting that
the northerly shift of the humid evergreen tropical forest-savannah
ecotone did not extend to this region. However, there are as yet no
palaeo-records to determine the extent of mid-Holocene rainforest
extent in the region between Oricore and Jaco Sa.

In the model simulations that show reasonable agreement
with the palaeo-data (i.e. the three DGVMs using the climates of
HadGEM2-CC, CNRM-CM5, and FGOALS-s2), the spatial extent
of savannah expansion appears to be limited to the region around
Laguna Oricore, extending into the Brazilian state of Ronddénia north
of Oricore by one or two grid cells (Figure 6), with only one exception

of IBIS forced with FGOALS-s2 climate (Figure 6k). Overall, our
model simulation results suggest that the northern Bolivian humid
evergreen tropical forest was largely unaltered during the mid-
Holocene, with the area around Laguna Oricore most likely the
northernmost extent of savannah expansion. Savannah expansion
is also a feature of these simulations in the eastern part of southern
Amazonia (south-west Mata Gross state, Brazil). However, this area
is mostly savannah in the present day (Figure 1a), so mid-Holocene
savannah ‘expansion’ here is partly a result of the modern ecotone
being slightly too far south in the DGVM simulations.

While the climate model and DGVM combinations display differ-
ent magnitudes of precipitation decrease and savannah expansion,
there is a strong relationship between the two (Figure 3d), suggest-
ing common mechanisms are involved in the model responses. A
linear regression of savannah-area-change against precipitation
change enables the quantification of the sensitivity of the forested
area to long-term drought. In southern Amazonia, the regression
(R?=0.77) suggests that for each 100 mm decrease in precipitation
there would be a savannah expansion of ~125,000 km?, which effec-
tively equates to tropical forest loss (humid evergreen tropical for-
ests and semi-deciduous tropical dry forest) of the same magnitude.
Given that the model combinations which produce a higher level of
agreement with the palaeodata display 100-150 mm decrease in
precipitation, this would suggest a scale of tropical forest dieback
during the mid-Holocene of 125,000-185,000 km?, or an area at

least the size of England from southern Amazonia alone.

4.2 | Implications for understanding future
Amazonian ecosystem change

Early modelling studies predicted that future climate change could
trigger large-scale Amazonian Forest dieback (e.g. Betts et al., 2004;
Cox et al., 2000, 2004; Huntingford et al., 2008). Although more
recent simulations have demonstrated much less rainforest dieback
(e.g. Good et al., 2013; Huntingford et al., 2013), varying amounts
of loss across Amazonia are still seen in simulations using different
DGVMs (e.g. Sitch et al., 2008) and climate models (e.g. Malhi et al.,
2009). In our multi-model study, the central Amazonian humid ev-
ergreen tropical forest biome is stable in all of our mid-Holocene
model simulations and this finding is verified by the available pal-
aeoecological data. The lack of impact in central Amazonia may be
a cause for hope regarding the future of the region, as our results
give support to the projections where the core of Amazonia remains
largely forested under drier climatic conditions, although rapid
deforestation rates in this region should curb this optimism. Our
mid-Holocene simulations also add weight to evidence from other
modelling and ecological studies (e.g. Allen et al., 2017; Cook et al.,
2012; Fisher et al., 2007; Malhi et al., 2009) that the transitional,
ecotonal forests of eastern and southern Amazonia will be especially
vulnerable to future drought and may experience significant forest
dieback. We have used the mid-Holocene multi-model response to
provide a rough baseline sensitivity of tropical forest to declining



SMITH ET AL.

rainfall. Our results suggest an area of 125,000 km? of tropical for-
ests in southern Amazonia would be lost for every 100 mm decrease
in annual rainfall, all other factors being equal. The CMIP5 high emis-
sions scenario (representative concentration pathway, RCP 8.5) pro-
duces an average decrease in rainfall over Amazonia that is similar in
magnitude to the mid-Holocene drying, suggesting a loss of tropical
forest the area of England by the end of the century. The southern
and eastern parts of Amazonia were found to be more sensitive to
rainfall decline than other areas, and are likely closer to the thresh-
old for dieback, as previously found by Good et al. (2011).

The approach taken in this study, of creating an ensemble of sim-
ulations using three DGVMs, each driven by seven climate models,
allows us to explore the uncertainties in the palaeo simulations and
potentially to constrain the uncertainties in future projections. The
climate models with drier mid-Holocene anomalies (HadGEM2-CC,
CNRM-CM5, and FGOALS-s2) in southern Amazonia generally
produce better agreement with the palaeoecological data. These
models also have the most evident dipole in precipitation change
across tropical South America between wetter conditions over
the Nordeste region of Brazil and drier conditions across southern
Amazonia and the north coast over Guyana (see Figure 54.3). In
those models displaying this spatial pattern, it is related to a south-
ward shift of the Atlantic Oceanic ITCZ (mechanism described in
Singarayer et al., 2017), and these models also have a similar com-
mon dipole pattern and ITCZ shift in climate projections under the
RCP8.5 scenario (Schmidt, Annan, et al., 2014). It is a notably differ-
ent response pattern to the models that do not have a strong mid-
Holocene dipole and poorer model-data agreement (e.g. GISS-E2-R,
CSIRO-Mk3-6-0), and could indicate that a dipole response is more
likely in the future. Models that produce the better matches to the
palaeoecological data in southern Amazonia (Figure 8) also tend to
be drier in both the mid-Holocene and RCP8.5 scenarios than other
models. This indicates that we may expect a greater risk of drought-
induced forest dieback than the ensemble average suggests.

The mid-Holocene represents an approximate analogue for fu-
ture projected drying and has potential to contribute to narrowing
uncertainties in future predicted rainfall changes, which display lit-
tle model agreement at the present time. Key to this is the compi-
lation of palaeodata from regions that would help to constrain the
models. Currently, the majority of direct evidence of climate change
comes from speleothem records or lakes in the high Andes or across
southern Brazil. There is a need for more independent palaeocli-
mate records to be collected from across the Amazonian lowlands,
although the scarcity of limestone bedrock in Amazonia means that
speleothem-based palaeoclimate records will inevitably be rare in
the core of the basin. There is also a clear need for transects of ad-
ditional sites spanning the humid evergreen tropical forest/savan-
nah ecotones across southern and eastern Amazonia to constrain
the magnitude of the ecotonal shifts towards the margins of the
Amazon basin, although suitably old lakes needed for pollen-based
mid-Holocene vegetation reconstructions are rare.

While the use of mid-Holocene climate scenarios in this study
has given important insights into the baseline sensitivity of tropical

Y e

forests across Amazonia to changing precipitation regimes, there
are other factors that will be important over the course of this cen-
tury, most notably temperature, atmospheric CO, concentrations,
and anthropogenic land use - especially the use of fire. Between
the mid-Holocene and pre-industrial, both temperature (Figure $4.2)
and CO, changes were relatively small, so precipitation decrease
was by far the largest factor in producing mid-Holocene tropical
forest dieback. Increased temperatures in future scenarios may
exacerbate dieback by enhancing evapotranspiration and reducing
photosynthetic rates (Galbraith et al., 2010; Schaphoff et al., 2006;
Zhang et al., 2015), though some argue that tropical forests have
some inherent resilience to direct effects of temperature increases
(Lloyd & Farquhar, 2008). The effect of rising atmospheric CO, levels
may help mitigate against dieback through the ‘CO, fertilization’ ef-
fect, although there is debate about how significant this process will
be (Galbraith et al., 2010; Lapola et al., 2009; Rammig et al., 2010).
Additionally, plants use less water under higher CO, levels due to
reduced stomatal conductance, and this may lower sensitivity of ec-
otonal tropical forests to rainfall decrease. Conversely, the resulting
reduction in transpiration could actually exacerbate drought by re-
ducing atmospheric convective activity (Langenbrunner et al., 2019;
Swann et al., 2016). Good et al. (2011) explored the combined, ef-
fects of temperature, precipitation, and CO, on tropical forests and
found that enhanced CO, fertilization approximately balances out
any negative impact from warming and increased drought.

Of most obvious concern is the impact of direct anthropogenic
land use (i.e. deforestation, forest fragmentation, and fire use),
most of which occurs in the ecotonal areas of eastern and south-
ern Amazonia (the ‘arc of deforestation’). Deforestation itself could
cause considerable precipitation decreases through reduced atmo-
spheric moisture recycling, crossing a tipping point that could make
forest regrowth difficult (Boers et al., 2017; Shukla et al., 1990). The
latter would likely be compounded by the ‘edge effect’ of forest
fragmentation leading to further drying of forest patches (e.g. Ewers
& Banks-Leite, 2013). We have shown that the southern and eastern
ecotone regions are already sensitive to precipitation changes, with
dry mid-Holocene climate scenarios causing expansion of savannah
at the expense of rainforest. The additional anthropogenic pres-
sures of deforestation and fire-use will only serve to exacerbate any
climate-driven ecotonal shifts we might expect in these areas in the
future (e.g. Barlow et al., 2020). In particular, the effect of a future
drier climate increasing the likelihood of small-scale anthropogenic
fires escaping into uncontrollable wildfires (a worrying phenomenon
in recent dry years) is perhaps the greatest cause of concern for the
future of Amazonia's forests. Incorporating fire into the next gener-
ation of Earth System models undoubtedly represents an important
challenge for the modelling community.
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