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Abstract

1.	 Worldwide, large wildfires are becoming increasingly common, leading to eco-

nomic damages and threatening ecosystems and human health. Under future 

climate change, more frequent fire disturbance may push ecosystems into non-

�=�o�u�;�v�|�;�7�� �-�t�|�;�u�m�-�|�b�ˆ�;�� �v�|�-�0�t�;�� �v�|�-�|�;�v�:�� �
�b�u�;�J�r�u�o�m�;�� �;�1�o�v�‹�v�|�;�l�v�� �v�†�1�_�� �-�v�� �|�_�o�v�;�� �b�m�� �|�_�;��

���;�7�b�|�;�u�u�-�m�;�-�m�����-�v�b�m���-�u�;���;�Š�r�;�1�|�;�7���|�o���0�;���r�-�u�|�b�1�†�t�-�u�t�‹���ˆ�†�t�m�;�u�-�0�t�;�7���0�†�|���|�_�;���r�o�v�b�|�b�o�m��

of tipping points is unclear.

2.	 We compare long-term palaeoecological data from Sardinia with output from a 

process-based dynamic vegetation model to investigate the mechanisms control-

�t�b�m�]���|�_�;���1�o�l�r�t�;�Š���b�m�|�;�u�-�1�|�b�o�m�v���0�;�|�‰�;�;�m���=�b�u�;�7���1�t�b�l�-�|�;�7���-�m�7���ˆ�;�]�;�|�-�|�b�o�m���b�m���|�_�;���r�-�v�|���-�m�7��

the future.

3.	 Our results show that past vegetation changes from Erica�J�v�_�u�†�0�t�-�m�7�v�� �|�o�� �l�b�Š�;�7��

evergreen-broadleaved Quercus ilex-dominated forests were driven by a climate-

induced fire regime shift. By simulating vegetation dynamics under varying fire 

�u�;�]�b�l�;�v�7�� �‰�;�� �1�o�†�t�7�� �u�;�r�u�o�7�†�1�;�� ���o�t�o�1�;�m�;�� �ˆ�;�]�;�|�-�|�b�o�m�� �|�u�-�f�;�1�|�o�u�b�;�v�� �-�m�7�� �l�;�1�_�-�m�b�v�|�b-

cally identify tipping points.

4.	 Without an immediate reduction of greenhouse gas emissions, we simulate future 

�;�Š�r�-�m�v�b�o�m�� �o�=�� �=�b�u�;�J�r�u�o�m�;�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �l�-�t�†�b�v�� �-�m�7�� �b�m�1�u�;�-�v�b�m�]�� �=�b�u�;�� �o�1�1�†�u�u�;�m�1�;�:��

Similarly, high anthropogenic ignition frequencies and plantations of non-native, 

highly flammable trees could induce a shift to fire-adapted Erica shrublands. 

���o�‰�;�ˆ�;�u�7�� �o�†�u�� �v�b�l�†�t�-�|�b�o�m�v�� �b�m�7�b�1�-�|�;�� �|�_�-�|�� �b�=�� �]�t�o�0�-�t�� �‰�-�u�l�b�m�]�� �1�-�m�� �0�;�� �h�;�r�|�� �0�;�t�o�‰��

2°C, Quercus ilex forests will be able to persist and effectively reduce fire occur-

�u�;�m�1�;�v���-�m�7���b�l�r�-�1�|�v�7���l�-�h�b�m�]���|�_�;�l���-���ˆ�-�t�†�-�0�t�;���u�;�v�|�o�u�-�|�b�o�m���|�-�u�]�;�|���b�m�����;�7�b�|�;�u�u�-�m�;�-�m��

ecosystems.

5.	 Synthesis. By combining long-term records of ecosystem change with a dynamic 

vegetation model, we show that past climate-driven fire regime shifts were the 

main driver of vegetation change, creating alternative stable states that per-

�v�b�v�|�;�7���o�ˆ�;�u���1�;�m�|�†�u�b�;�v�:�����u�o�f�;�1�|�;�7���=�†�|�†�u�;���1�t�b�l�-�|�;���1�_�-�m�]�;���;�Š�1�;�;�7�b�m�]�����o�t�o�1�;�m�;���ˆ�-�u�b-

ability leads to pronounced vegetation changes and increased fire risks in our 
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� • �J| �J � � � � �$ � ! � � � 	 �& � � �$� � � � � �

�
�b�u�;�� �b�v�� �-�� �l�-�f�o�u�� �]�t�o�0�-�t�� �7�b�v�|�†�u�0�-�m�1�;�� �-�]�;�m�|�� �|�_�-�|�� �1�-�m�� �r�†�v�_�� �;�1�o-

systems into alternative stable states. There is considerable 

concern that increasing wildfire occurrence due to ongoing 

and future climate change might drive closed forests to reach 

a tipping point beyond which they transform to open shrub -

�t�-�m�7�v�� �o�u�� �]�u�-�v�v�t�-�m�7�v�� �P���7�-�l�v�7 2013 ; Baudena et  al.,  2020; 

Dantas et al., 2013; Guiterman et al., 2018; Tepley et al., 2018; 

Westerling et  al.,  2011). Intensified fire regimes therefore not 

only endanger human lives and property but might permanently 

�-�t�|�;�u�� �b�l�r�o�u�|�-�m�|�� �;�1�o�v�‹�v�|�;�l�� �v�;�u�ˆ�b�1�;�v�:�� �$�_�;�� ���;�7�b�|�;�u�u�-�m�;�-�m�� ���-�v�b�m��

has been one of the areas most affected by large wildfires in 

recent years, with a large majority caused by anthropogenic 

ignition sources (Ganteaume et  al.,  2013; Vilar et  al.,  2016). 

Burned area is projected to increase even further under future 

�1�t�b�l�-�|�;�J�1�_�-�m�]�;�� �v�1�;�m�-�u�b�o�v�7���0�;�1�-�†�v�;�� �l�o�u�;�� �;�Š�|�u�;�l�;�t�‹�� �_�o�|�� �-�m�7���7�u�‹��

�‰�;�-�|�_�;�u�� �1�o�m�7�b�|�b�o�m�v�� �‰�b�t�t�� �;�Š�-�1�;�u�0�-�|�;�� �u�-�r�b�7�� �=�b�u�;�� �v�r�u�;�-�7�� �P�	�†�r�†�‹��

et  al.,  2020; Lestienne et  al.,  2022; Turco et  al.,  2018). Other 

factors that boost wildfire intensity and size include increasing 

fuel load and connectivity, both linked to land abandonment 

�P���-�†�v�-�v�� �_�� �
�;�u�m�™�m�7�;�Œ�J���†	K�o�Œ�7 2012), and recent plantation of 

�_�b�]�_�t�‹�� �=�t�-�l�l�-�0�t�;�� �r�b�m�;�v�� �-�m�7�� �;�†�1�-�t�‹�r�|�v�� �P�
�;�u�m�-�m�7�;�v�� �;�| �-�t�:�7 2016). 

The key role of wildfires as a driver of the floristic composition, 

�v�|�u�†�1�|�†�u�;�� �-�m�7�� �7�‹�m�-�l�b�1�v�� �o�=�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �;�1�o�v�‹�v�|�;�l�v�� �_�-�v�� �t�o�m�]��

been emphasized (Di Pasquale et al., 2004�8�����-�ˆ�;�_�7 1975; Verdú 

& Pausas, 2007�Q�:�� ���o�‰�;�ˆ�;�u�7���|�_�;�� �1�o�l�0�b�m�;�7���;�=�=�;�1�|�� �o�=���‰�b�t�7�=�b�u�;�� �-�m�7��

climate change on current plant community dynamics is poorly 

understood (Buhk et  al.,  2007; Carrillo-García et  al.,  2023; 

�
�;�u�m�™�m�7�;�Œ�J���-�u�1	��-�� �;�| �-�t�:�7 2020 �8�� � �†�Ð�Œ�;�t�� �_�� ���Ð�7�-�b�t�7 2003), mainly 

due to the scarcity of long- term vegetation monitoring stud -

�b�;�v�� �-�m�7�� �t�-�u�]�;�J�v�1�-�t�;�� �1�t�b�l�-�|�;�J�1�_�-�m�]�;�� �;�Š�r�;�u�b�l�;�m�|�v�:�� ���-�u�|�b�1�†�t�-�u�t�‹�7��

tipping points that may force vegetation and biome reorgani-

zations after crossing fire-impact thresholds are difficult to de-

tect on short temporal scales. Since at regional or continental 

levels, fire regime changes usually occur over decades to mil-

lennia (Whitlock et  al.,  2010), they are not (yet) observable in 

�l�o�m�b�|�o�u�b�m�]�J�0�-�v�;�7�� �v�|�†�7�b�;�v�:�� ���7�7�b�|�b�o�m�-�t�t�‹�7�� �7�;�|�;�u�l�b�m�b�m�]�� �‰�_�;�|�_�;�u�� �-��

system has indeed entered a new state can only be made after 

�|�_�;���o�1�1�†�u�u�;�m�1�;�7���‰�_�;�m���|�_�;���-�0�v�;�m�1�;���o�=���;�Š�r�;�1�|�;�7���v�†�1�1�;�v�v�b�o�m�-�t���r�u�o-

cesses becomes evident, which can also take years to centuries. 

Long-term perspectives on the impacts of wildfire on vegetation 

therefore provide unique and novel insights into fire ecology. 

Specifically, they are crucial to understand if the ongoing and 

projected future increase in fire events will lead to shifts at the 

plant community and ecosystem levels, and to identify tipping 

points that may force ecosystems towards new stable states 

(Connor et al., 2019).

Linkages among fire, climate and vegetation over long time-

scales have been increasingly investigated by palaeoecologists 

using charcoal particles and plant remains deposited in natural 

archives (Colombaroli et al., 2007; Conedera et al., 2009; Connor 

et  al.,  2019�Q�:�� ���m�� �|�_�;�� ���;�7�b�|�;�u�u�-�m�;�-�m�� ���-�v�b�m�7�� �‰�b�t�7�=�b�u�;�� �-�m�7�� �ˆ�;�]�;�|�-�|�b�o�m��

dynamics were controlled primarily by climate before the onset of 

�|�_�;�����;�o�t�b�|�_�b�1���P�1�-�:���v�”�•�•�K�•�”�•�•�S�‹�;�-�u�v���-�]�o�Q���-�m�7���0�‹���|�_�;���b�l�r�-�1�|���o�=���_�†�l�-�m��

activities afterwards (Vannière et al., 2016), although large regional 

�7�b�=�=�;�u�;�m�1�;�v���;�Š�b�v�|���1�o�m�1�;�u�m�b�m�]���|�_�;���|�b�l�b�m�]���-�m�7���b�m�|�;�m�v�b�|�‹���o�=���_�†�l�-�m���b�l-

�r�-�1�|�:�����m���"�-�u�7�b�m�b�-�7���|�_�;���v�;�1�o�m�7���t�-�u�]�;�v�|���b�v�t�-�m�7���b�m���|�_�;�����;�7�b�|�;�u�u�-�m�;�-�m���"�;�-��

(�
�b�]�†�u�; 1), recent studies show a marked shift from shrub communi-

ties dominated by Erica arborea and Erica scoparia���|�o���l�b�Š�;�7���=�o�u�;�v�|�v��

dominated by Quercus ilex with Olea europaea between 6500 and 

�”�”�•�•�S�‹�;�-�u�v���-�]�o�7���1�o�b�m�1�b�7�b�m�]���‰�b�|�_���-���7�;�1�t�b�m�;���b�m���=�b�u�;���P���;�=�=�-���;�| �-�t�:�7 2016; 

Pedrotta et al., 2021�Q�:�������v�b�l�b�t�-�u���r�-�|�|�;�u�m���b�v���-�t�v�o���7�o�1�†�l�;�m�|�;�7���o�m���m�;�b�]�_-

bouring Corsica (Lestienne, Jouffroy-Bapicot, et  al.,  2020; Poher 

et al., 2017; Reille, 1992; Reille et al., 1999; Revelles et al., 2019) 

�-�m�7�� ���o�u�|�_�;�u�m�� ���=�u�b�1�-�� �P�;�:�]�:�� ���;�m�� �$�b�0�-�� �_�� �!�;�b�t�t�;�7 1982; Stambouli-

Essassi et al., 2019�Q�7���0�†�|���b�v���-�0�v�;�m�|���;�t�v�;�‰�_�;�u�;���b�m���|�_�;�����;�7�b�|�;�u�u�-�m�;�-�m��

Basin. It is still unclear whether this marked vegetation change was 

caused by climatic changes or a shift in fire regimes. It has been 

�_�‹�r�o�|�_�;�v�b�Œ�;�7�� �|�_�-�|�� �‰�b�|�_�� �=�†�|�†�u�;�� �1�t�b�l�-�|�;�� �‰�-�u�l�b�m�]�7�� �l�b�7�7�t�;�� ���o�t�o�1�;�m�;��

Erica���v�_�u�†�0�t�-�m�7�v���l�b�]�_�|���;�Š�r�-�m�7���-�]�-�b�m�7���u�;�v�†�t�|�b�m�]���b�m���_�b�]�_�;�u���=�b�u�;���o�1�1�†�u-

rence (Beffa et al., 2016�Q�:�����o�‰�;�ˆ�;�u�7���b�|�� �b�v���†�m�1�t�;�-�u���b�=���r�-�v�|�� �;�1�o�v�‹�v�|�;�l��

states and dynamics can be used as an analogue for future veg-

etation trajectories under climate change. Process-based spatially 

�;�Š�r�t�b�1�b�|�� �ˆ�;�]�;�|�-�|�b�o�m�� �l�o�7�;�t�v�� �1�-�m�� �_�;�t�r�� �0�‹�� �|�;�v�|�b�m�]�� �v�r�;�1�b�=�b�1�� �;�1�o�t�o�]�b�1�-�t��

hypotheses regarding past drivers of ecosystem change, disclos-

ing the mechanisms involved, identifying tipping points, and as-

�v�;�v�v�b�m�]�� �=�†�|�†�u�;�� �ˆ�;�]�;�|�-�|�b�o�m�� �|�u�-�f�;�1�|�o�u�b�;�v�� �P���;�m�m�;�� �;�| �-�t�:�7 2013 , 2015). 

���;�u�;�7�� �‰�;�� �†�v�;��LANDClIM (Schumacher et al., 2004) to simulate past 

and future vegetation in Sardinia under different climate and fire 

disturbance scenarios and test our hypothesis that wildfire is the 

�l�-�b�m���7�u�b�ˆ�;�u���o�=���t�o�m�]�J�|�;�u�l���ˆ�;�]�;�|�-�|�b�o�m���7�‹�m�-�l�b�1�v���b�m���|�_�;�����;�7�b�|�;�u�u�-�m�;�-�m��

islands. Specifically, we are interested in addressing the following 

research questions: (1) Was fire regime and/or climate the main 

�7�u�b�ˆ�;�u�� �o�=�� ���o�t�o�1�;�m�;�� �ˆ�;�]�;�|�-�|�b�o�m�� �7�‹�m�-�l�b�1�v�� �o�m�� �"�-�u�7�b�m�b�-�5�� �P�‘�Q�� ���-�m�� �7�‹-

namic vegetation models mechanistically reproduce shifts in stable 

�v�|�-�|�;�v���7�†�u�b�m�]���|�_�;�����o�t�o�1�;�m�;�5���P�’�Q�����o�‰���‰�b�t�t���=�†�|�†�u�;���1�t�b�l�-�|�;���1�_�-�m�]�;���-�m�7��

�‰�b�t�7�=�b�u�;�� �b�l�r�-�1�|�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �;�1�o�v�‹�v�|�;�l�v�5�� �P�“�Q�� ���-�m�� �‰�;�� �1�o�m�v�|�u�-�b�m��

simulations, requiring new fire management strategies to maintain current eco-

system services.

� � � � � + � ) � � � ! � 	 � "

alternative stable states, climate change, dynamic vegetation modelling, fire ecology, island 
ecology, Palaeoecology, Sardinia, tipping points
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�–�”�u�J|�J�J�M

the risks and opportunities associated with changing climate, veg-

�;�|�-�|�b�o�m���-�m�7���7�b�v�|�†�u�0�-�m�1�;���b�m���|�_�;�����;�7�b�|�;�u�u�-�m�;�-�m���u�;�-�t�l�5�����‹���1�o�l�0�b�m�b�m�]��

long-term palaeoecological data with a process-based vegetation 

model, we aim to investigate if past plant community shifts in 

���;�7�b�|�;�u�u�-�m�;�-�m�� �;�1�o�v�‹�v�|�;�l�v�� �1�-�m�� �0�;�� �;�Š�r�t�-�b�m�;�7�� �0�‹�� �1�t�b�l�-�|�;�J�b�m�7�†�1�;�7��

changes in past fire regimes. We also simulate future vegetation 

dynamics under different climate projections and wildfire scenarios 

to assess ecosystem stability, identify potential tipping points that 

lead to ecosystem shifts and inform management strategies to mit-

igate adverse climate-change impacts.

� 
 � � � � � & � ! � � � � � • �J���-�r���o�=���"�-�u�7�b�m�b�-���-�m�7���|�_�;���|�_�u�;�;���v�|�†�7�‹���-�u�;�-�v�:���$�o�r���u�b�]�_�|�9���l�-�r���o�=���"�-�u�7�b�m�b�-���v�_�o�‰�b�m�]���|�_�;���v�r�-�|�b�-�t���7�b�v�|�u�b�0�†�|�b�o�m���o�=���|�_�;���l�-�f�o�u���ˆ�;�]�;�|�-�|�b�o�m��
zones (Canu et al., 2015; Lang et al., 2023) and the location of the three study areas. Bottom: location of the island of Sardinia in the 
���;�7�b�|�;�u�u�-�m�;�-�m�:�����;�=�|�9���1�t�o�v�;�J�†�r���o�=���|�_�;���|�_�u�;�;���v�|�†�7�‹���-�u�;�-�v���†�v�;�7���=�o�u���|�_�;���ˆ�;�]�;�|�-�|�b�o�m���l�o�7�;�t�t�b�m�]���v�_�o�‰�b�m�]���;�t�;�ˆ�-�|�b�o�m�:���$�_�;���u�;�7���7�o�|�v���b�m���|�_�;���1�;�m�|�u�;���o�=��
the areas indicate the lake coring locations of the corresponding palaeoecological sites.
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� ‘ �J | �J � � � ��$ � � � ! � � � � � � � " � � � � � � � 	 � � � � � � �$ � � � � � 	 � "

We simulated past and future vegetation dynamics and wildfire regime 

changes in three study areas on the island of Sardinia: Lago di Baratz, 

Stagno Sa Curcurica and Stagno di Chia (�
�b�]�†�u�; 1; hereafter referred to 

as Baratz, Sa Curcurica and Chia, respectively). The study areas have 

�-�� �u�-�7�b�†�v�� �o�=�� �”�S�h�l�� �-�m�7�� �-�u�;�� �1�;�m�|�;�u�;�7�� �-�u�o�†�m�7�� �r�-�t�-�;�o�;�1�o�t�o�]�b�1�-�t�� �-�u�1�_�b�ˆ�;�v��

that provide quantitative information about vegetation changes and 

�0�b�o�l�-�v�v���0�†�u�m�b�m�]���=�o�u���|�_�;���r�-�v�|���v�•�•�•�S�‹�;�-�u�v�:���$�_�;���|�_�u�;�;���t�-�h�;�v���‰�;�u�;���1�o�u�;�7���b�m��

2012 and analysed for pollen, plant macrofossils and microscopic char-

coal to reconstruct local to regional wildfire and vegetation history (see 

the Supporting Information for details about palaeoecological analy-

ses and the study sites). Permission for fieldwork was granted by the 

�u�;�]�b�o�m�-�t�� �]�o�ˆ�;�u�m�l�;�m�|�� �-�m�7�� �|�_�;�� �b�m�7�b�ˆ�b�7�†�-�t�� �1�o�l�l�†�m�b�|�b�;�v�:�� �
�b�;�t�7�‰�o�u�h�� �‰�-�v��

carried out with the assistance and under the supervision of the Corpo 

�
�o�u�;�v�|�-�t�;���;���7�b���(�b�]�b�t�-�m�Œ�b�-�����l�0�b�;�m�|�-�t�;���7�;�t�t�-���!�;�]�b�o�m�;���"�-�u�7�;�]�m�-���P�=�o�u�;�v�|�u�‹��

and environmental protection corps of the Region of Sardinia). The size 

of the study areas was chosen to reflect the relevant pollen source area 

of our palaeoecological archives (Conedera et al., 2006), in order to 

�=�-�1�b�t�b�|�-�|�;���|�_�;���l�o�7�;�t�K�7�-�|�-���1�o�l�r�-�u�b�v�o�m�:�����t�t���v�|�†�7�‹���-�u�;�-�v���-�u�;���t�o�1�-�|�;�7���1�t�o�v�;��

to the sea and mostly fall within the thermomediterranean vegetation 

�0�;�t�|�7���‰�_�;�u�;���;�ˆ�;�u�]�u�;�;�m���0�u�o�-�7�t�;�-�ˆ�;�7�����;�7�b�|�;�u�u�-�m�;�-�m���‰�o�o�7�‹���v�r�;�1�b�;�v���r�u�;-

�ˆ�-�b�t�:�����o�m�;�|�_�;�t�;�v�v�7���|�_�;���v�|�†�7�‹���-�u�;�-�v���-�t�v�o���;�m�1�o�l�r�-�v�v���|�_�;���l�;�v�o�l�;�7�b�|�;�u�u�--

nean vegetation belt at higher elevations, in which both deciduous and 

evergreen broadleaved species co-occur (Chiappini, 1988).

�"�-�u�7�b�m�b�-�� �_�-�v�� �-�� �|�‹�r�b�1�-�t�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �1�t�b�l�-�|�;�� �‰�b�|�_�� �_�o�|�� �-�m�7�� �7�u�‹��

summers and mild and rainy winters. Both temperature and pre-

cipitation follow an altitudinal gradient, with cooler and wetter 

conditions at higher elevations and warmer and drier conditions at 

the coast (see Supporting Information). There is also a slight north–

south gradient, with higher temperatures in the south, while rather 

�1�o�l�r�t�;�Š���r�u�;�1�b�r�b�|�-�|�b�o�m���r�-�|�|�;�u�m�v���r�u�;�ˆ�-�b�t���-�t�o�m�]���|�_�;���‰�;�v�|�K�;�-�v�|���]�u�-�7�b�;�m�|��

(Pedrotta et  al.,  2021). Sardinia is a fire-prone region with about 

2900 fires recorded per year during the period 1998–2016, burn -

�b�m�]�� �-�m�� �-�ˆ�;�u�-�]�;�� �o�=�� �1�-�:�� �•�v�7�”�•�•�S�_�-�S�‹�;�-�u�́ �• , which represents ca. 1% of 

the total area of the island (Salis et al., 2021�Q�:�� ���1�1�o�u�7�b�m�]�t�‹�7�� �|�_�;�� �=�b�u�;��

�u�;�|�†�u�m�� �b�m�|�;�u�ˆ�-�t�� �P�
�!���Q�� �-�ˆ�;�u�-�]�;�7�� �o�ˆ�;�u�� �;�m�|�b�u�;�� �"�-�u�7�b�m�b�-�� �b�v�� �1�-�:�� �•�•�•�S�‹�;�-�u�v�:��

���o�‰�;�ˆ�;�u�7���1�;�u�|�-�b�m���-�u�;�-�v���-�m�7���t�-�m�7���1�o�ˆ�;�u���|�‹�r�;�v�7���v�†�1�_���-�v���v�_�u�†�0�t�-�m�7�v���o�u��

agricultural areas show a higher ignition frequency and are more af-

fected (Bajocco et  al.,  2019; Bajocco & Ricotta,  2008�Q�:�� ���o�v�|�� �=�b�u�;�v��

occur during the summer months with a peak in July. The vast ma-

jority of recorded fires are relatively small (<�•�•�S�_�-�Q�7�� �‰�b�|�_�� �l�o�v�|�� �o�=��

the area burned caused by individual fires that burned large areas 

(>�•�•�•�•�S�_�-�8���"�-�t�b�v���;�| �-�t�:�7 2014, 2021).

�‘�:�•�J|� J � �ANDCLIM simulations

We simulated vegetation dynamics and fire regime changes at the 

three study areas with LANDClIM�7���-���r�u�o�1�;�v�v�J�0�-�v�;�7�7���v�r�-�|�b�-�t�t�‹���;�Š�r�t�b�1�b�|�7��

dynamic vegetation model (Schumacher et al., 2004). In contrast to 

palaeoecological records, dynamic simulations have the advantage 

that the environmental conditions and drivers affecting vegetation 

communities are known and can be controlled, similar to setting up 

�-�m�� �;�1�o�t�o�]�b�1�-�t�� �;�Š�r�;�u�b�l�;�m�|�:�� �$�_�;�u�;�=�o�u�;�7�� �1�o�l�r�-�u�b�m�]�� �|�_�;�� �u�;�v�†�t�|�v�� �o�=�� �7�‹-

namic modelling runs under different conditions to palaeoecological 

data allows to mechanistically investigate the causes of past ecosys-

�|�;�l���v�_�b�=�|�v���P���;�m�m�;���;�| �-�t�:�7 2011; Schwörer et al., 2014). Once validated 

in the past, under strongly changing environmental conditions, 

dynamic models might be applied to anticipate future conditions 

�†�m�7�;�u���7�b�=�=�;�u�;�m�|���t�-�m�7���†�v�;���-�m�7���1�t�b�l�-�|�;���v�1�;�m�-�u�b�o�v���P���;�m�m�;���;�| �-�t�:�7 2015; 

Schwörer et  al.,  2014). LANDClIM was originally developed for and 

applied in central European forest ecosystems, but has also been 

�v�†�1�1�;�v�v�=�†�t�t�‹�� �†�v�;�7�� �b�m���|�_�;�� ���;�7�b�|�;�u�u�-�m�;�-�m���u�;�]�b�o�m���P���;�m�m�;�� �;�| �-�t�:�7 2013, 

2015). The simulated vegetation is fully independent from palaeo-

ecological data and therefore an emergent property of the numeri-

cal model simulation. The pollen-inferred vegetation is only used 

for comparison with the model output. We simulated vegetation 

development from bare ground with no initial species cover and a 

�v�r�b�m�J�†�r���r�;�u�b�o�7���o�=���”�•�•�S�‹�;�-�u�v���|�o���u�;�-�1�_���;�t�†�b�t�b�0�u�b�†�l�:��LANDClIM simulates 

establishment, growth, dispersal and mortality of species cohorts in 

�b�m�7�b�ˆ�b�7�†�-�t�� �‘�”�S×�S�‘�”�S�l�� �]�u�b�7�� �1�;�t�t�v�7�� �0�-�v�;�7�� �o�m�� �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1�� �=�†�m�1�|�b�o�m�-�t��

�|�u�-�b�|�v�� �-�m�7�� �|�_�u�;�v�_�o�t�7�v�� �P�;�:�]�:�� �]�u�o�‰�|�_�� �u�-�|�;�7�� �l�-�Š�b�l�†�l�� �_�;�b�]�_�|�7�� �7�u�o�†�]�_�|��

tolerance; see Table S3), competitive interactions between species 

(e.g. light competition), topographic parameters (e.g. elevation, as-

pect) and monthly climatic parameters (temperature and precipita-

�|�b�o�m�Q�:�����o�u�|�-�t�b�|�‹���b�v���1�-�†�v�;�7���0�‹���0�b�o�|�b�1���P�7�;�m�v�b�|�‹�7���1�o�l�r�;�|�b�|�b�o�m�Q���-�m�7���-�0�b�o�|�b�1��

stress (e.g. drought), disturbances such as wildfire and windthrow, or 

�l�-�Š�b�l�†�l���t�o�m�]�;�ˆ�b�|�‹�:���)�b�t�7�=�b�u�;���b�v���v�b�l�†�t�-�|�;�7���o�ˆ�;�u���|�_�;���;�m�|�b�u�;���t�-�m�7�v�1�-�r�;��

in decadal timesteps. The probability of fire ignition and spread is 

based on a cumulative beta probability density function related to 

�|�_�;���7�u�o�†�]�_�|���b�m�7�;�Š���o�=���;�-�1�_���1�;�t�t�7���-�v���‰�;�t�t���-�v���=�†�;�t���-�ˆ�-�b�t�-�0�b�t�b�|�‹���-�m�7���|�o�r�o�]-

raphy. Wildfire leads to tree mortality depending on species-specific 

�=�b�u�;�� �v�;�m�v�b�|�b�ˆ�b�|�‹�7�� �|�u�;�;�� �_�;�b�]�_�|�7�� �=�†�;�t�� �7�u�‹�m�;�v�v�� �-�m�7�� �-�ˆ�-�b�t�-�0�b�t�b�|�‹�:�� ���o�‰�� �‰�;�t�t��

individual species can tolerate fires is based on observed stem sur-

�ˆ�b�ˆ�-�t���-�=�|�;�u���=�b�u�;���P�
�;�u�m�-�m�7�;�v���;�| �-�t�:�7 2008�8�����o�m�Œ�™�t�;�Œ���;�| �-�t�:�7 2007), which 

was qualitatively summarized in five different fire tolerance classes 

�P���;�m�m�;���;�| �-�t�:�7 2013). Species with low fire tolerance have higher prob-

�-�0�b�t�b�|�b�;�v���o�=���l�o�u�|�-�t�b�|�‹���-�=�|�;�u���-���=�b�u�;���;�ˆ�;�m�|�:���
�b�u�;�J�-�7�-�r�|�;�7���v�r�;�1�b�;�v���|�_�-�|���-�u�;��

resprouters (e.g. Erica arborea) or have serotinous cones (e.g. Pinus 

halepensis), do not need to establish after a fire event and can thus 

immediately start accumulating biomass again, which gives them a 

�1�o�l�r�;�|�b�|�b�ˆ�;���-�7�ˆ�-�m�|�-�]�;���b�m���|�_�;���l�o�7�;�t���v�b�l�†�t�-�|�b�o�m�v�:���
�b�u�;���=�u�;�t�†�;�m�1�‹���-�m�7��

intensity are linked by fuel availability, with lower fire frequencies 

leading to fuel accumulation and more intense fire events that re-

sult in more biomass lost. Conversely, higher fire frequencies result 

�b�m���t�o�‰�;�u���=�†�;�t���-�ˆ�-�b�t�-�0�b�t�b�|�‹���-�m�7���|�_�;�u�;�=�o�u�;���t�;�v�v���b�m�|�;�m�v�;���‰�b�t�7�=�b�u�;�v���P���;�m�m�;��

et al., 2013; Schumacher et al., 2004�Q�:�����o�u�;���b�m�=�o�u�l�-�|�b�o�m���-�0�o�†�|���|�_�;��

fire module of LANDClIM can be found in the Supporting Information.

�‘�:�‘�J |�J �"�b�l�†�t�-�|�;�7���1�t�b�l�-�|�;���-�m�7���‰�b�t�7�=�b�u�;���v�1�;�m�-�u�b�o�v

To simulate past and future vegetation dynamics and wildfire re-

�]�b�l�;�v�7�� �‰�;�� �7�;�ˆ�;�t�o�r�;�7�� �7�b�=�=�;�u�;�m�|�� �1�t�b�l�-�|�b�1�� �v�1�;�m�-�u�b�o�v�:�� �
�b�u�v�|�7�� �‰�;�� �;�v�|�b-

mated modern average monthly temperatures and precipitation 



�–�”�v�J|�J�J�M

values by combining data series from nearby climate stations for 

�|�_�;���r�;�u�b�o�7���•�–�”�•�K�‘�•�•�•���P�"�������7 2021�Q�:���
�o�u���|�_�;���v�b�l�†�t�-�|�b�o�m���o�=���r�-�v�|���ˆ�;�]-

etation dynamics, we then combined randomly drawn values from 

a normal distribution of present climate data with reconstructed 

���†�t�‹�J�|�;�l�r�;�u�-�|�†�u�;�� �-�m�o�l�-�t�b�;�v�� �=�o�u�� �|�_�;�� �t�-�v�|�� �–�•�•�•�S�‹�;�-�u�v�� �=�u�o�l�� ���-�]�o��

�(�;�u�7�-�u�o�t�o���P���;�m�m�;���;�| �-�t�:�7 2013; Samartin et al., 2017), or in the case 

of precipitation with downscaled transient precipitation anomalies 

from the TraCE21k global climate model dataset (Karger et al., 2023; 

Liu et al., 2009�Q�:���
�o�u���|�_�;���=�†�|�†�u�;���1�t�b�l�-�|�;���v�1�;�m�-�u�b�o�v�7���‰�;���†�v�;�7���|�_�;���v�-�l�;��

approach as outlined above, but restricted the present-day climate 

data to the reference period 1980–2010 and combined them with 

downscaled model output of an ensemble of five climate models and 

three emission scenarios (‘ssp126’: low emission scenario; ‘ssp370’: 

intermediate emission scenario; and, ‘ssp585’: high emission sce-

nario; Karger et al., 2017). The emission scenarios were chosen to 

represent the full range of future climate- change conditions, from 

�‰�o�u�v�|���|�o���0�;�v�|���1�-�v�;���P���]���;�b�t�t���;�| �-�t�:�7 2016�Q�:���
�o�u���|�_�;���r�;�u�b�o�7���‘�•�•�•�K�‘�”�•�•��

climate projections have been kept constant at the level of 2100 

with current climatic variation ( �
�b�]�†�u�;  4), to enable vegetation to 

�u�;�-�1�_���-���m�;�‰���;�t�†�b�t�b�0�u�b�†�l�:���
�b�m�-�t�t�‹�7��LANDClIM uses the monthly climate 

input data to calculate values for every grid cell in the landscape, 

based on altitudinal lapse rates that we determined by linear regres-

sion using data from climate stations at different elevations in the 

regions surrounding each study site (see Supporting Information).

To simulate the effect of different fire regimes on past and future 

vegetation, we developed three different fire scenarios with low, 

moderate and high fire occurrence. The fire scenarios vary in the min-

imum fire probability and the shape of the curve of the probability 

function that relates fuel dryness to fire spread. In other words, they 

range from infrequent small fires in the low fire scenario, to frequent 

large fires in the high fire scenario, consistent with previous applica-

�|�b�o�m�v���|�o���v�b�l�†�t�-�|�;���7�b�=�=�;�u�;�m�|���=�b�u�;���u�;�]�b�l�;�v���b�m���|�_�;�����;�7�b�|�;�u�u�-�m�;�-�m���P���;�m�m�;��

et  al.,  2013, 2015; �
�b�]�†�u�; S5). To test the hypothesis that climate 

was the main driver of vegetation trajectories on Sardinia, we simu-

�t�-�|�;�7���ˆ�;�]�;�|�-�|�b�o�m���7�‹�m�-�l�b�1�v���=�o�u���|�_�;���t�-�v�|���v�•�•�•�S�‹�;�-�u�v���-�|���-�t�t���|�_�u�;�;���v�|�†�7�‹��

areas (�
�b�]�†�u�;  2) under a low fire frequency, and compared model 

output with the reconstructed vegetation. To test our hypothesis 

that fire regime changes were driving vegetation changes, we as-

signed in a second step the three fire scenarios to time periods with 

high, moderate or low biomass burning at each study area based on 

�b�m�7�b�ˆ�b�7�†�-�t���1�_�-�u�1�o�-�t���b�m�=�t�†�Š���7�-�|�-���v�;�u�b�;�v���=�u�o�l���|�_�;���|�_�u�;�;���v�b�|�;�v���P�
�b�]�†�u�; 3; 

�
�b�]�†�u�; S6�Q�:�����b�1�u�o�v�1�o�r�b�1���1�_�-�u�1�o�-�t���b�m�=�t�†�Š���u�;�1�o�u�7�;�7���b�m���t�-�h�;���v�;�7�b�l�;�m�|���-�u-

�1�_�b�ˆ�;�v���_�-�v���0�;�;�m���‰�b�7�;�t�‹���†�v�;�7���-�v���-���r�u�o�Š�‹���=�o�u���u�;�]�b�o�m�-�t���=�b�u�;���o�1�1�†�u�u�;�m�1�;��

(Conedera et al.,  2009; Connor et  al.,  2019; Lestienne, Jouffroy-

Bapicot, et al., 2020; Whitlock et al., 2010), based on regional cali-

bration studies (e.g. Leys et al., 2015�8�����-�1�	�o�m�-�t�7���;�| �-�t�:�7 1991; Tinner 

et al., 1998), and theoretical considerations regarding particle emis-

sion, transport and deposition (e.g. Clark, 1988; Gilgen et al., 2018). 

�����u�;�1�;�m�|���1�o�m�|�b�m�;�m�|�-�t�J�v�1�-�t�;���1�-�t�b�0�u�-�|�b�o�m���v�|�†�7�‹���o�=���l�b�1�u�o�v�1�o�r�b�1���1�_�-�u�1�o�-�t��

�b�m�=�t�†�Š�� �‰�b�|�_�� �v�-�|�;�t�t�b�|�;�J�b�m�=�;�u�u�;�7�� �=�b�u�;�� �r�-�u�-�l�;�|�;�u�v�� �1�o�m�=�b�u�l�;�7�� �-�� �v�b�]�m�b�=�b-

cant correlation between charcoal particles deposited in lakes and 

�=�b�u�;�� �m�†�l�0�;�u�� �-�m�7�� �b�m�|�;�m�v�b�|�‹�� �P���7�o�t�=�� �;�| �-�t�:�7 2018). By prescribing dif-

ferent fire regimes based on palaeoecological data, we aim to test 

our hypothesis that fire is the main driver of observed vegetation 

�1�_�-�m�]�;�� �7�†�u�b�m�]�� �|�_�;�� ���o�t�o�1�;�m�;�:�� �
�o�u�� �|�_�;�� �=�†�|�†�u�;�� �ˆ�;�]�;�|�-�|�b�o�m�� �7�‹�m�-�l�b�1�v�7��

�‰�;���1�o�l�0�b�m�;�7���-�t�t���1�t�b�l�-�|�;���-�m�7���=�b�u�;���v�1�;�m�-�u�b�o�v���|�o���;�Š�r�t�o�u�;���-���‰�b�7�;���-�u�u�-�‹���o�=��

�=�†�|�†�u�;���ˆ�;�]�;�|�-�|�b�o�m���|�u�-�f�;�1�|�o�u�b�;�v�:���"�b�m�1�;���_�†�l�-�m���-�1�|�b�ˆ�b�|�‹���b�v���m�o�|���;�Š�r�t�b�1�b�|�t�‹��

included in LANDClIM, we use the low and high fire frequency sce-

nario to represent different anthropogenic fire regimes, with inten -

sified land use causing higher anthropogenic ignitions in the high fire 

�v�1�;�m�-�u�b�o�:���$�o���-�ˆ�o�b�7���†�m�u�;�-�t�b�v�|�b�1�-�t�t�‹���t�-�u�]�;���=�b�u�;�v�7���‰�;���u�;�v�|�u�b�1�|�;�7���l�-�Š�b�l�†�l��

�b�m�7�b�ˆ�b�7�†�-�t�� �=�b�u�;�� �v�b�Œ�;�� �|�o�� �•�•�w�� �o�=�� �|�_�;�� �v�|�†�7�‹�� �-�u�;�-�:�� ���o�‰�;�ˆ�;�u�7�� �1�†�l�†�t�-�|�b�ˆ�;��

fire size over a decade can be larger than this value, with multiple fire 

events occurring in the study area and even on the same gridcells, if 

fuel availability is still high enough. Even though these fire scenarios 

are prescribed, the fire module of LANDClIM still allows for feedback 

loops between climate and fire. Warmer temperatures and/or less 

�r�u�;�1�b�r�b�|�-�|�b�o�m�7�� �=�o�u�� �;�Š�-�l�r�t�;�7�� �b�m�1�u�;�-�v�;�� �=�†�;�t�� �7�u�‹�m�;�v�v�� �-�m�7�� �;�m�_�-�m�1�;�� �=�b�u�;��

spread, leading to a larger area burned.

� ’ �J | �J � ! � � � " �& � ��$ � "

�’�:�•�J|�J �"�b�l�†�t�-�|�b�o�m���o�=���r�-�v�|���ˆ�;�]�;�|�-�|�b�o�m���7�‹�m�-�l�b�1�v

The simulation results under the low fire frequency scenario show 

that Quercus ilex is projected to grow in all study areas (�
�b�]�†�u�; 2j–l), 

particularly where soils are deep or at higher elevations (�
�b�]�†�u�; 2p–r; 

�
�b�]�†�u�; S3a–f�Q�:�� ���u�o�†�m�7�� ���-�u�-�|�Œ�� �P�
�b�]�†�u�; 2j), LANDClIM simulates abun-

dant Q. ilex forests with an increasing biomass trend throughout 

�|�_�;�����o�t�o�1�;�m�;�7���t�b�m�h�;�7���|�o���|�_�;���1�o�o�t�b�m�]���=�o�t�t�o�‰�b�m�]���|�_�;�����o�t�o�1�;�m�;���$�_�;�u�l�-�t��

���-�Š�b�l�†�l���P���$���Q�7���0�;�|�‰�;�;�m���–�•�•�•���-�m�7���”�”�•�•���1�-�t�b�0�u�-�|�;�7���‹�;�-�u�v���0�;�=�o�u�;��

present (cal. BP; �
�b�]�†�u�; 2a). Drier periods result in a decrease in bio-

�l�-�v�v�7���0�†�|���v�b�l�†�t�-�|�;�7���=�o�u�;�v�|�v���t�†�b�1�h�t�‹���u�;�1�o�ˆ�;�u���‰�b�|�_�b�m���1�-�:���”�•�K�•�•�•�S�‹�;�-�u�v�:��

Simulated burned area and associated fire return intervals at all 

�v�b�|�;�v�� �o�m�t�‹�� �v�_�o�‰�� �l�b�m�o�u�� �1�_�-�m�]�;�v�� �7�†�u�b�m�]�� �|�_�;�� �r�-�v�|�� �v�•�•�•�S�‹�;�-�u�v�7�� �‰�b�|�_��

�v�t�b�]�_�|�t�‹���_�b�]�_�;�u���0�†�u�m�;�7���-�u�;�-���-�m�7���t�o�‰�;�u���
�!�����7�†�u�b�m�]���|�_�;���P�‰�-�u�l�;�u�Q�����$����

(�
�b�]�†�u�; 2m–o�Q�:���
�!�����-�u�;���t�o�‰�;�u���-�|���"�-�����†�u�1�†�u�b�1�-���P�”�•�K�•�•�•�S�‹�;�-�u�v�Q���-�m�7�����_�b�-��

�P�’�•�K�u�•�S�‹�;�-�u�v�Q�� �|�_�-�m�� �-�|�� ���-�u�-�|�Œ�� �P�•�•�K�‘�”�•�S�‹�;�-�u�v�Q�7�� �‰�_�;�u�;��Q. ilex attains 

higher biomass. Overall, the simulations with low fire frequency 

only match the reconstructed vegetation at our study areas from ca. 

�”�”�•�•�S�1�-�t�:�� ������ �o�m�‰�-�u�7�v�:�� �$�_�;�� �7�o�l�b�m�-�m�1�;�� �o�=��Erica at the start of the 

three records (�
�b�]�†�u�; 2d–f ) cannot be recreated with this scenario, 

rejecting the hypothesis that climate was the main driver of vegeta-

tion change.

In a second step, to test the hypothesis that varying wildfire 

regimes caused the observed vegetation changes, we simulated 

���o�t�o�1�;�m�;���ˆ�;�]�;�|�-�|�b�o�m���7�‹�m�-�l�b�1�v���‰�b�|�_���7�b�=�=�;�u�;�m�|���=�b�u�;���u�;�]�b�l�;���v�1�;�m�-�u�b�o�v�7��

according to reconstructed periods of high, moderate and low bio-

mass burning of each record. Since LANDClIM is not able to repro-

duce reconstructed fire regimes based on climatic input data alone, 

we prescribe different fire frequencies over the entire simulation 

period to study the effect on the vegetation. Under high fire fre -

quencies, as reconstructed for the start of all three records, LANDClIM 

simulates vegetation (co-)dominated by Erica around the three 

lakes (�
�b�]�†�u�; 3j–l), which is particularly evident in the spatial data 
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(�
�b�]�†�u�; 3p–r�Q�:�����u�;�-���0�†�u�m�;�7���b�v���_�b�]�_���-�m�7���
�!�����-�u�;���ˆ�;�u�‹���t�o�‰���P�”�K�•�•�S�‹�;�-�u�v�Q���-�|��

all sites (�
�b�]�†�u�; 3m–o). With the change to moderate fire frequencies 

�0�;�|�‰�;�;�m���•�•�•�•���-�m�7���”�•�•�•�S�1�-�t�:�������7��Quercus ilex���;�Š�r�-�m�7�v���-�m�7���0�;�1�o�l�;�v��

�|�_�;�� �7�o�l�b�m�-�m�|�� �v�r�;�1�b�;�v�� �b�m�� �|�_�;�� �v�b�l�†�t�-�|�;�7�� �v�|�†�7�‹�� �-�u�;�-�v�7�� �;�Š�1�;�r�|�� �-�u�o�†�m�7��

the warmest site Chia, where it only dominates at higher elevations. 

Considering that most of the pollen deposited in lakes of this size 

� 
 � � � � � & � ! � � � � � ‘ �J�"�b�l�†�t�-�|�;�7���r�-�v�|���ˆ�;�]�;�|�-�|�b�o�m���-�m�7���0�b�o�l�-�v�v���0�†�u�m�b�m�]���b�m���|�_�;���|�_�u�;�;���v�|�†�7�‹���-�u�;�-�v���†�m�7�;�u���-���t�o�‰���=�b�u�;���u�;�]�b�l�;���v�1�;�m�-�u�b�o���1�o�l�r�-�u�;�7���|�o��
palaeoecological data (Beffa et al., 2016; Pedrotta et al., 2021�Q�:���$�_�;���|�o�r���u�o�‰���v�_�o�‰�v���1�t�b�l�-�|�;���b�m�r�†�|���7�-�|�-���†�v�;�7���=�o�u���|�_�;���v�b�l�†�t�-�|�b�o�m�v���P�-�K�1�Q�:�����m�m�†�-�t��
temperatures are based on July temperature reconstructions from Lago Verdarolo (Samartin et al., 2017), adjusted to the study areas 
based on present-day temperature differences. Precipitation data are based on downscaled Trace-21k global climate model data (Karger 
et al., 2023; Liu et al., 2009). Palaeoecological data show stacked pollen percentages of selected species over time (d–f) as well as z-scores of 
�1�_�-�u�1�o�-�t���b�m�=�t�†�Š���-�v���-���r�u�o�Š�‹���=�o�u���0�b�o�l�-�v�v���0�†�u�m�b�m�]���P�]�K�b�8�����;�=�=�-���;�| �-�t�:�7 2016; Pedrotta et al., 2021). LandClim model output shows the biomass (t/ha) 
�o�=���7�b�=�=�;�u�;�m�|���v�r�;�1�b�;�v���b�m���|�_�;���|�_�u�;�;���v�|�†�7�‹���-�u�;�-�v���P�f�K�t�Q�7���-�v���‰�;�t�t���-�v���-�u�;�-���0�†�u�m�;�7���P�_�-�Q���-�m�7���u�;�t�-�|�;�7���=�b�u�;���u�;�|�†�u�m���b�m�|�;�u�ˆ�-�t���P�l�K�o�Q�:�����-�r�v���o�=���|�_�;���|�_�u�;�;���v�|�†�7�‹��
�-�u�;�-�v���v�_�o�‰���v�b�l�†�t�-�|�;�7���7�o�l�b�m�-�m�|���v�r�;�1�b�;�v���r�;�u���]�u�b�7�1�;�t�t���-�|���v�•�•�•�S�1�-�t�:���������P�r�K�u�Q�:���<���|�_�;�u���7�;�1�b�7�†�o�†�v�=���b�m�1�t�†�7�;�v��Fraxinus ornus and Ostrya carpinifolia; 
�<���;�7�b�|�;�u�u�-�m�;�-�m���v�_�u�†�0�v�=���b�m�1�t�†�7�;��Arbutus unedo, Cistus salviifolius, Phillyrea latifolia, Phillyrea angustifolia, Pistacia lentiscus, Rhamnus alaternus 
and Rhamnus oleoides; ‘Pinus spp.’ includes Pinus pinea, Pinus pinaster and Pinus halepensis.
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comes from their immediate surroundings, simulated and pollen-

�b�m�=�;�u�u�;�7���ˆ�;�]�;�|�-�|�b�o�m���l�-�|�1�_���‰�;�t�t���=�o�u���|�_�b�v���r�;�u�b�o�7�:�����u�;�-���0�†�u�m�;�7���b�v���t�o�‰�;�u��

�‰�b�|�_�� �
�!���� �0�;�|�‰�;�;�m�� �•�”�� �-�m�7�� �‘�”�S�‹�;�-�u�v�:�� �&�m�7�;�u�� �t�o�‰�� �=�b�u�;�� �=�u�;�t�†�;�m�1�b�;�v�7��Q. 

ilex further increases in biomass and even forms closed forests at 

Baratz (>�”�•�S�|�F�_�-�8���
�b�]�†�u�; 3j�Q�:�����|�����_�b�-�7���o�†�u���v�o�†�|�_�;�u�m�l�o�v�|���v�b�|�;�7��LANDClIM 

consistently simulates the lowest amount of biomass (�
�b�]�†�u�;  3l). 

�$�_�;�� �u�-�|�_�;�u�� �o�r�;�m�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �ˆ�;�]�;�|�-�|�b�o�m�� �v�b�l�†�t�-�|�;�7�� �=�o�u�� �|�_�;�� �;�m-

tire period generally agrees well with the pollen record (�
�b�]�†�u�; 3f ). 

���ˆ�;�m���|�_�;���|�‰�o���v�_�o�u�|���;�Š�r�-�m�v�b�o�m���r�_�-�v�;�v���o�=��Q. ilex and Olea europaea at 

�•�•�•�•�K�u�‘�•�•�� �-�m�7�� �’�•�•�•�K�‘�”�•�•�S�1�-�t�:�� ������ �-�u�;�� �;�ˆ�b�7�;�m�|�� �b�m�� �o�†�u�� �v�b�l�†�t�-�|�b�o�m�v��

and linked to short periods of lower fire occurrence. Only during the 

�t�-�v�|�� �•�v�•�•�S�‹�;�-�u�v�� �o�=�� �|�_�;�� �v�b�l�†�t�-�|�b�o�m�� �|�_�;�u�;�� �b�v�� �-�� �r�u�o�m�o�†�m�1�;�7�� �l�b�v�l�-�|�1�_��

� 
 � � � � � & � ! � � � � � ’ �J�"�b�l�†�t�-�|�;�7���r�-�v�|���ˆ�;�]�;�|�-�|�b�o�m���-�m�7���0�b�o�l�-�v�v���0�†�u�m�b�m�]���b�m���|�_�;���|�_�u�;�;���v�|�†�7�‹���-�u�;�-�v���†�m�7�;�u���-���1�o�l�0�b�m�-�|�b�o�m���o�=���|�_�u�;�;���7�b�=�=�;�u�;�m�|���=�b�u�;���v�1�;�m�-�u�b�o�v��
(low, moderate and high fire regime) compared to palaeoecological data (d–f; Beffa et al., 2016; Pedrotta et al., 2021). We use the charcoal 
�b�m�=�t�†�Š���u�;�1�o�u�7�v���-�|���;�-�1�_���t�-�h�;���P�]�K�b�Q���|�o���b�m�=�;�u���=�b�u�;���u�;�]�b�l�;�v���1�_�-�u�-�1�|�;�u�b�Œ�;�7���0�‹���_�b�]�_�7���l�o�7�;�u�-�|�;���o�u���t�o�‰���=�b�u�;���-�1�|�b�ˆ�b�|�‹���-�m�7���-�r�r�t�b�;�7���|�_�;�v�;���v�1�;�m�-�u�b�o�v���|�o���|�_�;��
simulation. LandClim model output shows the biomass of different species at the three study areas (j–l) as well as area burned (ha) and 
�u�;�t�-�|�;�7���=�b�u�;���u�;�|�†�u�m���b�m�|�;�u�ˆ�-�t���P�l�K�o�Q�:�����-�r�v���o�=���|�_�;���|�_�u�;�;���v�|�†�7�‹���-�u�;�-�v���v�_�o�‰���v�b�l�†�t�-�|�;�7���7�o�l�b�m�-�m�|���v�r�;�1�b�;�v���r�;�u���]�u�b�7�1�;�t�t���-�|���v�•�•�•�S�1�-�t�:���������P�r�K�u�Q�:�����t�b�l�-�|�;��
(a–c), palaeoecological data and species legends are the same as in �
�b�]�†�u�; 2.
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between the model and the pollen data. With simulated low fire fre -

quencies, Q. ilex�� �;�Š�r�-�m�7�v�� �b�m�� �|�_�;�� �l�o�7�;�t�7�� �‰�_�;�u�;�-�v�� �|�_�;�� �r�o�t�t�;�m�� �u�;�1�o�u�7��

�b�m�7�b�1�-�|�;�v�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �v�_�u�†�0�t�-�m�7�� �-�m�7�� �o�r�;�m�� �]�u�-�v�v�t�-�m�7�:�� ���� �l�-�u�h�;�7��

�b�m�1�u�;�-�v�;�� �b�m�� �b�m�7�b�1�-�|�o�u�� �|�-�Š�-�� �o�=�� �_�†�l�-�m�� �7�b�v�|�†�u�0�-�m�1�;�� �7�†�u�b�m�]�� �|�_�b�v�� �|�b�l�;��

(�
�b�]�†�u�; S2) suggests that the vegetation opening was caused by an-

thropogenic activities.

�’�:�‘�J |�J �"�b�l�†�t�-�|�b�o�m���o�=���=�†�|�†�u�;���ˆ�;�]�;�|�-�|�b�o�m���7�‹�m�-�l�b�1�v��
under different climate and fire scenarios

Under low fire frequencies and the lowest emission scenario 

(‘ssp126’), which results in an increase of mean annual temperatures 

by 1.5–1.6°C, Quercus ilex is projected to prevail in the three study 

�-�u�;�-�v�7�� �|�o�]�;�|�_�;�u�� �‰�b�|�_�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �v�_�u�†�0�t�-�m�7�� �P�
�b�]�†�u�;�v 4d–f  and 

5a–c). This result suggests that natural vegetation is resilient 

�|�o�� �|�;�l�r�;�u�-�|�†�u�;�� �-�m�7�� �r�u�;�1�b�r�b�|�-�|�b�o�m�� �1�_�-�m�]�;�v�� �|�_�-�|�� �7�o�� �m�o�|�� �;�Š�1�;�;�7��

���o�t�o�1�;�m�;�� �1�t�b�l�-�|�;�� �ˆ�-�u�b�-�0�b�t�b�|�‹�:�� ���m�� �1�o�m�|�u�-�v�|�7�� �-�m�� �b�m�1�u�;�-�v�;�� �b�m�� �=�b�u�;��

frequency leads to dramatic changes in species composition, with 

a decline of Q. ilex���-�m�7���|�_�;���;�Š�r�-�m�v�b�o�m���o�=���=�b�u�;�J�-�7�-�r�|�;�7��Erica arborea 

and Erica scoparia (�
�b�]�†�u�;�v 4j–l and 5d–f). The resulting vegetation 

�b�v�� �v�b�l�b�t�-�u�� �|�o�� �|�_�-�|�� �7�o�l�b�m�-�|�b�m�]�� �v�•�•�•�K�”�”�•�•�S�‹�;�-�u�v�� �-�]�o�7�� �†�m�7�;�u�� �‰�-�u�l��

�1�o�m�7�b�|�b�o�m�v�:�� �)�b�|�_�� �b�m�|�;�m�v�b�=�b�;�7�� �;�Š�r�t�o�b�|�-�|�b�o�m�� �o�=�� �=�o�v�v�b�t�� �=�†�;�t�� �u�;�v�o�†�u�1�;�v��

(as assumed in the high emission scenario ‘ssp585’), mean annual 

temperatures are projected to increase by 4.3–4.7°C, resulting 

in mean annual temperatures around 22–23°C (�
�b�]�†�u�; 4a–c) well 

�;�Š�1�;�;�7�b�m�]�� ���o�t�o�1�;�m�;�� �u�;�1�o�m�v�|�u�†�1�|�b�o�m�v�� �P�"�-�l�-�u�|�b�m�� �;�| �-�t�:�7 2017 ), 

�b�m�1�t�†�7�b�m�]�� �|�_�;�� ���$���:�� �$�_�b�v�� �b�v�� �1�o�l�0�b�m�;�7�� �‰�b�|�_�� �1�-�:�� �•�”�w�� �t�o�‰�;�u�� �-�m�m�†�-�t��

precipitation and, more importantly, longer summer drought. Even 

under low fire frequencies, a climatic change of this magnitude 

leads to pronounced vegetation changes in the simulation. Quercus 

ilex forests decline in all three study areas and are replaced 

�0�‹�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �l�-�t�†�b�v�� �o�u�� �o�r�;�m�� �]�u�-�v�v�t�-�m�7�v�� �P�
�b�]�†�u�;  4p–r). 

���o�‰�;�ˆ�;�u�7�� �b�m�� �-�u�;�-�v�� �‰�b�|�_�� �_�b�]�_�� �v�o�b�t�� �‰�-�|�;�u�� �_�o�t�7�b�m�]�� �1�-�r�-�1�b�|�‹�� �o�u�� �-�|��

higher elevations, Q. ilex is still able to persist at low abundances 

(�
�b�]�†�u�;  5g–i). Simulated Quercus ilex forests already decline 

under the intermediate emission scenario (‘ssp370’; �
�b�]�†�u�;  S7) 

in all study areas. Our simulation results also show that the high 

emission scenario ‘ssp585’ will lead to more simulated wildfires 

and a higher fire return interval compared to the ‘ssp126’ scenario 

(�
�b�]�†�u�;  4s–u). Under a combination of high fire frequencies and 

unmitigated climate change, Q. ilex almost completely disappears 

from the study areas (�
�b�]�†�u�;  �“�ˆ�K�Š). Erica arborea and E. scoparia 

�-�u�;�� �-�]�-�b�m�� �-�0�t�;�� �|�o�� �;�Š�r�-�m�7�7�� �0�†�|�� �o�m�t�‹�� �‰�_�;�u�;�� �v�o�b�t�v�� �-�u�;�� �7�;�;�r�� �;�m�o�†�]�_�7��

such as around Baratz or at higher elevations (�
�b�]�†�u�; 5j–l ). Besides 

open grasslands on shallow soils, the study areas are mainly 

�1�_�-�u�-�1�|�;�u�b�Œ�;�7���0�‹�����;�7�b�|�;�u�u�-�m�;�-�m���l�-�t�†�b�v���-�m�7��Pinus.

� “ �J| �J � 	 � � � " � � �&� " � " � � � � � �

Our modelling results suggest that Erica species (E. arborea and E. 

scoparia) only achieve dominance in scenarios with very high fire fre-

quency (�
�b�]�†�u�; 3), confirming statistical evidence of the positive re-

lationship between Erica and wildfires (Pedrotta et al., 2021). Other 

�r�-�t�-�;�o�;�1�o�t�o�]�b�1�-�t�� �v�|�†�7�b�;�v�� �=�u�o�l�� �|�_�;�� ���;�7�b�|�;�u�u�-�m�;�-�m�� ���-�v�b�m�� �-�t�v�o�� �v�_�o�‰��

a positive relationship between Erica and biomass burning (Connor 

et  al.,  2012; Lestienne, Jouffroy-Bapicot, et  al.,  2020�8�� ���o�u�-�t�;�v�J

���o�t�b�m�o���;�| �-�t�:�7 2013, 2022�Q�:�����m���|�_�;�����-�t�;�����o�†�m�|�-�b�m�v���o�=�����|�_�b�o�r�b�-�7���‰�_�;�u�;��

Erica arborea�� �1�†�u�u�;�m�|�t�‹�� �1�_�-�u�-�1�|�;�u�b�Œ�;�v�� �|�_�;�� �v�†�0�|�u�o�r�b�1�-�t�� ���=�u�o�l�o�m�|�-�m�;��

vegetation belt, palaeoecological investigations also documented 

long-term linkages between biomass burning and Erica abundances 

(Gil-Romera et al., 2019). Similar to Sardinia, higher fire frequency 

�0�;�|�‰�;�;�m���•�•�7�•�•�•�� �-�m�7���u�•�•�•�S�1�-�t�:�� ������ �t�;�7���|�o���|�_�;�� �7�o�l�b�m�-�m�1�;�� �o�=��Erica in 

the landscape, causing a significant positive feedback with fire oc-

currence. Ultimately, this led to a self-stabilizing system of high resil-

ience (Gil-Romera et al., 2019). Erica arborea is very well adapted to 

wildfire and can quickly resprout from its lignotuber, a basal burl that 

�v�|�o�u�;�v�� �1�-�u�0�o�_�‹�7�u�-�|�;�v�� �-�m�7�� �1�o�m�|�-�b�m�v�� �l�-�m�‹�� �7�o�u�l�-�m�|�� �0�†�7�v�� �P���-�� ���-�m�|�b�-��

et al., 2007�8�����;�v�t�Ð�-�u�7���_�����;�r�-�u�|�7 1989). Young, shrublike Erica is also 

highly flammable (Johansson & Granström,  2014), which can lead 

to a so-called ‘fire-trap’, with rapid fuel accumulation within a few 

decades causing high fire frequencies (Gil-Romera et al., 2019). This 

observation matches well with our simulation results for the middle 

���o�t�o�1�;�m�;�� �o�m�� �"�-�u�7�b�m�b�-�7�� �b�m�7�b�1�-�|�b�m�]�� �|�_�-�|�� �_�b�]�_�� �=�b�u�;�� �=�u�;�t�†�;�m�1�‹�� �‰�-�v�� �r�u�b-

marily responsible for the dominance of Erica (�
�b�]�†�u�; 3). In simula-

tions with low fire frequencies, Erica is outcompeted by the more 

shade-tolerant Quercus ilex (�
�b�]�†�u�; 2).

Why Erica communities were widespread on Corsica and 

�"�-�u�7�b�m�b�-�� �0�†�|�� �7�b�7�� �m�o�|�� �7�o�l�b�m�-�|�;�� �b�m�� �o�|�_�;�u�� �-�u�;�-�v�� �o�=�� �|�_�;�� ���;�7�b�|�;�u�u�-�m�;�-�m��

���-�v�b�m�� �b�v�� �†�m�1�t�;�-�u�:�� �"�;�ˆ�;�u�-�t�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �b�v�t�-�m�7�v�� �v�_�o�‰�� �7�b�v�|�b�m�1�|�� �ˆ�;�]-

etation trajectories, particularly if they are geographically isolated 

from the mainland (Burjachs et al., 2017�Q�:���"�b�1�b�t�‹�7���=�o�u���;�Š�-�l�r�t�;�7���v�_�o�‰�v��

high abundances of Pistacia during this period, which has been linked 

�|�o���7�u�‹���1�o�m�7�b�|�b�o�m�v���b�m���|�_�;���;�-�u�t�‹�����o�t�o�1�;�m�;���-�m�7���;�Š�1�;�r�|�b�o�m�-�t�t�‹���_�b�]�_���0�b�o-

mass burning (Calò et  al.,  2012; Tinner et  al.,  2009). Intriguingly, 

vegetation reconstructions from Sardinia and Corsica indicate that 

�;�ˆ�;�u�]�u�;�;�m�� �o�-�h�� �o�u�� �r�b�m�;�� �=�o�u�;�v�|�v�� �‰�;�u�;�� �-�0�†�m�7�-�m�|�� �0�;�=�o�u�;�� �–�•�•�•�S�1�-�t�:�� ������

(Kalis & Schoch,  2019; Lestienne, Jouffroy-Bapicot, et  al.,  2020; 

Reille, 1992), with Erica�� �;�Š�r�-�m�7�b�m�]�� �o�m�t�‹�� �-�=�|�;�u�‰�-�u�7�v�:�� �$�_�;�� �r�u�;�v�;�m�1�;��

of Quercus ilex�� �7�†�u�b�m�]�� �|�_�;�� �;�-�u�t�‹�� ���o�t�o�1�;�m�;�� �o�m�� �"�-�u�7�b�m�b�-�� �u�†�t�;�v�� �o�†�|�� �-��

� 
 � � � � � & � ! � � � � � “ �J�"�b�l�†�t�-�|�;�7���=�†�|�†�u�;���ˆ�;�]�;�|�-�|�b�o�m���-�m�7���‰�b�t�7�=�b�u�;���7�‹�m�-�l�b�1�v���†�m�7�;�u���|�‰�o���7�b�=�=�;�u�;�m�|���1�t�b�l�-�|�;���-�m�7���|�‰�o���7�b�=�=�;�u�;�m�|���=�b�u�;���v�1�;�m�-�u�b�o�v�:���$�o�r���u�o�‰��
shows ensemble climate data used to run the simulations, with lines indicating individually downscaled annual temperatures (red) and 
precipitation (blue) as well as a 30-year running mean under the ‘ssp126’ and ‘ssp585’ pathway, respectively (a–c; Karger et al., 2020). The 
�r�t�o�|���v�_�o�‰���v�r�;�1�b�;�v���0�b�o�l�-�v�v���P�|�F�_�-�Q�7���-�u�;�-���0�†�u�m�;�7���P�_�-�Q���-�m�7���=�b�u�;���u�;�|�†�u�m���b�m�|�;�u�ˆ�-�t�v���P�
�!���Q���†�m�7�;�u���t�o�‰���P�7�K�b�7���r�K�†�Q���-�m�7���_�b�]�_���P�f�K�o�7���ˆ�K�-�-�Q���=�b�u�;���u�;�]�b�l�;���=�o�u���|�_�;��
two emission pathways. See the supporting information for simulation output under the intermediate ‘ssp370’ scenario.
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� 
 � � � � � & � ! � � � � � ” �J�"�r�-�|�b�-�t���l�-�r�v���v�_�o�‰�b�m�]���7�o�l�b�m�-�m�|���v�r�;�1�b�;�v���r�;�u���]�u�b�7�1�;�t�t���-�|���|�_�;���‹�;�-�u���‘�’�•�•���=�o�u���7�b�=�=�;�u�;�m�|���1�t�b�l�-�|�;���P�<�v�v�r�•�‘�u�=�9���-�K�=�8���<�v�v�r�”�v�”�=�9���]�K�t�8�����-�u�]�;�u��
et al., 2020) and fire scenarios in the three study areas. See the Supporting Information for simulation output under the intermediate 
‘ssp370’ scenario.
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‘home-field-advantage’ situation favouring Erica�� �v�r�;�1�b�;�v�:�� ���-�Š�b�l�†�l��

values of Erica�� �0�;�|�‰�;�;�m�� �–�•�•�•�� �-�m�7�� �•�•�•�•�S�1�-�t�:�� ������ �-�u�;�� �-�t�v�o�� �u�;�1�o�u�7�;�7��

in Tunisia (Ben Tiba & Reille, 1982; Stambouli-Essassi et al., 2019) 

and off its coast (Desprat et al.,  2013), indicating that the domi-

nance of Erica���b�v���m�o�|���f�†�v�|���-�m���b�m�v�†�t�-�u���;�Š�1�;�r�|�b�o�m�:���)�;���_�‹�r�o�|�_�;�v�b�Œ�;���|�_�-�|��

the high abundance of Erica�� �7�†�u�b�m�]�� �|�_�;�� �;�-�u�t�‹�� �|�o�� �l�b�7�7�t�;�� ���o�t�o�1�;�m�;��

in Sardinia might have been caused by an optimal combination of 

high fire frequency and reduced moisture availability. Under cooler 

mesomediterranean conditions with lower fire frequency and/or 

higher moisture availability such as on the Italian mainland, Quercus 

ilex�� �‰�-�v�� �-�0�t�;�� �|�o�� �;�Š�r�-�m�7�� �o�u�� �r�;�u�v�b�v�|�7�� �b�m�� �1�o�l�0�b�m�-�|�b�o�m�� �‰�b�|�_�� �7�;�1�b�7�†�o�†�v��

oaks and the rather mesophilous Abies alba and/or Fagus sylvatica 

�P���t�t�;�m�� �;�| �-�t�:�7 2002; Colombaroli et  al.,  2007; Drescher-Schneider 

et  al.,  2007�8�� ���;�m�m�;�� �;�| �-�t�:�7 2015�8�� ���-�]�u�b�� �_�� �"�-�7�o�u�b�7 1994). Different 

�;�m�ˆ�b�u�o�m�l�;�m�|�-�t�� �1�o�m�7�b�|�b�o�m�v�� �;�=�=�;�1�|�b�ˆ�;�t�‹�� �r�u�;�ˆ�;�m�|�;�7�� �|�_�;�� �;�Š�r�-�m�v�b�o�m�� �o�=��

Erica�� �7�†�u�b�m�]�� �|�_�;�� ���o�t�o�1�;�m�;�7�� �u�;�v�†�t�|�b�m�]�� �b�m�� �-�m�� �-�t�|�;�u�m�-�|�b�ˆ�;�� �v�|�-�0�t�;�� �v�|�-�|�;�:��

Conversely, under warmer thermomediterranean conditions with 

very high fire frequency and lower moisture availability, such as on 

�|�_�;���1�o�-�v�|�-�t���-�u�;�-�v���o�=���v�o�†�|�_�;�u�m���"�b�1�b�t�‹���o�u�����-�t�|�-�7��Erica could not become 

�7�o�l�b�m�-�m�|�7�� �0�;�1�-�†�v�;�� �l�o�u�;�� �7�u�o�†�]�_�|�J�|�o�t�;�u�-�m�|�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �v�_�u�†�0�v��

and trees such as Pistacia lentiscus and/or Olea europaea had a com-

petitive advantage (Calò et  al., 2012; Curry et  al.,  2016; Djamali 

et al., 2013�8�����;�m�m�;���;�| �-�t�:�7 2015�8�����o�|�b���;�| �-�t�:�7 2009; Tinner et al., 2009). 

���m�7�;�;�7�7�� �|�_�;�� �;�Š�r�-�m�v�b�o�m�� �o�=��Erica�� �7�†�u�b�m�]�� �|�_�;�� �t�-�|�;�� ���o�t�o�1�;�m�;�� �b�m�� �r�o�t�t�;�m��

�u�;�1�o�u�7�v���=�u�o�l���|�_�;���"�o�†�|�_�;�u�m�����;�7�b�|�;�u�u�-�m�;�-�m���-�m�7�����o�u�|�_�;�u�m�����=�u�b�1�-���_�-�v��

been attributed to a slight increase in moisture availability (Benslama 

et al., 2010; Calò et al., 2013; Stambouli-Essassi et al., 2019), if com-

�r�-�u�;�7���|�o���|�_�;���ˆ�;�u�‹���7�u�‹���;�-�u�t�‹�����o�t�o�1�;�m�;���1�o�m�7�b�|�b�o�m�v�:

Our simulation results suggest that millennial scale climatic 

�1�_�-�m�]�;�v�� �-�t�o�m�;�7�� �v�†�1�_�� �-�v�� �|�_�;�� �r�o�v�|�J���$���� �1�o�o�t�b�m�]�� �v�|�-�u�|�b�m�]�� �-�u�o�†�m�7��

�”�”�•�•�S�1�-�t�:�� ������ �1�o�†�r�t�;�7�� �‰�b�|�_�� �b�m�1�u�;�-�v�b�m�]�� �l�o�b�v�|�†�u�;�� �-�ˆ�-�b�t�-�0�b�t�b�|�‹�� �P���;�m�m�;��

et  al.,  2013�8�� ���-�]�m�‹�� �;�| �-�t�:�7 2007; Samartin et  al.,  2017; Tinner 

et  al.,  2009, 2013), cannot account for the pronounced shifts in 

vegetation communities and fire regime observed in the palaeo-

ecological records (�
�b�]�†�u�; 2�Q�:�����o�‰�;�ˆ�;�u�7���|�_�;�v�;���1�t�b�l�-�|�b�1���1�_�-�m�]�;�v���ˆ�;�u�‹��

likely affected fire regimes by altering fuel dryness, which controls 

fire spread, and perhaps also ignition frequency (e.g. by lightning). 

���7�7�b�|�b�o�m�-�t�t�‹�7�� �-�� �v�_�b�=�|�� �|�o�� �1�o�o�t�;�u�� �-�m�7�� �‰�;�|�|�;�u�� �1�t�b�l�-�|�b�1�� �1�o�m�7�b�|�b�o�m�v�� �l�-�‹��

have promoted the establishment of less flammable species, further 

�u�;�7�†�1�b�m�]�� �=�b�u�;�� �=�u�;�t�†�;�m�1�b�;�v�� �P���;�v�|�b�;�m�m�;�7�� ���Ð�t�‹�7�� �;�| �-�t�:�7 2020). Since our 

�l�o�7�;�t�� �b�v�� �m�o�|�� �-�0�t�;�� �|�o�� �b�m�|�;�]�u�-�|�;�� �|�_�;�� �=�†�t�t�� �1�o�l�r�t�;�Š�b�|�‹�� �o�=�� �=�b�u�;�J�1�t�b�l�-�|�;�J

vegetation interactions, we prescribed changes in fire regimes based 

on reconstructed biomass burning, to study the effect on simulated 

vegetation. Such fire regime changes immediately resulted in a shift 

in vegetation types in the simulations (�
�b�]�†�u�; 3), pushing the sys-

tem into a new stable state. The step-like changes in reconstructed 

wildfire occurrence at our sites and the good agreement with simula-

�|�b�o�m���u�;�v�†�t�|�v���b�m�7�b�1�-�|�;�v���|�_�-�|���
�!�����1�u�o�v�v�;�7���-���|�_�u�;�v�_�o�t�7���o�=���1�:���‘�”�K�”�•�S�‹�;�-�u�v�7��

�-�t�t�o�‰�b�m�]�� �|�_�;�� �;�Š�r�-�m�v�b�o�m�� �o�=��Quercus ilex forests. The asynchronous 

�;�Š�r�-�m�v�b�o�m�7���_�o�‰�;�ˆ�;�u�7���v�†�]�]�;�v�|�v���|�_�-�|���t�o�1�-�t���=�-�1�|�o�u�v���v�†�1�_���-�v���|�o�r�o�]�u�-�r�_�‹��

and soil conditions (Schwörer et al., 2017), as well as perhaps human 

impact (Jouffroy-Bapicot et al., 2021; Lestienne, Jouffroy-Bapicot, 

et al., 2020) also played an important role. Once established, closed 

evergreen oak forest likely also affected the fire regime. The cooler 

and moister microclimate of the understory reduces the flammability 

�o�=���t�b�ˆ�b�m�]���-�m�7���7�;�-�7���0�b�o�l�-�v�v���P���Œ�;�ˆ�;�7�o���;�| �-�t�:�7 2013�8�����;�m�m�;���;�| �-�t�:�7 2015; 

Tinner et al., 2009), resulting in a self-stabilizing system with low fire 

occurrence. This is particularly apparent in the two northern sites 

of Baratz and Sa Curcurica. In Chia, Q. ilex was never able to domi-

�m�-�|�;���|�_�;���t�-�m�7�v�1�-�r�;���=�o�u���t�o�m�]���r�;�u�b�o�7�v���o�=���|�b�l�;�7���;�Š�1�;�r�|���=�o�u���•�•�•�•�K�u�‘�•�•��

�-�m�7�� �’�•�•�•�K�‘�”�•�•�S�1�-�t�:�� �����7�� �‰�_�;�m�� �u�;�1�o�m�v�|�u�†�1�|�;�7�� �0�b�o�l�-�v�v�� �0�†�u�m�b�m�]�� �‰�-�v��

also low. Rapid switching between the two alternative stable states 

of Erica-dominated vegetation with high fire frequency and Q. ilex 

woodlands with low fire frequency indicate that this site is closer 

to a climatic moisture-mediated threshold (Scheffer et al.,  2009). 

���m�7�;�;�7�7�� �|�_�;�� �v�r�-�|�b�-�t�t�‹�� �;�Š�r�t�b�1�b�|�� �7�-�|�-�� �P�
�b�]�†�u�; 2) points out that in con-

trast to the two northern sites, Quercus ilex was restricted to higher 

elevations and was not able to establish closed forests around the 

lake, even under low fire frequencies.

���b�Š�;�7��Quercus ilex woodlands were abundant in the 

���;�7�b�|�;�u�u�-�m�;�-�m�����-�v�b�m�7���1�o�ˆ�;�u�b�m�]���t�-�u�]�;���-�u�;�-�v���=�u�o�l���$�†�u�h�;�‹���|�o�����0�;�u�b�-���b�m-

�1�t�†�7�b�m�]�����o�u�|�_�;�u�m�����=�u�b�1�-�7���0�;�=�o�u�;���_�†�l�-�m���b�l�r�-�1�|���|�u�-�m�v�=�o�u�l�;�7���|�_�;���t�-�m�7-

�v�1�-�r�;���P� �†�Ð�Œ�;�t���_�����Ð�7�-�b�t�7 2003). Since these forests are projected to 

�0�;���u�;�v�b�t�b�;�m�|���|�o���=�†�|�†�u�;���1�t�b�l�-�|�;���1�_�-�m�]�;���-�m�7���l�-�‹���l�b�|�b�]�-�|�;���-�m���;�Š�r�;�1�|�;�7���b�m-

crease in biomass burning due to their lower flammability, they have 

�0�;�;�m���v�†�]�]�;�v�|�;�7���-�v���-���ˆ�-�t�†�-�0�t�;���l�-�m�-�]�;�l�;�m�|���]�o�-�t���P���;�m�m�;���;�| �-�t�:�7 2015). 

Our simulation results under a low and intermediate emission sce-

nario (‘ssp126’, �
�b�]�†�u�;�v 4 and 5; see �
�b�]�†�u�;�v S7 and S8 for ‘ssp370’) 

�-�]�u�;�;���‰�b�|�_�����;�m�m�;���;�| �-�t�: �P2015) and confirm the potential for closed 

evergreen oak forests in coastal areas of Sardinia, particularly in 

�|�_�o�v�;���‰�b�|�_���7�;�;�r�;�u���v�o�b�t�v���o�u���-�|���_�b�]�_�;�u���;�t�;�ˆ�-�|�b�o�m�v�:�����o�‰�;�ˆ�;�u�7���‰�b�|�_�o�†�|���-�m��

immediate reduction of greenhouse gas emissions, our simulations 

project that climate change will lead to pronounced changes in plant 

communities, with closed forests being replaced by highly flammable 

maquis or grassland. Similar communities have also been projected 

to occur under climate warming on the island of Sicily further south 

�P���;�m�m�;���;�| �-�t�:�7 2015). Such a shift in plant communities might result 

in a change in fire regimes, which has the potential to further alter 

the vegetation by favouring fire- adapted species. Indeed, the simu-

lations with a high emission scenario show more area burned and a 

higher fire frequency than under the low emission scenario, agree-

ing well with other studies that predict an increase in fire events in 

�|�_�;�����;�7�b�|�;�u�u�-�m�;�-�m�����-�v�b�m���†�m�7�;�u���1�t�b�l�-�|�;���1�_�-�m�]�;���P�	�†�r�†�‹���;�| �-�t�:�7 2020; 

Lestienne et al., 2022; Turco et al., 2018). Given that the climate pro-

jections for the highest emission scenario are ca. 3°C warmer and 

�t�b�h�;�t�‹�� �7�u�b�;�u�� �|�_�-�m�� �|�_�;�� ���$���7�� �b�m�1�u�;�-�v�;�7�� �=�†�;�t�� �7�u�‹�m�;�v�v�� �-�m�7�� �=�b�u�;�� �v�;�-�v�o�m��

�t�;�m�]�|�_���‰�b�t�t���=�†�u�|�_�;�u���b�m�1�u�;�-�v�;���|�_�;���r�u�o�0�-�0�b�t�b�|�‹���o�=���=�b�u�;���v�r�u�;�-�7�:�����o�‰�;�ˆ�;�u�7��

under the very warm ‘ssp585’ scenario, Erica does not become dom-

inant in the simulations, even under high fire frequencies (�
�b�]�†�u�;�v 4 

and 5). This is consistent with our hypothesis that Erica is only able 

to dominate under an optimal combination of enhanced fire occur-

rence and moisture availability. With mean annual temperatures of 

�‘�‘�K�‘�’�f���7�� �t�o�‰�;�u�� �r�u�;�1�b�r�b�|�-�|�b�o�m�7�� �;�Š�|�;�m�7�;�7�� �v�†�l�l�;�u�� �7�u�o�†�]�_�|�7�� �-�m�7�� �u�;-

�1�†�u�u�;�m�|���‰�b�t�7�=�b�u�;�v�7���Š�;�u�b�1���v�_�u�†�0�t�-�m�7�v���o�u���o�r�;�m���‰�o�o�7�t�-�m�7�v���‰�b�|�_��Pistacia 

lentiscus and Pinus halepensis, as well as grasslands will dominate the 

�ˆ�;�]�;�|�-�|�b�o�m�7���;�Š�1�;�r�|���=�o�u���-�u�;�-�v���‰�b�|�_���7�;�;�r�;�u���v�o�b�t�v���o�u���-�|���_�b�]�_�;�u���;�t�;�ˆ�-�|�b�o�m�v�7��
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where Erica can still prevail. Such plant communities have no ana-

�t�o�]�†�;���o�m���"�-�u�7�b�m�b�-���|�_�u�o�†�]�_�o�†�|���|�_�;�����o�t�o�1�;�m�;�7���0�†�|���‰�;�u�;���-�0�†�m�7�-�m�|���o�m��

�"�b�1�b�t�‹�� �-�m�7�� ���-�t�|�-�� �†�m�7�;�u�� �ˆ�;�u�‹�� �7�u�‹�� �-�m�7�� �‰�-�u�l�� �1�o�m�7�b�|�b�o�m�v�� �7�†�u�b�m�]�� �|�_�;��

�;�-�u�t�‹�� �-�m�7�� �l�b�7�7�t�;�� ���o�t�o�1�;�m�;�� �P���-�t	T�� �;�| �-�t�:�7 2012; Djamali et al., 2013; 

���;�m�m�;�� �;�| �-�t�:�7 2015; Tinner et al., 2009�Q�:�� ���;�m�1�;�7�� �b�m�� �-�]�u�;�;�l�;�m�|�� �‰�b�|�_��

�r�u�;�ˆ�b�o�†�v���7�‹�m�-�l�b�1���ˆ�;�]�;�|�-�|�b�o�m���v�b�l�†�t�-�|�b�o�m�v���P���;�m�m�;���;�| �-�t�:�7 2015�8�����b�1�h�t�;�u��

et al., 2012), we can project a poleward shift of vegetation zones in 

�u�;�v�r�o�m�v�;�� �|�o�� �1�t�b�l�-�|�;�� �1�_�-�m�]�;�� �b�m�� �|�_�;�� ���;�7�b�|�;�u�u�-�m�;�-�m�� ���-�v�b�m�7�� �b�=�� �1�t�b�l�-�|�;��

�‰�-�u�l�b�m�]�� �;�Š�1�;�;�7�v�� �|�_�;�� ���o�t�o�1�;�m�;�� �ˆ�-�u�b�-�0�b�t�b�|�‹�� �P�o�=�� �1�-�:��+2°C compared 

to recent decades; Samartin et al., 2017). Besides latitudinal shifts, 

plant species will also move upslope to cooler and wetter areas to 

stay within their optimal climatic niche. Such upward shifts of spe-

cies ranges are already documented in European mountain ranges 

(Steinbauer et al., 2018�Q���-�m�7���l�-�|�1�_���ˆ�;�]�;�|�-�|�b�o�m���l�o�7�;�t�v���=�u�o�l���|�_�;�����t�r�v��

�P���;�m�m�;���;�| �-�t�:�7 2011; Schwörer et al., 2014�Q�:�����o�‰�;�ˆ�;�u�7���v�b�m�1�;���|�_�;���t�b�l-

�b�|�b�m�]���=�-�1�|�o�u���=�o�u���l�-�m�‹���v�r�;�1�b�;�v���b�m���|�_�;�����;�7�b�|�;�u�u�-�m�;�-�m���b�v���l�o�b�v�|�†�u�;���-�ˆ�-�b�t-

ability, tree species might be able to also persist in areas with deeper 

soils or a shallow water table.

���m�� �1�o�m�|�u�-�v�|�� �|�o�� �o�|�_�;�u�� �v�|�†�7�b�;�v�� �=�u�o�l�� �|�_�;�� ���;�7�b�|�;�u�u�-�m�;�-�m�� ���-�v�b�m��

(Colombaroli et  al.,  2007; Tinner et  al.,  2009), increasing human 

�b�l�r�-�1�|�� �7�†�u�b�m�]�� �|�_�;�� �r�-�v�|�� �“�•�•�•�S�‹�;�-�u�v�� �7�b�7���m�o�|�� �1�o�m�v�b�v�|�;�m�|�t�‹�� �u�;�v�†�t�|�� �b�m���-�m��

increase in biomass burning on Sardinia. Such a pattern is only ob-

served at Baratz, where an increase in fire occurrence caused by 

�-�m�|�_�u�o�r�o�]�;�m�b�1�� �-�1�|�b�ˆ�b�|�b�;�v�� �7�†�u�b�m�]�� �|�_�;�� ���b�7�7�t�;�� ���]�;�v�� �-�m�7�� �-�]�-�b�m�� �b�m�� �u�;-

cent times led to the decline of Quercus ilex (Pedrotta et al., 2021), 

�-�v�� �-�t�v�o�� �u�;�r�u�o�7�†�1�;�7�� �0�‹�� �o�†�u�� �v�b�l�†�t�-�|�b�o�m�v�:�� ���|�� �"�-�� ���†�u�1�†�u�b�1�-�� �-�m�7�� ���_�b�-��

fire occurrence progressively declined, even if human impact in-

creased. Whereas at Sa Curcurica, Quercus ilex was still abundant 

and might have inhibited the probability of fire occurrence, the 

�ˆ�;�]�;�|�-�|�b�o�m�� �-�|�� ���_�b�-�� �‰�-�v�� �7�o�l�b�m�-�|�;�7�� �0�‹�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �v�_�u�†�0�v�7��Olea 

europaea���-�m�7���o�r�;�m���]�u�-�v�v�t�-�m�7�v�� �7�†�u�b�m�]�� �|�_�;�� �t�-�v�|�� �•�”�•�•�S�‹�;�-�u�v�:�� ���†�u�� �v�b�l-

ulations clearly point out that this landscape is a result of human 

�t�-�m�7���†�v�;�:�� ���o�‰�;�ˆ�;�u�7���b�|�� �b�v���t�b�h�;�t�‹�� �|�_�-�|�� �|�_�;�v�;�� �b�m�|�;�m�v�b�ˆ�;�� �_�†�l�-�m���-�1�|�b�ˆ�b�|�b�;�v��

effectively suppressed wildfires by reducing fuel loads and connec-

�|�b�ˆ�b�|�‹�:�� ���m�7�;�;�7�7�� �v�;�ˆ�;�u�-�t�� �v�|�†�7�b�;�v�� �=�u�o�l�� �|�_�;�� ���;�7�b�|�;�u�u�-�m�;�-�m�� ���-�v�b�m�� �b�m�7�b-

cate that grazing by sheep or goats reduces particularly flammable 

fine fuels (Colantoni et al., 2020; Damianidis et al., 2021�8�����-�m�1�b�t�t�-�J

Leytón et al., 2013�Q�:�����†�1�_���b�m���1�o�m�|�u�-�v�|���|�o���1�o�m�7�b�|�b�o�m�v���7�†�u�b�m�]���|�_�;���r�-�v�|��

�“�•�•�•�S�‹�;�-�u�v�7���1�†�u�u�;�m�|���-�m�7���=�†�|�†�u�;���-�m�|�_�u�o�r�o�]�;�m�b�1���b�]�m�b�|�b�o�m�v���-�m�7���t�-�m�7���†�v�;��

have the potential to cause unprecedented fire impacts. Specifically, 

simulated fire-driven vegetation shifts (�
�b�]�†�u�;�v  4 and 5) might be 

�r�-�u�|�b�1�†�t�-�u�t�‹���;�Š�-�1�;�u�0�-�|�;�7���0�‹���r�t�-�m�|�-�|�b�o�m�v���o�=���m�o�m�J�m�-�|�b�ˆ�;���|�u�;�;�v���v�†�1�_���-�v��

�r�b�m�;�v���-�m�7���;�†�1�-�t�‹�r�|�v���|�_�-�|���-�u�;���_�b�]�_�t�‹���=�t�-�l�l�-�0�t�;�:�����-�|�b�ˆ�;��Erica arborea 

and Erica scoparia in the undergrowth or in neighbouring natural 

vegetation could immediately benefit by resprouting and building 

up biomass, thereby supporting a higher frequency fire regime, if 

left unchecked. Indeed, trees and shrubs with fire-adapted seeds or 

resprouting capacity show enhanced postfire abundance in burned 

pine plantations on Sardinia (Ladd et al., 2005).

By including charcoal-based reconstructions of wildfire regime 

shifts in our simulations of past vegetation dynamics, we were able 

for the first time to mechanistically simulate ecosystem switches to 

alternative stable states that have been recorded in natural archives. 

This suggests that the model is well suited to identify future climate-

driven tipping points that threaten current ecosystem stability. It 

also indicates that the underlying causes of rapid vegetation change 

in response to fire regime shifts and associated feedbacks that can 

maintain different ecosystem states are ecologically well under-

stood. In summary, we could show that wildfire was an important 

�7�u�b�ˆ�;�u�� �o�=�� �ˆ�;�]�;�|�-�|�b�o�m�� �1�_�-�m�]�;�� �7�†�u�b�m�]�� �|�_�;�� �r�-�v�|�� �v�•�•�•�S�‹�;�-�u�v�� �-�m�7�� �‰�b�t�t��

continue to be so in the future. The fire regime itself, however, is 

�|�_�;�� �r�u�o�7�†�1�|�� �o�=�� �1�t�b�l�-�|�b�1�� �=�-�1�|�o�u�v�7�� �|�_�;�� �;�Š�|�-�m�|�� �ˆ�;�]�;�|�-�|�b�o�m�� �-�m�7�� �-�m�|�_�u�o-

pogenic or natural ignition sources. The interplay of these factors is 

likely to determine future vegetation composition on the island and 

�|�_�;���‰�b�7�;�u�����;�7�b�|�;�u�u�-�m�;�-�m���u�;�]�b�o�m�:�����m�|�b�1�b�r�-�|�o�u�‹���=�o�u�;�v�|���-�m�7���t�-�m�7�v�1�-�r�;��

management can directly influence some of these factors to mitigate 

adverse effects of future climate change. By promoting Quercus ilex 

and other less flammable trees including Olea europaea instead of 

plantations of highly flammable non-native trees such as Eucalyptus 

spp., fire risks would be reduced and important ecosystem ser-

vices such as watershed stability or carbon storage improved. Even 

though such evergreen oak forests may be less profitable over short 

time scales compared to plantations if only timber production is con-

�v�b�7�;�u�;�7�� �-�m�7�� �=�b�u�;�� �o�1�1�†�u�u�;�m�1�;�� �b�v�� �m�;�]�t�;�1�|�;�7�� �P���-�m�;�‰�b�m�h�;�t�� �;�| �-�t�:�7 2013), 

they would be more economical over longer time scales by reduc-

ing fire risks, maintaining ecosystem services (e.g. inhibiting soil 

erosion), and preventing associated economic losses. To prevent a 

�u�;�|�†�u�m���o�=���1�o�m�7�b�|�b�o�m�v���v�b�l�b�t�-�u���|�o���v�•�•�•�S�‹�;�-�u�v���-�]�o�7���‰�_�;�m��Erica was dom-

inating the local natural vegetation, a reduction of anthropogenic 

ignition sources is needed. Considering that 95% of all fires in the 

���;�7�b�|�;�u�u�-�m�;�-�m���u�;�]�b�o�m���-�u�;���1�-�†�v�;�7���0�‹���_�†�l�-�m�v���‰�b�|�_���|�_�;���l�-�f�o�u�b�|�‹���;�ˆ�;�m��

started deliberately (Ganteaume et al., 2013), a significant reduction 

would be feasible, but needs the support of the local population 

and strict enforcement. In addition, mitigating the possibility of fire 

spread may be aided by reducing the amount of fine fuel by promot-

ing traditional pastoral activities such as grazing by sheep or goats. 

Once evergreen oak forests have reestablished, different microcli-

matic conditions within the dense, dark and moist forests would re-

�v�†�t�|���b�m���-���t�o�‰�;�u���=�b�u�;���o�1�1�†�u�u�;�m�1�;�:�����o�‰�;�ˆ�;�u�7���o�†�u���v�b�l�†�t�-�|�b�o�m�v���b�m�7�b�1�-�|�;���|�_�-�|��

this can only be achieved if anthropogenic greenhouse gas emissions 

are significantly reduced to keep global climate warming below the 

2°C threshold. If not, the system will switch to a new alternative sta-

�0�t�;���v�|�-�|�;���‰�b�|�_���|�_�;���;�Š�r�-�m�v�b�o�m���o�=���=�t�-�l�l�-�0�t�;�����;�7�b�|�;�u�u�-�m�;�-�m���v�_�u�†�0�t�-�m�7��

along the coast. Such ecosystems would require different fire man-

agement strategies that may also include prescribed fires outside the 

�=�b�u�;�� �v�;�-�v�o�m�� �P�
�;�u�m�-�m�7�;�v�� �;�| �-�t�:�7 2013). Current wildfire management 

�b�m�� ���;�7�b�|�;�u�u�-�m�;�-�m�� �-�u�;�-�v�� �b�v�� �v�|�b�t�t�� �l�o�v�|�t�‹�� �=�o�1�†�v�;�7�� �o�m�� �=�b�u�;�� �v�†�r�r�u�;�v�v�b�o�m��

�b�m�v�|�;�-�7���o�=���b�m�1�t�†�7�b�m�]���=�b�u�;���l�b�|�b�]�-�|�b�o�m���v�|�u�-�|�;�]�b�;�v���P���o�u�;�b�u�-���;�| �-�t�:�7 2020). 
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vegetation will be restricted to higher elevations, leading to a dete-

rioration of ecosystem services and an increase in fire events in the 

lowlands, where most larger population centres are located.

Our ecological inferences are broadly applicable beyond the 

�v�|�†�7�‹�� �u�;�]�b�o�m�� �o�=�� �"�-�u�7�b�m�b�-�� �=�o�u�� �|�_�;�� �‰�b�7�;�u�� ���;�7�b�|�;�u�u�-�m�;�-�m�� ���-�v�b�m�� �-�m�7��

other subtropical ecosystems around the world. This is also high-

lighted by the close analogies of past vegetation dynamics between 
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logical reconstructions and dynamic simulations show the potential 

for rapid changes in plant communities driven by fire regime shifts 

�-�m�7�� �1�t�b�l�-�|�;�� �1�_�-�m�]�;�7�� �o�m�1�;�� �-�� �7�b�v�|�†�u�0�-�m�1�;�� �|�_�u�;�v�_�o�t�7�� �b�v�� �r�-�v�v�;�7�:�� ���o�v�|��

�b�l�r�o�u�|�-�m�|�t�‹�7���b�=���=�†�|�†�u�;���1�t�b�l�-�|�b�1���1�_�-�m�]�;�v���‰�b�t�t���;�Š�1�;�;�7���|�_�;�����o�t�o�1�;�m�;���ˆ�-�u�b-

ability, increasing fire frequencies may cross tipping points and push 

fire- tolerant ecosystems to transient, highly unstable reorganization 

stages, possibly showing unprecedented structural and floristic fea-

tures, before a new alternative stable state is reached.
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logical data, which were analysed by Christoph Schwörer and César 
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Christoph Schwörer performed simulations with help from Paul D. 
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contributed to the final manuscript.
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Supporting Information section at the end of this article.

Table S1: Radiocarbon dates and calibrated ages from the Stagno 
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were calibrated using the IntCal20 calibration curve (Reimer et al., 

2020).

Table  S2: Geographic and climatic parameters of the three study 

landscapes in Sardinia.

Table S3: Species and associated parameters that have been used for 

the LandClim simulations.

Table  S4:�� ���†�l�0�;�u�� �o�=�� �-�m�m�†�-�t�� �=�b�u�;�v�� �-�m�7�� �-�u�;�-�� �0�†�u�m�;�7�� �b�m�� �|�_�;�� �|�_�u�;�;��

different study sites under different fire scenarios.

Figure S1:�� ���]�;�J�7�;�r�|�_�� �l�o�7�;�t�v�� �o�=�� �|�_�;�� �|�_�u�;�;�� �v�|�†�7�‹�� �v�b�|�;�v�� �1�-�t�1�†�t�-�|�;�7��

using the program clam with the IntCal20 calibration curve (Reimer 

et al., 2020).

Figure S2:�����o�t�t�;�m���r�;�u�1�;�m�|�-�]�;���7�b�-�]�u�-�l���o�=���v�;�t�;�1�|�;�7���|�-�Š�-���=�u�o�l���"�|�-�]�m�o��

di Chia, including spores, microscopic charcoal concentrations and 
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used in the LandClim simulations.
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sums (mm) and mean annual temperature (°C) of the three study 

landscapes calculated based on lapse rates used in the LandClim 

simulation runs.

Figure S5: LandClim simulation output for different combinations 

of fire size and frequency as a result of changes in the ignition 

probability and the curve of the fire spread probability.

Figure S6:�� ���_�-�m�]�;�� �r�o�b�m�|�� �-�m�-�t�‹�v�b�v�� �o�=�� �|�_�;�� �1�_�-�u�1�o�-�t�� �b�m�=�t�†�Š�� �u�;�1�o�u�7�v��

from (a) Baratz, (b) Sa Curcurica and (c) Chia, showing statistically 

significant changes in mean values (solid red lines).
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�b�]�†�u�;���"�•�9 Simulated future vegetation and wildfire dynamics under 

the ssp370 climate scenario and two different fire scenarios.
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gridcell in the year 2300 under three emission scenarios and low/

high fire frequency.
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