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Table S1  Different traits and their parameter settings. Growth rates for representative species were taken from 1-27 (see 

also 28, Table 1) 

Trait Levels Mode Comments 

Growth form Massive   Branching discrete   

Surface factor 1 – 1.5     3 – 5 continuous Determines the structural complexity 

of a coral species colony 

Growth rate 

(mm) 

5 – 30 continuous Determines the growth rate for a coral 

species in millimeters when multiplied 

by the surface factor. 

Reproductive 

output 

1300 constant Determines the reproductive output 

per square cm of a coral species; 

divided by the surface factor 

Retention rate 0.00000001 (1 * 10E-8) constant Determines the fraction of recruits 

which will stay on the patch after 

spawning 

Aggressiveness 

in direct 

competition 

(CI) 

1 – 10 continuous Determines the success when a colony 

is in direct competition with other 

organisms 

Minimum 

bleaching 

probability 

0.1 – 0.3   0.1 – 0.45 continuous Determines the bleaching probability 

at specific temperatures 

Minimum 

bleaching 

mortality 

0.1 – 0.2   0.1 – 0.3 continuous Determines the probability of dying 

while bleached for specific 

temperatures 
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Table S2 Overview of the environmental settings used in the different scenarios. 

Scenario Thermal effects Mechanical disturbances 

1 Baseline - yes/no 

2 Constant thermal stress intensity: major bleaching event  yes/no 

frequency: every 2-10 years, or never 

3 Increasing thermal stress increasing temperatures yes 

  

major bleaching events occurred never or 

every 8 years, respectively 
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Results 

 

 

 

Table S3 Shannon Indices, evenness, and species richness after 90 years of simulation time without any bleaching events. 

Total 

initial 

cover 

Mechanical 

disturbances H index Evenness n Species 

20 
no 5.10 0.71 200 

yes 4.40 0.64 149 

100 
no 4.74 0.66 156 

yes 4.60 0.67 157 

Table S4 Shannon indices, evenness and species richness for varying frequencies of major bleaching events. 

Disturbance 

events 

Bleaching 

frequency H-Index Evenness n Species 

 

No 
∞ 4.69 0.66 137 

10 4.23 0.64 116 

8 3.93 0.61 98 

6 3.43 0.56 66 

4 2.57 0.48 29 

2 0.97 0.28 6 

 

Yes 
∞ 4.58 0.68 149 

10 3.84 0.65 75 

8 3.40 0.62 50 

6 2.71 0.59 25 

4 1.42 0.46 6 

2 0.00 0.00 0 
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Figure S1, Scenario 3: The effect of gradually increasing temperatures on (a) fast-adapting coral communities (LMST calculated using a 10-year base 

period) and slow-adapting communities (LMST calculated using a 50-year base period), if major bleaching events would occur every 8 years. The 

graphs show the relative cover (mean ± SD) for massive (blue) and branching (orange) corals over time for a temperature increase by 1-4 °C over 90 

years. The triangle plots above show the trait composition within the coral community for both morphotypes in 20-year steps, starting from 2020 (i.e. 10 

years after the start of the simulation). In the trait space a circle centre indicates the trait combination for a species and the circle size indicates the 

coverage (mean in dark ± SD in lighter colours) of this trait combination. Monthly mean temperatures are indicated in red solid lines and long-term 

summertime mean temperatures (LMST) in red dashed line. The green bars indicate the temporal occurrence and the length of a bar indicates the 

magnitude (degree heating days) of extreme thermal events. 
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Methods and model implementations 

 

Coral growth and competition 

Spatial extension is the main trait driving the direct interaction of coral colonies, and hence if 

an individual colony is going to survive or perish. Each individual coral colony within the 

simulation grows with a species specific growth rate, assigned during the advent of the trait 

combinations, as described above. We used data from an extensive literature review on coral 

growth rates to apply natural ranges 28. 

The CI (defined according to 29) is a measure of aggressiveness in direct competition and 

ranges from 1-10 (i.e. the higher the index for a species the more successful an individual 

colony will be in direct competition). If the CI of a direct neighbor (CIo) is higher than that of 

 

Figure S2 The classification of the coral species in dependence on their trait combinations: (a) temperature 

tolerant/bleaching-resistant, (b) competitive, (c) fast growing and (d) evenly distributed resources over two or all three 

traits. 
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the particular (focal) coral colony (CIf), the initial growth rate (gRini) of the focal coral is 

reduced accordingly (gRf) in the opponent’s direction (Equation 1).  

(1)   ��� = ����� × �
	
�

�	

×���
� ; ��� ≤ ��� 

 

The growth rate of a superior opponent is not affected by competition. If more than one 

neighbor grows into the area covered by a coral colony, their respective overlap is added up, 

and, if more than 75 % of a coral’s covered area is occupied by other organisms the coral 

individual is removed from the simulation, and the previously occupied area returns to basic 

substrate (i.e. is available to other organisms). A branching coral is also removed if a massive 

coral grows over its center, where it has its base. 

Coral Bleaching 

 CALCULATION OF BLEACHING PROBABILITIES 

At the end of each month, if 40 degree heating days (DHD) were exceeded in the last 120 

days, we calculated the respective heat rate (HR) for this month. The maximum heat rate 

(HRmax) of 3.5 was defined according to 30 (i.e. the HR at which all corals bleach and die). 

From this value we estimated a minimum heat rate (HRmin) and specific minimum bleaching 

probabilities (bpmin) to fit the bleaching and mortality index for the temperature data of the 

year 1998 31. The actual bleaching probability (bpactual) was then determined in direct 

dependence of the actual HR (HRactual; Equation 2). 

  

(2)  �������� = �
����� !"�

�#$ %&�#$ !"�×�#$%'()%*�#$ !"�
� + ��,�� 
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Corals differ in susceptibility and bleaching mortality according to their morphology, with 

some massive coral species being slightly more tolerant to higher temperatures 31–33.  

Coral Reproduction 

A stock-recruitment relationship determines how many larvae are produced in relation to the 

population size of a coral species. As we want to minimize variability in non-tested 

parameters (noise) in the model, we normalized the reproductive output for every coral 

species to coral surface factor with each species producing 1300 larvae cm-2 of their 

hemispherical surface area. The retention factor, which determines how many larvae will 

enter the system within a recruitment event, is also identical for all species. If a coral larva 

settles on a living organism it dies and is removed from further simulations. Branching corals 

can also reproduce asexually via fragmentation, either if they reach their maximum colony 

size, or if they are mechanically disturbed.  

Macroalgae and coral-algae interactions 

The interactions with algae are implemented as outlined in an earlier work 28. Macroalgal 

abundances were implemented to fluctuate around 5 % coverage. They were parameterized to 

depict the characteristics of Sargassum spp. 34,35. The growth rate of an individual was set to 

30 cm per month and was reduced by 10 % if it either hit a coral or a macroalgal individual, 

due to the costs/consequences of competition. If taller than 30 cm in height, a macroalga had 

the potential to produce a fragment that was allowed, in turn, to settle within a radius of 5 m 

around its original thallus. If settling on a living organism, macroalga were killed and 

removed from the simulation. In contact with a competing macroalga the growth rate of a 

smaller coral colony was reduced. As above, corals were removed from the simulation area if 

more than 75 % of the area of an individual was covered by other organisms. Only coral 
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larvae interacted with turf algae, which was represented by a grid of 1 x 1 m cells.  While 

coral recruits were ≤ 4 months old, their survival probability was reciprocal to the percentage 

cover of turf cells. 
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