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The supplementary material consists of 
• Appendix 1: Settings of the parallel vessel used for inoculation. 
• Appendix 2: Culture data during the period of accidental light decrease. 
• Appendix 3: Time plots of the experimental data. 
• Appendix 4: The role of slowness of response in the observed hysteretic pattern. 
• Appendix 5: Schematic drawing of the experimental vessel. 

 

Appendix 1 
Settings of the parallel vessel used for inoculation. 
 
Table A1. Incident light levels and dilution rates of the parallel vessel used for inoculation. 
Time	   Incident	  light	   Dilution	  rate	   Remarks	  
(d)	   (µmol	  photons	  m-‐2	  s-‐1)	   (d-‐1)	   	  
1	   115	   0	   70	  ml	  of	  experimental	  culture	  in	  500	  ml	  medium	  
2	   115	   0	   	  
3	   58	   0	   	  
4	   58	   0	   	  
5	   58	   0.05	   	  
6	   58	   0.2	   	  
7	   81	   0.2	   	  
8	   104	   0.2	   	  
9	   173	   0.2	   	  
10	   288	   0.2	   	  
11	   690	   0.2	   	  
12	   690	   0.2	   	  
13	   805	   0.2	   	  
14	   863	   0.2	   	  
15	   920	   0.2	   	  
16	   1035	   0.2	   	  
17	   1093	   0.2	   	  
18	   1150	   0.2	   First	  inoculation	  
19	   1150	   0.2	   	  
20	   1150	   0.2	   	  
21	   1150	   0.2	   	  
22	   1150	   0.2	   Second	  inoculation	  



Appendix 2 
Culture data during the period of accidental light decrease. 
 
Table A2. Culture data after the second inoculation, when incident light was accidentally lowered to 
952 µmol photons m-2 s-1 instead of 1032 µmol photons m-2 s-1. 
Time	  after	  
inoculation	  

ε	   Chlorophyll-‐a	   Biovolume	   Photosystem	  II	  
quantum	  yield	  

(d)	   (m-‐1)	   (µg	  l-‐1)	   (ml	  l-‐1)	   	  
1	   6.2	   31	   0.03	   0.00	  
2	   6.0	   20	   0.02	   0.02	  
3	   5.9	   24	   0.03	   0.01	  
4	   4.5	   38	   0.06	   0.03	  
5	   4.7	   73	   0.09	   0.07	  
	  
	   	  



Appendix 3 
 
Time plots of the experimental data. 

 
Figure A1. Time plots of experimental data during the periods of light increase 
(black dots) and light decrease (white dots). 



Appendix 4 
The role of slowness of response in the observed hysteretic pattern 
When systems are subjected to environmental changes that are much faster than their response rate, 

a hysteretic pattern can be observed that is not due to alternative stable states but to slowness of the 

system. To investigate the importance of slowness in our experimental system, we performed some 

simple calculations. For these calculations, we divided our data in two parts: the transition from 

high to low biomass, and the recovery from the low to the high biomass state. 

In the first transition of our system, the decline of the population due to high incident light 

levels, biomass decreased gradually during approximately 40 days, and afterwards it declined more 

sharply. If the system is responding fast, it can be expected that the growth rate of the cyanobacteria 

would slowly decrease because mutual shading would become more and more insufficient to 

protect from photoinhibition. When the point is reached where mutual shading becomes insufficient 

for growth, the growth rate of the population is expected to decline quickly. In this part of the 

experiment, possible slowness lies in the dilution rate of the chemostat. At a growth rate of zero for 

instance, biomass in the chemostat will not directly become zero, but it will decrease approximately 

at the dilution rate (0.2 d-1). To test whether the biomass decrease in the first part of the experiment 

was mainly due to dilution (slowness) or to a gradual decrease of the growth rate (the proposed 

mechanism behind the alternative stable states), we calculated the decrease of biomass at a growth 

rate of zero from the onset of the biomass decline (Fig. A2.a). Our calculations show that the 

observed biomass decline is much slower than can be expected from dilution alone, which means 

that the growth rate of the cyanobacteria slowly decreased with increasing incident light levels and 

slowness of the system only played a more important role in the last part of the biomass decrease 

(day 38 and further in Fig. A2.a, incident light at this moment was 997 µmol photons m-2 s-1). 

 

	  
Figure A2. Measured response (dots) and calculated potential fastest response (lines) during 

biomass decrease (a) and biomass increase (b). In these calculations, p is defined as the gross 

growth rate. The grey area in panel b indicates the period of biomass oscillations. 

	  



In the second part of the experiment, the recovery from a low biomass state to the high biomass 

state, the biovolume concentration initially increased slightly. The cyanobacteria that were used for 

inoculation were in a better condition than the cyanobacteria in the experimental vessel. Although 

both cultures were kept at similarly high light intensities, the culture used for inoculation was green 

and dense (chlorophyll-a concentration 11 mg l-1 at first and 39 mg l-1 at second inoculation, 

photosynthetic efficiency 0.29 at first and 0.25 at second inoculation). Furthermore, the directly 

after the second inoculation, the incident light intensity was accidentally lowered to 952 µmol 

photons m-2 s-1 instead of 1032 µmol photons m-2 s-1 (these data are not shown in Fig. A2, but in 

Table A1). Likely, the cyanobacteria used for inoculation had some physiological reserves, which 

enabled them to grow during the first days after inoculation, regardless the unfavourable conditions 

in the experimental vessel: The inoculated cyanobacteria experienced higher light levels in the 

experimental vessel than in the vessel from which they were inoculated. As a response, they may 

have broken down their phycobilisomes, to prevent cell damage due to oxidative stress. The 

breakdown of phycobilisomes results in the release of amino acids, which can then be used for 

growth (Grossman et al. 1993). After day 4 of correct light decrease, biovolume concentration 

started to oscillate around 0.3 ml l-1 (indicated in grey in Fig. A2.b), and after day 23, biomass 

increased exponentially. 

During the recovery part of the experiment, if mutual shading allows for alternative stable 

states, it is expected that biomass remains low or absent during a long period of light decrease, 

because incident light levels are high and mutual shading is nearly absent. If the system would not 

suffer from photoinhibition but would just be slow, it is expected that the biomass increase would 

follow an exponential curve from the onset of the light decrease regime. However, because the 

initial biomass is low and the cyanobacteria experience continuous losses due to dilution, it would 

also in this case take time to reach a high biomass again. We estimated how quickly the 

cyanobacteria would be able to reach a high biomass without photoinhibition by assuming 

exponential growth from the moment of the light decrease (Fig. A2.b). The gross growth rate used 

for this calculation (0.26 d-1) was derived from the steepest part of the biomass increase during the 

experiment (log-based, 23 to 36 days after the second inoculation, which corresponds to incident 

light levels from 792 to 620 µmol photons m-2 s-1). Figure A2.b shows that the observed biomass 

increase lagged about 20 days behind the calculated maximum increase. 

In conclusion: during both transitions, our experimental system had the potential to react 

faster than it did during the experiment. This implies that other mechanisms than slowness (caused 

by dilution during biomass decline and caused by the maximum growth and dilution rate during 

biomass recovery) are responsible for the observed hysteretic pattern. 
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Appendix 5 
Schematic drawing of the experimental vessel 
 
 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
	  
Figure A3. Schematic drawing of the experimental vessel, not to scale. 
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