
36 
 

 
 

Eichner, M., Rost, B., Kranz, S. A., 2014. Diversity of ocean acidification effects on marine N2 853 
fixers. J. Exp. Mar. Bio. Ecol. 457, 199-207. 854 

Elliott, J.A., 2010. The seasonal sensitivity of cyanobacteria and other phytoplankton to changes 855 
in flushing rate and water temperature. Global Change Biol. 16, 864-876. 856 

Emerson, S., 1975. Chemically enhanced CO2 gas exchange in a eutrophic lake: a general model. 857 
Limnol. Oceanogr. 20(5), 743-753. 858 

Findenegg, I., 1947. Über die Lichtansprüche planktischer Süsswasseralgen. Springer-Verlag. 859 
Fu, F. X., Warner, M. E., Zhang, Y., Feng, Y., Hutchins, D. A., 2007.  Effects of increased 860 

temperature and CO2 on photosynthesis, growth, and elemental ratios in marine 861 
Synechococcus and Prochlorococcus (Cyanobacteria). J. Phycol. 43(3), 485-496. 862 

Fu., F. X., Mulholland, M. R., Garcia, N. S., Beck, A., Bernhardt, P. W., Warner, M. E., Sañudo-863 
Wilhelmy, S. A., Hutchins, D. A., 2008. Interactions between changing pCO2, N2 864 
fixation, and Fe limitation in the marine unicellular cyanobacterium Crocosphaera. 865 
Limnol. Oceanogr. 53(6), 2472-2484. 866 

Gallon, J. R., 1992. Reconciling the incompatible: N2 fixation and O2. New Phytol. 122, 571-867 
609. 868 

Gehringer, M. M., Wannicke, N., 2014. Climate change and regulation of hepatotoxin production 869 
in Cyanobacteria. FEMS Microbiol. Ecol. 88(1), 1-25. 870 

Gillooly, J.F., Brown, J.H., West, G.B., Savage, V.M., Charnov, E.L., 2001.  Effects of size and 871 
temperature on metabolic rate. Science 293(5538), 2248–2251. 872 

Giordano, M., Beardall, J., Raven, J.A., 2005. CO2 concentrating mechanisms in algae: 873 
mechanisms, environmental modulation, and evolution. Annu. Rev. Plant Biol. 56, 99-874 
131. 875 

Håkanson, L., Bryhn, A.C., Hytteborn, J.K., 2007. On the issue of limiting nutrient and 876 
predictions of cyanobacteria in aquatic systems. Sci. Total Environ. 379(1), 89-108. 877 

Hall, N.S., Paerl, H.W., Peierls, B.L., Whipple,  A.C., Rossignol, K.L., 2013.  Effects of climatic 878 
variability on phytoplankton biomass and community structure in the eutrophic, 879 
microtidal, New River Estuary, North Carolina, USA.  Estuar. Coast. Shelf S. 117, 70-82. 880 

Hein, M., 1997. Inorganic carbon limitation of photosynthesis in lake phytoplankton. Freshw. 881 
Biol. 37(3), 545-552. 882 

Hobson, P., Fallowfield, H.J., 2003. Effect of irradiance, temperature and salinity on growth and 883 
toxin production by Nodularia spumigena. Hydrobiologia 493(1-3), 7-15. 884 

Holland, D. P., Pantorno, A., Orr, P. T., Stojkovic, S., Beardall, J., 2012. The impacts of a high 885 
CO2 environment on a bicarbonate user: the cyanobacterium Cylindrospermopsis 886 
raciborskii. Wat. Res. 46(5), 1430-1437. 887 

Huisman, J., Sharples, J., Stroom, J.M., Visser, P.M., Kardinaal, W.E.A., Verspagen, J. M.H., 888 
Sommeijer, B., 2004. Changes in turbulent mixing shift competition for light between 889 
phytoplankton species. Ecology 85(11), 2960-2970. 890 

Huisman, J., Van Oostveen, P., Weissing, F.J., 1999. Critical depth and critical turbulence: two 891 
different mechanisms for the development of phytoplankton blooms. Limnol. Oceanogr. 892 
44(7), 1781-1787. 893 

Hutchins, D. A., Fu, F. X., Zhang, Y., Warner, M. E., Feng, Y., Portune, K., Bernhardt, P. W., 894 
Mulholland, M. R., 2007. CO2 control of Trichodesmium N2 fixation, photosynthesis, 895 
growth rates, and elemental ratios: implications for past, present, and future ocean 896 
biogeochemistry. Limnol. Oceanogr. 52(4), 1293-1304. 897 



37 
 

 
 

Hutchins, D. A., Fu, F. X., Webb, E. A., Walworth, N., Tagliabue, A., 2013. Taxon-specific 898 
response of marine nitrogen fixers to elevated carbon dioxide concentrations. Nat. 899 
Geosci. 6, 790-795. 900 

Ibelings, B.W., Maberly, S.C., 1998. Photoinhibition and the availability of inorganic carbon 901 
restrict photosynthesis by surface blooms of cyanobacteria. Limnol. Oceanogr. 43(3), 902 
408-419. 903 

IPCC, 2012. Managing the risks of extreme events and disasters to advance climate change 904 
adaptation. In: Field, C., Barros, V., Stocker, T.F., Qin, D., Dokken, D.J., Ebi, K.L., 905 
Mastrandrea, M.D., Mach, K.J., Plattner, G.K., Allen, S.K., Tignor, M., Midgley, P.M. 906 
(Eds.), A Special Report of Working Groups I and II of the Intergovernmental Panel on 907 
Climate Change. Cambridge University Press: Cambridge, UK and New York, NY, USA, 908 
582 p. 909 

Jansson, M., Karlsson,. J, Jonsson, A., 2012. Carbon dioxide supersaturation promotes primary 910 
production in lakes. Ecol. Lett. 15, 527–532. 911 

Jöhnk, K.D., Huisman, J., Sharples, J., Sommeijer, B., Visser, P.M., Stroom, J.M., 2008. 912 
Summer heatwaves promote blooms of harmful cyanobacteria. Global Change Biol. 913 
14(3), 495-512. 914 

Kaplan, A., Reinhold, L. 1999. CO2 concentrating mechanisms in photosynthetic 915 
microorganisms. Ann. Rev. Plant Biol. 50 (1), 539−570. 916 

Kardinaal, W. E. A., Visser, P. M., 2005. Dynamics of cyanobacterial toxins. In: Huisman, J., 917 
Matthijs, J.C.P., Visser, P.M. (Eds.), Harmful Cyanobacteria. Aquatic Ecology Series, 918 
Springer, Dordrecht, the Netherlands, pp. 41-64. 919 

Karlberg, M., Wulff, A., 2013. Impact of temperature and species interaction on filamentous 920 
cyanobacteria may be more important than salinity and increased pCO2 levels. Mar. Biol. 921 
160(8), 2063-2072. 922 

Karlsson‐Elfgren, I., Rengefors, K., Gustafsson, S., 2004. Factors regulating recruitment from 923 
the sediment to the water column in the bloom‐forming cyanobacterium Gloeotrichia 924 
echinulata. Freshw. Biol. 49(3), 265-273.  925 

Klausmeier, C. A., Litchman, E., 2001. Algal games: The vertical distribution of phytoplankton 926 
in poorly mixed water columns. Limnol. Oceanogr. 46(8), 1998-2007. 927 

Kosten, S., Huszar, V. L., Bécares, E., Costa, L. S., Donk, E., Hansson, L.A., Jeppesen, E., Kruk, 928 
C., Lacerot, G., Mazzeo, N., De Meester, L., Moss, B., Lürling M., Nõges, T., Romo, S., 929 
Scheffer, M., 2012. Warmer climates boost cyanobacterial dominance in shallow lakes. 930 
Global Change Biol. 18(1), 118-126. 931 

Kranz, S. A., Sültemeyer, D., Richter, K. U., Rost, B., 2009. Carbon acquisition by 932 
Trichodesmium: the effect of pCO2 and diurnal changes. Limnol. Oceanogr. 54(2), 548-933 
559. 934 

Kranz, S. A., Eichner, M., Rost, B., 2011. Interactions between CCM and N2 fixation in 935 
Trichodesmium. Photosynth. Res. 109(1-3), 73-84. 936 

Kravchuk, E. S., Ivanova, E. A., Gladyshev, M. I., 2011. Spatial distribution of resting stages 937 
(akinetes) of the cyanobacteria Anabaena flos-aquae in sediments and its influence on 938 
pelagic populations. Mar. Freshw. Res. 62(5), 450-461. 939 

Lazzarino, J.K., Bachmann, R.W., Hoyer, M.V., Canfield Jr, D.E., 2009. Carbon dioxide 940 
supersaturation in Florida lakes. Hydrobiologia 627(1), 169-180. 941 

Leão, P.N., Engene, N., Antunes, A., Gerwick, W.H., Vasconcelos, V., 2012. The chemical 942 
ecology of cyanobacteria. Nat. Prod. Rep. 29, 372-391. 943 



38 
 

 
 

Lehtimäki, J., Moisander, P., Sivonen, K., Kononen, K., 1997. Growth, nitrogen fixation, and 944 
nodularin production by two Baltic Sea cyanobacteria. Appl. Environ. Microbiol. 63(5), 945 
1647-1656. 946 

Levitan, O., Rosenberg, G., Stelik, I., Stelikova, E., Grigel, J., Klepetar, J., Prasil, O., Berman-947 
Frank, I., 2007. Elevated CO2 enhances nitrogen fixation and growth in the marine 948 
cyanobacterium Trichodesmium. Glob. Change Biol. 13, 531-538. 949 

Lewandowska, A.M., Boyce, D.G., Hofmann, M., Matthiessen, B., Sommer, U., Worm, B., 950 
2014. Effects of sea surface warming on marine plankton. Ecol. Lett. 17(5), 614-623. 951 

Low-Décarie, E., Bell, G., Fussmann, G.F., 2015. CO2 alters community composition and 952 
response to nutrient enrichment of freshwater phytoplankton. Oecologia 177(3), 875-883. 953 

Low-Décarie, E., Fussmann, G.F., Bell, G., 2011. The effect of elevated CO2 on growth and 954 
competition in experimental phytoplankton communities. Global Change Biol. 17(8), 955 
2525-2535. 956 

Lürling, M., Eshetu, F., Faassen, E.J., Kosten, S., Huszar, V.L.M., 2013. Comparison of 957 
cyanobacterial and green algal growth rates at different temperatures. Freshw. Biol. 958 
58(3), 552-559. 959 

Maberly, S.C., 1996. Diel, episodic and seasonal changes in pH and concentrations of inorganic 960 
carbon in a productive lake. Freshw. Biol. 35(3), 579-598. 961 

Maberly, S.C., Barker, P.A., Stott, A.W., De Ville, M.M., 2013. Catchment productivity controls 962 
CO2 emissions from lakes. Nat. Clim. Change 3(4), 391-394. 963 

Maeda, S., Badger, M.R., Price, G.D., 2002. Novel gene roducts associated with NdhD3/D4-964 
containing NDH-1 complexes are involved in photosynthetic CO2 hydration in the 965 
cyanobacterium, Synechococcus sp. PCC7942. Mol. Microbiol. 43 (2) 425–435. 966 

Meeks, J. C., Campbell, E. L., Summers, M. L., Wong, F. C., 2002. Cellular differentiation in the 967 
cyanobacterium Nostoc punctiforme. Arch. Microbiol. 178(6), 395-403. 968 

Mehnert, G., Leunert, F., Cirés, S., Jöhnk, K. D., Rücker, J., Nixdorf, B., Wiedner, C., 2010. 969 
Competitiveness of invasive and native cyanobacteria from temperate freshwaters under 970 
various light and temperature conditions. J. Plankton Res. 32(7), 1009-1021. 971 

Meissner, S., Fastner, J., Dittmann, E., 2013. Microcystin production revisited: conjugate 972 
formation makes a major contribution. Environ. Microbiol. 15(6), 1810-1820. 973 

Meissner, S., Steinhauser, D., Dittmann, E., 2015. Metabolomic analysis indicates a pivotal role 974 
of the hepatotoxin microcystin in high light adaptation of Microcystis. Environ. 975 
Microbiol. 17, 1497-1509  976 

Metcalf, J.S., Codd, G.A., 2012. Cyanotoxins. In: Whitton, B. A. (Ed.), Ecology of cyanobacteria 977 
II. Their diversity in time and space, Springer, Dordrecht. 978 

Michalak, A. M., Anderson, E. J., Beletsky, D., Boland, S., Bosch, N.S., Bridgeman, T.B., 979 
Chaffin, J.D., Cho, K., Confesor, R., Daloglu, I., Depinto, J.V., Evans, M.A., Fahnenstiel, 980 
G.L., He, L., Ho, J.C., Jenkins, L., Johengen, T.H., Kuo, K.C., Laporte, E., Liu, X., 981 
McWilliams, M.R., Moore, M.R., Posselt, D.J., Richards, R.P., Scavia, D., Steiner, A.L., 982 
Verhamme, E., Wright, D.M., Zagorski, M.A., 2013. Record-setting algal bloom in Lake 983 
Erie caused by agricultural and meteorological trends consistent with expected future 984 
conditions. Proc. Natl. Acad. Sci. U.S.A. 110 (16), 6448–6452. 985 

Miller, A.G., Turpin, D.H., Canvin, D.T., 1984. Growth and photosynthesis of the 986 
cyanobacterium Synechococcus leopoliensis in HCO3

−
-limited chemostats. Plant Physiol. 987 

75(4), 1064-1070. 988 

http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=Q11iYl2oHZdSzzcqPWW&field=AU&value=Meissner,%20S
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=Q11iYl2oHZdSzzcqPWW&field=AU&value=Steinhauser,%20D
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=Q11iYl2oHZdSzzcqPWW&field=AU&value=Dittmann,%20E


39 
 

 
 

Mitrovic, S.M., Oliver, R.L., Rees, C., Bowling, L.C., Buckney, R.T., 2003. Critical flow 989 
velocities for the growth and dominance of Anabaena circinalis in some turbid 990 
freshwater rivers. Freshw. Biol. 48, 164–174. 991 

Moroney, J.V., Ma, Y., Frey, W.D., Fusilier, K.A., Pham, T.T., Simms, T.A., DiMario, R.J., 992 
Yang, J., Mukherjee, B., 2011. The carbonic anhydrase isoforms of Chlamydomonas 993 
reinhardtii: intracellular location, expression, and physiological roles. Photosynth. Res. 994 
109(1), 133–149. 995 

Moroney, J.V., Ynalvez, R.A., 2007. Proposed carbon dioxide concentrating mechanism in 996 
Chlamydomonas reinhardtii. Eukaryot. Cell 6(8), 1251-1259. 997 

Muro-Pastor, A.M., Hess, W.R., 2012.  Heterocyst differentiation: from single mutants to global 998 
approaches. Trends Microbiol. 20, 548-557. 999 

Naselli‐Flores, L., Barone, R., Chorus, I., Kurmayer, R., 2007. Toxic cyanobacterial blooms in 1000 
reservoirs under a semiarid Mediterranean climate: the magnification of a problem. 1001 
Environ. Toxicol. 22(4), 399-404. 1002 

Neilan, B.A., Pearson, L.A., Muenchhoff, J., Moffitt, M.C., Dittmann, E., 2013. Environmental 1003 
conditions that influence toxin biosynthesis in cyanobacteria. Environ. Microbiol. 15(5), 1004 
1239-1253. 1005 

Omata, T., Price, G.D., Badger, M.R., Okamura, M., Gohta, S., Ogawa, T., 1999. Identification 1006 
of an ATP-binding cassette transporter involved in bicarbonate uptake in the 1007 
cyanobacterium Synechococcus sp. strain PCC 7942. Proc. Natl. Acad. Sci. U.S.A. 96 1008 
(23), 13571–13576. 1009 

Omata, T., Takahashi, Y., Yamaguchi, O., Nishimura, T., 2002. Structure, function and 1010 
regulation of the cyanobacterial high-affinity bicarbonate transporter, BCT1. Funct. Plant 1011 
Biol. 29 (3), 151–159. 1012 

O‘Neil, J.M., Davis, T.W., Burford, M.A., Gobler, C.J., 2012. The rise of harmful cyanobacteria 1013 
blooms: potential role of eutrophication and climate change. Harmful Algae 14, 313-334. 1014 

Orr, J.C., Fabry, V.J., Aumont, O., Bopp, L., Doney, S.C., Feely, R.A., Gnanadesikan, A., 1015 
Gruber, N., Ishida, A., Joos, F., Key, R.M., Lindsay, K., Maier-Reimer, E., Matear, R., 1016 
Monfray, P., Mouchet, A., Najjar R.G., Plattner, G.-K., Rodgers, K.B., Sabine, C.L., 1017 
Sarmiento, J.L., Schlitzer, R., Slater, R.D., Totterdell I.J., Weirig, M.-F., Yamanaka, Y., 1018 
Yool, A., 2005. Anthropogenic ocean acidification over the twenty-first century and its 1019 
impact on calcifying organisms. Nature 437, 681-686. 1020 

Otsuka, S., Suda, S., Shibata, S., Oyaizu, H., Matsumoto, S., Watanabe, M.M., 2001. A proposal 1021 
for the unification of five species of the cyanobacterial genus Microcystis Kützing ex 1022 
Lemmermann 1907 under the rules of the Bacteriological Code. Int. J. Syst. Evol. 1023 
Microbiol. 51(3), 873-879. 1024 

Pacala, S. W., Hurtt, G. C., Baker, D., Peylin, P., Houghton, R. A., Birdsey, R. A., Heath, L.; 1025 
Sundquist, E.T., Stallard, R.F., Ciais, P., Moorcroft, P., Caspersen, J.P., Shevliakova, E., 1026 
Moore, B., Kohlmaier, G., Holland, E., Gloor, M., Harmon, M.E., Fan, S.M., Sarmiento, 1027 
J.L., Goodale, C.L., Schimel, D., Field, C. B., 2001. Consistent land-and atmosphere-1028 
based US carbon sink estimates. Science 292 (5525),  2316-2320. 1029 

Paerl, H. W., 2014. Mitigating harmful cyanobacterial blooms in a human-and climatically-1030 
impacted world. Life 4(4), 988-1012. 1031 

Paerl, H. W., Ustach, J.,  1982.  Blue-green algal scums:  an explanation for their occurrence 1032 
during freshwater blooms.  Limnol. Oceanogr. 27, 212-217. 1033 

Paerl, H.W.,  Huisman, J.,  2008.  Blooms like it hot. Science 320, 57-58. 1034 



40 
 

 
 

Paerl, H.W., Huisman, J., 2009. Climate change: a catalyst for global expansion of harmful 1035 
cyanobacterial blooms. Environ. Microbiol. Rep. 1, 27-37. 1036 

Paerl, H. W., Hall, N. S., Calandrino, E. S., 2011. Controlling harmful cyanobacterial blooms in 1037 
a world experiencing anthropogenic and climatic-induced change. Sci. Total Environ. 1038 
409(10), 1739-1745. 1039 

Paerl, H.W., Paul, V., 2012. Climate change: links to global expansion of harmful cyanobacteria.  1040 
Wat. Res. 46, 1349-1363. 1041 

Paul, A. J., Achterberg, E. P., Bach, L. T., Boxhammer, T., Czerny, J., Haunost, M., Schulz, K. 1042 
G., Stuhr, A., Riebesell, U., 2015. No observed effect of ocean acidification on nitrogen 1043 
biogeochemistry in a summer Baltic Sea plankton community. Biogeosciences Discuss. 1044 
12(20), 17507-17541. 1045 

Peeters, F., Straile, D., Lorke, A., Livingstone, D.M., 2007. Earlier onset of the spring 1046 
phytoplankton bloom in lakes of the temperate zone in a warmer climate. Glob. Chang. 1047 
Biol. 13(9), 1898-1909. 1048 

Price, G.D., 2011. Inorganic carbon transporters of the cyanobacterial CO2 concentrating 1049 
mechanism. Photosynth. Res. 109,  47–57. 1050 

Price, G.D., Badger, M.R., Woodger, F.J., Long, B.M., 2008. Advances in understanding the 1051 
cyanobacterial CO2-concentrating-mechanism (CCM): functional components, Ci 1052 
transporters, diversity, genetic regulation and prospects for engineering into plants. J. 1053 
Exp. Bot. 59, 1441–1461. 1054 

Price, G.D., Maeda, S., Omata, T., Badger, M.R., 2002. Modes of active inorganic carbon uptake 1055 
in the cyanobacterium, Synechococcus sp. PCC7942. Funct. Plant Biol. 29, 131–149. 1056 

Price, G.D., Woodger, F.J., Badger, M.R., Howitt, S.M., Tucker, L., 2004. Identification of a 1057 
SulP-type bicarbonate transporter in marine cyanobacteria. Proc. Natl. Acad. Sci. U.S.A. 1058 
101, 18228–18233. 1059 

Qin, B., Zhu, G., Gao, G., Zhang, Y., Li, W., Paerl, H. W., Carmichael, W.W., 2010. A drinking 1060 
water crisis in Lake Taihu, China: linkage to climatic variability and lake management. 1061 
Environ. Manag. 45 (1), 105–112. 1062 

Rapala, J., Sivonen, K., Luukkainen, R., Niemelä, S.I., 1993. Anatoxin-a concentration in 1063 
Anabaena and Aphanizomenon under different environmental conditions and comparison 1064 
of growth by toxic and non-toxic Anabaena-strains: a laboratory study. J. Appl. Phycol. 1065 
5(6), 581-591. 1066 

Reynolds, C. S., 2006. The ecology of phytoplankton. Cambridge University Press, Cambridge. 1067 
Reynolds, C.S., Jaworski, G.H.M., Cmiech, H.A., Leedale, G.F., 1981. On the annual cycle of 1068 

the blue-green alga Microcystis aeruginosa  Kutz. Emend. Elenkin. Proc. London Soc. B. 1069 
293, 419-477. 1070 

Reynolds, C.S., Oliver, R.L., Walsby, A.E., 1987. Cyanobacterial dominance: the role of 1071 
buoyancy regulation in dynamic lake environments. N. Z. J. Mar. Freshwater Res. 21(3), 1072 
379-390. 1073 

Reynolds, C.S., Wiseman, S.W., Godfrey, B.M., Butterwick, C., 1983. Some effects of artificial 1074 
mixing on the dynamics of phytoplankton populations in large limnetic enclosures. J. 1075 
Plankton Res. 5, 203-234. 1076 

Richey, J.E., Melack, J.M., Aufdenkampe, A.K., Ballester, V.M., Hess, L.L., 2002. Outgassing 1077 
from Amazonian rivers and wetlands as a large tropical source of atmospheric CO2. 1078 
Nature 416(6881), 617-620. 1079 



41 
 

 
 

Rigosi, A., Carey, C.C., Ibelings, B.W., Brookes, J.D., 2014. The interaction between climate 1080 
warming and eutrophication to promote cyanobacteria is dependent on trophic state and 1081 
varies among taxa. Limnol. Oceanogr. 59(1), 99-114. 1082 

Robarts, R.D., Zohary, T., 1987. Temperature effects on photosynthetic capacity, respiration, and 1083 
growth rates of bloom‐forming cyanobacteria. N. Z. J. Mar. Freshw. Res. 21(3), 391-399. 1084 

Sandrini G., Cunsolo, S., Schuurmans, J. M., Matthijs, H.C.P., Huisman, J., 2015a. Changes in 1085 
gene expression, cell physiology and toxicity of the harmful cyanobacterium Microcystis 1086 
aeruginosa at elevated CO2. Front. Microbiol. 6, 401. 1087 

Sandrini, G., Jakupovic, D., Matthijs, H.C.P., Huisman, J., 2015b. Strains of the harmful 1088 
cyanobacterium Microcystis aeruginosa differ in gene expression and activity of 1089 
inorganic carbon uptake systems at elevated CO2 levels. Appl. Environ. Microbiol. 1090 
81(22), 7730-7739. 1091 

Sandrini, G., Matthijs, H.C.P., Verspagen, J.M.H., Muyzer, G., Huisman, J., 2014. Genetic 1092 
diversity of inorganic carbon uptake systems causes variation in CO2 response of the 1093 
cyanobacterium Microcystis. ISME J. 8(3), 589-600. 1094 

Schippers, P., Lürling, M., Scheffer, M., 2004. Increase of atmospheric CO2 promotes 1095 
phytoplankton productivity. Ecol. Lett. 7(6), 446-451. 1096 

Shapiro, J., 1990. Current beliefs regarding dominance by blue-greens: The case for the 1097 
imporantance of CO2 and pH. Verh. Internat. Verein. Limnol. 24, 38-54. 1098 

Shapiro, J., 1997. The role of carbon dioxide in the initiation and maintenance of blue‐green 1099 
dominance in lakes. Freshw. Biol. 37(2), 307-323. 1100 

Shibata, M., Katoh, H., Sonoda, M., Ohkawa, H., Shimoyama, M., Fukuzawa, H., Kaplan, A., 1101 
Ogawa, T., 2002. Genes essential to sodium-dependent bicarbonate transport in 1102 
cyanobacteria. J. Biol. Chem. 277 (21), 18658–18664. 1103 

Shih, P.M., Wu, D., Latifi, A., Axen, S.D., Fewer, D.P., Talla, E., Calteau, A., Cai, F., Tandeau 1104 
de Marsac, N., Rippka, R., Herdman, M., Sivonen, K., Coursin, T., Laurent, T., Goodwin, 1105 
L., Nolan, M., Davenport, K.W., Han, C.S., Rubin, E.M., Eisen, J.A., Woyke, T., Gugger, 1106 
M., Kerfeld, C.A., 2013. Improving the coverage of the cyanobacterial phylum using 1107 
diversity-driven genome sequencing. Proc. Natl. Acad. Sci. U.S.A. 110 (3), 1053–1058. 1108 

Siegenthaler, U., Sarmiento, J. L., 1993. Atmospheric carbon dioxide and the ocean. Nature 1109 
365(6442), 119-125. 1110 

Sinclair, C., Whitton, B.A., 1977. Influence of nutrient deficiency on hair formation in the 1111 
Rivulariaceae. Br. Phycol. J. 12, 297–313 1112 

Sivonen, K., Jones, G., 1999. Cyanobacterial toxins. In: Chorus, I., Bartram, J. (Eds.), Toxic 1113 
Cyanobacteria in water: A Guide to their Public Health–Consequences, Monitoring and 1114 
Management. E & FN Spon, London. 1115 

Sobek, S., Tranvik, L.J., Cole, J.J., 2005. Temperature independence of carbon dioxide 1116 
supersaturation in global lakes. Global Biogeochem. Cycles 19, GB2003. 1117 

Spijkerman, E., De Castro, F., Gaedke, U., 2011. Independent colimitation for carbon dioxide 1118 
and inorganic phosphorus. PLoS One 6(12), e28219. doi:10.1371/journal.pone.0028219 1119 

Stal, L.J., 2009. Is the distribution of nitrogen-fixing cyanobacteria in the oceans related to 1120 
temperature? Environ. Microbiol. 11, 1632-1645. 1121 

Suikkanen, S., Laamanen, M., Huttunen, M., 2007. Long-term changes in summer phytoplankton 1122 
communities of the open northern Baltic Sea. Estuar. Coast. S. Sci. 71, 580-592.  1123 

Takamura, N.,Yasuno, M.and Sugahara, K., 1984. Overwintering of Microcystis aeruginosa  1124 
Kutz. in a shallow lake. J. Plankton Res., 6, 1019-1029. 1125 



42 
 

 
 

Talling, J.F., 1976. The depletion of carbon dioxide from lake water by phytoplankton. J. Ecol., 1126 
64(1), 79-121. 1127 

Tans, P.P., Fung, I.Y., Takahashi, T., 1990. Observational contraints on the global atmospheric 1128 
CO2 budget. Science 247, 1431-1439, doi:10.1126/science.247.4949.1431. 1129 

Taranu, Z.E., Zurawell, R.W., Pick, F., Gregory‐Eaves, I., 2012. Predicting cyanobacterial 1130 
dynamics in the face of global change: the importance of scale and environmental 1131 
context. Glob. Change Biol. 18(12), 3477-3490. 1132 

Thiel, T., Pratte, B.S., Zhong, J., Goodwin, L., Copeland, A., Lucas, S., Han, C., Pitluck, S., 1133 
Land, M.L., Kyrpides, N.C., Woyke, T., 2014. Complete genome sequence of Anabaena 1134 
variabilis ATCC 29413. Stand. Genomic Sci.  9 (3), 562. 1135 

Thomas, R.H., Walsby, A.E., 1986. The effect of temperature on recovery of buoyancy by 1136 
Microcystis. J. Gen. Microbiol. 132, 1665-1672. 1137 

Tooming-Klunderud, A., Sogge, H., Rounge, T.B., Nederbragt, A.J., Lagesen, K., Glöckner, G., 1138 
Hayes P.K., Rohrlack T., Jakobsen, K.S., 2013. From green to red: horizontal gene 1139 
transfer of the phycoerythrin gene cluster between Planktothrix strains. Appl. Environ. 1140 
Microbiol. 79 (21), 6803–6812. 1141 

Trenberth, K.E., 2005. The impact of climate change and variability on heavy precipitation, 1142 
floods, and droughts. In: Anderson, M.G. (Ed.), Encyclopedia of Hydrological Sciences, 1143 
John Wiley and Sons, Ltd.  1144 

Trimbee, A.M., Prepas, E.E., 1988. The effect of oxygen depletion on the timing and magnitude 1145 
of blue-green algal blooms. Verh. Internat. Verein. Limnol. 23, 220-226. 1146 

Tsujimura, S., Okubo, T., 2003. Development of Anabaena blooms in a small reservoir with 1147 
dense sediment akinete population, with special reference to temperature and irradiance. 1148 
J. Plankton Res., 25(9), 1059-1067. 1149 

Van de Waal, D.B., Verspagen, J.M.H., Finke, J.F., Vournazou, V., Immers, A.K., Kardinaal 1150 
W.E.A., Tonk, L., Becker, S., Van Donk, E., Visser, P.M., Huisman, J., 2011. Reversal in 1151 
competitive dominance of a toxic versus non-toxic cyanobacterium in response to rising 1152 
CO2. ISME J. 5 (9) 1438–1450. 1153 

Van de Waal, D. B., Verspagen, J. M., Lürling, M., Van Donk, E., Visser, P. M., Huisman, J., 1154 
2009. The ecological stoichiometry of toxins produced by harmful cyanobacteria: an 1155 
experimental test of the carbon‐nutrient balance hypothesis. Ecol. Lett. 12(12), 1326-1156 
1335. 1157 

Verschoor, A.M., Van Dijk, M.A., Huisman, J., Van Donk, E., 2013. Elevated CO2 1158 
concentrations affect the elemental stoichiometry and species composition of an 1159 
experimental phytoplankton community. Freshw. Biol. 58(3), 597-611. 1160 

Verspagen, J.M.H., Passarge, J., Jöhnk, K. D., Visser, P.M., Peperzak, L., Boers, P., Laanbroek, 1161 
H.J., Huisman, J., 2006. Water management strategies against toxic Microcystis blooms 1162 
in the Dutch delta. Ecol. Appl. 16 (1) 313–327. 1163 

Verspagen, J. M., Snelder, E. O., Visser, P. M., Jöhnk, K. D., Ibelings, B. W., Mur, L. R., 1164 
Huisman, J. , 2005. Benthic–pelagic coupling in the population dynamics of the harmful 1165 
cyanobacterium Microcystis. Freshw. Biol. 50(5), 854-867. 1166 

Verspagen, J.M.H., Van de Waal, D.B., Finke, J.F., Visser, P.M., Huisman, J., 2014a. 1167 
Contrasting effects of rising CO2 on primary production and ecological stoichiometry at 1168 
different nutrient levels. Ecol. Lett. 17(8), 951-960. 1169 



43 
 

 
 

Verspagen, J. M.H., Van de Waal, D.B., Finke, J.F., Visser, P.M., Van Donk, E., Huisman, J., 1170 
2014b. Rising CO2 levels will intensify phytoplankton blooms in eutrophic and 1171 
hypertrophic lakes. PloS One, 9(8), e104325. 1172 

Visser, P. M., Ibelings, B. W., Mur, L. R., 1995. Autumnal sedimentation of Microcystis spp. as 1173 
result of an increase in carbohydrate ballast at reduced temperature. J. Plankton Res. 1174 
17(5), 919-933. 1175 

Visser, P.M., Ibelings, B.W., Van der Veer, B., Koedood, J., Mur, L.R., 1996. Artificial mixing 1176 
prevents nuisance blooms of the cyanobacterium Microcystis in Lake Nieuwe Meer, the 1177 
Netherlands. Freshw. Biol. 36(2), 435-450. 1178 

Wacklin, P., Hoffmann, L., Komárek, J., 2009. Nomenclatural validation of the genetically 1179 
revised cyanobacterial genus Dolichospermum (Ralfs ex Bornet et Flahault) comb. nova. 1180 
Fottea 9, 59-64.  1181 

Wagner, C., Adrian, R., 2009. Cyanobacteria dominance: quantifying the effects of climate 1182 
change. Limnol. Oceanogr. 54 (6/2), 2460-2468. 1183 

Walsby, A.E., 1985. The permeability of heterocysts to the gases nitrogen and oxygen. Proc. R. 1184 
Soc. B-Biol. Sci. 226, 345-366. 1185 

Walsby, A.E. , 1994. Gas vesicles. Microbiol. Rev. 58, 94-144. 1186 
Wang, H., Sivonen, K., Rouhiainen, L., Fewer, D. P., Lyra, C., Rantala-Ylinen, A., Vestola J., 1187 

Jokela J., Rantasärkkä K., Li Z., Liu, B., 2012. Genome-derived insights into the biology 1188 
of the hepatotoxic bloom-forming cyanobacterium Anabaena sp. strain 90. BMC 1189 
Genomics 13 (1), 613. 1190 

Wannicke, N., Endres, S., Engel, A., Grossart, H. P., Nausch, M., Unger, J., Voss, M., 2012. 1191 
Response of Nodularia spumigena to pCO2. Part 1: Growth, production and nitrogen 1192 
cycling. Biogeosciences 9, 2973-2988. 1193 

Welker, M., Von Döhren, H., 2006. Cyanobacterial peptides—nature's own combinatorial 1194 
biosynthesis. FEMS Microbiol. Rev. 30(4), 530-563. 1195 

Weyhenmeyer, G.A., 2001. Warmer winters: are planktonic algal populations in Sweden's 1196 
largest lakes affected? Ambio 30(8), 565-571. 1197 

Wiedner, C., Rücker, J., Brüggemann, R., Nixdorf, B., 2007. Climate change affects timing and 1198 
size of populations of an invasive cyanobacterium in temperate regions. Oecologia 152, 1199 
473-484. 1200 

Wiedner, C., Visser, P. M., Fastner, J., Metcalf, J. S., Codd, G. A., Mur, L. R., 2003. Effects of 1201 
light on the microcystin content of Microcystis strain PCC 7806. Appl. Environ. 1202 
Microbiol. 69(3), 1475-1481. 1203 

Xu, H., Paerl, H.W., Qin, B., Zhu, G., Gao, G., 2010. Nitrogen and phosphorus inputs control 1204 
phytoplankton growth in eutrophic Lake Taihu, China. Limnol. Oceanogr. 55(1), 420-1205 
432. 1206 

Zehr, J.P., Carpenter, E.J., Villareal, T.A., 2000. New perspectives on nitrogen-fixing 1207 
microorganisms in tropical and subtropical oceans. Trends Microbiol.  8, 68-73 1208 

Zilliges, Y., Kehr, J. C., Meissner, S., Ishida, K., Mikkat, S., Hagemann, M., Kaplan, A., Börner, 1209 
T., Dittmann, E., 2011. The cyanobacterial hepatotoxin microcystin binds to proteins and 1210 
increases the fitness of Microcystis under oxidative stress conditions. PloS One 6(3), 1211 
e17615. 1212 

 1213 
  1214 



44 
 

 
 

Table 1. The presence/absence of genes for Ci uptake systems and microcystin synthesis in 1215 
cyanobacteria.  1216 

 1217 

Strain Origin 

Ci uptake systems 

microcystin 

genes 
Bicarbonate 

 
CO2 

BicA SbtA BCT1 
 

NDH-I3 NDH-I4 

8 Microcystis strains Sandrini et al. (2014) + + + 
 

+ + +/− 

Microcystis PCC 7806 Sandrini et al. (2014) + − + 
 

+ + + 

11 Microcystis strains Sandrini et al. (2014) − + + 
 

+ + +/− 

Anabaena cylindrica 

PCC 7122 
GBR (Cambridge) + − ? 

 
+ + − 

Anabaena sp. 90 FIN (Lake Vesijarvi) − − + 
 

+ + + 

Anabaena sp. PCC 

7108 

USA (Moss Beach, 

California) 
− + + 

 
+ + − 

Anabaena variabilis 

ATCC 29413 
USA (Mississippi) +, ≠ + + 

 
+ + − 

Aphanizomenon flos-

aquae NIES-81 
JPN (Lake Kasumigaura) − − + 

 
+ + − 

Planktothrix agardhii 

NIVA-CYA 15 
NOR (Lake Kolbotnvatnet) − + + 

 
+ + + 

Planktothrix agardhii 

NIVA-CYA 34 
NOR (Lake Kolbotnvatnet) − − + 

 
+ + + 

Planktothrix agardhii 

NIVA-CYA 56/3 
FIN (Lake Steinsfjorden) − + + 

 
+ + + 

Planktothrix prolifica 

NIVA-CYA 98 
FIN (Lake Steinsfjorden) − − + 

 
+ + + 

Planktothrix agardhii 

NIVA-CYA 126/8 
FIN (Lake Langsjon) + − + 

 
+ + + 

Planktothrix mougeotii 

NIVA-CYA 405 
FIN (Lake Steinsfjorden) − − + 

 
+ + + 

Planktothrix prolifica 

NIVA-CYA 406 
FIN (Lake Steinsfjorden) − − + 

 
+ + + 

Planktothrix rubescens 

NIVA-CYA 407 
FIN (Lake Steinsfjorden) − − + 

 
+ + + 

Planktothrix prolifica 

NIVA-CYA 540 
FIN (Lake Steinsfjorden) − + + 

 
+ + + 

Synechocystis sp. PCC 

6803 
USA (California) + + + 

 
+ + − 

Synechococcus sp. 

PCC 7002 
PRI (Magueyes Island) + + − 

 
+ + − 

Synechococcus sp. 

PCC 7942 
USA (Texas) − + + 

 
+ + − 

The Ci uptake systems SbtA, BCT1 and NDH-I3 have a high substrate affinity and low flux rate, whereas BicA 1218 
and NDH-I4 have a low substrate affinity and high flux rate.  1219 

The model cyanobacteria Synechocystis PCC 6803, Synechococcus PCC 7002 and Synechococcus PCC 7942 are 1220 
shown for comparison with sequenced Microcystis, Anabaena, Aphanizomenon, and Planktothrix strains.  1221 
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+ indicates that the gene is present. - indicates that the gene is absent. ≠ indicates that only a small fragment of 1222 
the gene is present. ? indicates that a similar gene is present, but it is not clear if it encodes for the BCT1 bicarbonate 1223 
transporter (cmpABCD), or possibly a different transporter.  1224 

The origins of the strains are indicated with three-letter codes of the different countries (ISO 3166-1 a-3).  1225 
The presence of Ci uptake genes is based on high similarity of the protein sequences with the reference protein 1226 

sequences in Microcystis PCC 7806, Microcystis NIES-843, Synechocystis PCC 6803, Synechococcus PCC 7002 1227 
and Synechococcus PCC 7942. The presence of microcystin genes indicates potentially toxic strains. 1228 

 1229 
  1230 
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Table 2. Activation energies (EA ) and Q10 values of the growth rates of eight cyanobacteria and 1231 
eight green algae. The values are calculated from the increase of growth rate with temperature, in 1232 
the range of 20-27.5°C, based on data from Lürling et al. (2013). 1233 
 1234 

Cyanobacteria EA Q10  

 Anabaena sp. PCC7122 0.58 1.92 

 Aphanizomenon gracile 0.64 2.40 

 Cylindrospermopsis raciborskii CIRF-01 0.75 2.56 

 Microcystis aeruginosa PCC7941 0.54 2.21 

 Microcystis aeruginosa CYA140 1.23 4.63 

 Planktothrix agardhii CYA116 0.51 1.93 

 Planktothrix agardhii CYA126 0.50  

 Synechococcus elongatus PCC6301 0.83 2.75 

Green algae   

 Ankistrodesmus falcatus CHL8 1.03 1.35 

 Chlamydomonas reinhardtii CHL13 0.85 1.26 

 Desmodesmus bicellularis CCAP276/14 0.37 1.92 

 Desmodesmus quadricauda UTEX614 0.46 2.99 

 Monoraphidium minutum 0.21 1.83 

 Scenedesmus acuminatus UTEX415 0.11 1.69 

 Scenedesmus maximus SAG39.81 0.37 4.09 

 Scenedesmus obliquus SAG276/3a 0.05 1.10 

 1235 
  1236 
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 1237 
Figure legends 1238 
 1239 
Fig. 1. Seasonal changes in phytoplankton population density (green line), dissolved CO2 1240 

concentration ([CO2], black solid line) and pH (grey dash-dotted line) in Lake Volkerak during 1241 
two consecutive years. The black dashed line is the expected dissolved CO2 concentration 1242 
([CO2*]) when assuming equilibrium with the atmospheric pCO2 level. Blue shading indicates 1243 
that the lake is supersaturated with CO2, whereas red shading indicates undersaturation. In the 1244 
months July-October, the cyanobacterium Microcystis comprised 75-98% of the phytoplankton 1245 
population. Adjusted from Verspagen et al. (2014b). 1246 

 1247 
Fig. 2. Cyanobacterial growth and inorganic carbon chemistry at two different pCO2 levels. 1248 

Left panels: Chemostat experiment with low pCO2 of 200 ppm in the gas flow and 500 µmol L
-1

 1249 
bicarbonate in the mineral medium. Right panels: Chemostat experiment with high pCO2 of 1250 
1,200 ppm in the gas flow and 2,000 µmol L

-1
 bicarbonate in the mineral medium. Both 1251 

chemostats were inoculated with Microcystis CYA140. (A,B) Microcystis biomass (expressed as 1252 
biovolume) and light intensity penetrating through the chemostat (IOUT). (C,D) Dissolved CO2, 1253 
bicarbonate and carbonate concentrations. (E,F) pH. Symbols represent measurements, lines 1254 
show model predictions. Adjusted from Verspagen et al. (2014b). 1255 

 1256 
Fig. 3. Schematic overview of the CCM in cyanobacteria. Five different Ci uptake systems are 1257 

known in cyanobacteria, including the ATP-dependent bicarbonate uptake system BCT1, two 1258 
sodium-dependent bicarbonate uptake systems (BicA and SbtA) and two CO2 uptake systems 1259 
(NDH-I3 and NDH-I4). The Ci uptake systems differ in their affinities and flux rates. 1260 
Accumulated bicarbonate is converted to CO2 by carbonic anhydrases (CA) in the 1261 
carboxysomes. CO2 fixation by RuBisCO leads to the formation of 3-phosphoglycerate (3PG), 1262 
whereas the reaction with O2 (photorespiration) produces toxic 2-phosphoglycolate (2PG). The 1263 
dashed lines indicate CO2 leakage from the carboxysome, which can partly be intercepted by the 1264 
CO2 uptake systems. 1265 

 1266 
Fig. 4. Effect of temperature (expressed as 1/(kT), where k is Boltzmann‘s constant and T is 1267 

absolute temperature in degrees Kelvin) on the growth rate of the cyanobacterium 1268 
Aphanizomenon gracile (squares) and the green alga Scenedesmus acuminatus UTEX415 1269 
(circles) as determined in batch cultures (data from Lürling et al. 2013).  1270 

 1271 
Fig. 5. Model prediction of competition between buoyant cyanobacteria and sinking diatoms 1272 

and green algae, as a function of water-column depth and turbulent diffusion. The boundary line 1273 
between the region of cyanobacterial dominance and the region where diatoms and green algae 1274 
win depends on the ratio of the time scale of turbulent mixing and the vertical flotation velocity 1275 
of the buoyant cyanobacteria. Hence, the exact position of this boundary line will vary among 1276 
different species of cyanobacteria. For details, see Huisman et al. (2004). 1277 

 1278 
Fig. 6. (A) Hypothesized patterns of resource limitation, at different atmospheric CO2 levels 1279 

and nutrient loads. The arrows indicate that rising atmospheric CO2 levels will cause a shift from 1280 
carbon to nutrient limitation in systems with a low nutrient load (black arrow), but from carbon 1281 
to light limitation in systems with a high nutrient load (white arrow). (B) The extent to which 1282 
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phytoplankton biomass will increase with rising CO2 levels will depend on the nutrient load. 1283 
Adjusted from Verspagen et al. (2014a). 1284 
 1285 
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