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12 Abstract‌ ‌ 

13 Ulva‌ ‌is‌ ‌a‌ ‌widespread‌ ‌green‌ ‌algal‌ ‌genus‌ ‌with‌ ‌important‌ ‌ecological‌ ‌roles‌ ‌and‌ ‌promising‌ ‌potential‌ ‌as‌ ‌a‌‌                               

14 seagriculture‌‌crop.‌‌One‌‌of‌‌the‌‌major‌‌challenges‌‌when‌‌cultivating‌‌‌Ulva‌‌is‌‌sudden‌‌biomass‌‌disappearance,‌‌                           

15 likely‌ ‌caused‌ ‌by‌ ‌uncontrolled‌ ‌and‌ ‌unpredicted‌ ‌massive‌ ‌sporulation.‌ ‌However,‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌this‌‌                         

16 process‌ ‌are‌ ‌still‌ ‌poorly‌ ‌understood.‌ ‌In‌ ‌this‌ ‌study,‌ ‌we‌ ‌propose‌ ‌a‌ ‌mathematical‌ ‌model‌ ‌describing‌ ‌the‌‌                             

17 biomass‌‌accumulation‌‌and‌‌degradation‌‌of‌‌‌Ulva,‌‌considering‌‌the‌‌potential‌‌impact‌‌of‌‌sporulation‌‌inhibitors.‌‌                         

18 We‌ ‌developed‌ ‌a‌ ‌differential‌ ‌equation‌ ‌model‌ ‌describing‌ ‌the‌ ‌time‌‌evolution‌‌of‌‌‌Ulva‌‌biomass.‌‌Our‌‌model‌‌                             

19 simulates‌‌biomass‌‌in‌‌compartments‌‌of‌‌different‌‌‌Ulva‌‌‘age’‌‌classes,‌‌with‌‌varying‌‌growth‌‌and‌‌sporulation‌‌                           

20 rates.‌ ‌Coupled‌ ‌with‌ ‌these‌ ‌classes‌ ‌is‌ ‌a‌ ‌differential‌ ‌equation‌ ‌describing‌ ‌the‌ ‌presence‌ ‌of‌ ‌a‌ ‌sporulation‌‌                             

21 inhibitor,‌ ‌produced‌ ‌and‌ ‌secreted‌ ‌by‌ ‌the‌ ‌algae.‌ ‌Our‌ ‌model‌‌mimics‌‌observed‌‌‌Ulva‌‌dynamics.‌‌We‌‌present‌‌                             

22 Ulva‌́s‌ ‌biomass‌ ‌accumulation‌ ‌under‌ ‌different‌ ‌initial‌ ‌algae‌ ‌population‌ ‌age‌ ‌distributions‌ ‌and‌ ‌sporulation‌‌                       

23 rates.‌ ‌Furthermore,‌ ‌we‌ ‌simulate‌ ‌water‌ ‌replacement,‌ ‌effectively‌ ‌depleting‌ ‌the‌ ‌sporulation‌ ‌inhibitor,‌ ‌and‌‌                       

24 examine‌ ‌its‌ ‌effects‌ ‌on‌ ‌‌Ulva‌́s‌ ‌biomass‌‌accumulation.‌‌The‌‌model‌‌developed‌‌in‌‌this‌‌work‌‌is‌‌the‌‌first‌‌step‌‌                                 

25 towards‌ ‌understanding‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌‌Ulva‌ ‌‌growth‌ ‌and‌ ‌degradation‌.‌ ‌‌Future‌ ‌work‌ ‌refining‌ ‌and‌‌                         

26 expanding‌ ‌our‌ ‌results‌ ‌should‌ ‌prove‌ ‌beneficial‌ ‌to‌ ‌the‌ ‌ecological‌ ‌research‌ ‌and‌ ‌industrial‌ ‌growth‌ ‌of‌ ‌‌Ulva.‌ ‌ 

‌ 

27 Keywords:‌ ‌‌Ulva‌,‌ ‌sporulation,‌ ‌sporulation‌ ‌inhibitor,‌ ‌modeling,‌ ‌green‌ ‌tides,‌ ‌gametogenesis,‌ ‌aging,‌‌                   

28 aquaculture‌ ‌management‌.‌‌ ‌  

‌   
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29 1.‌ ‌Introduction‌ ‌ 
30 The‌‌genus‌‌‌Ulva‌‌(Ulvales,‌‌Chlorophyta)‌‌comprises‌‌a‌‌group‌‌of‌‌green‌‌macroalgae,‌‌which‌‌are‌‌cosmopolitan‌‌                           

31 species,‌ ‌both‌ ‌ecologically‌ ‌and‌ ‌economically.‌ ‌Its‌ ‌highly‌ ‌adaptive‌ ‌nature‌ ‌allows‌ ‌it‌ ‌to‌ ‌flourish‌ ‌in‌ ‌various‌‌                             

32 environments,‌ ‌as‌ ‌can‌ ‌be‌ ‌seen‌ ‌from‌ ‌its‌ ‌widespread‌ ‌presence‌ ‌from‌ ‌the‌ ‌Arctic‌ ‌and‌ ‌Antarctic‌ ‌seas‌ ‌to‌ ‌the‌‌                                 

33 Equator.‌ ‌In‌ ‌natural‌ ‌populations,‌ ‌‌Ulva‌ ‌spp.‌ ‌are‌ ‌very‌ ‌common‌‌in‌‌littoral and ‌sublittora‌l‌‌areas.‌‌As‌‌‌Ulva‌‌in‌‌                             

34 nature‌ ‌is‌‌a‌‌holobiome,‌‌its‌‌ecological‌‌role‌‌is‌‌vast‌‌and‌‌includes‌‌multiple‌‌interactions‌‌with‌‌other‌‌players‌‌of‌‌                                 

35 the‌‌marine‌‌ecosystems,‌‌such‌‌as‌‌protista,‌‌fungi,‌‌bacteria,‌‌viruses‌‌and‌‌various‌‌marine‌‌fauna.‌‌‌Ulva‌‌is‌‌highly‌‌                               

36 relevant‌ ‌for‌ ‌aquaculture‌ ‌due‌ ‌to‌ ‌its‌ ‌fast‌ ‌growth‌ ‌rates‌ ‌and‌ ‌potential‌ ‌food,‌ ‌feed,‌ ‌materials,‌ ‌chemicals‌ ‌and‌‌                               

37 energy‌ ‌applications.‌ ‌Hence,‌ ‌‌Ulva‌ ‌is‌ ‌considered‌ ‌as‌ ‌a‌ ‌potential‌ ‌crop‌ ‌for‌ ‌controlled‌ ‌biomass‌ ‌production,‌‌                           

38 onshore‌ ‌and‌ ‌offshore‌ ‌‌(Fernand‌ ‌et‌ ‌al.,‌ ‌2017)‌.‌ ‌Multiple‌ ‌reports‌ ‌in‌ ‌the‌ ‌last‌ ‌decade‌ ‌addressed‌ ‌‌Ulva‌‌                             

39 aquaculture‌ ‌alone‌ ‌or‌ ‌in‌ ‌multitrophic‌ ‌systems.‌ ‌In‌ ‌addition,‌ ‌‌Ulva‌ ‌biorefinery-enabling‌ ‌processes‌ ‌and‌‌                       

40 technologies‌ ‌have‌ ‌made‌ ‌immense‌ ‌progress‌ ‌in‌ ‌producing‌ ‌of‌ ‌starch,‌ ‌protein,‌ ‌cellulose,‌ ‌ulvan,‌ ‌salts,‌‌                         

41 methane,‌ ‌biocrude,‌ ‌biodiesel,‌ ‌bioethanol,‌ ‌and‌ ‌polyhydroxyalkanoates,‌ ‌just‌ ‌to‌ ‌mention‌ ‌a‌ ‌few.‌ ‌Over‌ ‌the‌‌                         

42 years,‌ ‌various‌ ‌systems‌ ‌including‌ ‌plastic‌ ‌sleeves,‌ ‌raceway‌ ‌ponds,‌ ‌tanks,‌ ‌dripping,‌ ‌ropes,‌ ‌nets,‌ ‌rafts‌ ‌and‌‌                           

43 aerated‌ ‌cages‌ ‌have‌ ‌been‌ ‌proposed‌ ‌for‌ ‌‌Ulva‌ ‌biomass‌ ‌cultivation.‌ ‌The‌ ‌variation‌ ‌of‌ ‌cultivation‌ ‌systems‌‌                           

44 ranges‌ ‌from‌ ‌closed,‌ ‌artificial‌ ‌and‌ ‌seawater,‌ ‌onshore‌ ‌systems‌ ‌with‌ ‌fresh‌ ‌seawater‌ ‌to‌ ‌near‌ ‌shore‌ ‌and‌ ‌far‌‌                               

45 offshore‌‌production.‌‌Yet,‌‌one‌‌of‌‌the‌‌significant‌‌risks‌‌in‌‌‌Ulva‌‌cultivation‌‌is‌‌the‌‌sudden‌‌biomass‌‌loss‌‌when‌‌                                 

46 the‌‌algal‌‌tissue‌‌disintegrates‌‌and‌‌bleaches,‌‌most‌‌probably‌‌caused‌‌by‌‌uncontrolled‌‌and‌‌unpredicted‌‌massive‌‌                           

47 sporulation.‌ ‌ 

48 Opposite‌ ‌to‌ ‌the‌ ‌controlled‌ ‌cultivation,‌ ‌‌Ulva‌ ‌green‌ ‌tides‌ ‌are‌ ‌massive,‌ ‌rapid‌ ‌natural‌ ‌accumulations‌ ‌of‌‌                           

49 unattached‌ ‌green‌ ‌macroalgae‌ ‌biomass‌ ‌usually‌ ‌associated‌ ‌with‌ ‌eutrophicated‌ ‌marine‌ ‌environments.‌‌                   

50 Various‌‌‌Ulva‌‌‌species‌‌‌(e.g.,‌‌‌U.‌‌prolifera‌,‌‌‌U.‌‌compressa‌,‌‌‌U.‌‌linza‌)‌‌are‌‌commonly‌‌linked‌‌to‌‌the‌‌formation‌‌of‌‌                                 

51 green‌‌tides‌‌which‌‌eventually‌‌reach‌‌coastal‌‌marine‌‌areas.‌ ‌Green‌‌tides‌‌seriously‌‌damage‌‌the‌‌coastal‌‌marine‌‌                             

52 environment‌ ‌on‌ ‌occasions‌ ‌modifying‌ ‌the‌ ‌shoreline‌ ‌structure,‌ ‌or‌ ‌affecting‌ ‌biodiversity‌ ‌and‌ ‌damaging‌‌                       

53 ecosystem‌ ‌services‌ ‌such‌ ‌as‌ ‌navigation,‌ ‌fishery‌ ‌and‌ ‌recreation.‌ ‌In‌ ‌addition,‌ ‌decaying‌ ‌seaweed‌ ‌biomass‌‌                         

54 causes‌‌anoxia‌‌yielding‌‌hydrogen‌‌sulfide‌‌at‌‌toxic‌‌levels‌‌in‌‌coastal‌‌waters‌‌and‌‌on‌‌the‌‌shores‌‌‌(Nedergaard‌‌et‌‌                                 

55 al.,‌ ‌2002)‌(Nedergaard‌ ‌et‌ ‌al.,‌ ‌2002;‌ ‌Castel‌ ‌et‌ ‌al.,‌ ‌1996;‌ ‌Viaroli‌ ‌et‌ ‌al.,‌ ‌1995)‌.‌‌ ‌  

‌ 

56 Various‌ ‌explanations‌ ‌have‌ ‌been‌‌proposed‌‌for‌‌the‌‌rapid‌‌accumulation‌‌and‌‌simultaneous‌‌collapse‌‌of‌‌‌Ulva‌‌                           

57 dominated‌ ‌green‌ ‌tides.‌ ‌Favorable‌ ‌environmental‌ ‌conditions‌ ‌for‌ ‌‌Ulva‌ ‌habitats,‌ ‌such‌ ‌as‌ ‌temperature,‌‌                       

58 salinity,‌ ‌hydrodynamics‌ ‌and‌ ‌nutrient‌ ‌levels‌ ‌affect‌ ‌the‌ ‌rapid‌ ‌biomass‌ ‌growth.‌ ‌In‌ ‌addition,‌‌recent‌‌studies‌‌                           

59 showed‌‌that‌‌blooming‌‌leads‌‌to‌‌the‌‌selection‌‌of‌‌rapidly‌‌growing‌‌strains‌‌‌(Fort‌‌et‌‌al.,‌‌2020)‌‌with‌‌potentially‌‌                                 

60 differentially‌ ‌expressed‌ ‌genetic‌ ‌signatures‌ ‌‌(He‌ ‌et‌ ‌al.,‌ ‌2021)‌.‌ ‌Furthermore,‌ ‌for‌ ‌‌Ulva‌ ‌prolifera‌,‌ ‌a‌ ‌strain‌‌                           
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61 dominating‌ ‌the‌ ‌Yellow‌ ‌Sea‌ ‌bloom,‌ 91.6–96.4‌‌%‌‌of‌‌the‌‌released‌‌spores‌‌developed‌‌into‌‌young‌‌seedlings,‌‌                             

62 suggesting‌ ‌that‌ ‌1‌ ‌gFW‌ ‌thallus‌ ‌was‌ ‌able‌ ‌to‌ ‌produce‌ ‌about‌ ‌2.8×10‌8‌–2.7×10‌9‌ ‌new‌ ‌younger‌ ‌seedlings,‌ ‌of‌‌                             

63 free-floating‌ ‌biomass‌ ‌‌(Zhang‌ ‌et‌ ‌al.,‌ ‌2013)‌.‌‌ ‌  

‌ 

64 Ulva‌ ‌sp.‌ ‌has‌ ‌a‌ ‌complex‌ ‌reproduction‌ ‌strategy‌ ‌with‌‌alternation‌‌of‌‌generations‌‌in‌‌which‌‌both‌‌isomorphic‌‌                             

65 gametophytes‌‌and‌‌sporophytes‌‌coexist.‌‌The‌‌gametophytes‌‌produce‌‌biflagellated‌‌haploid‌‌gametes‌‌through‌‌                     

66 mitosis‌ ‌while‌ ‌the‌ ‌sporophytes‌ ‌produce‌‌quadriflagellated‌‌haploid‌‌zoids‌‌through‌‌meiosis‌‌(Wichard‌‌2015).‌‌                       

67 The‌‌initiation‌‌of‌‌a‌‌green‌‌tide‌‌requires‌‌simultaneous‌‌sporulation‌‌and‌‌release‌‌of‌‌gametes‌‌of‌‌multiple‌‌thalli.‌‌                               

68 How‌‌this‌‌sporulation‌‌is‌‌achieved‌‌and‌‌controlled‌‌at‌‌the‌‌initial‌‌population‌‌is‌‌still‌‌a‌‌puzzling‌‌question.‌‌The‌‌                                 

69 simultaneous‌‌release‌‌of‌‌zoids‌‌and‌‌gametes‌‌in‌‌large‌‌numbers‌‌over‌‌a‌‌short‌‌period,‌‌combined‌‌with‌‌favorable‌‌                               

70 environmental‌ ‌conditions,‌ ‌would‌ ‌provide‌ ‌the‌ ‌prerequisites‌ ‌for‌ ‌the‌ ‌formation‌ ‌of‌ ‌green‌ ‌tides.‌ ‌Indeed,‌‌                         

71 mechanical‌ ‌or‌ ‌other‌ ‌factors,‌‌fragmentation‌‌of‌‌‌Ulva‌‌thalli‌‌would‌‌produce‌‌large‌‌amounts‌‌of‌‌spores‌‌giving‌‌                             

72 rise‌‌to‌‌the‌‌rapid‌‌proliferation‌‌of‌‌the‌‌seaweed‌‌under‌‌field‌‌conditions.‌‌This‌‌explanation‌‌likely‌‌supports‌‌the‌‌                               

73 rapid‌ ‌accumulation‌ ‌of‌ ‌the‌‌vast‌‌biomass‌‌of‌‌‌U.‌‌prolifera‌‌in‌‌the‌‌green‌‌tide‌‌that‌‌occurred‌‌in‌‌Qingdao,‌‌2008‌‌                                   

74 (Gao‌ ‌et‌ ‌al.,‌ ‌2010)‌‌ ‌.‌ ‌ 

‌ 

75 Ecological‌‌studies‌‌indicate‌‌that‌‌sporulation‌‌in‌‌‌Ulva‌‌is‌‌seasonal,‌‌and‌‌when‌‌it‌‌occurs‌‌a‌‌significant‌‌amount‌‌of‌‌                                 

76 parental‌ ‌biomass‌ ‌contributes‌ ‌to‌ ‌the‌ ‌massive‌ ‌production‌ ‌of‌ ‌swarmers‌ ‌‌(Amsler‌‌and‌‌Searles,‌‌1980;‌‌Littler‌‌                           

77 and‌‌Littler,‌‌1980;‌‌Niesenbaum,‌‌1988)‌.‌‌It‌‌has‌‌been‌‌also‌‌shown‌‌that‌‌the‌‌‌formation‌‌and‌‌release‌‌of‌‌swarmers‌‌                                 

78 is‌‌inhibited‌‌by‌‌“sporulation-inhibiting‌‌substances”‌‌excreted‌‌into‌‌the‌‌growth‌‌medium‌‌by‌‌the‌‌whole‌‌thalli,‌‌                           

79 or‌‌their‌‌fragments‌‌‌(Nilsen‌‌and‌‌Nordby,‌‌1975)‌.‌‌A‌‌later‌‌study‌‌identified‌‌two‌‌sporulation‌‌inhibitors‌‌in‌‌both‌‌                               

80 Ulva‌‌mutabilis‌‌‌and‌‌‌Ulva‌‌linza‌.‌‌The‌‌first‌‌sporulation‌‌inhibitor‌‌1‌‌(SI-1),‌‌is‌‌a‌‌glycoprotein‌‌isolated‌‌from‌‌the‌‌                                 

81 thalli‌ ‌media‌ ‌or‌ ‌the‌ ‌cell‌ ‌wall’‌ ‌and‌ ‌the‌ ‌second‌‌sporulation‌‌inhibitor‌‌2‌‌(SI-2),‌‌is‌‌a‌‌small‌‌molecular‌‌weight‌‌                                   

82 compound‌ ‌that‌ ‌was‌ ‌isolated‌ ‌from‌ ‌the‌ ‌inner‌ ‌space‌ ‌between‌ ‌the‌ ‌two‌ ‌blade‌ ‌cell‌ ‌layers‌ ‌‌(Stratmann‌ ‌et‌ ‌al.,‌‌                                 

83 1996;‌‌Jónsson‌‌et‌‌al.,‌‌1985;‌‌Kessler‌‌et‌‌al.,‌‌2018;‌‌Vesty‌‌et‌‌al.,‌‌2015)‌.‌‌It‌‌was‌‌also‌‌shown‌‌that‌‌the‌‌production‌‌                                       

84 rate‌ ‌of‌ ‌the‌ ‌SI-1‌ ‌decreases‌ ‌with‌ ‌the‌ ‌maturation‌ ‌of‌‌the‌‌thallus‌‌and‌‌the‌‌production‌‌rate‌‌of‌‌SI-2‌‌is‌‌constant‌‌                                     

85 (Stratmann‌ ‌et‌ ‌al.,‌ ‌1996)‌.‌‌ ‌  

86 Furthermore,‌‌it‌‌was‌‌discovered‌‌that‌‌the‌‌formed‌‌gametes‌‌were‌‌only‌‌released‌‌slowly‌‌and‌‌asynchronously‌‌in‌‌                             

87 the‌‌presence‌‌of‌‌another‌‌substance‌‌known‌‌as‌‌a‌‌swarming‌‌inhibitor,‌‌the‌‌removal‌‌of‌‌which‌‌resulted‌‌in‌‌nearly‌‌                                 

88 immediate‌ ‌and‌ ‌complete‌ ‌swarming‌ ‌‌(Stratmann‌ ‌et‌ ‌al.,‌ ‌1996;‌ ‌Wichard‌ ‌and‌ ‌Oertel,‌ ‌2010)‌.‌ ‌This‌ ‌precise‌‌                           

89 control‌‌of‌‌swarmer‌‌formation‌‌and‌‌release‌‌suggests‌‌that‌‌‌Ulva‌‌developed‌‌a‌‌tightly‌‌regulated‌‌mechanism‌‌to‌‌                             

90 guarantee‌‌simultaneous‌‌release‌‌of‌‌swarmers‌‌to‌‌the‌‌environment,‌‌observed‌‌initially‌‌by‌‌Smith‌‌at‌‌the‌‌Pacific‌‌                             

91 coast‌ ‌‌(Smith,‌ ‌1947)‌,‌ ‌probably‌ ‌to‌ ‌maximize‌ ‌the‌ ‌likelihood‌ ‌of‌ ‌sexual‌ ‌reproduction.‌ ‌Indeed,‌ ‌most‌ ‌recent‌‌                           

92 studies‌ ‌on‌ ‌the‌ ‌floating‌ ‌‌Ulva‌ ‌prolifera‌ ‌showed‌ ‌that‌ ‌all‌ ‌tested‌ ‌thalli‌ ‌were‌ ‌sporophytes‌ ‌with‌ ‌sexual‌‌                             
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93 reproductive‌ ‌patterns‌ ‌‌(Zhao‌ ‌et‌ ‌al.,‌ ‌2019)‌.‌‌Additional‌‌studies‌‌showed‌‌that‌‌if‌‌the‌‌thalli‌‌are‌‌ageing‌‌(i.e.‌‌no‌‌                                 

94 growth)‌‌they‌‌become‌‌insensitive‌‌to‌‌the‌‌artificially‌‌added‌‌sporulation‌‌inhibitor‌‌and‌‌release‌‌swarmers‌‌even‌‌                           

95 in‌ ‌its‌ ‌controlled‌ ‌presence‌ ‌in‌ ‌the‌ ‌growing‌ ‌media‌ ‌‌(Alsufyani‌ ‌et‌ ‌al.,‌ ‌2017)‌.‌‌ ‌  

‌ 

96 Mathematical‌‌models‌‌are‌‌essential‌‌tools‌‌to‌‌study‌‌and‌‌predict‌‌the‌‌behavior‌‌of‌‌complex‌‌biological‌‌systems.‌‌                             

97 Several‌‌models‌‌have‌‌been‌‌developed‌‌to‌‌predict‌‌seaweed‌‌biomass‌‌growth‌‌and‌‌decomposition,‌‌the‌‌behavior‌‌                           

98 of‌‌harmful‌‌green‌‌tides‌‌and‌‌the‌‌seaweed‌‌biomass‌‌production‌‌in‌‌seagriculture.‌‌Indeed,‌‌long-term‌‌ecological‌‌                           

99 models‌ ‌that‌ ‌predict‌ ‌macroalgal‌ ‌productivity‌ ‌and‌ ‌seasonal‌ ‌blooms‌ ‌in‌ ‌prone‌ ‌ecosystems‌ ‌‌(Martins‌ ‌and‌‌                         

100 Marques,‌‌2002;‌‌Solidoro‌‌et‌‌al.,‌‌1997;‌‌Ren‌‌et‌‌al.,‌‌2014;‌‌Martins‌‌et‌‌al.,‌‌2007;‌‌Port‌‌et‌‌al.,‌‌2015;‌‌Brush‌‌and‌‌                                       

101 Nixon,‌‌2010;‌‌Aldridge‌‌and‌‌Trimmer,‌‌2009;‌‌Lavaud‌‌et‌‌al.,‌‌2020;‌‌Seip,‌‌1980;‌‌Aveytua-Alcázar‌‌et‌‌al.,‌‌2008;‌‌                               

102 Duarte‌‌and‌‌Ferreira,‌‌1997)‌‌or‌‌culture‌‌models‌‌that‌‌focus‌‌mostly‌‌on‌‌onshore‌‌photobioreactors‌‌‌(Friedlander‌‌                           

103 et‌ ‌al.,‌ ‌1990;‌ ‌Oca‌ ‌Baradad‌‌et‌‌al.,‌‌2019)‌‌and‌‌offshore‌‌cultivation‌(Broch‌‌and‌‌Slagstad,‌‌2012;‌‌Petrell‌‌et‌‌al.,‌‌                                 

104 1993;‌ ‌Hadley‌ ‌et‌ ‌al.,‌ ‌2015)‌ ‌were‌ ‌developed.‌ ‌These‌ ‌models,‌ ‌which‌ ‌pursue‌ ‌a‌ ‌basic‌ ‌understanding‌ ‌of‌ ‌the‌‌                               

105 thermodynamics‌ ‌of‌ ‌individual‌ ‌algae‌ ‌thalli‌ ‌and‌ ‌photobioreactors‌ ‌‌(Zollmann‌ ‌et‌ ‌al.,‌ ‌2018)‌,‌ ‌provide‌‌                       

106 important‌‌tools‌‌to‌‌predict‌‌the‌‌productivity‌‌and‌‌seasonal‌‌environmental‌‌effects‌‌on‌‌the‌‌seaweed‌‌population‌‌                           

107 dynamics.‌ ‌However,‌ ‌such‌ ‌models‌ ‌treat‌ ‌the‌ ‌macroalgae‌ ‌population‌ ‌as‌ ‌a‌ ‌bulk‌ ‌and‌ ‌do‌ ‌not‌ ‌differentiate‌‌                             

108 between‌ ‌ages‌ ‌of‌ ‌individual‌ ‌thalli‌ ‌within‌ ‌the‌ ‌population.‌ ‌As‌ ‌discussed‌ ‌above,‌ ‌thalli‌ ‌age‌ ‌is‌‌an‌‌important‌‌                               

109 factor‌ ‌affecting‌ ‌the‌ ‌activity‌ ‌of‌ ‌sporulation‌ ‌inhibitors‌ ‌in‌ ‌the‌ ‌alga‌ ‌and‌ ‌the‌ ‌ultimate‌ ‌release‌ ‌of‌ ‌swarmers.‌‌                               

110 Furthermore,‌ ‌these‌ ‌models‌ ‌do‌‌not‌‌consider‌‌the‌‌possible‌‌interthalli‌‌chemical‌‌interactions,‌‌some‌‌of‌‌which‌‌                           

111 can‌ ‌be‌ ‌based‌ ‌on‌ ‌SI-1‌ ‌secreted‌ ‌to‌ ‌the‌ ‌environment.‌ ‌The‌ ‌production‌‌and‌‌secretion‌‌to‌‌the‌‌environment‌‌of‌‌                                 

112 molecules‌‌such‌‌as‌‌SI-1‌‌could‌‌provide‌‌insights‌‌into‌‌the‌‌molecular‌‌mechanisms‌‌behind‌‌the‌‌synchronization‌‌                           

113 of‌‌massive‌‌spore‌‌release‌‌at‌‌the‌‌population‌‌level‌‌-‌ ‌a‌‌phenomenon‌‌crucial‌‌for‌‌both‌‌green‌‌tide‌‌formation‌‌and‌‌                                   

114 sudden‌ ‌biomass‌ ‌disappearance‌ ‌in‌ ‌‌Ulva‌‌ ‌seagriculture.‌‌ ‌  

115 This‌‌paper‌‌aims‌‌to‌‌introduce‌‌a‌‌novel‌‌framework‌‌for‌‌the‌‌description‌‌of‌‌population‌‌dynamics‌‌and‌‌collective‌‌                               

116 thalli‌‌behavior‌‌of‌‌‌Ulva‌‌biomass,‌‌presumably‌‌controlled‌‌by‌‌shared‌‌sporulation‌‌inhibitors. We‌‌propose‌‌that‌                         

117 various‌‌environmental‌‌and‌‌internal‌‌biological‌‌changes‌‌on‌‌the‌‌single‌‌thallus‌‌level‌‌predetermine‌‌the‌‌ability‌‌                           

118 of‌‌the‌‌individual‌‌thallus‌‌to‌‌produce,‌‌and‌‌to‌‌donate‌‌to‌‌and‌‌receive‌‌from‌‌the‌‌population‌‌environment,‌‌factors‌‌                                 

119 that‌‌regulate‌‌the‌‌synchronized‌‌formation‌‌and‌‌release‌‌of‌‌swarmers.‌‌A‌‌natural‌‌tool‌‌to‌‌describe‌‌this‌‌process‌‌                               

120 is‌ ‌offered‌ ‌by‌ ‌population‌ ‌dynamics‌ ‌models,‌ ‌often‌ ‌employed‌ ‌to‌ ‌describe‌‌bacterial‌‌and‌‌animal‌‌population‌‌                           

121 dynamics‌ ‌‌(Succurro‌ ‌and‌ ‌Ebenhöh,‌ ‌2018;‌ ‌Friedman‌ ‌and‌ ‌Gore,‌ ‌2017)‌.‌‌ ‌  

122 In‌ ‌the‌ ‌following‌ ‌sections‌ ‌we‌ ‌develop‌ ‌and‌ ‌simulate‌ ‌such‌ ‌a‌ ‌mathematical‌ ‌model‌ ‌in‌ ‌an‌ ‌attempt‌ ‌to‌‌                               

123 characterize‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌‌Ulva‌‌ ‌biomass‌ ‌formation‌ ‌and‌ ‌degradation.‌‌ ‌  
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124 2.‌ ‌Methods‌ ‌ 

125 The‌‌model‌‌presented‌‌below‌‌consists‌‌of‌‌n+1‌‌ordinary‌‌differential‌‌equations‌‌(ODEs),‌‌where‌‌n‌‌is‌‌set‌‌as‌‌the‌‌                                 

126 number‌‌of‌‌cultivation‌‌days‌‌(also‌‌equal‌‌to‌‌the‌‌number‌‌of‌‌age‌‌group‌‌equations).‌‌ODEs‌‌‌0…‌‌n-1‌‌describe‌‌the‌‌                                   

127 rate‌ ‌of‌ ‌change‌ ‌of‌ ‌biomass‌ ‌of‌ ‌n‌ ‌discrete‌ ‌age‌ ‌classes‌ ‌of‌ ‌‌Ulva‌ ‌thalli,‌ ‌denoted‌ ‌a‌i‌ ‌,‌ ‌and‌ ‌additional‌ n+1‌‌                                     

128 equations‌‌for‌‌the‌‌rate‌‌of‌‌change‌‌of‌‌the‌‌inhibitor‌‌‌I‌.‌‌As‌‌described‌‌previously,‌‌there‌‌are‌‌at‌‌least‌‌three‌‌types‌‌of‌‌                                       

129 inhibitors‌‌involved‌‌in‌‌the‌‌process‌‌of‌‌‌Ulva‌‌swarmers‌‌release:‌‌SP-1,‌‌SP-2‌‌and‌‌a‌‌swarming‌‌inhibitor‌‌(SWI).‌‌                               

130 We‌‌aggregate‌‌these‌‌inhibitors‌‌into‌‌a‌‌single‌‌quantity‌‌that‌‌controls‌‌the‌‌simultaneous‌‌swarmers’‌‌release‌‌from‌‌                             

131 thalli,‌ ‌followed‌ ‌by‌ ‌the‌ ‌biomass‌ ‌decrease.‌ ‌  

132 The‌‌‌n‌‌ODEs‌‌follow‌‌a‌‌simple‌‌discretized‌‌version‌‌of‌‌a‌‌partial‌‌differential‌‌equation‌‌of‌‌‌m(a,t)‌‌where‌‌‌m‌‌‌is‌‌the‌‌                                     

133 biomass‌ ‌of‌‌‌Ulva‌‌in‌‌controlled‌‌volume‌‌(a‌‌bioreactor‌‌or‌‌a‌‌given‌‌sea‌‌volume,‌‌for‌‌example),‌‌‌a‌‌is‌‌the‌‌age‌‌of‌‌                                       

134 algae,‌ ‌and‌ ‌‌t‌ ‌‌is‌‌time.‌‌As‌‌previously‌‌shown,‌‌the‌‌growth‌‌rate‌‌for‌‌thalli‌‌decreases‌‌with‌‌age‌(Alsufyani‌‌et‌‌al.,‌‌                                   

135 2017)‌.‌ ‌ ‌   

136 The‌ ‌following‌ ‌equations‌ ‌specify‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌the‌ ‌biomass‌ ‌of‌ ‌each‌ ‌age‌ ‌class‌ ‌a‌i‌,‌ ‌coupled‌ ‌with‌ ‌the‌‌                                 

137 dynamics‌ ‌of‌ ‌the‌ ‌inhibitor‌ ‌ ‌I‌,‌  ‌in‌ ‌the‌ ‌growth‌ ‌environment:‌ ‌ 
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140 Table‌ ‌1:‌‌ ‌model‌ ‌parameters,‌ ‌their‌ ‌interpretation,‌ ‌and‌ ‌values.‌ ‌ 

6‌ ‌ 

Parameter‌ ‌  Meaning‌ ‌  Value‌ ‌ 

r‌i‌ ‌  Growth‌ ‌rate‌ ‌of‌ ‌algae‌ ‌age‌ ‌a‌i‌ ‌  ‌0.45(0.1 )+ e i•log(2) 30− /
   

‌(I)f   Limiting‌ ‌factor‌ ‌due‌ ‌to‌ ‌inhibitor‌ ‌concentration,‌ ‌I‌  ‌1 1 )− ( + e 10(I 0.5)− −
 

1−
 

‌σ    Degradation‌ ‌constant‌ ‌  0.3‌ ‌ 

‌ξ   
‌ 

Inhibitor‌ ‌loss‌ ‌function‌ ‌to‌ ‌the‌ ‌environment‌ ‌(for‌‌ 
example,‌ ‌water‌ ‌replacement)‌‌ ‌  

‌0.45(0.1 )+ e i•log(2) 120− /
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‌ 

141 The‌‌model‌‌assumes‌‌a‌‌logistic‌‌growth‌‌of‌‌biomass‌‌with‌‌a‌‌growth‌‌rate‌‌parameter‌‌r‌i‌ ‌for‌‌each‌‌algae‌‌age‌‌class‌‌                                     

142 a‌i‌ ‌‌and‌‌a‌‌carrying‌‌capacity‌‌K,‌‌defined‌‌as‌‌the‌‌maximum‌‌‌Ulva‌‌biomass‌‌density‌‌in‌‌the‌‌growth‌‌environment.‌ ‌                                 

143 Biomass‌‌moves‌‌between‌‌compartment‌‌‌a‌i‌ ‌to‌‌‌a‌i+1‌ ‌at‌‌rates‌‌ ‌,‌‌defining‌‌the‌‌“natural‌‌aging”‌‌of‌‌algae.‌‌At‌‌each‌‌                  λi                    

144 age‌‌class‌ ‌‌a‌i‌,‌‌biomass‌‌is‌‌degraded‌‌at‌‌a‌‌rate‌‌ ‌,‌‌where‌‌ ‌is‌‌the‌‌maximal‌‌destruction‌‌rate,‌‌and‌‌ ‌is‌‌a‌‌                  f (I)σi       σi               (I)f      

145 monotonically‌ ‌decreasing‌ ‌function‌ ‌of‌ ‌the‌ ‌inhibitor‌ ‌ ,‌ ‌scaled‌ ‌between‌ ‌zero‌ ‌and‌ ‌one.‌ ‌Furthermore,‌ ‌we‌‌            I                

146 define‌‌ ‌as‌‌the‌‌SI1‌‌uptake‌‌rate‌‌of‌‌each‌‌age‌‌class‌ ‌‌a‌i‌;‌‌ ‌the‌‌leakage‌‌or‌‌injection‌‌of‌‌the‌‌inhibitor‌‌ ,‌‌that‌‌  μi                       ξ                 I    

147 can‌ ‌be‌ ‌managed‌ ‌externally‌ ‌to‌ ‌the‌ ‌system‌ ‌(e.g.,‌ ‌washing‌ ‌the‌ ‌algae,‌ ‌destroying‌ ‌the‌ ‌algae,‌ ‌injection‌‌                             

148 nutrients);‌‌and‌‌ ‌is‌‌the‌‌nutrient‌‌supply‌‌flux‌‌in‌‌the‌‌units‌‌of‌‌inhibitor‌‌concentration.‌‌Model‌‌parameters‌‌are‌‌    γ                              

149 also‌ ‌summarised‌ ‌in‌ ‌Table‌ ‌1.‌‌ ‌  

‌ 

150 3.‌ ‌Results‌ ‌and‌ ‌Discussion‌ ‌ 
151 Here‌‌we‌‌study‌‌the‌‌‌Ulva‌‌biomass‌‌population‌‌dynamics,‌‌controlled‌‌by‌‌sporulation‌‌inhibitor‌‌production‌‌and‌‌                           

152 absorption,‌‌by‌‌stimulating‌‌the‌‌biomass‌‌accumulation‌‌under‌‌various‌‌scenarios‌‌for‌‌mixed-age‌‌populations,‌‌                       

153 for‌‌100‌‌days‌‌‌(Stratmann‌‌et‌‌al.,‌‌1996;‌‌Alsufyani‌‌et‌‌al.,‌‌2017)‌.‌‌In‌‌all‌‌the‌‌following‌‌simulations,‌‌we‌‌assumed‌‌                                   

154 the‌ ‌initial‌ ‌density‌ ‌of‌ ‌seaweed‌ ‌in‌ ‌the‌ ‌cultivation‌ ‌media‌ ‌is‌ ‌a‌in‌ ‌‌=‌‌0.2‌‌kg‌‌m‌-3‌ ‌and‌‌at‌‌the‌‌maximum‌‌carrying‌‌                                       

155 capacity,‌ ‌the‌ ‌biomass‌ ‌can‌ ‌reach‌ ‌a‌ ‌density‌ ‌of‌ ‌10‌ ‌kg‌ ‌m‌-3‌ ‌(a‌imax‌).‌ ‌In‌ ‌addition,‌ ‌for‌ ‌the‌ ‌initial‌ ‌population‌‌                                   

156 conditions,‌‌we‌‌denoted‌‌young‌‌thalli‌‌as‌‌a‌‌population‌‌with‌‌a‌i‌‌‌=‌‌0‌‌at‌‌t‌‌=‌‌0‌ ‌and‌‌old‌‌thalli‌‌as‌‌a‌‌population‌‌with‌‌                                             

157 a‌i‌ ‌‌=‌ ‌120‌ ‌days‌ ‌at‌ ‌t‌ ‌=‌ ‌0.‌ ‌From‌ ‌a‌ ‌physiological‌ ‌point‌ ‌of‌ ‌view,‌ ‌young‌ ‌thalli‌ ‌are‌ ‌those‌ ‌thalli,‌ ‌whose‌ ‌cell‌‌                                         

158 differentiation‌ ‌is‌ ‌controlled‌ ‌by‌ ‌SI‌ ‌and‌ ‌old‌ ‌thalli‌ ‌are‌ ‌those‌ ‌thalli,‌ ‌which‌‌are‌‌insensitive‌‌to‌‌SI‌‌and‌‌do‌‌not‌‌                                     

159 produce‌ ‌it.‌‌ ‌  

‌ 

160 In‌ ‌the‌ ‌following‌ ‌plots,‌ ‌we‌ ‌simulated‌ ‌the‌ ‌behavior‌ ‌of‌ ‌populations‌ ‌with‌ ‌a‌ ‌mixed-age‌ ‌composition.‌ ‌Each‌‌                             

161 population‌‌was‌‌labeled‌‌by‌‌the‌‌percentage‌‌of‌‌young‌‌and‌‌old‌‌thalli‌‌at‌‌initial‌‌population.‌‌Thus,‌‌for‌‌example,‌‌                                 

162 100/0‌‌labels‌‌an‌‌entirely‌‌young‌‌initial‌‌population‌‌(0.2‌‌kg‌‌m‌-3‌ ‌of‌‌thalli‌‌with‌‌ai‌‌=‌‌0‌‌at‌‌t‌‌=‌‌0);‌‌0/100‌‌labels‌‌a‌‌                                             

163 completely‌‌old‌‌initial‌‌population‌‌(0.2‌‌kg‌‌m‌-3‌ ‌of‌‌thalli‌‌with‌‌a‌‌‌i‌=‌‌120‌‌days‌‌at‌‌t‌‌=‌‌0);‌‌and‌‌50/50‌‌represents‌‌an‌‌                                           

164 initial‌‌population‌‌comprised‌‌of‌‌equal‌‌parts‌‌of‌‌old‌‌and‌‌young‌‌algae‌ ‌(0.1‌‌kg‌‌m‌-3‌ ‌of‌‌thalli‌‌with‌‌a‌i‌=0‌‌at‌‌t=0‌‌                                       

165 and‌ ‌0.1‌ ‌kg‌ ‌m‌-3‌‌ ‌of‌ ‌thalli‌ ‌with‌ ‌a‌i‌ ‌‌=‌ ‌120‌ ‌days‌ ‌at‌ ‌t‌ ‌=‌ ‌0).‌‌ ‌  

7‌ ‌ 

‌θi   Age-dependent‌ ‌inhibitor‌ ‌generation‌ ‌function‌ ‌  ‌0.45(0.1 )+ e i•log(2) 120− /
   

‌μi    Age-dependent‌ ‌inhibitor‌ ‌uptake‌ ‌  ‌0.45(0.05 )+ e i•log(2) 120− /
   

‌γI     Constant‌ ‌inhibitor‌ ‌addition‌ ‌or‌ ‌extraction‌ ‌  0.0‌ ‌-‌ ‌0.1‌ ‌(varies‌ ‌in‌ ‌the‌ ‌figures)‌ ‌ 
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‌ 

166 The‌‌biomass‌‌yield‌‌(density‌‌increase‌‌due‌‌to‌‌growth;‌‌i.e.‌‌initial‌‌density‌‌subtracted‌‌from‌‌final‌‌density)‌‌over‌‌                               

167 time‌‌for‌‌various‌‌mixed-age‌‌populations‌‌is‌‌shown‌‌in‌‌‌Fig.‌‌1a‌.‌‌The‌‌growth‌‌of‌‌mixed‌‌aged‌‌populations‌‌with‌‌                                 

168 100/0,‌ ‌80/20‌ ‌and‌ ‌50/50‌ ‌population‌ ‌mix‌ ‌of‌ ‌old‌ ‌and‌ ‌young‌ ‌thalli‌ ‌showed‌ ‌a‌ ‌typical‌ ‌sigmoidal‌ ‌growth,‌‌                               

169 reaching‌ ‌90%‌ ‌of‌ ‌the‌ ‌maximum‌ ‌biomass‌ ‌density‌ ‌(9‌ ‌kg‌ ‌m‌-3‌)‌ ‌at‌ ‌27‌ ‌,‌ ‌30‌ ‌and‌ ‌37‌ ‌days,‌ ‌respectively.‌‌                                   

170 Populations‌ ‌with‌ ‌predominantly‌ ‌old‌ ‌biomass‌ ‌at‌ ‌the‌ ‌beginning‌ ‌(20/80)‌ ‌showed‌ ‌a‌ ‌long‌ ‌lag‌ ‌phase‌ ‌but‌‌                             

171 exhibited‌ ‌positive‌ ‌growth,‌ ‌reaching‌ ‌90%‌ ‌of‌ ‌the‌ ‌maximum‌ ‌biomass‌ ‌density‌ ‌at‌ ‌day‌ ‌87‌ ‌(‌Fig.‌ ‌1b‌).‌ ‌The‌‌                               

172 population‌ ‌with‌ ‌only‌ ‌old‌ ‌algae‌ ‌(0/100)‌ ‌at‌ ‌the‌ ‌beginning‌ ‌of‌ ‌the‌ ‌cultivation‌ ‌showed‌ ‌degradation‌ ‌of‌ ‌the‌‌                               

173 biomass‌ ‌from‌ ‌day‌ ‌1‌ ‌and‌ ‌never‌ ‌showed‌ ‌positive‌ ‌growth‌ ‌(‌Fig.‌ ‌1b‌).‌ ‌The‌ ‌population‌ ‌with‌‌a‌‌10/90‌‌mix‌‌of‌‌                                   

174 initial‌ ‌ages‌ ‌showed‌ ‌a‌ ‌small‌ ‌growth‌ ‌(positive‌ ‌yield)‌ ‌during‌ ‌the‌ ‌first‌ ‌40‌ ‌days‌ ‌but‌ ‌then‌ ‌showed‌ ‌biomass‌‌                                 

175 degradation‌ ‌and‌ ‌never‌ ‌reached‌ ‌90%‌ ‌of‌ ‌the‌ ‌maximum‌ ‌density‌ ‌(‌Fig.‌ ‌1a,b‌).‌‌ ‌  

‌ 

176 As‌‌simulated‌‌in‌‌our‌‌model,‌‌such‌‌dynamics‌‌of‌‌the‌‌biomass‌‌growth‌‌could‌‌be‌‌explained‌‌by‌‌the‌‌dynamics‌‌of‌‌                                   

177 the‌ ‌production‌ ‌of‌ ‌the‌ ‌sporulation‌ ‌inhibitor‌‌(‌Fig.‌‌1c‌).‌‌For‌‌populations‌‌100/0,‌‌80/20,‌‌50/50‌‌and‌‌20/80‌‌the‌‌                               

178 rate‌‌of‌‌sporulation‌‌inhibitor‌‌generation‌‌is‌‌positive‌‌and‌‌increases‌‌over‌‌time,‌‌while‌‌for‌‌the‌‌10/90‌‌and‌‌0/100‌‌                                 

179 populations,‌ ‌although‌ ‌initial‌ ‌production‌ ‌of‌ ‌the‌ ‌sporulation‌ ‌inhibitor‌ ‌is‌‌observed,‌‌it‌‌is‌‌reduced‌‌over‌‌time‌‌                             

180 (‌Fig.‌‌1c‌).‌‌These‌‌findings‌‌show‌‌that‌‌sporulation‌‌inhibitor‌‌production‌‌by‌‌a‌‌small‌‌(20%‌‌in‌‌our‌‌simulations)‌‌                               

181 young‌ ‌population‌ ‌could‌ ‌potentially‌ ‌provide‌ ‌enough‌ ‌inhibitor‌ ‌to‌ ‌prevent‌ ‌the‌ ‌old‌ ‌algae‌ ‌population‌ ‌from‌‌                           

182 biomass‌ ‌loss,‌ ‌thus‌ ‌leading‌ ‌to‌ ‌overall‌ ‌positive‌ ‌biomass‌ ‌production.‌ ‌Additionally,‌ ‌the‌ ‌rate‌ ‌of‌ ‌biomass‌‌                           

183 accumulation‌ ‌increases‌ ‌with‌ ‌the‌ ‌increased‌ ‌fraction‌ ‌of‌ ‌the‌ ‌young‌ ‌thalli‌ ‌in‌ ‌the‌ ‌initial‌ ‌population.‌‌                           

184 Nevertheless,‌ ‌the‌ ‌maximum‌ ‌inhibitor‌ ‌production‌ ‌decreases‌ ‌with‌ ‌time‌‌in‌‌all‌‌populations‌‌as‌‌all‌‌thalli‌‌age‌‌                             

185 (‌Fig.‌ ‌1c‌).‌‌ ‌  

‌ 

‌ 
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186 Figure‌‌1.‌‌a.‌‌Yield‌ ‌(biomass‌‌gain‌‌in‌‌kg/m³‌‌up‌‌to‌‌the‌‌limit‌‌of‌‌10‌‌kg/m³‌‌in‌‌a‌‌bioreactor‌‌with‌‌a‌‌starting‌‌density‌‌of‌‌0.2‌‌                                               

187 kg/m³)‌‌for‌‌populations‌‌with‌‌various‌‌initial‌‌age‌‌mixes.‌‌‌b‌.‌‌‌Ulva‌‌biomass‌‌growth‌‌kinetics‌‌as‌‌a‌‌function‌‌of‌‌the‌‌initial‌‌age‌‌                                       

188 distribution‌‌of‌‌thalli‌‌in‌‌the‌‌population.‌‌Values‌‌of‌‌the‌‌0/100,‌‌and‌‌10/90‌‌populations‌‌are‌‌not‌‌presented‌‌as‌‌they‌‌did‌‌not‌‌                                       

189 reach‌ ‌90%‌ ‌of‌ ‌the‌ ‌maximal‌ ‌carrying‌ ‌capacity.‌ ‌‌c‌.‌ ‌Inhibitor‌ ‌production‌ ‌in‌ ‌the‌ ‌population‌ ‌over‌ ‌time.‌‌ ‌  

190 As‌‌seaweeds‌‌rarely‌‌grow‌‌in‌‌closed‌‌bodies‌‌of‌‌water,‌‌where‌‌the‌‌inhibitor‌‌could‌‌accumulate‌‌continuously‌‌in‌‌                               

191 the‌ ‌environment,‌ ‌we‌‌sought‌‌to‌‌stimulate‌‌the‌‌impact‌‌of‌‌inhibitor‌‌removal‌‌from‌‌the‌‌seaweed‌‌environment‌‌                             

192 by‌‌water‌‌replacement.‌‌We‌‌assume‌‌that‌‌each‌‌event‌‌of‌‌water‌‌replacement‌‌completely‌‌removes‌‌the‌‌inhibitor‌‌                             

193 produced‌‌by‌‌the‌‌seaweed‌‌during‌‌the‌‌time‌‌interval‌‌from‌‌the‌‌previous‌‌water‌‌replacement.‌‌‌Figure‌‌2a‌‌shows‌‌                               

194 the‌ ‌dynamics‌ ‌of‌ ‌various‌ ‌initial‌ ‌age‌ ‌mixed‌ ‌populations‌ ‌yields‌ ‌when‌ ‌the‌ ‌inhibitor‌ ‌is‌ ‌removed‌ ‌by‌ ‌water‌‌                               

195 replacement.‌ ‌In‌ ‌the‌ ‌scenario‌ ‌where‌ ‌water‌ ‌is‌ ‌replaced‌ ‌every‌ ‌14‌ ‌days,‌ ‌only‌ ‌few,‌ ‌relatively‌ ‌“young”‌‌                             

196 populations‌‌(100/0,‌‌90/10,‌‌80/20‌‌and‌‌70/30)‌‌achieved‌‌the‌‌90%‌‌of‌‌the‌‌maximum‌‌yield.‌‌Moreover,‌‌the‌‌time‌‌                               

197 to‌ ‌reach‌ ‌this‌ ‌yield‌‌level‌ ‌increased‌‌from‌‌27-30‌‌days‌‌(without‌‌replacement‌‌for‌‌these‌‌four‌‌age‌‌groups)‌ ‌to‌‌                                 

198 37-40‌ ‌days,‌ ‌in‌ ‌the‌ ‌100/0,‌ ‌90/10,‌ ‌80/20‌ ‌and‌ ‌70/30‌‌populations,‌‌respectively‌‌(‌Fig.‌‌2b‌).‌‌The‌‌growth‌‌yield‌‌                               

199 shows‌ ‌fluctuating‌ ‌dynamics,‌ ‌showing‌ ‌in‌ ‌the‌ ‌initial‌ ‌overall‌ ‌growth‌ ‌for‌ ‌populations‌ ‌with‌ ‌predominantly‌‌                         

200 young‌‌thalli‌‌during‌‌the‌‌first‌‌60‌‌cultivation‌‌days,‌‌followed‌‌by‌‌the‌‌overall‌‌reduction‌‌of‌‌the‌‌yield‌‌in‌‌the‌‌aging‌‌                                     

201 populations.‌ ‌Interestingly,‌ ‌these‌ ‌fluctuating‌ ‌yield‌ ‌dynamics‌ ‌were‌ ‌previously‌ ‌reported‌ ‌by‌ ‌us‌ ‌during‌ ‌a‌‌                         

202 12-month‌‌offshore‌‌cultivation‌‌work‌‌with‌‌‌Ulva‌‌harvesting‌‌every‌‌week‌‌‌(Chemodanov‌‌et‌‌al.,‌‌2018)‌.‌‌It‌‌could‌‌                             

203 happen‌‌that‌‌the‌‌weekly‌‌removal‌‌of‌‌the‌‌whole‌‌seaweed‌‌biomass‌‌from‌‌the‌‌sea‌‌and‌‌cages‌‌for‌‌weighting‌‌also‌‌                                   

204 removed‌ ‌the‌ ‌sporulation‌ ‌inhibitor‌‌accumulated‌‌in‌‌the‌‌boundary‌‌layer‌‌near‌‌the‌‌thalli.‌‌This‌‌suggestion,‌‌of‌‌                             

205 course,‌ ‌requires‌ ‌further‌ ‌detailed‌ ‌experiments‌ ‌investigating‌ ‌the‌ ‌ability‌ ‌to‌ ‌monitor‌ ‌the‌ ‌dynamics‌ ‌of‌‌                         

206 sporulation‌ ‌inhibitors‌ ‌production‌ ‌and‌ ‌accumulation/diffusion‌ ‌in‌ ‌the‌ ‌thalli‌ ‌environment.‌ ‌Increasing‌ ‌the‌‌                     

207 frequency‌‌of‌‌water‌‌exchange,‌‌and‌‌thus‌‌inhibitor‌‌removal‌‌(‌Fig.‌‌2c‌),‌‌reduced‌‌the‌‌ability‌‌of‌‌populations‌‌with‌‌                               

208 a‌ ‌large‌ ‌portion‌ ‌of‌ ‌old‌ ‌algae‌ ‌to‌ ‌show‌ ‌positive‌ ‌yield‌ ‌during‌ ‌the‌ ‌whole‌ ‌cultivation‌ ‌period‌ ‌(‌Fig.‌ ‌2a‌).‌‌ ‌  
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209 Figure‌‌2.‌‌a.‌‌Yield‌ ‌(biomass‌‌gain‌‌in‌‌kg/m³‌‌up‌‌to‌‌the‌‌limit‌‌of‌‌10‌‌kg/m³‌‌in‌‌a‌‌bioreactor‌‌with‌‌a‌‌starting‌‌density‌‌of‌‌0.2‌‌                                               

210 g/m³)‌ ‌for‌ ‌populations‌ ‌with‌ ‌various‌ ‌initial‌ ‌age‌ ‌mixes‌ ‌with‌ ‌14‌ ‌‌days‌‌water‌‌replacement‌‌frequency.‌‌‌b‌.‌ ‌‌Ulva‌ ‌biomass‌‌                                 

211 growth‌ ‌kinetics‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌the‌ ‌initial‌ ‌age‌‌distribution‌‌of‌‌thalli‌‌in‌‌the‌‌population‌‌with‌‌various‌‌frequencies‌‌of‌‌                                     

212 water‌ ‌replacement.‌ ‌‌c‌.‌ ‌Inhibitor‌ ‌production‌ ‌in‌ ‌the‌ ‌population‌ ‌of‌ ‌the‌ ‌time‌ ‌with‌ ‌14‌ ‌days‌ ‌of‌ ‌water‌ ‌replacement‌‌                                 

213 frequency.‌ ‌ 

214 As‌‌seaweed‌‌in‌‌the‌‌natural‌‌environment‌‌usually‌‌live‌‌in‌‌high‌‌energy‌‌conditions,‌‌we‌‌also‌‌studied‌‌the‌‌coupled‌‌                                 

215 effects‌ ‌of‌ ‌mechanical‌ ‌destruction‌ ‌(‌ ‌)‌ ‌and‌ ‌population‌ ‌age‌ ‌distribution‌ ‌on‌ ‌the‌ ‌ability‌ ‌of‌‌the‌‌population‌‌        σ                       

216 biomass‌ ‌yield‌ ‌(‌Fig.‌ ‌3a‌).‌‌Higher‌‌rates‌‌of‌‌mechanical‌‌destruction‌‌prevent‌‌positive‌‌yields‌‌in‌‌all‌‌mixed-age‌‌                             

217 populations.‌‌Lower‌‌mechanical‌‌destruction‌‌affects‌‌a‌‌smaller‌‌portion‌‌of‌‌the‌‌population‌‌with‌‌higher‌‌initial‌‌                           

218 portions‌ ‌of‌ ‌young‌ ‌thalli‌ ‌(‌Fig.‌ ‌3a‌)‌ ‌showing‌ ‌again‌ ‌the‌ ‌regenerative‌ ‌ability‌ ‌of‌ ‌the‌ ‌populations‌ ‌with‌ ‌high‌‌                               

219 growth‌ ‌(lower‌ ‌sporulation)‌ ‌capabilities.‌ ‌ ‌   

‌ 

‌ 

‌ 

220 Figure‌ ‌3‌.‌ ‌a.‌ ‌‌Time‌ ‌to‌ ‌achieve‌ ‌90%‌ ‌of‌ ‌the‌ ‌maximum‌ ‌carrying‌ ‌capacity‌ ‌as‌‌a‌‌heatmap‌‌(color‌‌represents‌‌the‌‌time‌‌in‌‌                                       

221 days)‌ ‌depending‌ ‌on‌ ‌the‌ ‌initial‌ ‌age‌ ‌distribution‌ ‌(x-axis)‌ ‌and‌ ‌the‌ ‌mechanical‌‌destruction‌‌parameter‌‌ ‌(y-axis).‌ ‌b‌.‌‌                          σi      

222 Time‌‌to‌‌90%‌‌as‌‌a‌‌heatmap‌‌(color‌‌represents‌‌the‌‌time‌‌in‌‌days)‌‌depending‌‌on‌‌the‌‌initial‌‌age‌‌distribution‌‌(x-axis)‌‌and‌‌                                       

223 the‌ ‌addition‌ ‌of‌‌the‌‌external‌‌inhibitor‌‌ ‌(y-axis).‌‌White‌‌color‌‌means‌‌that‌‌the‌‌population‌‌never‌‌achieves‌‌90%‌‌of‌‌the‌‌            γ                        

224 maximum‌ ‌carrying‌ ‌capacity.‌‌ ‌  
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225 Finally,‌ ‌after‌ ‌confirming‌ ‌experimentally‌ ‌that‌ ‌direct‌ ‌application‌ ‌of‌ ‌SI-1‌ ‌prevents‌ ‌gametogenesis‌ ‌in‌ ‌‌U.‌‌                         

226 mutabilis‌‌(‌Supplemental‌‌Information‌‌and‌‌Fig‌‌S1‌),‌‌we‌‌investigated‌‌the‌‌impact‌‌of‌‌direct‌‌addition‌‌of‌‌the‌‌                             

227 sporulation‌ ‌inhibitor‌ ‌to‌ ‌the‌ ‌seaweed‌ ‌growth‌ ‌media‌ ‌computationally.‌ ‌ 

‌ 

228 Adding‌ ‌an‌ ‌external‌ ‌sporulation‌ ‌inhibitor‌ ‌(up‌ ‌to‌ ‌0.1)‌ ‌reduced‌ ‌the‌ ‌time‌‌to‌‌achieve‌‌90%‌‌of‌‌the‌‌maximum‌‌                                 

229 yield‌ ‌from‌ ‌27‌ ‌days‌ ‌(without‌ ‌inhibitor‌ ‌addition)‌ ‌to‌ ‌21‌ ‌days‌ ‌for‌ ‌100/0‌ ‌group,‌ ‌29‌‌days‌‌(without‌‌inhibitor‌‌                                 

230 addition)‌ ‌to‌‌24‌‌for‌‌80/20‌‌group,‌‌from‌‌35‌‌days‌‌(without‌‌inhibitor‌‌addition)‌‌to‌‌28‌‌for‌‌the‌‌50/50‌‌group‌‌and‌‌                                     

231 from‌ ‌60‌ ‌(without‌ ‌inhibitor‌ ‌addition)‌ ‌to‌ ‌45‌ ‌days‌ ‌for‌ ‌the‌ ‌20/80‌ ‌group.‌ ‌No‌ ‌effects‌ ‌at‌ ‌this‌ ‌maximum‌‌                                 

232 concentration‌ ‌have‌ ‌been‌ ‌observed‌ ‌for‌ ‌the‌ ‌0/100‌ ‌group.‌‌ ‌  

233 4.‌ ‌Conclusions‌ 
234 In‌ ‌this‌ ‌study,‌ ‌we‌ ‌aimed‌ ‌to‌ ‌further‌ ‌understand‌ ‌the‌ ‌growth‌ ‌and‌ ‌sporulation‌ ‌dynamics‌ ‌of‌ ‌‌Ulva‌ ‌using‌ ‌a‌‌                                 

235 mathematical‌ ‌model.‌ ‌We‌ ‌found‌ ‌that‌ ‌successful‌ ‌accumulation‌ ‌of‌ ‌‌Ulva‌ ‌biomass‌ ‌depends‌ ‌on‌ ‌the‌ ‌age‌‌                           

236 distribution‌‌of‌‌the‌‌algae‌‌population,‌‌where‌‌older‌‌starter‌‌populations‌‌produce‌‌lower‌‌yields.‌‌However,‌‌this‌‌                           

237 age-dependent‌ ‌effect‌ ‌can‌ ‌be‌ ‌mitigated,‌ ‌leading‌ ‌to‌ ‌prolonged‌ ‌maintenance‌ ‌of‌ ‌‌Ulva‌’s‌ ‌aquacultures,‌ ‌by‌‌                         

238 external‌ ‌addition‌ ‌of‌ ‌sporulation‌ ‌inhibitors.‌ ‌ 

239 Indeed,‌‌the‌‌sporulation‌‌phenomenon‌‌creates‌‌unique‌‌constraints‌‌on‌‌the‌‌age‌‌structure‌‌of‌‌‌Ulva‌‌populations.‌ ‌                           

240 In‌ ‌higher‌ ‌plants,‌ ‌sexual‌ ‌reproduction‌ ‌and‌ ‌vegetative‌ ‌propagation‌ ‌compete‌ ‌for‌ ‌nutrients,‌ ‌but‌ ‌the‌‌                         

241 competition‌ ‌may‌ ‌be‌ ‌mitigated‌ ‌by‌ ‌separating‌ ‌these‌ ‌processes‌ ‌through‌ ‌time‌ ‌‌(Evans‌ ‌and‌ ‌Black,‌ ‌1993)‌.‌‌                           

242 However,‌ ‌in‌ ‌‌Ulva‌,‌‌the‌‌whole‌‌thallus‌‌can‌‌be‌‌transformed‌‌into‌‌gametangia‌‌and‌‌sporangia‌‌while‌‌flowering‌‌                             

243 plants‌ ‌assign‌ ‌only‌ ‌a‌ ‌specific‌ ‌portion‌ ‌of‌ ‌biomass‌ ‌to‌ ‌reproductive‌ ‌structures.‌ ‌‌Ulva‌ ‌thus‌ ‌requires‌ ‌a‌ ‌strict‌‌                               

244 regulation‌ ‌of‌ ‌sporulation,‌ ‌e.g.‌ ‌through‌ ‌the‌ ‌age-dependent‌ ‌production‌ ‌of‌ ‌SI.‌ ‌Only‌ ‌if‌ ‌the‌ ‌SI-1‌ ‌synthesis‌                             

245 ceases‌ ‌during‌ ‌the‌ ‌‌Ulva‌'s‌ ‌development‌ ‌cycle‌ ‌and‌ ‌its‌ ‌concentration‌ ‌falls‌ ‌below‌ ‌a‌ ‌critical‌ ‌threshold‌‌                           

246 concentration,‌ ‌gametogenesis‌ ‌is‌ ‌induced‌ ‌at‌‌positions‌‌of‌‌the‌‌blade‌‌where‌‌the‌‌SI-2‌‌concentration‌‌between‌‌                           

247 the‌‌cell‌‌layers‌‌is‌‌also‌‌sufficiently‌‌low‌‌‌(Stratmann‌‌et‌‌al.,‌‌1996)‌.‌‌Our‌‌findings‌‌thus‌‌imply‌‌that‌‌the‌‌more‌‌SI‌‌                                     

248 provided‌‌by‌‌young‌‌algae‌‌in‌‌mixed‌‌cultures,‌‌the‌‌higher‌‌the‌‌growth‌‌rate‌‌and‌‌biomass‌‌yields.‌‌As‌‌purified‌‌SIs‌‌                                   

249 are‌‌not‌‌yet‌‌widely‌‌available‌‌in‌‌large‌‌quantities,‌ ‌the‌‌use‌‌of‌‌mixed-aged‌‌cultures‌‌can‌‌be‌‌an‌‌important‌‌tool‌‌to‌‌                                     

250 maintain‌ ‌them‌ ‌at‌ ‌adequate‌ ‌nutrient‌ ‌levels‌ ‌e.g.‌ ‌in‌ ‌integrated‌ ‌multi‌‌trophic‌‌aquaculture.‌‌The‌‌modeling‌‌of‌‌                             

251 Ulva‌́s‌ ‌growth‌ ‌indicates‌ ‌the‌ ‌importance‌ ‌of‌ ‌SI-producing‌ ‌algae‌ ‌for‌ ‌sustainable‌ ‌and‌ ‌successful‌‌                       

252 seagricultures,‌ ‌and‌ ‌paves‌ ‌the‌ ‌way‌ ‌for‌ ‌a‌ ‌better‌ ‌understanding‌ ‌of‌ ‌the‌ ‌green‌ ‌tide‌ ‌formation‌ ‌in‌ ‌coastal‌ ‌areas.‌ ‌ 
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