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List of species names and abbreviations used for stomach analyses. 

Order Family Species Abbreviation 

OSTEOGLOSSIFORMES   

  Mormyridae   

    Cyphomyrus psittacus Cyp psi 

    Gnathonemus petersii Gna pet 

    Hippopotamyrus cf. psittacus Hip cf psi 

    Hippopotamyrus psittacus Hip psi 

    Hippopotamyrus weeksii Hip wee 

    Marcusenius greshoffi Mar gres 

    Marcusenius leopoldianus Mar leo 

    Marcusenius schilthuisiae Mar schi 

    Marcusenius cf. stanleyanus Mar cf sta 

    Mormyrops anguilloides Mor ang 

    Mormyrops mariae Mor mar 

    Mormyrops nigricans Mor nig 

    Petrocephalus arnegardi Pet arn 

    Petrocephalus binotatus Pet bin 

    Petrocephalus christyi Pet chr 

    Petrocephalus grandoculis Pet gra 

    Petrocephalus cf. micropthalmus Pet cf mic 

    Petrocephalus micropthalmus Pet mic 

    Pollimyrus isidori Pol isi 

    Pollimyrus nigripinnis Pol nig 

    Stomatorhinus sp. Sto cf 

  Notopteridae   

    Xenomystus nigri Xen nig 

  Pantodontidae   

    Pantodon buchholzi Pan buch 

CLUPEIFORMES   

  Clupeidae   

    Microthrissa royauxi Mic roy 



Orde Familie Soort Afkorting 

CHARACIFORMES   

  Alestidae   

    Alestopetersius brichardi Al bri 

    Alestopetersius caudalis Al cau 

    Alestopetersius cf. compressus Al cf com 

    Alestopetersius compressus Al com 

    Bathyaethiops caudomaculatus Ba cau 

    Brachypetersius altus Bra al 

    Brycinus imberi Bry imb 

    Brycinus prognathosi Bry pro 

    Bryconaethiops boulengeri Bryco b 

    Bryconaethiops macrops Bryco ma 

    Bryconaethiops microstoma Bryco mi 

    Hydrocynus vittatus Hyd vit 

    Micralestes acutidens Mic acu 

    Micralestes humilis Mic hum 

    Micralestes sardina Mic sar 

    Micralestes stormsi Mic sto 

    Phenacogrammus interruptus Phe int 

  Citharinidae   

    Citharinus gibbosus Cit gib 

  Distichodontidae   

    Distichodus affinis Dis aff 

    Distichodus antonii Dis ant 

    Distichodus fasciolatus Dis fas 

    Distichodus lusosso Dis lus 

    Distichodus sexfasciatus Dis sex 

    Distichodus teugelsi Dis teu 

    Eugnatichthys macroterolepis Eug mac 

    Eugnatichthys virgatus Eug vir 

    Mesoborus crocodilus Mes cro 

    Phago boulengeri Pha bou 

    Xenocharax spilurus Xen spi 

CYPRINIFORMES   

  Cyprinidae   

    Barbus miolepis Bar mio 

    Barbus sp. Bar sp 

    Clypeobarbus pleuropholis Cly pleu 

    Labeo lineatus Lab lin 

    Labeo longipinnis Lab lon 

 
 



Orde Familie Soort Afkorting 

SILURIFORMES   

  Clariidae   

    Clarias cf angolensis longmaxbarbels  Cla cfa 

  Claroteidae   

    Chrysichthys longibarbis  Chry lon 

    Chrysichthys ornatus Chry lon 

    Chrysichthys punctatus Chry pun 

    Chrysichthys sharpii Chry shar 

    Parauchenoglanis punctatus Par pun 

  Mochokidae   

    Synodontis aterrimus Syn at 

    Synodontis congicus Syn cong 

    Synodontis contractus Syn cont 

    Synodontis dorsomaculatus Syn dor 

    Synodontis flavitaeniatus Syn fla 

    Synodontis cf. greshoffi Syn cf gre 

    Synodontis nigriventris Syn nig 

    Synodontis nummifer Syn num 

    Synodontis pleurops Syn pleu 

  Schilbeidae   

    Parailia congica Para con 

    Pareutropius debauwi Pare deb 

    Schilbe grenfelli Sch gren 

    Schilbe intermedius Sch int 

    Schilbe laticeps Sch lat 

    Schilbe marmoratus Sch mar 

PERCIFORMES   

  Anabantidae   

    Aspercauda acutirostre Aso acu 

    Aspercauda ocellata Aso oce 

  Cichlidae   

    Lamprologus congoensis Lam con 

    Lamprologus mocquardi Lam moc 

    Lamprologus sp. Lam sp 

    Tylochromis lateralis Tyl lat 

SYNBRANCHIFORMES   

  Mastacembelidae   

    Mastacembelus congicus Mas con 

Totaal       

 

 



List of species found in the Cobafish area studied 
 
Species Row Labels Congo Lobaye Lobilo Lomami 

Alestes liebrechtsii AlesLieb 0 0 0 1 

Alestopetersius brichardi AlestBri 0 0 1 1 

Alestopetersius caudalis AlestCau 0 0 1 1 

Alestopetersius compressus AlestCom 0 1 1 1 

Bathyaethiops caudomaculatus BathCaud 0 0 1 0 

Belonoglanis brieni BeloBrie 0 0 0 1 

Brachypetersius altus BrachAlt 1 1 1 1 

Brycinus bimaculatus BryBima 0 1 0 0 

Bryconaethiops boulengeri BrycBoul 1 1 1 1 

Bryconaethiops macrops BrycMacr 1 0 0 1 

Bryconaethiops microstoma BrycMicr 1 0 1 1 

Brycinus imberi BryImbe 1 1 1 1 

Brycinus "new parvus" BryNparv 1 0 1 1 

Brycinus "prognathosi" BryProgn 1 0 0 1 

Campylomrmyrus rynchophorus CampRync 1 0 0 0 

Campylomormyrus tamandua CampTama 0 0 0 1 

Chrysichthys longipinnis ChrLongP 1 0 0 0 

Chrysichthys congicus ChryCong 1 0 0 1 

Chrysichthys habereri ChryHabe 1 0 0 0 

Chrysichthys longibarbis ChryLong 1 0 0 1 

Chrysichthys oratus ChryOrat 0 1 0 1 

Chrysichthys punctatus ChryPunc 0 1 1 0 

Chrysichthys sharpii ChryShar 1 0 0 1 

Chrysichthys thonneri ChryThon 0 0 0 1 

Citharinus gibbosus CithGibb 0 1 0 1 

Citharinus macrolepis CithMacr 0 1 0 1 
Clarias cf. angolensis long maxillary 
barbels ClarAnLb 0 0 1 0 
Clarias cf. angolensis "verry long 
barbels"  ClarAnVL 0 0 1 1 

Clarias buthopogon ClarButh 0 0 1 0 

Clarias gabonensis ClarGabo 0 1 1 0 

Clypeobarbus congicus ClypCong 1 0 0 1 

Clypeobarbus pleuropholis ClypPleu 1 0 0 1 

Ctenopoma acutirostre CtenAcut 0 0 1 0 

Ctenopoma gabonense CtenGabo 0 1 0 0 

Ctenopoma ocellata CtenOcel 1 0 1 0 

Ctenopoma weeksii CtenWeek 0 0 1 0 

Distichodus affinis DistAffi 1 1 1 1 

Distichodus antonii DistAnto 1 1 0 0 

Distichodus fasciolatus DistFasc 1 1 0 1 

Distichodus lusosso Distluso 1 0 0 1 

Distichodus nobili DistNobi 0 1 1 0 

Distichodus sexfasciatus DistSexf 1 0 0 1 



Distichodus teugelsi DistTeug 0 1 1 0 

Enteromius brazzai EnteBraz 1 1 1 0 

Enteromius sp. humeralis EnteHume 0 0 0 1 

Enteromius miolepis EnteMiol 0 0 1 0 

Enteromius stanleyi EnteStan 0 0 1 0 

Eugnatichthys macroterolepis EugnMacr 1 1 1 1 

Eugnatichthys virgatus EugnVirg 0 1 1 1 

Gnathonemus echidnorhynchus GnatEchi 0 0 1 0 

Gnathonemus petersii GnatPete 0 1 1 1 

Hemichromis elongatus HemiElon 0 1 1 0 

Hemichromis lifalili HemiLifa 0 1 0 0 

Hepsetus microlepis HepsMicr 0 0 1 0 

Hippopotamyrus macrops HippMacr 0 0 0 1 

Hippopotamyrus psittacus HippPsit 1 0 0 1 

Hippopotamyrus weeksii HippWeek 0 1 1 1 

Hydrocynus vittatus HydrVitt 1 0 0 1 

Labeo cyclorhynchus LabeCycl 1 0 0 1 

Labeo lineatus LabeLine 0 0 1 1 

Labeo longipinnis LabeLong 1 0 0 1 

Labeo parvus LabeParv 1 0 0 0 

Lamprologus congoensis LampCong 0 0 0 1 

Lamprologus moquardi LampMoqu 1 0 0 1 

Leptocypris modestus LeptMode 1 0 0 0 

Malapterurus gossei MalaGoss 1 0 0 0 

Marcusenius greshoffi MarcGres 1 1 0 1 

Marcusenius kutuensis MarcKutu 1 1 1 0 

Marcusenius leopoldianus MarcLeop 0 0 1 0 

Marcusenius monteiri MarcMont 1 0 1 1 

Marcusenius moorii MarcMoor 0 0 1 0 

Marcusenius schilthuisiae MarcSchilt 1 1 1 1 

Marcusenius stanleyanus MarcStan 1 1 1 1 

Mastacembelus congicus MastaCem 1 0 0 0 

Mesoborus crocodilus MesoCroc 1 1 1 0 

Micralestes acutidens MicraAc 1 0 0 1 

Micralestes congicus MicraCo 0 0 1 0 

Micralestes humilis MicraHu 1 1 1 1 

Micralestes lualabae MicraLu 1 0 1 1 

Micralestes stormsi MicraSt 0 0 1 0 

Microthrissa congica MicroCo 1 0 0 1 

Microthrissa royauxi MicroRo 1 0 1 1 

Mormyrops anguiollidens MormAngu 1 0 0 0 

Mormyrops attenuatus MormAtte 0 0 0 1 

Mormyrops furcidens MormFurc 0 0 1 0 

Mormyrops nigricans MormNigr 0 0 1 0 

Mormyrops sirenoides/marsuianus MormSire 0 0 1 0 

Oxymormyrus boulengeri OxymBoul 0 0 1 0 



Oxymormyrus zanclirostris OxymZanc 0 0 1 0 

Pantodon bucholzi  PantBuch 1 1 1 1 

Paralia congica ParaCong 1 1 0 1 

Parachanna obscura ParaObsc 0 1 1 0 

Parauchenoglanus punctatus ParauPun 0 0 1 0 

Pareutropius debauwi PareuDeb 1 1 1 1 

Pelmatochormis nigrofasciatus PelmaNig 0 1 0 0 

Petrocephalus arnegardi PetroArn 0 0 1 0 

Petrocephalus balayi PetroBal 0 0 1 1 

Petrocephalus binotatus PetroBin 1 1 1 1 

Petrocephalus christyi PetroChr 1 0 1 1 

Petrocephalus grandoculis PetroGra 1 1 1 1 

Petrocephalus micropthalmus PetroMic 1 1 1 1 

Petrocephalus pulsivertens PetroPul 0 0 1 1 

Petrocephalus sauvagii PetroSau 1 0 1 1 

Petrocephalus schoutedeni PetroSch 0 1 0 0 

Petrocephalus simus PetroSim 1 0 0 1 

Phago boulengeri PhagBoul 1 1 1 1 

Phago intermedius PhagInte 1 0 0 0 

Phenacogrammus interruptus PhenInter 1 1 1 1 

Pollimyrus  isidori PollIsid 1 1 1 1 

Pollimyrus nigripinnis PollNigr 1 0 1 1 

Pollimyrus plagiostoma PollPlag 1 0 0 0 

Pollimyrus  cf. pulverulentus PollPulv 1 0 0 0 

Pollimyrus cf schreyeni PollSchr 0 1 0 0 

Polypterus polli PolypPol 0 1 0 0 

Potamothrissa acutirostris PotamAcu 1 0 0 1 

Rhabdalestes cf. yokai RhabYoka 0 1 1 0 

Schilbe grenfelli SchilGren 1 0 1 1 

Schilbe intermedius SchilInte 1 0 0 1 

Schilbe laticeps SchilLati 0 0 1 0 

Schilbe marmoratus SchilMarm 1 1 1 1 

Schilbe yangambianus SchilYang 0 0 1 0 

Stomatorinus cf. kunguensis StomKung 1 0 0 0 

Stomathorinus patrizii StomPatri 1 0 0 0 

Synodontis alberti SynoAlbe 1 0 0 0 

Synodontis angelicus SynoAnge 1 0 0 1 

Synodontis atterimus SynoAtte 0 0 1 1 

Synodontis centralis SynoCent 0 0 0 1 

Synodontis congicus SynoCong 1 0 0 1 

Synodontis contractus SynoCont 1 0 1 0 

Synodontis dorsomaculatus SynoDors 0 0 0 1 

synodontis flaevitaeniatus SynoFlae 0 1 1 0 

Synodontis greshoffi SynoGres 1 0 1 1 

Synodontis nigriventris SynoNigr 1 1 1 1 

Synodontis notatus SynoNota 0 1 0 0 



Synodontis nummifer SynoNumm 0 0 0 1 

Synodontis pleurops SynoPleu 1 0 0 1 

Synodontis schoutedeni SynoScho 0 0 1 0 

Tilapia zilli TilaZill 0 1 0 0 

Tylochromis lateralis TyloLate 1 0 0 1 

Xenomystus nigri XenomNig 1 1 1 1 

Xenocharax spilurus XenoSpil 0 1 1 1 

 



Appendix 1 Faunal inventory of ostracods associated with E. crassipes recorded in 

Amazon River catchment 

Family Cyprididae 

Cypricercus centrura (Klie 1940) Martens and Behen 1994 

Diaphanocypris meridana (Furtos 1936) Würdig and Pinto 1990 

Strandesia lansactohai Higuti and Martens in Higuti et al. 2013 

S. mutica (Sars 1901) GW Müller 1912 

S. psittacea (Sars 1901) Roessler 1990 

S. tolimensis Roessler 1990 

S. trispinosa (Pinto and Purper 1965) Broodbakker 1983 

S. velhoi Higuti and Martens in Higuti et al. 2013 

Chlamydotheca deformis Farkas 1958 

C. iheringi (Sars 1901) Klie 1930 

Cabelodopsis hispida (Sars 1901) 

Cypridopsis vidua OF Müller 1776 

C. cf. vidua sp. 2 

Cypridopsis  

Neocypridopsis nana (Sars 1901) Klie 1940 

Cypretta sp. 1 n.sp. 

Cypretta sp. 2 n.sp. 

Cypretta sp. 3 n.sp. 

Stenocypris major (Braid 1859) Daday 1898 

Family Candonidae 

Candobrasilopsis brasiliensis Sars 1901 

Candobrasilopsis rochai Higuti and Martens 2012 

Pseudocandona agostinhoi Higuti and Martens 2014 

Physocypria sp.1 n.sp. 

Physocypria sp. 2 n.sp. 

Family Limnocytheridae 

Cytheridella ilosvayi Daday 1905 
 



Appendix 2 Faunal inventory of ostracods associated with native V. cuspidata and 

invasive E. crassipes recorded in Congo River catchment 

 V. cuspidata E. crassipes 

Family Cyprididae   

Strandesia elliptica sp. 1 n.sp. x x 

Strandesia elliptica sp. 2 n.sp. x  

Strandesia sp. 3 n.sp. x x 

Strandesia sp. 4 n.sp.  x 

Strandesia sp. 5 n.sp. x x 

S. cf. variegata x  

Cypridopsis sp. 1 n.sp. x x 

Cypridopsis sp. 2 n.sp. x x 

Cypridopsis sp. 3 n.sp.  x 

Cypridopsis sp. 4 n.sp. x x 

Cypridopsis sp. 5 n.sp. x  

Cypridopsis sp. 6 n.sp.  x 

Zonocypris sp. 1 n.sp. x x 

Zonocypris sp. 2 n.sp. x x 

Zonocypris sp. 3 n.sp. x x 

Zonocypris sp. 4 n.sp. x  

Zonocypris sp. 5 n.sp. x  

Zonocypris sp. 6 n.sp.  x 

Acocypris capillata (Vavra 1895) Müller 1898 x x 

Acocypris sp. 2 n.sp. x x 

Chrissia sp. 1 n.sp. x x 

Chrissia sp. 2 n.sp. x x 

Chrissia sp. 3 n.sp.  x 

Chrissia cf. caesia x  

Stenocypris major (Braid 1859) Daday 1898 x x 

Stenocypris sp. 2 n.sp.  x 

Family Candonidae   

Candonopsis sp. 1 n.sp. x x 

Candonopsis sp. 2 n.sp. x x 

Allocypris n.sp.  x 

Physocypria n.sp.  x 

Family Limnocytheridae   

Cytheridella sp. 1 n.sp. x  

Cytheridella sp. 2 n.sp. x  

Cytheridella sp. 3 n.sp.  x 

Elpidium sp.   x 

Gomphocythere sp. 1 n.sp.  x 

Gomphocythere sp. 2 n.sp.  x 

Gomphocythere sp. 3 n.sp. x  



 V. cuspidata E. crassipes 

Family Darwinulidae   

Alicenula serricaudata (Klie 1935) x x 

Vestalenula n.sp.  x x 

Penthesilenula n.sp.  x 
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Ü·®»½¬ ³»¿«®»³»²¬ ±º °ÝÑî ¿®» ®»½±³³»²¼»¼ ·² ·²´¿²¼
©¿¬»® ·² ¹»²»®¿´ô ¿²¼ ·² °¿®¬·½«´¿® ·² ¿½·¼·½ô °±±®´§ ¾«ºº»®»¼
º®»¸©¿¬»®ò

ï ×²¬®±¼«½¬·±²

×²´¿²¼ ©¿¬»® ø¬®»¿³ô ®·ª»®ô ´¿µ»ô ®»»®ª±·®ô ©»¬´¿²¼÷ ®»ó
½»·ª» ½¿®¾±² º®±³ ¬»®®»¬®·¿´ ´¿²¼½¿°»ô ««¿´´§ ¸¿ª» ¿ ²»¬
heterotrophic metabolism, and emit significant amounts of
ÝÑî ¬± ¬¸» ¿¬³±°¸»®» øÕ»³°» ïçèìå Ý±´» »¬ ¿´òô ïççìå Î¿§ó
³±²¼ »¬ ¿´òô îðïí÷ò Ì¸· ¬»®®»¬®·¿´Š¿¯«¿¬·½Š¿¬³±°¸»®» ´·²µ
·² ¬¸» ¹´±¾¿´ ½¿®¾±² ½§½´» · ½±²¬®±´´»¼ ¾§ ½±³°´»¨ ¾·±¹»±ó
¹®¿°¸·½¿´ ¼®·ª»® ¬¸¿¬ ¹»²»®¿¬» ¬®±²¹ °¿¬·¿´ ¿²¼ ¬»³°±®¿´
ª¿®·¿¬·±² ·² ¬¸» ½¸»³·½¿´ ½±³°±·¬·±² ±º º®»¸©¿¬»® ¿²¼
¬¸» ·²¬»²·¬§ ±º ÝÑî ±«¬¹¿·²¹ ¿¬ ¬¸» ©¿¬»®Š¿·® ·²¬»®º¿½»
ø»ò¹ò Ì¿³±±¸ »¬ ¿´òô îðïíå Ü·²³±®» »¬ ¿´òô îðïíå ß¾®·´ »¬
¿´òô îðïìå Þ±®¹» »¬ ¿´òô îðïì÷ò Ø»²½»ô ´¿®¹» ¼¿¬¿ »¬ ¿®» ²»½ó
»¿®§ ·² ±®¼»® ¬± ¼»½®·¾» ¬¸» »²ª·®±²³»²¬¿´ º¿½¬±® ½±²¬®±´ó
´·²¹ ¬¸»» ÝÑî »³··±² ¿²¼ ¬± ¯«¿²¬·º§ ¹´±¾¿´ ÝÑî fluxes
º®±³ ·²´¿²¼ ©¿¬»® øÍ±¾»µ »¬ ¿´òô îððëå Þ¿®®± »¬ ¿´òô îðïïå
Î¿§³±²¼ »¬ ¿´òô îðïí÷ò Ü·±´ª»¼ ·²±®¹¿²·½ ½¿®¾±² øÜ×Ý÷
½±²½»²¬®¿¬·±² ¿²¼ °»½·¿¬·±² ·² º®»¸©¿¬»® ¹®»¿¬´§ ¼»°»²¼

Ð«¾´·¸»¼ ¾§ Ý±°»®²·½« Ð«¾´·½¿¬·±² ±² ¾»¸¿´º ±º ¬¸» Û«®±°»¿² Ù»±½·»²½» Ë²·±²ò



êè Ùò ß¾®·´ »¬ ¿´òæ Ñª»®»¬·³¿¬·±² ±º °ÝÑî ½¿´½«´¿¬»¼ º®±³ °Ø ¿²¼ ¿´µ¿´·²·¬§ ·² º®»¸©¿¬»®

±² ¬¸» ´·¬¸±´±¹·½¿´ ²¿¬«®» ±º ©¿¬»®¸»¼ øÓ»§¾»½µ ïçèé÷ò
Ú±® ·²¬¿²½»ô ®·ª»® ¼®¿·²·²¹ ©¿¬»®¸»¼ ®·½¸ ·² ½¿®¾±²¿¬»
®±½µ ¸¿ª» ¿ ¸·¹¸ Ü×Ý ½±²½»²¬®¿¬·±²ô ¹»²»®¿´´§ ©»´´ ¿¾±ª»
ïððð k³±´ Ô ïò Þ·½¿®¾±²¿¬» ·±² ½±²¬®·¾«¬» ¬± ³±¬ ±º ¬¸»
¬±¬¿´ ¿´µ¿´·²·¬§ øÌß÷ ·² ¬¸»» ©¿¬»®ô ©¸·½¸ ¸¿ª» ¸·¹¸ ½±²ó
¼«½¬·ª·¬·» ¿²¼ ¸·¹¸ °Øò ×² ¬¸»» ¸¿®¼ ©¿¬»®ô ¼·±´ª»¼ ÝÑî

®»°®»»²¬ ¿ ³·²±® º®¿½¬·±² øëŠïë û÷ ±º ¬¸» Ü×Ý ½±³°¿®»¼ ¬±
¾·½¿®¾±²¿¬»ò ×² ®·ª»® ¼®¿·²·²¹ ±®¹¿²·½ó®·½¸ ±·´ ¿²¼ ²±²ó
½¿®¾±²¿¬» ®±½µô Ü×Ý ½±²½»²¬®¿¬·±² ¿®» ´±©»® ø¬§°·½¿´´§ ¿
º»© ¸«²¼®»¼ k³±´ Ô ï÷ ¾«¬ ¼·±´ª»¼ ±®¹¿²·½ ½¿®¾±² øÜÑÝ÷
½±²½»²¬®¿¬·±² ¿®» ¸·¹¸»®ô ¿²¼ ½±³³±²´§ »¨½»»¼ ¬¸» Ü×Ý
concentrations. Organic acid anions significantly contribute
¬± Ìß ±º ¬¸»» ±º¬ ©¿¬»® øÜ®·½±´´ »¬ ¿´òô ïçèçå Ø»³±²¼
ïççð÷ô ©¸·½¸ ¸¿ª» ´±© ½±²¼«½¬·ª·¬·» ¿²¼ ´±© °Øò Ü·±´ª»¼
ÝÑî ®»°®»»²¬ ¿ ´¿®¹»ô ¹»²»®¿´´§ ¼±³·²¿²¬ô º®¿½¬·±² ±º Ü×Ý
·² ¬¸»» ¿½·¼·½ô ±®¹¿²·½ó®·½¸ ©¿¬»®ò

Ú´«¨» ±º ÝÑî ¾»¬©»»² ¿¯«¿¬·½ §¬»³ ¿²¼ ¬¸» ¿¬³±ó
°¸»®» ½¿² ¾» ½±³°«¬»¼ º®±³ ¬¸» ©¿¬»®Š¿·® ¹®¿¼·»²¬ ±º ¬¸»
½±²½»²¬®¿¬·±² ±º ÝÑî ¿²¼ ¬¸» ¹¿ ¬®¿²º»® ª»´±½·¬§ øÔ· ¿²¼
Í´¿¬»®ô ïçéì÷ ¿¬ ´±½¿´ ø»ò¹ò Î¿§³±²¼ »¬ ¿´òô ïççé÷ô ®»¹·±²¿´
ø»ò¹ò Ì»±¼±®« »¬ ¿´òô îððç÷ô ¿²¼ ¹´±¾¿´ ½¿´» ø»ò¹ò Ý±´» »¬
¿´òô ïççìå Î¿§³±²¼ »¬ ¿´òô îðïí÷ò Ì¸» °¿®¬·¿´ °®»«®» ±º
ÝÑî ø°ÝÑî÷ · ®»´¿¬·ª»´§ ½±²¬¿²¬ ·² ¬¸» ¿¬³±°¸»®» ½±³ó
°¿®»¼ ¬± «®º¿½» º®»¸©¿¬»® °ÝÑî ¬¸¿¬ ½¿² ª¿®§ ¾§ ³±®»
¬¸¿² ì ±®¼»® ±º ³¿¹²·¬«¼» °¿¬·¿´´§ ¿²¼ ¬»³°±®¿´´§ øÍ±¾»µ
»¬ ¿´òô îððëå ß¾®·´ »¬ ¿´òô îðïì÷ò Ý±²»¯«»²¬´§ô ©¿¬»® °ÝÑî

controls the intensity of the air–water flux, together with
¬¸» ¹¿ ¬®¿²º»® ª»´±½·¬§ò ß¬ °®»»²¬ô ¾±¬¸ ³»¿«®»¼ ¿²¼ ½¿´ó
½«´¿¬»¼ ©¿¬»® °ÝÑî ¼¿¬¿ ¿®» «»¼ ¬± ½±³°«¬» ÝÑî fluxes
º®±³ º®»¸©¿¬»® §¬»³ô ¿´¬¸±«¹¸ ½¿´½«´¿¬»¼ °ÝÑî · ±ª»®ó
©¸»´³·²¹´§ ³±®» ¿¾«²¼¿²¬ ¬¸¿² ¼·®»½¬´§ ³»¿«®»¼ °ÝÑî

ø»ò¹ò Ý±´» »¬ ¿´òô ïççìå Î¿§³±²¼ »¬ ¿´òô îðïí÷ò °ÝÑî ½¿² ¾»
½¿´½«´¿¬»¼ º®±³ ¬¸» ¼·±½·¿¬·±² ½±²¬¿²¬ ±º ½¿®¾±²·½ ¿½·¼
ø©¸·½¸ ¿®» ¿ º«²½¬·±² ±º ¬»³°»®¿¬«®»÷ ¿²¼ ¿²§ ±º ¬¸» º±´´±©ó
·²¹ ½±«°´» ±º ³»¿«®»¼ ª¿®·¿¾´»æ °ØñÌßô °ØñÜ×Ýô Ü×ÝñÌß
øÐ¿®µô ïçêç÷ò ×² ¿ ³¿¶±®·¬§ ±º ½¿»ô ½¿´½«´¿¬»¼ °ÝÑî ·
¾¿»¼ ±² ¬¸» ³»¿«®»³»²¬ ±º °ØñÌß ¿²¼ ©¿¬»® ¬»³°»®¿¬«®»ò
Ì¸»» ¬¸®»» °¿®¿³»¬»® ¿®» ®±«¬·²»´§ ³»¿«®»¼ ¾§ ³¿²§ »²ó
ª·®±²³»²¬¿´ ¿¹»²½·»ô ¿²¼ ½±²¬·¬«¬» ¿ ª»®§ ´¿®¹» ¼¿¬¿¾¿»
available for the scientific community. Calculation of °ÝÑî

º®±³ °Ø ¿²¼ Ìß ©¿ ·²·¬·¿¬»¼ ·² ©±®´¼ ®·ª»® ·² ¬¸» ïçéð
øÕ»³°»ô ïçèì÷ ¿²¼ ®»´·» ±² ¬¸» ¼·±½·¿¬·±² ½±²¬¿²¬ ±º
½¿®¾±²·½ ¿½·¼ô ¿²¼ ¬¸» ±´«¾·´·¬§ ±º ÝÑîô ¿´´ ±º ©¸·½¸ ¿®»
¬»³°»®¿¬«®»ó¼»°»²¼»²¬ øØ¿®²»¼ ¿²¼ Í½¸±´»ô ïçìïå Ø¿®²»¼
¿²¼ Ü¿ª·ô ïçìíå Ó·´´»®±ô ïçéçå Í¬«³³ ¿²¼ Ó±®¹¿²ô ïççê÷ò
Ó»¿«®»¼ °ÝÑî · ¾¿»¼ ±² ©¿¬»®Š¿·® °¸¿» »¯«·´·¾®¿¬·±²
»·¬¸»® ±² ¼·½®»¬» ¿³°´» ø¸»¿¼°¿½» ¬»½¸²·¯«»ô »ò¹ò É»·ô
ïçèï÷ ±® ½±²¬·²«±«´§ ø»¯«·´·¾®¿¬±® ¬»½¸²·¯«»ô »ò¹ò Ú®¿²µ·¹ó
²±«´´» »¬ ¿´òô îððï÷ «·²¹ ª¿®·±« §¬»³ ¿²¼ ¼»ª·½»ô º±´ó
´±©»¼ ¾§ ¼·®»½¬ô ¹»²»®¿´´§ ·²º®¿®»¼ ø×Î÷ô ¼»¬»½¬·±² ±º ÝÑî

·² ¬¸» »¯«·´·¾®¿¬»¼ ¹¿ò Ý±³³»®½·¿´ ×Î ¹¿ ¿²¿´§»® ¿®» ¾»ó
½±³·²¹ ½¸»¿°»® ¿²¼ ³±®» ¿½½«®¿¬»ô ¬¿¾´» ¿²¼ ½±³°¿½¬ô ¿²¼
°®±ª·¼» ¿ ´¿®¹» ®¿²¹» ±º ´·²»¿® ®»°±²» ©»´´ ¿¼¿°¬»¼ ¬± ª¿®·ó
¿¾·´·¬§ ±º °ÝÑî º±«²¼ ·² º®»¸©¿¬»®ò

ß ´·³·¬»¼ ²«³¾»® ±º ¬«¼·» ¸¿ª» ½±³°¿®»¼ ¼·®»½¬´§ ³»¿ó
«®»¼ °ÝÑî ¬± ½±³°«¬»¼ °ÝÑîò Û¿®´·»® »¨¿³°´» °®±ª·¼»¼
¿ ½±³°¿®·±² ¾»¬©»»² °ÝÑî ³»¿«®»¼ ¾§ ¸»¿¼°¿½» »¯«·´·ó
¾®¿¬·±² ½±«°´»¼ ¬± ¹¿ ½¸®±³¿¬±¹®¿°¸§ øÙÝ÷ ¿²¼ °ÝÑî ½¿´ó
½«´¿¬»¼ º®±³ °Ø ¿²¼ Ü×Ý øÕ®¿¬¦ »¬ ¿´òô ïççéå Î¿§³±²¼ »¬
¿´òô ïççé÷ò Î»°±®¬ ¾§ ¬¸»» ¿«¬¸±® ·² É·½±²·² ´¿µ» ¿²¼
¬¸» Ø«¼±² Î·ª»® ¸±© ¬¸¿¬ ¬¸» °ÝÑî ª¿´«» ©»®» ´·²»¿®´§
½±®®»´¿¬»¼ ¾«¬ ¸±©»¼ ¿ ª¿®·¿¾·´·¬§ ±º ëðð °°³ª ¿®±«²¼
¬¸» ï æ ï ´·²»ô ±ª»® ¿ ®¿²¹» ±º ³»¿«®»¼ °ÝÑî º®±³ íðð
¬± ìððð °°³ªò Ô¿¬»®ô Ú®¿²µ·¹²±«´´» ¿²¼ Þ±®¹» øîððï÷ ®»ó
ported the first comparison of °ÝÑî ½¿´½«´¿¬»¼ º®±³ °Ø
¿²¼ Ìß ¿²¼ °ÝÑî ³»¿«®»¼ ¾§ »¯«·´·¾®¿¬·±² ½±«°´»¼ ¬±
¿² ×Î ¿²¿´§»® ·² ¿² »¬«¿®§ ·² Þ»´¹·«³ò ×² ¬¸· ¸·¹¸ Ìß
øîëððŠìèðð k³±´ Ô ï÷ ¿²¼ ¸·¹¸ °Ø øâ éòì÷ §¬»³ô ¬¸»§
º±«²¼ ¿ ¹±±¼ ¿¹®»»³»²¬ ¾»¬©»»² ¬¸» ¬©± ¿°°®±¿½¸»ô ½¿´ó
½«´¿¬»¼ °ÝÑî ¾»·²¹ »·¬¸»® ±ª»®»¬·³¿¬»¼ ±® «²¼»®»¬·³¿¬»¼ô
¾«¬ ¿´©¿§ ¾§ ´» ¬¸¿² é ûò ×² îððíô ½±²½±³·¬¿²¬ ³»¿«®»ó
³»²¬ ±º °Øô Ìß ¿²¼ °ÝÑî ©»®» °»®º±®³»¼ ·² ¿½·¼·½ô ¸«³·½ó
®·½¸ ø�¾´¿½µŒ ¬§°»÷ ©¿¬»® ±º ¬¸» Í·²²¿³¿®§ Î·ª»® ·² Ú®»²½¸
Ù«·¿²¿ øß¾®·´ »¬ ¿´òô îððëô îððê÷ò Ý¿´½«´¿¬·±² ±º °ÝÑî

º®±³ °Ø ø ë÷ ¿²¼ Ìß ø îðð k³±´ Ô ï÷ ¹¿ª» «²®»¿´·¬·ó
½¿´´§ ¸·¹¸ ª¿´«» ½±³°¿®»¼ ¬± ¬¸±» ³»¿«®»¼ ¼·®»½¬´§ ©·¬¸ ¿
¸»¿¼°¿½» ¬»½¸²·¯«» ø¬§°·½¿´´§ íðððð °°³ª ªò ëððð °°³ª÷ò
Ü·®»½¬ ³»¿«®»³»²¬ ±º ÝÑî ¿²¼ ÝØì outgassing fluxes with
floating chambers and the computation of the respective gas
¬®¿²º»® ª»´±½·¬·» ±º ¬¸»» ¬©± ¹¿» øÙ«7®·² »¬ ¿´òô îððé÷
confirmed that °ÝÑî ª¿´«» ½¿´½«´¿¬»¼ º®±³ °Ø ¿²¼ Ìß ©»®»
±ª»®»¬·³¿¬»¼ ½±³°¿®»¼ ¬± ¼·®»½¬ ³»¿«®»³»²¬ ·² ¬¸» Í·²ó
²¿³¿®§ Î·ª»®ò Ó±®» ®»½»²¬´§ô Ø«²¬ »¬ ¿´ò øîðïï÷ ¿²¼ É¿²¹
»¬ ¿´ò øîðïí÷ °®±ª·¼»¼ »ª·¼»²½» ¬¸¿¬ ±®¹¿²·½ ¿½·¼ ¿²·±² ·²
DOC may significantly contribute to TA in some rivers and
¹»²»®¿¬» ¿² ±ª»®»¬·³¿¬·±² ±º ½¿´½«´¿¬»¼ °ÝÑîò Þ«¬³¿² ¿²¼
Î¿§³±²¼ øîðïï÷ ®»°±®¬»¼ ¸·¹¸»® ½¿´½«´¿¬»¼ ¬¸¿² ³»¿«®»¼
°ÝÑî ·² ±³» ËÍ ¬®»¿³ ¿²¼ ®·ª»®ô ¾«¬ ²± ·²º±®³¿¬·±² ©¿
¿ª¿·´¿¾´» ±² ¬¸» °±¬»²¬·¿´ ®±´» ±º ±®¹¿²·½ ¿½·¼ ·² ¬¸· ±ª»®ó
»¬·³¿¬·±²ò Ì¸»» ¿«¬¸±® ½±²½´«¼»¼ ¬¸¿¬ ¬¸» ´±© ²«³¾»® ±º
samples in their study reflected the need for more research
±² ¬¸· ¬±°·½ò

É·¬¸ ¬¸» ¹®±©·²¹ ·²¬»®»¬ ±² °ÝÑî ¼»¬»®³·²¿¬·±² ·² º®»¸ó
©¿¬»® ¹´±¾¿´´§ô ¿²¼ ¹·ª»² ¬¸» ¿°°¿®»²¬ ·³°´·½·¬§ ¿²¼ ´±©
½±¬ ±º °Ø ¿²¼ Ìß ³»¿«®»³»²¬ô ¬¸» ²«³¾»® ±º °«¾´·½¿¬·±²
¬¸¿¬ ®»°±®¬ ½¿´½«´¿¬»¼ °ÝÑî ·² º®»¸©¿¬»® ¸¿ ·²½®»¿»¼ ¼®¿ó
³¿¬·½¿´´§ ·² ¬¸» °¿¬ ¼»½¿¼»ò Í±³» ±º ¬¸»» °«¾´·½¿¬·±² ®»ó
°±®¬ »¨¬®»³»´§ ¸·¹¸ ¿²¼ °±¬»²¬·¿´´§ ¾·¿»¼ °ÝÑî ª¿´«» ·²
´±©ó¿´µ¿´·²·¬§ ¿²¼ ¸·¹¸óÜÑÝ §¬»³ò ×¬ ¸¿ ¬¸« ¾»½±³»
²»½»¿®§ ¬± °¿§ ¿¬¬»²¬·±² ¬± ¬¸· ·«» ¿²¼ ·²ª»¬·¹¿¬» ¬¸»
±½½«®®»²½» ±º «½¸ °±¬»²¬·¿´ ¾·¿ ¿²¼ ·¬ ³¿¹²·¬«¼» ·² ¬¸»
¼·ºº»®»²¬ ¬§°» ±º º®»¸©¿¬»®ò Ø»®»ô ©» °®»»²¬ ¿ ´¿®¹» ¼¿¬¿
»¬ ±º ½±²½±³·¬¿²¬ ³»¿«®»³»²¬ ±º ¬»³°»®¿¬«®»ô °Øô Ìßô
°ÝÑî, and DOC in freshwaters. This is the first compre-
¸»²·ª» ¼¿¬¿ »¬ ¬± ·²ª»¬·¹¿¬» ¬¸» ³¿¹²·¬«¼» ±º ¬¸» ¾·¿ ¾»ó
¬©»»² ½¿´½«´¿¬»¼ ¿²¼ ³»¿«®»¼ °ÝÑîô ¿ ·¬ ½±ª»® ¬¸» »²¬·®»
®¿²¹» ±º ª¿®·¿¬·±² ±º ³±¬ °¿®¿³»¬»® ±º ¬¸» ½¿®¾±²¿¬» §ó
¬»³ ·² º®»¸©¿¬»®ò Ì¸» ±¾¶»½¬·ª» ±º ¬¸· °¿°»® · ¬± ¿´»®¬ ¬¸»
scientific community to the occurrence of a bias in °ÝÑî

Þ·±¹»±½·»²½»ô ïîô êéŠéèô îðïë ©©©ò¾·±¹»±½·»²½»ò²»¬ñïîñêéñîðïëñ



Ùò ß¾®·´ »¬ ¿´òæ Ñª»®»¬·³¿¬·±² ±º °ÝÑî ½¿´½«´¿¬»¼ º®±³ °Ø ¿²¼ ¿´µ¿´·²·¬§ ·² º®»¸©¿¬»® êç

Ì¿¾´» ïò Í«³³¿®§ ±º ¬¸» °®»»²¬»¼ ¼¿¬¿ »¬ò ßª»®¿¹»ô ³·²·³«³ô ¿²¼ ³¿¨·³«³ ª¿´«» ±º ¬»³°»®¿¬«®»ô ÜÑÝô °Ø ø³»¿«®»¼ ±² ¬¸» ÒÞÍ
½¿´»÷ô ¬±¬¿´ ¿´µ¿´·²·¬§ øÌß÷ô ¿²¼ ³»¿«®»¼ °¿®¬·¿´ °®»«®» ±º ÝÑî ø°ÝÑî÷ ·² ¬¸» ¼·ºº»®»²¬ º®»¸©¿¬»® »½±§¬»³ò

Ý±«²¬®§ É¿¬»®¸»¼ Ì»³°»®¿¬«®» ÜÑÝ °Ø Ìß Ó»¿«®»¼ °ÝÑî Ò

ø Ý÷ øk³±´ Ô ï÷ øÒÞÍ ½¿´»÷ øk³±´ Ô ï÷ ø°°³ª÷

ßªò Ó·²ò Ó¿¨ò ßªò Ó·²ò Ó¿¨ò ßªò Ó·²ò Ó¿¨ò ßªò Ó·²ò Ó¿¨ò ßªò Ó·²ò Ó¿¨ò

Þ®¿¦·´ ß³¿¦±² íðòí îéòì íìòí íëî ïïè êíí êòêð ìòëí éòêð íèë íð ïðçî ìîðì íê ïèìðð ïëë
Õ»²§¿ ß¬¸·óÙ¿´¿²¿óÍ¿¾¿µ· îëòç ïçòè íêòð íðé îç ïïíí éòêç êòìç èòëé îîçð ìðé ëðìî îèïï êðè ïðìðë ìì
ÜÎÝ Ý±²¹± îêòí îîòê îèòî ïððî ïìç íçêè êòðï íòçì éòîî îïî ð ëéê êðçí ïëèî ïëëéï çé
ÜÎÝñÎ©¿²¼¿ Ô¿µ» Õ·ª« îìòð îíòð îìòé ïêî ïìî îðï çòðë èòçç çòïé ïí ðíé ïî èðî ïí ííè êêð ëíé ééî ëí
Ú®¿²½» Ô»§®» ïîòë éòç ïçòî ëèè ïìî íêîë êòîð ìòìð éòìï îèð íè ïðèî ììîç çðï îíðìé çî
Ú®¿²½» Ô±·®» ïëòë èòè ïçòí ïçë ïêé îíí èòéð èòðé çòïì ïéêè ïëéç ïèèê îèì êë éïé ïè
Þ»´¹·«³ Ó»«» ïèòï ïíòí îëòç îîç ïðî ìðì éòèç êòçë èòëç îéêç íêð éïìï îîçî ïéê ïððíí ëð
Ó¿¼¿¹¿½¿® Î·¿²·´¿ ¿²¼ Þ»¬·¾±µ¿ îëòì îðòî îçòë ïíè íí íêï êòèì ëòèí éòêî îíí éê çêï ïéðï ëðè íèìé íê
Õ»²§¿ Í¸·³¾¿ Ø·´´ îëòï îïòç íïòè îïì íê ëìè éòíé êòîî èòçí ïçèç îîé ïì îìì îéëï ëìê çìçé ç
Ú®»²½¸ Ù«·¿²¿ Í·²²¿³¿®§ îéòï îìòï îèòé ìïç îïí ëçê ëòëð ëòðè êòíð ïìí êê îçð éééð ïíëè ïëêîî ìç
Õ»²§¿ Ì¿²¿ îêòê îëòð îéòç íîï ïçí êëï éòêë éòíî èòðî ïêïç ïííè îððç îéðð èìë êðïì ëï
Æ¿³¾·¿ñÓ±¦¿³¾·¯«» Æ¿³¾»¦· îêòç ïèòè íïòè îëî ïðí ìçî éòëç ëòðê çòðè ïîìë ëî íïíì îêçë ïëï ïìððì ïðé

Û²¬·®» ¼¿¬¿ »¬ îìòê éòç íêòð ìðè îç íçêè éòðð íòçì çòïé ïéíï ð ïì îìì íéðé íê îíðìé éêï

½¿´½«´¿¬·±² º®±³ °Ø ¿²¼ Ìß ·² ¿½·¼·½ô °±±®´§ ¾«ºº»®»¼ ¿²¼
organic-rich freshwaters, to briefly discuss its origin in terms
±º ©¿¬»® ½¸»³·¬®§ô ¿²¼ ¬± °®±ª·¼» ¬¸» ®¿²¹» ±º °Øô Ìßô ¿²¼
ÜÑÝ ª¿´«» ©¸»®» °ÝÑî ½¿´½«´¿¬·±² ¸±«´¼ ¾» ¿¾¿²¼±²»¼
¿²¼ ¬¸» ®¿²¹» ©¸»®» ·¬ ¬·´´ ¹·ª» ®»´¿¬·ª»´§ ¿½½«®¿¬» ®»«´¬ò

î Ó¿¬»®·¿´ ¿²¼ ³»¬¸±¼

îòï Í¿³°´» ½±´´»½¬·±²

Ñ«® ¼¿¬¿ »¬ ½±²·¬ ±º éêï ½±²½±³·¬¿²¬ ³»¿«®»³»²¬ ±º
¬»³°»®¿¬«®»ô °Øô Ìßô ©¿¬»® °ÝÑîô ¿²¼ ÜÑÝ ·² ïî ½±²¬®¿¬ó
·²¹ ¬®±°·½¿´ ¿²¼ ¬»³°»®¿¬» §¬»³ ·² Û«®±°»ô ß³¿¦±²·¿ô ¿²¼
ßº®·½¿ øÚ·¹ò ïå Ì¿¾´» ï÷ò Ì¸»» ¿³°´» ©»®» ±¾¬¿·²»¼ ·² ¬¸»
Central Amazon River and floodplains system in Brazil, the
ß¬¸·óÙ¿´¿²¿óÍ¿¾¿µ· Î·ª»® ·² Õ»²§¿ô ¬¸» Ì¿²¿ Î·ª»® øÕ»²§¿÷ô
³¿´´ ®·ª»® ¼®¿·²·²¹ ¬¸» Í¸·³¾¿ Ø·´´ ·² ±«¬¸»¿¬»®² Õ»²§¿ô
¬¸» Ý±²¹± Î·ª»® ¿²¼ ¬®·¾«¬¿®·» ·² ¬¸» Ü»³±½®¿¬·½ Î»°«¾ó
´·½ ±º ¬¸» Ý±²¹± øÜÎÝ÷ô Ô¿µ» Õ·ª« ·² Î©¿²¼¿ ¿²¼ ÜÎÝô
¬¸» Ô»§®» Î·ª»® ¿²¼ ¬®·¾«¬¿®·» ·² Ú®¿²½»ô ¬¸» Ô±·®» Î·ª»® ·²
Ú®¿²½»ô ¬¸» Ó»«» Î·ª»® ·² Þ»´¹·«³ô ¬¸» Î·¿²·´¿ ¿²¼ Þ»¬·ó
¾±µ¿ ®·ª»® ·² Ó¿¼¿¹¿½¿®ô ¬¸» Í·²²¿³¿®§ Î·ª»® ¼±©²¬®»¿³
±º ¬¸» Ð»¬·¬ Í¿«¬ Î»»®ª±·® ·² Ú®»²½¸ Ù«·¿²¿ô ¿²¼ ¬¸» Æ¿³ó
¾»¦· Î·ª»® ·² Æ¿³¾·¿ ¿²¼ Ó±¦¿³¾·¯«» øÚ·¹ò ï÷ò Ü»¬¿·´ ±²
±³» ±º ¬¸» ¿³°´·²¹ ·¬» ½¿² ¾» º±«²¼ ·² ß¾®·´ »¬ ¿´ò øîððëô
îðïì÷ô Þ±®¹» »¬ ¿´ò øîðïîô îðïì÷ô Ó¿®©·½µ »¬ ¿´ò øîðïì¿ô
¾÷ô Ð±´»²¿»®» »¬ ¿´ò øîðïí÷ô Ì¿³±±¸ »¬ ¿´ò øîðïí÷ô Ì»±¼±®«
»¬ ¿´ò øîðïì÷ò Ì¸»» ©¿¬»®¸»¼ °¿² ¿ ®¿²¹» ±º ½´·³¿¬»
¿²¼ ¿®» ±½½«°·»¼ ¾§ ¼·ºº»®»²¬ ¬§°» ±º ´¿²¼ ½±ª»®ô ©¸·½¸
·²½´«¼» ¬®±°·½¿´ ®¿·²º±®»¬ øß³¿¦±²ô Ý±²¹±ô Î·¿²·´¿÷ô ¼®§
¿ª¿²²¿¸ øÌ¿²¿ô ß¬¸·óÙ¿´¿²¿óÍ¿¾¿µ·ô Þ»¬·¾±µ¿ô Æ¿³¾»¦·÷ô
¬»³°»®¿¬» °·²» º±®»¬ ¹®±©·²¹ ±² °±¼¦±´ øÔ»§®»÷ô ³·¨»¼
¬»³°»®¿¬» º±®»¬ô ¹®¿´¿²¼ô ¿²¼ ½®±°´¿²¼ øÓ»«»÷ô ¿²¼ ½®±°ó
´¿²¼ øÔ±·®»÷ò Ô·¬¸±´±¹§ · ¿´± »¨¬®»³»´§ ½±²¬®¿¬»¼ ¿ ·¬ ·²ó
½´«¼» º±® ·²¬¿²½» ½¿®¾±²¿¬»ó®±½µó¼±³·²¿¬»¼ ©¿¬»®¸»¼ ¿
º±® ¬¸» Ó»«»ô ¿²¼¬±²»ó¼±³·²¿¬»¼ ·´·½¿¬» øÔ»§®»÷ô ¿²¼
°®»½¿³¾®·¿² ½®§¬¿´´·²» ³¿¹³¿¬·½ ¿²¼ ³»¬¿³±®°¸·½ ®±½µ

©·¬¸ ¿ ³¿´´ °®±°±®¬·±² ±º ½¿®¾±²¿¬» ¿²¼ »ª¿°±®·¬» ®±½µ º±®
¬¸» Ý±²¹± ®·ª»®ò

îòî Ú·»´¼ ¿²¼ ´¿¾±®¿¬±®§ ³»¿«®»³»²¬

ß´¬¸±«¹¸ °Ø ³»¿«®»³»²¬ ³·¹¸¬ »»³ ¿´³±¬ ¬®·ª·¿´ô
¸·¹¸´§ ¿½½«®¿¬» ¿²¼ °®»½·» °Ø ¼¿¬¿ ¿®» ·² º¿½¬ ²±¬ »¿§ ¬± ±¾ó
¬¿·²ô »°»½·¿´´§ ·² ´±©ó·±²·½ ¬®»²¹¬¸ ©¿¬»®ô ©¸»®» »´»½¬®±¼»
®»¿¼·²¹ ¿®» ¹»²»®¿´´§ ´» ¬¿¾´»ò Ûª»² ¬¸±«¹¸ °Ø ³»¿«®»ó
³»²¬ ·² ¬¸» ´¿¾±®¿¬±®§ ³·¹¸¬ ¾» ³±®» ¿½½«®¿¬»ô ·¬ · ½®«ó
½·¿´ ¬± ³»¿«®» °Ø ·² ·¬« ±® ·³³»¼·¿¬»´§ ¿º¬»® ¿³°´·²¹ô ¿
°Ø ¼»¬»®³·²¿¬·±² »ª»®¿´ ¸±«® ±® ¼¿§ ¿º¬»® ¿³°´·²¹ ©·´´
¾» ¿ºº»½¬»¼ ¾§ ÝÑî ¼»¹¿·²¹ ¿²¼ñ±® ³·½®±¾·¿´ ®»°·®¿¬·±²
øÚ®¿²µ·¹²±«´´» ¿²¼ Þ±®¹»ô îððï÷ò ×² ¬¸· ©±®µô ©¿¬»® ¬»³ó
perature and pH were measured in the field with different
°®±¾» ¼»°»²¼·²¹ ±² ¬¸» ±®·¹·² ±º ¬¸» ¼¿¬¿ »¬ò Ø±©»ª»®ô ¿´´
¬¸» °Ø ¼¿¬¿ ©»®» ±¾¬¿·²»¼ ©·¬¸ ¹´¿ »´»½¬®±¼» ¿²¼ ®»´§ ±²
¼¿·´§ ½¿´·¾®¿¬·±² ©·¬¸ ¬©±ó°±·²¬ Ë²·¬»¼ Í¬¿¬» Ò¿¬·±²¿´ Þ«ó
®»¿« ±º Í¬¿²¼¿®¼ øÒÞÍ÷ ¬¿²¼¿®¼ øì ¿²¼ é÷ò Ó»¿«®»³»²¬
©»®» °»®º±®³»¼ ¼·®»½¬´§ ·² ¬¸» «®º¿½» ©¿¬»®ô ±® ·² ½±´´»½¬»¼
©¿¬»® ·³³»¼·¿¬»´§ ¿º¬»® ¿³°´·²¹ò

Í»ª»®¿´ ¬»½¸²·¯«» ©»®» «»¼ ¬± ³»¿«®» ©¿¬»® °ÝÑîò
É¿¬»®Š¹¿ »¯«·´·¾®¿¬·±² ©¿ °»®º±®³»¼ ©·¬¸ ¿ ³¿®¾´»ó¬§°»
»¯«·´·¾®¿¬±® øÚ®¿²µ·¹²±«´´» »¬ ¿´òô îððï÷ º±® ¬¸» ß³¿¦±²ô
Ô±·®»ô Ô»§®»ô Í·²²¿³¿®§ô ¿²¼ Ý±²¹± ®·ª»® øÜ»½»³¾»® îðïí÷
¿ ©»´´ º±® Ô¿µ» Õ·ª«ô ±® ©·¬¸ ¿ Ô·¯«·óÝ»´ Ó·²·Ó±¼«´» ³»³ó
¾®¿²» ½±²¬¿½¬±® »¯«·´·¾®¿¬±® ø»» Ì»±¼±®« »¬ ¿´òô îððçô îðïì÷
º±® ¬¸» Æ¿³¾»¦· ¿²¼ ±³» ·¬» ©·¬¸·² ¬¸» Ý±²¹± ¾¿·² øÜ»ó
½»³¾»® îðïî÷æ ©¿¬»® ©¿ °«³°»¼ »·¬¸»® ½±²¬·²«±«´§ º®±³
¿ ¸·°ô ±® ±² ¿² ¿¼ ¸±½ ¾¿· º®±³ ¬¸» ¾¿²µ ±º ¬¸» ®·ª»®
¿º¬»® ©¿·¬·²¹ ïë³·² º±® ½±³°´»¬» »¯«·´·¾®¿¬·±²å ¿·® ©¿
½±²¬·²«±«´§ °«³°»¼ º®±³ ¬¸» »¯«·´·¾®¿¬±® ¬± ¬¸» ¹¿ ¿²¿´ó
§»® ø»» »ò¹ò ß¾®·´ »¬ ¿´òô îðïì º±® ¿ ³±®» ¼»¬¿·´»¼ ¼»½®·°ó
¬·±² ±º ¬¸» §¬»³÷ò ß §®·²¹»ó¸»¿¼°¿½» ¬»½¸²·¯«» øÕ®¿¬¦
et al., 1997; Teodoru et al., 2009) was used in the field in
¿´´ ßº®·½¿² ®·ª»® ¿²¼ ·² ¬¸» Ó»«» Î·ª»®æ íð³Ô ª±´«³»
±º ¿¬³±°¸»®·½ ¿·® ©¿ »¯«·´·¾®¿¬»¼ ©·¬¸ íð ³Ô ª±´«³» ±º
®·ª»® ©¿¬»® ¾§ ª·¹±®±«´§ ¸¿µ·²¹ ¼«®·²¹ ëŠïð ³·² ·² º±«®

©©©ò¾·±¹»±½·»²½»ò²»¬ñïîñêéñîðïëñ Þ·±¹»±½·»²½»ô ïîô êéŠéèô îðïë



éð Ùò ß¾®·´ »¬ ¿´òæ Ñª»®»¬·³¿¬·±² ±º °ÝÑî ½¿´½«´¿¬»¼ º®±³ °Ø ¿²¼ ¿´µ¿´·²·¬§ ·² º®»¸©¿¬»®

Ú·¹«®» ïò Ô±½¿¬·±² ±º ¬¸» ¿³°´·²¹ ·¬» ·² ßº®·½¿ô ß³¿¦±²·¿ô ¿²¼ Û«®±°»ò

®»°´·½¿¬» ¹¿ó¬·¹¸¬ §®·²¹»ò Ì¸» º±«® ®»°´·½¿¬» íð ³Ô ±º
»¯«·´·¾®¿¬»¼ ¹¿ ¿²¼ ¿ ¿³°´» ±º ¿¬³±°¸»®·½ ¿·® ©»®» ·²ó
¶»½¬»¼ ·² ¿² ×Î ¹¿ ¿²¿´§»® øÔ·óÝ±®r ³±¼»´ èîð ±® èìðô ±®
ÐÐ §¬»³r model EGM-4); the first gas injection served
¿ ¿ °«®¹» º±® ¬¸» ¿·® ½·®½«·¬ ¿²¼ ½»´´ ¿²¼ ¬¸» ¬¸®»» ±¬¸»®
·²¶»½¬·±² ©»®» «»¼ ¿ ¬®·°´·½¿¬» °ÝÑî ¼»¬»®³·²¿¬·±² ø¿ªó
»®¿¹» ®»°»¿¬¿¾·´·¬§ ±º ïû÷ò Ì¸» °ÝÑî ·² ¬¸» ®·ª»® ©¿¬»®
©¿ ¼»¼«½»¼ º®±³ ¬¸¿¬ ³»¿«®»¼ ·² ¬¸» ¸»¿¼°¿½» ¿½½±«²¬ó
·²¹ º±® ¬¸» ·²·¬·¿´ °ÝÑî ·² ¬¸» ¿·® «»¼ º±® »¯«·´·¾®¿¬·±²ô
©¿¬»® ¬»³°»®¿¬«®» ·² ¬¸» ®·ª»® ¿²¼ ·² ¬¸» ©¿¬»® ¿¬ »¯«·´·¾ó
®·«³ ·² ¬¸» §®·²¹»ô ¿²¼ ¾¿»¼ ±² Ø»²®§ù ´¿©ò Ý±³°¿®·±²
¾»¬©»»² §®·²¹»ó¸»¿¼°¿½» ¿²¼ ³¿®¾´» ±® ³»³¾®¿²» »¯«·ó
´·¾®¿¬±® ©¿ ³¿¼» ¼«®·²¹ ¬©± ½®«·» ±² ¬¸» Ý±²¹± Î·ª»®
¿²¼ ¬¸®»» ½®«·» ·² ¬¸» Æ¿³¾»¦· ¾¿·² ¿²¼ ¹¿ª» ª»®§ ½±²ó
·¬»²¬ ®»«´¬ô ¼»ª·¿¬·±² º®±³ ¬¸» ï æ ï ´·²» ¾»·²¹ ¿´©¿§ ´»
¬¸¿² ïëû ø»» Ú·¹ò î÷ò Ì¸· ¸·¹¸´·¹¸¬ ¬¸» ½±²·¬»²½§ ±º ¬¸»
°®»»²¬ ¼¿¬¿ »¬ ±º ¼·®»½¬ °ÝÑî ³»¿«®»³»²¬ ¿´¬¸±«¹¸ ¼·ºó
º»®»²¬ ¬»½¸²·¯«» ©»®» «»¼ò ß »®«³ ¾±¬¬´»ó¸»¿¼°¿½» ¬»½¸ó
²·¯«» øØ±°» »¬ ¿´òô ïççë÷ ©¿ ¿´± «»¼ ±² ¬¸» Í·²²¿³¿®§
Î·ª»®å «®º¿½» ©¿¬»® ©¿ ¿³°´»¼ ·² ïîð ³Ô »®«³ ¾±¬¬´»
¬¸¿¬ ©»®» °±·±²»¼ ©·¬¸ Ø¹Ý´î ¿²¼ »¿´»¼ »¨½´«¼·²¹ ¿·® ¾«¾ó
¾´»ò Þ¿½µ ·² ¬¸» ´¿¾±®¿¬±®§ô ¿ ìð ³Ô ¸»¿¼°¿½» ©¿ ½®»¿¬»¼
©·¬¸ °«®» Òî øß¾®·´ »¬ ¿´òô îððë÷ò Ì¸» ÝÑî ½±²½»²¬®¿¬·±² ±º
»¯«·´·¾®¿¬»¼ ¹¿ ·² ¬¸» ¸»¿¼°¿½» ©¿ ¿²¿´§»¼ ¾§ ·²¶»½¬·²¹
³¿´´ ª±´«³» øðòë³Ô÷ ±º ¹¿ ·² ¿ ¹¿ ½¸®±³¿¬±¹®¿°¸ ½¿´·ó
brated with certified gas mixtures.

×³³»¼·¿¬»´§ ¿º¬»® ©¿¬»®Š¹¿ °¸¿» »¯«·´·¾®¿¬·±²ô ÝÑî ©¿
detected and quantified in most samples with non-dispersive
×Î ¹¿ ¿²¿´§»® øÚ®¿²µ·¹²±«´´» »¬ ¿´òô îððïå ß¾®·´ »¬ ¿´òô

2014). The gas analysers were calibrated before each field
½®«·»ô ©·¬¸ ¿·® ½·®½«´¿¬·²¹ ¬¸®±«¹¸ ±¼¿ ´·³» ±® °«®» Òî º±®
zero and with a certified gas standard for the span. Depend-
·²¹ ±² ¬¸» ½®«·» ¿²¼ »¨°»½¬»¼ °ÝÑî ®¿²¹»ô ©» «»¼ ¹¿
¬¿²¼¿®¼ ½±²½»²¬®¿¬·±² ±º ïðððŠîððð °°³ªô ±® ¿ »¬ ±º ½¿´·ó
¾®¿¬·±² ¹¿» ¿¬ ìððô èððô ìððð ¿²¼ èððð °°³ªò Í¬¿¾·´·¬§ ±º
¬¸» ·²¬®«³»²¬ ©¿ ½¸»½µ»¼ ¿º¬»® ¬¸» ½®«·»ô ¿²¼ ¼»ª·¿¬·±² ±º
¬¸» ·¹²¿´ ©¿ ¿´©¿§ ´» ¬¸¿² ëûò Ì¸»» ·²¬®«³»²¬ ±ºº»®
¿ ´¿®¹» ®¿²¹» ±º ´·²»¿® ®»°±²»ô ¼»°»²¼·²¹ ±² ³¿²«º¿½¬«®»®
¿²¼ ³±¼»´æ ðŠîð ððð °°³ª ±® ðŠêð ððð °°³ªò Ì¸» ´·²»¿®·¬§
±º ¿² Ô·óÝÑÎr Li-820 gas analyser was verified by connect-
·²¹ ·¬ ¬± ¿ ½´±»¼ ½·®½«·¬ ±º ¹¿ »¯«·°°»¼ ©·¬¸ ¿ ®«¾¾»® »°ó
¬«³ ¬± ¿´´±© ·²¶»½¬·±² ±º °«®» ÝÑî ©·¬¸ ¿ §®·²¹»ò Ô·²»¿®·¬§
©¿ ½¸»½µ»¼ ¾§ ·²¶»½¬·²¹ ·²½®»¿·²¹ ª±´«³» ±º ÝÑî ·² ±®¼»®
¬± ½±ª»® ¬¸» ©¸±´» ®¿²¹» ±º ³»¿«®»³»²¬ ¿²¼ ©¿ »¨½»´´»²¬
¾»¬©»»² ¦»®± ¿²¼ îðððð °°³ªò ×² ¿¼¼·¬·±² ¬± ¬¸» ×Î ¿²¿´ó
§»® ¹»²»®¿´´§ «»¼ ·² ¬¸· ©±®µô ·² ¬¸» Í·²²¿³¿®§ Î·ª»®ô
°ÝÑî ©¿ ¿´± ³»¿«®»¼ ©·¬¸ ¿² ×ÒÒÑÊßr ïíïî ±°¬·½¿´
filter IR photoacoustic gas analyser (range 0–25 000 ppmv)
½±²²»½¬»¼ ¬± ¿² »¯«·´·¾®¿¬±® ¿²¼ ©·¬¸ ¿ Ø»©´»¬¬ Ð¿½µ¿®¼r

ëèçð ¹¿ ½¸®±³¿¬±¹®¿°¸ »¯«·°°»¼ ©·¬¸ ¿ ¬¸»®³¿´ ½±²¼«½¬·ªó
·¬§ ¼»¬»½¬±® øÌÝÜ÷å ¾±¬¸ ¿²¿´§»® ©»®» ½¿´·¾®¿¬»¼ ©·¬¸ ¿ ¹¿
³·¨¬«®» ±º ëððð °°³ª ±º ÝÑîò Þ±¬¸ ³»¬¸±¼ ¹¿ª» ®»«´¬
½±²·¬»²¬ ¿¬ ïë û ·² ¬¸» ðŠïí ððð °°³ª ®¿²¹» øß¾®·´ »¬ ¿´òô
îððê÷ò Í·²²¿³¿®§ ¼¿¬¿ ®»°±®¬»¼ ¸»®» ¿®» º®±³ ¸»¿¼°¿½» ¿²¼
ÙÝ ¼»¬»®³·²¿¬·±²ò

Ìß ©¿ ¿²¿´§»¼ ¾§ ¿«¬±³¿¬»¼ »´»½¬®±ó¬·¬®¿¬·±² ±² ëð³Ô
filtered samples with 0.1N HCl as titrant. Equivalence point
©¿ ¼»¬»®³·²»¼ ©·¬¸ ¿ Ù®¿² ³»¬¸±¼ º®±³ °Ø ¾»¬©»»² ì

Þ·±¹»±½·»²½»ô ïîô êéŠéèô îðïë ©©©ò¾·±¹»±½·»²½»ò²»¬ñïîñêéñîðïëñ



Ùò ß¾®·´ »¬ ¿´òæ Ñª»®»¬·³¿¬·±² ±º °ÝÑî ½¿´½«´¿¬»¼ º®±³ °Ø ¿²¼ ¿´µ¿´·²·¬§ ·² º®»¸©¿¬»® éï

ð ëððð ïðððð ïëððð
ð

ëððð

ïðððð

ïëððð

°ÝÑî §®·²¹» ø°°³ª÷

Ó¿®¾´» »¯«·´·¾®¿¬±®

Ó»³¾®¿²» »¯«·´·¾®¿¬±®

Ú·¹«®» îò Ý±³°¿®·±² ±º ®»«´¬ ±º ¼·ºº»®»²¬ ©¿¬»®Š¿·® »¯«·´·¾®¿ó
¬·±² ¼»·¹² º±® ¼·®»½¬ °ÝÑî ³»¿«®»³»²¬å °ÝÑî ³»¿«®»¼ ©·¬¸
¿ ³¿®¾´» »¯«·´·¾®¿¬±® øÝ±²¹±÷ ¿²¼ ©·¬¸ ¿ ³»³¾®¿²» »¯«·´·¾®¿¬±®
øÝ±²¹± ¿²¼ Æ¿³¾»¦·÷ ¿®» °´±¬¬»¼ ¿¹¿·²¬ °ÝÑî ³»¿«®»¼ ©·¬¸ ¿
§®·²¹» ¸»¿¼°¿½» ¬»½¸²·¯«»ò Ü»¬»½¬·±² ©¿ ³¿¼» ©·¬¸ ¿² ×Î ¹¿
¿²¿´§»®ò

¿²¼ í øÙ®¿²ô ïçëî÷ò Ð®»½··±² ¾¿»¼ ±² ®»°´·½¿¬» ¿²¿´§»
©¿ ¾»¬¬»® ¬¸¿² ë k³±´ Ô ïò Ìß ³»¿«®»³»²¬ ¸±«´¼ ¾»
done on filtered samples; otherwise some overestimation
would occur in turbid samples, which may contain signifi-
½¿²¬ ¿³±«²¬ ±º ¿½·¼ó²»«¬®¿´·¦·²¹ °¿®¬·½´» ø»ò¹ò ½¿´½·«³ ½¿®ó
¾±²¿¬»÷ò ×² ½±²¬®¿¬ ¬± Ìß ³»¿«®»³»²¬ ¾¿»¼ ±² ¬·¬®¿¬·±² ¬±
¿² »²¼°±·²¬ ±º ëòê ø»ò¹ò É¿´´·² »¬ ¿´òô îðïì÷ô ¬¸» Ù®¿² ¬·¬®¿ó
¬·±² ³»¬¸±¼ ¿´´±© ¬¸» ¼»¬»®³·²¿¬·±² ±º Ìß ª¿´«» ·² ¿³ó
°´» ©·¬¸ ·² ·¬« °Ø ¼±©² ¬± ìòëô ·ò»ò ª»®§ ½´±» ¬± ¬¸» ¼·ó
±½·¿¬·±² ½±²¬¿²¬ ±º ØÝÑí ãØîÝÑíò ×² ³±¬ ¿½·¼·½ ¿³ó
°´» ©·¬¸ ´±© Ìßô ®»°®±¼«½·¾·´·¬§ ©¿ ·³°®±ª»¼ ¾§ ´·¹¸¬´§
·²½®»¿·²¹ ¬¸» °Ø ¾§ «° ¬± ðòî «²·¬ ¾§ ª·¹±®±«´§ ¬·®®·²¹
¼«®·²¹ ïë ³·² ·² ±®¼»® ¬± ¼»¹¿ ¿ ³«½¸ ÝÑî ¿ °±·ó
¾´» ¾»º±®» ¬¿®¬·²¹ ¬¸» ¬·¬®¿¬·±²ò ÜÑÝ ©¿ ³»¿«®»¼ ±² ¿³ó
ples filtered through pre-combusted (490 C) glass fibre fil-
ter with a porosity of 0.7 µm and stored acidified with ultra-
°«®» ØíÐÑì in borosilicate vials capped with polytetraflu-
±®±»¬¸§´»²» ¬±°°»®ò ß²¿´§· ©¿ °»®º±®³»¼ ©·¬¸ ¿ Í¸·ó
³¿¼¦« ÌÑÝëððð ¿²¿´§»® ¾¿»¼ ±² ¸·¹¸ó¬»³°»®¿¬«®» ½¿¬ó
¿´§¬·½ ±¨·¼¿¬·±²ô ¿º¬»® ®»³±ª¿´ ±º ¼·±´ª»¼ ÝÑî º±® ¿³ó
°´» º®±³ ß³¿¦±²ô Ô±·®»ô Ô»§®»ô ¿²¼ Í·²²¿³¿®§ ®·ª»®ò ÜÑÝ
½±²½»²¬®¿¬·±² ©»®» ³»¿«®»¼ ©·¬¸ ¿ ½«¬±³·¦»¼ ©»¬ ±¨·¼¿ó
¬·±² ÌÑÝ ¿²¿´§»® øÌ¸»®³± Ø·°»®ÌÑÝô ±® ×Ñ ß²¿´§¬·½¿´ ß«ó
®±®¿ ïðíðÉ÷ ½±«°´»¼ ¬± ¿ Ü»´¬¿ÝÈÔ ±® Ü»´¬¿ Ê ×ÎÓÍò

îòí °ÝÑî ½¿´½«´¿¬·±² º®±³ °Ø ¿²¼ Ìß

É» ½¿´½«´¿¬»¼ °ÝÑî º®±³ Ìßô °Øô ¿²¼ ¬»³°»®¿¬«®» ³»¿ó
«®»³»²¬ «·²¹ ½¿®¾±²·½ ¿½·¼ ¼·±½·¿¬·±² ½±²¬¿²¬ ±º
Ó·´´»®± øïçéç÷ ø¾¿»¼ ±² ¬¸±» ±º Ø¿®²»¼ ¿²¼ Í½¸±´»ô ïçìï

¿²¼ Ø¿®²»¼ ¿²¼ Ü¿ª·ô ïçìí÷ ¿²¼ ¬¸» ÝÑî ±´«¾·´·¬§ º®±³
É»· øïçéì÷ ¿ ·³°´»³»²¬»¼ ·² ¬¸» ÝÑîÍÇÍ °®±¹®¿³ò Ø«²¬
»¬ ¿´ò øîðïï÷ ®»°±®¬»¼ ¼·½®»°¿²½§ ´±©»® ¬¸¿² î û º±® °ÝÑî

½±³°«¬»¼ ¬¸· ©¿§ ©·¬¸ ¬¸±» ±¾¬¿·²»¼ ©·¬¸ ¬¸» ÐØÎÛÛÏÝ
°®±¹®¿³ øÐ¿®µ¸«®¬ ¿²¼ ß°°»´±ô ïççç÷ò Ü·ºº»®»²½» ·² ±º¬ó
©¿®» ±® ¼·±½·¿¬·±² ½±²¬¿²¬ ½¿²²±¬ ¿½½±«²¬ º±® ¬¸» ´¿®¹»
¾·¿ ·² ½¿´½«´¿¬»¼ °ÝÑî ½±³°¿®»¼ ¬± ³»¿«®»¼ °ÝÑî ©»
®»°±®¬ ·² ¬¸· °¿°»®ò

í Î»«´¬

íòï Ü¿¬¿ ®¿²¹» ¿²¼ °¿¬¬»®² ·² ¬¸» »²¬·®» ¼¿¬¿ »¬

Ó»¿«®»¼ °ÝÑî varied between 36 ppmv in a floodplain
of the Amazon River and 23 000 ppmv in a first-order
¬®»¿³ ±º ¬¸» Ô»§®» Î·ª»® øÌ¿¾´» ï÷ò Ó·²·³«³ ª¿´«» ±º
°Ø ¿²¼ Ìß ±½½«®®»¼ ·² ¬¸» Ý±²¹± Î·ª»® ø°ØÜ íòçì ¿²¼
ÌßÜ ð÷ ¿²¼ ³¿¨·³«³ ª¿´«» ·² Ô¿µ» Õ·ª« ø°ØÜ çòïê
¿²¼ ÌßÜ ïìîððk³±´ Ô ï÷ò Ø·¹¸»¬ ÜÑÝ ½±²½»²¬®¿¬·±²
øâ íððð k³±´ Ô ï÷ ©»®» ±¾»®ª»¼ ·² ³¿´´ ¬®»¿³ ·² ¬¸»
Congo basin and in first-order streams draining podzolized
±·´ ·² ¬¸» Ô»§®» ¾¿·²ò Ô±©»¬ ÜÑÝ ½±²½»²¬®¿¬·±²
øä ìð k³±´ Ô ï÷ ±½½«®®»¼ ·² ±³» ¬®·¾«¬¿®·» ±º ¬¸» ß¬¸·ó
Ù¿´¿²¿óÍ¿¾¿µ·ô ·² ¬¸» Î·¿²·´¿ ¿²¼ Þ»¬·¾±µ¿ ®·ª»®ô ¿²¼ ·² ¬¸»
Í¸·³¾¿ Ø·´´ ¬®»¿³ò É¸»² ½±²·¼»®·²¹ ¬¸» ©¸±´» ¼¿¬¿ »¬ô
³»¿«®»¼ °ÝÑî ¿²¼ ÜÑÝ ©»®» ²»¹¿¬·ª»´§ ½±®®»´¿¬»¼ ©·¬¸
°Øô ©¸»®»¿ Ìß ©¿ °±·¬·ª»´§ ½±®®»´¿¬»¼ ©·¬¸ °Ø øÚ·¹ò íô
°ä ðòðððï º±® ¬¸» ¬¸®»» ª¿®·¿¾´»÷ò Ì¸· ·´´«¬®¿¬» ¬¸» ´¿®¹»
½±²¬®¿¬ ·² ¿½·¼Š¾¿» °®±°»®¬·» ¾»¬©»»² ¿½·¼·½ô ±®¹¿²·½ó
®·½¸ô ¿²¼ °±±®´§ ¾«ºº»®»¼ ¿³°´» ±² ±²» ¸¿²¼ô ¿²¼ ¾¿·½ô
½¿®¾±²¿¬»ó¾«ºº»®»¼ ¿³°´» ±² ¬¸» ±¬¸»®ò

íòî Ý±³°¿®·±² ¾»¬©»»² ³»¿«®»¼ ¿²¼ ½¿´½«´¿¬»¼
°ÝÑî

Ý¿´½«´¿¬»¼ °ÝÑî ©¿ ³±®» ¬¸¿² ïð û ´±©»® ¬¸¿² ³»¿«®»¼
°ÝÑî ·² ïêû ±º ¬¸» ¿³°´»å ¬¸» ¬©± ³»¬¸±¼ ©»®» ½±²ó
·¬»²¬ ¿¬ ïðû ·² îìû ±º ¬¸» ¿³°´»å ½¿´½«´¿¬»¼ °ÝÑî

©¿ ³±®» ¬¸¿² ïð û ¸·¹¸»® ¬¸¿² ³»¿«®»¼ °ÝÑî ·² êð û
±º ¬¸» ¿³°´» ¿²¼ ³±®» ¬¸¿² ïððû ¸·¹¸»® ·² îê û ±º
¬¸» ¿³°´»ò ß¾±´«¬» ª¿´«»ô ¿ »¨°®»»¼ ·² °°³ªô ©»®»
´¿®¹»´§ ¸·º¬»¼ ¬±©¿®¼ ±ª»®»¬·³¿¬·±²ô ½¿´½«´¿¬»¼ ªò ³»¿ó
«®»¼ °ÝÑî ¼¿¬¿ ¾»·²¹ ©»´´ ¿¾±ª» ¬¸» ï Ê ï ´·²»ô ¿²¼ ½¿´½«ó
´¿¬»¼ ³·²« ³»¿«®»¼ °ÝÑî ª¿´«» ®¿²¹·²¹ ¾»¬©»»² êïèð
¿²¼ Ýèèî ðîî °°³ª øÚ·¹ò ì÷ò Ì¸» ´¿®¹»¬ ±ª»®»¬·³¿¬·±²
±º ½¿´½«´¿¬»¼ °ÝÑî ±½½«®®»¼ ·² ¬¸» ³±¬ ¿½·¼·½ ¿³°´»ô
©¸»®»¿ «²¼»®»¬·³¿¬·±² ±º ½¿´½«´¿¬»¼ °ÝÑî ±½½«®®»¼ ·²
²»«¬®¿´ ±® ´·¹¸¬´§ ¾¿·½ ¿³°´» øÚ·¹ò ì¾÷ò Î¿²µ·²¹ ¬¸» ¼¿¬¿
¿½½±®¼·²¹ ¬± ¬¸» °Øô Ìß ¿²¼ ÜÑÝ ®»ª»¿´ ¬¸¿¬ ±ª»®»¬·³¿ó
¬·±² ±º ½¿´½«´¿¬»¼ °ÝÑî ½±³°¿®»¼ ¬± ³»¿«®»¼ °ÝÑî ·²ó
½®»¿»¼ ·² ¿½·¼·½ô °±±®´§ ¾«ºº»®»¼ ©¿¬»® ·² °¿®¿´´»´ ©·¬¸ ¿²
·²½®»¿» ·² ¬¸» ÜÑÝ ½±²½»²¬®¿¬·±² øÌ¿¾´» î÷ò Ü·½®»°¿²½·»
¾»¬©»»² ½¿´½«´¿¬»¼ ¿²¼ ³»¿«®»¼ °ÝÑî ©»®» ª»®§ ¼·ºº»®ó
»²¬ º®±³ ±²» §¬»³ ¬± ¿²±¬¸»®ô ¼»°»²¼·²¹ ±² ¬¸» ½¸»³·½¿´
¬¿¬« ±º ¬¸» ©¿¬»®ò Ñ² ¿ª»®¿¹» ¿¬ »¿½¸ ¿³°´»¼ ·¬»ô ¬¸»

©©©ò¾·±¹»±½·»²½»ò²»¬ñïîñêéñîðïëñ Þ·±¹»±½·»²½»ô ïîô êéŠéèô îðïë
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Ú·¹«®» íò Ð´±¬ ±º ½¿®¾±² ª¿®·¿¾´» ªò °Ø ·² ¬¸» ¬«¼·»¼ º®»¸©¿¬»® §¬»³ò Ì±° °¿²»´ ¿®» ¸±©² ©·¬¸ ¿ ´·²»¿® ½¿´» ¿²¼ ¾±¬¬±³ °¿²»´ ©·¬¸
¿ ´±¹¿®·¬¸³·½ ½¿´»å ø¿ô ¾÷æ ³»¿«®»¼ °ÝÑîå ø½ô ¼÷ ¬±¬¿´ ¿´µ¿´·²·¬§å ø»ô º÷ ÜÑÝò Æ»®± Ìß ª¿´«» ¿®» °´±¬¬»¼ ¿ ðòððï ·² ±®¼»® ¬± ¾» ª··¾´» ±²
¬¸» ´±¹ °ÝÑî ½¿´»ò Î·¿²·´¿ ¿²¼ Þ»¬·¾±µ¿ ¿®» °´±¬¬»¼ ¬±¹»¬¸»® ¿´¬¸±«¹¸ ¬¸»§ ¾»´±²¹ ¬± ¼·ºº»®»²¬ ©¿¬»®¸»¼ ·² Ó¿¼¿¹¿½¿®ò

®»´¿¬·ª» ±ª»®»¬·³¿¬·±² ±º ½¿´½«´¿¬»¼ °ÝÑî ¼»½®»¿»¼ ©·¬¸
°Ø ¿²¼ Ìß ¿²¼ ·²½®»¿»¼ ©·¬¸ ÜÑÝ øÚ·¹ò ë÷ò Ñª»®»¬·³¿¬·±²
±º ½¿´½«´¿¬»¼ °ÝÑî ©¿ ±² ¿ª»®¿¹»ä ïð û ·² ¬¸» Õ·ª« Ô¿µ»ô
¿²¼ ¬¸» Ó»«»ô Ô±·®»ô Í¸·³¾¿ Ø·´´ ¿²¼ Ì¿²¿ ®·ª»®ô ©¸·½¸
¿´´ ¸¿ª» ²»«¬®¿´ ±® ¾¿·½ °Øô Ìß â ïððð k³±´ Ô ï ¿²¼ ´±©
¬± ³±¼»®¿¬» ÜÑÝ ½±²½»²¬®¿¬·±² øä ìðð k³±´ Ô ï÷ øÚ·¹ò ë÷ò
×² ½±²¬®¿¬ô ½¿´½«´¿¬»¼ °ÝÑî ©¿ ±ª»®»¬·³¿¬»¼ ¾§ â îððû
±² ¿ª»®¿¹» ·² ¬¸» Ý±²¹±ô Ô»§®»ô Í·²²¿³¿®§ ¿²¼ ß³¿¦±²
®·ª»®ô ©¸·½¸ ¸¿ª» ¿½·¼·½ °Øô Ìß ä ëðð k³±´ Ô ï ¿²¼ ¸·¹¸ó
»¬ ÜÑÝ ½±²½»²¬®¿¬·±²ô ®»¿½¸·²¹ ïðððk³±´ Ô ï ±² ¿ª»®¿¹»
·² ¬¸» Ý±²¹±ò Ì¸» ½¿» ±º ß¬¸·óÙ¿´¿²¿óÍ¿¾¿µ·ô Î·¿²·´¿ô Þ»¬ó
·¾±µ¿ô ¿²¼ Æ¿³¾»¦· ®·ª»® ©»®» ·²¬»®³»¼·¿¬» ·² °Øô Ìß ¿²¼
ÜÑÝô ¿²¼ ©·¬¸ ¿ª»®¿¹» ±ª»®»¬·³¿¬·±² ±º ½¿´½«´¿¬»¼ °ÝÑî

±º ëðŠçð û øÚ·¹ò ë÷ò

ì Ü·½«·±²

ìòï Ñ®·¹·² ±º ±ª»®»¬·³¿¬·±² ±º ½¿´½«´¿¬»¼ °ÝÑî

Ñ«® ¼¿¬¿ »¬ øÚ·¹ò íå Ì¿¾´» ï÷ °®±¾¿¾´§ ½±ª»® ¬¸» º«´´ ®¿²¹»
±º ½±²¼·¬·±² ±º ½¿®¾±² °»½·¿¬·±² ¬¸¿¬ ½¿² ¾» »²½±«²¬»®»¼
·² ½±²¬·²»²¬¿´ «®º¿½» ©¿¬»®ò ß °ÝÑî ±ª»®»¬·³¿¬·±² ²»¹ó
¿¬·ª»´§ ½±®®»´¿¬»¼ ©·¬¸ °Ø ø° Ü ðæððï÷ ¿²¼ Ìß ø° Ü ðæððë÷
¿²¼ °±·¬·ª»´§ ½±®®»´¿¬»¼ ©·¬¸ ÜÑÝ ø°ä ðòððï÷ øÚ·¹ò ë÷ ·
½±²·¬»²¬ ©·¬¸ ¬¸» ±¾»®ª¿¬·±² ±º Ý¿· »¬ ¿´ò øïççè÷ ·² ¬¸»
º®»¸©¿¬»® »²¼ó³»³¾»® ±º ±³» »¬«¿®·» ·² Ù»±®¹·¿ô ËÍßô
¿²¼ ±º Ø«²¬ »¬ ¿´ò øîðïï÷ ·² ®·ª»® ·² Ò»© Û²¹´¿²¼ øËÍß÷ ¿²¼
Ò»© Þ®«²©·½µ øÝ¿²¿¼¿÷ò Ì¸»» ¿«¬¸±® °»®º±®³»¼ Ò¿ÑØ
¾¿½µó¬·¬®¿¬·±² ·² ±®¼»® ¬± ³»¿«®» ²±²ó½¿®¾±²¿¬» ¿´µ¿´·²·¬§
øÒÝß÷ò Ì¸»§ º±«²¼ ¬¸¿¬ ÒÝß ¿½½±«²¬»¼ º±® ¿ ´¿®¹» º®¿½¬·±²
ø·² ±³» ½¿» ¬¸» ¹®»¿¬»® °¿®¬÷ ±º Ìßå ·² ¿¼¼·¬·±²ô ¬¸» ½±²¬®·ó
¾«¬·±² ±º ·²±®¹¿²·½ °»½·» ±¬¸»® ¬¸¿² ½¿®¾±²¿¬» ©¿ ¿«³»¼
²»¹´·¹·¾´» ¿²¼ ³±¬ ±º ¬¸» ÒÝß ©¿ ¿¬¬®·¾«¬»¼ ¬± ±®¹¿²·½

Þ·±¹»±½·»²½»ô ïîô êéŠéèô îðïë ©©©ò¾·±¹»±½·»²½»ò²»¬ñïîñêéñîðïëñ



Ùò ß¾®·´ »¬ ¿´òæ Ñª»®»¬·³¿¬·±² ±º °ÝÑî ½¿´½«´¿¬»¼ º®±³ °Ø ¿²¼ ¿´µ¿´·²·¬§ ·² º®»¸©¿¬»® éí

Ì¿¾´» îò Ó»¼·¿² ¿²¼ ¿ª»®¿¹» ª¿´«» ±º ÜÑÝô °Ø ø³»¿«®»¼ ±² ¬¸» ÒÞÍ ½¿´»÷ô ¬±¬¿´ ¿´µ¿´·²·¬§ øÌß÷ô ¿²¼ ½¿´½«´¿¬»¼ ³·²« ³»¿«®»¼ °ÝÑî
·² ¬¸» ¼¿¬¿ »¬ò

Ò û ±º ½¿´ Š ³»¿ °ÝÑî ½¿´ Š ³»¿ °ÝÑî °Ø Ìß ÜÑÝ

¿³°´» ø°°³ª÷ øû ±º ³»¿ °ÝÑî÷ øk³±´ Ô ï÷ øk³±´ Ô ï÷

Ó»¼ò ßªò Ó»¼ò ßªò Ó»¼ò ßªò Ó»¼ò ßªò Ó»¼ò ßªò

ß´´ ¿³°´» éêï ïðð û Ýêïï Ýïðêçî Ýîíû Ýïçìû êòçì éòðð ìêé ïéíï íïë ìðè

Î¿²µ»¼ ¾§ ½¿´½«´¿¬»¼ Š ³»¿«®»¼
°ÝÑî ¿ û ±º ³»¿«®»¼ °ÝÑî

ä ïð û ïîî ïê û ëìð èçð íì û íê û éòèç éòèë ïîêç ïéêê îëç îéë
ïð û ïéì îí û Ýïë Ýëð Ýîû Ýïû éòêé éòéè ïëéê íéíë îîè îéí
âÝïð û ìêë êï û Ýîìíð Ýïééïð Ýéîû Ýíîéû êòëî êòìç íðè çéî íêð ìçé
âÝëð û îèð íé û Ýëìçð Ýîèêêð Ýïêîû Ýëîêû êòïè êòïì ïçî ìêð íéë ëêé
âÝïðð û ïçç îê û Ýçðèð Ýíçïîð Ýîéðû Ýéïðû ëòèç ëòçê ïêê íêì íèç êðî

Î¿²µ»¼ ¾§ °Ø

°Øâ é íêè ìèû Ýï Ýèî Ýïû Ýïëû éòèî éòçî ïëéî íîèì îíï îëë
°Øä é íçí ëîû Ýíîèð Ýîðêíð Ýéïû Ýíêîû êòíð êòïí îíî îéé ìïí ëëè
°ØêŠé îëê íì û Ýïëèð Ýîéïð Ýìðû Ýçêû êòëè êòëë ííì íéð íëð ìîé
°Øä ê ïíê ïèû Ýïèìïð Ýëììèê Ýíðèû Ýèêìû ëòëð ëòíë çí ïðï ìèé èîè
°Øä ë îë íû Ýïïëëèð Ýîðççïð Ýïêìëû Ýíïèðû ìòëí ìòëí ìï ìë ïìîé ïôèìí

Î¿²µ»¼ ¾§ Ìß

Ìß â îðððk³±´ Ô ï ïïð ïìû Ýîð Ýíìð Ýîû Ýïîû èòëè èòìé éðîí èíîê ïêí îðî

Ìß ïðððŠîððð k³±´ Ô ï ïëé îïû è ïêí î û ç û éòèï éòèí ïëêê ïëíì îéï îçë

Ìß ëððŠïððð k³±´ Ô ï çç ïíû Ýïíðé Ýïçðð Ýîèû Ýéîû êòçé éòïï êëï êçé íðì íïè

Ìß ä ëðð k³±´ Ô ï íçë ëîû Ýîðéð Ýîððçð Ýêìû Ýíëðû êòíð êòîì îîî îíî ìðð ëíè

Ìß ä ïðð k³±´ Ô ï èî ïïû Ýêèìð Ýêðëêð Ýîíðû Ýïðìðû ëòëð ëòíë ëç ëê êðí çèè

Î¿²µ»¼ ¾§ ÜÑÝ

ÜÑÝä îðð k³±´ Ô ï ïéç îìû Ýìð Ýééê Ýëû Ýêîû éòèç éòçî ïëéç ìèðé ïêí ïìç

ÜÑÝ îððŠíðð k³±´ Ô ï ïêé îîû Ýïðî Ýîéëë Ýëû Ýêçû éòëê éòíé ïïíî ïîëç îëè îëî

ÜÑÝ íððŠìðð k³±´ Ô ï ïêë îîû Ýèèé Ýììéí Ýîëû Ýïðïû êòçð êòçí ìçç èêê íìï íìì

ÜÑÝâ ìðð k³±´ Ô ï îëð ííû Ýíðéð Ýîéïçé Ýëçû Ýìíìû êòïë êòïì îðð ìïë ëëë éêë

ÜÑÝâ èðð k³±´ Ô ï éç ïðû Ýìççë Ýêîéèì Ýçîû Ýèèêû ëòèð ëòêî çì ïèð ïðçç ïìíè
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¿²¼ ©¸±» °®»½··±² ³¿§ ¾» °±±®ô ¬¸· °¿®¿³»¬»® ½±«´¼ ¾»
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¼·®»½¬´§ ³»¿«®» Ü×Ý ·² ¬¸· ¬«¼§ô ©» ½±«´¼ ²±¬ ½¿´½«´¿¬»
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½¿´ »®®±® ±² ¬¸»» ª¿®·¿¾´» ´»¿¼ ¬± ´¿®¹» «²½»®¬¿·²¬·» ·² ¬¸»
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±«® °Ø ¿²¼ ÜÑÝ ¹¿ª» ª»®§ ·³·´¿® ±®¹¿²·½ ¿´µ¿´·²·¬§ ª¿´ó
«»ô ©¸·½¸ ½±«´¼ ¾» «¾¬®¿½¬»¼ º®±³ ¬¸» ³»¿«®»¼ Ìßò ×² ¬¸»
³±¬ ¿½·¼·½ ¿³°´» ø»ò¹ò ±³» ·¬» º®±³ ¬¸» Ý±²¹± ¾¿·²÷ô
³±¼»´´»¼ ±®¹¿²·½ ¿´µ¿´·²·¬·» ©»®» ´¿®¹»® ¬¸¿² ³»¿«®»¼ Ìß
¿²¼ ¬¸» ¼·ºº»®»²½» ©¿ ¬¸« ²»¹¿¬·ª»ò Ò»ª»®¬¸»´»ô ©» ¬¸»²
®»½¿´½«´¿¬»¼ °ÝÑî º®±³ ¬¸» ³»¿«®»¼ °Ø ¿²¼ ¬¸» Ìß ½±®ó
®»½¬»¼ º®±³ ±®¹¿²·½ ¿´µ¿´·²·¬§ò Ý¿´½«´¿¬»¼ °ÝÑî ª¿´«» ½±®ó
®»½¬»¼ ©·¬¸ ¬¸¿¬ ³»¬¸±¼ ©»®»ô ¸±©»ª»®ô ¬·´´ ª»®§ ¼·ºº»®»²¬
from those measured in the field, being sometimes higher
¿²¼ ±³»¬·³» ´±©»® ¬¸¿² ¬¸» ³»¿«®»¼ °ÝÑîô ©·¬¸±«¬ ¿²§
³»¿²·²¹º«´ °¿¬¬»®² ø·²¼»»¼ô ½±®®»½¬»¼ °ÝÑî ©¿ ²»¹¿¬·ª»´§
½±®®»´¿¬»¼ ø°ä ðòððï÷ ©·¬¸ ³»¿«®»¼ °ÝÑî÷ò Ý±²»¯«»²¬´§ô
©» ©»®» «²¿¾´» ¬± ¼»®·ª» ¿²§ »³°·®·½¿´ ®»´¿¬·±²¸·° ¬± ½±®ó
®»½¬ º±® ¬¸» ¾·¿ ·² °ÝÑî ½¿´½«´¿¬·±² º®±³ °Ø ¿²¼ Ìßò Ò»ªó
»®¬¸»´»ô ¬¸» ²»¹¿¬·ª» ½±®®»´¿¬·±² ¾»¬©»»² °Ø ¿²¼ ÜÑÝ ¿²¼
positive correlation between pH and TA (Fig. 3) confirm a
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º«²½¬·±² ±º ø¿÷ °Øô ø¾÷ Ìßô ¿²¼ ø½÷ÜÑÝô º±® ¬¸» ïî ¬«¼·»¼ ·¬»ò Û®®±® ¾¿® ·²¼·½¿¬» ¬¸» ¬¿²¼¿®¼ ¼»ª·¿¬·±² º®±³ ¬¸» ³»¿² º±® »¿½¸ º®»¸©¿¬»®
§¬»³ò

¬®±²¹ ½±²¬®±´ ±º ±®¹¿²·½ ¿½·¼ ±² °Ø ¿²¼ Ü×Ý °»½·¿¬·±²
¿½®± ¬¸» »²¬·®» ¼¿¬¿ »¬ò

As discussed by Hunt et al. (2011), a significant contribu-
¬·±² ±º ±®¹¿²·½ ¿½·¼ ¬± Ìß ´»¿¼ ¬± ¿² ±ª»®»¬·³¿¬·±² ±º ½¿´ó

½«´¿¬»¼ °ÝÑî ©·¬¸ ¬¸» ÝÑîÍÇÍ °®±¹®¿³ô ±® ©·¬¸ ¿²§ °®±ó
¹®¿³ ¬¸¿¬ ¿½½±«²¬ ±²´§ º±® ¬¸» ·²±®¹¿²·½ °»½·» ¬¸¿¬ ½±²ó
¬®·¾«¬» ¬± Ìßò ×¬ · ¬¸« ±¾ª·±« ¬¸¿¬ ¬¸» ±¾»®ª»¼ ·²½®»¿»
·² °ÝÑî ±ª»®»¬·³¿¬·±² ©¸»² °Ø ¼»½®»¿» øÚ·¹ò ì¾ ¿²¼
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Ú·¹«®» êò Í»²·¬·ª·¬§ ±º °ÝÑî ±ª»®»¬·³¿¬·±² ¬± °Øæ ø¿÷ ¬¸»±®»¬·½¿´
º¿½¬±® ¼°ÝÑî ã ¼Ìßô ©¸·½¸ ¼»½®·¾» ¬¸» »²·¬·ª·¬§ ±º ½¿´½«´¿¬»¼
°ÝÑî ¬± ¬¸» Ìß ª¿´«»å ø¾÷ ¬¸» ±´·¼ ´·²» ¸±© ¬¸» ·²½®»¿» ·² ½¿´ó
½«´¿¬»¼ °ÝÑî ·²¼«½»¼ ¾§ ª¿®·±« ·²½®»¿» ·² Ìßô ¿ º«²½¬·±² ±º
°Øå ¬¸»» ´·²» ³·³·½ ¬¸» ±ª»®»¬·³¿¬·±² ±º ½¿´½«´¿¬»¼ °ÝÑî ¹»²ó
»®¿¬»¼ ¾§ ·²½®»¿·²¹ ½±²¬®·¾«¬·±² ±º ±®¹¿²·½ ¿´µ¿´·²·¬§ ¬± ¬¸» Ìßå
field data (as calculated – measured °ÝÑî÷ ¸¿ª» ¾»»² °´±¬¬»¼ º±®
½±³°¿®·±²å ¿³» §³¾±´ ¿ ·² Ú·¹ò íò Ò±¬» ¬¸¿¬ ²»¹¿¬·ª» ª¿´«»
¼± ²±¬ ¿°°»¿® ·² ¬¸» ´±¹¿®·¬¸³·½ ½¿´»ò

ëå Ì¿¾´» î÷ · ¼«» ¬± ¿² ·²½®»¿·²¹ ½±²¬®·¾«¬·±² ±º ±®¹¿²·½
¿½·¼ ¿²·±² ¬± Ìßò Ø±©»ª»®ô ¬¸· »ºº»½¬ · ²±¬ ¬¸» ±²´§ ¼®·ª»®
±º ¬¸» ±¾»®ª»¼ ±ª»®»¬·³¿¬·±² ±º °ÝÑîô ©¸·½¸ · ¿´± ¼«»
¬± ¿ ¼»½®»¿» ·² ¬¸» ¾«ºº»®·²¹ ½¿°¿½·¬§ ±º ¬¸» ½¿®¾±²¿¬» §ó
¬»³ ¿¬ ¿½·¼·½ °Øò Ì± ·²ª»¬·¹¿¬» ¬¸» ³¿¹²·¬«¼» ±º ¬¸· »½ó
±²¼ »ºº»½¬ô ©» ½¿´½«´¿¬»¼ ¬¸» º¿½¬±® ¼°ÝÑî ã ¼Ìß ø·² °°³ª
³±´ ï÷ô ©¸·½¸ ¼»½®·¾» ¬¸» ½¸¿²¹» ·² ½¿´½«´¿¬»¼ °ÝÑî ·²ó
¼«½»¼ ¾§ ¿ ½¸¿²¹» ·² Ìßò Ì¸· º¿½¬±®ô ©¸·½¸ · ¬¸» ±°°±ó
site of a buffer factor as it reflects the sensitivity of °ÝÑî

½¿´½«´¿¬·±² ¬± ¬¸» Ìßô ·²½®»¿» »¨°±²»²¬·¿´´§ ©¸»² °Ø ¼»ó
½®»¿» øÚ·¹ò ê¿÷ô ·ò»ò ·¬ · °®±°±®¬·±²¿´ ¬± ¬¸» ØÝ ½±²½»²ó
¬®¿¬·±²ò Ì± ¹± º«®¬¸»® ·² ¬¸· ¬¸»±®»¬·½¿´ ¿²¿´§·ô ©» ½±³ó
°«¬»¼ ¬¸» ¼·ºº»®»²½» ¾»¬©»»² ¬¸» °ÝÑî ½¿´½«´¿¬»¼ ¿¬ ¿ ¹·ª»²
Ìß ª¿´«» ¿²¼ ¬¸» ±²» ½¿´½«´¿¬»¼ ¿¬ ¿ ´·¹¸¬´§ ¸·¹¸»® Ìß
ª¿´«» øÌßÝÈ k³±´ Ô ï÷ò Ì¸»» ½¿´½«´¿¬·±² ®»ª»¿´ ¿² »¨ó
¬®»³» »²·¬·ª·¬§ ±º ½¿´½«´¿¬»¼ °ÝÑî ¬± Ìß ¿¬ ¿½·¼·½ °Ø
øÚ·¹ò ê¾÷ò Ú±® ·²¬¿²½»ô ·²½®»¿·²¹ Ìß ¾§ ë k³±´ Ô ï ø¿ ª¿´«»
½´±» ¬± ¬¸» °®»½··±² ±º Ìß ¬·¬®¿¬·±²÷ ·²½®»¿» ¬¸» ½¿´½«ó
´¿¬»¼ °ÝÑî ¾§ íï °°³ª ¿¬ °Ø éô ¾§ íðé °°³ª ¿¬ °Ø ê ¿²¼ ¾§
íðéð ¿¬ °Ø ëò ×²½®»¿·²¹ Ìß ¾§ ïðð k³±´ Ô ï ø¿ ¬§°·½¿´ ª¿´«»
±º ÒÝß º±«²¼ ·² º®»¸©¿¬»®å Ü®·½±´´ »¬ ¿´òô ïççìå Ý¿· »¬ ¿´òô
ïççèå Ø«²¬ »¬ ¿´òô îðïï÷ô ·²½®»¿» ¬¸» ½¿´½«´¿¬»¼ °ÝÑî ¾§
êïë °°³ª ¿¬ °Ø éô ¾§ êïëê °°³ª ¿¬ °Ø ê ¿²¼ ¾§ êïëêð °°³ª
¿¬ °Ø ëò Ò±¬» ¬¸¿¬ ¬¸· ·²½®»¿» ·² ½¿´½«´¿¬»¼ °ÝÑî · ·²ó
¼»°»²¼»²¬ ±º ¬¸» ½¸±»² ·²·¬·¿´ Ìß ª¿´«»ò Ì¸» ¼·ºº»®»²½»
¾»¬©»»² ½¿´½«´¿¬»¼ ¿²¼ ³»¿«®»¼ °ÝÑî º®±³ ±«® ¼¿¬¿ »¬
¸±© ¬¸¿¬ ¿² ÒÝß ½±²¬®·¾«¬·±² ¿®±«²¼ ïððk³±´ Ô ï · «ºó
ficient to explain the overestimation of calculated °ÝÑî ±º
³±¬ ¿³°´» ¿¬ °Øä êô ©¸»®»¿ ¿² ÒÝß ½±²¬®·¾«¬·±² ¸·¹¸»®
¬¸¿² ëðð k³±´ Ô ï ©±«´¼ ¾» ²»½»¿®§ º±® »ª»®¿´ ¿³°´»
¿¬ ½·®½«³²»«¬®¿´ ¿²¼ ´·¹¸¬´§ ¾¿·½ °Ø øÚ·¹ò ë¾÷ò Í¿³°´»
®»¯«·®·²¹ ¬¸· ¸·¹¸ ÒÝß ½±²¬®·¾«¬·±² ¿®» º®±³ ¬¸» ß¬¸·ó
Ù¿´¿²¿óÍ¿¾¿µ· ¿²¼ Æ¿³¾»¦· ©¿¬»®¸»¼ô ¿²¼ ½±®®»°±²¼ ¬±
Ìß ª¿´«» ©»´´ ¿¾±ª» ïððð k³±´ Ô ïò ß² ÒÝß ª¿´«» ±º
ëððk³±´ Ô ï ·² ¬¸»» ¿³°´» · ¬¸« °´¿«·¾´»ò

We have no definitive explanation for lower calculated
¬¸¿² ³»¿«®»¼ °ÝÑîô ©¸·½¸ · ±¾»®ª»¼ ³¿·²´§ ¿¬ ²»«¬®¿´ ¬±
´·¹¸¬´§ ¾¿·½ °Øô º±® »¨¿³°´» ·² ¬¸» Æ¿³¾»¦· Î·ª»® øÚ·¹ò ì÷ò
×² ³±¬ ±º ¬¸»» ¿³°´»ô ±©·²¹ ¬± ¬¸» ®»´¿¬·ª»´§ ¸·¹¸ Ìß
ª¿´«»ô ¿² ±ª»®»¬·³¿¬·±² ±º °Ø ±º ´» ¬¸¿² ðòî «²·¬ · «ºó
ficient to account for the low calculated °ÝÑî ½±³°¿®»¼
¬± ³»¿«®»¼ ª¿´«»ò ×² ¹»²»®¿´ô ·¬ · ²±¬ »¿§ ¬± ¶«¼¹» ¬¸»
¿½½«®¿½§ ±º °Ø ³»¿«®»³»²¬ô »°»½·¿´´§ ©¸»² ¼¿¬¿ ½±³»
º®±³ »²ª·®±²³»²¬¿´ ¿¹»²½·»ò Ì¸«ô ±²» º¿½¬±® ±º ª¿®·¿¾·´·¬§
¬¸®±«¹¸±«¬ ¬¸» ¼¿¬¿ »¬ ¿ ©»´´ ¿ ·² ´·¬»®¿¬«®» ¼¿¬¿ · ¬¸» ¿½ó
½«®¿½§ ±º °Ø ³»¿«®»³»²¬ Š ¼»°·¬» ¬¸» ½¿®» ¬¿µ»² ø»ò¹ò ½¿´ó
·¾®¿¬·±² ©·¬¸ ÒÞÍ ¾«ºº»® º±® »¿½¸ ¼¿§ ±º ³»¿«®»³»²¬÷ô
©» ½¿²²±¬ ®«´» ±«¬ ¬¸¿¬ ¼®·º¬ ±® ³¿´º«²½¬·±² ±º °Ø »´»½¬®±¼»
½±²¬®·¾«¬» ¬± ¬¸» ±¾»®ª»¼ ª¿®·¿¾·´·¬§ô ½±²¬·¬«¬·²¹ ¿² ¿¼¼·ó
¬·±²¿´ ¼·¿¼ª¿²¬¿¹» ½±³°¿®»¼ ¬± ¼·®»½¬ °ÝÑî ³»¿«®»³»²¬
©·¬¸ ª»®§ ¬¿¾´» ¹¿ ¿²¿´§»®ò

ìòî ×³°¿½¬ ±² »¬·³¿¬» ±º ÝÑî »³··±² º®±³
º®»¸©¿¬»®

ß½½±®¼·²¹ ¬± ±«® ¿²¿´§·ô ±ª»®»¬·³¿¬·±² ±º ½¿´½«´¿¬»¼
°ÝÑî · ´¿®¹»¬ ·² ¿½·¼·½ô °±±®´§ ¾«ºº»®»¼ ¿²¼ ±®¹¿²·½ó®·½¸
©¿¬»®ò Ý±²»¯«»²¬´§ô ¬¸» ±ª»®»¬·³¿¬·±² ±º ®»¹·±²¿´ ¿²¼
¹´±¾¿´ ÝÑî »³··±² ½±³°«¬»¼ º®±³ ½¿´½«´¿¬»¼ °ÝÑî ¼»ó
°»²¼ ±² ¬¸» ®»´¿¬·ª» ½±²¬®·¾«¬·±² ±º ¬¸»» ¬§°» ±º ©¿¬»®
©±®´¼©·¼»ò ×² ¬¸»·® ¿²¿´§·ô Î¿§³±²¼ »¬ ¿´ò øîðïí÷ ¸¿ª» ¼·ó
½¿®¼»¼ ¿´´ ½¿´½«´¿¬»¼ °ÝÑî ª¿´«» ©·¬¸ ¿ °Ø ª¿´«» ±º ´»
¬¸¿² ëòìô ¿ ©»´´ ¿ ¿´´ °ÝÑî ª¿´«» ¿¾±ª» ïðð ððð °°³ªò
Ì¸»» ½®·¬»®·¿ ©±«´¼ »¨½´«¼» ±²´§ è û ±º ¿³°´» º®±³ ±«®
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¼¿¬¿ »¬ò ×²¼»»¼ô º®±³ ±«® ¿²¿´§·ô ·¬ ¿°°»¿® ¬¸¿¬ ±ª»®»¬·ó
³¿¬·±² ±º ½¿´½«´¿¬»¼ °ÝÑî ±½½«® ¿¬ °Ø ³«½¸ ¸·¹¸»® ¬¸¿²
ëòì øÚ·¹ò ìô ë ¿²¼ êå Ì¿¾´» î÷ò Ì¸» ¬©± ¬»½¸²·¯«» ©»®»
½±²·¬»²¬ ¿¬ ïðû ±² ¿ª»®¿¹» ·² ±²´§ ë ±º ¬¸» ïî ¬«¼·»¼
§¬»³ô ©¸·½¸ ½±³¾·²» ¿ ½·®½«³²»«¬®¿´ ¬± ¾¿·½ °Ø ©·¬¸
¿ Ìß ½±²½»²¬®¿¬·±² ©»´´ ¿¾±ª» ïððð k³±´ Ô ï øÚ·¹ò ë÷ò ß´ó
though it would not be sufficient for the cases of the Zam-
¾»¦· ¿²¼ ß¬¸·óÙ¿´¿²¿óÍ¿¾¿µ· ®·ª»®ô ©¸»®» ±ª»®»¬·³¿¬·±² ·
still significant, a TA value above 1000 µmol L ï ¿°°»¿®
¿ ¿ ³±®» ®±¾«¬ ½®·¬»®·±² ¬¸¿² ¿ °Ø ¬¸®»¸±´¼ ¬± »°¿®¿¬»
½¿´½«´¿¬»¼ °ÝÑî ª¿´«» ¿ºº»½¬»¼ ¾§ ¾·¿ º®±³ ¬¸±» ½±²·ó
¬»²¬ ©·¬¸ ³»¿«®»¼ °ÝÑî øÌ¿¾´» î÷ò ×² º¿½¬ô °ÝÑî ½¿´½«ó
´¿¬·±² º®±³ °Ø ¿²¼ Ìß ·² º®»¸©¿¬»® ¸·¬±®·½¿´´§ ®»´·» ±²
¬¸»±®»¬·½¿´ ¾¿½µ¹®±«²¼ ¿²¼ ª¿´·¼¿¬·±² ¼¿¬¿ ·² ¸·¹¸ó¿´µ¿´·²·¬§
©¿¬»® øÒ»¿´ »¬ ¿´òô ïççè÷ô ·²½´«¼·²¹ µ¿®¬·½ ©¿¬»® øÕ»³°»ô
ïçéë÷ò ß¬ ¬¸» ¹´±¾¿´ ½¿´»ô ¸·¹¸ Ìß ¬§°·½¿´´§ ±½½«® ·² ®·ª»®
draining watersheds with a significant proportion of carbon-
¿¬» ®±½µô ¬§°·½¿´´§ â íðû ±º ¬¸»·® «®º¿½» ¿®»¿ ·º ¬¸» ½®·¬»ó
®·±² ±º Ìßâ ïððð k³±´ Ô ï · ½¸±»² ¿²¼ ¬¸» ²±®³¿´·¦»¼
©»¿¬¸»®·²¹ ®¿¬» ±º Ó»§¾»½µ øïçèé÷ ¿®» ¿°°´·»¼ò ß½½±®¼ó
·²¹ ¬± Ó»§¾»½µ øïçèé÷ô ¬¸» ¿ª»®¿¹» ¿²¼ ¼·½¸¿®¹»ó©»·¹¸¬»¼
Ìß · ¿®±«²¼ çðð k³±´ Ô ï º±® ©±®´¼ ®·ª»® ¿²¼ ¿®±«²¼
êðð k³±´ Ô ï º±® ¬®±°·½¿´ ®·ª»®ò ß³±²¹ ¬¸» îë ´¿®¹»¬ ®·ª»®
·² ¬¸» ©±®´¼ô ïë ¸¿ª» ¿ Ìßâ ïððð k³±´ Ô ï ¿½½±®¼·²¹ ¬± Ý¿·
»¬ ¿´ò øîððè÷ò Ì¸» ¬©± ´¿®¹»¬ ®·ª»® ·² ¬¸» ©±®´¼ ·² ¬»®³ ±º
¼·½¸¿®¹»ô ¬¸» ß³¿¦±² ¿²¼ ¬¸» Ý±²¹±ô ¿®» ¿´± ©»´´ ¾»´±©
¬¸· ´·³·¬ ±º ïððð k³±´ Ô ï ¿²¼ ¸¿ª» ´¿®¹» ±ª»®»¬·³¿¬·±² ·²
½¿´½«´¿¬»¼ °ÝÑî ø±² ¿ª»®¿¹» îðð ¿²¼ íêðûô ®»°»½¬·ª»´§÷ò
Ê»®§ ´±© Ìß ¿²¼ °Ø ¿²¼ ¸·¹¸ ÜÑÝ ª¿´«» ¸¿ª» ¿´± ¾»»²
®»°±®¬»¼ ·² ¾±®»¿´ ¬®»¿³ ¿²¼ ®·ª»® øØ«³¾±®¹ »¬ ¿´òô îðïðå
Ü·²³±®» »¬ ¿´òô îðïîå É¿´´·² »¬ ¿´òô îðïì÷ò

×² ´¿µ»ô ¬¸» ¸·¹¸»¬ °ÝÑî ª¿´«» ·² ¬¸» ´·¬»®¿¬«®» ½±³»
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Figure S1. Sampling stations, catchment and river network of the studied Sub-Saharan rivers. 
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Figure S2. Box and whisker plots of pCO2, CH4, N2O and %O2 in the studied Sub-Saharan rivers. 
Data were categorized into small (<100 m width) and larger (>100 m width) rivers/streams. The 
horizontal line corresponds to the median, the cross to the average, error bars correspond to the 5 
and 95 percentile, symbols to outliers.
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Figure S3. Comparison of the basin-wide averages of pCO2 and FCO2 reported in the present 
study and by3 for the Congo, Zambezi, Tana, Rianila and Betsiboka Rivers. The strongest 
deviations in pCO2 between data from this study and the modelled data from3 were observed for 
the rivers (Zambezi and Congo) with extensive wetland coverage (5 and 10% of the total 
catchment, respectively). 
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Figure S4. Comparison of the CH4 flux calculated from the k600 derived from the corresponding 
chamber FCO2 (that should correspond exclusively to the diffusive CH4 flux) and the CH4 flux 
measured with the floating chamber (that integrates the ebullition CH4 flux and the diffusive CH4

flux). The difference between both approaches corresponds to the ebullition CH4 flux. The highest 
ebullition flux (2575 times higher than the diffusive CH4 flux) was measured in a Vossia cuspidata
patch in Congo River. 
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Figure S5. N2O as a function of %O2, NO3
-, NH4

+ and DIN in the studied African rivers. 
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Figure S6. N2O as a function of NO3
- from seasonal monitoring on the mainstem (fixed station) in 

the Oubangui (Congo River), Niger and Ogooué. 
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Figure S7. CH4, pCO2, N2O and %O2 as a function of water temperature and altitude in the 
studied African rivers. 
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Figure S8. pH and %O2 as a function of DOC in the studied African rivers. 
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Fig. S9. Longitudinal variations in the Congo mainstem and tributaries along a transect in December 2013 (high 

water) from Kisangani to Kinshasa of pCO2 (ppm), CH4 (nmol L
-1

) and %O2 (%), and aboveground woody biomass 

(Mg km
-2

)
57

, % of dense forest cover (%)
56

, and wetland surface (cumulated surface and fraction of catchment)
58

. The 

strong increase in cumulated wetland surface between 200 and 700 km upstream of Kinshasa corresponds to the core 

of the “Cuvette Centrale”. About 200 km upstream of Kinshasa, the catchment becomes dominated by shrubby 

savannah. Aboveground biomass and dense forest cover increase gradually along the transect and decrease 200 km 

above Kinshasa with savannahs becoming more prevalent. The pCO2 and CH4 concentration increase downstream 

towards the “Cuvette Centrale” and collapse in the savannah area upstream of Kinshasa. These patterns are mirrored 

by %O2 (%). 
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Fig. S10. pCO2 (ppm), CH4 (nmol L-1), N2O (nmol L-1) and %O2 (%) in 46 rivers of the Congo basin 

as function of dense forest cover56 and aboveground woody biomass (Mg km-2)57 on the 

catchment55. Data were bin-averaged by intervals of 25% of dense forest cover and by intervals of 

400 Mg km-2 of biomass. Two extreme CH4 values (>25000 nmol L-1) were removed from the 

analysis. Error bars correspond to the standard deviation on the mean.
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Figure S11. pCO2 (ppm), CH4 (nmol L-1) and %O2 (%) as function of dense forest cover (%)56, of 

aboveground living biomass (Mg km-2)57, average catchment slope55, and precipitation61. Only the 

data-sets that capture spatial variations were included in the analysis (excluding fixed time-series 

in the mainstem of rivers). 
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Figure S12. Frequency distribution of the pelagic R measurements gathered in the studied Sub-
Saharan rivers.
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Table S1. Summary of sample collection for GHGs and pelagic respiration (R) in African rivers 
and streams. Unpubl. = unpublished 

Ogooué

Niger

-3.669 5.241

5.123-2.920
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Table S2. Characteristics of the 12 studied African rivers. AGS = Athi Galana Sabaki River.

AGS Betsiboka Bia Comoé Congo Niger Nyong Ogooué Rianila Tana Tanoé Zambezi 

Catchment area (km²)
55

 40300 68311 11917 78474 3705222 2098640 27415 215216 7844 100608 15608 1378102 

Slope (°)
56

 1.23 1.02 0.36 0.48 0.60 0.44 0.50 0.49 3.22 0.95 0.58 0.86 

Discharge (km³yr
-1

) 2.30 9.49 1.86 7.06 1292.98 200.00 12.30 148.22 12.87 4.92 4.16 130.37 

Precipitation (mm)59 769 1527 1545 1174 1527 646 1809 1794 2397 696 1529 940 

River-stream surface (km²)
3
 359 1105 105 690 26517 4118 222 4261 1125 895 137 7325 

Wetland surface (km²)
58,59,60

 1181 1354 0 150 358756 119734 5483 12612 128 402 126 69254 

Aboveground biomass (Mg km
-2

)
57

 67 98 479 279 7488 59 1022 984 736 77 489 262 

Land cover
56

             

     Dense Forest (%) 12.8 7.9 18.6 2.7 49.1 0.4 78.2 89.8 52.0 12.9 20.7 20.4 

     Mosaic Forest (%) 0.1 0.9 77.4 32.3 17.8 2.2 19.5 4.4 43.2 0.1 75.6 0.0 

     Woodland and shrubland (%) 10.2 15.5 0.8 58.7 26.6 21.1 1.6 2.2 1.0 8.1 3.0 54.6 

     Grassland (%) 59.5 75.3 0.0 0.0 2.9 23.4 0.2 3.2 0.4 71.2 0.0 8.7 

     Cropland / Bare soil (%) 16.5 0.0 0.0 6.3 1.7 52.2 0.0 0.1 0.0 7.4 0.0 13.4 

            

w îðïë Ó¿½³·´´¿² Ð«¾´·¸»® Ô·³·¬»¼ò ß´´ ®·¹¸¬ ®»»®ª»¼



Table S3. Average values per river of pCO2, CH4, N2O, FCO2, FCH4 and FN2O computed according to2 (Auf) and 3 (Ray), integrated at basin and 
Sub-Saharan continental scaled using the river/stream surface areas reported by3, and the export of TOC and DIC reported in literature for the 
Congo, the Zambezi and the Tana. AGS = Athi Galana Sabaki River 

pCO2 (ppm)

CH4 (nmol L
-1

)

N2O (nmol L
-1

)

FCH4 (Aufd) ( mol m
-2

 d
-1

)

FCH4 (Ray) ( mol m
-2

 d
-1

)

FN2O (Aufd) ( mol m
-2

 d
-1

)

FN2O (Ray) ( mol m
-2

 d
-1

)

FCO2 (Aufd) (mmol m
-2

 d
-1

)

FCO2 (Ray) (mmol m
-2

 d
-1

)

FCO2 (Aufd) (TgC yr
-1

)

FCO2 (Ray) (TgC yr
-1

)

TOC export to sea (TgC yr
-1

)

DIC export to sea (TgC yr
-1

)

TOC+DIC export to sea (TgC yr
-1

)
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Divergent biophysical controls of 
aquatic CO2 and CH4 in the World’s 
two largest rivers
Alberto V. Borges1, Gwenaël Abril2,3, François Darchambeau1, Cristian R. Teodoru4, 
Jonathan Deborde2, Luciana O. Vidal5, Thibault Lambert1 & Steven Bouillon4

occur at tropical latitudes. However, processes controlling the intensity of CO2 and CH4 emissions 

from tropical inland waters remain poorly understood. Here, we report a data-set of concurrent 

measurements of the partial pressure of CO2 (pCO2) and dissolved CH4 concentrations in the Amazon 

(n  136) and the Congo (n  280) Rivers. The pCO2

higher than in the Congo, contrasting with CH4 concentrations that were higher in the Congo 

than in the Amazon. Large-scale patterns in pCO2

apprehended with a relatively simple statistical model related to the extent of wetlands within the 

2 in river 

channels. On the other hand, dynamics of dissolved CH4 in river channels are less straightforward 

to predict, and are related to the way hydrology modulates the connectivity between wetlands and 

river channels.
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¬¸» ¼·¬®·¾«¬·±² ±º ¬¸» º®¿½¬·±² ±º ©»¬´¿²¼ ·² ¬¸» ½¿¬½¸³»²¬ ©·¬¸·² ¿ ¹·ª»² §¬»³ øÝ±²¹± ¿²¼ Æ¿³¾»¦·÷ 

îéôîè

¬± ÝÑî »³··±² º®±³ ·²´¿²¼ ©¿¬»® ¿²¼ ¬¸»·® ®»´¿¬·ª» ·³°±®¬¿²½» ®»³¿·² «²½»®¬¿·² ¿²¼ ¸¿ ²±¬ §»¬ 
¾»»² ¯«¿²¬·¬¿¬·ª»´§ ®»±´ª»¼îéôîç ó

íðò Ñ² ¬¸» 

¿ Ýì ·¹²¿¬«®»íï
ì ¹®¿´¿²¼ ¸¿ª» ¾»»² º±«²¼ ¬± ½±²¬®·¾«¬» ´·¬¬´» ¬± ±®¹¿²·½ ³¿¬¬»® 

¬®¿²°±®¬»¼ ¾§ ®·ª»® »ª»² ·² ½¿¬½¸³»²¬ ©¸»®» ¬¸»§ ±½½«°§ »¨¬»²·ª» ¿®»¿íî

î »³··±² ©·´´ ª¿®§ º®±³ ±²» ¾¿·² ¬± ¿²±¬¸»® ¿ ¿ 
º«²½¬·±² ±º ½´·³¿¬»îé

·²°«¬ ·² ¸»¿¼©¿¬»® ¿²¼ ¸·¹¸´¿²¼ ¿²¼ ¿² ·²½®»¿»¼ ½±²¬®·¾«¬·±² ±º ©»¬´¿²¼ ·² ´±©´¿²¼îìôîéôîçôíïò ×² 
¬¸» ß³¿¦±² ¾¿·²ô ©»¬´¿²¼ ¸¿ª» ¾»»² ½±²½´«·ª»´§ ¸±©² ¬± ¾» ¸±¬°±¬ ±º ÝØì »³··±² ½±³°¿®»¼ ¬± 
®·ª»® ½¸¿²²»´îëôííôíìò

Ø»®»ô ©» ½±³°¿®» ¬¸» ÝÑî ¿²¼ ÝØì ¼·¬®·¾«¬·±² ·² ´±©´¿²¼ ®·ª»® ½¸¿²²»´ ±º ¬¸» ¬©± ´¿®¹»¬ ®·ª»® 

°ÝÑî ¿²¼ ÝØì

¬¸»®» ¿®» »ª»®¿´ ±¬¸»® ¼¿¬¿ó»¬ ±º °ÝÑî ¿²¼ ÝØì ·² ß³¿¦±²·¿² ¿¯«¿¬·½ §¬»³îç ¾«¬ ©» º±½« ±² 
¼·®»½¬ ³»¿«®»³»²¬ ±º °ÝÑî ø²±¬ ½¿´½«´¿¬»¼ º®±³ °Ø ¿²¼ Ìß ¬¸¿¬ ¿®» ¸·¹¸´§ ¾·¿»¼ ·² ¿½·¼ ©¿¬»®íë÷ 
½±²½«®®»²¬ ©·¬¸ ¼·±´ª»¼ ÝØì ³»¿«®»³»²¬ ø³±¬ ±¬¸»® ¬«¼·» ¿®» ¾¿»¼ ±² »·¬¸»® ±²» ¼·±´ª»¼ ¹¿ 

î 
¿²¼ ÝØì

Results
î ª¿´«» °¿²²»¼ ¬©± ±®¼»® ±º ³¿¹²·¬«¼» ·² ¬¸» ß³¿¦±² øéð ¬± ïêôèèð °°³÷ ¿²¼ ±²» ±®¼»® ±º 

³¿¹²·¬«¼» ·² ¬¸» Ý±²¹± øïðçð ¬± îîôçðð ì ½±²½»²¬®¿¬·±² °¿²²»¼ º±«® ±®¼»® 

ß³¿¦±² Ý±²¹±

Ý¿¬½¸³»²¬ ¿®»¿ øµ³î÷êî êôðîëôéíë íôéðëôîîî

Í´±°» øp÷êî ïòì ðòê

Ü·½¸¿®¹» øµ³í §® ï÷êí ëôììì ïôîéð

ï µ³ î÷ îç ïï

Ð®»½·°·¬¿¬·±² ø³³÷êì îôïìé ïôëîé

ß·® ¬»³°»®¿¬«®» øpÝ÷êì îìòê îíòé

Î·ª»®ó¬®»¿³ «®º¿½» ¿®»¿ øµ³î÷ï éìôçðì îêôëïé

É»¬´¿²¼ «®º¿½» ¿®»¿ øû÷ïïôëè ïì ïð

ß¾±ª» ¹®±«²¼ ¾·±³¿ øÓ¹ µ³ î÷êë çðç éìè

Ô¿²¼ ½±ª»®êðôêï

 Ü»²» Ú±®»¬ øû÷ èí ìç

 Ó±¿·½ Ú±®»¬ øû÷ ì ïè

 É±±¼´¿²¼ ¿²¼ ¸®«¾´¿²¼ øû÷ ì îé

 Ù®¿´¿²¼ øû÷ ë í

 Ý®±°´¿²¼ñÞ¿®» ±·´ øû÷ ì î

Ì¿¾´» ïò  Ó¿·² ½¸¿®¿½¬»®·¬·½ ±º ¬¸» ß³¿¦±² ¿²¼ Ý±²¹± ¾¿·²ò
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±º ³¿¹²·¬«¼» ·² ¬¸» ß³¿¦±² øïï ¬± ïèçôïðð ²³±´ Ô ï÷ ¿²¼ ¬¸®»» ±®¼»® ±º ³¿¹²·¬«¼» ·² ¬¸» Ý±²¹± øîî 
¬± éïôìíð ²³±´ Ô ï

øÌ   ïðð ³ ¿²¼ Ì   ïðð ³ ©·¼¬¸ô ®»°»½¬·ª»´§ïïôíê
î

³¿·²¬»³ ¬± ¬¸» ³¿´´ ¬®·¾«¬¿®·» ·² ¬¸» ß³¿¦±² øÕ®«µ¿´óÉ¿´´· øÕÉ÷ ¬»¬ô °   ðòðððï÷ ¿²¼ ·² ¬¸» 
Ý±²¹± øÕÉ ¬»¬ô °   ì ½±²½»²¬®¿¬·±² ·² ¬¸» ß³¿¦±² 
øÕÉ ¬»¬ô °   ðòðððï÷ ¿²¼ ·² ¬¸» Ý±²¹± øÕÉ ¬»¬ô °   ðòðððï÷ò ×² ¬¸» ³¿·²¬»³ô ´¿®¹» ¿²¼ ³¿´´ ¬®·¾«¬¿®ó
·» ±º ¾±¬¸ ß³¿¦±² ¿²¼ Ý±²¹±ô ¬¸» ³»¼·¿² °ÝÑî ¿²¼ ÝØì

»¯«·´·¾®·«³ ±º ¢íçð °°³ ¿²¼ ¢î ²³±´ Ô ï
î ó

½¿²¬´§ ¸·¹¸»® ¬¸¿² ·² ¬¸» Ý±²¹± ³¿·²¬»³ô ¾«¬ °ÝÑî

ì

ì ·² ¬¸» Ý±²¹± ©¿ ¬¸®»» ¬± º±«® ¬·³» ¸·¹¸»® 
¬¸¿² ·² ¬¸» ß³¿¦±²ô º±® ³¿·²¬»³ñ³¿´´ ¬®·¾«¬¿®·» ¿²¼ ´¿®¹» ¬®·¾«¬¿®·»ô ®»°»½¬·ª»´§ò Ú±® ¿ ¹·ª»² °ÝÑî 
ª¿´«»ô ÝØì

Discussion
The contribution of wetlands to CO2 emissions in the Amazon, Congo and across tropical 
rivers. î ª¿´«» ·² ¬®»¿³ ½±³°¿®»¼ ¬± ®·ª»® ·² ¬¸» ß³¿¦±² ¿²¼ ¬¸» 

íê ¿²¼ ¿´± ©·¬¸ ¬¸» ®»¹·±²¿´ ¬«¼·» 
·² °¿®¬ ±º ¬¸» Ý±²¹±´»» �Ý«ª»¬¬» Ý»²¬®¿´»Œíé ¿²¼ ·² ¬¸» Ñ«¾¿²¹«· «¾ó½¿¬½¸³»²¬íèò Ø·¹¸»® ÝØì ¿²¼ 
ÝÑî ½±²½»²¬®¿¬·±² ·² ¬®·¾«¬¿®·» ¬¸¿² ·² ¬¸» ³¿·²¬»³ ©»®» ¿´± ®»°±®¬»¼ ·² ¬¸» Ð¿®¿¹«¿§ Î·ª»®íç

Ú·¹«®» ïò Ô±½¿¬·±² ±º ¿³°´·²¹ ¬¿¬·±² ·² ¬¸» ß³¿¦±² ¿²¼ Ý±²¹± ¿¬ ¬¸» ½¿´» ±º ¬¸» ©¸±´» ¾¿·² ±ª»®´¿·² 
±² ¬¸» ´¿²¼ ½±ª»® ø¿ô¾÷ô ¿²¼ ¿ ¦±±³ ±ª»®´¿·² ±² ¬¸» ³¿·² ®·ª»® ø¼ô»÷ò Ó¿° ©»®» ¹»²»®¿¬»¼ ©·¬¸ ß®½Ù×Í 
«·²¹ °«¾´·½¿´´§ ¿ª¿·´¿¾´» °¿¬·¿´ ¼¿¬¿»¬êðôêïò ÓÍ   ³¿·²¬»³ò Ì   ïðð³   ́ ¿®¹» ¬®·¾«¬¿®·»ò Ì   ïðð³   ³¿´´ 
¬®·¾«¬¿®·»ò
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¸·¹¸»® °ÝÑî ·² ¬¸» ³¿·²¬»³ ±º ¬¸» ß³¿¦±² ¬¸¿² ·² ¬¸» Ý±²¹± ·² ¬¸»·® ´±©´¿²¼ ®»¹·±² ½±«´¼ ¾» ¼«» 

¬± °¿®¬´§ «¬¿·² ¬¸» ÝÑî
îìôîêò ×² ±®¼»® ¬± 

»¨°¿²¼ ¬¸» ®¿²¹» ±º ©»¬´¿²¼ ½±ª»®¿¹»ô ©» ·²½´«¼»¼ °ÝÑî ¼¿¬¿ ¿½¯«·®»¼ ·² º±«® ±¬¸»® ßº®·½¿² ®·ª»®îé 

î ©¿ °±·¬·ª»´§ ½±®®»´¿¬»¼ ¬± ©»¬´¿²¼ 

ÝÑî »³··±² º®±³ ´±©´¿²¼ ¬®±°·½¿´ ®·ª»® ½¸¿²²»´îìôîêôîé
î ¿²¼ 

©»¬´¿²¼ ½±ª»®¿¹» ¼± ²±¬ ²»½»¿®·´§ ·³°´§ ¬¸¿¬ ©»¬´¿²¼ ¿®» ¬¸» ±´» ¼®·ª»® ±º ÝÑî ·² ®·ª»® ½¸¿²²»´ò ß 
°®»ª·±«´§ ²±¬»¼ô »³·ó¿®·¼ ®·ª»® «½¸ ¿ ¬¸» Ì¿²¿ ¬¸¿¬ ¿®» ª·®¬«¿´´§ ¼»ª±·¼ ±º ©»¬´¿²¼ ¿®» ÝÑî ±«®½» 

Ü¿¬» Î·ª»® ¬¿¹» Ô±²¹·¬«¼» øpÛ÷ Ô¿¬·¬«¼» øpÒ÷

ß³¿¦±²

 íðñðïñîððéŠðçñðîñîððé Î··²¹ ©¿¬»®  ëëòéêçå  ëïòîíç  îòëìêå  ðòïïê îè

 ïïñðëñîððèŠîèñðëñîððè Ø·¹¸ ©¿¬»®  êðòçîðå  êðòïéì  íòíçéå  íòðéê íê

 ðêñïðñîððèŠïíñïðñîððè Ô±© ©¿¬»®  êðòîçïå  ëëòîèè  íòìïðå  ïòçïí ïì

 ðíñïðñîððçŠîðñïðñîððç Ô±© ©¿¬»®  êðòèîìå  ëëòðîç  íòìêéå  ïòçëï íê

 îëñðèñîðïðŠïîñðçñîðïð Ú¿´´·²¹ ©¿¬»®  êðòèëîå  ëìòçèè  íòíèìå  ïòçìé îî

Ý±²¹±

 îðñïïñîðïîŠðèñïîñîðïî Ø·¹¸ ©¿¬»® îìòïéðå îëòïçê ðòìçðå ðòéçë íî

 ïéñðçñîðïíŠîêñðçñîðïí Ô±© ©¿¬»® îìòïêçå îìòëçç ðòìçìå ðòééë ê

 ðíñïîñîðïíŠïçñïîñîðïí Ø·¹¸ ©¿¬»® ïëòíëðå îëòïèé  ìòíðéå îòîðê éë

 ïíñðíñîðïìŠîïñðíñîðïì Ø·¹¸ ©¿¬»® îìòïéðå îìòêðì ðòìçíå ðòéèì îð

 ïðñðêñîðïìŠíðñðêñîðïì Ú¿´´·²¹ ©¿¬»® ïëòíëéå îëòïèé  ìòíðêå îòîïé èç

 ïêñðìñîðïëŠðêñðëñîðïë Ú¿´´·²¹ ©¿¬»® ïëòíçîå îðòëéè  ìòíçìå îòêêê ëè

Ì¿¾´» îò  Ü¿¬»ô ®·ª»® ¬¿¹»ô °¿¬·¿´ ½±ª»®¿¹» ¿²¼ ²«³¾»® ø ÷ ±º °¿·®»¼ ¿³°´» ±º °ÝÑî ¿²¼ ÝØì 

½±´´»½¬»¼ ·² ¬¸» ß³¿¦±² ¿²¼ Ý±²¹± ®·ª»®ò

Ú·¹«®» îò Þ±¨ ¿²¼ ©¸·µ»® °´±¬ ±º °ÝÑî ø¿÷ ¿²¼ ÝØì ø¾÷ ·² ¬¸» ß³¿¦±² ¿²¼ Ý±²¹±ò 

¬¸» ·²¬»®¯«¿®¬·´» ®¿²¹» øîëŠéë °»®½»²¬·´»÷ô ©¸·µ»® ½±®®»°±²¼ ¬± ëŠçë °»®½»²¬·´»ô ¸±®·¦±²¬¿´ ¾¿® ¬± 

°   ðòðððïô ö ¬± °   
ÓÍ   ³¿·²¬»³ò Ì   ïðð³   ́ ¿®¹» ¬®·¾«¬¿®·»ò Ì   ïðð³   ³¿´´ ¬®·¾«¬¿®·»ò
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Ú·¹«®» íò Ô±¹ ±º ÝØì ½±²½»²¬®¿¬·±² ¿ º«²½¬·±² ±º °ÝÑî ·² ¬¸» ³¿·²¬»³ øÓÍ÷ ø¿÷ô ¬¸» ´¿®¹» ¬®·¾«¬¿®·» 

øÌ  ïðð ³÷ ø¾÷ô ¿²¼ ³¿´´ ¬®·¾«¬¿®·» øÌ  ïðð ³÷ ø½÷ ±º ¬¸» ß³¿¦±² ¿²¼ Ý±²¹± ¾¿·²ò Ô·²» 
½±®®»°±²¼ ¬± ¬¸» ´·²»¿® ®»¹®»·±² ±º ´±¹ ¬®¿²º±®³»¼ ÝØì ¿ ¿ º«²½¬·±² ±º °ÝÑîò

Ú·¹«®» ìò Ó»¼·¿² ®·ª»®ó½¸¿²²»´ °ÝÑî ·² ³¿·²¬»³ øÓÍ÷ô ´¿®¹» ¬®·¾«¬¿®·» øÌ  ïðð ³÷ ¿²¼ ³¿´´ ¬®·¾«¬¿®·» 

øÌ  ïðð ³÷ ¿ º«²½¬·±² ±º ©»¬´¿²¼ ½±ª»®¿¹» øº®¿½¬·±² ±º ¬¸» ½¿¬½¸³»²¬÷ ·² ¬¸» ß³¿¦±² ø²  ïíê÷ô Ý±²¹± 

ø²  îèð÷ô Æ¿³¾»¦· ø²  ïëí÷ô Þ»¬·¾±µ¿ ø²  îï÷ô Î·¿²·´¿ ø²  ç÷ô ¿²¼ Ì¿²¿ ¿²¼ ß¬¸· Ù¿´¿²¿ Í¿¾¿µ· 

øÌ¿²¿ñßÙÍ÷ ø²  ììî÷ò Í±´·¼ ´·²» ·²¼·½¿¬» ´·²»¿® ®»¹®»·±²ô ¿²¼ ®î

¼»¬»®³·²¿¬·±²ò ß³¿¦±² ¿²¼ Ý±²¹± ¼¿¬¿ ¿®» º®±³ ¬¸» °®»»²¬ ¬«¼§ô ±¬¸»® ¼¿¬¿ º®±³ Þ±®¹» »¬ ¿´òîéò
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«¬¿·² ÝÑî »³··±² º®±³ ®·ª»® ½¸¿²²»´îé

·² «¬¿·²·²¹ ®·ª»®·²» ÝÑî »³··±² ®»³¿·² «²½»®¬¿·² ¿²¼ ¸¿ ²±¬ §»¬ ¾»»² ¯«¿²¬·¬¿¬·ª»´§ ®»±´ª»¼îçò

4 in the Amazon and Congo river 
channels. ß´¬¸±«¹¸ ·² ßº®·½¿² ®·ª»® ¿ª»®¿¹» ÝØì ½±²½»²¬®¿¬·±² ½±®®»´¿¬» ©·¬¸ ©»¬´¿²¼ ½±ª»®¿¹»îéô 
ÝØì

ì 
¿²¼ °ÝÑî    ïðð ³÷ô 
¬¸» ¬®±²¹ °±·¬·ª» ®»´¿¬·±²¸·° ¾»¬©»»² ÝØì ¿²¼ °ÝÑî ·² ¾±¬¸ ®·ª»® ·²¼·½¿¬» ¿ ½±³³±² ±®·¹·²ò ×¬ 
³·¹¸¬ ·²¼·½¿¬» ¿ ¬®±²¹»® ½±²¬®·¾«¬·±² ±º ÝÑî °®±¼«½¬·±² º®±³ ¿²¿»®±¾·½ ±®¹¿²·½ ³¿¬¬»® ¼»¹®¿¼¿¬·±² 
½±³°¿®»¼ ¬± ¿»®±¾·½ ®»°·®¿¬·±²ô ¿²¼ ¬¸¿¬ ¾±¬¸ ÝÑî ¿²¼ ÝØì °®±¼«½¬·±² ¿®» ®»´¿¬»¼ ¬± Ý °®±½»·²¹ 
©·¬¸·² ©»¬´¿²¼ò Í³¿´´ ¬®»¿³ ®»½»·ª» ¸·¹¸»® ½±²¬®·¾«¬·±² º®±³ ¹®±«²¼©¿¬»® ¬¸¿¬ ¿®» ®·½¸ ·² ÝÑî

îïôîîò 
Ø±©»ª»®ô ¼¿¬¿ ·² ßº®·½¿² ®·ª»® ¸±© ¬¸¿¬ ¹®±«²¼©¿¬»® ¸¿¼ ¿² »¨¬®»³»´§ ´±© ÝØì ½±²¬»²¬îéôìðò É¸·´» 
¹®±«²¼©¿¬»® ·²°«¬ ½»®¬¿·²´§ ½±²¬®·¾«¬» ¬± ¸·¹¸ ÝÑî ·² ³¿´´ ¬®»¿³ ·¬ ½¿²²±¬ »¨°´¿·² ¬¸» »¨¬®»³»´§ 
¸·¹¸ ÝØì ·² ³¿´´ ¬®»¿³ò Ý±²»¯«»²¬´§ô ¬¸» ¬®±²¹ ½±®®»´¿¬·±² ¾»¬©»»² °ÝÑî ¿²¼ ÝØì ·² ³¿´´ ¬®»¿³ 

î ª¿´«» ¿¬ 
±«® ¿³°´·²¹ ·¬» ·² ´±©´¿²¼ ®»¹·±²ò ×² ¬¸» ³¿·²¬»³ô ÝØì · ±²´§ ©»¿µ´§ °±·¬·ª»´§ ½±®®»´¿¬»¼ ¬± °ÝÑî 

©»´´ ³·¨»¼ ¿²¼ ©»´´ ±¨§¹»²¿¬»¼ ß³¿¦±² ³¿·²¬»³ô ¬¸»®» · ¿ ¬®±²¹»® ½±²¬®·¾«¬·±² ¬± ÝÑî °®±¼«½¬·±² 
ìïô ©¸·´» ÝØì · ´±¬ ¾§ 

»³··±² ¬± ¬¸» ¿¬³±°¸»®» ¿²¼ ¾¿½¬»®·¿´ ±¨·¼¿¬·±²ò ×² ´¿®¹» ¬®·¾«¬¿®·» øÌ   ïðð ³÷ ¿² ·²¬»®³»¼·¿®§ 
·¬«¿¬·±² · ±¾»®ª»¼ ·² ¬¸» ß³¿¦±²ô ©¸·´» ·² ¬¸» Ý±²¹±ô ÝØì ¿²¼ °ÝÑî ®»³¿·² ¬®±²¹´§ ½±®®»´¿¬»¼ò 

ì ·² ¬¸»» ¬©± ®·ª»® ½¿² ¾» º«®¬¸»® »¨¿³·²»¼ ¾§ 
·²ª±µ·²¹ »ª»®¿´ ¸§°±¬¸»»ò

Ú·®¬ ìî ó
°´¿·² ´¿µ» ¾«¬ ±²´§ ¿ ¸¿²¼º«´ ±º ®»´¿¬·ª»´§ ´¿®¹» °»®³¿²»²¬ ´¿µ» øÓ¿·óÒ¼±³¾» øîôíðð µ³î÷ô Ì«³¾¿ 
øéêë µ³î

«®º¿½» ¿®»¿ ±º ïðôìðð µ³î ìí

ó
¿½¬»®·¦»¼ ¾§ ¸·¹¸ ¹¿ ¬®¿²º»® ª»´±½·¬§ øµ÷ ª¿´«»ììôìëô ¬¸¿¬ °®±³±¬» ¬¸» »ª¿·±² ±º ÝØì ¬± ¬¸» ¿¬³±°¸»®» 
¿²¼ ©¿¬»® ±¨§¹»²¿¬·±² ¬¸¿¬ ©·´´ º¿ª±® ¾¿½¬»®·¿´ ÝØì

º±®»¬ô µ ª¿´«» ¸±«´¼ ¾» ´±© ¼«» ¬± ©·²¼ ¸·»´¼·²¹ ¿²¼ ³±¼»®¿¬» ¼·«®²¿´ ©¿¬»® ¿²¼ ¿·® ¬»³°»®¿¬«®» 

ì ´± ¾§ »ª¿·±² ¬± ¬¸» ¿¬³±°¸»®» ¿²¼ ¾§ ¾¿½¬»®·¿´ 
±¨·¼¿¬·±² ø´±© ±¨§¹»² ´»ª»´÷ò

Í»½±²¼
ìê

¬¸» ÝØì

·² ¬¸» Ý»²¬®¿´ ß³¿¦±² ©¸»®» ¼«®·²¹ ®··²¹ ©¿¬»® ¿²¼ ¸·¹¸ ©¿¬»®ô ¬¸» ©¿¬»® ¬®¿²°±®¬ · º®±³ ¬¸» ®·ª»® 

¿²¼ ¬¸»·® ¾·±³¿ °»¿µìé
ì »³··±²ííô ¿²¼ °®»«³¿¾´§ 

¿´± ¸·¹¸»¬ ÝØì °®±¼«½¬·±²ô ©¸»² ¬¸» ©¿¬»® ¬®¿²º»® º®±³ ©»¬´¿²¼ ¬± ¬¸» ®·ª»® ½¸¿²²»´ · ¾´±½µ»¼ ¾§ 

ì »³··±² ©»®» ¿´± º±«²¼ ¬± ¾» ¸·¹¸»¬ ¼«®·²¹ 
¸·¹¸ ©¿¬»®ííò

ì »³·¬¬»® ¿²¼ °®»«³¿ó
¾´§ ÝØì

ìèôìçò
Ú±«®¬¸ Ê±·¿ ½«°·¼¿¬¿÷ ½±³³±²´§ ±½½«® ¿´±²¹ ½¸¿²²»´ 

»¼¹» ¿²¼ ©·¬¸·² ½¸¿²²»´ô ¿²¼ º±®³ ´¿®¹» ³»¿¼±© ·² ¬®»¿³ô ®·ª»® ¿²¼ ³¿·²¬»³ô ·² ¿´´ ¬§°» ±º ©¿¬»® 
ø©¸·¬» ¿²¼ ¾´¿½µ÷ò Ú´±¿¬·²¹ ³¿½®±°¸§¬» ¿®» µ²±©² ¬± ¸±¬ ¸·¹¸ ÝØì °®±¼«½¬·±² ¿²¼ »³··±²îëôííôíì ¬¸¿¬ 

ó

ì ½±²½»²¬®¿¬·±² ·² ¬¸» 
Ý±²¹± ¬¸¿² ·² ¬¸» ß³¿¦±² ³¿·²¬»³ º±® °ÝÑî ª¿´«»  éððð ì

³¿½®±°¸§¬» ·² ¬¸» ß³¿¦±²·¿² ©»¬´¿²¼ ´¿µ» ©·´´ ¾» ´±¬ ´±½¿´´§ ¾§ »ª¿·±² ¬± ¬¸» ¿¬³±°¸»®» ¿²¼ ÝØì 
±¨·¼¿¬·±² ø»» ¿¾±ª»÷ô ¿²¼ ´·¬¬´» ¼·±´ª»¼ ÝØì ©·´´ ¾» ¬®¿²°±®¬»¼ ¬± ¬¸» ®·ª»® ½¸¿²²»´ò

 ³÷ 
½±³°¿®»¼ ¬± ¬¸» ß³¿¦±² øïðŠïî 
¬¸» Ò±®¬¸»®² °¿®¬ ±º ¬¸» ¾¿·² · ½±³°»²¿¬»¼ ¾§ ¬¸» ®¿·²§ »¿±² ±² ¬¸» Í±«¬¸»®² °¿®¬ ±º ¬¸» ¾¿·²ô 
¿²¼ ª·½»óª»®¿ô ´»¿¼·²¹ ¬± ¿ ®»¹«´¿¬·±² ±º »¿±²¿´ ©¿¬»® ¸»·¹¸¬ ª¿®·¿¬·±²ëð

©»¬´¿²¼ ¸¿¾·¬¿¬ ³¿°°·²¹ ¬¸¿¬ ¿®» ´¿½µ·²¹ ·² ¬¸» Ý±²¹± ©¸»®» ®»»¿®½¸ ±² ¿¯«¿¬·½ ¾·±¹»±½¸»³·¬®§ ¿²¼ 
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»½±´±¹§ ©¿ ´¿®¹»´§ ¿¾¿²¼±²»¼ ·²½» ¬¸» »¿®´§ ïçêðŽ ½±³°¿®»¼ ¬± ¬¸» ß³¿¦±² ¬¸¿¬ ¸¿ ¾»»² ¬¸» «¾¶»½¬ 

Re-evaluation of CO2 emissions from tropical rivers and streams. î »³··±² º®±³ 
®·ª»® ¿²¼ ¬®»¿³ »¬·³¿¬»¼ ¾§ Î¿§³±²¼ »¬ ¿´òï ±º ïòè Ð¹Ý §® ï · ³±¬´§ ®»´¿¬»¼ ¬± ¬®±°·½¿´ ¿®»¿ ¬¸¿¬ 
¿½½±«²¬ º±® ïòì Ð¹Ý §® ï øéèû÷ò Ø±©»ª»®ô ¬¸» ¼¿¬¿ ½±ª»®¿¹» ·² ¬¸» ¬®±°·½ ©¿ ´±©»® ¬¸¿² º±® ¬»³°»®¿¬» 
¿²¼ ¾±®»¿´ ®»¹·±²ô ¿²¼ ¼¿¬¿ ·² »ª»®¿´ ¾¿·² ø·²½´«¼·²¹ ¬¸» Ý±²¹±÷ ©»®» ¼»®·ª»¼ º®±³ ·²¬»®°±´¿¬·±² 
º®±³ ¿¼¶¿½»²¬ ¾¿·² ®¿¬¸»® ¿½¬«¿´ ³»¿«®»³»²¬ò Ú«®¬¸»®³±®»ô ±²´§ ±²» ª¿´«» ±º °ÝÑî ©¿ «»¼ º±® 
¬¸» ©¸±´» ©¿¬»®¸»¼ ©¸·´» °ÝÑî

¿½®± ¬¸» Ë²·¬»¼ Í¬¿¬»ïëò Ú±® ßº®·½¿² ®·ª»® ©» ¸¿ª» °®»ª·±«´§ ¸±©² ¬¸¿¬ ¬¸» Î¿§³±²¼ »¬ ¿´òï ¼¿¬¿»¬ 
«²¼»®»¬·³¿¬»¼ ÝÑî î ³»¿«®»³»²¬ ©»®» ®»½»²¬´§ ³¿¼»îéò 

¬± ®»ó»ª¿´«¿¬» ÝÑî

½±ª»® ¿ ´¿®¹» ®¿²¹» ±º ·¦»ô ½´·³¿¬»ô ¿²¼ ´¿²¼ ¿²¼ ©»¬´¿²¼ ½±ª»® ¬§°·½¿´ ±º ¬¸±» »²½±«²¬»®»¼ ·² ¬®±°·½¿´ 
   ðòì Ð¹Ý §® ïô ·ò»ò îëû ¸·¹¸»® ¬¸¿² ¬¸» ª¿´«» ±®·¹·²¿´´§ 

½±³°«¬»¼ ¾§ Î¿§³±²¼ »¬ ¿´òï

î »³··±² º®±³ ®·ª»® ·² ¬®±°·½¿´ ¿®»¿ò
×² ½±²½´«·±²ô ¬¸» ¿²¿´§· ±º ¼¿¬¿ ·² ®·ª»® ½¸¿²²»´ ·² ·¨ ¬®±°·½¿´ ®·ª»® ·²½´«¼·²¹ ¬¸» ¬©± ´¿®¹»¬ 

±²» øß³¿¦±² ¿²¼ Ý±²¹±÷ ®»°±®¬»¼ ¸»®» ¼»³±²¬®¿¬» ¬¸¿¬ ´¿®¹»ó½¿´» °¿¬¬»®² ·² °ÝÑî

¾¿·² ½¿² ¾» ¿°°®»¸»²¼»¼ ©·¬¸ ¿ ®»´¿¬·ª»´§ ·³°´» ¬¿¬·¬·½¿´ ³±¼»´ ®»´¿¬»¼ ¬± ¬¸» »¨¬»²¬ ±º ©»¬´¿²¼ 
©·¬¸·² ¬¸» ¾¿·²ò Ü§²¿³·½ ±º ¼·±´ª»¼ ÝØì ·² ®·ª»® ½¸¿²²»´ ¿®» ´» ¬®¿·¹¸¬º±®©¿®¼ ¬± °®»¼·½¬ô ¿²¼ 
¿°°»¿® ¬± ¾» ®»´¿¬»¼ ¬± ¬¸» ©¿§ ¸§¼®±´±¹§ ³±¼«´¿¬» ¬¸» ½±²²»½¬·ª·¬§ ¾»¬©»»² ©»¬´¿²¼ ¿²¼ ®·ª»® ½¸¿²ó

ì ½±²½»²¬®¿¬·±² ·² ¬¸» ®·ª»® ½¸¿²²»´ ±º ¬¸» ß³¿¦±² 

ì

ÝØì »³··±² · ³«½¸ ¸·¹¸»® ¬¸¿² ÝØì
îéôëï

©¸»®» »¾«´´·¬·±² ®»°®»»²¬ ¬¸» ³¿¶±®·¬§ ±º ¬¸» ÝØì »³··±² ¬± ¬¸» ¿¬³±°¸»®»îëôëîò ×² ¬¸» ß³¿¦±² 
¾¿·²ô ±ª»®¿´´ ¿¯«¿¬·½ ÝØì »³··±² ¿®» ¼±³·²¿¬»¼ ¾§ ©»¬´¿²¼îëô ©¸·´» »¯«·ª¿´»²¬ »¬·³¿¬» ¿®» «²¿ó
ª¿·´¿¾´» º±® ¬¸» Ý±²¹± ¾¿·²ò

Methods
Study site characteristics. 

· ±² ¿ª»®¿¹» ¢ï pÝ ©¿®³»® ¿²¼ ¸¿ ¿² ¿²²«¿´ °®»½·°·¬¿¬·±² ¿¾±«¬ ¬©± ¬·³» ¸·¹¸»® ¬¸¿² ·² ¬¸» Ý±²¹±ò 

°®»½·°·¬¿¬·±² ½¿² ¿´± »¨°´¿·² ¬¸» ¸·¹¸»® ½±ª»®¿¹» ±º ¬¸» ¾¿·² ¾§ »ª»®¹®»»² º±®»¬ ø¼»²» ¿²¼ ³±¿·½÷ 
·² ¬¸» ß³¿¦±² øèéû÷ ¬¸¿² ·² ¬¸» Ý±²¹± øêéû÷ô ©¸»®» ½±²ª»®»´§ ¿ª¿²²¿¸ ø¸®«¾´¿²¼ ¿²¼ ¹®¿´¿²¼÷ 

éíðôððð ¿²¼ íêðôððð µ³îô ®»°»½¬·ª»´§îëôìîò

Field data collection. Ü¿¬¿ ©»®» ¿½¯«·®»¼ ¼«®·²¹ ë ½®«·» ·² ¬¸» ß³¿¦±² ¿²¼ ê ½®«·» ·² ¬¸» 

î ·² ¬¸» ß³¿¦±² ©¿ ³»¿ó
«®»¼ ©·¬¸ ¿² »¯«·´·¾®¿¬±®ëí ½±«°´»¼ ¬± ¿² ·²º®¿ó®»¼ ¹¿ ¿²¿´§¦»® ø×ÎÙß÷ô ¿ ¼»½®·¾»¼ ·² ¼»¬¿·´ ¾§ ß¾®·´  
»¬ ¿´òîì

î ·² ¬¸» Ý±²¹± ©¿ ³»¿«®»¼ ©·¬¸ ¾±¬¸ ¿² »¯«·´·¾®¿¬±® ø·² ¬¸» ³¿·²¬»³ ¿²¼ ´¿®¹»¬ 
¬®·¾«¬¿®·»÷ ¿²¼ ©·¬¸ ¿ §®·²¹» ¸»¿¼°¿½» ¬»½¸²·¯«» ø·² ¬¸» ³¿·²¬»³ ¿²¼ ´¿®¹» ¿²¼ ³¿´´ ¬®·¾«¬¿®·»÷ 
©·¬¸ ¿² ×ÎÙßô ¿ ¼»½®·¾»¼ ·² ¼»¬¿·´ ¾§ Þ±®¹» »¬ ¿´òîéò Þ±¬¸ ¿°°®±¿½¸» ©»®» ·²¬»®ó½¿´·¾®¿¬»¼ ¿²¼ ½±³ó
°¿®»¼ ª»®§ ©»´´íëò Ñ²´§ ¬¸» ¼¿¬¿ ¿½¯«·®»¼ ©·¬¸ ¿ §®·²¹» ¸»¿¼°¿½» ¬»½¸²·¯«» ·² ¬¸» Ý±²¹± ¿®» °®»»²¬»¼ 
¸»®»ò Í¿³°´» º±® ¬¸» ¼»¬»®³·²¿¬·±² ±º ÝØìô ©»®» ½±²¼·¬·±²»¼ ·² ëð ³´ »®«³ ¾±®±·´·½¿¬» ª·¿´ô °±·±²»¼ 
©·¬¸ ¿ ¿¬«®¿¬»¼ ±´«¬·±² ±º Ø¹Ý´î øïðð  Ô÷ ¿²¼ »¿´»¼ ©·¬¸ ¹¿ ¬·¹¸¬ ¾«¬§´ ¬±°°»® «²¬·´ ¿²¿´§· ¾§ ¹¿ 
½¸®±³¿¬±¹®¿°¸§ øÙÝ÷ëì

ì °¿®¬·¿´ °®»«®» ©¿ ³»¿«®»¼ ·² ¿ ï ³Ô «¾¿³°´» ±º ¬¸» ¸»¿¼°¿½» 
±º îð ³Ô ±º Òî ì ½±²½»²ó

ìæÒî ³·¨¬«®» øß·® Ô·¯«·¼» Ú®¿²½»÷ ±º ïð °°³ ¿²¼ îðð °°³ ÝØìò 

ì

ÝØìæÝÑîæÒîÑæÒî ³·¨¬«®» øß·® Ô·¯«·¼» Þ»´¹·«³÷ ±º ïô ïðô íð ¿²¼ ëðç °°³ ÝØì

±º ³»¿«®»³»²¬ ©¿  îû ¿²¼  ìû º±® °ÝÑî ¿²¼ ÝØìô ®»°»½¬·ª»´§ò ß¼¼·¬·±²¿´ ¼¿¬¿ ·² ¬¸» ß³¿¦±² 
©»®» ¼·¹·¬¿´·¦»¼ ©·¬¸ Ð´±¬Ü·¹·¬·¦»®w º®±³ ¬¸» °´±¬ ±º Î·½¸»§ »¬ ¿´òëëò Ü¿¬¿ °®»»²¬»¼ ·² Î·½¸»§ »¬ ¿´òëë 
©»®» ±¾¬¿·²»¼ ¾§ ¸»¿¼°¿½» ¬»½¸²·¯«» ¿²¼ ÙÝ ¿²¿´§·ô º®±³ ß°®·´ ïçèî ¬± ß«¹«¬ ïçèë ¼«®·²¹ ç ½®«·» 
«°¬®»¿³ ±º Ó¿²¿«ô ©¸·´» ¼¿¬¿ ®»°±®¬»¼ ·² ¬¸» °®»»²¬ ¬«¼§ ©»®» ¿½¯«·®»¼ ¼±©²¬®»¿³ ±º Ó¿²¿«ò

Computation of tropical river CO2 î Ú÷ ©¿ 
½±³°«¬»¼ ¿½½±®¼·²¹ ¬±æ

Ú µ °ÝÑ
î
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©¸»®»  · ¬¸» ÝÑî µ · ¬¸» ¹¿ ¬®¿²º»® ª»´±½·¬§ ¿²¼  °ÝÑî · ¬¸» °ÝÑî ¿·®ó©¿¬»® 
¹®¿¼·»²¬ô ©¸»®»¾§ ¿ °±·¬·ª» ª¿´«» ½±®®»°±²¼ ¾§ ½±²ª»²¬·±² ¬± ¿² »³··±² ±º ÝÑî º®±³ ¬¸» ©¿¬»® ¬± 
¬¸» ¿¬³±°¸»®»ò

É» «»¼ ¬¸» ¹»±¹®¿°¸·½¿´ ·²º±®³¿¬·±² §¬»³ øÙ×Í÷ ±º Î¿§³±²¼ »¬ ¿´òï µ ª¿´«»ô 
«®º¿½» ¿®»¿ ¿²¼ ©·¼¬¸ º±® ¬®»¿³ ¿²¼ ®·ª»® ¹´±¾¿´´§ô ¿²¼ ¬¸» ¼¿¬¿ ¿®» ¬®«½¬«®»¼ ¾§ ¬®»¿³ ±®¼»® ·²¬± 
ÝÑÍÝßÌ ø½±¿¬¿´ »¹³»²¬¿¬·±² ¿²¼ ·¬ ®»´¿¬»¼ ½¿¬½¸³»²¬ëê µ ª¿´«» ¬¸»³»´ª» ¿®» ¼»®·ª»¼ º®±³ 
¿ °¿®¿³»¬»®·¦¿¬·±² ¿ ¿ º«²½¬·±² ±º ´±°» ¿²¼ ¬®»¿³ ª»´±½·¬§ëé ·²½´«¼»¼ ·² ¬¸» Ù×Íò Ú±® »¿½¸ ±º ¬¸» 
ÝÑÍÝßÌ «²·¬ ©» ¼»®·ª»¼ ©»¬´¿²¼ ½±ª»® º®±³ ¿²±¬¸»® Ù×Íô ¬¸» ¹´±¾¿´ ¼¿¬¿¾¿» ±º ´¿µ»ô ®»»®ª±·® ¿²¼ 
©»¬´¿²¼ëè

¬¸» ©¿¬»® °ÝÑî ·² ÓÍô Ì   ïðð³ ¿²¼ Ì   ïðð³ò Í·²½» ®·ª»®ñ¬®»¿³ «®º¿½» ¿®»¿ ·² ¬¸» Ù×Í ¿®» ¬®«½ó
¬«®»¼ ¾§ ¬®»¿³ ±®¼»® ·¬ · ²±¬ °±·¾´» ¬± ¼·¬·²¹«·¸ ¬¸» «®º¿½» ¿®»¿ ½±®®»°±²¼·²¹ ¬± ÓÍ ¿²¼ ¬®·¾«¬¿®ó
·»ò Í±ô ¬¸» °ÝÑî ±º ÓÍ ¿²¼ Ì   ïðð³ ½±³°«¬»¼ º®±³ ¬¸» ®»¹®»·±² º±® »¿½¸ ÝÑÍÝßÌ ©»®» ¿ª»®¿¹»¼ô 
¿²¼ ½±³°«¬¿¬·±² ©»®» º«®¬¸»® ½¿®®·»¼ º±® Ì   ïðð³ ¿²¼ º±® ÓÍ ¿²¼ Ì   
Ú ª¿´«» ©»®» ¬¸»² ½±³°«¬»¼ º®±³ ¬¸» µ ª¿´«» ¼»®·ª»¼ º®±³ ¬¸» Ù×Í º±® ¬®»¿³ñ®·ª»® ²¿®®±©»® ¿²¼ 
©·¼»® ¬¸¿² ïðð ³ô ¿ ½±²¬¿²¬ ©¿¬»® ¬»³°»®¿¬«®» ±º îë pÝ ¬± ½±³°«¬» ëç ¿²¼ ¿ ½±²¬¿²¬ ¿¬³±°¸»®·½ 
°ÝÑî ±º íçð Ú ¿®»¿´ ª¿´«» °»® ÝÑÍÝßÌ ©»®» ½¿´»¼ ¬± ¬¸» ®»°»½¬·ª» ¬®»¿³ñ®·ª»® «®º¿½» 

ß² »®®±® ¿²¿´§· ±² ¬¸» ÝÑî

±º ¬¸» °ÝÑî ½±³°«¬¿¬·±²ô ¬¸» µ ª¿´«» »¬·³¿¬»ô ¿²¼ ¬¸» »¬·³¿¬» ±º «®º¿½» ¿®»¿ ±º ®·ª»® ½¸¿²²»´ ¬± 

î 

µ ª¿´«» º®±³ ¬¸» Ù×Í ©¿ »¬·³¿¬»¼ ¬± ¾»  ïðòðû ¾¿»¼ ±² ¬¸» »®®±® ±² ´±°» ¿²¼ 
½±²¬¿²¬ ±º ¬¸» °¿®¿³»¬»®·¦¿¬·±²ëé

 íïòðûò

Statistical analysis. r  Ê»®·±² êòðë º±® É·²¼±©ò

Original data-set. î ¿²¼ ÝØì ½±²½»²¬®¿¬·±² 
øÌ¿¾´» î÷ ¿®» ¿ª¿·´¿¾´» ¿ ¿ «°°´»³»²¬¿®§ ¬¿¾´»ò
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íïò É¿®¼ô Òò Üò »¬ ¿´ò

¬± ¬¸» ±½»¿²ò Ó¿®ò Ý¸»³ò ¼±·æ ïðòïðïêñ¶ò³¿®½¸»³òîðïëòðêòðïíò
íîò 

¬± ±®¹¿²·½ ½¿®¾±² °±±´ ·² º®»¸©¿¬»® §¬»³ô Û½±§¬»³ ïéô çéìŠçèç øîðïì÷ò
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êéŠéè øîðïë÷ò
íêò »¬ ¿´ò Ú®±²¬ò Û½±´ò 

Û²ª·®±²ò çô ëíŠêð øîðïï÷ò
íéò Ó¿²²ô Ðò Öò »¬ ¿´ò

Þ·±¹»±½·ò ïïçô ¼±·æ ïðòïððîñîðïíÖÙððîììî øîðïì÷ò
íèò Þ±«·´´±²ô Íò »¬ ¿´ò

ò ìô ëìðîô ¼±·æ ïðòïðíèñ®»°ðëìðî øîðïì÷ò
íçò 

Ð¿²¬¿²¿´ ©»¬´¿²¼ ±º Þ®¿¦·´ò Þ·±¹»±½¸»³·¬®§ íðô ïïëŠïìï øïççë÷ò
ìðò Þ¿´¿¹·¦·ô Ýò Óò »¬ ¿´ò î ½±²«³°¬·±² ®¿¬» ·² ¬¸» Ê·®«²¹¿ Ê±´½¿²·½ 

Ð®±ª·²½» øÛ¿¬ ßº®·½¿÷ò Ù»±½¸»³ò Ù»±°¸§ò Ù»±§¬ò ¼±·æ ïðòïððîñîðïëÙÝððëççç øîðïë÷ò
ìïò É¿®¼ô Òò Üò »¬ ¿´ò Ò¿¬«®» Ù»±½·ò êô ëíðŠëíí øîðïí÷ò
ìîò 

¿²¼ ®¿¼¿® ®»³±¬»´§ »²»¼ ¼¿¬¿ ¿²¼ ¼»®·ª»¼ ¬±°±¹®¿°¸·½¿´ ·²¼·½»ò  ïïìô éíŠèê øîðïð÷ò
ìíò Þ·±¹»±½¸»³·¬®§ ±º ¬¸» ß³¿¦±² Þ¿·² ¿²¼ ·¬ ·² ¿ Ý¸¿²¹·²¹ É±®´¼ ø»¼ Ó½Ý´¿·²ô Óò Ûòô 

ììò î 
 Þ·±¹»±½·ò ïïêøÙðìððé÷ô ¼±·æ ïðòïðîçñîðïïÖÙððïêçç 

øîðïï÷ò
ìëò Ð±´»²¿»®»ô Ðò »¬ ¿´ò î

½±ª¿®·¿²½» ³»¿«®»³»²¬ò  ìðô ïéíìŠïéìðô ¼±·æ ïðòïððîñ¹®´òëðîçï øîðïí÷ò
ìêò Ô»»ô Øò »¬ ¿´ò

 ïïëô íëíðŠíëíè øîðïï÷ò
ìéò Ð¿°¿´±óÛ½¸·²±½¸´±»¬«³÷ ±² ¬¸» 

ß³¿¦±²·¿ îô ììçŠìçë øïçéð÷ò
ìèò 

¿²¼ »³»®¹»²¬ ³¿½®±°¸§¬»ò Û½±´ò Û²¹ò îèô îîìŠîíì øîððê÷ò
ìçò 

Þ·±¹»±½¸»³·¬®§ ïðëô ïéïŠïèí øîððï÷ò
ëðò  ø»¼ Ù«°¬¿ô ßò÷ îçíŠíðç øÖ±¸² É·´»§ ú Í±²ô îððè÷ò
ëïò »¬ ¿´ò Ù´±¾¿´ 

Ý¸¿²¹» Þ·±´ò îðô îèîçŠîèìð øîðïì÷ò
ëîò »¬ ¿´ò Ó»¬¸¿²» »³··±² º®±³ Ð¿²¬¿²¿´ô Í±«¬¸ ß³»®·½¿ô ¼«®·²¹ ¬¸» ´±© ©¿¬»® »¿±²æ Ì±©¿®¼ ³±®» ½±³°®»¸»²·ª» 

¿³°´·²¹ò Û²ª·®±²ò Í½·ò Ì»½¸²±´ò ììô ëìëðŠëìëë øîðïð÷ò
ëíò 

»²ª·®±²³»²¬ò ò íëô ïíììŠïíìé øîððï÷ò
ëìò 

¾§ »´»½¬®±² ½¿°¬«®» ½¸®±³¿¬±¹®¿°¸§ò Öò Ý¸®±³¿¬±¹®ò Í½·ò ïçô êïïŠêïê øïçèï÷ò
ëëò 

Ô·³²±´ò Ñ½»¿²±¹®ò ííô ëëïŠëêï øïçèè÷ò
ëêò 

Ù´±¾¿´ Þ·±¹»±½¸»³ò Ý§½´» îðô ÙÞïÍçðô ¼±·æ ïðòïðîçñîððëÙÞððîëìð øîððê÷ò
ëéò »¬ ¿´ò Í½¿´·²¹ ¬¸» ¹¿ ¬®¿²º»® ª»´±½·¬§ ¿²¼ ¸§¼®¿«´·½ ¹»±³»¬®§ ·² ¬®»¿³ ¿²¼ ³¿´´ ®·ª»®ò Ô·³²±´ò Ñ½»¿²±¹®òæ 

Ú´«·¼ Û²ª·®±²³ò îô ìïŠëí øîðïî÷ò
ëèò Öò Ø§¼®±´ò îçêô ïŠîî 

øîððì÷ò
ëçò Ó¿®ò Ý¸»³ò îô îðíŠîïë øïçéì÷ò
êðò Ûª¿ô Øò Üò »¬ ¿´ò ß ´¿²¼ ½±ª»® ³¿° ±º Í±«¬¸ ß³»®·½¿ò Ù´±¾¿´ Ý¸¿²¹» Þ·±´ò ïðô éíïŠéìì øîððì÷ò
êïò Ó¿§¿«¨ô Ðòô Þ¿®¬¸±´±³7ô Ûòô Ú®·¬¦ô Íò ú Þ»´©¿®¼ ßò ß ²»© ´¿²¼ó½±ª»® ³¿° ±º ßº®·½¿ º±® ¬¸» §»¿® îðððò Öò Þ·±¹»±¹®ò íïô èêïŠèéé 

øîððì÷ò
êîò 

êíò Öò Ý´·³ò îîô 
îééíó îéçî øîððç÷ò

êìò 
´¿²¼ ¿®»¿ò ×²¬ò Öò Ý´·³ò îëô ïçêëŠïçéè øîððë÷ò

êëò 
¿¬»´´·¬» ·³¿¹»®§ò  íô ðìëðïïô ¼±·æ ïðòïðèèñïéìèóçíîêñíñìñðìëðïï øîððè÷ò



www.nature.com/scientificreports/

1 0SCIENTIFIC REPORTS | 5:15614 | DOI: 10.1038/srep15614

Acknowledgements

Ð±´·½§ øÞÛÔÍÐÑô ÝÑÞßÚ×ÍØô ÍÜñßÎñðëß÷ô ¬¸» Î»»¿®½¸ Ú±«²¼¿¬·±² Ú´¿²¼»® øÚÉÑóÊ´¿¿²¼»®»²÷ô ¬¸» 
Î»»¿®½¸ Ý±«²½·´ ±º ¬¸» ÕË Ô»«ª»²ô ¬¸» Ú±²¼ Ô7±°±´¼ ××× °±«® ´ùÛ¨°´±®¿¬·±² »¬ ´¿ Ý±²»®ª¿¬·±² ¼» ´¿ 
Ò¿¬«®»ô ¬¸» Ú®»²½¸ Ò¿¬·±²¿´ Î»»¿®½¸ ß¹»²½§ øßÒÎ ðèóÞÔßÒóðîîï ÝßÎÞßÓß÷ô ¬¸» Þ®¿¦·´·¿² Ò¿¬·±²¿´ 
Ý±«²½·´ ±º Î»»¿®½¸ ¿²¼ Ü»ª»´±°³»²¬ øÝÒÐ¯ Ë²·ª»®¿´ ìééêëëñîðïðóê÷ô ¿²¼ ¬¸» Ø§¾¿³ Ñ¾»®ª¿¬±®§ 
ø×ÒÍËñ×ÎÜ÷ò ÌÔ · ¿ °±¬¼±½¬±®¿´ ®»»¿®½¸»® ¿¬ ¬¸» ÚÒÎÍò ßÊÞ · ¿ »²·±® ®»»¿®½¸ ¿±½·¿¬» ¿¬ ¬¸» 
ÚÒÎÍò É» ¿®» ¹®¿¬»º«´ º±® ¸»´° ·² ¿³°´·²¹ º®±³ Ì Ó¿³¾± Þ¿¾¿ ¿²¼ Û Ì¿³¾©» Ô«µ±¸¿ øË²·ª»®·¬7 ¼» 
Õ·¿²¹¿²·ô ÜÎÝ÷ô º±® ¿²¿´§¬·½¿´ «°°±®¬ º®±³ Í Ð»¬®±ª·½ øË²·ª»®·¬§ ±º Ô·8¹»÷ô º±® ¸¿®·²¹ ¬¸» ÝÑÍÝßÌ 
µ ª¿´«» ¬± Ð Î¿§³±²¼ô ¿²¼ ¬± ¬©± ¿²±²§³±« ®»ª·»©»® º±® ½±³³»²¬ ±² ¬¸» °®»ª·±« ª»®·±² ±º ¬¸» 
³¿²«½®·°¬ò

Author Contributions
ßòÊòÞòô Ùòßò ¿²¼ ÍòÞò ¼»·¹²»¼ ¬¸» ¬«¼§å ßòÊòÞòô Ùòßòô ÚòÜòô ÝòÎòÌòô ÖòÜòô ÔòÑòÊòô ÌòÔ ¿²¼ ÍòÞò ½±´´»½¬»¼ ¬¸» 

ÚòÜòô ÝòÎòÌòô ÖòÜòô ÔòÑòÊòô ÌòÔò ¿²¼ ÍòÞò

Additional Information
Í«°°´»³»²¬¿®§ ·²º±®³¿¬·±² ¿½½±³°¿²·» ¬¸· °¿°»® ¿¬ ¸¬¬°æññ©©©ò²¿¬«®»ò½±³ñ®»°

Ø±© ¬± ½·¬» ¬¸· ¿®¬·½´»æ Þ±®¹»ô ßò Êò »¬ ¿´ò Ü·ª»®¹»²¬ ¾·±°¸§·½¿´ ½±²¬®±´ ±º ¿¯«¿¬·½ ÝÑî ¿²¼ ÝØì ·² 
¬¸» É±®´¼Ž ¬©± ´¿®¹»¬ ®·ª»®ò Í½·ò Î»°ò ëô ïëêïìå ¼±·æ ïðòïðíèñ®»°ïëêïì øîðïë÷ò

·³¿¹» ±® ±¬¸»® ¬¸·®¼ °¿®¬§ ³¿¬»®·¿´ ·² ¬¸· ¿®¬·½´» ¿®» ·²½´«¼»¼ ·² ¬¸» ¿®¬·½´»Ž Ý®»¿¬·ª» Ý±³ó
³±² ´·½»²»ô «²´» ·²¼·½¿¬»¼ ±¬¸»®©·» ·² ¬¸» ½®»¼·¬ ´·²»å ·º ¬¸» ³¿¬»®·¿´ · ²±¬ ·²½´«¼»¼ «²¼»® ¬¸» 
Ý®»¿¬·ª» Ý±³³±² ´·½»²»ô «»® ©·´´ ²»»¼ ¬± ±¾¬¿·² °»®³··±² º®±³ ¬¸» ´·½»²» ¸±´¼»® ¬± ®»°®±¼«½» 
¬¸» ³¿¬»®·¿´ò Ì± ª·»© ¿ ½±°§ ±º ¬¸· ´·½»²»ô ª··¬ ¸¬¬°æññ½®»¿¬·ª»½±³³±²ò±®¹ñ´·½»²»ñ¾§ñìòðñ



European Journal of Taxonomy 133: 1–15                                                         ISSN 2118-9773  
http://dx.doi.org/10.5852/ejt.2015.133                                         www.europeanjournaloftaxonomy.eu
                                                                             2015 · Cocquyt C. & Taylor J.C.

This work is licensed under a Creative Commons Attribution 3.0 License.

R e s e a r c h  a r t i c l e

1

New and interesting Surirella taxa (Surirellaceae, Bacillariophyta) 
from the Congo Basin (DR Congo)

Christine COCQUYT 1 & Jonathan C. TAYLOR 2

1, 2 Botanic Garden Meise, Domein van Bouchout, B-1860 Meise, Belgium.
1 Email: christine.cocquyt@br.fgov.be (corresponding author)

2 School of Biological Sciences, North-West University, Potchefstroom, South Africa.
2 South African Institute for Aquatic Biodiversity, Grahamstown, South Africa.

Abstract. Two new diatom taxa belonging to the genus Surirella, S. ebalensis and S. congolensis, are 

small, rather common species in the studied material; the second a somewhat larger diatom that was 
only sporadically observed. The morphology of both taxa is examined with light and scanning electron 
microscopy. The differences between the new and other closely related taxa such as S. agonaensis and 
S. bonsaensis, and S. takoradiensis, S. tenuissima and S. pseudotenuissima, respectively, are discussed.

Keywords. Africa, diatoms, new species, Surirella.
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Introduction

Algal reports from for the Democratic Republic of the Congo (DR Congo), formerly Belgian Congo 
and Zaire, are very limited (e.g., Duvigneaud & Symoens 1949; Hustedt in Huber-Pestalozzi 1949; 
Kufferath 1956a, b; Compère & Symoens 1987, 1988; Compère et al. 1989; Golama Swana Kaketa 
1992, 1996 and Compère 1995). During the Belgian-Congolese Boyekoli Ebale Congo 2010 Expedition, 
covering 250 km of the Congo River and some of its tributaries between Kisangani and Bumba (see 
Nagy et al. 2011; Virgilio et al. 2011), samples for diatom studies were taken in an unexplored, from an 
algal point of view, part of the Congo Basin. Some extra samples were taken in this region during two 
smaller expeditions in the frame of the COBAFISH project. In the sampled area, where people from 
rural villages live predominantly from subsistence-based agriculture (closely associated with rivers) 

plantations, coffee, cacao, and tea and cotton cultivation, generally farmed by smallholders. The nearest 
area from where results on diatom studies have been reported in the past is close to Kisangani (Golama 
Swana Kaketa 1992, 1996; Compère 1995).

From samples taken during the aforementioned Boyekoli Ebale Congo 2010 Expedition, a new diatom, 
Cavinula lilandae Cocquyt, M. de Haan & J.C. Taylor was recently described (Cocquyt et al. 2013). The 
present paper deals with the description of two other new taxa, both belonging to the genus Surirella Turpin. 

the 2010 expedition and during two smaller expeditions in November 2012 and September 2013. The 
second taxon is a somewhat larger diatom that was only sporadically observed in the studied material.
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Material and methods

Material from the Congo Basin, downstream of Kisangani, was collected in May 2010 during the 
Boyekoli Ebale Congo 2010 Expedition. Supplementary samples were taken in November 2012 and 
September 2013 on two smaller expeditions in the frame of the COBAFISH project. For the description 
of the new taxa discussed in the present paper the following samples were examined:
- CCA 2070: Lomami River, 0.49339° N and 24.16960° E, epiphytic on Nymphaea lotus Linnaeus; 
collected by François Darchambeau and Ernest Tambwe on 24 Nov. 2012; temperature 25.7 °C, pH 6.06, 
conductivity 22.2 µS cm-1, 0.060 mg l-1 NH

4
, 0.005 mg l-1 NO

2
, 0.446 mg l-1 NO

3
, 0.086 mg l-1 soluble 

reactive phosphorous (SRP).
- CCA 2071: Lomami River, 0.49339° N and 24.16960° E, epiphyton on dead submerged wood; 
collected by François Darchambeau and Ernest Tambwe on 24 Nov. 2012; temperature 25.7 °C, pH 6.06, 
conductivity 22.2 µS cm-1, 0.060 mg l-1 NH

4
, 0005 mg l-1 NO

2
, 0.446 mg l-1 NO

3
, 0.086 mg l-1 soluble 

reactive phosphorous (SRP).

in situ with 
30% formalin, the samples collected on later expeditions in 2012 and 2013 were preserved in ethanol 

distilled water and embedded in Naphrax® mounting medium. Light microscopic (LM) investigations 
were carried out with an oil immersion objective (100×) using an Olympus BX 51 microscope, equipped 
with Nomarski differential interference contrast optics (DIC) and an Olympus UC30 digital camera. 

of gold. SEM studied were carried out both at the Botanic Garden Meise (Belgium) and the North-

emission scanning electron operating at 10 kV respectively.

The raw and the cleaned samples and the permanent slides for diatom investigation are housed at the 
herbarium of the Botanic Garden Meise (BR). A copy of each permanent slide will be deposited at the Centre 
de Surveillance de la Biodiversité (CSB) or at the Herbarium of the University of Kisangani, DR Congo.

equipped with a pH sensor 1001 ProSeries. Samples for nutrient analyses (NH
4
, NO

3
, NO

2
 and SRP) 

in situ, and kept frozen until spectrophotometric analysis in the laboratory of 
the Unité d’Océanographie Chimique, Département d’Astrophysique, Géophysique et Océanographie, 
University of Liège, Belgium.

Results

Class Bacillariophyceae Haeckel emend. Medlin & Kaczmarska (Medlin & Kaczmarska 2004)
Subclass Bacillariophycidae D.G. Mann in Round et al. (Round et al. 1990)

Order Surirellales D. G. Mann in Round et al. (Round et al. 1990)
Family Surirellaceae Kützing (Kützing 1844)

Genus Surirella Turpin (Turpin 1828)

Surirella ebalensis Cocquyt & J.C. Taylor sp. nov.
Figs 1–5

Diagnosis

Valves slightly heteropolar, broadly linear to slightly cuneate with broadly rounded poles and slightly 
constricted margins in the larger valves, smaller valves not constricted. Apical pole broader than base 
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pole. Length: 39.4–64.5 µm; width: 16.1–19.4 µm, in the constricted part 18.7 µm. Wing projection 
very distinct, alar canals smaller than fenestrae, 2.2–3.0 in 10 µm. Fenestral bars distinct in LM, 30 
in 10 µm. Striae indistinct in LM, 30 in 10 µm. Valve face covered with numerous silica granules and 
spines. Spines also present on the keel. Porcae perpendicular to the axial axis, reaching the axial area 
and becoming radiate near the poles.

Fig. 1. Surirella ebalensis sp. nov., from the holotype slide BR 4398, Lomami River, DR Congo, LM 
(DIC). A–C. Valve representing the holotype, different foci of the same valve. D–E. Different foci of the 
same valve. F. Girdle view. Scale bar = 10 µm.
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Fig. 2. Surirella ebalensis sp. nov., type material from sample CCA 2070, Lomami River, DR Congo, 
SEM. External view. B, C, F = detail of the raphe keel with blunt spines orientated towards the valve face 
and which are draped over a large part of the indented mantle side. A. Overview. B–C. Detail of the valve 
ornamented with silica granules and blunt spines. D. Detail of the apical pole, showing the curved raphe 
endings. E–F. Detail of the foot pole showing the straight raphe endings. F. Short spherical shaped silica 
elements near the pole (arrow). Scale bars: A = 10 µm; B = 4 µm; C, F = 2 µm; D–E = 1 µm.
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Etymology

Boyekoli Ebale Congo 2010 (the Study of the Congo River 2010), during which numerous algal samples 
were collected.

Type material

Holotype
Slide BR 4398 from sample CCA 2070, Botanic Garden Meise, Belgium (BR). The valve representing 
the holotype is here illustrated in Fig. 1A.

Isotype
Slide Zu10/18 from sample CCA 2070, the Friedrich Hustedt Diatom Collection, Alfred-Wegener-
Institut für Polar- und Meeresforschung, Bremerhaven, Germany (BRM).

Fig. 3. Surirella ebalensis sp. nov., type material from sample CCA 2070, Lomami River, DR Congo, 
SEM. External view. A–B. Detail of the girdle showing a part of a girdle with ligula (arrow) and the 
neighbouring interrupted band. C. Detail of the valve mantle with the draped silica spines (arrow) and 
the silica plaques (arrow) near the edge of the mantle and the valvocopula. D. Detail of the girdle band 
near the pole. Scale bars = 2 µm.
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Type locality

Oriental Province, DR Congo, Lomami River (0.49339° N and 24.16960° E). Epiphyton on Nymphaea 
lotus; collected by François Darchambeau and Ernest Tambwe on 24 Nov. 2012.

Morphological observations using scanning electron microscopy (Figs 2–5)

Axial area narrow to absent near the poles. In the middle of the valve the axial area becomes broader 
and then larger in the depressions than on the top of the porcae (transapical valve undulations). Porcae 
perpendicular to the axial axis, becoming radiate near the poles and reaching the axial area but not in the 
extension of each other near the axial area. Striae biseriate, seldom with uniseriate parts near the axial 
area (Figs 2C, 4B), about 30 in 10 µm. Near the fenestrae the striae often become triseriate, sometimes 
quadriseriate (Fig. 2D), and also present for a short distance on the raphe canal just above the fenestrae. 
Striae composed of 80–110 areolae in 10 µm. Numerous blunt spines scattered over the valve face 

Fig. 4. Surirella ebalensis sp. nov., type material from sample CCA 2070, Lomami River, DR Congo, 
SEM. External view. Details of the various types of spines on the valve face and the keel. A–B. Detail 
of the valve surface with the biseriate striae (arrow) becoming sometimes uniseriate near the axial area. 
C–D. Section of the valve face showing the simple perforation of the silica wall at the areolae. Scale 
bars: A–B = 2 µm; C–D = 1 µm.
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(Fig. 2B–F). On the top of the porcae these spines can become large, up to 1 µm (Fig. 4A–B). In the 
depressions the spines look more like elongated granules. Another kind of ornamentation is also present 
on the valve face: small granules located on the striae, composed of an areola that seems to secrete silica 
on the outside of the valve face (Fig. 4C–D). Sometimes all areolae of almost the entire stria have these 
granules on the valve face. On the inside the elongated granules are characterized by a perforation of 
the wall (Fig. 4D) that has no rimmed margins as the normal areolae do (Fig. 5A). Blunt spines are also 
present on the keel; the spines orientated towards the valve face are of different length and arranged on 
a single transapical row (Fig. 2B). These spines are often transapically elongated near their base, the 
shorter ones more triangular in shape (Fig. 4B). On the side towards the mantle the spines on the keel 
are often bifurcated; they are draped over a large part of the indented mantle side, partially covering the 
fenestrae (Fig. 3C). The mantle face near the edge of the mantle at the junction with the valvocopula is 
smooth and bears a single row of small areolae and oval silica plaques (Fig. 3C). At the apical pole these 
silica plaques are replaced by around 10 short spherical shaped silica elements (Fig. 2F). Bi- to triseriate 

Fig. 5. Surirella ebalensis sp. nov., type material from sample CCA 2070, Lomami River, DR Congo, 
SEM. Internal view. A. Detail of the multiseriate striae, and the perforation of the elongated granules 
without rimmed margin (arrow). B, D. Detail of the continuous raphe near the apical pole with a reduced 
helictoglossa (arrow). C. Detail of the straight not expanded raphe endings at the foot pole and their 
reduced helictoglossae (arrows). Scale bars: B = 2 µm; A, C–D = 1 µm.
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striae are present on the indented mantle face at the level of the fenestrae bars. Fenestrae are broader 

than the alar canals; 30 fenestral bars in 10 µm. External raphe endings are straight, not enlarged at both 
poles. Internally the raphe is continuous at the head pole while at the base pole the raphe slit is internally 

interrupted at different levels. Both slits end in a structure resembling a reduced helictoglossa, lacking 
the typical lip-like structure, and located farther away from the raphe ending (Fig. 5B–D). The girdle is 

composed of two bands. The open valvocopula band is not smooth but bears tiny granules (Fig. 3C); the 
second band with a broad ligula and the same tiny ornamentation except on the part of the ligula that is 

covered by the valvocopula (Fig. 3A–B).

Ecology

Physical and chemical parameters measured at the type locality are as follows: temperature 25.7 °C, 

pH 6.06, conductivity 22.2 µS cm-1, 0.060 mg l-1 NH
4
, 0.005 mg l-1 NO

2
, 0.446 mg l-1 NO

3
, 0.086 mg l-1 

soluble reactive phosphorous (SRP).

Surirella ebalensis sp. nov. was observed in a diatom community dominated by Eunotia bidens Ehrenberg, 
Frustulia cf. saxonica Rabenhorst, Pinnularia acrosphaeria W. Smith, Luticola muticoides (Hustedt) 

D.G. Mann, Encyonema minutum (Hilse) D.G. Mann, Stenopterobia anceps (Lewis) Brébisson, Eunotia 

spp., Cymbopleura sp., Placoneis sp., Caloneis sp. and Neidium sp.

Surirella congolensis Cocquyt & J.C. Taylor sp. nov. 
Figs 6–9

Diagnosis

Valves heteropolar, lanceolate with broadly rounded apical pole and subacute base pole, becoming 

gradually narrower from the apical pole to the base pole; larger valves slightly constricted mid-valve. 

Valve length 18.7–33.0, width (4.2) 5.5–6.9 (7.9) µm. Wing projection distinct. Alar canals short, not 

reaching the axial area, 5.5–6.0 in 10 µm, much smaller than the fenestrae, and rarely becoming denser 
near the poles. Striae about 30 in 10 µm.

Etymology

samples were collected.

Type material

Holotype

Slide BR 4399 from sample CCA 2071, Botanic Garden Meise, Belgium (BR). The valve representing 

the holotype is here illustrated in Fig. 6G.

Isotype
Slide Zu10/19 from sample CCA 2071, the Friedrich Hustedt Diatom Collection, Alfred-Wegener-

Institut für Polar- und Meeresforschung, Bremerhaven, Germany (BRM).

CCA 2071: Lomami River, 0.49339° N and 24.16960° E, epiphyton on dead submerged wood, collected 

by François Darchambeau and Ernest Tambwe on 24 Nov. 2012.

Type locality

Oriental Province, DR Congo, Lomami River (0.49339° N and 24.16960° E). Epiphyton on dead 

submerged wood.
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Fig. 6. Surirella congolensis sp. nov., from the holotype slide BR 4399, Lomami River, DR Congo, LM 
(DIC), valve views. G. Valve representing the holotype. Scale bar = 10 µm.

Fig. 7. Surirella congolensis sp. nov., from the holotype slide BR 4399, Lomami River, DR Congo, LM 
(DIC), girdle views. Scale bar = 10 µm.
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Fig. 8. Surirella congolensis sp. nov., type material from sample CCA 2071, Lomami River, DR Congo, 
SEM. External view. A. Overview. B–C. Detail of foot pole showing the straight not expanded raphe 
endings (arrow). D. Detail of the apical pole showing the slightly curved raphe endings (arrow). E–F. Detail 
of the biseriate striae and the open fenestrae with the fenestral bars. Scale bars: A–B = 2 µm; C–F = 1 µm.
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Fig. 9. Surirella congolensis sp. nov., type material from sample CCA 2071, Lomami River, DR Congo, 
SEM. Internal view. A–B. Head pole showing the continuous raphe (arrow). C–D. Foot pole showing 
the interruption of the raphe and the straight slightly expanded terminal raphe endings. E–F. Detail of 
the alar canals. Scale bars: B–C = 2 µm; A, D = 1 µm.
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Morphological observations on scanning electron microscopy (Figs 8–9)

External view
Axial area narrow. Striae biseriate, continuing on the keel also above the fenestrae and on the mantle 
side. Raphe endings near the apical pole straight not enlarged (Fig. 8B–C), near the base pole straight 
and slightly bent towards the valve face (Fig. 8D). Striae composed of round areolae, in 10 µm, biseriate 
and continuing on the raphe sternum. Fenestrae open and divided by fenestral bars, openings between 
the fenestral bars located in the prolongation of the striae. No ornamentation such as spines or silica 
granules present on the valve face, except for silica plaques present at the edge of the valve mantle at the 
place where the valvocopula is attached to the valve (Fig. 8E).

Internal view
Raphe continuous on the apical pole (Fig. 9A) and interrupted near the foot pole with straight and 
slightly expanded raphe endings (Fig. 9B–C).

Girdle composed of several open, unornamented bands.

Ecology

Physical and chemical parameters measured at the type locality are as follows: temperature 25.7 °C, 
pH 6.06, conductivity 22.2 µS cm-1, 0.060 mg l-1 NH

4
, 0.005 mg l-1 NO

2
, 0.446 mg l-1 NO

3
, 0.086 mg l-1 

soluble reactive phosphorous (SRP).

Surirella congolensis sp. nov. was observed in a diatom community dominated by Navicula feuerbornii 
var. africana Foged, Gomphonema brasiliense subsp.  Gerd Moser, Lange-Bertalot & 
Metzeltin, Orthoseira roeseana (Rabenhorst) O’Meara, Eolimna spp. and Eunotia spp.

Discussion

Surirella ebalensis sp. nov. resembles S. agonaensis Foged described from Ghana in West Africa (Foged 
1966; Cocquyt & Kusber 2010). The shapes of the valves differ slightly, but the valve width is distinctly 
narrower in S. ebalensis sp. nov. (16.1–19.4 µm) compared to the broader S. agonaensis (27.5–30.0 µm). 
The valve length also is smaller: 40.3–64.4 versus 78–80 µm, respectively. The alar canals are denser 
in Surirella ebalensis sp. nov. than in S. agonaensis: 2.2–3.0 compared to 1.4–1.6. Moreover, the wing 
projection is very distinct in the new species compared to the slightly distinct projection in S. agonaensis. 
Besides these differences observed in LM, the SEM study of S. ebalensis sp. nov. showed the presence of 
draped, often forked silica spine-like structures extending on the keel at the mantle side partially covering 
the fenestrae (Fig. 3C), these structures are absent in S. agonaensis (Cocquyt & Kusber 2010). The spines 
of variable length on the top of the porcae (Fig. 4A–B) as present in S. ebalensis sp. nov., have not until 
now been observed in S. agonaensis, where silica granules are the only ornamentation on the valve face.

The closely related S. bonsaensis Foged, also decribed from Ghana in West Africa (Foged 1966; 
Cocquyt & Kusber 2010) differs in valve shape, which is broadly linear and isopolar, and in larger 
valve dimensions (length 70–80 µm, width 24.5–26.0 µm). There exists a small overlap in number of 
alar canals in 10 µm: 2.2–3.0 in S. ebalensis sp. nov. and 2.0–2.4 in S. bonsaensis. As in S. agonaensis 
the wing projection in S. bonsaensis is also less pronounced than the distinct projection in S. ebalensis 
sp. nov.. Moreover the striation is coarser (25 in 10 µm in S. bonsaensis, 30 in 10 µm in S. ebalensis 
sp. nov.) and in LM no spines or other ornamentation of the valve face is visible.

A third taxon described from Ghana, Surirella esamangensis Foged (Foged 1966; Cocquyt & Kusber 
2010), is also closely related to the new species described here. Some overlap exists in valve length 
(58.5–64.0 µm versus 40.3–64.5 µm), density of alar canals (2.0–2.4 in 10 µm versus 2.2–3.0 in 10 µm) 
and striae density (25–30 in 10 µm versus 30 in 10 µm) but not in valve width (22.5–24.0 µm versus 
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16.1–19.4 µm). Moreover, in S. esamangensis the valve shape is elliptic and slightly heteropolar with 
evenly rounded apical and base pole and a relatively indistinct wing projection.

Spines on the keel in other Surirella taxa were also observed in material from Sulawesi (Bramburger et al. 
2006), e.g., Surirella alata Hustedt,  Hustedt and S. tubicola Bramburger & Hamilton. These 
spines are of different length than in the Congo material studied, but the spines in our material are often 
much larger. In the Sulawesi material spines were also observed on the valve face, for example in S. tenacis 

S. nervosa (A.W.F. Schmidt) Mayer. Some of the spine-like structures present on the valve face resemble 
the four spines present on the valve face of S. quadridentis Bramburger & Hamilton. However, these four 
spines of S. quadridentis resemble more the spine-like structures of Cymatopleura calcarata Hustedt: 
also hollow structures (Cocquyt 2001) which are probably processes and not true spines. More studies, 
including internal valve views and cell wall ontogeny are needed to understand these spine-like structures.

Surirella congolensis sp. nov. is closely related to S. takoradiensis Foged, described from Ghana in 
West Africa (Foged 1966; Cocquyt & Kusber 2010). Although both taxa are heteropolar and about the 
same length (18.7–33.0 compared to 20.0–27.0 (38.0) µm for S. takoradiensis) the valve shape differs: 
lanceolate in S. congolensis sp. nov. while ovate to oval-elliptical in S. takoradiensis, slightly constricted 
in the larger valves compared to no constriction at all, subarcuate compared to rounded base pole. Valves 
are narrower in S. congolensis sp. nov. (5.5–6.9 µm, seldom up to 7.9 µm) than in S. takoradiensis 
(7.0–9.0 (10.5) µm), and the alar canals in 10 µm are mostly denser, 5.5–6.0 and 4.0–6.0, respectively. 
The fenestrae are lower in S. congolensis sp. nov. than in S. takoradiensis where the fenestrae are almost 
rectangular in girdle view.

Surirella congolensis sp. nov. is also related to Surirella pseudotenuissima Leclercq, described from 
Sumatra by Leclercq (1983) using material of the Friedrich Hustedt Diatom Collection (BRM X4/75, 

S. pseudotenuissima is a tropical species it 
was reported from temperate regions in Europe (Belgium) by Denys (1985). It is a heteropolar species 
with a similar valve length of 25.0–57.0 µm, but much broader with a width of 9.5–13 µm. The alar 

S. congolensis sp. nov.) as well as the striae 
S. congolensis sp. nov.) are coarser. The 

new taxon is also related to Surirella tenuissima Hustedt which has heteropolar valves with a length 
of 17.0–38.0 µm, a width of 6.0–11.0 µm and 4.0–7.0 alar canals in 10 µm, which are smaller than the 
fenestrae (Hustedt in Huber-Pestalozzi 1942). Surirella tenuissima is a littoral species reported from 
South America and Indo-Malaysia. In Sulawesi and the Philippines (Leyte) it was also found in the 
plankton (Hustedt in Huber-Pestalozzi 1942).
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Eunotia rudis sp. nov., a new diatom (Bacillariophyta) from the Man and Biosphere 
Reserve at Yangambi, Democratic Republic of the Congo
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1 Botanic Garden Meise, 1860 Meise, Belgium
2 Institut Facultaire des Sciences Agronomiques, Yangambi/Kisangani, Democratic Republic of the Congo
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Abstract

Eunotia rudis sp. nov. is described from material collected in acid rivers in an almost pristine tropical rain forest in the Congo 
Basin in Central Africa. The benthic diatom community was dominated by other Eunotia spp. and small naviculoid taxa. The 
morphological features of the new species are described and documented based on light and scanning electron microscopy 
investigations. Eunotia rudis sp. nov. can be distinguished from other taxa within the genus Eunotia by its typical slightly 
asymmetric valve shape with four dorsal undulations and the rough surface of the thick silica wall. In contrast to other Euno-
tia species, the number of dorsal undulations was constant in all observed populations. Differences between the new species 
and the related Eunotia garucisa and E. garucisa var. polydentula are discussed.

Key words: Africa, diatoms, freshwater, new species, taxonomy

Introduction

Algal reports from the Democratic Republic of the Congo (DRC), formerly Belgian Congo and Zaire, are rather limited. 

The studies conducted during the 20th century, e.g. Duvigneaud & Symoens (1949), Hustedt (1949), Kufferath (1956a, 

b), Cholnoky (1970), Compère & Symoens (1987, 1988), Compère et al. (1989), Golama Swana Kaketa (1992, 1996) 

and Compère (1995) do not deal with the region around Yangambi, even though it is an important agricultural research 

station along the Congo River, at about 80 km downstream from Kisangani (Tshopo Province, part of the formerly 

Orientale Provence). 

 Interest in the algal flora of this region started recently with the Belgian-Congolese Boyekoli Ebale Congo 2010 

expedition, an expedition that covered 250 km of the Congo River and some of its tributaries between Kisangani and 

Bumba (Nagy et al. 2011, Virgilio et al. 2011, Cocquyt et al. 2013, www.congobiodiv.org/nl/expeditie2010). It is 

therefore not surprising that new species are to be discovered in the unexplored waters of the Yangambi region, which 

is nowadays a Man and Biosphere (MAB) Reserve (e.g. Cocquyt et al. 2013, Cocquyt & Taylor 2015, Karthick et al. 

2016 and Taylor et al. 2016, in press). As observed during our investigations, members of the genus Eunotia Ehrenberg 

(1837: 44) are well represented in the waters of lower pH from DRC. Taylor et al. (in press) discussed in detail Eunotia 

zygodon Ehrenberg (1843: 415), based on material from the Lobaye River, a large tributary of the Lomami River, on 

the left bank of the Congo River (Fig. 1). They demonstrated the large morphological variability within E. zygodon 

with decreasing number of undulations of the dorsal margin during the diminishing of the valves in the cell cycle and 

they came to the conclusion that E. tropica Hustedt sensu Hustedt (1927: 159) and E. monodon var. tropica (Hustedt 

1927: 159) Hustedt sensu Hustedt in Schmidt (1933: pl. 381) are synonyms. In the same paper, a new Eunotia taxon 

(Taylor et al. in press) is described from the Lobaye River. The present paper deals with the description of another new 

Eunotia species found in a stream in the MAB Reserve Yangambi on the right bank of the Congo River (Libongo, Fig. 

1) and until now not observed in samples collected during the Congo 2010 expedition.
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FIGURE 1

et al. (2011).

Materials and methods

Material used for the present study was collected by M. de Haan and D. Van den Broeck during a field trip in the 

frame of the COBIMBO (Congo basin integrated monitoring for forest carbon mitigation and biodiversity) project 

to the MAB Reserve Yangambi, Tshopo Province in October-November 2013. Samples were collected in three small 

streams/rivers, the Libongo (Fig. 1), the Loeo and the Moni, at an elevation between 400 and 460 meters above sea 

level. The following samples were studied:

 CCA 3272: epipsammic sample from the River Moni, 0.825500° N and 24.521083° E, collected by D. Van den 

Broeck on 7 November 2013.

 CCA 3273: epipsammic sample from the River Loeo, 0.820667° N and 24.529528° E, collected by D. Van den 

Broeck on 7 November 2013.

 CCA 3279: benthos, scrapped from the bottom in the middle of the stream (muddy with some pebbles and small 

amounts of fine sand grains), from the River Libongo, 0.804057° N and 24.529932° E, collected by M. de Haan on 14 

November 2013.

 CCA 3282: benthos, scrapped from the bottom in the middle of the stream (muddy with some pebbles and small 

amounts of fine sand grains, from the River Libongo a couple of meters downstream CCA 3279, 0.804057° N and 

24.529932° E, collected by M. de Haan on 14 November 2013.

 CCA 3283: epiphyton on submerged roots and leafs at the River Libongo, 0.804057° N and 24.529932° E, 

collected by M. de Haan on 14 November 2013.

 CCA 3284: phytoplankton and benthos at the spring of the River Libongo, 0.804057° N and 24.529982° E, 

collected by M. de Haan on 14 November 2013.

 Epiphytic samples were collected by scrapping material from plant stems, roots or submerged leafs; benthic and 

epipsammic samples by scrapping off the sand respectively psammon from the bottom of the shallow water courses. 

Phytoplankton were collected in the middle of the river with a 10 µm mesh size net, without upwelling of bottom 

material. All samples were fixed in situ in a 20% v/v final concentration ethanol solution. Material from these samples 

were cleaned using hydroperoxide, rinsed three times with distilled water and mounted in Naphrax®. Light microscopy 

(LM) was carried out with an Olympus BX 51 microscope equipped with Nomarski differential interference contrast 

optics (DIC). Photographs were taken with an Olympus UC30 digital camera. For scanning electron microscopy 

(SEM), aliquots of the oxidized suspension were filtered and rinsed with additional distilled water through 1 µm 

isopore® polycarbonate membrane filters (Millipore). Filters were mounted on aluminum stubs, air-dried and sputter-

coated with 50 nm of gold (Balzers Union SCD 020) and studied with a JEOL JSM-7100FLV Field Emission Scanning 

Electron Microscope (SEM) operating at 1 kV and 6.9 mm working distance. Relative abundances of the diatom taxa 

were calculated from counts of 500 valves examined on each slide, except for the diatom-poor sample CCA 3284 

where only 100 valves were counted. 

 To study the species habitat preference and distribution in the Yangambi area, an extra sample, CCA 3583, was 

collected from epiphyton on Vossia cuspidata (Roxburgh 1814: 81) Griffith (1851: 153), known as ‘hippo grass’, at 

the River Loile, 0.585567° N and 24.929117° E, collected by E. Lokele and C. Cocquyt on 15 February 2015 during a 

field trip in the frame of the VLIR-UOS project. All raw materials, cleaned samples, permanent slides and SEM stubs 

are housed in the herbarium of the Botanic Garden Meise, Belgium (BR).
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Results

Division Bacillariophyta

Class Bacillariophyceae

Subclass Eunotiophycidae

Order Eunotiales

Family Eunotiaceae

Genus Eunotia

Eunotia rudis Cocquyt & M. de Haan, sp. nov. (Figs 2–24)

FIGURES 2–12. Eunotia rudis, LM. 2–9.Valve views showing size diminution series. 10–12. Girdle views. 3–4. Same valve taken at 

different foci. 6–7. Same valve taken at different foci. 10–11. Same frustule taken at different foci. Valves and frustules from the holotype 

slide BR 4447, Libongo River, Tshopo Province, Democratic Republic of the Congo. 6–7. Valve representing the holotype. Scale bar: 10 

µm.

Valve with four undulations on the dorsal side and with straight ventral margin. Ends slightly heteropolar, with one pole more protracted 

than the other, and both broadly rounded. The slope between the dorsal valve undulation and the pole is steeper near the more 

protracted pole. Valve face with an irregular rough surface. Length (31.5) 36.0–48.0 µm, width 9.0–13.0 µm. Striae coarse and 

irregularly distributed on the valve face, 5.5–7.0, rarely up to 8.5 in 10 µm in the middle of the valve, becoming denser towards the 



COCQUYT ET AL.76   •   Phytotaxa 272 (1) © 2016 Magnolia Press

poles. Striae radiate almost throughout the valve, except for the ones in the middle of the valve. Short striae often present near the 

dorsal and the ventral side. Areolae very distinct, usually 24–26 in 10 µm, sporadically up to 28 in 10 µm, and often lacking on parts 

of the striae. Terminal nodules close to poles. Terminal raphe ends broadly curved on the valve face and clearly visible in LM. Large 

hyaline area is present around the raphe endings on the mantle side. Striae between the raphe and valve mantle margin denser than on 

the rest of the valve. Girdle bands with striae, around 25 in 10 µm, composed of large areolae and with clearly visible undulations on 

the dorsal side. In girdle view, the rough surface of the valve face is visible as a spiny unevenness. Girdle bands with distinct areolae 

arranged in rows but often irregularly distributed along these rows; around 25 rows in 10 µm. 

Type:—DEMOCRATIC REPUBLIC OF THE CONGO. Tshopo Province: Libongo River, 0.804057° N, 24.529932° E, benthic sample 

CCA 3282, M. de Haan, 14 November 2013 (holotype BR! 4447, Botanic Garden Meise, Belgium, the valve representing the 

holotype is here illustrated in Figs 6–7; isotype ZU! 10/69 BRM, Hustedt Diatom Collection, Alfred-Wegener-Institut für Polar- und 

Meeresforschung, Bremerhaven, Germany).

FIGURES 13–18. Eunotia rudis from type material CCA 3282, SEM external views. 13–14. Overview of an entire valve. 15–16. Detail 

of both poles of the same valve showing the enlarged terminal raphe endings. 17. Overview of an entire frustule in girdle view. 18. Detail 

of the girdle bands near the undulation on the dorsal side. Scale bar: 10 µm (Figs 13–14, 17), 5 µm (Figs 15–16, 18).

Etymology:—The specific epithet “rudis” refers to the rough look of the outside surface of the valve.

 SEM observations (Figs 13–24):—Valve face with irregular shallow corrugations (Figs 13-21). Striae composed 



EUNOTIA RUDIS SP. NOV. Phytotaxa 272 (1) © 2016 Magnolia Press   •   77

of slightly elongated areolae oriented in different directions or rarely rounded (Fig. 21). External openings of the 

areolae obliquely perforating the thick silica wall; externally the areolae are covered by hymenes laying deep in the 

cell wall (Fig. 22 arrow). Internally the areolae are rounded (Fig. 23). Terminal nodules relatively close to the ends, 

expanded between the raphe endings and the poles (Figs 15–16, 19–20). Terminal raphe fissures short, straight on the 

mantle and extending onto the valve face with an angle of about 110° (Figs 15–16, 19–20). Terminal raphe endings 

enlarged at the valve surface, becoming narrower deeper in the thickened cell wall of the terminal nodule (Figs 15–16, 

19–20). Internally the raphe terminates in a very small helictoglossa near the poles (Fig. 24). A single small rimoportula 

is present at one of the poles (Fig. 24 arrow). Spines are absent.

FIGURES 19–24. Eunotia rudis from type material CCA 3282. 19–22. SEM external views. 23–24. SEM internal views. 1–20. Detail 

of the girdle bands near both poles of the same frustule. 21–22. Details of the areolae, obliquely perforating the thick silica wall; hymen 

(arrow) laying deep in the cell wall. 23. Overview of an entire valve. 24. Detail of a terminal raphe ending with a small helictoglossa and 

rimoportula (arrow). Scale bar: 10 µm (Fig. 23), 5 µm (Figs 19–20), 2 µm (21, 24), 1 µm (22).
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 Girdle composed of at least three copulae (Fig. 17). Girdle bands almost smooth with rounded areolae irregular 

placed on striae (Figs 18–20).

 Ecology and distribution:—Species of acid, running freshwater. Known from the Libongo River in the MAB 

Reserve of Yangambi and the Loile River located between Yangambi and Kisangani, Tshopo Province, D.R. Congo.

Discussion

The typical valve shape together with its rough surface makes this new Eunotia taxon easy to recognize. The rugose 

outside surface of the valve does not indicate this is a teratologic form. No evidence was found in other species from 

the studied material to point to deformations in valve formation. The accumulation curve of the valve length (n=45, 

Fig. 25) shows that our observations included the entire range in valve length, from the smallest (31.5 µm) to the 

largest (47.7 µm), but possibly not the initial cell. Morphologically most similar taxa are Eunotia garusica Cholnoky 

(1958: 113) and its var. polydentula Cholnoky (1958: 113). The main difference between the new described taxon and 

E. garusica and E. garusica var. polydentula is, besides the strongly rugose valve surface of E. rudis, the shape of the 

ventral margin (Table 1). The ventral margin is straight in the new taxon while is distinctly tumid in E. garusica and E. 

garusica var. polydentula, even in the smallest valves. Difference in the striation can also be observed: almost radiate 

throughout the valve in E. rudis while in E. garusica and E. garusica var. polydentula they are parallel throughout 

the largest part of the valve and becoming radiate near the poles. The undulations on the dorsal side of the valve 

were constant (four) in all valves of E. rudis observed in the studied samples (CCA 3272, CCA 3273, CCA 3279, 

CCA 3282, CCA 3283 and CCA 3583) but it cannot be excluded that this character varies in other populations of the 

newly described species. Although Cholnoky (1958) was convinced that larger valves of undulated Eunotia species 

have more undulations on their dorsal side than the smaller valves, he based his description of Eunotia garusica var. 

polydentula on the number of dorsal undulations (4 to 6, while the Eunotia garusica has only three undulations). He 

described the variety according to the accepted species concept at that time, but was aware that it wasn’t a taxonomic 

entity as he remarks in the same publication that “forms with more undulations can’t be differentiated genotypically”. 

Reports of these two taxa are not limited to South Africa. Eunotia garusica was, among others, also reported from 

rivers in Burundi (Mpawenayo 1996), Ghana (Foged 1966, erroneously written as E. ‘garussica’) and Sierra Leone 

(Molder 1962), and E. garusica var. polydentula from Sierra Leone (Molder 1962). However, up to now these two 

taxa have not been reported from D.R. Congo. The drawings given by Foged (1966), Mpawenayo (1996) and Molder 

(1962) are in agreement with Cholnoky’s observation and the number of undulations on the dorsal side of the valve 

was 3 and 5 for the species and variety respectively. Taylor et al. (in press) demonstrated the statement of Cholnoky 

clearly by means of digital tracing of the valve outlines, including the raphe in a diminishing series of Eunotia zygodon. 

In the new Eunotia rudis, however, it seems that the number of undulations (4) stays constant. But we must remark 

that the range in the valve length in the 45 observed cells is not as large as in E. zygodon: 31.5–48.0 in the new taxon 

compared to 37.0–153.5 in E. zygodon.

FIGURE 25. Variation in the valve length (diamond) and width (triangle) for 45 valves of Eunotia rudis measured in LM.

 Eunotia rudis was observed in samples from the acidic Libongo River. Although no physical and chemical 

variables could be measured during the sampling, available information on other streams and rivers in the MAB 

reserve Yangambi (Cocquyt et al. 2013, Verheyen et al. in press) together with the diatom composition point to acidity. 

The new species was not uncommon in the benthic samples CCA 3282 and CCA 3279, and was sporadically observed 

in the epiphytic sample CCA 3283. However, the relative abundance was always low, less than 0.5%, but the unique 

shape of this rather large diatom makes it easy to detect even under low magnification. The diatom community of the 
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studied samples from the Libongo River was, besides Eunotia spp. with E. cf. rhomboidea Hustedt (1950: 435) as the 

relatively most important taxon good for 25% of the total relative abundance, dominated by small naviculoid taxa, 

such as Nupela Vyverman & Compère (1991: 175), Eolimna Lange-Bertalot & W. Schiller (1997: 166), and Fallacia 

Stickle & D.G. Mann in Round et al. (1990: 554, 667). These small diatoms accounted for 64.8 and 62.4% of the total 

relative abundances in the two benthic samples CCA 3282 and CCA 3279, and for 43.6% of the relative abundances 

in the epiphytic sample CCA 3283. The total relative abundances of Eunotia species in these three samples were 28.0, 

30.8 and 37.6% respectively. In a fourth sample, CCA 3284, taken at the spring of the Libongo River and overall poor 

in diatoms, Eunotia was represented by 22.5% of the total diatom population but the new species was not observed. In 

the epipsammic samples from the Moni and Loeo Rivers the relative abundances of Eunotia reached 22.7 and 14.2% 

respectively. However, Eunotia rudis was not observed. Epipsammic environments are thus likely not the preferred 

habitats of the new taxon.

TABLE 1. Morphological comparisons between Eunotia rudis, E. garusica var. garusica and E. garusica var. polydentula.

E. rudis E. garusica E. garusica var. polydentula

Valve length (µm) (31.5) 36–48.0 23.0–42.0 40.0–60.0

Valve width (µm) 9.0–13.0 6.0–9.0 12.0–14.0

Striae in 10 µm 5.5–7.0 (8.5) 9.0–11.0 9.0–10.0

Areolae in 10 µm 24–26 (28) 18–19 22–24 *

Ventral side straight concave concave

Dorsal undulations 4 3 4–6

Valve surface rough smooth smooth

Reference present study Cholnoky (1952) Cholnoky (1958)

*: measured on the drawings.
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¬§°»ô îîèòë ³³ ÍÔå ÜÎÝæ Í¬¿²´»§ Ú¿´´å ðpíðù Ò îëpïîù Ûå 
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ïçêðò Š ÓÎßÝ êéêìé êìèô îô ïïíòð ïïëòð ³³ ÍÔå ÜÎÝæ 
Õ»»µ· ª·´´¿¹»ô ²»¿® Ó·¬¿²¼«²¹¿ô Ó¿³¾«¬· Î·ª»®å 
îpðîù Í ïêpîìù Ûå Øò Í½¸±«¬»¼»²ô ²± ¼¿¬»ò Š ÓÎßÝ éíóîíó
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Gomphonema grande sp. nov., a new diatom (Bacillariophyta) from the Democratic 
Republic of the Congo, Tropical Africa
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Abstract

Gomphonema grande sp. nov. is described from a single sample collected from the Congo River Basin, Tropical Africa. The 
morphological features of the new species are described and documented through light microscopy and scanning electron 
microscopy analyses. Gomphonema grande differs from most species of the genus by its relatively large size, robust valves, 
unique shape, and distinctive suite of valve features such as a labium-shaped internal stigma opening. Further discussion on 
the diverse nature of certain characters in the genus Gomphonema is presented.

Keywords: Gomphonemoid, doubly-punctate, robust valves, stigma, checklist, new species

Introduction

The freshwater diatom flora of Africa is rather poorly known given the size of the continent and the multitude of habitat 

types present. Perhaps the best-studied area in Africa in terms of the taxonomy and diversity of the group is South 

Africa, where Cholnoky published 38 papers over a 20 years period, describing many hundreds of new taxa. His work 

was followed up by Schoeman and Archibald who worked together for a number of years in close collaboration (e.g. 

Schoeman & Archibald 1986), and more recently Taylor (e.g. Taylor & Lange-Bertalot 2006). Another fairly well-

documented region on the African continent is the East African Great Lakes, where endemic genera and species have 

been described (Müller 1904a, b, 1905, 1910, Cocquyt 1998, 2000, 2003, Cocquyt & Schram 2000). West African 

freshwater diatoms have been documented by Carter & Denny (1982, 1987, 1992), Foged (1966) and Woodhead and 

Tweed (1958a, 1960), and diatoms from North Africa have been addressed by Maillard (1977) as well as others. New 

species of diatoms have been described from Africa intermittently (e.g. Dickie 1880, Zanon 1941, Klee & Casper 

1992, Cocquyt & Jahn 2007a, b, Cocquyt et al. 2012, 2013). Perhaps the least well-known elements of the African 

freshwater diatom flora are in the central part of the continent, with work from this region coming from Hustedt (1949) 

and Kufferath (1956a) among others, and with the body of this work being focused on the phytoplankton.

 Species of the diatom genus Gomphonema Ehrenberg (1832: 87) have been described from southern Africa 

(Cholnoky 1954a, b, 1959, Passy et al. 1997), Democratic Republic of the Congo—formerly Belgian Congo and 

Zaire—by Compère (1995) and Hustedt (1949), Rwanda in central Africa by Kufferath (1957), and the East African 

Great Lakes (Fricke in Schmidt 1902, West 1907, Kociolek & Stoermer 1991). A total of 56 Gomphonema species 

have been described from the African continent (Table 1). Of these, the morphology of only a few species has been 

studied in detail with scanning electron microscopy, which has shown that some of the African species have double 

rows of areolae per stria (e.g. Compère 1995) and elongated internal stigma openings (e.g. Kociolek & Stoermer 1991, 

Compère 1995), similar to species described from Madagascar (Spaulding & Kociolek 1998) and India (Karthick et al. 

2011, Karthick & Kociolek 2012).

 In the present paper, we describe a new species, Gomphonema grande, from the Democratic Republic of the 
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Congo, central Africa, and document its valve morphology with light and scanning electron microscopy. We compare 

this species with others from the African continent, and other taxa within the genus.

Materials and Methods

The studied material was collected from the Congo basin downstream of Kisangani in the Democratic Republic of 

the Congo, by François Darchambeau and Ernest Tambwe in November 2012 during an expedition in the frame of 

the Belgium COBAFISH project. For the present paper following sample was studied: CCA 2071, epiphyton on dead 

submerged wood at Lomami River, 0.49339° N, 24.16960° E.

 The sample was cleaned using hydrogen peroxide (30%) and centrifuged, then rinsed five times with distilled 

water. The cleaned material was used for preparation of permanent slides, mounted in Naphrax®. Light microscope 

(LM) images were obtained using an Olympus BX51 microscope equipped with DIC optics and a 100× 1.4 n.a. oil 

immersion objective and an Olympus UC30 digital camera at the Botanic Garden Meise, Belgium. For scanning electron 

microscopy (SEM) studies, aliquots of the cleaned material were air dried on coverslips and fixed to aluminium stubs 

using double sided carbon tape, sputter-coated with gold palladium and studied using a FEI Quanta 2000 F-SEM (10 

kV, WD 10 mm) at the Laboratory for Electron Microscopy, North-West University, Potchefstroom, South Africa. Raw 

and cleaned samples and permanent slides used in this study are housed at the Botanic Garden Meise, Belgium, and at 

the South African National Diatom Collection at the North-West University, Potchefstroom, South Africa. A copy of 

the permanent slide will be deposited at the Centre de Surveillance de la Biodiversité (CSB) and/or at the Herbarium 

of the University of Kisangani, DR Congo.

 Concurrent with the collection of the algae samples, physical and chemical parameters were measured. Water 

temperature, conductivity and pH were measured with an YSI ProPlus multiprobe field meter equipped with a pH sensor 

1001 ProSeries. Samples for nutrient analyses (NH
4
, NO

3
, NO

2
 and soluble reactive phosphorus SRP) were filtered 

and acidified in situ, and kept frozen until spectrophotometric analysis in the laboratory of the Unité d’Océanographie 

chimique, Département d’Astrophysique, Géophysique et Océanographie, University of Liège, Belgium.

Results

Division Bacillariophyta

Class Bacillariophyceae 

Subclass Bacillariophycidae 

Order Cymbellales 

Family Gomphonemataceae 

Genus Gomphonema Ehrenberg 1832 

Gomphonema grande B. Karthick, Kociolek, J.C. Taylor & Cocquyt, sp. nov. (Figs 1–24)

Valves lanceolate-clavate, head pole broadly apiculate, foot pole rounded. Length 46–72 µm, breadth 10–12 µm. Axial area straight, 

usually with a mottled appearance, expanded to form an asymmetrical, elliptical central area. A prominent stigma present in the 

central area. Raphe broadly lateral, straight. External proximal raphe ends dilated, distinct. External distal raphe ends deflected 

towards the direction opposite the stigma opening. Striae radiate around the central area, becoming parallel towards the poles, 

convergent at the head pole, strongly radiate at the foot pole. Striae broad, comprised of two rows of areolae. Striae number 10–12/10 

µm. Bilobed apical pore field prominent at the footpole. Septa and pseudosepta present at both poles.

Type:—DEMOCRATIC REPUBLIC OF THE CONGO. Oriental Province: Lomami River, 0.49339° N, 24.16960° E, epiphytic sample 

on dead submerged wood sample CCA 2071 (holotype BR 4426, valve representing the holotype here illustrated as Fig. 2, isotype 

PUC 13-572)

Etymology:—The specific epithet ‘grande’ refers to the generally large size of the cell and distinct nature of the 

ornamentation.
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FIGURES 1–10. Gomphonema grande, LM (DIC). Valve views showing size diminution series. Valves from the type slide BR 4426, 

Lomami River, Oriental Province, Democratic Republic of the Congo. 2. Valve representing the holotype. Scale bar: 10 µm.

 Description:—In the SEM, the valve exterior appears rugose with a network of silica present along the striae, 

a raised area of silica is present along the margin (Figs 11–17). A single, small spine is present at the head pole at 

the junction of the valve face and the valve mantle tapering off in a shallow silica ridge on the valve mantle (Figs 

11–17). Areolae appear to be sunken within elevated outlines of silica (Figs 11, 12, 15). The axial area has many 

depressions along its entire length (Figs 11, 13). Distal raphe ends are deflected far onto the valve mantle (Figs 11, 12, 

14). Proximal raphe ends are tear-drop shaped, and the stigma opening is elliptical in outline (Figs 11, 13). Areolar 

openings are occluded by siliceous flaps that form C-shaped openings (Figs 13, 15, 16). Apical pore fields are bisected 

by deflected distal raphe ends (Fig. 14). Porelli are small, and physically differentiated from the areolae (Figs 11, 14, 

17) and extend from the valve face onto the mantle. Areolae extend on to the mantle, and also occur in depressions 

surrounded by raised silica (Figs 15–17). The valve interior is dominated by a prominent central nodule, helictoglossae 

and pseudosepta (Figs 18–24). At the poles, pseudosepta are evident, but not extensive (Fig. 18). Helictoglossae are 

positioned near the valve terminus, and offset from the main raphe branches (Figs 18, 19, 21, 24). The virgae appear 

slightly undulate (arrow in Figs 20, 21), with small silica extensions present (Figs 18–23). The central nodule is raised 

internally, and the internal proximal raphe ends are recurved against the edges of the nodule. The internal stigma 

opening appears similar to the helictoglossae, bordered by thickened extensions and giving a lip-like appearance (Figs 

18, 20, 23). At the foot pole, porelli are distinct, the lobes of the apical pore fields are separated by the extension of the 

axial area (Figs 21, 24). Striae extend from the valve face to the mantle (Fig. 22). Girdle composed of several open, 

smooth bands. At least one band with a row of small poroids near the edge away from the valve (Fig. 15).

 Ecology:—Freshwater, epiphytic, acidophilic taxon. At the sampling site in the Lomami River the following 

characteristics were measured on 24 November 2012 at the time of sampling: water temperature 25.7 °C, pH 6.06, 

conductivity 22.2 µS cm-1, 0.060 mg l-1 NH
4
, 0.005 mg l-1 NO

2
, 0.446 mg l-1 NO

3
, and 0.086 mg l-1 SRP.

 Distribution:—only known from the type locality.

Discussion

Gomphonema grande differs from most species of the genus by its relatively large size, robust valves, unique shape, and 

distinctive suite of valve features. While there have been larger species described from African previously (West 1907, 

Kufferath 1956a, Kociolek & Stoermer 1991), none of these taxa, including G. africanum f. turris Kufferath (1956b: 

37) which has a similarly-shaped headpole, have the distinctive set of features found in G. grande. For example, the 

presence of doubly-punctate striae is found in G. grande and several other species described from the African continent 

(Compère 1995, Passy et al. 1997). This feature, seen across many species of gomphonemoid diatoms (Dawson 1974, 
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Hustedt 1942, Reichardt 2007, Kociolek & Stoermer 1988) is quite evident in G. grande. The large, round external 

stigma opening seen in G. grande is also present in G. zairense Compère (1995: 32) and G. latistigmatum Kociolek, 

Passy & Lowe in Passy et al. (1997: 463–464). At the ultrastructural level, the lip-like internal stigma opening is 

distinctive for G. grande. The only species we know of with doubly-punctate striae and a labium-shaped stigma 

opening is G. zairense, described from a waterfall of a tributary of the Congo River, also in Oriental Province in the 

Democratic Republic of the Congo (Compère 1995). The two species differ in size (G. zairense is smaller, reported as 

34–54 µm long compared to 46–72 µm for G. grande), shape of the headpole (G. zairense has a rounded headpole, not 

protracted to the degree seen in G. grande) and the lack of a high degree of silicification in G. zairense.

FIGURES 11–17. Gomphonema grande from type material CCA 2071, SEM external views. 11. Whole valve exterior showing raised 

area of silica along the margin and sunken areolae within elevated outlines of silica. 12. Head pole showing single, small spine tapering 

in a shallow silica ridge on the valve mantle, and distal raphe curves onto valve mantle. 13. Central area showing tear drop shaped 

proximal raphe ends, stigmal opening and depressions. 14. Foot pole, with apical pore field composed of round porelli, physically and 

morphologically distinct from the areolae. 15. Girdle view of head pole with one spine on each valve. 16. View of valve showing the “C” 

shaped areolae extend on to the mantle. 17. Girdle view of the foot pole showing porelli extend on to the mantel and girdle band. Scale 

bar: 10 µm (Fig. 11), 4 µm (Figs 12–17).

 The genus Gomphonema is diverse in terms of the number of character states seen for many of its features. 

For example, stigmata can be absent (e.g. many examples from South America, Metzeltin & Lange-Bertalot 1998) 

or present. If present, the internal stigma opening may be a simple round pore (Kociolek et al. in press), a slit (e.g. 

Dawson 1973), an elongated slit (Passy et al. 1997, Kociolek & Stoermer 1993, Karthick & Kociolek 2012), an opening 

covered with delicate siliceous coverings (Reichardt 1999) and, in the case of G. grande, an inwardly-projecting, 

labiate-like opening. Striae may be short, giving the impression of wide axial area (Reichardt 2005), or the striae may 
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extend towards the center to form a narrow axial area (Dawson 1972). Septa and pseudosepta can be present (Kociolek 

& Stoermer 1993) or lacking (Dawson 1973). Helictoglossae are found to be aligned with the raphe slit, or offset to 

one side (Karthick & Kociolek 2012, Liu et al. 2013, Kociolek et al. in press). Striae can be uniseriate or biseriate, 

and the openings can be slit-like (Kociolek et al. in press), C- or S-shaped or round with siliceous ‘flaps’ (Dawson 

1973). While some have suggested that doubly-punctate striae are restricted to the closely related genus Gomphoneis 

Cleve (1894: 73) (Dawson 1974), others have shown the presence of doubly-punctate striae in numerous species of 

Gomphonema (Hustedt 1942, Lange-Bertalot 1980, Reichardt 2007, Kociolek et al. in press) and, conversely, there 

are species of Gomphoneis that have uniseriate striae (e.g. G. cantalicum Brun & Héribaud in Héribaud (1893: 219), 

Kociolek & Stoermer (1986)).

FIGURES 18–24. Gomphonema grande from type material CCA 2071, SEM internal views. 18. Whole valve internal view showing 

prominent central nodule, pseudosepta and helictoglossae. 19. Head pole showing helictoglossa offset from the main raphe branches 

and pseudoseptum. 20. Raised central nodule showing raphe ends recurved against the edge of the nodule and “lip-like” internal stigma 

opening. 21. Foot pole showing porelli, lobes of the apical pore field and helictoglossa. 22. Internal valve showing the extension of striae 

to the mantle. 23. Tilted view of raised central nodule with lip-like internal stigma opening. 24. Foot pool showing the helictoglossa and 

pseudoseptum. Scale bar: 10 µm (Fig. 18), 3 µm (Figs 12–17).

 The thickened valves of G. grande, with a marginal ridge of silica along the outline and a small, thick spine at 

the headpole, are features shared with large, heavily-silicified species of gomphonemoid diatoms such as Gomphoneis 

mammilla (Ehrenberg 1854: 37) Cleve (1894: 73) (Kociolek & Rosen 1984), Gomphonema imprime Kociolek et al. 

(2004: 427–444) and G. trulliforme Kociolek et al. (2004: 427–444), and cymbelloid diatoms such as Didymopshenia 

geminata (Lyngbye 1819: 219) M. Schmidt (1899: 214) (Dawson 1974), as well as some centric diatoms (Stephanodiscus 
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superiorensis Stoermer & Theriot in Theriot & Stoermer (1984: 48). A spine at the head pole has also been described 

for G. gomphopleuroides Amossé (1969: 332) (Kociolek et al. 2015). These heavily-silicified valves appear to be the 

ways some species exist in high-silica environments (Theriot & Stoermer 1984).

 At this point in time, large parts of the African continent, especially the Congo Basin, remain one of the least 

explored areas in terms of the diversity of its diatom flora. The continent has habitats ranging from tropical rain forest 

to dessert and even contains a unique biome, the Fynbos of the Western Cape, South Africa. In particular, concerning 

benthic diatoms, the study region covered in the present paper has been largely under-sampled when considering 

the relatively greater body of work on planktonic and lacustrine species. However, there is a growing interest in the 

diatoms of this region and we hope the research of which this paper forms a part will continue to find support and 

grow.
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TABLE 1. Gomphonema taxa described from Africa (including Madagascar, indicated with *).

G. angustissimum var. africanum Cholnoky (1959: 28)
G. acidoclinatiforme Metzeltin & Lange-Bertalot (2002: 31)*
G. aequatoriale Hustedt (1949: 119)
G. africanum G.S. West (1907:159)
G. africanum f. turris Kufferath (1956b: 37–38)
G. apicetrapezon Kufferath (1956b: 38)
G. brachyneura O. Müller (1905: 145)
G. cholnokyi Passy, Kociolek & Lowe (1997: 466–468)
G. clarkii Gasse (1980: 72)
G. clevei Fricke in Schmidt (1902: 234)
G. constrictum [var. capitata] f. bipunctata Kufferath (1957: 30)
G. crassestriatum Fritsch & Rich (1924: 389)
G. crocodilei Kociolek, Passy & Lowe (1997: 455)
G. dintara J.R. Carter & Denny (1982: 298)
G. eurycephalum Spaulding & Kociolek (1998: 365–366)* 
G. evanescens Spaulding & Kociolek (1998: 363–365)*
G. hasta Metzeltin & Lange-Bertalot (2002: 33)*
G. invidia J.R. Carter & Denny (1982: 298)
G. frickei O. Müller (1905: 145)
G. kilhamii Kociolek & Stoermer (1991: 277)
G. latistigmata Kociolek, Passy & Lowe (1997: 463–464)
G. leemanniae Cholnoky (1954a: 415) 
G. madagascarense Spaulding & Kociolek (1998: 363)*
G. migmatitum Woodhead & Tweed (1958b:201)
G. naviculla O. Müller (1905: 142)
G. oceanicum Cholnoky (1968: 36)
G. paddockii Kociolek & Stoermer (1991: 279)
G. parvuloides Cholnoky (1966: 23)
G. peracutum Spaulding & Kociolek (1998: 367–368)*
G. perinsignis Spaulding & Kociolek (1998: 362)*
G. perminutum Cholnoky (1957: 56)
G. pfannkucheae Cholnoky (1966: 25)
G. pulvillum Spaulding & Kociolek (1998: 366)* 
G. quadratarea Spaulding & Kociolek (1998: 368)*
G. quasicrocodilei Passy, Kociolek & Lowe (1997: 458–459)
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Abstract

In this paper we describe Actinellopsis murphyi gen. et spec. nov. a small heteropolar and dorsiventral diatom from a seep 
habitat in Zambia. This novel taxon has the chief distinguishing characteristic, along with its cell symmetry, of having the 
raphe positioned wholly in the valve face and not extending onto the mantle. It is further placed within the Peroniaceae as it 
possesses a straight raphe on the valve face and rimoportulae, and the frustules are heteropolar with regard to the length of 
the raphe. We also transfer the fossil diatom Actinella giraffensis to Actinellopsis as the morphological characteristics of this 
taxon are consistent with those of the generitype.

Key words: Zambia, Africa, new genus, Actinella, Peronia

Introduction

Given the size and diversity of climatic and geomorphological features, the diatom flora of (sub)tropical Africa has 

been poorly investigated. This holds true in particular for Zambia with only one detailed study of a section of its 

diatom flora (Cholnoky 1970). This country has a relatively high rainfall for the region and there are a multitude of 

aquatic resources and habitats including lakes, swamps (wetlands), streams and rivers, often having waterfalls, which 

in turn are responsible for the creation of a variety of moist sub-aerial habitats. All of these water bodies provide a 

varied and diverse habitat for diatoms. From 2010 to 2012 a project was undertaken to survey and document various 

aquatic organisms from rivers and streams around Zambia. The SAFRASS project (www.safrass.com) has as its main 

aim the development of capacity building tools for river quality monitoring in Zambia. Diatoms were one of the water 

quality indicator groups chosen for this project and as such were sampled from more than 150 localities around the 

country forming the most complete survey of the diatom flora of Zambia to date. Although rivers were the primary 

target habitat for sample collection, periodically wetted and sub-aerial habitats were also sampled and it is in this type 

of habitat in which an interesting member of the Eunotiales was found.

 The order Eunotiales P.C. Silva (1962: 835) is a well-defined lineage of raphe bearing diatoms, the only known 

group to possess both a raphe system along with one or more rimportulae (Round et al. 1990). The order has two 

families, the Eunotiaceae Kützing (1844: 32), which includes the vast majority of the described diversity of the order 

(Round et al. 1990), and the Peroniaceae (G. Karsten) Topachevs�kyj & Oksiyuk (1960: 301; basionym: Peronioideae 

G. Karsten 1928: 203,268), a small group into which a single genus, Peronia Brébisson & Arnott ex Kitton (1868:16), 

is placed. Peronia, like members of the Eunotiaceae, has a raphe system and rimoportulae, but unlike the members of 

that family, Peronia has a raphe system completely on the valve face (as opposed to having a short portion of the raphe 

on the valve face, and the majority of the raphe on the valve mantle) and the valves are dissimilar, with one having a 

longer raphe system than the other (Hustedt 1930, Patrick & Reimer 1966).
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 The Eunotiales has been thought to be a primitive lineage (Hustedt 1952, Kociolek 2000), representing a �link� 

between the raphe-less pennate diatoms that have rimoportulae and the rest of the raphid diatoms that lack such 

rimoportulae. This early lineage placement amongst the raphid diatoms has been substantiated with molecular data 

(Sims et al. 2006). Some authors (Hustedt 1952, Kociolek 2000) have argued that Peronia, with its raphe placed near 

the median portion of the valve (similar to the naviculoid and other major groups of raphid diatoms), may be similar to 

the early raphe-bearing taxa. Character evolution from the Peronia type to that seen in the Eunotiaceae, would require 

the transference of the raphe system from the face to the mantle, and only a few candidates for what that might look like 

have been identified (see Burliga et al. 2013). Diversity of genera within Eunotiales is best represented in the southern 

hemisphere, where many genera, such as Perinotia Metzeltin & Lange-Bertalot (2007: 108) and Bicudoa C.E. Wetzel, 

Lange-Bertalot & Ector (Wetzel et al. 2012: 5), and many species have been described (e.g. Hustedt 1965, Metzeltin 

& Lange-Bertalot 1998, 2007).

 In this paper we present light and scanning electron microscope observations of a unique member of the Zambian 

diatom flora, and describe the specimens as a genus new to science with the name Actinellopsis murphyi gen. et spec. 

nov. We discuss its systematic position and compare its morphology with a similar, fossil species described from the 

Eocene of the Canadian Arctic, which is also transferred to this new genus.

Material and Methods

The sample containing specimens of Actinellopsis murphyi gen. et sp. nov. was obtained from the surface of 

rocks covered with detrital material in a seep supplied with water from the spay zone next to the main cataract of 

Ntumbachushi Falls (09.853736°S, 28.944683°E), Luapula Province, Zambia by J.C. Taylor. The sample was fixed 

in a 20 % v.v. final concentration ethanol solution. The material was treated using a modified version of the hot 

potassium permanganate and hydrochloric acid method (Taylor et al. 2005). pH was measured using a Hanna HI 

98129 portable meter. Temperature, electrical conductivity and oxygen concentration were measured using a YSI 556 

MPS multiparameter meter.

 Light microscope (LM) images were obtained using an Olympus BX51 microscope equipped with DIC optics and 

a 100x 1.4 N.A. oil immersion objective and an Olympus ColorView III digital camera. The stria density and valve size 

were determined based on measurements of 18 valves. For scanning electron microscopy (SEM), parts of the oxidized 

material was filtered and rinsed with additional deionized water through a 3- m Isopore� polycarbonate membrane 

filter (Merck Millipore). Filters were mounted on aluminum stubs and coated with platinum using a BAL�TEC MED 

020 (BAL�TEC AG, Balzers, Liechtenstein) for 30 s at 100 mA. An ultra-high-resolution analytical field emission 

(FE) scanning electron microscope (SEM) Hitachi SU�70 (Hitachi High-Technologies Corporation, Tokyo, Japan) 

operated at 5 kV and 10 mm distance was used for the analysis. SEM images were taken using the high (SE-H) detector 

signal. Supplementary SEM studies were carried out using a FEI QUANTA FSEM at the Laboratory for Electron 

microscopy North-West University, South Africa.

 The terminology used is that outlined in Anonymous (1975) and Ross et al. (1979).

Results

Division Bacillariophyta

Subdivision Bacillariophytina Medlin & Kaczmarska 2004

Class Bacillariophyceae Haeckel emend. Medlin & Kaczmarska 2004

Subclass Eunotiophycidae D.G. Mann in Round et al. 1990

Order Eunotiales P.C. Silva 1962

Family Peroniaceae (G. Karsten) Topachevs�kyj & Oksiyuk 1960

Genus Actinellopsis J.C. Taylor, B. Karthick & Kociolek gen. nov. (Figs 1�45)

Cells clavate, small, asymmetrical to the apical axis, Valves weakly clavate and dorsiventral with ventral margin 

straight to slightly convex and dorsal margin convex, raphe positioned on the valve face towards one margin, short 

and curved in one valve and long and almost straight on another valve, single rimoportula per valve oriented parallel 

to apical axis. Spines wanting.



TAYLOR ET AL.130   �   Phytotaxa 178 (2) © 2014 Magnolia Press

 Generitype:�Actinellopsis murphyi J.C. Taylor, B. Karthick & Kociolek

 Etymology:�The generic epithet Actinellopsis refers to this taxon�s close morphological resemblance to Actinella 

F.W. Lewis (1864: 343). 

FIGURES 1�20. LM images of Actinellopsis murphyi gen. et. spec. nov., valves from holotype D-NWU 12-349, Ntumbachushi Falls on 

Ngona River, in Zambia, showing the size range in valve view. Figs 1�16. Valve view. Figs 17�20. Girdle view. Scale bar = 10 m.
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FIGURES 21�25. SEM images of valve exterior of Actinellopsis murphyi gen. et spec. nov. Figs 21�23. SEM images showing the external 

valve view. Fig. 24. SEM image of external girdle view showing epi and hypovalves with longer (L) and shorter (S) raphe slits External 

rimoportulae (R) opening indicated. Fig. 25. SEM image of the external girdle view of dorsal margin. Scale bar = 5 m (21, 22, 23), 2 m 

(24, 25). 
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Actinellopsis murphyi J.C. Taylor, B. Karthick & Kociolek spec. nov. (Figs 1�45)

Type:�ZAMBIA, Luapula Province, Ntumbachushi Falls on Ngona River near the town of Kawambwa, (09.853736°S, 28.944683°E). 

Sample collected by J.C. Taylor from detrital material on rocks wetted by seeping water from spray zone of main falls. Slide BR 

4375, Botanic Garden Meise, holotype designated here (the valve representing the holotype is here illustrated as Figure 12) ; D-

NWU 12-349, South African National Diatom Collection, isotype designated here.

 Cells clavate in girdle view 15.5�23.0 m long. Plastid structure unknown. Valves weakly clavate and dorsiventral with ventral margin 

straight to slightly convex and dorsal margin convex, 2.2�3.1 m wide at widest point of valve. Head pole subcapitate, foot pole 

not tumescent. Striae rather difficult to resolve in LM, 28�30 in 10 m, parallel in the centre of the valve becoming radiate towards 

the apices. Areolae round, occluded by vela. No marginal spines. One valve possessing a short and arched raphe, the other valve 

possessing a longer, straight raphe. Distal and proximal ends slightly rounded but otherwise unmodified and situated at the junction of 

valve face and mantle. Helictoglossae indistinct. Rimoportula on headpole and footpole, orientated parallel to apical axis. Cingulum 

composed of 4 open, porous copulae.

FIGURES 26�35. SEM images of external head and foot poles of Actinellopsis murphyi gen. et. spec. nov. Figs 26�30. SEM images of 

external view of head pole. Figs 31�35. SEM images of external view of foot pole. Rimoportula opening (R). Scale bar = 3 m (26, 27), 

2 m (28, 29, 30, 31, 32, 33, 34, 35).
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FIGURES 36�41. SEM images of valve interior of Actinellopsis murphyi gen. et. spec. nov. Figs 36�38. SEM images showing the internal 

valve view. Figs 39�41 SEM images of internal pole showing rimoportulae, helictoglossa and internal areolar openings. Scale bar = 10 m 

(37), 5 m (36, 38), 2 m (40, 41), 1 m (39).

Etymology:�The specific epithet refers to the project co-coordinator of the SAFRASS project, Dr. Kevin Murphy of 

the University of Glasgow and is named after him to honour his contributions to the extension of the knowledge of the 

Zambian fauna and flora.



TAYLOR ET AL.134   �   Phytotaxa 178 (2) © 2014 Magnolia Press

 Distribution and ecology:�Actinellopsis murphyi has been found only from the type locality. It is found rarely 

in a sample that was collected from detrital material in seeping water flowing over the stones comprising the steps of 

a foot path next to the main cataract of Ntumbachushi Falls. The path was heavily shaded and covered in leaf litter. 

The seep water had its origin in the spray from the main falls, the permanency of this seep is uncertain. The main 

stream of the falls had the following characteristics pH 6.56, 18.13°C, 4 S cm-1 electrical conductivity and oxygen 

concentration of 9.70 mg l-1.

 Observations:�Actinellopsis murphyi is a small taxon distinguished from other similar species by its distinct 

valve shape and size, the shape of the head pole and the striae density. It is comparable to the fossil species Actinella 

giraffensis Siver, A.P. Wolfe & Edlund (Siver et al. 2010: 343), being similar in valve symmetry (dorsiventral and 

heteropolar with an almost straight ventral valve margin). It also has epi and hypovalves with longer and shorter 

raphe slits. It appears that the epivalve of Actinellopsis murphyi bears the longer raphe (Fig. 24) and the hypovalve 

the shorter more strongly curved raphe (a characteristic somewhat similar to Peronia). Actinellopsis murphyi differs 

from Actinella giraffensis in regard to striae density and the shape of the headpole. These two species are very similar 

in girdle view and the positioning of the raphe slits at the valve margin is almost identical. It is also comparable to 

Actinella indistincta Vyverman & E.A. Bergey (in Sabbe et al. 2001: 328), the striae density is similar but the outline 

of the cell (arcuate) and structure of the apices is very different. In addition the raphe is almost entirely situated in the 

mantle and the cells are isovalvar. 

 Actinella disjuncta Metzeltin & Lange-Bertalot (2007: 28) is another species with a similar valve outline was 

described from a fossil samples of Brazilian Amazon (Lago Calado) and from a cataract in Sarawako Bako (Borneo, 

Malaysia). Actinella disjuncta,  however, shows conspicuous spines, a raphe canal located on the valve mantle and 

coarser interstriae with the areolae placed deeply in the valve face (see Metzeltin & Lange-Bertalot 2007, pl. 41: figs 

1�24 and pl. 42 figs 1�7).

Discussion

Actinellopsis is considered part of the Eunotiales, by virtue of its possession of both a raphe system and rimoportulae 

(Round et al. 1990). It has a suite of features that distinguish it from others in the Eunotiales. For example, Actinellopsis 

has a nearly straight raphe positioned entirely on the valve face�no part of the raphe is on the mantle. The arrangement 

of its raphe precludes assigning it to the Eunotiaceae (Round et al. 1990). The only genus within this family that has 

a majority of its raphe on the valve face is the recently described Eunotioforma Kociolek & Burliga (in Burliga et al. 

2013: 49), which has a highly curved raphe system positioned close to the margin of the valve. Possession of a straight 

raphe on the valve face along with the presence of rimportulae suggests Actinellopsis belongs in the Peroniaceae, only 

the second genus assigned to this family (Round et al. 1990). While it shares symmetry features with Peronia, it differs 

by having the raphe positioned close to one margin, not near the median line (Round et al. 1990). Thus, we conclude 

that at this time Actinellopsis is best placed in the Peroniacae. It may reflect a transition from the raphe near the median 

portion of the valve to the raphe on the mantle. We can diagnose this family as those raphid diatoms with rimoportulae 

with a raphe in a sternum on the valve face. Actinellopsis might represent a condition where the raphe has begun to 

migrate from the valve face (as seen in Peronia) to the mantle, as seen in most members of the Eunotiaceae (Hustedt 

1952, Kociolek 2000).

 Actinella giraffensis, mentioned above, described from fossil material in the Canadian Arctic (Siver et al. 2010), 

has symmetry features and a rimoportula which provide evidence for its placement in Actinella. Based on the suite of 

features presented by Siver et al. (2010) we propose the transfer of their new species to Actinellopsis.

Actinellopsis giraffensis (Siver, A.P. Wolfe & Edlund) J.C. Taylor, B. Karthick & Kociolek, comb. nov.

Basionym: Actinella giraffensis Siver et al. (2010: 343, figs 1A�I, figs 2A�F, figs 3A�F).

Actinellopsis superficially resembles Actinella, which is also cuneate and asymmetrical about the transapical axis. The 

two differ in the type of raphe system and that Actinella is also asymmetrical about the apical and transapical axes. 

The superficial similarities in symmetry are due to independent acquisition of asymmetry about both the transapical 

and apical axes. Valve symmetry and other frustule organization (amphoroid organization) appear to have evolved 

independently many times (e.g. Cox 1979, Medlin 1991, Medlin & Round 1986, for Eunophora Vyverman, Sabbe & 
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D.G. Mann in Vyverman et al. 1998: 96; Stepanek & Kociolek 2014). Table 1 compares features of Actinellopsis with 

Eunotia, Peronia and Actinella.

TABLE 1. Comparison of characters for selected members of Eunotiales related to Actinellopsis gen. nov. (summarized 

from Round et al. 1990).

Eunotia Peronia Actinella Actinellopsis gen. nov.

Valve shape Lunate Cuneate in valve and girdle 

view

Elongate, lunate, cuneate 

in girdle view

Valve view - linear ventral 

margin, curved dorsal 

margin, cuneate in girdle 

view

Valve symmetry Dorsiventral Heteropolar Heteropolar and 

dorsiventral, swollen at 

one end

Heteropolar and 

dorsiventral, swollen at 

one end

Spines Rare Junction of valve face and 

valve mantle

Junction of valve face and 

valve mantle or absent

Absent

Striae Uniseriate, small round 

poroids

Uniseriate, small round 

poroids

Uniseriate, small round 

poroids

Uniseriate, small round 

poroids

Raphe length Short Short and well developed 

on R valve, diminutive 

often absent at head pole 

on P valve 

Short One valve bears a longer 

raphe and the hypovalve 

the other a shorter more 

strongly curved raphe

Raphe shape Strongly curved Straight Strongly curved Very slightly curved (long) 

to more strongly curved 

(short)

Raphe origin Valve face ending close to 

edge of valve mantle

Slightly excentric on valve 

face

Valve face ending close to 

edge of valve mantle

Continuous along junction 

of valve face and mantle

Raphe endings Raphe continuous past 

helictoglossa externally as 

short terminal fissure

Central raphe ending 

expanded curved to one 

side

Raphe continuous past 

helictoglossa externally as 

short terminal fissure

Both endings very slightly 

expanded curved towards 

ventral side

Rimoportulae 1 per valve near apex, RP 

of epivalve and hypovalve 

at opposite ends of cell

Valve with well developed 

raphe with rimoportula 

at each end, valve with 

diminutive raphe slits with 

only one at base pole

Present, one at each pole Present, one at each pole, 

oriented towards apical 

axis

Sterna Near edge of valve face Between raphe slits Poles with narrow sterna Absent?

Cingulum 6�10 similar porous open 

bands

5 porous open bands Open at apical end, 2 or 

more rows of poroids

Open at apices, perforated 

by 2 rows of poroids

 Actinellopsis murphyi differs from A. giraffensis in the outline of the valve, having a more protracted �headpole� 

as seen in valve view.

 The disjunct distribution between Actinellopsis murphyi from Zambia and the 50 million year old fossil 

Actinellopsis giraffensis from the Canadian Arctic is puzzling. The Zambian locality is subtropical and an acid 

habitat (pH 6.5). The Canadian Arctic of the Eocene was quite different from today, with many subtropical to 

tropical species known from fossil localities (Eberle & Greenwood 2012). Freshwater fossil deposits of Eocene 

age are relatively rare (e.g. Benson et al. 2012), thus the temporal and spatial extent of Actinellopsis is not well 

understood. It is possible that the genus was much more widely distributed, and the species from Zambia represents 

a relict. Alternatively, an African-South American connection may have existed (as has been documented for many 

taxa, see Renner 2004 for a compilation of plant species), followed by a north-south connection in the new world 

between South and North America.

 This genus appears to be an example of a Lazarus taxon, where a taxon occurs in the fossil record, there is a 

gap in its occurrence, and it �reappears� again (Jablonski 1986).  Such taxa are known in plants (e.g. Chaney 1948), 

invertebrates (Fraiser & Bottjer 2005; Skelton & Gilli 2012) and vertebrates (Friedman & Coates 2006; Dawson et al. 

2006).  They are the result of observational gaps, due to sampling or loss via the fossilization process.
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INTRODUCTION

Reports on benthic diatoms from the Democratic Republic 
of the Congo (D.R. Congo) have been rather limited in the 

(1948, 1956a, 1956b), Hustedt (1949), Cholnoky (1970), 
Compère et al. (1989), Compère (1995) and Golama (1996) 
and with several recent papers as discussed in Cocquyt & 
Taylor (2015). Recently, intensive studies, including diatom 
collection, were initiated in the Congo Basin downstream 
Kisangani, thanks to the Boyekoli Ebale Congo 2010 expedi-
tion, organised by the Congo 2010 Consortium composed of 
the University of Kisangani, the Royal Museum for Central 
Africa, the Royal Belgian Institute of Natural Sciences and 
the National Botanic Garden of Belgium – now Botanic Gar-
den Meise (e.g. Cocquyt et al. 2013, Cocquyt & Taylor 2015, 
Karthick et al. 2016, Taylor et al. 2016). After this initial 

which diatom samples were also collected, were undertaken. 
The material used for the present studied was sampled dur-

ing such a campaign in the frame of the COBAFISH project 
-

gian Science Policy.

Members of the genus Eunotia Ehrenb. form a large 
percentage of the diatom populations from tropical African 
waters of lower pH as observed during our investigations. 
Eunotia
in order to ascribe extant names to taxa encountered in the 
tropics. Often, much confusion arises with taxa that are ei-
ther rare or that have seemingly obvious characteristics such 
as multiple dorsal undulations (e.g., Eunotia serra Ehrenb.). 
The genus Eunotia is also problematic as its valves may vary 
quite widely in structure over the cell cycle with the gam-

little similarity in terms of valve outline (e.g. E. tropica Hust., 
Mayama 1995). Although this phenomenon has been demon-
strated on a number of occasions in cells grown in culture, the 
comparative rarity of large-celled Eunotia in environmental 

we describe and discuss three relatively large-celled Eunotia 
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Background and aims – Large-celled Eunotia species from tropical central Africa are documented in 

Methods – Samples were collected from the Congo River between Kisangani and Bumba in the Democratic 
Republic of the Congo. These samples were prepared for diatom analysis and examined according to 
standard methods and documented using both light and scanning electron microscopy.
Key results – A single population of Eunotia zygodon is used to demonstrate the high degree of change 
in gross cell morphology during its life cycle, changes previously observed in cultures of this genus. Cells 
of this taxon from each extremity of the reproductive cycle could be, and probably often were, placed in 
discrete taxa during sample analysis, especially as this taxon occurs rather infrequently. We also describe 
Eunotia leonardii as new to science. It has an undulate valve margin and is closely related to Eunotia serra 
and Eunotia georgii
The bi-undulate Eunotia papilio var. africana is raised to the rank of species and named Eunotia fuseyi as 
it is clearly a discrete taxon from E. papilio s. str.

Key words – Diatoms, D.R. Congo, Eunotia fuseyi, Eunotia leonardii, Eunotia zygodon, new species, 
taxonomy, tropical Africa.
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species from tropical (moderately to very) acidic waters of 
rivers of D.R. Congo. 

MATERIAL AND METHODS

Several samples collected in tributaries of the Congo River, 
downstream of Kisangani (D.R. Congo), between 2010 and 
2014 were studied. Although the newly described Eunotia 
taxa are observed in many of the samples, the present pa-
per especially deals with one sample in particular, CCA 2066 
obtained on 24 Nov. 2012 from the submerged parts of Nym-
phaea lotus L. in the Lobaye River (0.48970°S 24.17728°E), 
a tributary of the Lomami River, Tshopo Province (formerly 
part of the Oriental Province), D.R. Congo by François Dar-
chambeau and Ernest Tambwe. The Lomami River is a major 
tributary of the Congo River discharging in it downstream 
of Kisangani. The Lobaye as well as the Lomami River are 
large rivers, the latter a major tributary of the Congo River. 
Their considerable catchment area contains many villages 

-
ers, some impact and nutrient enrichment of the river water 
is to be expected. The studied sample CCA 2066 contains 
Eunotia zygodon, Eunotia leonardii and Eunotia fuseyi. The 

-
lution. Subsamples for LM and SEM observations were pre-
pared by oxidizing the material with H

2
O

2 

at 100°C for 1 to 2 hours. Following digestion the material 
was rinsed several times with distilled water. A subsample 
from the organic–free material was mounted in Naphrax® 
(refractive index 1.71) for diatom community studies. 

Physical parameters (temperature, conductivity and 
pH), collected concurrently with the diatom sample from 
the Lobaye River, were measured in situ with an YSI Pro-

ProSeries. Samples for nutrient analyses (NH
4
, NO

3
, NO

2
 

until spectrophotometric analysis could be carried out in the 
-

University of Liège, Belgium. NO
3
- and NH

4
+ concentrations 

were estimated by spectrophotometry, using the dichloroiso-
cyanurate-salicylate-nitroprussiate colorimetric method for 
NH

4
+ (Westwood 1981), the sulfanilamide colorimetric after 

vanadium reduction method for NO
3
- (APHA 1998). SRP was 

determined by spectrophotometry using the ammonium mo-
lybdate-potassium antimonyl tartrate method (APHA 1998). 

-1 
for NO

3
-, NH

4
+ and SRP respectively. Light microscope (LM) 

images were collected using an Olympus BX51 microscope 

100x 1.4 N.A. oil immersion objective. An Olympus UC30 
digital camera was used for photomicrographic imaging. For 
scanning electron microscopy (SEM), oxidized materials 
were rinsed with additional deionized water and isolated with 
micropipette on 6 mm × 6 mm cover slip. Cover slips were 
mounted on aluminium stubs and coated with osmium by an 
OPC 40A osmium plasma coater (Filgen, Nagoya, Japan). 

-
tachi, Tokyo, Japan) operated at 5 kV and 8 or 12 mm work-
ing distance was used for the analysis. The terminology used 

is that outlined in Anonymous (1975) and Ross et al. (1979). 
Cells were traced for illustration by selecting a number of 
cells over the size range illustrated and then tracing the exact 
outline of each cell, during this process the cells photographs 

allow accurate comparison, aspect ratio of the original draw-
ings was also maintained at 1:1 during the tracing process.

RESULTS

Eunotia zygodon Ehrenb. 

Figs 1–5

Synonyms – Eunotia tropica Hust. sensu Hustedt (1927: 
synon. nov.; Eunotia monodon var. trop-

ica (Hust.) Hust. sensu Hustedt (in Schmidt 1933: pl. 371), 
synon. nov. – Type: Cayenne, French Guyana, sample of 

Ehrenberg Collection in Museum für Naturkunde, Berlin, 
Germany (lecto-: STU). 

Morphologic characteristics – Type, valve 53.3 µm long, 
10.0 µm broad, 10–11 striae in 10 µm, marked lectotype 

-
mens, 37.0–153.3 µm long, 11.0–14.3 µm broad, 11–15(–21) 
striae in 10 µm.

Taxonomic remarks – Eunotia zygodon, originally de-
scribed from the island of Cayenne by Ehrenberg (1843), 
occurs rather commonly in tropical African regions (Foged 
1966, Carter & Denny 1982, Cholnoky 1970). The original 
illustration (Ehrenberg 1843) was of a cell with two dorsal 
undulations, a concept that has remained rather stable. Jahn 
in Reichardt (1995) examined the type material of E. zygo don 
and illustrated a single cell conforming well to the original 
diagnosis by Ehrenberg. Metzeltin & Lange-Bertalot (1998) 
illustrated E. zygodon from tropical South America and com-
mented that it conforms well to the type. Later, Ferrari et al. 
(2007) reported this taxon from Brazil, illustrating it by ten 

established concept of this species seems to be rather stable, 
it is comparatively large, has two pronounced dorsal undu-
lations and is therefore rather simple to identify. When we 
examined a sample from tropical Africa we found cells of a 
diatom conforming well to the description of E. zygo don as 
well as to the LM and SEM illustrations provided by Met-
zeltin & Lange-Bertalot (1998), but we also noted several 
cells of a Eunotia taxon larger (longer) than E. zygodon, and 
with many more dorsal undulations. The angle of the raphe 
as it passed from the mantle onto the valve face was also 

-
curring between the raphe ending and the dorsal margin of 

the established concept of E. zygodon. Thus we initially con-
sidered these two seemingly separate morphological entities 
as two separate species i.e. E. zygodon sensu stricto and a 

(e.g. Gasse 1986, Zanon 1938) as E. monodon var. tropica. 
The latter taxon was a synonym of the earlier described 
E. tropica (Hustedt 1927) collected from Lake Aokiko in Ja-
pan. We considered that this morphological form deserved 
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Figure 1 – Eunotia zygodon, LM. Size diminution series from a single population. Note especially G and M which are transitional forms 
between the bi-undulate and multi-undulate cells. Scale bar = 10 µm.
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Figure 2 – Eunotia zygodon, LM. Size diminution series from a single population continued from Figure 1. Multi-undulate cells. Scale 
bar = 10 µm.
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Figure 3 – Eunotia zygodon, LM: A, multi-undulate auxospore 

showing geometric size reduction and reduction in number of dorsal 
undulations over the cell cycle. Scale bar = 10 µm.

E. tropica, as illus-
trated by Mayama (1995), and thus began an intensive inves-
tigation of the sample in question to determine the size range 
and other key characteristics. The more valves we examined 
though it became clear that we in fact were observing a sin-
gle taxon rather than two discrete entities; we found a very 
clear diminution series showing the transition between the 
typical E. zygodon like cells to the E. monodon var. tropica 

What also helped to elucidate this problem was the digi-
tal tracing of the valve outline, with the inclusion of the ra-
phe. By drawing a large cell and proportionally decreasing 
the size including shape of the valve apices and the angle of 
the raphe, the cell changed to conform to that of the smaller 
cells. No other digital manipulation than the proportional 
shrinking of the superimposed outline of the cell was used, 
which may be taken to replicate, to some extent at least, the 
geometrical progression in size reduction during asexual 
reproduction. We also then traced a number of cells of dif-

other that the cell width at the centre remains more or less 
the same and the way in which the undulations of the dor-
sal margin decrease in number over the cell cycle is also il-

belong to the same taxon i.e. E. zygodon. Manguin (1949) 
also illustrated E. zygodon cells with a broad ranging mor-
phology from Madagascar, including a rather large cell that 

E. zygodon var. elongata Hust. In a later 
study from Madagascar Metzeltin & Lange-Bertalot (2002) 

of dorsal undulations under the epithet E. tropica. We also 
examined characteristics other than the valve length and out-
line under SEM. In cells of approximately 40, 80 and 130 
µm in length, we determined the number of areolae between 
the valve margin and the mantle margin at the centre of the 
raphe. Mayama (2001) demonstrated that the characteristics 
of this region remain stable during the cell cycle. We con-
sistently found 3–5 areolae above the raphe and 6–8 areolae 
below the raphe even though the smallest and largest cells 

Other characteristics were examined under the SEM and 
found to be consistent over the cells; these included the shape 
of the raphe and axial area on the valve mantle, the struc-
ture of the raphe and the raphe ending on the valve face, the 

corrosion of the occluding membranes (cf. E. pseudopecti-
nalis

Eunotia leonardii J.C.Taylor & Cocquyt, sp. nov.

Figs 6–10

Type: D.R. Congo, Lobaye River, sample CCA 2066 (holo-: 
slide BR 4400, BR; the valve representing the type is illus-

slide Zu 10/63 Friedrich Hustedt Diatom Collection, BRM). 
– Type locality: D.R. Congo, Tshopo Province (part of the 
formerly Oriental Province), Lobaye River, 0.48970°S, 
24.17728°E, tributary of the Lomami River which is a major 
tributary of the Congo River.



296

Pl. Ecol. Evol. 149 (3), 2016

Figure 4 – Eunotia zygodon, SEM: A & B, external view of multi-undulate valve; C & D, external view of bi-undulate vale of E. zygodon; 
E, external view of the dorsal copulae of E. zygodon; F, internal view of valve. Scale bars: A & B = 30 µm; C–F = 20 µm.
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Figure 5 – Eunotia zygodon, SEM: A & B, external view of valve apices; C & D, detailed view of cell apices, note foramina lips (arrow 
C) apical spine (arrow D) and external opening of the rimoportula (double arrow D); E & F, internal view of the valve apices. Note the 
thickened terminal nodule and the position of the internal opening of the rimoportula (arrow F). Scale bars: A & B = 10 µm; C & D = 3 µm; 
E & F = 5 µm.
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Figure 6 – Eunotia leonardii sp. nov., LM from sample CCA 2066, slide BR 4400. Size diminution series. Scale bar = 10 µm.
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Figure 7 – Eunotia leonardii 
auxospore initial cell; H–I, girdle view of ventral side of cell. Scale bar = 10 µm.



300

Pl. Ecol. Evol. 149 (3), 2016

Figure 8 – Eunotia leonardii sp. nov., SEM from sample CCA 2066: A–E, external view of complete frustules; F, external detail of apex, note 
structure of raphe and the apical spine. Scale bars: A–E = 20 µm; F = 5 µm.



301

Taylor, Cocquyt & Mayama, Large Eunotia species from D.R. Congo

Figure 9 – Eunotia leonardii sp. nov., SEM from sample CCA 2066: A & B, internal oblique views of valve; C & D, internal view of detail 
of apices; E, internal view of the helictoglossa; F, internal view of the rimoportula (arrow). Scale bars: A & B = 20 µm; C & D = 5 µm; E & 
F = 3 µm.
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Figure 10 – Eunotia leonardii sp. nov., SEM from sample CCA 2066: A, external view of apex showing structure of the terminal raphe 
ending; B, external view of apex, note position of rimoportula (arrow); C, external view of apex and copulae, note marginal ridge of silica 
(arrow); D, external view of areolae, occlusion has been corroded away during cell treatment. Scale bars: A, C & D = 5 µm; B = 3 µm.

LM: description – Valves with weakly arched dorsal mar-
gin, with many undulations (16–24 in 100 µm), parallel to 
slightly convex ventral margin. Ends often heteropolar, 
bluntly to acutely rounded. Length 36.0–137.0 µm, breadth 
7.5–11.0 µm. Terminal raphe ends extend far onto the valve 
face and are more or less straight. Striae 9–16 in 10 µm. 
Puncta of transapical striae indistinct. Chain-forming frus-
tules.

SEM: description – Striae evenly or unevenly spaced 9–16 
in 10 µm becoming more densely spaced near the ends in 
all specimens, 14–20 in 10 µm. Few or no shortened stri-
ae intercalated at the dorsal margin. Striae composed of 
rounded areolae, 40–44 in 10 µm. Areolae occluded exter-
nally by hymenes anchored at 3 points giving the areolae a 

distinctly distant from the ends lying at the junction between 
raphe

curved and extending with an angle of mostly c. 90–110° 
onto the valve face, more or less halfway towards the dorsal 

small helictoglossa with the cell wall rather thickened at this 
rimoportula is found at one of the 

Girdle composed of multiple copulae, with a 

Etymology – The epithet leonardii is in honour of Jean Léo-
nard, a Belgian botanist who worked at the Institut National 

-
lected algae material in the vicinity of Kisangani which is 
deposited at the herbarium of the National Botanic Garden 
of Belgium (BR) housed at the Botanic Garden Meise, Bel-
gium.

Ecology – Temperature of 24.2°C, pH of 5.01, conductiv-
ity of 17.4 µS.cm-1, 0.054 mg.l-1 NH

4
+, 0.0009 mg.l-1 NO

2
-, 

0.16 mg.l-1 NO
3

-, and 0.038 mg.l-1 SRP.

Distribution – Lobaye and Lomami River basins in the 
Democratic Republic of the Congo, tropical Africa.

Taxonomic remarks Eu-
notia leonardii and E. georgii Metzeltin & Lange-Bert. lie 
in the shape of the apices (bluntly to acutely rounded as op-
posed to acutely), the curvature of the ventral margin, which 
is never strongly concave in E. leonardii, the shape and angle 
of the raphe ending on the valve face, and the smaller range 
of striae in E. georgii (12–14 in 10 µm as opposed to 9–14 in 
10 µm for E. leonardii
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Figure 11 – Eunotia fuseyi sp. nov., LM from sample CCA 2066, slide BR 4401. Size diminution series. Scale bar = 10 µm.

Figure 12 – Eunotia fuseyi sp. nov., SEM from sample CCA 2066: A–C, external view of complete valves; D, external detail of apex, note 
external opening of rimoportula (arrow). Scale bars: A–C = 10 µm; D = 4 µm.

the number of areolae: E. georgii has 27–30 in 10 µm while 
E. leonardii has 40–44 in 10 µm.

Eunotia leonardii E. serra in the shape of the 
valves, which have a weakly arched dorsal margin with many 
undulations in E. leonardii opposed to the rather strongly 
arcuate valves with more or less concave ventral margins 
and strongly convex dorsal margins with even undulations 

in E. serra. In E. serra the valve ends are rounded like the 

wave crest or obliquely truncated in the case where it fuses 

with a distal undulation. The number of undulations varies 

in E. serra from 6 to 18; the valves are 40–150 µm long and 

12–16 µm broad. Striae and areolae of Eunotia leonardii are 

distinctly more densely spaced than in E. diadema Ehrenb. 

and E. tetraodon Ehrenb., areolae 24–27 in 10 µm. 
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Figure 13 – Eunotia fuseyi sp. nov., SEM from holotype sample CCA 2066: A & B, internal view of complete valve; C, external view 
of apex showing position of external opening of rimoportula; D, internal view of the apex showing the rimoportula (arrow). Scale bars: 
A–B = 10 µm; C = 2 µm; D = 3 µm.

Figure 14 – Eunotia fuseyi sp. nov., SEM from sample CCA 2066: A, external view of areolae, note external occlusions; B, broken cell 
showing structure of areolae; C, valve with copulae; D, detail of copulae. Scale bars: A = 0.5 µm; B = 1 µm; C = 10 µm; D = 5 µm.
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Mayama & Kobayasi (1990) examined materials from 
Degernä diatomite, the material from which E. serra was 
originally described. They found specimens with the follow-
ing characteristics: valves 96–128 µm long and 13–16 µm 
broad with about 11 striae in 10 µm.

Eunotia fuseyi J.C.Taylor & Cocquyt, sp. nov. 

Figs 11–14

Synonym – Eunotia papilio [as papillo] var. africana 
(Fusey) Fusey, nom. inval.
1– 4). – Type: D.R. Congo, Lobaye River, sample CCA 2066 
(holo-: slide BR 4401, BR; the valve representing the type is 

iso-: slide Zu 10/64 Friedrich Hustedt Diatom Collection, 
BRM). – Type locality: Democratic Republic of the Congo 
(DRC), Tshopo Province (part of the formerly Oriental Prov-
ince), Lobaye River, 0.48970°S, 24.17728°E, tributary of the 
Lomami River which is a major tributary of the Congo River. 

LM: description – Valves bigibbous. Ventral margin more 
or less concave. Dorsal margins slightly to strongly convex 
with respect to the two humps, separated by a depression of 
variable depth. Ends abruptly to strongly protracted, wide 

-
sally, never broadly rounded. Length 15.0–40.0 µm, breadth 

the poles. Terminal raphe
more or less 1/3 of the way towards the dorsal margin. Proxi-
mal raphe endings straight, running parallel and just below 
the junction of the valve face and mantle. Striae variable, 
14–20 in 10 µm becoming only slightly more densely spaced 
near the ends. Areolae about 32 in 10 µm.

SEM: description – Striae evenly spaced, 14–20 in 10 µm 
becoming only slightly more densely spaced near the apices 
in all specimens. Very few (1–2) or no shortened striae in-
tercalated at the dorsal margin. Striae composed of rounded 
areolae, 32 in 10 µm. Areolae occluded externally by hy-
menes anchored at 4 to 6 points and thus appearing more or 

raphe
short, straight and extending with an angle of mostly c. 110° 

the raphe terminates apically in a very small helictoglossa 

13A & B). A single rimoportula is found at one of the apices 

are absent. Girdle composed of at least two or more copulae 

Etymology – The epithet fuseyi is in honour of Pierre Fusey, 
“chef de Travaux au Laboratoire de Cryptogamie du Mu-

1960s, and who studied algal samples from the Central Afri-
can Republic. He described about 35, unfortunately invalid, 
new diatom taxa. 

Ecology – Temperature of 24.2°C, pH of 5.01, conductiv-
-1, 0.054 mg.l-1 NH

4
+, 0.0009 mg.l-1 NO

2
-, 

0.16 mg.l-1 NO
3
-, and 0.038 mg.l-1 SRP.

Distribution – Lobaye and Lomami River basins in the 
Democratic Republic of the Congo, tropical Africa, also 
more widely in tropical Africa including the Republic of the 
Congo.

Taxonomic remarks – Fusey described E. papilio var. afri-
cana
in 1964 with a diagnosis in French and again in 1966, this 
time with a Latin diagnosis. However, under article 9.1 of 
the ICBN (McNeill et al. 2012) this name is invalid as two 
or more collections are mentioned and neither a type slide 
is designated nor a type is indicated in either of the descrip-
tions. Reference is made to a number of photographs with-
out date and locality information within the caption. We are 

described E. fuseyi as it matches the measurements given 
by him as well as his illustrations (Fusey 1964, 1966). We 
believe that this variety deserves the rank of species as it 

E. papilio (Ehrenb.) 
Grunow sensu stricto. Eunotia papilio was originally de-
scribed as Himantidium papilio Ehrenb. in 1843 and later-
transferred to Eunotia by Grunow (1868). In his examination 
of the type material Reichardt (1995) recorded the following 
characteristics of E. papilio from the lectotype: 22–31 µm 
long, broadest region 11–16 µm, 8–12 in the narrowest part; 
6 striae per 10 µm near the dorsal side to 12 near the ventral 
side, raphe short and curves onto the mantle; 18–26 puncta 
in 10 µm. Eunotia fuseyi has a higher number of areolae, a 
higher number of striae, the ventral margin is generally less 
convex, cells are often less constricted in the centre of the 
dorsal margin and the raphe runs along the junction of the 
valve face and valve mantle and is almost straight before 
curving onto the valve face.

DISCUSSION

Initially, during the examination of the Eunotia zygodon 
cells, we were convinced that there were two or even more 
distinct taxa present in our samples. We examined these dif-
ferent valves repeatedly grouping them according to length 
or breadth or number of undulations on the dorsal margin. 
We also examined the raphe endings on the valve face and 

cells we photographed and examined the less clear the ap-

another. By doing this it became obvious that we had a rather 
complete representation of the cell line and associated cell 
size reduction. Many Eunotia species have been initially de-
scribed with reference to the undulations on the dorsal valve 
and this is evidenced by the names chosen for the species 
(e.g. Eunotia triodon Ehrenb. E. diodon Ehrenb. etc.), thus 
intrinsically linking the number of dorsal undulations to the 
species concept. This has always been the case for Eunotia 
zygodon, represented in literature as having two dorsal undu-
lations; this is also concurrent with its initial description and 
illustration. As discussed in the introduction it may be pos-
sible that this species is rarely found in samples and when it 
is found there are only a few cells present. Also as earlier dis-
cussed this species forms long chains with the cells of more 
or less the same size in terms of cell length so that if only a 
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single chain or fragment of chain is sampled it will give the 
impression that cell size (length) and number of dorsal undu-
lations are rather stable characters, however these are stable 

-
ent valve morphology and it is only when numerous chains 
are sampled that this becomes obvious. This has been very 
well documented in cultures of the closely related (in terms 
of morphology) Eunotia tropica by Mayama (1995) but as 
far as we are aware has not been documented in naturally 
occurring E. zygodon populations. We do not propose that 
dorsal valve margin undulations will always be variable in 
number across all taxa of Eunotia, but it seems that several 
taxa have a stable number of undulations, e.g. E. papilio and 
E. fuseyi described herein. Caution is necessary when using 

E. pectinalis in Lange-Bertalot et al. 2011). In the case of 
E. zygodon we concur with Mayama (2001) that more stable 

-

The chain-forming Eunotia leonardii has multiple valve 
undulations and occurs en-masse in tropical African waters. 

Eunotia serra but 
Eunotia leonardii has 8 

to 18 valve undulations, compared to 6–18 undulations of 
E. serra, but the chief distinguishing character is the shape of 
the apices and curvature of the ventral margin.

Eunotia fuseyi was originally invalidly described as 
E. papilio var. africana as discussed above. As with many 
other taxa given the rank of variety the ascribed variety has 
little relation to the nominate variety, in this case there is a 
similarity to E. papilio var. papilio: both taxa have two dorsal 
undulations. However, other key characters are distinctly dif-
ferent, e.g., cell shape, striae density and areolae density, and 
this coupled with the original invalid description has led us 
to describe this entity as a distinct taxon requiring the rank of 
species. Ascribing taxa the rank of variety is problematic in 
modern diatom systematics as this rank is deemed unnatural. 
This is a problem worldwide and now many taxa, formerly 
at the rank of variety, are given the rank of species. Many 
taxa from Africa were ascribed the rank of variety, sometimes 
forma, in particular the rank ‘africana -
ent systematic tool for those working on African diatoms. If 

previously described from Europe or elsewhere, then the 
most convenient solution was to create a variety or forma. No 
blame is ascribed for this as species concepts changed over 

scanning electron microscopy and other tools allowing for 
the detailed examination of diatom frustules. However, those 

to systematically raise to the rank of species many of the taxa 
bearing epithets such as ‘var. africana africana
always after a thorough investigation of the concerned taxa.
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Abstract: In this paper we describe Navicula nielsfogedii sp. nov., a commonly occurring diatom through 
central and southern Africa and distributed from the sub–tropical zones of South Africa to tropical central 
Africa. We have examined the material of the most closely related species described from Africa, Navicula 
feuerbornii f. africana FOGED Navicula heimansioides 
LANGE–BERTALOT and to have no link to the taxon N. feuerbornii HUSTEDT sensu SIMONSEN. With reference to 
Navicula feuerbornii f. africana we also discuss the changes over time in diatom species concepts, what we 
have dubbed ‘species concept drift’, and the consequences this holds for accurately identifying diatom taxa. As 
the newly described species is widely distributed and common in some samples from tropical and subtropical 
Africa we conclude that it may be a useful additional indicator organism for water quality monitoring in the 
region.

Key words: Congo River, diatoms, DR Congo, Navicula nielsfogedii, new species, taxonomy, tropical Africa

INTRODUCTION

Navicula BORY sensu lato was considered for the ma-
jority of the 20th century as a large genus into which 
many biraphid diatoms with bi–lateral symmetry 

around the transapical axis could be placed. In the last 
two decades an increasing number of taxa have been 
split from Navicula and placed in new genera (e.g., Ge-
issleria LANGE–BERTALOT et METZELTIN), or re–ascribed 
to previously described genera (e.g., Placoneis MERE-

SCHOWSKY, Sellaphora MERESCHOWSKY) and the concept 
of Navicula as a genus has been restricted to Navicula 
sect. lineolatae (ROUND et al. 1990). Even with this re-
stricted delimitation Navicula sensu stricto remains a 

source of taxonomic and nomenclatural confusion (e.g., 
the various names and combinations of species such as 
Navicula symmetrica R. M. PATRICK and N. schroeteri 
F. MEISTER). As with all diatom species, the naviculoid 

diatoms undergo what may be termed as ‘species con-
cept drift’. By this we mean that the original concept of 
the taxon established by the describing author becomes 
misinterpreted and changes over time, possibly due to 
the difficulty of interpreting line drawings. Often the 

species concept may also not have been made entirely 

clear by the author, for example N. feuerbornii HUS-

TEDT (see discussion). For this reason many workers in 

the field of diatom studies are now referring directly 

to type materials in order to reduce taxonomic and no-

menclatural confusion. In and of itself taxonomic and 

nomenclatural accuracy is important, however, when 

the diatoms are being used for water quality monito-

ring studies it is important that the names be applied to 

taxa in a consistent manner, this is especially true for 

taxa which dominate diatom assemblages.

Recent work in the field of biomonitoring and 

water quality studies in tropical and sub–tropical Af-

rica have brought to light many such instances which 

have proved a major hindrance in the successful appli-

cation of biomonitoring techniques, based on diatoms, 

in Africa. In this paper we describe and discuss the 

distribution of Navicula nielsfogedii sp. nov. This is a 

rather commonly occurring taxon across sub–tropical 

and tropical Africa and has been found to dominate 

diatom assemblages in the Democratic Republic of the 

Congo (DRC) and thus accurate delimitation of this ta-

xon is necessary.
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MATERIALS AND METHODS

The sample (CCA 2071) containing Navicula nielsfogedii 
spec. nov. was obtained from wood substratum  in the Loma-
mi River at  0.49339° N and 24.19960° E, Tshopo Province 
(part of the formerly Oriental Province), Democratic Repub-
lic of the Congo by François Darchambeau and Ernest Tam-

-
ples for LM and SEM observations were prepared by oxidi-
zing the material using 37% H

2
O

2
 and heated to 100 °C for 1 

to 2 hours. Following digestion the material was rinsed with 
distilled water. A subsample from the organic–free material 
was mounted in Naphrax® to obtain permanent diatom slides. 
Some physical parameters (temperature, conductivity and 
pH) were measured in situ with an YSI ProPlus multiprobe 

-
ples from nutrient analyses (NH

4
, NO

3
, NO

2
 and SRP) were 

-
photometric analysis in the laboratory of the Unité d’Océ-
anographie Chimique, Département d’Astrophysique, Géo-
physique et Océanographie, University of Liège, Belgium. 

The type slide of Navicula feuerbornii f. africana FO-
GED (FOGED 1966, Ghana No. 119/1961) was obtained from 
the Museum Botanicum Hauniense, Copenhagen, Denmark.

Light microscope (LM) images were collected using 
a Olympus BX 51 microscope and a Nikon 80i microscope 
equipped with differential interference contrast optics and 
100× 1.4 N.A. oil immersion objective. LM micrographs 
were taken with a UC30 digital camera at the Botanic Garden 
Meise, and a Nikon DS Fi1 at the North–West University. 
The striae density and valve size were determined based on 
measurements of 70 valves. 

For scanning electron microscopy (SEM), parts of 
the oxidized material was rinsed with additional deionized 
water and isolated with micropipette on 6×6 mm cover slip. 
Cover slips were mounted on aluminium stubs and coated 
with osmium by OPC 40A osmium plasma coater (Fil-

microscope S–8020 (Hitachi, Tokyo, Japan) operated at 5 kV 
and 8 or 12 mm working distance was used for the analysis. 
The terminology used is that outlined in ANONYMOUS (1975) 
and ROSS et al. (1979).

RESULTS

Navicula nielsfogedii J.C. Taylor et Cocquyt sp. nov. 
(Figs 1–22, 34–51)

Description 
Light Microscopy (Figs 1–22): Valves linear–elliptic 
to linear lanceolate with cuneate, more or less obtu-
sely rounded, slightly protracted ends, length 22–43 

m, width 5.3–6.7 

which the asymmetrically enlarged central nodule is 
also directed. Axial area very narrow; central area va-
rying from rounded to elliptic, more or less lanceolate 
expanded on the secondary side and thus distinctly asy-
mmetric. Striae radiate in the central area, becoming 

-
vergent towards the apices, 16–18 in 10 m. Areolae 
comparatively dense, not possible to resolve in LM.

Scanning Electron Microscopy (Figs 34–51): Ex-
ternally the raphe distinctly curved and central ra-

small structure, described as a silicate tongue in other 
Navicula taxa (Lange–Bertalot 2001) is present and 
appears to split the slightly expanded drop shaped cen-
tral pores (Fig. 35–37) (cf. Navicula tripunctata (O. 
F. Müller) Bory, N. jakovljevicii Hustedt). However 
when this structure is examined more closely (Fig. 37) 
it becomes clear that it is a thin twisted bar of silica 
that extends down through the width of the cell wall 
and links the two sides of the central pore. Thus the 
structure cannot be accurately termed a silica tongue as 
it is linked at two locations. Axial area externally not 
thickened into a sternum. Voigt discordance clearly vi-
sible on the secondary side (Figs 34, 40). The stria clo-
sest to the apices consists of only a single areola from 
which a diagonal transapical slit extends giving the 
stria an inverted V–shape (Figs 38–39). A number of 
suture–like structures, similar to cranial sutures, (Figs 
46–48) run from the raphe to the junction of the val-
ve face and valve mantle on the external surface over 
the virgae (Figs 34–35), but not continuing on the val-
ve mantle. These suture–like structures are dispersed 
from the central area up to the apices and are present in 
all of the geographically separate populations exami-
ned (DRC, Zambia and South Africa). Such structures 
were not reported in other diatoms and their value as 
taxonomic characteristics is unknown. Externally and 
internally the transapical striae are clearly broader than 
the virgae. Perforate hymenes occlude the areolae on 
the inside of the valve (Fig. 45), 40 areolae in 10 µm. 
The raphe sternum and additional rib are comparati-
vely narrow (Figs 40 –42). The raphe turns to a lateral 
position just behind the central nodule and up to the 
helictoglossae (Figs 43–44) (cf. N. capitatoradiata H. 
Germain and N. arkona Lange–Bertalot et Witkowski). 
Copulae are open without any perforation or ornamen-
tation (Figs 49 –51). Valvocopulae consist of a longer 
band and complementary short band restricted to the 
pole.

Holotype (designated here): slide BR 4397 from sam-
ple CCA 2071, Botanic Garden Meise, Belgium (BR). 
The valve representing the holotype is here illustrated 
in Figure 4.
Isotypes (designated here): slide PUC–13–572 from 
sample CCA 2071, South African Diatom Collecti-
on housed at North–West University, Potchefstroom, 
South Africa; slide ZU 10/29 from sample CCA 2071, 
Diatom Collection, Alfred–Wegener–Institue für Po-
lar– und Meeresforschung, Bremerhaven, Germany 
(BRM).
Type locality: Lomami River, a major tributary of 



the Congo River downstream Kisangani, Tshopo Pro-
vince (part of the formerly Oriental Province), DRC.  
0.49339° N and 24.19960° E 
Etymology: 
Niels Foged for his contribution to the knowledge of 

Ecology and Distribution: This taxon occurs co-
mmonly throughout the tropics and sub–tropics of 
southern and central Africa in freshwater rivers and 
streams. In general it occurs in slightly acidic to cir-
cumneutral, oligo– to mesotrophic waters with mode-
rate conductivity. The type locality had the following 
characteristics at the time of collection: temperature 
of 25.7 °C, pH of 6.06, conductivity of 12.2 µS.cm–1, 
0.06 mg.l–1 NH

4
, 0.009 mg.l–1 NO

2
, 0.45 mg.l–1 NO

3
, 

and 0.09 mg.l–1 SRP.

DISCUSSION

Taxonomic comments 
Navicula nielsfogedii
similar to a number of previously described taxa. Na-
vicula leptostriata E. G. JØRGENSEN (JØRGENSEN 1948) 
overlaps N. nielsfogedii in terms of length (25–35 m 
long), but is narrower (4.5–5.5 m broad as opposed 
to 5.3–6.7 m). The main difference lies in the central 
pores of N. leptostriata which are very closely placed 
and distinct. Navicula notha J. H. WALLACE (WALLACE 
1960) also overlaps with N. nielsfogedii  in terms of 
length (19 –32 m) but is generally narrower (breadth 
4 –5.5 m). N. notha may be also slightly coarser in 
striation and areolation (15 –17 in 10 m and c. 38 in 10 

m respectively). In addition, the smaller central area 
as well as the shape of the valve separates it from N. 
nielsfogedii. Navicula heimansioides LANGE–BERTALOT 
(LANGE–BERTALOT 1993) differs by having less striae 
(14–16 in 10 m), a lower number of areolae (32–35 
in 10 m) and different shaped valve endings. N. hei-
mansioides CARTER 
(1982) as N. feuerbornii. Navicula feuerbornii  sensu 
SIMONSEN (1987) has abruptly rounded ends, is 33–46 

m long and 6–7 m broad. The striae in the centre 
are slightly radial (never bent as in N. nielsfogedii) to 
weakly convergent near the apices, 10 in 10 m in the 
centre to 14 in 10 m towards the ends. Areolae are 
clearly visible, and it inhabits alkaline waters. None 
of the above taxa possess a silica structure (‘appears 

Navicula nielsfogedii.

Taxonomic remarks on Navicula feuerbornii f.       
africana 
Based on studies of the type material of Navicula feu-
erbornii f. africana  (Figs 23–33, taken from the type 
slide Ghana No 119/1961) we would suggest that this 

Navicula heiman-
sioides. The name Navicula feuerbornii f. africana 
indicates a link to N. feuerbornii. As discussed below 
this form has little relation to the species N. fuerbornii 
sensu HUSTEDT. We postulate that Navicula feuerbornii 
f. africana and Navicula heimansioides may be con-

of N. feuerbornii f. africana. We measured 27 cells on 
the type slide of N. feuerbornii f. africana from Ghana 
and found that the populations of N. heimansioides dis-
cussed by LANGE–BERTALOT (2002) overlap in respect 
to length, breadth and number of striae (see Table 1) 
as well as in the shape of the valve apex. The cells we 
measured on the type slide differed in one respect from 
FOGED’S initial description; he stated that the cells had 
15 striae in 10 µm but his drawing shows a valve with 
17 striae in 10 µm. Our measurements of cells from 
the type population also show an average of 17 striae 
in 10 µm. 

Species concept drift 

documented, a brief description was accompanied by 
an often minute drawing (e.g. KÜTZING 1844). These 
drawings were also made from freshly collected ma-
terial or material dried to thin sheets of mica. Sur-
prisingly, despite this some species concepts remain 
remarkably stable (see discussion in TAYLOR & COC-
QUYT 2015). However, other concepts can prove to be 
far less stable, especially when the original author of 

Table 1. Morphometric data on the studied population from LANGE-BERTALOT (2002), Ghana (119/1961) and DR Congo (CCA 2071).

Taxon Number of 
cells
measured

Valve length (L)
(µm)

Valve 
breadth (B)
(µm)

L:B ratio Striae 
in10µm

Navicula heimansioides 
(LANGE-BERTALOT 2002)

unknown 30–50 5–6 6.9 14–16

Navicula feuerbornii f. africana 
(FOGED type Ghana No. 119/1961)

27 40–50 5.3–6.3 7.4 16–17

Navicula nielsfogedii sp. nov. 
(DRC population CCA 2071)

70 23–43 5.5–6.7 5.4 17–18
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Figs 1–22. LM of type material of Navicula nielsfogedii from sample CCA2071. 
Figs 23–33. LM of type material of Navicula feuerbornii f. africana from sample Ghana 119/1961. Scale bar 10 µm.
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Figs 34–39. SEM of type material of Navicula nielsfogedii from sample CCA2071: (34) external view of complete valve; (35–37) valve exte-
rior showing detail of the central area and proximal raphe endings, note the structure previously known as a silica tongue in Fig. (37); (38–39) 
valve apices showing distal raphe endings. Scale bar 10 µm (34), 2 µm (35, 38, 39), 1 µm (36), 0.5 µm (37).

the taxon did not provide a clear species concept. As 
diatom studies advanced, these organisms were docu-
mented, again mostly with drawings, but from cleaned 
material mounted in media with a high refractive in-
dex allowing the morphology of the cell walls to be 
better observed, and such drawings are often open to 
interpretation. When photo–microscopy became more 
accessible and commonly used species concepts could 

botanical nomenclature changed in 1958 (MCNEILL 
et al. 2012) necessitating the description of a species 
from a single specimen (in the case of diatoms this is 
a type slide) allowing less room for error in interpreta-
tion of the original author’s concept by later workers. 

Drawings of cells are open to interpretation and shifts 

to be a previously described taxon and then he in turn 
illustrates this taxon himself (his own concept). This 
new illustration may be more readily available to the 

dated from the mid–1800s, and so if the concepts of 
the species are different the newer illustration may 
take precedence simply because of the availability of 
the newer literature. This has been in particular true 
for Africa, as literature, even now with the availabil-

With drawings as illustrations, and even photographs, 
these subtle shifts can occur several times distancing 
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Figs 40–45. SEM of type material of Navicula nielsfogedii from sample CCA2071: (40) internal view of complete valve; (41–42) valve interior 
showing detail of the central area and proximal raphe endings, note the unilateral thickening of the central nodule; (43–44) valve apices show-
ing internal distal raphe endings and helictoglossae; (45) detail of the internal occlusion of the areolae by perforated hymenes. Scale bar 10 µm 
(40), 1 µm (42–44), 0.5 µm (45).

the species far from its original concept and perhaps 
MO-

RALES et al. 2013). As mentioned before, with the publi-

more stable but these stable concepts may still have 
been based on earlier misinterpretation. There have 
been several attempts to remedy this problem. SCHOE-
MAN AND ARCHIBALD (1976–1980) set about describing 

-
ic) of South Africa by checking the type slide of each 
species they discussed, collecting together the original 
drawings, light microscope and electron microscope 
images. Unfortunately for a number of reasons this 

work was discontinued. Recently however, there has 
been a resurgence within the diatom community of the 
notion that we cannot accurately describe and discuss 
the ecology of taxa without referring to the type mate-
rial (e.g. TAYLOR & COCQUYT 2015; WETZEL et al. 2013; 
MORALES et al. 2013). A very good example of such 
taxonomic confusion may be found in Navicula feuer-
bornii. This species was originally described from Java 
by HUSTEDT (1938) from two discrete populations com-
prising drawings of valves of each population without 
stipulating which was the type. From the drawings and 
from the later photographs of the type (SIMONSEN 1987) 
it can be clearly seen that the two populations were 
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Figs 46–51. SEM of type material of Navicula nielsfogedii from sample CCA2071: (46–48) external view of valve showing suture like struc-
tures; (49–51) structure of the copulae, long bands shown in Fig. (49) and (51), and complimentary short band in Fig. (50). Scale bar 0.5 µm 
(46–48), 2 µm (49–51).

comprised of distinct taxa with several distinct valve 

features (these will not be further discussed as it is not 

the purpose of the present paper to resolve this issue). 

In this case the author himself had a broad concept of 

Nitzschia epiphyticoides 

HUSTEDT, COCQUYT et al. 2012). FOGED in his work on 

the diatoms of Ghana (FOGED 1966) illustrates N. feu-

erbornii and also describes a new forma of this taxon 

N. feuerbornii f. africana. (Foged accidentaly listed his 

taxon as N. feuerbornii var. africana on page 156 in 

his ‘Index to species’.) However, if we compare the 

type of N. feuerbornii HUSTEDT, even though the con-

cept is broad, there is still only a small similarity to N. 

feuerbornii as illustrated by FOGED. This would not be 

too problematic but FOGED then goes on to describe a 

forma of this taxon, of which he has his own concept, 

so the resulting situation is the description of a forma 

which in reality has nothing to do with the true nomi-

nate species sensu HUSTEDT and thus taxonomic con-

fusion reigns. This is especially problematic when the 

taxon in question is common and widespread through 

the study region. 
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Ø±´±¬§°»æ ÞÓÒØ ïçïçòéòîìòéå Þ¿®¾« ³·±½¸·´«
Þ±«´»²¹»®ô ïçîðò Í§²¬§°»æ ÞÓÒØ ïçïçòéòîìòèóç øî÷ô
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øï÷ò P ½´¿«¼·²¿»ô Þ¿®¾« Ü» Ê± ú Ì¸§ ª¿² ¼»²
ß«¼»²¿»®¼»ô ïççðò Ø±´±¬§°»æ ÓÎßÝ èêóðïóÐóëðïò
Ð¿®¿¬§°»æ ÓÎßÝ çïéëëóéëê øî÷ô çîîïì øï÷ô ïíðíïð øï÷ô

éî Ûò Öò Éò Óò Òò ÊÎÛÊÛÒ ÛÌ ßÔò

w îðïê Ì¸» Ô·²²»¿² Í±½·»¬§ ±º Ô±²¼±²ô Æ±±´±¹·½¿´ Ö±«®²¿´ ±º ¬¸» Ô·²²»¿² Í±½·»¬§ô îðïê
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ïïóÐóïíêêóíéî øé÷ô èéóïïóÐóïíéíóíèì øïî÷ò P ½±¼®·²¹¬±²··ô
Þ¿®¾« Þ±«´»²¹»®ô ïçðèò Ø±´±¬§°»æ ÞÓÒØ ïçðèòïïòêòîíò
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½®¿·¾¿®¾·ô Þ¿®¾« Ò¿¹»´µ»®µ» ú Í·¾¾·²¹ô ïççéò
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ïçðêïò P ô Ê¿®·½±®¸·²« ¿²¼»®· Ø±´´§ô ïçîêò
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øé ·²¬»¿¼ ±º ì÷å Þ¿®¾« ®·¹¹»²¾¿½¸· Ù�²¬¸»®ô ïçðîò
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Þ¿®¾« Ù�²¬¸»®ô ïçðïò Í§²¬§°» ÞÓÒØ ïçðïòéòîêòìPë
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ÞÓÒØ ïèêêòíòèòïîò P ´¿¬·®±¬®·ô Þ¿®¾« ·²¬»®³»¼·«
Õ»·´¸¿½µô ïçðèò Ô»½¬±¬§°»æ ÆÓÞ ïèïéìò Ð¿®¿´»½¬±¬§°»æ
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