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Abstrakt 

Celem rozprawy doktorskiej było znalezienie odpowiedzi na szereg pytań dotyczących 

prawidłowości występowania zoobentosu w różnych siedliskach (śródzalewia i litoralu) 

przymorskiej laguny na przykładzie Zalewu Wiślanego. Badania prowadzono w latach 

2010 – 2014. Wyniki opublikowano w czterech pracach z listy JCR. Skład i bogactwo 

gatunkowe zależały przede wszystkim od stopnia zróżnicowania siedliskowego. Były one 

najniższe w śródzalewiu, pośrednie w strefie elodeidów i najwyższe w strefie helofitów. 

Zagęszczenie zoobentosu uwarunkowane było głównie typem osadów (granulacja, 

zawartości materii organicznej) i dynamiką warunków hydrologicznych. Było ono 

najniższe wśród elodeidów, wyższe w śródzalewiu i najwyższe w strefie helofitów. 

Horyzontalne rozmieszczenie fauny w litoralu miało charakter strefowy, zależnie od 

odległości od pelagialu w gęstym pasie helofitów, odzwierciedlając strefowość 

zaznaczoną w warunkach fizyczno-chemicznych. Rozmieszczenie pionowe zoobentosu w 

osadach dennych zależało od odmiennych czynników w poszczególnych siedliskach 

zalewu. W litoralu były to głównie obecność i stopień upakowania systemów 

korzeniowych roślin, w strefie śródzalewia granulacja osadów i warunki pokarmowe. W 

śródzalewiu stwierdzono nieantagonistyczne relacje pomiędzy detrytusożernymi 

Tubificinae i larwami ochotek w tych samych warstwach osadów dennych. 

Zaproponowano hipotetyczny model wzajemnych interakcji pomiędzy C. balatonicus  

i Tubificinae oraz ich aktywności życiowej w osadach dennych. 
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1. Spis publikacji wchodzących w skład rozprawy doktorskiej 

Niniejsza rozprawa doktorska składa się z cyklu czterech publikacji, opublikowanych w 

latach 2019 - 2022 w czasopismach z listy Journal Citation Reports. Jedna z nich dotyczy 

bentosu śródzalewia Zalewu Wiślanego, pozostałe trzy makrofitów i bentosu strefy 

litoralu. Łączna liczba punktów za publikacje zgodnie z rokiem opublikowania wg MEiN 

wynosi 370, a sumaryczny Impact Factor to 9,8. 

1. Kornijów R., Pawlikowski K., Błędzki L.A., Drgas A., Piwosz K., Ameryk A., 

Całkiewicz J., 2021. Co-occurrence and potential resource partitioning 

between oligochaetes and chironomid larvae in a sediment depth gradient. 

Aquatic Sciences 83(51): 1-10. https://doi.org/10.1007/s00027-021-00800-z 

IF2021 = 2,755   punkty MEiN2021 = 100 

2. Pawlikowski K., Kornijów R., 2019. Role of macrophytes in structuring littoral 

habitats in the Vistula Lagoon (southern Baltic Sea). Oceanologia 61: 26-37. 

https://doi.org/10.1016/j.oceano.2018.05.003 

IF2019 = 2,198  punkty MNiSW2019 = 70 

3. Pawlikowski K., Kornijów R., 2022. Distribution of benthic macroinvertebrates 

across a reed stand in a brackish Baltic lagoon. Oceanologia 64: 433-444. 

https://doi.org/10.1016/j.oceano.2022.02.004 

IF2022 = 2,427   punkty MEiN2021 = 100 

4. Pawlikowski K., Kornijów R., 2022. Above- and belowground habitat 

complexity created by emergent and submerged vegetation drives the 

structure of benthic assemblages. Oceanologia. 

https://doi.org/10.1016/j.oceano.2022.10.002 

IF2022 = 2,427   punkty MEiN2021 = 100 
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2. Wstęp 

Makrozoobentos, czyli bezkręgowce żyjące na dnie lub w osadach dennych o rozmiarach 

przekraczających 1 mm (Żmudziński et al., 2002), ma istotne znaczenie dla 

funkcjonowania ekosystemów wodnych. Udział zoobentosu w produkcji wtórnej w 

zbiorniku wodnym może sięgać 86% (Lindegaard, 1994). Bezkręgowce bentosowe 

wchodzą w interakcje z innymi zespołami ekologicznymi, oddziałując na zasadzie 

drapieżnictwa, pasożytnictwa czy konkurencji (Lellak, 1965; Morin et al., 1988; Armitage 

et al., 1995). Stanowią one też pokarm dla ryb (McCormack, 1970; Craig, 1977; Diehl and 

Kornijow, 1998; Kornijów, 1997; Kornijow et al., 2005; Kornijów et al., 2016) i nektobentosu 

(Armitage et al., 1995; Koperski, 1998). Poprzez swoją aktywność, taką jak pobieranie 

pokarmu i związane z tym przetwarzanie materii organicznej oraz borowanie osadów 

(bioturbacja), mają też znaczącą rolę w krążeniu materii i kształtowaniu warunków 

siedliskowych (Charbonneau i Hare 1998; Covich at al., 1999; Urban-Malinga et al., 2013). 

Poznanie składu gatunkowego, rozmieszczenia, roli i potrzeb zoobentosu w zbiorniku 

wodnym jest niezbędne dla zrozumienia zachodzących w nim procesów ekologicznych.  

Dotychczasowe badania dotyczące makrozoobentosu Zalewu Wiślanego prowa-

dzone były najczęściej w strefie śródzalewia, z pominięciem litoralu (np.: Klimowicz, 1958; 

Cywińska i Różańska, 1978; Różańska i Cywińska, 1983; Ezhova & Pavlenko, 2001; Ezhova 

et al., 2005; Ezhova et al., 2012). Wyjątek stanowi praca Żmudzińskiego (1957), w której 

zawarte są informacje na temat bentosu strefy przybrzeżnej. Także w lagunach i jeziorach 

przymorskich innych rejonów świata rzadko badano bentos w strefie litoralu (np.: Hansen 

et al., 2007; Canedo-Arguelles & Rieradevall, 2009; Kotta, 2013). W związku z tym w latach 

2010 – 2014 przeprowadzono badania fauny dennej Zalewu Wiślanego ze szczególnym 

uwzględnieniem litoralu. Jako cel pracy postawiono znalezienie odpowiedzi na 

następujące pytania: 

1. W jaki sposób stopień zróżnicowania siedlisk wpływa na skład i zagęszczenie 

zoobentosu? 

2. Jaki jest wpływ roślinności na warunki siedliskowe i pokarmowe zoobentosu  

w strefie litoralu? 
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3. Jak kształtują się i od czego zależą: skład gatunkowy, struktura dominacji, 

liczebność oraz rozmieszczenie w profilu pionowym osadów dennych w strefach 

litoralu i śródzalewia? 

 

Postawiono pięć hipotez badawczych: 

H1     Skład gatunkowy i zagęszczenie makrozoobentosu zależą od stopnia zróżnico-

wania siedliskowego. 

H2      Obecność makrofitów wpływa na warunki siedliskowe i pokarmowe zoobentosu  

w strefie litoralu. 

H3      Na pionowe rozmieszczenie zoobentosu w profilu osadów dennych wpływa gra-

nulacja osadów oraz obecność i stopień upakowania systemów korzeniowych 

roślin. 

H4    Skład gatunkowy i zagęszczenie zoobentosu w obrębie płatów helofitów zmie-

niają się zależnie od odległości od pelagialu, odzwierciedlając strefowość 

zaznaczoną w warunkach fizyczno-chemicznych. 

H5    Występowanie Tubificinae i larw Chironomus balatonicus w tych samych war-

stwach osadów nie ma charakteru antagonistycznego. 

 

Próby pobierano wiosną, latem i jesienią. W śródzalewiu stanowiska badań 

położone były na głębokości 3 m, gdzie muliste osady denne nie były porośnięte przez 

roślinność. W litoralu badaniami objęto fragment znajdujący się około 2 km na wschód 

od Tolkmicka. Roślinność wynurzoną w tym rejonie stanowił pas trzcin (Phragmites 

australis (Cav.) Trin. ex Steud.) o długości ok. 500 m i szerokości 110 m. Strefa roślinności 

zanurzonej zdominowana była przez płaty rdestnicy przeszytej (Potamogeton perfoliatus 

L.). Wyznaczono szereg stanowisk badawczych w strefach szuwaru trzcinowego oraz 

elodeidów, w różnej odległości od brzegu, na głębokościach od 25 do 100 cm. 
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Próby zoobentosu pobierano czerpaczem rurowym o średnicy 4,4 lub 6,0 cm. 

Pobrane rdzenie miały długość 25 cm. Celem poznania pionowego rozmieszczenia fauny 

w osadach rdzenie cięto na warstwy o grubości: 2, 3 i 5 cm, odpowiadające głębokościom: 

0-2, 2-5, 5-10, 10-15, 15-20 i 20-25 cm przy użyciu specjalnego aparatu (Kornijów, 2013). 

Osad przesiewano na sicie o średnicy oczka 300 µm. 

Poborowi prób towarzyszyły pomiary zasolenia, natlenienia, temperatury  

i poziomu wody. W wybranych terminach prowadzono również dodatkowe pomiary 

szeregu innych czynników środowiskowych takich jak: natężenie światła nad 

powierzchnią wody, skład granulometryczny, zawartość chlorofilu-a i materii organicznej 

oraz zagęszczenie bakterii w osadach dennych. 

Bezkręgowce wybierano z prób makroskopowo i konserwowano w 4% roztworze 

formaldehydu. Oznaczenia taksonomiczne prowadzono przy użyciu binokularu  

i mikroskopu do najniższego możliwego taksonu. Przynależność taksonomiczną larw 

Chironomidae określano za pomocą opracowania Andersen’a et al. (2013), a Oligochaeta 

według Timm’a (1999). Określono zagęszczenie bezkręgowców i ich biomasę (mokra 

masa formalinowa) w przeliczeniu na powierzchnię 1 m2, a w przypadku rozmieszczenia 

pionowego w osadach w przeliczeniu na dm3 osadu. 

Do analizy zebranego materiału wykorzystano nieparametryczne testy  

H Kruskala-Wallisa i Chi2 Friedmana. Stosowano także analizę rarefakcji (Gotelli  

& Colwell, 2001) do porównania bogactwa gatunkowego i indeksu różnorodności 

Shannona (H’) oraz analizę wielozmiennową (wizualizacja wyników opartych o matryce 

podobieństwa Bray-Curtis’a za pomocą skalowania wielowymiarowego NMDS) do 

określenia różnic pomiędzy siedliskami. 
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3. Omówienie publikacji wchodzących w skład rozprawy doktorskiej 

3.1. Kornijów R., Pawlikowski K., Błędzki L.A., Drgas A., Piwosz K., Ameryk A., Całkiewicz 

J., 2021. Co-occurrence and potential resource partitioning between 

oligochaetes and chironomid larvae in a sediment depth gradient. Aquatic 

Sciences 83(51): 1-10. https://doi.org/10.1007/s00027-021-00800-z 

Interakcje ekologiczne w obrębie zoobentosu niekoniecznie muszą zachodzić wyłącznie 

na powierzchni lub w całym profilu zasiedlonego osadu. Mogą też mieć miejsce w 

pewnych specyficznych dla danych grup organizmów warstwach (Whitlatch, 1980). W 

pracy zbadano bogactwo gatunkowe i zagęszczenia zoobentosu w pionowym profilu 

osadów, a także międzygatunkowe interakcje pomiędzy detrytusożernymi Tubificinae  

i larwami ochotek Chironomus balatonicus Dévai, Wülker et Scholl, które współwystępują 

w tych samych warstwach osadów dennych. 

Badania prowadzono w latach 2010-2011 na dwu stanowiskach zlokalizowanych  

w strefie otwartej wody (śródzalewie). Średnie całkowite zagęszczenie makrozoobentosu 

wynosiło 7044 ± 4493 osobników m-2. Stwierdzono występowanie tylko 7 gatunków 

makrobezkręgowców, wśród których dominowały: C. balatonicus, Potamothrix 

hammoniensis (Mich.) i Limnodrilus hoffmeisteri Clapar. Faunę stwierdzano maksymalnie 

do 25 cm w głąb osadów. Większość bezkręgowców przebywała w górnej 10 cm warstwie 

osadów. Stwierdzono dodatnią korelację pomiędzy zagęszczeniami Tubificinae i larwami 

C. balatonicus (r2 = 0,29; p < 0,05). Ich współwystępowanie było statystycznie istotne  

w najpłytszych warstwach (0-2 i 2-5 cm) (Testy ꭓ2 Pearsona dla tabel 2x2: ꭓ2
0-2 = 7;  

p ≤ 0,008; ꭓ2
2-5 = 50; p < 0,001). Fakt ten oraz najwyższa frekwencja obu grup  

w warstwie 0-10 cm, przy obfitości pokarmu w postaci materii organicznej i bakterii, 

wskazywały na brak antagonistycznych interakcji. Zaproponowano hipotetyczny model 

wzajemnych interakcji pomiędzy C. balatonicus i Tubificinae oraz ich aktywności życiowej 

w osadach dennych. 
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3.2. Pawlikowski K., Kornijów R., 2019. Role of macrophytes in structuring littoral 

habitats in the Vistula Lagoon (southern Baltic Sea). Oceanologia 61: 26-37. 

https://doi.org/10.1016/j.oceano.2018.05.003 

Jedną z najbardziej charakterystycznych cech strefy litoralu jest obecność makrofitów 

(roślin naczyniowych, ramienic i mszaków). W strefie przybrzeżnej najpłycej występują 

zgrupowania roślin wynurzonych (helofitów), głębiej rośliny z liśćmi pływającymi 

(nymfeidy) i rośliny zanurzone (elodeidy). Dotychczas w literaturze najczęściej szukano 

odpowiedzi na pytanie w jaki sposób czynniki siedliskowe wpływają na makrofity (Viaroli 

et al., 2008; Perez-Ruzafa et al., 2011). Znacznie rzadziej analizowano wpływ roślin na 

warunki panujące w litoralu. Stąd też w niniejszej pracy podjęto badania nad wpływem 

różnych form życiowych (helofity, elodeidy) i zagęszczenia makrofitów na warunki 

siedliskowe w litoralu. 

Badania prowadzono w latach 2011-2014 w wycinku litoralu o długości około  

500 m i szerokości 110 m. Znajdował się tam pas szuwaru trzcinowego (strefa helofitów), 

oraz strefa elodeidów z płatami rdestnicy przeszytej. W każdej ze stref badania 

przeprowadzono w trzech sektorach, różniących się odległością od brzegu. 

Pomiędzy strefami wystąpiły różnice w stopniu naświetlenia dna, temperaturze  

i natlenieniu wody, zawartości materii organicznej, granulacji oraz koncentracji chlorofilu 

w osadach. Średnia dwumiesięczna temperatury wody była wyższa o ponad 0,5°C w 

strefie helofitów niż w strefie elodeidów (test T Wilcoxona, p < 0.01). Nasycenie wody 

tlenem było wyższe w strefie elodeidów (110-136%), gdzie występuje swobodne 

mieszanie się mas wody, niż w strefie helofitów (39-152%). Osady denne w strefie roślin 

wynurzonych były o mniejszym uziarnieniu (muł) niż w strefie elodeidów (drobny piasek). 

W obrębie strefy elodeidów nie stwierdzono horyzontalnego zróżnicowania warunków 

środowiskowych, takich jak: temperatura, natlenienie, zasolenie, uziarnienie osadów  

i zawartość materii organicznej w osadach dennych. Wystąpiło ono natomiast wyraźnie 

w pasie trzcinowiska. Tak więc wydaje się, że w Zalewie Wiślanym, w warunkach dużej 

dynamiki mas wody, na warunki siedliskowe w litoralu znacząco mogą wpływać tylko 

rosnące zwartym, szerokim pasem helofity. Rola elodeidów, z powodu występowania w 

płatach o małej powierzchni jest niewielka. W pracy zaproponowano schemat procesów 
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i zależności związanych z występowaniem makrofitów na badanym obszarze. 

Przedyskutowano wpływ roślinności mokradeł strefy litoralu na emisję i absorpcję gazów 

cieplarnianych. 

 

3.3. Pawlikowski K., Kornijów R., 2022. Distribution of benthic macroinvertebrates 

across a reed stand in a brackish Baltic lagoon. Oceanologia 64: 433-444. 

https://doi.org/10.1016/j.oceano.2022.02.004 

Znaczenie trzcinowisk, powszechnie występujących w ekosystemach wodnych jako 

czynnika determinującego skład i rozmieszczenie zoobentosu w lagunach przymorskich 

jest słabo poznany (Ostendorp, 1993). Podjęte badania miały na celu uzupełnienie wiedzy 

na ten temat. Prowadzono je w 2011 roku w płacie trzciny pospolitej o długości 200 m  

i szerokości około 60 m, w trzech sektorach, różniących się odległością od brzegu i 

pelagialu. 

Większość (ponad 58%) występujących taksonów należała do detrytusofagów. 

Największe bogactwo jakościowe fauny (24 taksony) stwierdzono w środkowej strefie 

trzcinowiska, najmniejsze (16 taksonów) w strefie zewnętrznej, przyległej do pelagialu. 

Także najwyższe całkowite zagęszczenie fauny (do 15 tys. os. m-2) i biomasy (do 107 g 

mokrej masy m-2) najczęściej obserwowano w strefie środkowej (testy Kruskala-Wallisa 

dla zagęszczenia: H = <6, 7>; p < 0,05; dla biomasy: H = <7, 8>; p < 0,04). Wykazane 

przestrzenne zróżnicowanie jakościowe i ilościowe fauny korespondowało z wcześniej 

stwierdzoną strefowością warunków siedliskowych, w tym szczególnie natlenienia wody 

(Pawlikowski & Kornijów, 2019). 
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3.4. Pawlikowski K., Kornijów R., 2022. Above- and belowground habitat complexity 

created by emergent and submerged vegetation drives the structure of 

benthic assemblages. Oceanologia. https://doi.org/10.1016/j.oceano.2022.10.002 

Obecność różnych form życiowych roślinności wynurzonej (helofitów) i zanurzonej 

(elodeidów), ich odmienna fenologia i dynamika rozwoju powodują, że strefy przez  

nie zajęte cechuje różny stopień strukturalnego zróżnicowania (m.in.: Peterson,  

1982; Ságová-Marečková, 2002; Siebert & Branch, 2005, 2007; Fredriksen et al., 2010; 

Goshima & Peterson, 2012; González‐Ortiz et al., 2016). Zależności te, w kontekście 

wpływu na makrobezkręgowce bentosowe nie są dobrze poznane. Stąd też celem 

niniejszej pracy było uzupełnienie wiedzy na ten temat. 

Badania prowadzono w maju, lipcu i październiku 2013, w wycinku litoralu  

o długości około 500 m i szerokości 110 m, w którym znajdował się pas helofitów, złożony  

z trzciny pospolitej i przyległy pas piaszczystego dna z występującymi na nim płatami 

elodeidów z rdestnicą przeszytą. 

Wykazano obecność 27 taksonów należących do: Naididae, Polychaeta,  

Hirudinea, Gammaridae, Chrysomelidae i Chironomidae. Ponad 92% taksonów  

należało do detrytusożerców. Wyższe o rząd wielkości zagęszczenia zoobentosu 

stwierdzono w strefie helofitów (średnie całkowite zagęszczenie w strefie helofitów 

wynosiło 28 310 ± 2 667 os. m-2, w strefie elodeidów 2550 ± 288 os. m-2) (testy  

Kruskala-Wallisa: H = <13, 14>; p < 0,001). Także bogactwo taksonomiczne i wartości 

indeksu Shannona oszacowane metodą rarefakcji były istotnie większe w tej strefie  

(H’ = <1,7; 2,0>) (H’ = <1,1; 1,3>). Skalowanie wielowymiarowe i test podobieństwa 

potwierdziły istotną różnicę (R = 0,658; p = 0,001; podobieństwo Braya- 

Curtisa < 20) pomiędzy siedliskami. Analizą SIMPER zidentyfikowano taksony,  

których zagęszczenia najbardziej różnią się pomiędzy strefami litoralu: Limnodrilus 

calpaedianus (19%), Limnodrilus hoffmeisteri (16%), Chironomus sp. (14%),  

Potamothrix hammoniensis (12%), Glyptotendipes sp. (10%), Limnodrilus profundicola 
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(6%) i Marenzelleria spp. (5%). Makrobezkręgowce bentosowe w strefie helofitów 

borowały w dnie płycej (10-15 cm) niż w strefie elodeidów (15-20 cm), prawdopodobnie 

z powodu obecności gęstego systemu rozłogów i korzeni. Najgłębiej borującym 

taksonem był występujący tylko w strefie elodeidów wieloszczet Marenzelleria spp. 

 

4. Podsumowanie 

4.1. Stopień zróżnicowania siedlisk ma wpływ na zoobentos 

Stopień zróżnicowania siedliskowego w strefie śródzalewia i w litoralu (strefy helofitów  

i elodeidów) miał wyraźny wpływ przede wszystkim na bogactwo gatunkowe 

zoobentosu. Najniższe bogactwo zaobserwowano w śródzalewiu (7 taksonów), nieco 

wyższe w litoralu w strefie elodeidów (10 taksonów) i najwyższe w trzcinowisku (20 

taksonów). Na zagęszczenie fauny większy wpływ miał charakter osadów dennych 

(granulacja, zawartość materii organicznej) i dynamika warunków hydrologicznych. 

Najmniej licznie zoobentos występował w litoralu w strefie elodeidów (2550 ± 288 

osobników m-2), liczniej w śródzalewiu (7044 ± 4493 os. m-2) i najliczniej w trzcinowisku 

(28310 ± 2667 os. m-2) (publikacja 1: Kornijów et al., 2021; publikacja 4: Pawlikowski & 

Kornijów, 2022b). Tym samym hipoteza H1 okazała się prawdziwa. Wykazano też, że skład 

gatunkowy i zagęszczenie makrozoobentosu w obrębie płatów helofitów zmieniają się  

w zależności od odległości od pelagialu, odzwierciedlając strefowość zaznaczoną  

w warunkach fizyczno-chemicznych (publikacja 3: Pawlikowski & Kornijów, 2022a),  

co potwierdza prawdziwość założeń hipotezy H4. 

4.2. Roślinność wpływa na warunki siedliskowe i pokarmowe zoobentosu w strefie 

litoralu 

Otrzymane wyniki wskazują na to, że w strefie litoralu przybrzeżnej laguny jaką jest Zalew 

Wiślany zarówno elodeidy, jak helofity mogą modyfikować warunki siedliskowe 

(publikacja 2: Pawlikowski & Kornijów, 2019). Jednak tylko w pasie trzcinowiska 

zaznaczyło się horyzontalne zróżnicowanie warunków środowiskowych, takich jak: 
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temperatura, natlenienie, zasolenie i zawartość materii organicznej w osadach dennych. 

Tym samym prawdziwość hipotezy H2 potwierdzono w całości dla strefy helofitów  

i częściowo dla strefy elodeidów. 

4.3. W profilu pionowym osadów dennych skład, struktura dominacji i liczebność 

zoobentosu kształtują się odmiennie w różnych siedliskach 

Pionowe rozmieszczenie zoobentosu w osadach dennych zależy od odmiennych 

czynników w poszczególnych siedliskach Zalewu Wiślanego (litoral w strefie helofitów  

i elodeidów oraz śródzalewie) (publikacja 4: Pawlikowski & Kornijów, 2022b). W strefie 

litoralu okazały się nimi przede wszystkim granulacja osadów oraz obecność i stopień 

upakowania systemów korzeniowych roślin. Wynik ten pozwala na przyjęcie hipotezy H3. 

W strefie śródzalewia osady były homogeniczne, a pionowe rozmieszczenie fauny 

wydawało się zależeć przede wszystkim od warunków tlenowych i możliwości zdobycia 

pożywienia. Stwierdzono nieantagonistyczne relacje pomiędzy detrytusożernymi 

Tubificinae i larwami ochotek w tych samych warstwach osadów dennych, co potwierdza 

słuszność założeń hipotezy H5. Zaproponowano hipotetyczny model wzajemnych 

interakcji pomiędzy C. balatonicus i Tubificinae oraz ich aktywności życiowej w osadach 

dennych (publikacja 1: Kornijów et al., 2021). 

 

5. Wnioski 

o Różnorodność gatunkowa zoobentosu jest wyższa w cechującej się wyższym 

stopniem złożoności siedliskowej strefie helofitów niż elodeidów, a najniższa  

w najbardziej jednorodnej strefie dna otwartego zalewu.  

o Gęste płaty roślinności wynurzonej, składające się głównie z trzciny pospolitej 

znacząco zmieniają warunki środowiskowe w strefie litoralu, w szczególności 

prowadząc do: zwiększenia temperatury wody, spadku nasycenia wody tlenem, 

ograniczenia natężenia promieniowania słonecznego docierającego do 

powierzchni wody oraz wzrostu zawartości materii organicznej w osadach 

dennych. Ponadto zmniejszają one dobową amplitudę zmian temperatury wody, 
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ograniczają wpływ falowania i wymianę wody pomiędzy strefą litoralu i otwartym 

akwenem. 

o Roślinność zanurzona, zapewne ze względu na niższą biomasę i pokrycie dna nie 

ma znaczącego wpływu na zróżnicowanie horyzontalne warunków siedliskowych 

w Zalewie Wiślanym. 

o W śródzalewiu, wysokie zagęszczenia Tubificinae i larw C. balatonicus w tych 

samych warstwach oraz istotne wskaźniki współwystępowania wskazują na brak 

konkurencyjnych relacji między tymi taksonami. 

o C. balatonicus i Tubificinae pełnią odmienną rolę w krążeniu materii pomiędzy 

warstwą powierzchniową osadów i warstwami głębiej położonymi. Larwy 

Chironomidae jako zbieracze i filtratorzy pobierają pokarm z powierzchni osadu 

bądź z warstw naddennych wody, po czym niestrawione resztki pokarmowe 

trafiają w głąb osadu. Korzystają z nich następnie Tubificinae, które żerują  

w głębokich warstwach osadu, a niestrawione resztki pokarmowe transportują  

z powrotem na powierzchnię. 

o W strefie roślinności wynurzonej, w przeciwieństwie do pozostałych badanych 

siedlisk, większość bezkręgowców boruje osady stosunkowo płytko z powodu 

obecności gęstej maty kłączy i korzeni, która ogranicza pionowe przemieszczanie 

się zwierząt. 

o Na skład i bogactwo gatunkowe zoobentosu duży wpływ ma zróżnicowanie 

strukturalne siedlisk. Zagęszczenie fauny zależy bardziej od charakteru osadów 

dennych (granulacja, zawartość materii organicznej) i dynamiki warunków 

hydrologicznych.  
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Abstract
Although detritivorous Tubificinae and chironomid larvae are important groups in functioning of both, fresh and brackish 
water ecosystem, their co-occurrence patterns in sediment is weakly known. We carried out two-year-long research in the 
brackish Vistula Lagoon (southern Baltic Sea), where both Tubificinae (Limnodrilus hoffmeisteri and Potamothrix ham-
moniensis) and larvae of Chironomus balatonicus occur in high densities. Because of different source of their food, we 
hypothesized that the ecological interactions between those two groups of detritivores are not antagonistic, thus allowing 
for their co-occurrence along the depth of sediment profile with lack of competition for space. Here we show that maximum 
burrowing depth, occasionally reaching 25 cm was significantly affected by the total density of the each group in the entire 
core. Tubificinae and C. balatonicus showed the highest density at 0–10 cm depth, where they co-occurred most frequently, 
with significant co-occurrence in the layers of 0–2 cm and 2–5 cm. We propose a hypothetical model of interactions between 
apparently the same functional groups and the complementary role they play in sediment reworking. It points to their coexist-
ence in the shared microhabitat, but using space and food resources differently. Also, the consequences of their activity and 
habitat structuring are opposite—Chironomus larvae mostly affect the deeper layers of the sediments, while Oligochaeta 
both the deeper and surface layers. Thus, their requirements and ecological roles seem not to overlap, preventing competitive 
exclusion and allowing for co-occurrence.

Keywords  Bioturbation · Detritus-feeders · Macroinvertebrates · Vertical distribution · Zoobenthos · Baltic lagoon

Introduction

Invertebrate benthic communities inhabiting freshwater and 
brackish water ecosystems are composed of different taxo-
nomic groups. Most of them live on or just below the surface 
of the bottom sediments, but some burrow sediments to a 
depth of several dozen cm. The latter particularly include 
Tubificinae and larvae of several species of Chironomidae, 
mainly from genus Chironomus. They are among the most 
globally widespread benthic invertebrates (Pinder 1995; 

Timm and Martin 2015). Because they belong to so-called 
infauna (deep burrowers), it can be assumed that the ecologi-
cal interactions can take place not necessarily in the entire 
inhabited sediment depth but in its specific layers (Whit-
latch 1980). However, vertical distribution of these groups 
in sediments has been rarely studied simultaneously, and 
suffers the lack of quantitative analysis of the relationships 
between these groups (Kajak and Dusoge 1971; Milbrink 
1973; Newrkla and Wijegoonawardana 1987; Kornijów and 
Moss 1997). The potential impact of biotic factors driving 
their distribution has been therefore largely ignored, except 
for the effect of fish (Van de Bund and Groenendijk 1994; 
Kornijów 1997; Persson and Svensson 2006) and mainly 
abiotic factors including pollution (Mucha et al. 2004; Como 
and Magni 2009), and content of organic matter in sediments 
(Newrkla and Wijegoonawardana 1987; Mathooko 1995; 
Magni et al. 2008; Beghelli et al. 2012). In fact, the tradition-
ally perceived role of oligochaetes and chironomid larvae 
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primarily involves processing of organic matter as both 
groups are classified as detritivores (Covich et al. 1999).

Belonging to the same trophic guild can be expected to 
lead to competition for food resources (Odum 1971). This 
also was suggested for benthic detritivores such as oli-
gochaetes and chironomids (Brinkhurst and Kennedy 1965; 
Jónasson 1972; Moss and Timms 1989; Como and Magni 
2009; Ojaveer 2017). Vos (2001) hypothesized the ability 
to avoid competitive interactions between Tubificinae and 
Chironomus larvae due to the possibility of collecting food 
particles of different sizes, determined by the width of the 
mouth. Food particles ingested by 4th larvae stage of e.g., 
Chironomus balatonicus Devai, Wuelker & Scholl indeed 
reach up to 500 µm (Kornijów et al. 2019), i.e. approxi-
mately at least twice the value found e.g. in Limnodrilus 
(Juget et al. 1979; Fukuhara 1987). Different source of food 
can also be considered as an argument precluding the pos-
sibility of competing for food. Tubificinae ingest food parti-
cles from deeper sediment layers (Davis 1974; Nogaro et al. 
2007; Mermillod-Blondin 2011; Timm and Martin 2015), 
while Chironomus larvae feed primarily by filtering the 
overlying water or by collecting particles from the sediment 
surface around their burrows (Walshe 1947; McLachlan and 
Cantrell 1976; McCall and Tevesz 1982; Proulx and Hare 
2014).

Given the above, we hypothesize that the interspecific 
interactions between detritivorous Tubificinae and Chi-
ronomus larvae at both the individual and community level 
are not antagonistic, sensu Holland and DeAngelis (2009), 
allowing for their co-occurrence along the depth of sediment 
profile with lack of competition for space. In order to test this 
hypothesis, we conducted two-year-long research in soft bot-
tom sediments of the eutrophicated Vistula Lagoon, where 
both Tubificinae and C. balatonicus larvae occur in high 
densities (Ezhova et al. 2005; Kornijów and Pawlikowski 
2015). Specifically, we expected simultaneous presence of 
representatives of these groups in both, time and space along 
the sediment core showing the positive relationship between 
their densities and co-occurrence.

Materials and methods

Study site

The Vistula Lagoon located in the south-eastern part of 
the Baltic Sea, is large (838 km2) but shallow (mean depth 
2.5 m; max. depth 5.2 m) and strongly elongated water body, 
oriented north-east to south-west. The western part of the 
lagoon with an area of 328 km2 is located in the Polish ter-
ritory, whereas the remaining part is in Russia. The lagoon’s 
basin is separated from the Baltic Sea by the Vistula Spit in 
the north, and connected with the sea by the Baltiysk Strait. 

Salinity decreases from 6.5 PSU at the Baltiysk Strait to < 1 
at the mouth of the large rivers in the western basin. No 
regular tides occur in the lagoon. The climate is transitional, 
from moderate maritime to moderate continental.

Concentrations of nutrients in the water column are high 
(Ntot. = 2.1–2.3 mg L−1; Ptot. = 0.10–0.11 mg L−1), favouring 
development of cyanobacteria (Nawrocka and Kobos 2011; 
Kownacka et al. 2020). Water transparency is low (Secchi 
depth fluctuates around 50 cm). This is a result of relatively 
high chlorophyll-a concentrations (22.9–54.3  μg  L−1), 
and also high concentrations of total suspended solids 
(42.7–54.5 mg L−1), caused by frequent resuspension in 
the shallow area exposed to wind action (Chubarenko and 
Margoński 2008; Piwosz et al. 2016; Kornijów 2018). Bot-
tom sediments are primarily composed of sand in the hydro-
dynamic-active, shallow zone at a depth of up to 1.5–2 m. 
Deeper regions are dominated by fine-grained clayey silt. 
The near-bottom water layers are well oxygenated, even dur-
ing long winters under ice cover (Kornijów et al. 2020).

The samples were collected at two sites, in the eastern 
(54.39190°N, 19.68360°E) and in the middle (54.35010°N, 
19.48480°E) part of the open-water area of the Polish part 
of the lagoon at a depth of approximately 3 m, where soft 
sediments are composed of clayey silt (Fig. 1). Because the 
differences in the faunal composition between the sites in 
this highly homogenous environment were negligible, all 
the data collected were pooled.

Field survey and laboratory analyses

The field study was conducted in spring, summer, and 
autumn in 2010 and 2011. On each occasion, from 5 to 
15 replicate standardized sediment cores 6 cm in diameter 
and 30 cm long were taken by means of a gravity sampler 
(UWITEC Ltd., Austria) equipped with a drive rod. Each 
core was sectioned into 7 layers with a slicer equipped with 
a sub-sample holder and centimetre scale (Kornijów 2013). 
The upper layer of the core was 2 cm thick, the second 3 cm, 
and the following five 5 cm thick. This interval is corre-
sponding with individual length of worms (Matisoff et al. 
1999), and at most twice as large as the length of forth instar 
of Chironomus larvae (Armitage et al. 1995). The volume of 
core sections ranged from 0.056 to 0.141 L. Each sediment 
section was washed separately through 0.3 mm mesh. Inver-
tebrates were sorted out by eye on a white tray filled with 
water, and preserved in 4% formaldehyde solution. Alto-
gether 434 sediment sections were collected and processed. 
The deepest sediment layer (25–30 cm) was uninhabited by 
invertebrates, and therefore it was excluded from analysis.

Additional 30 cm long sediment cores for analyses of 
organic matter and bacteria were sampled simultaneously 
with macroinvertebrates on each sampling date in the first 
and the second year, respectively. They were collected and 
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sectioned using the same equipment as in the case of ben-
thic fauna samples. The organic matter and bacteria samples 
were secured in a cooler with ice immediately after sam-
pling, and later in the laboratory were frozen and stored at 
− 20 °C until the analysis. The percentage of organic mat-
ter was calculated as a percentage weight loss during the 
ignition (LOI) of dried sediment burned at 550 °C for 24 h. 
Bacteria in sediments were analysed according to Epstein 
and Rossel (1995). Bacterial cells from 30 fields of view 
were counted under 1000 × magnification using epifluores-
cent microscopy Nikon Eclipse 80i.

Data analyses

Tubificinae and the majority of chironomid larvae were 
identified according to Timm (1999) and Andersen et al. 
(2013), respectively. The species affiliation of Chironomus 
(not distinguished morphologically) was adopted based on 
karyological studies by Markiyanova (2018), indicating that 
this genus in the central part of the lagoon is represented 
solely by one species, namely C. balatonicus.

Because the sediment layers differed in thickness (and 
volume), the density of invertebrates in subsequent layers 
was expressed per sediment L to allow comparison of inver-
tebrates abundance (Kornijów and Pawlikowski 2016). The 
total density in the entire inhabited core was expressed in 
the most often used unit in benthos research as the number 
of individuals per m2.

Frequency of occurrence was calculated as a percentage 
of samples (representing a given section of sediment core) in 

which one of the groups (Tubificinae or larvae of C. balatoni-
cus) or two groups occurred together.

Pearson’s Chi-Square Test for 2 × 2 tables was performed to 
check the significance of co-occurrence of the groups with the 
guidance and assumption given by Gotelli and Ellison (2013). 
Associations between densities of the fauna and maximum 
burrowing depth was identified using linear regression. Shap-
iro–Wilk test for normal distribution and Levene test for equal 
population variances were conducted. Because of an unequal 
variances or non-normal distribution several non-parametric 
tests were used:

–	 Kruskal–Wallis test (H) was applied for the determination 
of the effect of sediment depth on the content of organic 
matter and densities of bacteria.

–	 Friedman test (χ2) was applied to test the effect of sediment 
depth on the density of C. balatonicus and Tubificinae, and 
Friedman post-hoc test after Nemenyi was applied for the 
detailed analyses.

–	 Wilcoxon signed-rank test (T) was applied to check the sig-
nificance of differences in the densities of C. balatonicus 
and Tubificinae between two sampling years.

Statistical tests were performed with the application of 
STATISTICA 10 software (StatSoft 2011).

Fig. 1   Research area with 
sampling stations marked by 
dots. GIS layers of land cover 
after OpenStreetMap (2020), 
bathymetry according to Chu-
barenko (2008)—modified, and 
shore line after Maritime Office 
in Gdynia (2015)—modified
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Results

Invertebrate density and distribution

The qualitative composition of benthic macroinvertebrates 
was very poor and consisted of only 7 taxa: Potamothrix 
hammoniensis (M.), Limnodrilus hoffmeisteri C. (Tubifici-
nae), as well as larvae of Chironomus balatonicus, Micro-
chironomus tener (K.), Procladius sp. and Tanytarsini juv. 
(Diptera; Chironomidae). Single specimens of Potamopyr-
gus antipodarum (G.) (Gastropoda) were also encountered. 
Most samples showed high percentage of Tubificinae and 
C. balatonicus. The mean share of P. hammoniensis, L. 
hoffmeisteri, and C. balatonicus in the total density of ben-
thic fauna were 42, 7, and 19%, respectively.

Mean total density ± SD (Standard Deviation) of inver-
tebrates was 7044 ± 4493 ind. m−2 and ranged from 2806 to 
16,269 ind. m−2. During the second sampling year the den-
sities of C. balatonicus were significantly lower [Wilcoxon 
Test: T (n = 16) = 23; p = 0.02] and those of Tubificinae did 
not change [Wilcoxon Test: T (n = 13) = 28; p = 0.21].

Maximum burrowing depth differed between the taxa. 
Tubificinae and C. balatonicus were found to a depth of 
25 cm, and the presence of the remaining taxa was limited 
to the upper 5 cm surface layer (Fig. 2). The depth below 
25 cm was uninhabited by macroinvertebrates. The density 
of Tubificinae and C. balatonicus in particular core sec-
tions changed with sediment depth in most of the exam-
ined seasons (Table 1). In most cases, however, the Fried-
man post-hoc test did not detect significant differences in 
density between the particular sediment layers. The excep-
tion was P. hammoniensis, whose densities significantly 
differed between the two deepest (15–20 and 20–25 cm) 
and two shallower layers (2–5 and 5–10 cm) (p ≤ 0.05). 
The maximum burrowing depth of both groups was cor-
related with their total density in the entire core (Fig. 3).

There was a positive correlation between densities of 
Tubificinae and C. balatonicus larvae (Fig. 4). Their co-
occurrence was most often recorded up to a depth of 10 cm 
(Fig. 5) and proved to be significant in the 0–2 cm (Pear-
son’s Chi-Square (df = 1) = 7; p ≤ 0.008) and 2–5 cm lay-
ers (Pearson’s Chi-Square (df = 1) = 50; p < 0.001). In the 
two deepest layers (15–20 and 20–25 cm), the frequency 
of both groups was much lower, and Tubificinae and C. 
balatonicus were never found together in the same sample.

Fig. 2   Density of Tubificinae and Chironomus balatonicus larvae along the sediment profile in the Vistula Lagoon. Values are means ± SEM 
(Standard Error of the Mean) for sampling occasions

Table 1   Friedman Chi-Square (χ2) test for the effect of sediment depth on the density of Chironomus balatonicus and Tubificinae in the Vistula 
Lagoon

NS not significant

Apr 2010 Jul 2010 Oct 2010 Apr 2011 Aug 2011 Oct 2011

Chironomus 
balatoni-
cus

χ2 (n = 9, df = 5) = 24; 
p < 0.01

χ2 (n = 7, df = 5) = 19; 
p < 0.01

χ2 (n = 10, df = 5) = 32; 
p < 0.01

χ2 (n = 15, 
df = 5) = 46; 
p < 0.01

χ2 (n = 15, df = 5) = 6; 
NS

χ2 (n = 15, 
df = 5) = 8; 
NS

Tubificinae χ2 (n = 9, df = 5) = 29; 
p < 0.0001

χ2 (n = 3, df = 5) = 9; 
p < 0.1

χ2 (n = 5, df = 5) = 21; 
p < 0.0007

χ2 (n = 15, 
df = 5) = 52; 
p < 0.0001

χ2 (n = 15, df = 5) = 50; 
p < 0.0001

χ2 (n = 15, 
df = 5) = 49; 
p < 0.0001
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Proxies for nutritional conditions in the sediments

Values of organic matter content in the sediment profile 
ranged from 8 to 11%, and were aligned in the sediment 
profile [Kruskal–Wallis H (n = 21) = 6; p = 0.39]. The con-
centration of bacteria seemed to be the highest between 15 

and 25 cm, but differences between the layers were insignifi-
cant [Kruskal–Wallis H (n = 21) = 6; p = 0.42].

Discussion

The habitat conditions in the Vistula Lagoon, including 
high concentrations of nutrients and low transparency due 
to resuspension and the development of phytoplankton cor-
responded to those in other Baltic costal shallow and highly 
eutrophic lagoons and estuaries. Their organic matter-rich 
silty sediments are beneficial particularly for non-selective 
detritivorous Oligochaeta and chironomid larvae, known to 
build high densities (Ezhova et al. 2005; Gasiunaite et al. 
2008; Radziejewska and Schernewski 2008; Wolnomiejski 
and Witek 2013; Kornijów and Pawlikowski 2015; Golub-
kov et al. 2019). However, the mutual distribution of these 
invertebrates in the sediment is very little known.

In our study the maximum burrowing depth by Tubi-
ficinae and C. balatonicus larvae in the Vistula Lagoon 
positively correlated with their densities (Fig. 3). A simi-
lar relationship was found for Tubificinae living in rivers 
(Brinkhurst and Kennedy 1965) and lakes (McCall and 

Fig. 3   Linear regression analysis of the relationship between invertebrate density in entire sediment core and maximum burrowing depth in the 
Vistula Lagoon

Fig. 4   Relationship between the densities of Tubificinae and Chirono-
mus balatonicus larvae in sediment cores

Fig. 5   Frequency (%) of occurrence of Tubificinae alone, Chironomus balatonicus alone, or both groups together along the sediment profile in 
the Vistula Lagoon
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Fisher 1980), as well as in experimental conditions (Rob-
bins et al. 1979). According to McCall and Tevesz (1982), 
deeper burrowing may be related to the rate of exploita-
tion of food resources. At low densities, the rate is low 
and there is no need for burrowing deeper. The opposite 
situation might occur at high densities, when food short-
age in superficial layers can sooner or later appear. Such 
situations could take place in the studied lagoon, where the 
highest density of bacteria was recorded deeper than that 
of the majority of invertebrates. This could force animals 
to exploit deeper sediment layers.

The relationship between density and burrowing depth 
by Chironomus larvae might be related to the larval size 
structure. Because larger individuals tend to burrow deeper 
(Kajak and Dusoge 1971; Kornijów and Pawlikowski 
2015), in a larger population the probability of occurrence 
of big individuals can be assumed to be greater, and there-
fore deeper burrowing can be expected.

A general positive relationship was found between 
densities of Tubificinae and C. balatonicus (Fig. 4). The 
density and joint frequency of occurrence of both groups 
were highest in the upper 10 cm sediment (Figs. 5 and 6). 
In addition, only in this depth range co-occurrence proved 
to be significant. The results suggest lack of antagonis-
tic interactions between Tubificinae and C. balatonicus, 
including lack of competition for space, which supports 
our hypothesis. A similar conclusion was drawn based on 
the established correlation between the density of Chi-
ronomus plumosus (L.) larvae and Tubificinae (mainly 
Potamothrix hammoniensis) in a long-term series of more 
than twenty years of research in other large and shallow 
water bodies, namely in the southern Baltic Szczecin 
Lagoon by Wolnomiejski (1994) and in Estonian Lake 
Võrtsjärv by Kangur et al. (1998).

The vertical distribution of C. balatonicus and Tubifici-
nae in bottom sediments, their distinct diets and modes of 
physical disturbance suggests their complementary role in 
the processing of organic matter. A hypothetical model for 
such role, based on the data of the present study and lit-
erature review, is presented in Fig. 7. Tube-dwelling chi-
ronomid larvae live in self-ventilated U-shaped, J-shaped, 
or Y-shaped tubes, and feed on filtered suspension or parti-
cles collected from the sediment. A substantial fraction of 
the detrital material is not assimilated by the animals, and 
the undigested remains are excreted deeper in the sediment. 
This applies not only to detritus particles, but partly also 
to bacteria and certain groups of algae (Kajak and Warda 
1968; Baker and Bradnam 1976; Hirabayashi and Wotton 
1998). In this way, the larvae, acting as downward conveyors 
(Mermillod-Blondin 2011; Kristensen et al. 2012), contrib-
ute to the transport and decomposition of organic matter to 
deeper sediment layers.The subsurface sediment enriched 
by chironomid larvae is in turn a feeding place of Tubifici-
nae. Worms are believed to feed in the upper 15 cm sedi-
ment layer (Davis 1974; McCall and Fisher 1980; Fukuhara 
1987). They selectively digest some organic components, 
transport them vertically upward through their gut, and def-
ecate at the sediment surface (biodeposition) (Davis 1974; 
Fukuhara 1987; Nogaro et al. 2007; Timm and Martin 2015). 
They are considered upward belt-conveyors enriching the 
surface sediment layer with fine organic matter (Anders-
son et al. 1988), which might be of potential importance 
for chironomid surface collectors. Therefore, Chironomus 
larvae and Tubificinae, representing basically the same 
trophic guild (detritivores), live in a shared habitat, but use 
space and food resources differently, and the consequences 
of their burrowing and feeding behaviour are opposing. As 
a result of the activity of tube-dwelling Chironomus larvae, 

Fig. 6   Percentage of organic 
matter (LOI) and concentrations 
of bacteria along the sediment 
profile in the Vistula Lagoon. 
Values are means ± SEM for 
sampling occasions
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the nutritional value of surface sediment layers decreases 
while that of deeper located sediments increases (Lewan-
dowski and Hupfer 2005; Hölker et al. 2015). The effect 
of worms’ activity is the opposite; the top of the sediment 
becomes covered by fecal pellets, and the underlying layers 
become more silt-clayish (Timm and Martin 2015). Thus, 
their requirements and ecological roles (called niches) seem 
not to overlap, preventing competitive exclusion and allow-
ing for co-occurrence.

It is uncertain to what extent the invertebrates’ activity 
and their environmental structural effect are important for 
both groups. Chironomus larvae are probably less depend-
ent on oligochaetes than vice versa, because they can take 
food not only from the sediments (enriched by the activity 
of worms), but also from the water column. Oligochaetes 
may in turn benefit from sediment enrichment only after 
the abandoned tubes decay and fecal pellets are processed 
by meiofauna and bacteria (McLachlan et al. 1979; Van 
de Bund et al. 1994). Therefore, this relationship can be 
extended in time. This may explain the fact that in the Vis-
tula Lagoon a strong decrease of the density of C. balatoni-
cus larvae in the second year of this study did not result in a 
simultaneous decrease of the Tubificinae population.

Frequently observed strong dominance, or even the 
exclusive occurrence of one of the groups, may not to be a 
result of biotic interactions such as opportunistic predation 

by Chironomus larvae, as suggested by Loden (1974) and 
Jónasson and Thorhauge (1976), or competition for food, 
claimed by other authors (Brinkhurst and Kennedy 1965; 
Jónasson 1972; Moss and Timms 1989). Assuming the con-
stant pressure by fish and invertebrate predators, it may be 
determined by specific local habitat conditions (e.g. quantity 
and quality of food, inorganic pollution or organic matter 
loads and resulting water and sediment oxygenation), to 
which various invertebrates respond differently. This would 
be justified by the fact that the density ratio between chirono-
mids and oligochaetes is used in predictive ecology to esti-
mate pollution and/or eutrophication in estuaries (Como and 
Magni 2009; Silva et al. 2012), lakes (Wiederholm 1980; 
Lang 1999; Burlakova et al. 2018), and rivers (Goodnight 
1973; Rosa et al. 2014; Gorzel et al. 2018). This suggests 
that research on different drivers of species co-occurrence 
might be not only of theoretical interest, but can also be a 
source of new information on the functioning of benthic 
communities and ecological status of an ecosystem (Cazelles 
et al. 2016).
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1. Introduction

The littoral is a zone of a water body above the compensation
point (Odum, 1971). Themost important biotic characteristic

of the zone is macrophytic vegetation (vascular flora, stone-
worts, bryophytes). It usually occurs in the form of more or
less interwinding belts and clusters. The area nearest to the
shore is usually occupied by the assemblage of emergent
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Summary The objective of the research conducted in the years 2011—2014 in the near-shore
zone of the Vistula Lagoon was the verification of the hypothesis that in the coastal lagoon,
similarly as in inland waters, habitat conditions can be substantially modified by macrophytic
vegetation, depending on the represented life form and its abundance. The research was
conducted in the zone of emergent plants (reed rush composed of Phragmites australis) and
in the zone of submerged plants occurring as scattered patches of Potamogeton perfoliatus and
Stuckenia pectinata. The hypothesis was supported only in the case of the reed rush which
substantially modified water insolation, temperature, and oxygenation, as well as the grain size
composition of sediments, and concentration of organic matter contained in the sediments.
Patches of submerged vegetation had insufficient surface area and were too scarcely overgrown
by plants to considerably affect the habitat conditions and weaken the strong mechanical effect
of waves and rate of water exchange between the littoral and open water zone.
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plants (helophytes), deeper areas by vegetation with floating
leaves (nympheids), and the deepest — vegetation with
submerged leaves (elodeids). The presence of such plants
indicates the richness of animal communities related to them
in various ways (in trophic and paratrophic terms), both
invertebrates (epiphytic fauna) and vertebrates (amphi-
bians, reptiles, fish, and birds). In shallow water bodies
where the majority of the bottom surface is insolated, the
role of macrophytes in the functioning of the entire ecosys-
tem can be sufficiently significant to provide the basis for the
designation of one of the alternative regimes —macrophyte-
dominated state (Scheffer et al., 1993).

Many papers discuss the impact of different abiotic factors
on aquatic vegetation. Considerably fewer publications con-
cern the opposite relations, i.e. the effect of plants on the
habitat conditions occurring in the littoral. So far, the issue
has been mainly investigated in inland water bodies, and
particularly in shallow lakes (Barko and James, 1998; Car-
penter and Lodge, 1986; Chen and Barko, 2011; Horppila and
Nurminen, 2005; Miranda et al., 2000; Moller and Sand-
Jensen, 2012), but very rarely in the conditions of coastal
lagoons (Viaroli et al., 1996). It may be caused by among
others the popular opinion that in the littoral of lagoons, the
habitat conditions are primarily determined by physical
parameters, including wave action (Perez-Ruzafa et al.,
2011; Viaroli et al., 2008). This paper presents a hypothesis
that in a coastal lagoon, like in inland waters, habitat con-
ditions can also be substantially modified by macrophytic
vegetation, depending on the represented life form (helo-
phytes, elodeids) and its abundance. The thesis was verified

by four years of research in the near-shore zone of the Vistula
Lagoon.

2. Study area

The Vistula Lagoon is a brackish lagoon separated from the
Gdańsk Bay (Baltic Sea) by the Vistula Spit. The exchange of
water masses between the Lagoon and open sea is possible
through the Baltijsk Strait. The Vistula Lagoon has an area of
838 km2

[8_TD$DIFF] and is divided approximately in half between Poland
(south-western part) and Russia (north-eastern part). The
lagoon is a shallow water body with a depth usually not
exceeding 4 m. The length of the shoreline of the Vistula
Lagoon on the Polish side is 92.3 km. Homogenous assem-
blages of emergent vegetation (EMV) occur along the shore-
line, particularly including Phragmites australis (Cav.) Trin.
ex Steud, and patches of submerged vegetation (SUV), com-
posed mainly of Potamogeton perfoliatus L. The greatest
degree of vegetation cover occurs in the western part of the
lagoon (Fig. 1) (Gajewski, 2010).

Bottom sediments are primarily composed of silt and sand
(Zachowicz et al., 1995). The concentrations of total nitro-
gen and phosphorus in the water are high, and amount to
1.1—4.4 mg dm�3 and 0.06—0.19 mg dm�3, respectively. The
most frequently recorded water transparency (measured as
Secchi disc depth) is approximately 40 cm (Kornijów, 2018).
The Vistula Lagoon is classified as a eutrophic water body
(Kruk et al., 2012; Nawrocka & Kobos, 2011), and from the
viewpoint of alternative stable states theory, the majority of
its basin is phytoplankton-dominated, with chlorophyll-a

[(Figure_1)TD$FIG]

Figure 1 Map of distribution of emergent (1) and submerged vegetation (2) in the Polish part of the Vistula Lagoon. Based on maps
elaborated by Gajewski (ed., 2010 [7_TD$DIFF]). Bathymetry adapted from Chubarenko (2008).
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concentrations between 13 and 107 mg m�3 (Kornijów,
2018).

The studied fragment of the littoral (Fig. 2) was located
2 km north-east of the port in Tolkmicko and had a length of
approximately 500 m and width of 110 m. A patch overgrown
by common reed (Phragmites australis) occurred there, with
a length of 200 m, as well as a 300 m long section of sandy
bottom (psammolitoral) with several patches of submerged
vegetation dominated by perfoliate pondweed Potamogeton

perfoliatus, and more rarely by sago pondweed Stuckenia
pectinata (L.) Börner. The research was performed at 14 sites
selected based on the criterion of depth and occurrence of
vegetation (Fig. 2, Table 1). Three sites were located in the
zone of emergent vegetation (EMV) overgrown by reed rush,
five on the adjacent sandy bare bottom between the patches
of SUV macrophytes (herein treated as control), and six
within SUV patches (P. perfoliatus). The littoral belt was
divided into three zones: inner littoral (depth 0—40 cm,

[(Figure_2)TD$FIG]

Figure 2 Map of the littoral section studied. For explanation of the site symbols see Table 1.

Table 1 Characteristics of the sampling sites: location within the research area, depth, type of sediment, and exposure to wave
action. EMV — emergent vegetation, SUV — submerged vegetation.

Site Zone Location Distance from
shore [m]

Depth [m]
(range in brackets)

Bottom
sediment

Exposure to
wave action

Site 1 I EMV (inside the patch) inner 32 0.25 (0.11—0.51) silt weak
Site 2 M EMV (inside the patch) mid 40 0.50 (0.26—0.66) silt medium
Site 3 O EMV (inside the patch) outer 50 0.70 (0.64—0.97) sand strong
Site 4 I SUV (between patches) inner 13 0.40 (0.23—0.57) sand strong
Site 5 M SUV (between patches) mid 20 0.50 (0.33—0.67) sand strong
Site 6 O SUV (between patches) outer 103 0.72 (0.61—0.95) sand strong
Site 7 M SUV (between patches) mid 31 0.58 (0.36—0.65) sand strong
Site 8 O SUV (between patches) outer 82 0.71 (0.54—0.78) sand strong
Patch P1 SUV (inside patches) outer 60 0.70 sand strong
Patch P2 SUV (inside patches) outer 54 0.70 sand strong
Patch P3 SUV (inside patches) inner 22 0.34 (0.17—0.41) sand strong
Patch P4 SUV (inside patches) mid 40 0.59 (0.35—0.66) sand strong
Patch P5 SUV (inside patches) outer 111 0.78 (0.57—0.85) sand strong
Patch P6 SUV (inside patches) outer 103 0.81 (0.67—0.88) sand strong
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distance from the shore of approximately 0—40 m), mid-
littoral (depth 40—60 cm, distance from the shore of 20—
50 m), and outer littoral (depth 60—90 cm, distance from the
shore of 50—111 m).

3. Methods

The research was conducted in the years 2011—2014. The
estimation of the length of the phytolittoral in the Polish part
of the Vistula Lagoon occupied by emergent vegetation (EMV)
was performed by means of Google Earth software (Google
Inc., 2014—2016). Belts of emergent vegetation were iden-
tified, and their length was measured along the shoreline.
The length of the shoreline free from reed rush (i.e. belts of
artificially altered psammolittoral and littoral) wasmeasured
the same way. The identification of vegetation also applied
aerial and satellite photographs publicly available online
[http://geoportal.gov.pl (Geoportal, 2014), http://www.
yandex.ru/maps/ (Yandex, 2014)].

Measurements of the outline of vegetation patches near
Tolkmicko were performed by means of a GPS receiver
(Garmin GPSMAP 60CSx) by wading along the boundary of
vegetation on the water side. Results of the records were
preliminarily processed in Garmin MapSource software. The
resulting GIS layers were then loaded to Quantum GIS soft-
ware for final processing and visualisation (Figs. 2 and 3). A
density of plants was determined by counting reed stems per
0.25 m2 plot, designated by means of a wooden frame with-
out one side, which allowed for sliding the device into the
thicket of vegetation (Bernatowicz, 1960). At each site, plant
measurements were performed on 10 fields located at a
distance of several metres from each other.

Research on the vegetation was also conducted along the
entire shoreline on the Polish side of the lagoon. While
paddling in a boat, the presence of submerged vegetation

patches was recorded, and their surface area was estimated.
Due to the dispersed character of the patches and their
scarce degree of cover, quantitative measurements of den-
sity were not performed. Such measurements were per-
formed in reference to reed assemblages at six selected
sites (Table 2).

Bathymetric measurements in the littoral near Tolkmicko
were performed by means of a ranging rod with accuracy to
1 cm on 2014.09.04. Depth was measured in 154 points with
geographic coordinates determined by means of a GPS recei-
ver (Garmin GPSMAP 60CSx). Thememory of the receiver also
recorded the course of the shoreline (zero depth). The data
matrix was loaded to Surfer 10 software in which a detailed
bathymetric map of the studied water body was generated by
means of the kriging method. The map was then visually
processed by means of Quantum GIS software (Figs. 2 and 3).

Water level was measured at study sites: 1I, 2M, 3O, 4I,
5M, and 6O in the years 2011—2012 by means of a gauge with
a centimetre scale. In order to demonstrate full water level
amplitude, six situations with extreme water levels were
selected frommaps generated by the hydrodynamic model of
the Institute of Oceanography of the University of Gdańsk
(Ecohydrodynamic Model, 2016). Readings from the model
provided the basis for the calculation of the probable water
level at measurement sites. Two sites were selected for the
visualisation of water level fluctuations, namely the shallow-
est site 1I in EMVand one of the deepest ones in SUV— site 6O.

Continuous measurements of water temperature fluctua-
tions at 10-min intervals were performed by means of tem-
perature loggers Seamon Mini in the periods from
2011.07.20 to 2011.10.03 (sites 1I and 2M) and from
2012.04.21 to 2012.09.12 (site 1I). Single temperature and
salinity measurements were performed by means of a sonde
Saiv A/S[1_TD$DIFF] STD-CTD model SD-202 or SD-204 at sites 1—6 in four
terms in 2011. On 2—3.08.2011, daily water temperature and

[(Figure_3)TD$FIG]

Figure 3 Changes in the surface area occupied by vegetation patches in the period 2011—2013. P1. . .P6 — numbers of patches.
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oxygenation fluctuations were also traced. The measure-
ments were performed by means of a portable sonde at
21:30, 3:30, 9:30, and 14:45 at three sites in EMV (Sites:
1—3) and at three sites in SUV (Sites: 4—6). Measurements of
solar radiationwere performed in the EMV zone at site 2. They
involved the application of two pyranometers of type LI-COR
LI-200SA [12_TD$DIFF]connected to a LI-COR datalogger. One pyranometer
was placed on a mast above plant canopies, at a height of
2.73 m above the water surface, and the other at the base of
plants, 0.14 m above the water surface. Solar radiation
values [Wh m�2

[11_TD$DIFF]] for a 48 h period were recorded between
2012.08.06 at 14:00 and 2012.08.08 at 14:00. Data were
logged with 10 min intervals.

For the purpose of determination of the type of bottom
sediments and their grain size composition, sediment cores
were sampled in both zones (EMVand SUV) bymeans of a core
sampler with a diameter of 4.4 cm, pushed into the bottom to
a depth of 25 cm. At the laboratory, the sediments were dried
and manually ground in a mortar, and then sieved on a set of
geological sieves with the mesh of 2 mm, 1 mm, 0.5 mm,
0.25 mm, 0.125 mm, and 0.063 mm. The obtained data were
processed with the application of GRADISTATsoftware version
8 (Blott and Pye, 2001). Organic matter content in sediment
was determined by the direct method of mass losses on
ignition at a temperature of 5008C.

Statistical analyses were performed bymeans of Statistica
10 software (StatSoft Inc, 2011). ANOVA Friedman and Wil-
coxon tests were used in order to determine statistical
differences (Sokal and Rohlf, 1995).

4. Results

4.1. Vegetation

Particular sections of the Polish shoreline of the Lagoon are
occupied by EMV to different degrees: the northern section
along the Vistula Spit, from the border to Skowronki, is
occupied in 85%, the western section between Skowronki
and Suchacz in 99%, and the southern section from the border
to Suchacz in 74%.

The density of P. australis stems at six sites around
the Polish part of the Vistula Lagoon varied from
55 stems m�2 � 17 SD to 104 stems m�2 � 27 (Table 2). The
density statistically differed only between the site near
Frombork and two sites (near Krynica Morska and Nowa
Karczma) on the opposite side of the lagoon at the Vistula
Spit [post hoc, ANOVA Friedman test: x2 (N = 10, df = 5,
p = 0.00613) = 16.26437].

The ranges of the EMV patch, monitored near Tolkmicko,
practically did not change in the years 2011—2013, as
opposed to the ranges and sizes of SUV patches (Fig. 3).
The surface area of P. perfoliatus patch 16P in the period
2011—2012 decreased approximately by half, and patch 15P
practically entirely declined in 2012. In 2013, all patches
inconsiderably increased their surface area.

Seasonal changes in plant density involved a gradual
increase in the number of stems during the vegetative sea-
son. In the EMV zone, the highest (and relatively even) values
of reed density were observed in late summer (132—
158 stems m�2 in 2011) (Fig. 4).

The density of P. perfoliatus stems in the period from June
to August only increased in deeper located patches in the
mid- and outer littoral zones, and remained unchanged in the
inner littoral (Fig. 5). In September, the commencement of
the rapid process of dying-off of plants and disappearance of
the patches was observed.

4.2. Water level fluctuations

Water level fluctuations were characterised by high dynamics
with an amplitude of approximately 40 cm (Fig. 6). Data from
the hydrodynamic model show that the performed field
measurements did not reflect the full annual amplitude of
changes, which could be much greater, leading to periodical
exposure of the bottom at the shallowest site.

4.3. Salinity — seasonal changes

Water salinity varied from 1.4 PSU to 3.0 PSU (Fig. 7).
Seasonal salinity dynamics, with an evident maximum

Table 2 Density of Phragmites australis stems (�SD standard deviation) at sites around the Polish part of the Vistula Lagoon in
2014. Location of the sites in the vicinity of the mentioned municipalities are marked in Fig. 1. Sites sharing the same letter do not
differ statistically (post hoc Friedman test).

Name of location near sampling site Stems density [N m�2] � SD Significant difference

Frombork 104 � 27 c
Tolkmicko 70 � 11 ac
Suchacz 76 � 21 ac
Łaszka 62 � 22 ac
Krynica Morska 56 � 22 ab
Nowa Karczma 55 � 17 ab

[(Figure_4)TD$FIG]

Figure 4 Seasonal changes in the density of Phragmites aus-
tralis stems � SD in the EMV zone. N — number of stems.
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recorded in autumn, showed a similar course at all sites,
irrespective of the analysed zone, without significant statis-
tic differences [ANOVA Friedman test: x2 (N = 3, df = 5,
p = 0.095) = 9.37].

4.4. Temperature — seasonal changes

Water temperature changed seasonally [ANOVA Friedman
test x2 (N = 6, df = 3, p = 0.00094) = 16.89; post hoc]. A
greater amplitude of temperature fluctuations was recorded
in the EMV zone (15.2—22.08C) than in the SUV zone (16.4—
21.78C) (Fig. 8). In the EMV zone, water temperature devel-
oped differently at the shallowest sites (inner- and mid-
littoral) than at the remaining ones, where the temperature
distribution had a similar pattern [differences statistically
non-significant [ANOVA Friedman test x2 (N = 4, df = 3,
p = 0.91) = 0.53]. In the elodeid zone (SUV), where the spatial
distribution of temperatures was even, no such dependency
was observed [ANOVA Friedman test x2 (N = 4, df = 5,
p = 0.078) = 9.89].

4.5. Temperature — diurnal changes

Water temperature in summer in a diurnal cycle varied from
19.4 to 22.88C (Fig. 9). Diurnal changes in water temperature
at two shallowest sites (shaded, and isolated from the open
water zone, located in the reed belt (EMV)) had a different
course from the remaining ones in the SUV zone, where they

[(Figure_5)TD$FIG]

Figure 5 Seasonal changes in the density of Potamogeton
perfoliatus stems � SD in the SUV zone. Patch P5 in the outer
littoral was not considered due to the very low stem density in
June 2012 (0.07 stems m�2) and its later complete disappear-
ance.

[(Figure_6)TD$FIG]

Figure 6 Changes in water depth in the period from 2011.04 to 2012.10 in the EMV zone — inner littoral and in the SUV zone — outer
littoral based on field measurements. Additional data (dates marked with letter M) were obtained from the Ecohydrodynamic Model
(Model I.O.) developed at the University of Gdańsk, Institute of Oceanography (Ecohydrodynamic Model, 2016).
[(Figure_7)TD$FIG]

Figure 7 Seasonal changes in salinity in EMV and SUV zones. Numbers of sampling sites in brackets.
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developed in a similar way. The differences particularly
concerned afternoon hours, when water temperature had
relatively low values in the inner- and mid zone of EMV, and
considerably higher values at the remaining sites. In the outer
littoral zone of EMV, the diurnal amplitude of temperature
fluctuations was similar to that at sites in the SUV zone.

4.6. Oxygen — diurnal changes

In summer, in a diurnal cycle, water saturation with oxygen
varied from 39% to 152% in the EMV zone, and from 110% to

136% in the SUV zone (Fig. 10). The lowest values of oxygen
saturation during the entire day were recorded at two shal-
lowest sites (inner and mid-littoral) in the EMV zone. The
course of oxygen saturation in the diurnal cycle was similar at
all the sites, irrespective of the zone, with the lowest values
in morning hours, and the highest in the evening.

4.7. Solar radiation — diurnal changes

Insolation in the analysed zone changed substantially in the
diurnal cycle (Fig. 11). Maximum mean hourly solar radiation

[(Figure_8)TD$FIG]

Figure 8 Seasonal changes in water temperature in EMV and SUV zones. Numbers of sites in brackets.

[(Figure_9)TD$FIG]

Figure 9 Diurnal changes in water temperature in EMV and SUV zones. Measurements performed on 1.08.—2.08.2011.

[(Figure_10)TD$FIG]

Figure 10 Diurnal changes in oxygen saturation in EMV and SUV zones. Measurements performed on 1.08.—2.08.2011.
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amounted to 86.2—104.6 Wh m�2. Under canopies of EMV,
right above the water surface, it amounted to (4.7—
6.6 Wh m�2) and was considerably lower [Wilcoxon Test: T
(Z = 12.354, N = 203, p < 0.01) = 0], constituting only
approximately 6% of the total supplied solar radiation.

4.8. Temperature — continuous measurements
of energy accumulation

Water temperatures in the majority of terms in the inner
littoral zone of EMV near the shore were higher than in the
outer littoral zone bordering on the open water zone
(Fig. 12). Also mean temperature in the inner littoral
(16.928C) was significantly higher than in the outer littoral
zone (16.248C) [Wilcoxon Test: T (Z = 70.285, N = 10 597,
p < 0.01) = 5 941 811].

4.9. Sediments

In the EMV zone, bottom sediments were primarily composed
of fine fractions (very fine sand, very coarse silt) (Fig. 13). In
the SUV zone, sediments with coarser grains occurred, in
particular, fine sand and medium sand were present. Both
zones showed a tendency for increasing contribution of
coarse-grained fractions with growing depth and distance
from the shore.

Organic matter content in bottom sediments was highest
in the inner littoral of the EMV zone (3.1%), and lowest in the
mid-littoral of SUV zone (0.4%) (Fig. 14). With growing depth,
the recorded values showed a decreasing tendency in EMV
and an increasing one in SUV.

[(Figure_11)TD$FIG]

Figure 11 48-hour record of changes in solar radiation reaching the EMV and SUV zones (solid line), and water surface under plant
canopies inside EMV (dotted line). Measurements performed on 2012.08.06—08.

[(Figure_12)TD$FIG]

Figure 12 Results of continuous measurements of water temperature fluctuations in the inner- and outer littoral in the EMV zone
(2011.07.20—2011.10.02).

[(Figure_13)TD$FIG]

Figure 13 Percentage of particular fractions of bottom sedi-
ments in EMV and SUV zones (2012.08.08).
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5. Discussion

5.1. Impact of vegetation on physical water
properties

The research revealed that submerged vegetation has no
substantial effect on the habitat conditions in the analysed
littoral area. Irrespective of distance from shore, depth, and
place within patches, physical water parameters in the SUV
zone were similar. This may result from a relatively small
surface area of the patches and low plant density, as well as
from the observed substantial changes in ranges of the
patches in particular years (Fig. 3). The conclusion concern-
ing lack of evident effect of SUV on habitat conditions can be
probably transposed to the entire northern and southern
shore of the lagoon, where the occurrence of submerged
macrophytes is very scarce. A different situation can be
expected in the western part of the lagoon, where dense
submerged vegetation covers extensive areas (Fig. 1). This is

suggested by frequently observed even three times higher
water transparency (Różańska and Więcławski, 1978; Szar-
ejko-Łukaszewicz, 1959; Żmudziński and Szarejko, 1955),
and approximately a dozen times lower chlorophyll concen-
trations (Latała, 1978) in the western part of the lagoon than
in the remaining areas in spite of similar nutrient concentra-
tions. The dependencies were often associated with the
different degree of development of submerged macrophytes
(Kornijów, 2018; Latała, 1978; Pliński and Simm, 1978; Renk
et al., 2001; Ringer, 1959; Żmudziński and Szarejko, 1955).

Mean density of reed stems determined in the Vistula
Lagoon (74 stems m�2 � 18) corresponded with the top
values determined in local channels (Boszke et al., 2005),
as well as in freshwater and brackish ecosystems of the North
America, where reed is an invasive species (Meyerson et al.,
2000). It was within the lower range of maximum density
values (60—250 m�2) reported from different aquatic envir-
onments of Europe by Haslam (1973).

Unlike SUV, the extensive patches of densely growing EMV
had a considerablemodifying effect on certain physical water
parameters (Fig. 15). The effect particularly involved the
diversification of lighting conditions and temperature. The
energy of solar radiation reaching the reed patch (EMV) was
largely reflected and dispersed on the surface of plants, as
confirmed by other studies (Grant, 1987; Ondok, 1973). The
photosynthetically useful part of the spectrum (PAR) is
absorbed by plants and used for photosynthesis (McCree,
1981). The remaining part of the radiation is transformed
into heat. Such transformations probably resulted in the
observed higher than average water temperature values in
the EMV zone.

Differences in temperatures along sections at different
distances from the shore and with different depths suggest
the variable intensity of water mixing, related to the sup-
pression of the kinetic energy of wave action by densely

[(Figure_14)TD$FIG]

Figure 14 Organic matter content in bottom sediments in EMV
and SUV zones (2012.08.08).

[(Figure_15)TD$FIG]

Figure 15 Simplified ideogram of some dependencies and processes related to the presence of macrophytic assemblages in the
analysed area. Grey fields concern both SUV and EMV, white fields — only EMV.
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growing plant stems. According to Kornijów (2018), the
crucial driver regulating the structure and processes occur-
ring in the Vistula Lagoon is wave exposure. Therefore, low
rate of water exchange between the littoral and open water
zone, and attenuation of the mechanical effect of waves by
near-shore vegetation are very important in terms of protec-
tion of shores against destructive wave action and erosion
(Moller et al., 2011; Rupprecht et al., 2017). Near-shore
vegetation is also known to play an important role as a filter
for nutrients and organic material flushed from the catch-
ment (Berthold et al., 2018; McGlathery et al., 2007). More-
over, it creates a habitat not only for water organisms, but
also for those associated with land, namely amphibians,
waterfowl, and mammals.

Due to its high heat capacity, water is a good indicator of
energy accumulation in a longer term. The comparison of
several months of temperature measurements within EMV
and at the boundary of the zone showed that as a result of
both a decrease in water mixing and absorption of solar
radiation causing air heating within EMV, mean water tem-
perature in summer amongst the reed rush was higher than in
the remaining area of the water body. In spring and autumn,
the pattern was opposite.

The summer diurnal amplitude of temperature fluctua-
tions in the EMV zone was also lower than in other zones,
probably due to the effect of shading by plant canopies and
heat inertia of water. It is very likely, that the shading effect
by reed stems results in the inhibition of development of
other plants in reed rush patches. In consequence, in the
Vistula Lagoon, it is primarily composed of a monoculture of
P. australis, which is interpreted as a manifestation of good
condition of the plant assemblage (Haslam, 1973).

Uniform diurnal water oxygenation in the inner and mid-
littoral of EMV zone was probably the effect of intensive
decomposition processes, as well as a decrease in the inten-
sity of photosynthesis due to very limited access of sunlight to
the water surface, as also emphasised by Viaroli et al.
(1996). It can also be related to limited water exchange
between the rush patch and the open water. In the outer
littoral of EMV zone, water oxygenation was considerably
higher throughout the day, but it was also uniform in time.
This could be determined by continuous mixing with the well-
aerated deeper water. Considerable oxygenation drops
below 40% can substantially limit the occurrence of animals,
both invertebrates and fish (Able and Hagan, 2000; Warren
et al., 2001).

No significant differences were observed in salinity within
the EMV patch. Water salinity in the Vistula Lagoon is prob-
ably not sufficient for a considerable salinity gradient to
develop as a result of limiting water mixing by vegetation.

In conclusion, the stated hypothesis in reference to water
parameters proved supported only in the case of the reed
rush which considerably modified lighting conditions, tem-
perature, and water oxygenation, particularly in warm sea-
sons of the year when reed density was high.

5.2. Impact of vegetation on sediments

Within the SUV zone, no considerable differences were
observed in the composition of bottom sediments. This
was probably caused by the fact that processes occurring
in sediments are largely determined by the mechanical

movement of water masses and strong and even insolation
the intensity of which could not be affected by macrophytes
showing a low degree of cover and density.

In the EMV zone, limited mixing of water masses could
favour sediment deposition and permit sedimentation of finer
fractions of dead organic matter. This probably led to the
observed shallowing and occurrence of sediments with an
increased contribution of organic matter. Organic matter
content in bottom sediment in the EMV zone, next to limited
water mixing, is undoubtedly also determined by the pre-
sence of plants dying in masses in autumn (Kuehn et al.,
2000).

The stated hypothesis in reference to bottom sediments
was supported only in the case of the reed rush which
considerably modified the grain size composition of sedi-
ments and content of organic matter.

5.3. Total impact

Wetlands are among the most ecologically valuable environ-
ments (Mitsch et al., 2013). The key importance of wetlands
for the ecosystem, involving e.g. their contribution in pri-
mary production, inmatter circulation, or water storage, was
described by many authors (among others: Kuehn et al.,
2000; Mitsch et al., 2013). A particular role in the littoral-
wetland environment is played by emergent plant assem-
blages (Wetzel and Hough, 1973). Their presence influences a
number of biochemical processes such as production and
decomposition of organic matter (Kuehn et al., 2000), and
physical and chemical processes such as release of green-
house gases: methane (Ding et al., 2005; Olsson et al., 2015)
and carbon dioxide (Kuehn and Suberkropp, 1998). Wetlands
are among ecosystems absorbing CO2 (Bekele et al., 2016;
Bernal and Mitsch, 2012) and CH4 (Olsson et al., 2015). The
balance of absorption and release of greenhouse gases dif-
fers, however, depending on the characteristics of particular
wetlands (Bekele et al., 2016; Bernal and Mitsch, 2012; Ding
et al., 2005), including the species composition of the vege-
tation (Kim et al., 1998; Olsson et al., 2015). Plants from
genus Phragmites belong to the most common plants in
wetlands, and rapidly expand the area of its occurrence
all over the word (Able and Hagan, 2000; Haslam, 1973;
Lelong et al., 2007; Meyerson et al., 2000; Próchnicki,
2005; Warren et al., 2001; Weisner, 1991), also as a result
of human activities aimed at limiting areas under agricultural
use (Huryna and Pokorny, 2016). Results of the cited studies
permit stating the hypothesis that also in the marshy envir-
onment of the littoral of the Vistula Lagoon, abundantly
covered with vegetation, as well as others lagoons of the
Baltic Sea, analogical processes occur that may have a
specific impact on climatic changes. The scale of such
impact, however, requires further research aimed at among
others the determination of the production balance, and
release and absorption of greenhouse gases [2_TD$DIFF].
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Abstract The role of reeds in the functioning of ecosystems and their significance for zooben- 
thos in the coastal lagoons is poorly understood. We hypothesise that next to the spatial zonal 
differentiation of abiotic factors in the apparently homogeneous habitat of reeds, benthic 
macroinvertebrate fauna is also unevenly distributed, and differs in taxonomic and functional 
diversity, as well as density and biomass across the reed stand. The research was carried out 
in the Vistula Lagoon (southern Baltic) along three designated sectors arranged parallel to the 
shoreline and differing in distance from the shore and depth. Mean density of reed stems in 
the analysed stand was within the range of values reported from different American and Eu- 
ropean wetlands. Regardless of the location within the reeds and the season, the fauna was 
dominated by detritivorous Tubificinae and larvae of Chironomidae. The highest diversity, den- 
sity, and biomass of fauna were found in the middle littoral zone, and the lowest in the outer 
zone adjacent to the open water. The presented data support our hypothesis predicting the ex- 
istence of a spatial variation pattern in the composition and distribution of macroinvertebrates 
in response to the changing zonal habitat conditions within the reed stand. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

ommon reed, Phragmites australis (Cav.) Trin. ex Steud, 
s believed to be one of the most widespread riparian 
lants in a wide range of wetland habitats worldwide. 
lthough the common reed is considered a freshwater 
pecies ( Ostendorp, 1993 ), it is well adapted to brack- 
sh water conditions ( Karstens et al., 2019 ; Lissner and 
chierup, 1997 ). The plant is considered native to Eu- 
ope. Beyond the continent, it is often treated as an in- 
asive species ( Swearingen and Saltonstall, 2012 ). There- 
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ore, depending on where the reed occurs, its environ- 
ental significance and role in wetland vegetation com- 
unities may be perceived differently ( Gabriel and Boden- 
teiner, 2011 ). European literature emphasises the multiple 
cosystem functions and services of reeds ( Karstens et al., 
019 ; Mancinelli et al., 2005 ; Okun and Mehner, 2005 ; 
awlikowski and Kornijów, 2019 ). They constitute feeding 
nd breeding places, shape habitat conditions, and deter- 
ine sediment and water quality for animals and other 
lants. They also play a role in matter circulation, damp 
ave energy, and stabilise bottom sediments and banks. 
n countries where the reed has emerged as an invasive 
pecies, particularly in disturbed habitats, its rapid rate of 
olonisation and tendency to replace other plant and ani- 
al species is often considered a nuisance, negatively af- 
ecting local biodiversity ( Gabriel and Bodensteiner, 2011 ; 
arren et al., 2001 ). In both cases, however, although for 
 different reason, it is important to know the role of 
eeds in the functioning of ecosystems and their signifi- 
ance as a habitat for other organisms. As pointed out by 
stendorp (1993) , the latter issue is barely investigated. 
his is especially true of benthic macroinvertebrates liv- 
ng in sediments overgrown by reeds. One of the rea- 
ons could be methodological difficulties in sampling bot- 
om sediments among the tangle of roots and rhizomes 
 Moss, 1998 ). The most frequently used methods of sam- 
ling include sweeping by hand nets, or collecting a littoral 
ection together with sediments and macrophytes by means 
f e.g. Surber, Wisconsin, Macan, or Ekman box-samplers 
 Arnold and Ormerod, 1997 ; Fell et al., 1998 ; James et al.,
998 ; Jayawardana et al., 2006 ; Jayawardana and West- 
rooke, 2010 ; Miler et al., 2018 ; Olson et al., 1995 ; 
ychra et al., 2010 ). Various types of traps are also some- 
imes used ( Fell et al., 1998 ; Oertli, 1995 ; Raichel et al.,
003 ). While such studies provide valuable insight into the 
eneral diversity of macroinvertebrates within a stand, 
hey do not reflect the real distribution and quantita- 
ive proportions between various invertebrate communities 
ith their distinctive feeding behaviour and diet, such as 
ediment-living, plant-associated, and free-swimming ani- 
als ( Moss, 1998 ). Consequently, such data offer little in- 
ormation on the relationships and drivers that potentially 
tructure truly benthic communities, i.e. those inhabiting 
ottom sediments. Moreover, the use of different sampling 
pproaches makes it difficult to compare results and draw 

eneral conclusions. 
Only several papers employ quantitative methods that 

ake into account selective sampling of sediments and, im- 
ortantly, sampling to a known depth ( Cardinale et al., 
998 ; Kornijów and Gulati, 1992 ; Okun and Mehner, 2005 ; 
ozzo and Osgood, 2013 ). These publications focus on ben- 
hic invertebrates in reed beds of lakes or rivers. Coastal 
etlands have not yet been subject to similar research. The 
urpose of this work is to fill this gap, and to find a pattern
n the distribution of benthic macroinvertebrates within the 
eed stand. 
The structure and processes in lagoon environments are 

rimarily maintained by physical forces, including wave 
ction that can be mediated by dense patches of emer- 
ent macrophytes such as reeds ( Karstens et al., 2019 ; 
ornijów, 2018 ; Pawlikowski and Kornijów, 2019 ; Perez- 
uzafa et al., 2011 ; Viaroli et al., 1996 ). This can lead to
434 
 spatial gradient of organic matter content in the sedi- 
ents, and through the consumption of oxygen in decay- 

ng processes, also of water oxygenation. The research on 
biotic factors in the reeds of the Vistula Lagoon in fact 
howed low oxygenation of water in the near-shore zone 
ompared to the middle and peripheral part of the patch, 
djacent to the open water zone. On the one hand, that 
as most likely due to the horizontal distribution of sed- 
ment organic matter, and on the other hand due to a 
ifferent rate of water exchange with the pelagic zone 
 Pawlikowski and Kornijów, 2019 ). Similar horizontal zona- 
ion of oxygen conditions, and other physical and chemi- 
al properties of water or sediment, such as pH or salinity 
ithin stands of emergent vegetation, were found in vari- 
us aquatic ecosystems. This suggests the universal charac- 
er of the phenomenon ( Dvorak, 1970 ; Howard-Williams and 
enton, 1975 ; Kłosowski, 1992 ; Suzuki et al., 1995 ). How- 
ver, there are exceptions, e.g. water throughout the stand 
f emergent vegetation in Lake Huron was typically super- 
aturated with dissolved oxygen, and there was never any 
vidence of anoxia ( Cardinale et al., 1997 ). 
It can be assumed that due to the spatial zonal differ- 

ntiation of abiotic factors in the apparently homogeneous 
abitat of reeds, also benthic macroinvertebrate fauna is 
ot evenly distributed, and differs across the reed stand in 
erms of taxonomy and functional diversity, as well as den- 
ity and biomass. In order to verify this hypothesis, we car- 
ied out seasonal research in the Vistula Lagoon — one of the 
ost important and well-known ecosystems in the south- 
rn Baltic coast with extensive reed beds ( Karstens et al., 
019 ). 

. Material and methods 

.1. Study site 

he Vistula Lagoon is a brackish coastal lagoon adjacent to 
he Gulf of Gdansk of the Baltic Sea. The lagoon has a sur-
ace area of 838 km 

2 , including 328 km 

2 on the Polish side
f the border. The Vistula Lagoon is shallow, with a depth 
ot exceeding 5.2 m in the Russian, and 4 m in the Polish
art. The hydrological dynamics of the waters of the lagoon 
re determined by the inflow of freshwater masses from 

ts extensive catchment area, mixed with salty water in- 
owing from the Gulf of Gda ńsk through the Baltiysk Strait. 
alinity varies from 0 to 6.5 PSU. No tides occur, although 
ind action causes daily water level fluctuations reaching 1 
. The concentrations of total nitrogen and phosphorus in 
ater are high, reaching 1.1—4.4 mg dm 

−3 and 0.06—0.19 
g dm 

−3 , respectively. The most frequently recorded wa- 
er transparency, measured as Secchi disc depth, fluctuates 
round 40 cm ( Kornijów, 2018 ). Bottom sediments are pri- 
arily composed of silt and sand ( Zachowicz, 1985 ). The la- 
oon is very productive, with advanced eutrophic processes 
 Kownacka et al., 2020 ). It is influenced by both maritime
nd continental climates, with ice cover persisting for sev- 
ral days in mild winters, and from December until March in 
he coldest years ( Herman, 2018 ). 
The research was conducted in a reed patch with a length 

f 200 m and width of approximately 60 m (54.33360 °N, 
9.54700 °E), located approximately 2 km north-east of the 
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Figure 1 Location of the study area on the map of Northern Europe (left side, marked with a dot). On the right side — detailed 
map of the analysed reed stand in the Vistula Lagoon. Note that the coastline was drawn conventionally — its range varied as the 
water level changed. Depths are expressed in centimetres. I — inner zone, M — middle zone, O — outer zone. GIS layers sources for 
the map of Northern Europe: Europe coastline and rivers: Natural Earth (2020) ; Country borderlines: NOAA GSHHG (2014) ; Polish 
coastline: SIPAM (2020) simplified; Rivers of Vistula Lagoon catchment: OpenStreetMap (2021) modified; Coastline of the Russian 
part of the Vistula Lagoon: digitized scanned map from Domnin and Chubarenko (2008) . 
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unicipality of Tolkmicko at the southern shore of the 
agoon ( Figure 1 ). No local changes resulting from hu- 
an activity such as shoreline alteration were recorded 
hich could potentially interfere with the obtained re- 
ults ( Brauns et al., 2007 ; Miler et al., 2013 ). Growth of
he macrophytes was seasonal, with regeneration from rhi- 
omes after winter ice-scour. Seasonal changes in reed den- 
ity involved a gradual increase in the number of stems dur- 
ng the vegetative season, lasting from April until October. 
he highest and spatially relatively even values of reed den- 
ity (132—158 stems m 

−2 ) in the analysed patch were ob- 
erved in late summer ( Pawlikowski and Kornijów, 2019 ). 
Measurements of physico-chemical properties conducted 

n 2011 revealed no trends in salinity across the stand 
 Pawlikowski and Kornijów, 2019 ). Water oxygenation at the 
ime was generally lower in the near-shore area than in the 
eriphery adjacent to open water. The opposite pattern was 
bserved for water temperature. Water level fluctuations 
ere characterized by high dynamics, with an amplitude of 
pproximately 40 cm ( Pawlikowski and Kornijów, 2019 ). 

.2. Field survey and laboratory analyses 

he study was conducted in spring (April), summer (August), 
nd autumn (October) 2011. The width of the analysed reed 
tand exceeded 60 m, but the sampling area covered a much 
maller strip (approx. 30 m wide) due to the shallow depth 
n the near-shore area and strong water fluctuations. Sam- 
les from the reed stand were collected along three desig- 
ated sectors arranged parallel to the shoreline, at a dis- 
ance of around 10 m from one another, differing in depth 
nd distance from the shore, depending on geographic dis- 
435 
ribution and changing water level: inner (depth 0—40 cm, 
istance from the shore of approximately 30—40 m), middle 
depth 40—60 cm, distance from the shore of 40—50 m), and 
uter (depth 60—90 cm, distance from the shore of 50—60 
) ( Figure 1 ). 
Four sampling locations, each of approximately 9 m 

2 and 
paced 3 m from one another, were established in each sec- 
or, referred to as zones. In each sampling location, 3 pooled 
ediment cores were collected by means of a transparent 
crylic tube (length 1.5 m; diameter 4.4 cm) closed from the 
op with a stopper. In our opinion, the sampler used is appro-
riate not only for the sampling of sedentary invertebrates, 
ut also for mobile gammarids, and even free-living mysids 
n turbid lagoon water ( Linkowski et al., 2021 ). The tube 
as pushed into the bottom to a depth of 25 cm. No fauna
ccurred deeper in the sediment, as suggested by studies on 
he vertical distribution of macroinvertebrates in sediments 
 Pawlikowski and Kornijów, 2022 ). A total of 36 samples con- 
isting of 108 sediment cores were collected on all sampling 
ccasions. Each sample was washed separately through a 
et with 0.3 mm mesh size, and transported to the labora- 
ory in plastic containers with no water. We chose such fine 
esh to provide accurate community and population esti- 
ates given the relatively small size of macro-invertebrates 

iving in estuarine and lagoon ecosystems ( Schlacher and 
ooldridge, 1996 ). Invertebrates were sorted live by hand 
n a white tray filled with water, and preserved with 4% 

ormaldehyde solution. Oligochaeta were treated with Am- 
an’s lactophenol solution, and Chironomidae larvae with 
aure liquid, and identified to the lowest possible taxon 
ccording to Timm (1999) and Andersen et al. (2013) , re- 
pectively. The nomenclature of Naididae was adopted after 
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Figure 2 Number of zoobenthos taxa in the inner (I), middle 
(M), and outer zone (O) of the reed stand in the Vistula Lagoon. 
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oRMS (2021) . Macrobenthic taxa were assigned to trophic 
roups based on food preferences documented in the 
iterature ( Armitage et al., 1995 ; Pellan et al. 2016 ; 
avage, 1982 ; Vaughn, 1982 ). Categorisation of macroin- 
ertebrates into groups allows a better understanding of 
he processes of the material cycle and ecosystem function 
 Cummins, 1973 ). 
Measurements of reed density were carried out in 10 ran- 

om 0.5 × 0.5 m quadrats within each location, expressed 
s the number of shoots per square meter and averaged 
 Pawlikowski and Kornijów, 2019 ). 
Granulometric analyses involved the collection of addi- 

ional sediment cores with a length of 25 cm in each sam- 
ling location in August. The collected sediments were dried 
nd manually ground in a mortar, and then sieved on a set of 
eological sieves with a mesh of 2 mm, 1 mm, 0.5 mm, 0.25 
m, 0.125 mm, and 0.063 mm. The obtained data were pro- 
essed with the application of GRADISTAT software version 
 ( Blott and Pye, 2001 ). Organic matter content in sediment 
as determined by the direct method as a mass loss on ig- 
ition (LOI) at a temperature of 500 °C for 24 hours. 
Bathymetric measurements were performed by means 

f a ranging rod with an accuracy of 1 cm on 2014.09.04. 
epth was measured in 154 points with geographic coor- 
inates determined by means of a GPS receiver (Garmin 
PSMAP 60CSx). The memory of the receiver also recorded 
he course of the shoreline (zero depth). The data matrix 
as loaded to Surfer 10 software in which a detailed bathy- 
etric map of the studied water body was generated by 
eans of the kriging method. The map was then visually 
rocessed by means of QGIS software ( Figure 1 ). 
Due to unequal variances or non-normal distribution, the 

ollowing non-parametric statistics were applied: 

— Kruskal-Wallis test (H) was applied for the determination 
of the effect of different locations within the reed patch 
on the density and biomass of fauna. 

— Friedman test (Chi-Square) was applied for the determi- 
nation of differences in the density and biomass of fauna 
between sampling occasions. 

T-test was applied for the determination of differences 
n the density of fauna between 2011 and 2013. For this 
omparison, we used data from 2013 in zone M on the 
ertical distribution of macroinvertebrates in sediments 
 Pawlikowski and Kornijów, 2022 ), obtained in a similar way 
s in 2011. Statistical calculations were performed by means 
f Statistica 10 software ( StatSoft, 2011 ). 

. Results 

.1. Zoobenthos 

he material showed the presence of 31 taxa belonging 
o Chironomidae, Naididae, Hirudinea, Chrysomelidae, Am- 
hipoda, Bivalvia, and Nematoda ( Table 1 ). The highest di- 
ersity (24 taxa) was determined in the middle littoral zone, 
nd lowest in the outer zone (16 taxa), adjacent to open 
ater. Depending on the season, the diversity of fauna con- 
iderably changed in the middle and outer zones and was 
elatively stable in the inner zone ( Figure 2 ). 
436 
The highest total density of fauna was reached in spring 
nd summer in the middle zone (12 057—15 510 ind. m 

−2 ), 
nd lowest, irrespective of the season in the outer zone (4 
65—4 658 ind. m 

−2 ) (Kruskal-Wallis test H (n = 12) = 6.06
nd 7.38; p = 0.04 and 0.02, respectively) ( Figure 3 ). Dif-
erences in total density between the zones in autumn 
ere at the threshold of significance (Kruskal-Wallis test H 

n = 12) = 5.80; p = 0.06). 
Biomass values in spring and autumn were the high- 

st in the middle littoral zone (42—107 g ww m 

−2 ), and 
owest in the outer zone (8—10 g ww m 

−2 ) (Kruskal-Wallis 
est H (n = 12) = 7.73 and 6.73; p = 0.02 and 0.03, re-
pectively). In summer, differences in biomass between the 
ones were at the threshold of significance (Kruskal-Wallis 
est H (n = 12) = 5.54; p = 0.06) ( Figure 3 ). 
In terms of percent share, irrespective of the location 

ithin the reed stand (with the exception of the middle 
nd outer zone in April), Tubificinae usually dominated (46—
9%), and among them particularly Limnodrilus hoffmeis- 
eri ( Figure 4 , Table 1 ). The second group with the most con-
iderable share were Chironomidae (15—76%) larvae with 
ominant Glyptotendipes sp. ( Figure 4 , Table 1 ). The pro- 
ortions of percent shares between the most abundant taxa 
aried in particular seasons with no discernible patterns. 
Next to Chironomidae and Tubificinae (2—51% and 10—

3%, respectively), the biomass contained a high share of 
hrysomelidae ( Donacia sp.) (up to 60%) and Amphipoda (1—
2%) ( Figure 4 ). Their contribution varied depending on the 
tudy term: in April, the majority of sites were dominated 
y larvae of Donacia sp. (up to 60%) and Chironomidae (22—
1%), in August Tubificinae (48—73%) and Donacia sp. (23—
0%), and in October Amphipoda (up to 42%) and Tubificinae 
37—56%). 
A large majority of the recorded taxa belonged to detri- 

ivores, constituting more than 58% of the fauna abundance 
 Table 1 , Figure 5 ). The second major trophic group were
mnivores constituting up to 34% of the fauna abundance. 
he percent share of particular trophic groups varied de- 
ending on the season and zone. A considerable share of 
erbivores was observed in spring in the middle zone, and 
 clear increase in omnivores in summer and autumn in the 
iddle and outer zones. 
For the purpose of verification of the stability of benthic 

ommunities in the reed belt, their abundances were com- 
ared in zone M in 2011 and 2013 ( Figure 6 ). In the second
ear of the study, the density of zoobenthos was more than 
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Figure 3 Density [ind. m 

−2 ] and total biomass [ww g m 

−2 ] of zoobenthos in the inner (I), middle (M), and outer zone (O) of the 
reed stand in the Vistula Lagoon. Small letters denote significant difference (Post-hoc Kruskal-Wallis test, p < 0.05) between areas 
marked with the same letter. No letter aside bar means no significant difference in density or biomass. Whiskers denote Standard 
Error. 

Figure 4 Percent share of the main groups of taxa in total density (left) and total biomass (right) of zoobenthos in the inner (I), 
middle (M), and outer zone (O) of the reed stand in the Vistula Lagoon. 
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Table 2 Characteristics of sediments in the inner (I), 
middle (M), and outer (O) zones of the reed stand in the 
Vistula Lagoon. LOI — organic matter determined as loss 
on ignition. 

I M O 

gravel 0.1% 0.3% 0.5% 
sand 82.5% 88.4% 87.7% 
mud 17.4% 11.3% 11.7% 
LOI 3.1% 1.3% 1.1% 

o
w
s
t
g
T

wice higher (test t = —3.12; p = 0.004). The quantitative 
roportions between groups did not change, with evident 
ominance of Tubificinae and Chironomidae in both years. 

.2. Sediments 

eed grew on sandy-muddy sediments (textural group: 
lightly gravelly muddy sand) ( Table 2 ). In the inner zone, 
ne muddy fractions were considerably more abundant 
17.4%) than in the middle and outer zones located further 
rom the shore (11.3% and 11.7%, respectively). A similar 
attern was recorded in reference to the content of organic 
atter in the sediment ( Table 2 ). 

. Discussion 

he diversity of macroinvertebrates found in the lagoon’s 
eed stand was much higher (31 taxa) than that in the 
439 
pen water central part of the lagoon, where only 6 taxa 
ere reported ( Kornijów et al., 2021b ). It was, however, 
till much lower than in the littoral of freshwater ecosys- 
ems, where many other groups not found in the Vistula La- 
oon inhabit the sediments, e.g. Odonata, Ephemeroptera, 
richoptera, Ceratopogonidae, and Gastropoda ( Arnold and 
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Figure 5 Percent share of particular trophic groups in the total abundance of zoobenthos in the inner (I), middle (M), and outer 
zone (O). DETR — detritivores, CARN — carnivores, HERB — herbivores, OMNI — omnivores. Note: Y-axis truncated to 50—100% range 
for clarity. 

Figure 6 Density [ind. m 

−2 ] of the most abundant groups of zoobenthos in the middle zone in 2011 and 2013. The values are 
means for three sampling occasions. Whiskers denote Standard Error. 
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rmerod, 1997 ; Cardinale et al., 1998 ; James et al., 
998 ; Kornijów et al., 2010 ; Kornijów and Gulati, 1992 ; 
ychra et al., 2010 ; Yozzo and Osgood, 2013 ). The reason 
or this might be elevated salinity which adversely affects 
ome freshwater invertebrates ( Arnold and Ormerod, 1997 ; 
rucet et al., 2012 ; Kornijów et al., 2021a ). 
In both habitats of the lagoon, namely the littoral and 

pen waters, Tubificinae and chironomid larvae showed the 
ighest abundance. In the reed stand, Tubificinae were dom- 
nated by L. hoffmeisteri , like in the central part of the 
agoon. Potamothrix hammoniensis , very abundant in the 
entral part, barely marked its presence in the littoral. 
mong Chironomidae, the larvae of Glyptotendipes sp. were 
he most abundant in the littoral. As typical dwellers of 
ediments overgrown with vegetation ( Kornijów and Gu- 
440 
ati, 1992 ; Pinder, 1995 ), they were not present in the cen-
ral lagoon, where chironomid larvae were instead domi- 
ated by Chironomus balatonicus Devai, Wuelker & Scholl 
 Kornijów et al., 2021b ). Mean total density was compara- 
le (2 806—16 269 ind. m 

−2 in the central part vs. 4 165—15
10 ind. m 

−2 in the reed stand). Functional feeding groups 
ere dominated by detritus eaters in both habitats. 
In the inner littoral zone, the highest densities were 

eached by a tubificid L. hoffmeisteri and Chironomus sp. 
arvae, known for tolerating oxygen deficits and coexist- 
ng under such conditions ( Kornijów et al., 2021b ). A sig- 
ificant percentage of omnivores (mainly Gammarus sp.) 
nd herbivores also occurred. The latter were represented 
lmost exclusively by larvae of the root-piercing beetle 
onacia sp. 
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The mean density of reed stems in the analysed stand 
132—158 stems m 

−2 ) was within the mean range of val- 
es (60—250 stems m 

−2 ) reported from different wetland 
uropean habitats ( Haslam, 1973 ), and corresponded with 
he top determined values, e.g. in freshwater and brackish 
cosystems of the North America ( Meyerson et al., 2000 ). 
lthough the reed zones designated in the Vistula Lagoon 
ere separated by a short distance of approx. 10 m, they 
iffered remarkably in terms of habitat conditions. It par- 
icularly concerned afternoon water oxygenation the values 
f which were proportional to the distance from the shore- 
ine and ranged from 59% (5.4 mg dm 

−3 ) to 109% (9.5 mg 
m 

−3 ) ( Pawlikowski and Kornijów, 2019 ). 
The relationship between the oxygen conditions and 

he diversity and density of bottom fauna, regardless of 
he type of aquatic environment, is a generally known 
attern ( Berezina and Golubkov, 2008 ; Jacobsen, 2020 ; 
aasri et al., 2019 ; Verberk et al., 2011 ). It was also ev-
dent in our research. The highest diversity, density, and 
iomass were found in the middle zone, where oxygena- 
ion was clearly higher than in the inner near-shore zone. 
he exception was autumn, when the highest diversity was 
ound in the inner zone. It can be assumed that at low wa- 
er temperature and at plant density too low to impede wa- 
er circulation, the oxygenation conditions could be aligned 
cross the reed stand, and oxygenation might be no longer 
he structuring factor for the occurrence of some, at least 
ess oxygen-demanding taxa ( Warfe and Barmuta, 2004 ). A 
roportion of Amphipoda, known to be sensitive to hypoxia 
 Meijering, 1991 ), in the inner zone remained negligible in 
utumn. The larvae of Donacia sp. which rely on the plant 
or oxygen ( Houlihan, 1969 ) showed the highest biomass in 
he inner and middle zones, regardless of the season. 
Oxygen shortage can be partially compensated by the re- 

ease of oxygen by macrophyte roots ( Reddy et al., 1990 ; 
and-Jensen et al., 1982 ) that may support the development 
f some benthic macroinvertebrates ( Sagova-Mareckova and 
vet, 2002 ). The process, however, was probably insuffi- 
ient in the stand studied, particularly in summer under the 
onditions of increased temperature and drying out of the 
ottom. 
A characteristic feature of the littoral of freshwater 

cosystems with periodic hypoxia is the occurrence of a high 
umber of invertebrates that respire atmospheric oxygen, 
uch as pulmonate snails or beetles ( Dvorak, 1970 ). They 
ere, however, not present in the brackish waters of the 
istula Lagoon. 
Temporary oxygen shortage in shallow coastal Baltic wa- 

ers seems to be a common phenomenon not only in the 
eed stand. It can also be the result of the decomposition of 
rifting algal mats, leading to a strong depletion of benthic 
acrofauna ( Berezina and Golubkov, 2008; Conley et al., 
011 ). 
In the reed stand, a much higher content of organic mat- 

er in the sediments of the inner zone was not accompanied 
y the highest densities of all detritivores, with the excep- 
ion of L. hoffmeisteri and Chironomus sp. The probable 
eason was the astatic nature of this habitat, associated 
ith periodic drying, and the aforementioned strong fluc- 
uations in oxygenation with periodic hypoxia, favoured by 
he elevated content of sediment organic matter, and lim- 
441 
ted water exchange with the open water ( Cardinale et al., 
997 ; Dvorak, 1970 ; Pawlikowski and Kornijów, 2019 ). 
According to ̇Zbikowski et al. (2021) , the occurrence and 

ate of growth of L. hoffmeisteri may be determined by the 
ontent of the sand fraction with a diameter of 60—160 μm 

n mud. Swallowed by worms, it may accelerate digestion 
nd nutrient assimilation. Due to the different classification 
f sand grain size adopted in this paper, however, we could 
ot verify this theory. 
The relatively lowest total density and biomass, as well 

s the diversity of macroinvertebrates in the outer zone ad- 
acent to the well-oxygenated open water, could have re- 
ulted from predation pressure by fish migrating here by 
ay from the free water area in search for refugia from 

redators ( Macneil et al., 1999 ; Okun et al., 2005 ). An ad-
itional factor might be the instability of the habitat condi- 
ions due to the strong and frequent wave action that could 
ot damp by the vegetation sufficiently ( Kairesalo, 1983 ). 
nterestingly, we found no pattern in terms of distribution 
f invertebrate predators, as previously pointed out by e.g. 
vorak (1970) . 
In conclusion, with some minor exceptions, the pre- 

ented data support our hypothesis predicting the existence 
f a spatial variation pattern in the composition and distri- 
ution of macroinvertebrates in response to the changing 
onal habitat conditions within the reed stand. 
Our main research program lasted for one year. There- 

ore, in order to verify the long-term stability of the fauna 
omposition, we repeated the research two years later 
n the middle zone ( Pawlikowski and Kornijów, 2022 ). We 
ecorded a more than double increase in density, but the 
roportions between the main faunal components did not 
hange much. This suggests that while the density may fluc- 
uate from year to year, the specificity of the assemblage 
omposition remains relatively constant. Our results are 
enerally in agreement with Cardinale et al. (1998) , who 
laimed that distance from open water may be of primary 
mportance for the spatial distributions of macroinverte- 
rates throughout coastal emergent vegetation. 
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Abstract The contrast in habitat complexity between emergent (EMV) and submerged vege- 
tation (SUV) zones in aquatic ecosystems results from the differences in the structure of plant 
above- and belowground parts, subject to seasonal changes. Comparative studies on the in- 
fluence of habitat complexity created by vegetation on benthic macroinvertebrates in coastal 
areas are scarce. In order to fill this knowledge gap, we performed a study on a seasonal basis 
in the brackish Vistula Lagoon (southern Baltic Sea) in two zones: EMV, dominated by a dense 
belt of Phragmites australis (Cav.) Trin. ex Steud, and SUV, with scattered stands of Pota- 
mogeton perfoliatus L. We assumed the following: i. Species richness, diversity, and density of 
invertebrates are higher in the EMV zone due to greater and less seasonally variable structural 
complexity than in the SUV zone, ii. High belowground complexity in the EMV zone due to the 
presence of the rhizome/root matrix, much more robust and denser than in the SUV zone limits 
the vertical distribution of macroinvertebrates. Both hypotheses were supported. Overall, our 
results pointing to higher animal diversity and density in more complex aquatic habitats are 
consistent with other studies, inferred mostly from comparative surveys of bare bottom and 
that covered with submerged vegetation. The results of this study highlight potentially far- 
reaching implications for benthic invertebrate fauna and their role in the aquatic ecosystem 

in the context of increasingly rapid loss of aquatic vegetation due to multiple anthropogenic 
stressors. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

atterns in the spatial distribution of organisms, usually 
ffected by habitat complexity and resource availabil- 
ty, are among the fundamental questions in ecology 
 Levin, 1992 ). Structural complexity in freshwater and 
rackish ecosystems is the highest in the near-shore littoral 
one, designated by the presence of macrophytic vegeta- 
ion ( Meerhoff and González-Sagrario, 2021 ). In the coastal 
aters of temperate climate, aquatic plants are most com- 
only represented by two life forms, namely helophytes 
ith strong lignified structures, and more delicately built 
lodeids. Helophytes form a zone of emergent vegetation 
EMV) closer to the shoreline, while elodeids form a zone 
f submerged vegetation (SUV), usually, but not always, 
rowing deeper, beyond the EMV belt. The aboveground and 
elowground parts of plants, both elodeids and helophytes, 
lay a distinct role in the functioning of aquatic ecosystems. 
boveground structures provide feeding and reproductive 
ites, compete with phytoplankton for nutrients, alter 
utrient cycling, inhibit wave energy, regulate sedimenta- 
ion, and provide shelter from visually hunting predators 
uch as crustaceans and fish ( Carpenter and Lodge, 1986 ; 
eppesen et al., 1998 ; Phillips et al., 2016 ). The below- 
round structure stabilises bottom sediments, alters the 
ctivity of some burrowers ( Goshima and Peterson, 2012 ; 
eterson, 1982 ; Siebert and Branch, 2005 , 2007 ), and 
ediates predator-prey relationships ( Como et al., 2008 ; 
rth, 1977 ), influencing both the composition and density 
f benthic invertebrates ( Fredriksen et al., 2010 ; González- 
rtiz et al., 2016 ; Ságová-Mare čková, 2002 ). Moreover, 
hrough metabolic activity, it can have a significant effect 
n sediment chemistry ( Caffrey and Kemp, 1992 ; Kemp and 
urray, 1986 ) and interacts with bacterial metabolism 

 Donnelly and Herbert, 1999 ; Huang et al., 2020 ), poten- 
ially affecting zoobenthos within the rhizosphere ( Ságová
t al., 1993 ). 
The aboveground and belowground parts of elodeids and 

elophytes show certain differences. Helophyte stems are 
artially exposed to the air, while elodeid stems are entirely 
urrounded by water. Both helophytes and elodeids emerge 
n spring and die back in fall. While the shoots of the former, 
fter dying off, overwinter and protrude above the water 
urface for several months the following year, the shoots of 
he latter sink to the bottom in the autumn of the same year, 
nd are rapidly decomposed by shredders and microorgan- 
sms, and then transferred as energy to higher trophic lev- 
ls ( Pieczy ńska, 1993 ). Because of this difference, the habi- 
at conditions in EMV are assumed to be much more stable 
hroughout the year than in the SUV zone. 
Another difference is related to belowground structures. 

n the EMV zone, they comprise a well-developed anchor- 
ng system in the form of rhizomes and roots embedded 
n the sediments ( Weisner and Strand, 1996 ). Some plants 
rowing in the SUV zone often have rhizomes and roots as 
ell, but the organs are usually much more delicate and 
ot as densely packed in the sediment volume ( Boström and 
onsdorff, 2000 ; Fredriksen et al., 2010 ; Magni et al., 
017 ; Ozimek et al., 1976 ; Rodil et al., 2021 ; Wolfer and
traile, 2004 ). 
Such substantial differences between the zones in terms 

f the structure and function of the below- and aboveground 
2 
arts of plants should have implications for macroinverte- 
rate composition, diversity, and density, as well as their 
ifferent vertical distribution along the sediment profile. 
owever, comparative studies addressing this issue in the 
MV and SUV zones of coastal areas, are scarce. To draw 

ttention to these topics, we conducted research in the lit- 
oral of the Vistula Lagoon (southern Baltic Sea) in spring, 
ummer, and autumn. The study covered the emergent veg- 
tation zone in the form of a wide dense belt of reed Phrag-
ites australis (Cav.) Trin. ex Steud, and a zone of sub- 
erged vegetation with patches of Potamogeton perfolia- 

us L. Both plants are among the most common ones in the 
tudied lagoon ( Kornijów, 2018 ), and show broad global dis- 
ribution ( Kemp et al., 1986 ; Meyerson et al., 2016 ). The
esults presented in this study, although with some caution, 
an be therefore extrapolated to other aquatic ecosystems, 
t least in the temperate zone. We assumed the following: 

i. Taxonomic richness, diversity, and density of inverte- 
brates are higher in the EMV than in the SUV zone due 
to greater structural complexity in the former one. This 
should be particularly evident in autumn when the above- 
ground parts of the emergent vegetation reach their 
maximum density, and those of the submerged vegeta- 
tion disappear after dying off. 

i. High belowground complexity in the EMV zone due to the 
presence of the rhizome/root matrix, much more robust 
and denser than in the SUV zone limits the vertical dis- 
tribution of macroinvertebrates. 

. Material and methods 

.1. Study site 

he Vistula Lagoon is a brackish coastal lagoon in the south- 
rn part of the Baltic Sea, separated from the Gulf of 
da ńsk by the Vistula Spit ( Figure 1 ). The permanent hy-
rological connection between the Gulf of Gda ńsk and the 
agoon is provided by the Baltiysk Strait. The total area of 
he lagoon is 838 km 

2 . Its mean depth is 2.5 m, and its max-
mum depth is approximately 5 m. Salinity decreases from 

.5 at the Baltiysk Strait to < 1 at the western basin. No
ides occur in the lagoon, but daily water level fluctuations 
ue to strong winds may exceed 1 m. 
The research covered a fragment of the littoral on the 

outh-western shore of the lagoon (54 °20.02 ′ N, 19 °32.84 ′ E) 
ith plant communities typically developed in this area 

 Figure 1 ). Amongst and outside the large and homoge- 
ous stand of EMV, represented exclusively by Phragmites 
ustralis , patches of SUV with a diameter from 4 to 30 
etres occurred, mainly composed of Potamogeton perfo- 

iatus . Habitat conditions in this area were characterised 
n detail in Pawlikowski and Kornijów (2019) . The content 
f organic matter (measured as loss on ignition) in the 
oft sediments of the EMV zone was multiple times higher 
han in the sandy sediments of the SUV zone (3.1% and 
.4%, respectively). In summer, in the diurnal cycle, water 
aturation with oxygen varied more strongly in the EMV 
one (39%—152%) than in the SUV zone (110%—136%), with 
he lowest values in morning hours, and the highest in the 
vening. Aboveground plant structures appeared in the 
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Figure 1 Map of the studied littoral area. EMV — emergent vegetation zone, SUV — submerged vegetation zone. 
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eginning of May, and began dying off in September. Shoots 
f P. perfoliatus disappeared in October, while the majority 
f P. australis overwintered and gradually declined over 
he following year. The density of P. australis in the peak 
f the growing season reached 132 ± 35—138 ± 77 shoots 
 

−2 (SD; standard deviation), and that of P. perfoliatus was 
.3 ± 7.9—27.2 ± 9.8 shoots m 

−2 . Maximum mean solar 
adiation was much higher in the SUV zone (86.2—104.6 Wh 
 

−2 ) than under the canopies of EMV (4.7—6.6 Wh m 

−2 ) 
 Pawlikowski and Kornijów, 2019 ). 

.2. Field survey and laboratory analyses 

he material was collected in spring (May), summer (July), 
nd autumn (October) 2013, during two consecutive day 
ampling events. Zoobenthos was sampled from both the 
MV and SUV zones at a depth of 0.4—0.7 m by means of 
 transparent Plexiglas tube with a length of 1.2 m and a 
iameter of 6 cm. The corer was sharpened at the lower 
nd to facilitate penetration into the sediment. The sam- 
ler was pushed to a depth of 20 or 25 cm. The sampled 
ore was then divided into layers 0—2, 2—5, 5—10, 10—15, 
5—20, and 20—25 cm by means of a slicer equipped with 
 sub-sample holder and centimetre scale ( Kornijów, 2013 ). 
n the EMV zone, 8 samples (replicates) were collected and 
liced each time, and in the SUV zone 16 samples, in each 
one at places at least 2 m apart from each other. Cores with 
 length of more than 30 cm were sporadically collected 
or the purpose of verification of the occurrence of inver- 
3 
ebrates below 25 cm. Each sediment section was washed 
eparately through 0.3 mm mesh. Invertebrates were sorted 
ive in the lab by hand on a white tray filled with wa-
er, preserved in 4% formaldehyde buffered with di-Sodium 

etraborate, and identified to the lowest possible level. The 
rophic classification of invertebrates was adopted after 
aughn (1982) and Armitage (1995) . 
The determination of the grain size and chlorophyll a 

as a proxy of microalgae biomass) distribution along the 
ediment profile involved sampling additional cores in both 
ones in May 2013. The sediment cores were sliced the 
ame way as for benthos research and frozen. At the labo- 
atory, after defrosting the sediments were dried and man- 
ally ground in a mortar, and then sieved on a set of ge-
logical sieves with mesh of 2 mm, 1 mm, 0.5 mm, 0.25 
m, 0.125 mm, and 0.063 mm. The obtained data were 
rocessed with the application of GRADISTAT software ver- 
ion 8 ( Blott and Pye, 2001 ). Furthermore, frozen sediment 
lices were freeze-dried, and the obtained lyophilisates 
ere suspended in acetone. Chlorophyll a concentrations 
ere then determined by the fluorimetric method accord- 
ng to Evans et al. (1983) . 

.3. Data analyses 

e adopted two indices as a measure of taxonomic diver- 
ity in each habitat, namely the number of recorded taxa 
taxa richness — S) and the Shannon Diversity Index ( H’ ), cal- 
ulated with natural logarithm. We used rarefaction analy- 
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is ( Gotelli and Colwell, 2001 ; Gotelli and Graves, 1996 ) to 
ompare S and H’ among sites, using Species Diversity mod- 
le of EcoSim version 7.71 ( Gotelli and Entsminger, 2009 ). 
he rarefaction analysis compares both indices standardised 
y observed abundance (sample size). 
Multivariate methods were used to examine the similar- 

ty between macroinvertebrate groups in different littoral 
ones. The analyses were based on Bray-Curtis similarity 
atrices for square-root transformed abundance data. Non- 
etric multidimensional scaling (NMDS) and similarity over- 

ay were used for the visualisation of the similarity of the 
tructure of animal communities. A one-way ANOSIM was 
pplied to test the null hypothesis of lack of differences in 
enthic communities between the zones. The identification 
f taxa responsible for the differences between the zones 
mployed Similarity Percentage Analysis (SIMPER). All these 
nalyses were carried out using PRIMER 6 version 6.1.15 
ackage ( PRIMER-E Ltd, 2007 ). 
Due to unequal variances or non-normal distribution, the 

ollowing non-parametric statistics were applied: 

• Friedman test (Chi-Square) was applied for the determi- 
nation of the effect of sediment depth on the density of 
fauna. The results of Friedman analyses is presented in 
Table 3 . 

• Kruskal-Wallis (K-W, H MAY , H JULY , H OCTOBER ) test was ap- 
plied for the determination of the effect of the zones 
on the density of fauna. 

Kruskal-Wallis and Friedman tests were performed by 
eans of Statistica 10 software ( StatSoft Inc, 2011 ). 

. Results 

.1. Diversity and density of macroinvertebrates 

he occurrence of 27 taxa was recorded, belonging to Nai- 
idae, Polychaeta, Hirudinea, Gammaridae, Chrysomelidae 
nd Chironomidae ( Table 1 ). In majority, they belonged to 
etritivores, accounting for more than 92% of the fauna 
bundance. 
During each sampling event, the total number of taxa (S) 

as much higher in the EMV than in the SUV zone ( Table 2 ).
ccording to the analysis of rarefaction, however, these 
ifferences were significant only in October, when struc- 
ural differences between the habitats were the greatest 
 Figure 2 ). Values of Shannon Diversity Index ( H’ ) proved 
igher in the EMV zone in each studied month ( Table 2 , 
igure 2 ). 
Most taxa reached higher densities in the EMV zone. The 

xception was Marenzelleria spp., occurring only in the EMV 
one. In consequence, mean total densities of macroinver- 
ebrates in each studied month were significantly higher in 
he EMV zone, and were not affected by season in either of 
he zones (K-W tests: H MAY (n = 24, df = 1) = 13; p < 0.001;
 JULY (n = 23, df = 1) = 14; p < 0.001; H OCTOBER (n = 18,
f = 1) = 13; p < 0.001) ( Figure 3 ). 
NMDS ordination evidenced a separation between EMV 

nd SUV zones, with 83.5% dissimilarity ( Figure 4 ) resulting 
rom SIMPER analysis. This finding was further supported by 
he ANOSIM analysis that pointed to significant differences 
4 
etween the zones (R = 0.658, p = 0.001). SIMPER analysis 
dentified taxa that contributed the most to the differen- 
iation between the two zones. They included: Limnodrilus 
laparedianus (19.0%), L. hoffmeisteri (16.0%), Chironomus 
p. (14.2%), Potamothrix hammoniensis (11.7%), Glypto- 
endipes sp. (9.6%), Limnodrilus profundicola (6.3%), and 
arenzelleria spp. (5.3%). Average similarity within the EMV 
as higher (55.8%) than within SUV (42.9%). 

.2. Vertical distribution of macroinvertebrates 

n the SUV zone, in all studied months, the sediments were 
nhabited to a depth between 15 and 20 cm. In the EMV 
one, in spring and summer, fauna occurred shallower, to 
 depth of 10—15 cm, and it was found as deep as in
he SUV zone only in autumn (15—20 cm) ( Figure 5 ). The
eepest burrowers included: Tubificinae, Chironomus sp., 
nd Marenzelleria spp. Among the dominant Tubificinae, 
imnodrilus spp. burrowed at least twice deeper (up to 15—
0 cm) than Potamothrix hammoniensis and Psammoryc- 
ides barbatus . 
The relative density of taxa clearly changed with sed- 

ment depth ( Figure 5 ). It was particularly evident in the 
UV zone, where the percentage of Marenzelleria spp. in- 
reased with depth. Total density changed with sediment 
epth (Friedman tests results in Table 3 ). In both zones and 
n each studied month, the densities were the highest in 
he near-surface layers, and gradually decreased with depth 
 Figure 6 ). 

.3. Characteristics of bottom sediments 

ediment in the EMV and SUV zones differed in terms of 
rain size composition ( Figure 7 ). The EMV zone was domi- 
ated by silt and very coarse silt up to a depth of 10—15 cm.
he proportion of sandy fractions increased with depth. In 
he SUV zone, the situation was the opposite — sandy frac- 
ions dominated up to 2—5 cm, and the proportion of silty 
ractions increased gradually below that depth. 
The vertical distribution of chlorophyll a in the sediment 

n both zones was similar, with a strongly marked maximum 

n the surface layer 0—2 cm, and evidently lower concen- 
rations deeper ( Figure 8 ). The greatest differences were 
ound in the surface layer, where chlorophyll concentration 
as almost three times higher in the SUV than in the EMV 
one. 

. Discussion 

.1. Diversity and density of macroinvertebrates 

he taxa richness of benthic macroinvertebrates (27 taxa) 
n the studied habitat zones was at least twice as high as 
hat in the unvegetated homogenous central part of the la- 
oon, where only 6 taxa were recorded ( Kornijów et al., 
021b ). The taxa richness found in this study can still be 
onsidered relatively low, e.g. in comparison with lakes 
 Kornijów and Gulati, 1992 ; Wolnomiejski and Furyk, 1968 ). 
t can be attributed to brackish conditions that are poorly 
olerated by many freshwater species ( Brucet et al., 2012 ; 
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Table 1 Density of benthic macroinvertebrates [ind. m 

−2 ] in the submerged (SUV) and emergent vegetation zone (EMV). DETR 
— detritivores, CARN — carnivores, HERB — herbivores, OMNI — omnivores. Mean values for sampling occasions ± SE (Standard 
Error). 

Taxa Trophic 
group 

SUV EMV 

CLITELLATA, NAIDIDAE 

TUBIFICINAE 
n. det. without hair chaetae 
(juvenile or damaged), probably 
Limnodrilus sp. 

DETR 1390 ± 222 14,793 ± 1 458 

n. det. with hair chaetae (juvenile 
or damaged), probably: Tubifex 
sp. , Potamothrix sp., 
Psammoryctides sp. 

DETR 33 ± 20 2168 ± 414 

Limnodrilus hoffmeisteri Clapar. DETR 271 ± 85 1338 ± 297 
L. claparedianus Ratz. DETR 0 1553 ± 351 
L. profundicola (Verill) DETR 41 ± 21 308 ± 116 
Potamothrix hammoniensis 
(Mich.) 

DETR 0 62 ± 29 

P. moldaviensis Vejd. DETR 33 ± 16 0 
Tubificoides heterochaetus (Mich.) DETR 8 ± 8 0 
Psammoryctides barbatus (Grube) DETR 0 15 ± 15 
Clitellio arenarius (Müller) DETR 0 15 ± 15 

NAIDINAE 

Stylaria lacustris (Linné.) HERB 0 861 ± 445 
Nais elinguis Müller HERB 8 ± 8 0 
Naidinae n. det. HERB 132 ± 68 46 ± 34 

TOTAL Naididae 1916 ± 275 21,159 ± 2 158 

INSECTA, CHIRONOMIDAE 

Chironomus sp. DETR 8 ± 8 3106 ± 478 
Glyptotendipes sp. DETR 8 ± 8 2353 ± 523 
Dicrotendipes sp. DETR 8 ± 8 200 ± 117 
Polypedilum nubeculosum Mg. DETR 8 ± 8 185 ± 70 
P. scalaneum (Schr.) DETR 0 15 ± 15 
Polypedilum sp. DETR 0 15 ± 15 
Paratanytarsus austriacus (Kieff.) DETR 16 ± 11 15 ± 15 
Microchironomus tener (Kieff.) DETR 0 62 ± 62 
Tanytarsini n. det. DETR 0 15 ± 15 
Parachironomus varus (Goetgh.) CARN 8 ± 8 31 ± 21 
Cryptochironomus sp. CARN 33 ± 20 215 ± 101 
Procladius sp. CARN 0 77 ± 38 

TOTAL Chironomidae 90 ± 31 6289 ± 793 

INSECTA, CHRYSOMELIDAE 

Donacia sp. HERB 0 123 ± 42 
MALACOSTRACA 

Gammaridae n. det. (probably: 
G. tigrinus, G. duebeni ) 

OMNI 0 692 ± 326 

POLYCHAETA 
Marenzelleria spp. DETR 535 ± 80 15 ± 15 

CLITELLATA, HIRUDINEA 

Helobdella stagnalis (L.) CARN 0 15 ± 15 
Hirudinea n. det. CARN 8 ± 8 15 ± 15 

TOTAL DENSITY 2550 ± 288 28,310 ± 2 667 

5 
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Figure 2 Comparison of species richness and values of the Shannon Diversity Index of macroinvertebrates between the EMV and 
SUV zones. Overlapping 95%-confidence areas at the end point of the curves, indicates lack of significant differences between 
species richness. 
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ornijów et al., 2021a ; Mrozi ńska et al., 2021 ; Vidal et al.,
021 ). 
The studied zones highly differed in taxa richness, in 

avour of EMV. The differences, however, were statisti- 
ally significant only in autumn, when the aboveground 
hoots in the EMV zone reached their maximum density, 
hile in the SUV zone they died off and finally disappeared 

 Pawlikowski and Kornijów, 2019 ). This result emphasises 
he positive effect of the habitat complexity created by 
boveground plant structures on the macroinvertebrate 
pecies richness. This is in line with the results of other 
tudies ( González-Ortiz et al., 2014 , 2016 ; Takamura et al., 
009 ). This impact was even more pronounced for the Shan- 
6 
on Diversity Index, with values significantly higher in EMV 
n each of the months studied, regardless of the differ- 
nce in the seasonal pattern of development of above- 
round plant structures between the zones. The effect of 
he structural complexity caused by vegetation on infauna 
ichness is probably indirect, for example resulting from in- 
reased deposition of detritus and reduced efficiency of pre- 
ation (Como et al., 2008; Diehl and Kornijów, 1998; Web- 
ter et al., 1998) . 
Trophic groups in both zones were entirely dominated 

y detritivores, represented mostly by oligochaetes, chi- 
onomid larvae, and a non-native polychaete Marenzelle- 
ia spp. Among considerably less numerous herbivores, only 
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Table 2 Species richness (S) and Shannon Diversity In- 
dex ( H’ ) values of benthic macroinvertebrates in the sub- 
merged (SUV) and emergent vegetation (EMV) zones. 

S H’ 

SUV EMV SUV EMV 

May 10 20 1.3 2.0 
July 9 16 1.2 1.9 
October 5 12 1.1 1.7 

D
T
r
t
(
N
b
f
w

s
M
w

Figure 3 Total density [ind. m 

−2 ± SE] of macroinvertebrates 
in the submerged (SUV) and emergent vegetation zone (EMV). 

i
s
T
1
fl
to better food conditions for macroinvertebrates domi- 

F
m

onacia sp. larvae are typical inhabitants of the sediments. 
heir occurrence is associated with the presence of plant 
hizomes/roots ( Wolnomiejski and Furyk, 1968 ) from the 
issues of which they obtain food and air for breathing 
 Hoffman, 1940 ). The remaining herbivore taxa from the 
aidinae group belong to epiphytic fauna that could have 
een included in benthic samples incidentally, together with 
ragments of plants, or as a result of dislodging during strong 
aving. 
The majority of taxa reached considerably higher den- 

ities in the more complex EMV zone. The exception was 
arenzelleria spp., much more numerous in the SUV zone 
ith scattered stands of Potamogeton perfoliatus . This 
igure 4 Non-metric multidimensional scaling (NMDS) plot based 
acroinvertebrate abundance in the EMV and SUV zones. 

Table 3 Friedman tests (Chi-Square) results of the effect of sed
and emergent vegetation (EMV) zones. 

SUV 

May Chi-Square (n = 16, df = 5) = 53; p < 0.0
July Chi-Square (n = 16, df = 4) = 17; p < 0.0
October Chi-Square (n = 10, df = 5) = 28; p < 0.0

7 
s in line with the observation by Janas and Kendzier- 
ka (2014) that this polychaete avoids vegetated areas. 
he total density in each studied season was approximately 
0 times higher in the EMV zone, a difference that re- 
ected the concentration of organic matter, and pointed 
on Bray-Curtis similarity matrices calculated from the data on 

iment depth on the density of fauna in the submerged (SUV) 

EMV 

5 Chi-Square (n = 6, df = 5) = 28; p < 0.05 
5 Chi-Square (n = 6, df = 5) = 29; p < 0.05 
5 Chi-Square (n = 6, df = 5) = 24; p < 0.05 
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Figure 5 Relative density of dominating detritivores in the vertical sediment profile in the submerged vegetation zone (SUV) and 
emergent vegetation zone (EMV). 
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ated by detritivores. It is believed that food sufficiency 
romotes both high abundance and coexistence of var- 
ous species with similar food requirements, leading to 
igh diversity ( Kangur et al., 1998 ; Kornijów et al., 2021b ; 
hitlatch, 1980 ; Wolnomiejski, 1994 ). 
Next to food conditions, wave action could be another 

actor influencing the fauna density ( James et al., 1998 ). 
ave energy in the littoral of the Vistula Lagoon was effec- 
ively attenuated by the dense reed belt (EMV), but not by 
he scattered stands of the pondweed (SUV). This translated 
nto different spatial variability of physicochemical factors 
n the two zones ( Pawlikowski and Kornijów, 2019 ). Under 
ydraulic stress in the SUV, deep burrowers Annelida (Tubi- 
cinae and Polychaeta) and Chironomus sp. larvae were 
8 
ominant. A much higher percentage of various chirono- 
id larvae, including several small and shallow-burrowing 
pecies, was recorded inside the reeds ( Table 1 ). This agrees 
ith observations made by González-Ortiz et al. (2016) that 
mall organisms may be able to move easily through the rhi- 
osphere mat (and grow there more protected), while the 
ize of the belowground mesh may play a role in impeding 
he burrowing of larger organisms. 
An important factor affecting the faunal composition 

nd density could be fish predation, arguably greater in 
he SUV zone, particularly in spring and fall when the bot- 
om is devoid of aboveground structures and therefore ef- 
ective refugia ( Diehl and Kornijów, 1998 ; Van de Bund 
nd Groenendijk, 1994 ). Potential preys eagerly eaten by 
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Figure 6 Total density of zoobenthos [ind. dm 

−3 ± SE] in the vertical profile of bottom sediments in the submerged vegetation 
zone (SUV) and emergent vegetation zone (EMV). 
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sh included Gammaridae ( Gonzalez and Burkart, 2004 ; 
olomuzki and Hoyle, 1990 ), relatively numerous in the EMV 
one and absent in SUV. It is worth emphasising a greater 
epth of burrowing in the less complex SUV habitat that 
ay also be a response to fish predation under conditions 
f insufficient refugia ( Kornijów and Moss, 1998 ). 
No effect of the season on total faunal density was ob- 

erved in any of the zones. This can be convincingly ex- 
lained in the EMV zone, where both below- and above- 
round plant structures were present throughout the year, 
nd the habitat complexity appeared unchanged. In the SUV 
one, however, the complexity strongly fluctuated season- 
lly with the development/decay of plant canopies. 
The differences in taxa richness, density, and percentage 

f taxa were reflected by the NMDS ordination model that 
howed the highest similarities within sites and therefore 
9 
rouped the fauna assemblages according to the two differ- 
nt habitats: EMV and SUV. Tubificinae, the most numerous 
hironomidae larvae, and Marenzelleria spp. were the taxa 
hat contributed the most to the differentiation between 
he EMV and SUV zones, while also indicating their habitat 
references. 

.2. Vertical distribution of macroinvertebrates 

he micro-distribution of aquatic invertebrates along the 
ediment profile is essential for understanding many 
cological issues such as community dynamics, compe- 
ition, resource partitioning ( Kornijów et al., 2021b ; 
hitlatch, 1980 ), bioturbation ( Kristensen et al., 2012 ; 
ermillod-Blondin, 2011 ), and prey-predator interac- 
ions ( Kornijów, 1997 ; Persson and Svensson, 2006 ; 
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Figure 7 Grain size distribution of bottom sediments in the submerged vegetation zone (SUV) and emergent vegetation zone 
(EMV). 

Figure 8 Changes in chlorophyll a concentration [mg m 

−3 ] along the sediment profile of the submerged (SUV) and emergent 
vegetation zone (EMV). 

T
I
w
i
s
b
p
B
t
a
W
a
c
l
T
K
g

s
p
u
s
e
2  

d
e

v
m
d
b  

c
l
z
t
l
(
S
m

b
m
h
s
c
O
O  

s
u
v
a
t
e

ouhami et al., 2018 ; Van de Bund and Groenendijk, 1994 ). 
n both zones, the taxa richness of macroinvertebrates, as 
ell as their density decreased with sediment depth, which 
s a known pattern ( Cardoso et al., 2010 ; Kajak and Du- 
oge, 1971 ). For the vertical distribution of the deepest 
urrowing Chironomus sp. larvae, known as a surface de- 
osit and filter-feeder ( Kornijów et al., 2021b ; Mermillod- 
londin, 2011 ), an essential driver could be the concentra- 
ion of chlorophyll a, measured as a proxy of algal presence 
nd nutritive value of the substrate ( Kajak, 1988 ; Kajak and 
arda, 1970 ; Lellak, 1965 ; Rodil et al., 2008 ), decreasing 
long the sediment profile ( Fig. 8 ). Since the highest con- 
entrations of chlorophyll a occur in the upper sediment 
ayers, this variable might have been less important for 
ubificinae which are deep deposit feeders ( Davis, 1974 ; 
ornijów et al., 2021b ; Milbrink, 1973 ; Newrkla and Wije- 
oonawardana, 1987 ). 
As expected, invertebrates most frequently burrowed 

ediments deeper (up to 15—20 cm) in the SUV zone with 
oorly developed root systems than in the EMV zone (mostly 
p to 10—15 cm) with a dense three-dimensional rhizo- 
phere/root matrix. In sandy littoral sediments without veg- 
tation, zoobenthos can occur even deeper, down to 20—
5 cm ( Rodil et al., 2008 ). It can be found at the same
epth in soft sediments without vegetation in lagoons and 
stuaries ( Dauer et al., 1987 ; Kornijów et al., 2021b ). The 
10 
ertical distribution of zoobenthos in reed-covered sedi- 
ents is much less known. Few studies have been con- 
ucted, only in lakes, and they indicate relatively shallow 

urrowing in reed beds to a depth of 15 cm, like in the
urrent study ( Wolnomiejski and Furyk, 1968 ). This shal- 
ower burial is probably related to the densely packed rhi- 
osphere/root matrix produced by the reeds. It stabilises 
he sediments, and according to several authors, they may 
imit their penetration, especially by larger invertebrates 
 González-Ortiz et al., 2016 ; Goshima and Peterson, 2012 ; 
iebert and Branch, 2005 ), letting through smaller ones as 
entioned above. 
Seasonal changes in the relative density of macroinverte- 

rate communities along the sediment profile were clearly 
arked only in the EMV zone, despite its relatively stable 
abitat complexity across seasons, including belowground 
tructures. Their importance for structuring the infaunal 
ommunity has been emphasised in many studies ( González- 
rtiz et al., 2014 , 2016 ; Goshima and Peterson, 2012 ; 
rth, 1977 ; Siebert and Branch, 2005 ). In the SUV zone, the
hare of taxa in the total density along the sediment profile 
nderwent no major seasonal changes (considerable depth 
ariations only occurred in the case of Limnodrilus spp.), 
lthough the seasonal dynamics of aboveground struc- 
ures and therefore changes in habitat complexity were 
vident. 
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. Conclusions 

n conclusion, according to our hypotheses, diversity and 
ensity of invertebrate communities were higher in the 
MV zone, more complex and more stable throughout the 
ear, than in SUV, less complex and subject to strong 
easonal changes. Moreover, macroinvertebrates burrowed 
eed-covered sediments to lower depths. Our two hypothe- 
es were therefore supported. 
Overall, our results are consistent with those of other 

eld and experimental studies that showed a positive re- 
ationship between habitat complexity and macroinverte- 
rate diversity and density ( Boström and Bonsdorff, 1997 ; 
omo et al., 2008 ; González-Ortiz et al., 2016 ; Magni et al., 
017 ; Sueiro et al., 2011 ). Different results applied only 
o selected characteristics (diversity or density), and were 
arely reported ( Fredriksen et al., 2010 ; Sueiro et al., 2011 ). 
ll these studies involved a comparison between macroin- 
ertebrate communities inhabiting the bare bottom and 
hat covered by submerged vegetation. This study shows 
hat the pattern of a generally positive relationship be- 
ween habitat complexity and faunal diversity and density 
s also valid when comparing two littoral zones colonised 
y different forms of plant life. Comparative surveys of the 
enthos inhabiting the two zones in coastal lagoons are lack- 
ng. The results of the scarce studies conducted in lake en- 
ironments ( Kornijów and Gulati, 1992 ) are consistent with 
hose presented here. 
The results of the present study indicate a significant de- 

endence of benthic macroinvertebrates on macrophytes 
ith different structures and seasonal patterns, depend- 
ng on the vegetation type/life form. In this context, the 
ncreasingly rapid loss of aquatic vegetation due to mul- 
iple stressors such as eutrophication, land reclamation, 
nd global climate change ( Ostendorp, 1989 ; Zhang et al., 
017 ) can have potentially far-reaching consequences for 
he entire ecosystem ( Liu et al., 2018 ; Morris et al., 2003 ;
hillips et al., 2016 ), including the diversity and function- 
ng of the benthic system together with its invertebrate in- 
abitants. The latter aspect has received little attention in 
he hydrobiological literature to date ( Boström and Bons- 
orff, 2000 ; Fredriksen et al., 2010 , Rodil et al. 2021 ). 
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