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Anotace:

ASTAPENKOVA, A. Hdlky zelenu$ek rodu Lipara (Diptera: Chloropidae) jako hnizdisté
Zahadlovych blanokridlych (Hymenoptera: Aculeata). Hradec Kralové, 2017. Dizertacni
prace na Piirodovédecké fakulté Univerzity Hradec Kralové. Vedouci dizertacni prace

Petr Bogusch, 33 s.

Cilem této prace bylo studium zahadlovych blanokridlych hnizdicich v halkach
zelenuSek rodu Lipara na rakosu obecném. Timto vyzkumem se zabyvame od roku 2013
dosud. V ramci tohoto projektu byly zpracovany seznamy druht vyuzivajicich tyto halky
jako hnizdni dutiny se zaméienim na specializaci konkrétnich druht na halky a rtizné
typy mokiadli (napt. prirozené rakosiny v mokradnich rezervacich versus rakosiny
na post-industridlnich stanovistich). Celkem bylo zaznamenano 46 druha Zahadlovych
blanokridlych asociovanych s rakosovymi halky, z nichz 37 druhid vyuziva tyto halky
k hnizdéni, dale bylo zjiSténo Sest parazitoidi z ¢eledi Chrysididae a tii kukacci vcely
rodu Stelis. NejdominantnéjSim zaznamenanym druhem v halkach byl stopcik
Pemphredon fabricii, ktery se na hnizdéni v halkach specializuje. U tohoto druhu byl
popsan novy typ progresivniho krmeni larev a byly zjistény hlavni druhy plisni, které
zplisobuji thyn larev tohoto i dalSich druht. Dale byla popsana struktura hnizd u 13
druhti zahadlovych blanokiidlych a byl zhotoven popis 16 maturnich larev zahadlovych
blanokiidlych a také larvy parazitické Cernule Thyridanthrax fenestratus. Byl sestaven
seznam druht bezobratlych zZivocich(, zejména hmyzu, ktefi vyuzivaji rakosové halky

jako zdroj potravy, hnizdisté, dkryt ¢i jako misto pro preckani nepriznivych podminek.

Kli¢ova slova:

diverzita, bioindikace, maskonoska Hylaeus pectoralis, hnizdni kleptoparazit, Penicillium

buchwaldii



Annotation:

ASTAPENKOVA, A. Cigar galls of Lipara (Diptera: Chloropidae) flies as nest sites of
aculeate Hymenoptera (Hymenoptera: Aculeata). Hradec Kralové 2017. Dissertation at
Faculty of Science University of Hradec Kralové. Dissertation Supervisor Petr Bogusch,

33 p.

The aim of this study were aculeate Hymenoptera nesting in cigar galls of Lipara flies
on common reed. We are working on this project from the year 2013 till now. Within
this project, list of all species using these galls as nest cavities was prepared and
specialization of every species was evaluated. Also the difference between inhabiting
of natural reed beds in wetland reservation versus reed beds in post-industrial sites was
evaluated. Forty six species of Hymenoptera: Aculeata are known to be associated with
reed galls, of which 37 make their nests there, and the other are six parasitoids of the
family Chrysididae and three cuckoo bees of the genus Stelis. The most dominant species
recorded was crabronid wasp Pemphredon fabricii, the specialist on nesting in reed galls.
We have described new type of progressive provisioning as typical parental behaviour
of this species and also the main fungal species with significant negative effect on its
brood. The nest structure of 13 species was recorded and also the description of mature
larvae of 16 species and one parasitic fly Thyridanthrax fenestratus was described.
The list of all invertebrate species, particularly the insect species, using the cigar galls

for food source, nest site, shelter or place for overwintering was compiled.

Key words:

diversity, bioindication, Hylaeus pectoralis, nest cleptoparasite, Penicillium buchwaldii
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1 UVOD

Uvod ktéto dizerta¢ni praci obsahuje re$er$i o druzich bezobratlych v rakosovych
halkach zelenusek rodu Lipara se zamérenim na Zahadlové blanokridlé, ktefi tyto halky
vyuzivaji k hnizdéni. Uvodni re$er$e je vycerpavaji, ale nejsou v ni podrobné opakovany

detailni informace, které jsou obsaZené v priloZenych c¢lancich.

Teoreticka ¢ast zahrnuje 6 podkapitol. Prvni kapitola shrnuje zakladni a obecné

informace o halkach, jejich charakteru a ptivodcich, se zamérenim na hmyz.

Ve druhé kapitole jsou uvedeny druhy zelenuSek vyskytujici se na nasem uUzemi,
a jsou komentovany rozdily mezi dospélci a rozdily mezi halkami, které tyto zelenusky
vytvareji. Je zminéno, které zhdlek jsou vhodné pro hnizdéni Zahadlovych

blanokridlych.

Dalsi kapitola shrnuje vyuzivani rakosovych halek bezobratlymi Zivocichy, zejména
hmyzem. Halky slouzi jako zdroj potravy, ukryt, hnizdisté, misto pro pirezimovani ci
pireckani nepriznivych podminek. Halkovi inkvilini slouzi jako hostitelé pro parazitoidy
¢i hnizdni kleptoparazity. Tato kapitola prinasi i informace o nejpocetnéjsich druzich

bezobratlych, které v halkach najdeme.

Dalsi kapitola predstavuje vSechny druhy Zahadlovych blanokiidlych, kteri halky
vyuzivaji k hnizdéni ¢i k parazitaci. Tyto druhy jsou rozdéleny na specialisty na rakosové
halky, mokradni druhy, které rakosové halky vyuzivaji pouze prilezitostné,
a vSudypritomné druhy, které hnizd{ v rozli¢nych typech dutin vcetné rakosovych halek.

V kapitole jsou uvedeny i nékteré zajimavosti z vysledki nasich prizkumi.

V posledni kapitole je uveden vyznam téchto druhli vyuzivajicich rakosové halky
v ochrané prirody. Vramci naseho vyzkumu se vénujeme ochranaifskym aspektiim,
které souvisi s mokiadnimi druhy Zahadlovych blanoktidlych, proto je zde tato kapitola

zafazena.

K praci je prilozeno Sest ¢lanki publikovanych v ¢asopisech s impakt faktorem, z toho
pét vyslych a jeden prijaty (accepted). Clanek Heneberg et al. (2014): Biological
Conservation zahrnuje vysledky sbéru halek z 15 prirozenych a 15 post-industrialnich
stanovist, které byly umistény do specidlnich lihiiovych pytli, vynalezenych k tomuto

studiu. Vletnim obdobi byly na studované lokality umistény barevné misky. Timto



vyzkumem bylo zjisténo 183 druhti vcel a vos vazanych na rakosiny a rakosové halky,
znichz 14 druhi lze povaZovat za halkové inkviliny. Vysledky studie ukazuji na to, Ze
prirozené rybni¢ni rakosiny jsou druhové chudsi, jak co se tyka poctu druhti hnizdicich
v halkach, tak poc¢tu druhti celkové. Najdeme zde vSak nékteré specializované mokiadni

druhy, které jsou na post-industrialnich stanovistich velmi vzacné nebo tam chybi.

halek, které byly ziskany v zimnim obdobi z 34 lokalit Sesti zemi stfedni Evropy.
Na kaZdé lokalité bylo sebrano 500 halek, z nichZ 200 bylo podélné rozstriZeno, a zbytek
se ponechal vylihnuti. Uvddime podrobné popisy hnizd sedmi dominantnich druht
a popisy maturnich larev u ¢ty druhi zahadlovych blanokiidlych a dvou parazitoidi

z rakosovych halek.

Clanek Heneberg et al. (2016): Journal of Invertebrate Pathology shrnuje vysledky
studia 5 200 jedinctl (12 druh(i) maturnich larev zahadlovych blanoktidlych nebo jejich
parazitoidl z rakosovych halek sebranych na 34 lokalitach stiedni Evropy. Zaznamenali
jsme plisfiové porosty na exoskeletonu 83 larev a kukel. Ur¢ili jsme tfi druhy plisni:
Penicillium buchwaldii (72 % pripad), Aspergillus pseudoglaucus (22 %) a Penicillium
quebecense (6 %), které maji negativni dopad na larvy studovanych druht Zahadlovych
blanokiidlych. U vSech téchto druhli nebylo zatim popsano entomopatogenni chovani,

nasSe studie je tedy prvni, ktera to prokazala.

Clanek Bogusch et al. (2016): Biodiversity Conservation rozli$uje moznosti vyuziti
rakosovych halek bezobratlymi Zivocichy, zejména hmyzem. Analyzovali jsme
spolecenstvi bezobratlych z 17 791 halek zelenusek rodu Lipara ziskanych v zimnich
mésicich na 30 lokalitich Ceské republiky (15 prirozenych rakosin a 15 post-
industridlnich). Zaznamenali jsme 18 druhii z ¢erveného seznamu a ¢tyti nové druhy pro
Ceskou republiku. V halkach byli zaznamenani predev$im pavouci, plostice, brouci,
blanokiidli a dvoukiidli, ale v malém mnozZstvi i zastupci chvostoskokli a nékterych
dal$ich hmyzich rada. Vysledky ukazuji podobné jako ¢lanek Heneberg et al. (2014) pro
Zahadlové blanokiidlé, prirozena stanovisté jsou druhové chudsi, ale obohacena

o specializované, citlivé druhy.

Clanek Astapenkova et al. (2017): PLoS ONE shrnuje vysledky studia 20 704
rakosovych halek, ze kterych 9 446 bylo podélné rozstrizeno a zbylych 11 258 halek
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bylo ponechano vylihnuti ve specialnich lihnovych pytlich v laboratornich podminkach.

Zaznamenali jsme osm druhl Zahadlovych blanokridlych, ktefi dosud nebyli

vvvvv

vvvvv

vvvvv

o nejdominantnéjsi kutilce Pemphredon fabricii hnizdici v rakosovych halkach zelenusSek
rodu Lipara. Je zjiSténo, Ze tato kutilka ma dvé generace za rok, je podrobné popsano
chovani hnizdici samice, kterd v halce nevytvaii plodové komirky namisto toho
halkovou dutinu vyplni paralyzovanymi mSicemi. Je popsany novy typ progresivniho
krmeni larev u tohoto druhu, a také analyzovano spektrum druhti msic, kterym jsou
krmeny larvy. Studie prinasi informace o vSech znamych parazitech a predatorech larev

této kutilky.
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2 TEORETICKA CAST

2.1 Halky a halkotvorné organizmy

Halky (cecidie) jsou definované jako patologicky vyvinuté bunky, pletiva nebo organy
rostliny, které vznikly hypertrofii (zvétSenim bunécné velikosti) anebo hyperplazii
(zmnoZenim poctu bunék) jako vysledek stimulace ciziho organizmu (Gullan & Cranston
2010). Habitus halky je specificky pro ptivodce. Halky mohou byt indukované viry,
bakteriemi, houbami, hlisticemi, roztoci, avSak nejcastéji hmyzem (Gullan & Cranston

2010, Skuhrava & Skuhravy 2010).

Halky jsou atypické rostlinné novotvary, které slouzi jako zdroj potravy, ukryt
aochrana pro halkotvorny hmyz (Shorthouse et al. 2005, Kristek & Urban 2013).
Halkotvorny hmyz pomoci chemickych stimulli méni rostlinnou morfologii a fyziologii
ke svému prospéchu (Sopow et al. 2003). Podnécuje buiiky rostlinného pletiva
k mnoZeni a napadené bunky zvétsuji sviij objem (Skuhrava & Skuhravy 2010). Vznik
a charakter halky je rozlicny u riznych pavodct. Halky vytvorené zlabatkou riizovou
(Diplolepis rosae) vyrustaji nejcastéji na listu, na Fapiku nebo na mladém vyhonu, jsou
porostlé dlouhymi, bohaté rozvétvenymi zelenavymi, Cervenavymi nebo Zlutavymi
chlupy. Zhalky casto vyCnivaji nezménéné nebo jen mirné pozménéné listy
(Zahradnik 1987). Formovani halky vytvorené zelenuSkou Lipara lucens za¢ina Zirem
larvy na zbytcich listi, mimo vlastni vyvijejici se halku. BEhem riistu halky je zastaveno
prodluzovani internodli. Vnitini parenchym halky slouzi jako vyzivujici pletivo
pro larvu. Pletivo se cylindricky obtoci okolo halkové dutiny, ktera se trojnasobné zvétsi.
KdyZ je halka kompletni, larva se prokouse skrz rlstovy vrchol a vstoupi do halkové
dutiny, kde se Zivi nutritivnim pletivem. V tento moment zacina sklerenchymaticky
proces za vzniku extrémné tvrdé halky (Nartshuk & Andersson 2013).
Tvrda sklerenchymaticka pletiva chrani larvu pred predatory a parazitoidy

(Vavienova 2015). Vysledna halka brani rostliné v kveteni (Else 1995).

Halkotvorné organizmy tvori halky na vSech castech rostlin: na korenech, stoncich,
listech, kvétnich i listovych pupenech, kvétenstvich, plodech i semenech. Halkotvorny
hmyz vyhledava hlavné mladé rostliny a rtstové vrcholy, jejichZz pletiva jsou mékka
a vhodna pro prodéravéni kladélkem pri kladeni vajicek, nebo jsou snadno prostupné

pro pravé vylihlé larvy (Skuhrava & Skuhravy 2010).
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Halkotvorné organizmy mohou byt povaZzovany za ,inZenyry mikrohabitatu“, protoze
jimi vytvorené halky jsou vlastné mikrohabitatem, ktery mohou vyuZzivat bylozravé nebo
vSezravé organizmy, které se primo nezivi plivodci halek. Takové organizmy, které cili
na pletiva halek radéji nez na plivodce halek, Ziji uvnitt halek a Zivi se jimi, obecné
nazyvame inkviliny (Sanver & Hawkins 2000). Opusténé halky jsou dale vyuZzivany jako
ukryt, hnizdni dutina nebo dutina ke kukleni dalSimi bezobratlymi ZivoCichy, zejména

hmyzem (Bogusch et al. 2016).

Na celém svété nalezneme ptiblizné 13 000 hmyzich druhl vytvarejicich halky
na rostlinach (Sanver & Hawkins 2000, Stone & Schonrogge 2003, Shorthouse et al.
2005), v Evropé pak 5 000-6 000 hmyzich druht tvoricich halky, z péti radt: dvoukridli
(Diptera), blanokridli (Hymenoptera), stejnokiidli (Hemiptera), brouci (Coleoptera)
a motyli (Lepidoptera) (Skuhrava & Skuhravy 2010).

Z blanokridlého hmyzu jsou to predevsim Zlabatky (Cynipidae), které vytvareji jedny
a znamé druhy patii napriklad zlabatka rizova (Diplolepis rosae) vytvarejici napadné
halky na rtzich (Rosa) a zlabatka listova (Cynips quercusfolii), kterd vytvari tzv. dubénky
na listech dubu (Quercus) (Cs6ka et al. 2005, Hayward & Stone 2005). Na vétvich vytvari
halky treba Zlabatka dubova (Andricus kollari), na ristovych vrcholcich Zlabatka
bezkiidla (Biorhiza pallida). Z dvouktidlého hmyzu jsou vyznamnymi ptvodci halek
bejlomorky (Cecidomyiidae). Mezi jedny z nejznaméjsich halek vytvorenych na listech
stromi patii Spicaté cervené halky na buku lesnim (Fagus sylvatica), jejichZ plivodcem je
bejlomorka bukova (Mikiola fagi) (Kampichler & Teschner 2002). Ze stejnokiidlého
hmyzu jsou zndmé hdalky dutilek (Pemphigus) na listech topoll (Populus) a halky
korovnic (Adelges) na vétvich smrku (Picea). Drobna mSice révokaz (Viteus vitifoliae) je
ptivodcem halek na listech a kotenech révy vinné (Vitis vinifera). Z rozto¢d jsou
znamymi ptivodci halek vinovnici (Eriophyidae), ktefi vytvareji halky na listech stromt

a kert (Skuhrava & Skuhravy 2010).
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2.2 Zelenusky rodu Lipara Meigen, 1830

Védé je zndmo 11 druhi zelenusSek rodu Lipara Meigen, 1830. Jedna se o monofagni
druhy, které se vyvijeji vSechny na rakosu obecném (Phragmites australis) (Grochowska
2006a, 2006b, 2007, 2013). V Ceské republice se vyskytuji ¢tyfi druhy zelenusek, a to
Lipara lucens Meigen, 1830, Lipara pullitarsis Dosko¢il & Chvala 1971, Lipara rufitarsis
Loew, 1858 a Lipara similis Schiner, 1854 (Kubik 2006, Heneberg et al. 2014). Patym
a poslednim evropskym druhem zelenusky je Lipara baltica Karps, 1978 (Dely-
Draskovits et al. 1994), vyskytujici se napiiklad v Lotyssku (Karpa 2001).

Samice zelenuSek rodu Lipara kladou vajicka na rakosové vyhonky, na kterych se
vylihne prvni larvalni instar, ktery se Zivi na nové vznikajicich listech. Larvy zelenuSek
vstupuji do halky v momentu, kdy je kompletné vytvorena. Larvy zelenuSek Lipara
lucens a L. rufitarsis se prokousaji skrz riistovy vrchol a dokoncuji sviij Zivotni cyklus
uvniti halky, zatimco larvy zelenusky L. pullitarsis nikdy neprochazeji skrz rlistovy
vrchol a mohou byt nalezeny mezi zbytky listi na povrchu halky (De Bruyn 1994).
Zelenusky Lipara lucens a L. rufitarsis se specializuji na tenci stébla rakosu o priméru
<4,5 mm, zatimco L. pullitarsis a L. similis preferuji silnéjsi stébla o priméru 5-7 mm
(Tscharntke 1992). Rostliny rakosu, které trpi nedostatkem Zivin, toxickym znecisténim,
fragmentaci stanovisté, nebo umisténim na su$Sim okraji rakosiny, hosti vSechny ctyri
druhy zelenuSek rodu Lipara, zatimco rozlehlé rakosiny, zejména v mistech, kde rakos

roste z vody, hosti prevazné druhy L. pullitarsis a L. similis (Tscharntke 1992).

Dospélci zelenusky Lipara lucens jsou velké a robustni druhy. Jedna se o nejvétsi druh
tohoto rodu, méfi 5.5-8 mm. Maji tmavé nohy a cerné télo, které je husté pokryto
dlouhymi nazloutlymi chlupy uspoiradanymi na scutu v podélné pruhy. Tykadla maji
nazloutlé bazalni clanky (Nartshuk & Andersson 2013). Maturni larvy jsou 6.9-12 mm
dlouhé, mlécné bilé nebo svétle nazloutlé, a Zivi se mékkymi parenchymatickymi pletivy
v internodech halky pod riistovym vrcholem (Haffliger 2007, Grochowska 2013). V halce
je pritomna vzdy pouze jedna larva (Kubik 2006). Larvy zptsobuji zkracovani
a zesilovani nové se vyvijejicich internodd. Vysledna halka se obvykle sklada z 10 az 13
zkracenych a silné lignifikovanych internodt. Na Obr. 1 je vidét patrny rozdil mezi
novou a rok starou halkou. PIné vyvinutd maturni larva na konci léta vstupuje
do diapauzy a nasledné prezimuje. Nasledujici jaro se larva kukli. Dospélci se lihnou

od konce kvétna do zacatku Cervna (Nartshuk & Andersson 2013).
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Obr. 1. Halky zelenusky Lipara lucens: a - nova halka, b - stara halka.

Dospélci zelenusky Lipara pullitarsis jsou Cerné, lesklé, robustni druhy, ale znatelné
mens$i neZ zelenuSky L. lucens. Scutum maji rovnomérné a husté pokryto nazloutlymi
chlupy, neusporadanymi v pruhy. Tykadla jsou Cernd, bazalni ¢lanky jsou nékdy hnédé.
Oblicejova maska je Sir$i neZ u druhu L. lucens. Nohy jsou Cerné se zlutymi bazemi
chodidel (Nartshuk & Andersson 2013). Maturni larvy jsou 6-9 mm dlouhé, svétle
nazloutlé. Zivi se vidy nad rlstovym vrcholem, zejména na silngjsich stéblech
(v priméru vétSich nez 4 mm). Zelenuska L. pullitarsis vytvaii mékké halky, které
neobsahuji ztvrdlou halkovou dutinu (Nartshuk & Andersson 2013). Riistovy vrchol
neni prokousan (Grochowska 2006b, Haffliger 2007). V kazdé halce se nachazi pouze
jedna larva (Kubik 2006). Larvy zptlisobuji zkracovani a zesilovani nové se vyvijejicich
internodd. Vysledna halka se sklada z péti aZ Sesti zkracenych internodd, ve kterych

larvy neminuji (Haffliger 2007).
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Dospélci zelenusky Lipara rufitarsis jsou cerné, lesklé, robustni druhy, ale znatelné
mensSi neZ zelenusSky L. lucens. Scutum maji rovnomérné a husté pokryto bélavymi
chlupy, neusporadanymi v pruhy. Tykadla jsou zZluta, bazalni ¢lanky jsou nékdy hnédé.
Oblicejova maska je rovnéjsi nez u druhu L. pullitarsis. Nohy jsou ¢erné se zarivé Zlutymi
chodidly (Nartshuk & Andersson 2013). Maturni larvy jsou 6-9 mm dlouhé, svétle
nazloutlé. Larvy se Zzivi v halkovych internodech pod rlistovym vrcholem, zejména
v tencich stéblech (Grochowska 2007, Haffliger 2007). V kazdé halce se nachazi pouze
jedna larva (Kubik 2006). Larvy zplisobuji zkracovani a zesilovani nové se vyvijejicich
internodi. Vyslednd halka je casto zplostéla a sklada se z péti aZ Sesti zkracenych
internodi. Vytvorené halky timto druhem jsou vétsinou uzsi oproti halkdm vytvorenym
zelenuskou L. lucens, ale nékdy jsou od sebe k nerozeznani (Nartshuk & Andersson

2013). Tento druh je spojovan s nové vzniklymi rakosinami (Bogusch et al. 2016).

Dospélci zelenusky Lipara similis jsou velmi podobni zelenuSce Lipara lucens.
Na rozdil od L. lucens ma tento druh scutum pokryto bélavymi az stiibritymi chlupy
uspoiadanymi do zretelnych podlouhlych pruhi, coZ vytvari ryhovany vzhled. Jedna se
o nejmensi druh, méfi 3.3-4.6 mm (Chvala et al. 1974). Maturni larvy zelenusky Lipara
similis jsou 5.5-10 mm dlouhé, lesklé, svétle nazloutlé, s tmavymi sklerotizovanymi
konci, jsou vZdy nad rtistovym vrcholem (Grochowska 2006a, Haffliger 2007). Ve $tihlé a
drobné halce je pritomna vzdy jen jedna larva (Kubik 2006). Larvy zptlisobuji zkracovani
pouze dvou az Ctyr internodi, ve kterych larvy nikdy neminuji. Kvili Ziru larev je
nejvyssi list zkraceny a odumira a jeden aZ dva vrchni listy jsou roztrepené. Vysledna
halka neni ztlustla a sklada se ze dvou zkracenych internodi, dvé nejvyssi listova
pouzdra vytvaii dutinu nad ristovym vrcholem, kde se larva zivi (Haffliger 2007).
Tento druh je spojovan s dobie vyvinutymi rakosinami, které jsou Casto vice eutrofni

a dovoluji tak vzniku vyssich a silnéjSich stébel rakosu obecného (Bogusch et al. 2016).

V rdkosiné se mlzeme také setkat s halkami, které jsou vytvoreny jinymi organismy,
jako jsou dalsi druhy zelenusek jinych rodd nebo napiiklad viry, viz Obr. 2.
Jimi vytvorené halky ovSem nejsou vhodné pro hnizdéni Zahadlovych blanokridlych,

kviili malym rozmértim, neztlustlému charakteru a absenci dutiny uvnitf.
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Obr. 2. Halky na rakosu obecném vytvorené viry.
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2.3 Halky jako ukryt ¢i hnizdisté

Monotypické rakosiny slouzi jako dulezity biotop pro mnoho ohroZenych obratlovct
a hosti rozmanita spolecenstva bezobratlych zZivocichii (Schmidt et al. 2005, Bogusch et
al. 2016). Clenovci vyuzivaji rdkos obecny jako zdroj potravy (minujici druhy
v aerenchymu, druhy Zivici se listy a pylem) nebo také jako hnizdisté, ukryt ¢i misto
pro prezimovani (druhy minujici ve stéblech, producenti halek, inkvilini) (Bogusch et al.
2016).

Halky vytvorené zelenuskami rodu Lipara vyuziva rozmanité spektrum bezobratlych
zZivocCicht. Larvy zelenusek slouzi jako hostitelé pro parazitoidy, jako jsou napiiklad dva
druhy specializovanych lumcikti Polemochartus liparae a Polemochartus melas nebo
lumek Exeristes arundinis. Specialistou je i chalcidka ze skupiny krasenek Stenomalina
liparae (De Bruyn 1994, Nartshuk 2006), v halkach jsou pak velmi pocetné chalcidky
celedi Eulophidae Aprostocetus orithyia a Tetrastichus legionarius a drobny druh celedi
Aphelinidae Centrodora amoena (Bogusch et al. 2016). Bogusch et al. (2016) uvadéji, Ze
se z bezobratlych Zivoc¢ichl v halkach vyskytuji zastupci skupin Arachnida, Collembola,
zhmyzu zastupci tadid Dermaptera, Psocoptera, Thysanoptera, Hemiptera,

Raphidioptera, Neuroptera, Coleoptera, Diptera, Lepidoptera a Hymenoptera.

Pavouci vyuzivaji halky jako lovecké ukryty, nékteré druhy si stavi lapaci sité
v rakosovych dutinach i halkadch. Dominantnimi druhy pavoukt v halkach jsou zapirednik
Clubiona phragmitis, ktizak Singa nitidula a skdkavka Synageles venator (Bogusch et al.
2016). Zaprednik Clubiona phragmitis je Uzce vazan na rakosiny, kde Zije a lovi svou
korist, m&ice, na stéblech rakosu. V CR byl zaznamenan jen vzacné v rakosinach a také
v halkach (Hendrickx et al. 2004, Bogusch et al. 2016). Nékteré druhy pavoukd, jako
napriklad zminény zaprednik Clubiona phragmitis, umistuji na rakos své kokony
(Schmidt et al. 2005). Vnitini prostory halek vyuZiva Stirek Dactylochelifer latreillii,

ktery vyhledava v halkach svou kofist (A. Astapenkova a kolektiv, nepublikovana data).

Velmi pocetnou skupinou zivocichl jsou ti, ktefi halky vyuzivaji jen jako ukryt
k preckavani nepriznivého pocasi, nebo Castéji k hibernaci. Tak se uvniti halek v zimnim
obdobi vyskytuji nékteré druhy plostic, z nichZ nejpocetnéjsi je plosticka Ischnodemus
sabuleti (Bogusch et al. 2016). Tento druh vyhledava oslunéné, suché i vlhké biotopy,

anejcastéji ji nalezneme v porostech trtiny (Calamagrostis), zblochanu (Glyceria),
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chrastice (Phalaris), rakosu (Phragmites) a orobince (Typha) (Friess et al. 2013).
Prezimujici druhy broukd maji k rakosu bliz$i vztah nez ploStice - kohoutek Oulema
melanopus se Zivi mladymi vyhonky rakosu a klade na né vajicka (Tscharntke & Greiler
1995), slunécko Coccidula scutellata a druh celedi Scyrtidae Cyphon laevipennis
vyhledavaji na rdkosu msSice (Schmidt et al. 2005). Naprosta vétSina broukl
vyskytujicich se vrakosovych halkach jsou predatori, kromé nejpocetnéjsSich jiz
uvedenych druhli najdeme vhalkidch casto strevlicky rodd Dromias, Demetrias,
Pseudodromias a dalSich, bradavi¢niky Anthocomus coccineus a Malachius aeneus vcetné

jejich larev, a mravencovnika Cordicollis gracilis (Bogusch et al. 2017).

Mezi organizmy Zirem vazané na rakos a vyskytujici se v halkach patfi jednak Cetné
bejlomorky (Cecidomyiidae), dale pak motyli. Z této skupiny lze jmenovat zavijece
Brachmia inornatella, jehoZ housenky se Zivi na rakosu obecném (Sumpich & Konvicka
2012), housenky zaznamenané pidalky cernoprouzky Boudinotiana notha se vyvijeji
na topolech a vrbach a halky vyuZivaji ptileZitostné jako dutiny ke kukleni (Sumpich et
al. 2014). Dalsi zaznamenané druhy také nejsou na halky zelenusek potravné vazané.
Stejna situace je u zaznamenanych druht Siropasych blanokiidlych. Byli zaznamendani
predevSim pilatkoviti (Tenthredinidae). Larvy (housenice) nékterych druhl této

skupiny vyuzivaji rakos obecny ke kukleni (Bogusch et al. 2016).

Druhové slozZeni spolecenstev ¢lenovcl spojovanych s halkami zelenusek rodu Lipara
se silné 1is{ mezi stanovisti prirodé blizkymi a post-industridlnimi, oba typy stanovist
hosti rozmanitd spoleCenstva druhii (Bogusch et al. 2016). Na prirodé blizkych
stanovistich se vyskytuji Castéji stenoekni druhy vazané na rakos, mokrady, rybniky
apod., Casto se jedna o druhy zcerveného seznamu. Naopak na post-industridlnich
stanovistich najdeme vice druht, ale fada z nich jsou druhy nespecializované, obyvajici
fadu stanovist. Jsou vSak i vyjimky, jako napt. bodulka Belomicrus italicus Costa, 1866,
Sironozka Crabro scutellatus (Scheven, 1781) nebo stopcik Mimumesa littoralis
(Bondroit, 1934), coZ jsou vzacné druhy, které se podarilo najit jen na post-
industridlnich stanovistich. Heneberg et al. (2014) uvaZzuji, Zze vyssi diverzita druhi
podloZi pod rakosinou. Rada druhdi mizejicich zkulturni krajiny a z dlouhodobé

existujicich rakosin v okoli rek, potokd a rybnik(i nachazi sva refugia v rakosinach
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vyskytujici se nové na exponovaném volném podloZi post-industridlnich stanovist

(Heneberg et al. 2014, Bogusch et al. 2016).
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2.4 Zahadlovi blanok¥idli v rakosovych halkach

Nékteré druhy kutilek a samotarskych vos hnizdi v dubénkach vytvorenych zlabatkou
Andricus kollari, a to konkrétné kutilka Pemphredon austriaca (Kohl, 1888) a nékteré
dal$i druhy tohoto rodu, a také hrncéirka Stenodynerus chevrieranus (Saussure, 1856)

(Blommers 2008, Macek et al. 2010).

Zahadlovi blanok¥idli hnizdici v rakosovych halkach nejéastéji preferuji rok staré ¢i
starsi halky vytvorené zelenuskou Lipara lucens (Dely-Draskovits et al. 1994, Westrich
v ekotonech rakosin, v prilehlych raSelinistich nebo loukach, a jsou vytvareny
narostlinach rakosu rostoucich na suché padé, nikoliv z vody (Heneberg et al,

submitted).

Druhy Zahadlovych blanokridlych, vyuzivajici k hnizdéni halky zelenuSek, naleZi
do rtiznych celedi. Tato ekologicka skupina je velmi heterogenni, zahrnuje specialisty
na rakosové halky, mokiadni druhy, které rakosové halky vyuZivaji pouze prileZitostné,
a vSudypritomné druhy, které hnizdi v rozli¢nych typech dutin vcetné rakosovych halek
(Astapenkova et al. 2017). Ctyii vy$e zminéné druhy zelenu$ek rodu Lipara a jejich

blanokridli inkvilini jsou rozsireni v mnoha zemich (Nartshuk & Andersson 2013).

Celkové je zndmo 46 druhi zahadlovych blanokridlych, ktefi jsou asociovani
s rakosovymi halkami, z nichz 37 druhi vyuziva rdkosové halky k hnizdéni, dale bylo
zjiSténo Sest parazitoidd z Celedi Chrysididae a tii kukacci véely rodu Stelis Panzer, 1806,
viz Tab. 1. Ze zjiSténych hnizdnich kleptoparazitii - smutének, Ize jmenovat tyto druhy:
Stelis punctulatissima (Kirby, 1802) a Stelis ornatula (Klug, 1862) parazitujici u zednice
Hoplitis leucomelana (Kirby, 1802) a smuténku Stelis breviuscula (Nylander, 1848)
parazitujici u drevobytky Heriades rubicola Pérez, 1890. NejpocetnéjSim druhem
parazitoidl z ¢eledi Chrysididae je zlaténka Trichrysis cyanea (Linnaeus, 1761), ktera
parazituje u blanokridlych, kteri lovi pavouky a hnizdi v dutinach, v halkach u kutilek
Trypoxylon deceptorium Antropov, 1991 a Trypoxylon minus Beaumont, 1945 (Westrich
2008, Heneberg et al. 2014, Bogusch et al. 2015, Astapenkova et al. 2017).
V Ceské republice bylo zaznamenano 24 druhi Zahadlovych blanokiidlych hnizdicich ¢i

parazitujicich vrakosovych halkach rostoucich vrakosinach ti¢nich niv, rybniki

21



a na post-industrialnich stanovistich (Heneberg et al. 2014, Bogusch et al. 2015,
Astapenkova et al. 2017).

Tab. 1. Prehled vSech zaznamenanych Zahadlovych blanokiidlych hnizdicich nebo
parazitujicich v rakosovych halkach. Hvézdickou oznaCené druhy jsou parazitické.

Pfevzato a upraveno podle Astapenkové et al. (2017).

Celed’ / Druh

Chrysididae - zlaténkoviti Megachilidae - ¢alounicoviti

Chrysis angustula Schenck, 1856 * Chelostoma campanularum (Kirby, 1802)
Chrysis rutilans Olivier, 1790 * Heriades rubicola Pérez, 1890

Holopyga fastuosa generosa Forster, 1853 * Hoplitis leucomelana (Kirby, 1802)
Pseudomalus auratus (Linnaeus, 1761) * Megachile centuncularis (Linnaeus, 1758)
Trichrysis cyanea (Linnaeus, 1761) * Megachile versicolor Smith, 1844
Trichrysis pumilionis Linsenmaier, 1987 * Pseudoanthidium lituratum (Panzer, 1801)
Formicidae - mravencoviti Pseudoanthidium tenellum (Mocsary, 1881)
ll);l;ii)zoderus quadripunctatus (Linnaeus, Stelis breviuscula (Nylander, 1848) *
Temnothorax spp. (Mayr, 1861) Stelis ornatula (Klug, 1807) *

Vespidae - vosoviti Stelis punctulatissima (Kirby, 1802) *

Stenodynerus chevrieranus (Saussure, 1855)  Colletidae - hedvabnicoviti
Stenodynerus clypeopictus (Kostylev, 1940) Hylaeus communis Nylander, 1852

Stenodynerus xanthomelas (Herrich-

Schaeffer, 1839) Hylaeus confusus Nylander, 1852

Symmorphus bifasciatus (Linnaeus, 1761) Hylaeus gracilicornis (Morawitz, 1867)
.i‘)ggg;orphus fuscipes (Herrich-Schaeffer, Hylaeus incongruus Férster, 1871
Crabronidae - kutikoviti Hylaeus moricei (Friese, 1898)
Ectemnius confinis (Walker, 1871) Hylaeus pectoralis Forster, 1871

Nitela spinolae Latreille, 1809
Passaloecus clypealis Faester, 1947
Passaloecus corniger Shuckard, 1837
Passaloecus gracilis (Curtis, 1834)
Passaloecus singularis Dahlbom, 1844
Pemphredon fabricii (Miiller, 1911)
Pemphredon inornata Say, 1824
Pemphredon lethifer (Shuckard, 1837)
Pemphredon rugifer (Dahlbom, 1844)
Pemphredon wesmaeli (Morawitz, 1864)
Rhopalum clavipes (Linnaeus, 1758)
Rhopalum gracile Wesmael, 1852
Trypoxylon attenuatum Smith, 1851
Trypoxylon deceptorium Antropov, 1991
Trypoxylon figulus (Linnaeus, 1758)
Trypoxylon minus Beaumont, 1945
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Zahadlové blanokiidlé asociované srakosovymi halkami zelenu$ek rodu Lipara,
miiZeme rozliSit do tfi hlavnich skupin (dle Astapenkové et al. 2017 a Bogusche et al.,

submitted).

1. Druhy preferujici rakosové halky, specializované na hnizdéni v halkach. Tato
skupina zahrnuje stopcika Pemphredon fabricii (Miller, 1911), maskonosku Hylaeus
pectoralis Forster, 1871 a pravdépodobné také hrncirku Stenodynerus clypeopictus
(Kostylev, 1940). Prvni zminény druh hnizdi také v dutych stéblech rakosu, halky vsak

preferuje a je v nich fadové pocetnéjsi (Bogusch et al. 2017).

2. Druhy hnizdici v rdkosovych stéblech nebo v jinych typech dutin, které ¢asto hnizdi
v rakosovych halkach. Tato skupina je reprezentovana kutilkou Trypoxylon deceptorium,
maskonoskou Hylaeus moricei (Friese, 1898), dievobytkou Heriades rubicola a kutilkou
Passaloecus clypealis Faester, 1947. Jedna se o druhy vazané na rakosiny a mokiadni
stanovisté, které hnizdi v rliznych typech dutin. Stébla rakosu jsou zrejmeé nejcastéjSimi

hnizdnimi dutinami, ale halky zelenuSek jsou témito druhy také bézné vyuzivany.

3. Druhy hnizdici v rliznych typech dutin a ndhodné nebo velmi vzacné hnizdici také
v rakosovych halkach. Tato druhové nejpocetnéjsi skupina zahrnuje vSechny ostatni
druhy nalezené v rdkosovych halkach. Nékteré z téchto druhi jsou v rakosovych halkach
béZné, a to proto, Ze tyto druhy tvori velmi pocetné populace, i kdyZ pouze malé
procento vyuziva rakosové halky k hnizdéni. Z pocetnych druht lze uvést hrncitku
Symmorphus bifasciatus (Linnaeus, 1761), kutilku Trypoxylon minus a zednici Hoplitis

leucomelana.

Prvni dvé skupiny jsou citlivé ke zméndm v okoli rakosin a k ¢etnostem disturbanci
rakosin, proto mohou byt vyuZivany jako bioindikatory dobie zachovalych rakosin

v intenzivné kultivované krajiné (Astapenkova et al. 2017).

Ve spolecenstvech Zahadlovych blanokridlych vrakosovych halkach na prirodé
blizkych stanoviStich i post-industridlnich stanoviStich vysoce dominuje stopcik
Pemphredon fabricii, ktery zahrnuje vice nez 90 % vSech jedinci Zzahadlovych
blanokiidlych nalezenych uvniti rakosovych halek (Bogusch et al. 2015), viz Obr. 3.
Tento druh hnizdi v halkach zelenusek Lipara lucens a L. rufitarsis a vytvari dvé generace

za rok (Blosch 2000, Bogusch et al. 2017). Pemphredon fabricii se Zivi mSicemi (Blosch
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2000, Westrich 2008, Macek et al. 2010, Bogusch et al. 2017), hnizdici samice nosi
do hnizda druhy mSic, které jsou v okoli halky pocetné. Nejcastéjsi potravou je tak mSice
Svestkova (Hyalopterus pruni), jejiz nepohlavni letni generace se vyviji na rakosu
(Bogusch et al. 2017). Samice této kutilky nevytvari uvniti halky oddélené komfirky,
namisto toho vyplni halkovou dutinu paralyzovanymi msSicemi a na nékteré z nich
naklade vajicko. Larvy posledniho instaru se uvnitr halky seradi od nejvétsi na bazi po
nejmensi na vrcholu halky. Do nékterych hnizd prinasi hnizdici samice nejmens$im
larvam cerstvé mSice. Tento typ progresivniho krmeni predstavuje nové objeveny
a popsany typ progresivniho krmeni u hmyzu (Bogusch et al. 2017). Zajimavé je i to, Ze
zbarveni larev je rlzné (nejcastéji syté zluté, ale i bilé, svétle zluté, oranzové az
rizovofialové) a zavisi zifejmé na druhu msice, jimZ je larva krmena (Wolf 1988). Larvy
eudominantni kutilky Pemphredon fabricii byly v nékterych ptipadech zasaZeny
plisnémi, konkrétné druhy Penicillium buchwaldii, Aspergillus pseudoglaucus

a Penicillium quebecense (Heneberg et al. 2016).

Maskonoska Hylaeus pectoralis je druhym nejpocetnéjSim druhem nalezenym
v rakosovych halkach, ktery hnizdi témér vyhradné v halkach zelenusky Lipara lucens
(Else 1995, Macek et al. 2010, Bogusch et al.,, submitted). Jedna se o typicky mokradni
druh, ktery preferuje dobfe zachované biotopy s mokradnimi loukami plnymi
kvetoucich rostlin (Else 2012). V Ceské republice je povaZzovany za kriticky ohroZeny
druh (Farka¢ et al. 2005). H. pectoralis, ktery je zndmy jen z ti{ lokalit Ceské republiky,
jsme zaznamenali na mnoha lokalitich na$i zemé a neni tedy tak vzacny, jak se
predpokladalo. Ma vSak vyznamné bioindikac¢ni vlastnosti a vyskytuje se na stanovistich,
ktera jsou velmi cenna zhlediska ochrany ptirody. Castymi zjisténymi parazitoidy
tohoto druhu jsou srpusky Gasteruption phragmiticola Saure, 2006 a Gasteruption

assectator (Linnaeus, 1758).

Tretim béZné zastoupenym druhem je kutilka Trypoxylon deceptorium, druh vazany
na mokiady, hnizdici v rakosovych halkach a jinych dutinach, v nékterych pripadech je
pocetnéjsi neZ Hylaeus pectoralis, predevSim na Kkrovinatych rakosinach a post-
industridlnich stanovistich (Bogusch et al. 2015, submitted). Tento teplomilny druh lovi
pavouky jako potravu pro své larvy. VSechny ostatni druhy Zahadlovych blanoktidlych
jsou obvykle velmi slabé zastoupeny vétSinou jednim nebo nékolika hnizdy

na studované lokalité. Vyjimkou je drevobytka Heriades rubicola, ktera je relativné
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castym druhem v rakosovych halkach v jiznich castech stredni Evropy a v poslednich
létech se vyrazné $ifi i na jizni Moravé a byla poprvé zaznamenana i na tzemi Cech

(Astapenkova et al. 2017).
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Obr. 3. Pocty jedinci vyznamnych druhi Zzahadlovych blanokridlych v rakosovych
halkach a v barevnych pastech na pfirodnich a post-industridlnich stanovistich (data

zlet 2013-2014).

Zajimava je i struktura hnizd Zahadlovych blanoktidlych hnizdicich v rakosovych
halkach. Naptiklad hnizda nejdominantnéjsi kutilky stopcika Pemphredon fabricii maji
velmi variabilni pocet hnizdnich komitrek (1-12), které casto expanduji az do mékké
casti halky. Hnizdo priléha tésné na vnitini povrch halky. Typické jsou syté Zluté nebo

oranZoveé zbarvené larvy.

Hnizdo kutilky Trypoxylon deceptorium obvykle obsahuje jednu aZ dvé velké hnizdni
komirky. Velmi kiehké larvy jsou v dlouhych tenkych kokonech uzsich neZz halka.
Nerozeznatelné vypada hnizdo druhu T. minus. Pokud je pfitomna paraziticka zlaténka

Trichrysis cyanea, prozradi se rezavé hnédym trychtyrovitym kokonem.
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Hnizdo maskonosky Hylaeus pectoralis obvykle nevyplnuje celou halkovou dutinu,
¢asto byly zaznamendny prazdné hnizdni komftrky, které ziejmé slouzi jako ochrana
proti parazitoidiim. Hnizda tohoto druhu jsou charakteristickd ptitomnosti celofanové
vrstvy mezi hnizdnimi komtirkami a také na jejich povrchu. Mezi komiirkami a na konci
hnizda jsou prostory vyplnéné rozzvykanymi suchymi listy rakosu. Larvy jsou bile

zbarvené.

Hnizdni komiirky drevobytky Heriades rubicola jsou v hnizdé nahloucené jedna
za druhou a od sebe jsou oddélené velmi slabymi piepazkami. Na povrchu kokont
slarvami je casto trus, ktery plesnivi. Larvy hnizdnich paraziti tohoto druhu -
smutének, jsou umisténé v hnédavych ovalnych kokonech se Spickou (Bogusch et al.
2015, Astapenkova et al. 2017). Hnizda vybranych druht Zahadlovych blanokridlych

z rakosovych halek jsou prezentovana na Obr. 4.
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Obr. 4. Hnizda vybranych druhli Zahadlovych blanokftidlych zrakosovych halek: a -
Pemphredon fabricii, b - Trypoxylon deceptorium se dvéma zlaténkami Trichrysis cyanea,
¢ - Trypoxylon minus, d - Hylaeus pectoralis, e - Heriades rubicola, f - Hoplitis
leucomelana, g - Symmorphus bifasciatus.
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2.5 Bioindikace Zahadlovych blanokridlych v rakosovych halkach

Nékteré druhy Zahadlovych blanokridlych asociované s rakosovymi halkami miZou byt
povazovany za bioindikatory, konkrétné predevSim maskonoska Hylaeus pectoralis
a hrncirka Stenodynerus clypeopictus. Tyto druhy jsou obecné velmi vzacné a tvori malo
pocetné populace na svych stanovisStich. Tyto vzacné druhy jsou specializované
na specificka stanovisté, jako jsou rakosiny napojené na mokradni louky s hojnosti
kvetoucich rostlin (H. pectoralis) a slané rakosové mokrady (S. clypeopictus)
(Astapenkova et al. 2017). Rakosiny snavaznosti na mokiradni louky jsou casto
disturbované se¢i rakosu. Casty management rakosin v maloplo$nych zvlasté
chranénych uzemich je zaloZen na jejich koseni, které je provadéno jednou ¢i dvakrat
zarok (Heneberg et al.,, submitted). Tento management velmi ¢asto zahrnuje koseni
okraji rakosin, ktery vede k zabranéni expanzi rakosu dale do navazujicich porostua.
OKraje rakosin a rozvolnény porost rakosu v navazujicich mokradnich loukach jsou vsak
vysoce diilezité biotopy pro hnizdéni Zahadlovych blanokiidlych v halkach zelenusek
rodu Lipara, protoZe pravé na oslabeném okrajovém rakosi se nachazi nejvice halek.
Tato stanovisté pak Zahadlovi blanokridli obsazuji nejCastéji a, jejich vyskyt dale
od kraje rakosiny klesa, uvniti husté rakosiny je velmi sporadicky, i v pripadé, Ze jsou

zde pritomné halky.

Studium druht@t hnizdicich vrakosovych halkdch tak mtze byt dtlezité pri
ochranarskych priizkumech navrhovanych mokiradnich ¢i rakosnich chranénych tizemi a
pfi podobnych ¢innostech v jiZ stavajicich chranénych tzemi (jak se jiZ v soucasnosti
v praxi ukazuje). Vyskyt nékterych druhti, napt. maskonosky Hylaeus pectoralis, 1ze
prokazat nejlépe sbérem a studiem halek v zimnim obdobi. Navic nasSe studie prokazaly,
Ze z druhi hnizdicich v halkach je fada zarazenych v cerveném seznamu, a proto jsou
halky zelenusek dllezitym mikrohabitatem a rakosiny dilezitym stanovistém vyskytu
vzacnych druh@ zasluhujicich ochranu. To plati i pro ostatni druhy hmyzu
a bezobratlych na halky vazané nebo se vnich jen obcas vyskytujici, pricemZz ty

nejvyznamnéjsi jsou na vyskyt v halkach vétSinou specializované (Heneberg et al. 2014,

Bogusch et al. 2016).
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more aggressive measures. However, the reed beds are associated with a specific community of reed
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hymenopteran reed gall inquilines.
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1. Introduction inquilines represent a very common and perhaps key component

of gall assemblages.

Galls represent discrete microhabitats that support relatively
closed communities of specialized inhabitants (Stone and
Schonrogge, 2003). While the diversity among gallers is relatively
well understood, with an estimated 13,000 species distributed
across several insect groups, much more limited is the information
on the complex network involving natural enemies of the gallers
(predators and parasitoids) and especially on the gall tissue inqui-
lines (organisms utilizing the gall tissue instead of directly feeding
on the galling insect) (Sanver and Hawkins, 2000). Despite being
poorly understood, Sanver and Hawkins (2000) proposed that gall

* Corresponding author. Address: Charles University in Prague, Third Faculty of
Medicine, Ruska 87, CZ-100 00 Prague, Czech Republic. Tel.: +420 775 311 177, fax:
+420 267 162 710.

E-mail address: petr.heneberg@If3.cuni.cz (P. Heneberg).

! These authors contributed equally.

http://dx.doi.org/10.1016/j.biocon.2014.02.037
0006-3207/© 2014 Elsevier Ltd. All rights reserved.

In this current study we addressed the value of common reed
(Phragmites australis, Poaceae) and reed galls as a potentially
underestimated but critically important resource for the commu-
nity of specialized aculeate hymenopteran (Hymenoptera: Acule-
ata) inquilines. Reed stands are commonly considered as
aggressive and invasive (e.g., Tewksbury et al., 2002), exploited
commercially in some regions (e.g., Danube delta), and facing
numerous conservation management efforts aiming to eradicate
the reed stands by repeated mowing or other types of control mea-
sures (Schmidt et al., 2005; Derr, 2008; Mamolos et al., 2011; Mar-
tin and Blossey, 2013). Contrary to that, in some regions, reed beds
are considered as receding (van der Putten, 1997) habitats of con-
servation interest (Valkama et al., 2008; Poulin et al., 2010; Horiu-
chi et al., 2011). Recently, reed beds are occasionally formed de
novo in order to reduce the nutrient content in waste waters or
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to remove pollutants (Athen and Tscharntke, 1999; Tian et al.,
2009).

The reed stands serve as an exclusive habitat for four monoph-
agous and univoltine species of the genus Lipara (Diptera: Chloro-
pidae). Lipara flies emerge in late spring and oviposit on reed
shoots where the larvae induce gall formation; a process which
takes place throughout the whole summer. In late summer, the lar-
vae relocate to the parenchymatous pith of the galls, where they
eat out a chamber and hibernate (Mook, 1967). The four Lipara spe-
cies occurring in Central Europe differ slightly in resource utiliza-
tion. While L. lucens and L. rufitarsis specialize on shoots with a
basal shoot diameter <4.5 mm, L. pullitarsis and L. similis occur in
reed stems of any width but preferring those which are 5-7 mm
wide (Tscharntke, 1992, 1994). While reed shoots suffering from
water deficiency, toxic pollution, habitat fragmentation, or simply
from being positioned at the edge of reed beds, are suggested to
host all the four Lipara species, large habitats and specifically the
permanently wet reed beds standing in water host predominately
the generalists L. pullitarsis and L. similis (Tscharntke, 1992).

While the biology and ecology of Lipara flies and of their para-
sitoids has been addressed extensively throughout their distribu-
tion range [cf. Dely-Draskovits et al. (1994) for a detailed list of
references], reports on the assemblages of hymenopteran Lipara
gall inquilines are scarce, limited predominately to incidental find-
ings, assumptions lacking support by any experimental data, local
or small-scale studies, or simply to captures of the gall inquilines in
the reed beds or in their surroundings (e.g., Dely-Draskovits et al.,
1994; Kopf and Schiestl, 2000; Bogusch, 2007; Lee and Scott, 2007).
Tolerance of reed gall hymenopteran inquilines to flooding was ad-
dressed by Westrich (2008), who also reported the species spec-
trum of aculeate hymenopterans reared from 294 galls collected
in the vicinity of German Konstanz.

In this paper, we address the conservation value of reed galls
(and reed beds in general) as an underestimated but critically
important resource for the community of aculeate hymenopterans.
We compare the data obtained using two independent methods:
by rearing of reed gall inquilines from extensive set of reed galls
collected, and by the non-selective method based on Moericke
traps exposure. We assess the data from near-natural sites as well
as from industrial and postindustrial sites. Thus, we perform the
first comprehensive survey of aculeate hymenopterans utilizing
reed galls correlated with various site-specific variables, providing
the evidence to re-assess the case for the conservation of reed beds
in European wetlands.

2. Materials and methods
2.1. Study area

The study was carried out in the Czech Republic (Central Eur-
ope, 48°39'-50°59'N, 12°19'-18°29’E). Sampling sites were se-
lected to cover four major areas with extensive pisciculture
industry or with major remnants of reed beds in the floodplains
of rivers and streams. Sedimentary deposits within the study area
are extensively exploited by coal and industrial minerals extraction
activities, comprising of 10.3% of world kaolin production, 4.2% of
brown coal production, 2.0% of feldspar production, 1.8% of diato-
mite production, 1.3% of quartz sands production, and 1.3% of ben-
tonite production (Stary et al., 2011).

We selected 15 sampling sites in near-natural habitats (reed
beds in the littoral of medieval fishponds or those along rivers
and streams), representing reed beds spanning 0.2-480 ha and
occurring within the altitude range 163-452 m a.s.l. (Fig. 1, black
dots). Another 15 sampling sites were located in reed beds in
industrial and post-industrial habitats formed between the years
1922 and 2010 (gravel-sandpits, tailing ponds, stone quarries, col-
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Fig. 1. Location of study sites in the Czech Republic. Black dots represent those
located to near-natural habitats (reed bed at the banks of rivers or streams, or in the
littoral of medieval fishponds). Gray dots represent those located to (post)industrial
habitats (active or disused gravel-sandpits, ash ponds and ash deposits, tailing
ponds, foreland of opencast mines, quarries and colliery dumps).

liery dumps and reclaimed open-cast mines), again representing a
broad range of reed bed surface areas (0.2-19 ha) and occurring
within the altitude range 157-467 m a.s.l. (Fig. 1, grey dots). Since
this is the first study comparing aculeate hymenopteran assem-
blages associated with the reed galls in (post)industrial and near-
natural habitats in extenso, the selected sampling sites were cho-
sen to represent the whole spectrum of reed beds present through-
out the study area. A detailed list of the sampling sites is provided
in Supplementary Table A.1 and their characteristics are provided
in Table 1.

The study sites included those in agrarian lowlands
(<250 m a.s.l.,, mean annual temperature 8.0-9.3 °C, mean annual
precipitation 480-550 mm) and also those in mostly woodland up-
lands (>250 m a.s.l., mean annual temperature 6.7-7.9 °C, mean
annual precipitation 551-780 mm). This study was based on a
space-for-time substitution paradigm (Pickett, 1989). The sam-
pling sites ranged from those formed very recently (in 2010) to
those which were probably already present before the onset of
any extensive human activities in the study area (river- and
stream-associated reed beds). The area of reed beds was measured
from recent aerial photographs of the sampling sites which are
publicly available from http://www.mapy.cz [cited as 28 Nov
2013]). To age the sites and to assess their continuity over time,
we checked also aerial photographs taken in years 2004-2006
and 2002-2003 (available from http://www.mapy.cz [cited as 28
Nov 2013]) and in 1952-1954 (available from http://kontami-
nace.cenia.cz [cited as 28 Nov 2013]). The information on water
bodies presence in the past was based on the 3™ Military survey
initiated by Franz Joseph I. of Austria in 1876-1880 (available from
http://kontaminace.cenia.cz [cited as 28 Nov 2013]) and based on
the 2nd Military survey initiated by Franz I. of Austria in 1836-
1852 (available from http://www.mapy.cz [cited as 28 Nov
2013]) (Table 1).

2.2. Sampling of reed galls

At each of the sampling sites listed in Supplementary Table A.1,
300-1000 deformed reed shoots were cut right under the gall.
Their protruding leaves were also cut out in order to fit them to
the rearing bags. At each site, the galls induced by Lipara spp. were
selected randomly, regardless of their position, size or age, reflect-
ing their variation at each sampling site. The galls were sampled
between 12 January and 16 March 2013. Collected galls were
either moved immediately to the rearing bags or were kept frozen
for several days or weeks until placed in the rearing bags. The rear-
ing bags, designed as emergence traps, consisted of white nonwo-
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Table 1

Parameters of sampling sites utilized for collection of reed galls in late winter 2013 as well as for control captures by Moericke traps in July 2013. Indicated are the altitude, reed
bed area [ha], water surface area [ha], year when the habitat was formed (this may represent the year of foundation of the water body, the year of cessation of aggregates
production at the respective site, or the year of last substantial landscaping operations), and data on the continuity of the habitat retrieved from publicly available map sources.

Abbreviations used: N/A = not applicable, N/D = not detected (study site 1/12 is located outside of the Bohemian crown lands mapped during the 2nd Military survey).

No. Altitude [m a.s.l.] Reed bed area [ha] Water surface area [ha]

Year when the habitat was formed

Continuity of
reed bed
presence [%]

Continuity of water
bodies presence [%]

2003 1950s 1870s  1836-1852

Near-natural habitats

N/1 374 0.2 N/A (stream) N/A (stream) 100 100 100 100
N/2 254 9.0 6.0 1989 (pond restoration) 100 0 0 0
N/3 228 20.0 37.5 1467 (pond foundation) 100 100 100 100
N/4 232 6.0 23.1 Mid 16th Century (pond foundation) 100 20 100 100
N/5 202 70.0 173.0 1492-1497 (pond foundation) 100 25 100 100
N/6 215 7.0 41.4 <1836 (pond foundation) 100 100 100 100
N/7 219 63.0 85.2 1480 (first written mention) 100 100 100 100
N/8 222 22.0 6.0 1496 (Velka Ceperka foundation) 100 100 100 100
N/9 239 0.5 2.2 1905 (pond restoration) 100 100 0 100
N/10 452 480.0 NJ/A (river) N/A (river) 100 30 100 100
N/11 402 35 42.5 1510 (pond foundation) 100 100 100 100
N/12 421 150.0 317.0 1505 (pond foundation) 100 100 100 100
N/13 163 10.2 86.0 First half od 15th Century (pond foundation) 100 100 100 100
N/14 175 180.0 288.0 1414-1417 (pond foundation) 100 100 100 100
N/15 197 11.0 N/A (stream) N/A (stream) 100 100 100 100
Industrial and postindustrial habitats

I 409 10.0 156.0 1922 (ash deposit foundation) 100 10 0 0
1/2 164 0.3 17.0 1998 (quarrying termination) 20 0 0 0
13 432 18.0 12.0 1985 (ash pond foundation) 100 0 0 0
1/4 443 0.3 37.0 2007 (extensive landscaping of the study area) 0 0 0 0
1/5 157 2.8 52 1994 (ash pond foundation) 10 0 0 0
1/6 271 0.3 0.0 2007 (mine foreland landscaping) 50 0 0 0
1/7 277 1.5 16.0 1998 (pond foundation) 0 0 0 0
1/8 248 0.2 0.2 2004 (pond foundation) 0 0 0 0
1/9 214 19.0 3.0 2nd half of 20th Century (ash pond foundation) 100 0 0 0
/10 216 6.0 6.0 2nd half of 20th Century (ash pond foundation) 10 0 0 0
/11 220 0.3 80.0 2004 (quarrying termination) 0 0 0 100
/12 467 4.0 19.0 1985 (quarrying termination) 100 0 0 N/D
/13 278 0.3 2.6 1972 (tailing pond foundation) 100 0 0 0
/14 312 0.6 0.1 1997 (quarrying termination) 100 0 0 0
/15 414 0.5 4.0 1950s (quarry foundation) 100 0 0 0

ven fabric and were equipped with a plastic bottle filled with a
conservation fluid (ethanol or propylene glycol mixed with water
and detergent). The rearing bags were stored in a well aired place
side-exposed to daylight, at a temperature between 15 and 23 °C.
The plastic bottles within the rearing bags were positioned at a
side proximal to the window. The rearing bags were sprayed with
water several times a week. The aculeate hymenopterans started to
emerge approximately four weeks after being placed in the rearing
bags. Numbers of newly emerging hymenopterans were regularly
monitored until a period of at least two weeks had elapsed with
no further emergences within each respective rearing bag, follow-
ing which the rearing was stopped (in May or June). The total num-
ber of reed galls sampled reached 17,791, out of which 8820
(49.6%) were obtained from near-natural habitats, and 8971
(50.4%) were collected from (post)industrial habitats. Number of
galls collected at each sampling site and the collection dates are
provided in Supplementary Table A.2. The average number of galls
collected at a single sampling site reached 593 + 152. The sampling
was performed by Petr Heneberg, Petr Bogusch and Alena Astapen-
kova, the obtained specimens of Aculeata were determined and
collected by Petr Bogusch, and specimens of Chrysidoidea were re-
vised by Pavel Tyrner.

2.3. Sampling using Moericke traps

Moericke traps were used to allow comparison of species spec-
trum obtained by rearing the reed galls with the overall spectrum

of aculeate hymenopterans present at the localities examined.
Moericke traps have been successfully used for the collection of
bees and wasps in a wide range of habitats (cf. Cruz-Sanchez
et al,, 2011; Vrdoljak and Samways, 2012; Heneberg et al., 2013).
The traps were made from round-shaped 570 ml polypropylene
containers, 120 mm in upper diameter and 80 mm deep (Obal Cen-
trum, Sezemice, Czech Republic), filled up to the upper quarter
with soapy water and salt, the latter acting as a preservative. Four
colors of Moericke traps were used at each sampling site to maxi-
mize the obtained species spectrum. Among the colors used were
white (RAL 9010), yellow (RAL 1021 or 1003), turquoise (RAL
5018 or 5012) and pink (RAL 3014). The collected specimens were
temporarily stored in 75% ethanol until pinned for identification.
The Moericke traps were exposed between 23 June and 19 July
2013. The sampling periods for each sampling site as well as the
number of traps exposed are indicated in Supplementary
Table A.2. In summary, the traps were exposed for 2953 trap-days,
with 1456 (49.3%) trap-days exposed in near-natural habitats, and
1497 (50.7%) trap-days exposed in (post)industrial habitats. The
number of trap-days per sampling site ranged between 63 and
176, reflecting the weather conditions. At each study site, the
Moericke traps were placed at the edge of reed beds, where the col-
lection of reed galls has been performed earlier. The sampling was
performed by Petr Heneberg, Petr Bogusch and Lukas Nyvlt, the ob-
tained specimens of Aculeata (except of Formicidae) were deter-
mined and collected by Petr Bogusch, and certain Pompilidae
specimens were revised by Jakub Straka.
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2.4. Statistical analyses

Rarefaction curves were computed in PAST v. 2.14 (Hammer
et al., 2001) to analyze species diversity and species richness of
bees and wasps. The rarefaction algorithm was based on the use
of log Gamma function for computing combinatorial terms as de-
scribed by Krebs (1989). To estimate the species richness, the
Chao-1 estimator was calculated (Colwell and Coddington, 1994)
using the program available at http://www2.biology.ualberta.ca/
jbrzusto/rarefact.php [cited as 28 Nov 2013].

Basic diversity indices were calculated for each of the datasets.
These included the total number of species found, the total number
of individuals found, dominance (expressed as 1 - Simpson index,
where 1 indicates complete domination of the single species, and 0
indicates equal representation of all the taxa), equitability (even-
ness measure, where Shannon diversity is divided by the logarithm
of number of taxa; Shannon index itself reflects entropy, ranging
from O for communities with only a single taxon to high values
for communities with many species, each with only few individu-
als), Fisher’s alpha [parametric diversity measure assuming that
the species abundance follows the log series distribution, useful
when the ratio of the total number of individuals to the species
number exceeds 1.44, and independent of sample size when the
number of individuals sampled exceeds 1000 (Hayek and Buzas,
1997)], and Berger-Parker dominance index (number of individuals

Table 2

of the dominant species relativized to the total number of individ-
uals) (Harper, 1999). To compare the diversity indices, a Shannon ¢-
test with bias correction term was used (Poole, 1974). Linear and
Spearman correlation coefficients and their significance were cal-
culated when indicated. A chi-squared test was used to test the sig-
nificance of differences in sex ratios and between the particular
habitat types. All the calculations were performed in PAST v. 2.14
(Hammer et al., 2001). Data are shown as mean + SD unless stated
otherwise.

3. Results
3.1. Reed gall inquilines

From 17,791 reed galls sampled, we reared 2176 individuals of
aculeate hymenopterans. Of them 781 individuals emerged from
galls collected at near-natural sites (8.9 individuals per 100 galls
collected), and 1395 individuals emerged from galls collected at
(post)industrial sites (15.6 individuals per 100 galls collected).
The lower frequency of aculeate hymenopterans reared from
near-natural sites when compared to the (post)industrial sites
was statistically significant (X? = 163.3, dr=1, p<0.001).

In summary, we recorded 14 species of aculeate hymenopteran
inquilines emerging from the Lipara reed galls (Tables 2 and 3). The

Total diversity and abundance of aculeate Hymenoptera obtained from collected reed (Phragmites australis) galls at near-natural (n = 15) and postindustrial (n = 15) sites across
the Czech Republic. The data are compared with frequency of captures of the same species in Moericke traps exposed in summer at the identical sampling sites. (A) The species
are classified according to the Czech red list of invertebrates (Farkac et al., 2005): vulnerable (VU), endangered (EN), and critically endangered (CR). (B) Diversity indexes:
dominance (D), Fisher’s alpha, and equitability. (C) Results of the Shannon diversity t-tests.

(A)
Status Reed galls Moericke traps
Near-natural habitats (Post)industrial habitats Near-natural habitats (Post)industrial habitats

Chrysididae
Chrysis angustula EN 0 2 0 0
Pseudomalus auratus - 0 1 0 0
Trichrysis cyanea - 0 4 0 0
Formicidae
Dolichoderus quadripunctatus - 0 N/D N/D
Vespidae
Symmorphus bifasciatus - 0 0 0
Crabronidae
Nitela spinolae - 0 0 0
Passaloecus clypealis VU 0 1 5
Pemphredon fabricii - 763 0 3
Rhopalum gracile CR 0 0 9
Trypoxylon deceptorium - 0 71 52
Trypoxylon minus - 0 7 12
Hoplitis leucomelana - 1 11 19
Colletidae
Hylaeus moricei EN 3 2 12
Hylaeus pectoralis CR 14 0 2
Total 781 92 114
(B)
Diversity index Reed galls Moericke traps

Near-natural sites Postindustrial sites Near-natural sites Postindustrial sites
Dominance (D) 0.955 0.819 0.616 0.267
Fisher’s alpha 0.551 1.982 1.134 1.961
Equitability 0.090 0.184 0.486 0.786
(€
Shannon diversity t-test S1/S2 Index; + var Index; + var t Df p (same)
Reed galls, near-natural vs. postindustrial 4/13 0.123+58*10°* 0.466+1.0*1073 —8.608 2175.8 <0.001
Moericke traps, near-natural vs. postindustrial 5/8 0.760+1.1*1072 1.604+7.1*1073 —6.200 184.9 <0.001
Near-natural sites, reed galls vs Moericke traps 4/5 0.123+58*10°* 0.760+1.1*1072 —5.832 10.6 <0.001
Postindustrial sites, reed galls vs Moericke traps 13/8 0.466+1.0*10°3 1.604+7.1%1073 —12.602 148.4 <0.001
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Chao-1 species richness estimator (corrected for unseen species in
the samples) indicated total species richness of 18.5 + 5.4 species
for the near-natural and (post)industrial reed beds combined.
However, the specimens obtained from near-natural habitats were
composed of four species only (Chao-1 estimator was not calcu-
lated due to the lack of doubletons), while 13 out of a total 14 acu-
leate hymenopteran inquiline species were recorded in galls from
(post)industrial habitats, with Chao-1 equal to 17.5 5.4 species
(Fig. 2).

The assemblages at both near-natural and (post)industrial sites
were highly dominated by Pemphredon fabricii, with the dominance
index D reaching 0.955 and 0.819, respectively (Table 2). Pemphre-
don fabricii represented 97.6% and 90.3% of total individuals reared,
and was found at 13 out of 15 sampling sites in near-natural hab-
itats, and similarly at 13 out of 15 sampling sites in (post)industrial
habitats. The frequency of P. fabricii individuals reared differed dra-
matically between the sampling sites examined (Table 3), with the
highest values obtained at the sites I/5 (ash pond Dobrin; 40.9 indi-
viduals per 100 galls) and I/14 (quarry RdZenin; 39.1 individuals
per 100 galls). The variability in the frequency of reared P. fabricii
individuals did not correlate with any of the variables tested (alti-
tude, reed bed area, water surface area, year when the habitat was
formed, and past habitat status at any of the four time intervals
tested) as measured by the significance of linear and Spearman
correlation coefficients. At both habitat types, the M:F ratio was
significantly skewed towards males, reaching 1.52:1 in near-natu-
ral habitats (X? = 32.3, dr=1, p<0.001), and 1.34:1 in (post)indus-
trial habitats (X*> =27.0, d;=1, p < 0.001).

The galls hosted a diverse assemblage of aculeate hymenopter-
ans, including seven crabronid species, two species of the Colletidae
family, Symmorphus bifasciatus of the Vespidae family, the common
Formicidae species Dolichoderus quadripunctatus, and three species
of the cleptoparasitic family Chrysididae (Tables 2 and 3). Among
the 14 species reared, two are considered as critically endangered
(Hylaeus pectoralis and Rhopalum gracile), two species are consid-
ered as endangered (Chrysis angustula and Hylaeus moricei), and
one is considered as vulnerable (Passaloecus clypealis). Since the
above species were captured at multiple sampling sites but in
low numbers, the analysis of their distribution was performed only
when combined with the data obtained from the Moericke traps.

3.2. Moericke traps exposed at the edge of reed stands

Using the early summer Moericke traps captures we obtained
1743 individuals of bees and wasps including, but not limited to,
the gall inquilines. Of that 683 individuals (0.47 individuals per
trap-day) were collected in near-natural habitats, and 1060 indi-
viduals were collected at (post)industrial sites (0.71 individuals
per trap-day). The lower frequency of aculeate hymenopterans
captured in near-natural habitats when compared to the
(post)industrial ones was statistically significant (X*=71.3, di=1,
p <0.001).

In summary, the Moericke trap captures revealed 178 species of
bees and wasps (Supplementary Table A.3). The Chao-1 species
richness estimator (corrected for unseen species in the samples)
indicated total species richness of 240.0 + 18.8 species in these
two types of habitats together. However, the specimens obtained
from near-natural habitats were composed of only 98 species, with
Chao-1 estimator indicating the presence of 149.9 + 16.9 species.
Contrary to that, we captured 141 species in the (post)industrial
habitats, where the Chao-1 estimator suggested the total species
richness of bees and wasps active in early summer is
202.1 £ 17.7 species (Fig. 2).

Both the assemblages in the near-natural habitats and at the
(post)industrial sites were dominated by generalist species which
are also dominant in the surrounding landscape, such as Apis melli-

fera, Lasioglossum morio and Lasioglossum pauxillum, by the com-
mon obligate (Trypoxylon deceptorium) and facultative reed bed
specialists (Anoplius nigerrimus, Priocnemis fennica), and by several
species limited to either near-natural or (post)industrial habitats
only. The near-natural sites were typically colonized by the endan-
gered obligate reed bed specialist Anoplius caviventris and faculta-
tive reed bed specialist Chalicodoma ericetorum. The post-industrial
reed beds were typically dominated by the species present exclu-
sively or predominantly in the (post)industrial dataset and nesting
in the sand (Fig. 3). Among the dominant species present exclu-
sively in the (post)industrial habitats were Nysson distinguendus
(nest parasite of Harpactus elegans), Lasioglossum lucidulum and
vulnerable Tachysphex obscuripennis. Among the dominant species
present prevalently in the (post)industrial habitats were Lasioglos-
sum politum, Lasioglossum sabulosum, and the cleptoparasite of
poorly defined host spectrum of ground nesting bees and wasps
Hedychrum niemelai. A detailed overview of the species found,
including the sampling site, date, and conservation status, are pro-
vided in Supplementary Table A.3.

The Moericke trap captures revealed 39 red-listed species, of
which 18 red-listed species (46%; 88 individuals) were obtained
at near-natural sites, while 29 red-listed species (74%; 148 individ-
uals) were collected at (post)industrial sites. Importantly, the
(post)industrial sites hosted Nysson quadriguttatus (female cap-
tured at a disused ash pond near Rybitvi, PU), a species which
had previously been thought regionally extinct. Besides that, nine
critically endangered species were obtained, only three of them
(five individuals) were found at near-natural sites, while seven of
them (19 individuals) occurred at the (post)industrial sites. Among
those captured in the near-natural habitats were Ectemnius confi-
nis, Tachytes panzeri and Systropha planidens. The (post)industrial
sites hosted Hylaeus pectoralis, Belomicrus italicus, Ectemnius confi-
nis, Mimumesa littoralis, Rhopalum gracile (9 individuals at four
sampling sites), Halictus compressus and Sphecodes marginatus (3
individuals at a single sampling site). We also obtained ten endan-
gered species of bees and wasps, some of which displayed strong
populations at multiple sampling sites. Four endangered species
(64 individuals) were obtained at the near-natural sites, while nine
endangered species (46 individuals) were obtained at the
(post)industrial sites. The near-natural habitats hosted Hylaeus
moricei, Hylaeus rinki, Lasioglossum trichopygum (12 individuals at
a single sampling site) and Anoplius caviventris (48 individuals at
seven sampling sites). The (post)industrial habitats hosted Hylaeus
moricei (12 individuals at four sampling sites), Crabro scutellatus,
Oxybellus quattuordecimnotatus, Lasioglossum quadrinotatulum,
Lasioglossum trichopygum (nine individuals at a single sampling
site), Anoplius caviventris (four individuals at two sampling sites),
Arachnospila ausa, Evagetes pectinipes (three individuals at a single
sampling site) and Priocnemis minuta (13 individuals at a single
sampling site). We also obtained 19 species of bees and wasps con-
sidered as vulnerable, 11 of which (19 individuals) were captured
in the near-natural habitats, while 12 (82 individuals) were cap-
tured in the (post)industrial habitats. The latter group was domi-
nated by Tachysphex obscuripennis (36 individuals at four sites)
and Nysson maculosus (10 individuals at four sites), both these spe-
cies were completely absent in the vicinity of near-natural reed
beds.

Of the species proven by the rearing experiment to utilize the
reed galls, we detected both the species of the Colletidae family,
six of the total seven crabronid species in the Moericke traps (all
but Nitela spinolae), but failed to capture any of the cuckoo wasps
of the Chrysididae family, or the single Vespidae species reared
from the reed galls. We noticed striking differences in species dom-
inance when comparing those reared from reed galls with those
captured in Moericke traps. In particular the most numerously
reared species, Pemphredon fabricii, represented by 2023 individu-



Table 3

Both density and diversity of Hymenoptera occupying the reed (Phragmites australis) galls was subject to strong variation between the sampling sites. Below are summarized numbers of males and females obtained from the indicated
amount of reed galls collected at each of the particular near-natural (n =15) and postindustrial (n = 15) sites across the Czech Republic. The species are classified according to the Czech red list of invertebrates (Farkac et al., 2005):
vulnerable (VU), endangered (EN), and critically endangered (CR).

Sampling site (ID, township) Species: Chrysis ~ Pseudomalus Trichrysis Dolichoderus Symmorphus Nitela  Passaloecus Pemphredon Rhopalum Trypoxylon Trypoxylon Hoplitis Hylaeus Hylaeus
angustula auratus cyanea  quadripunctatus bifasciatus  spinolae clypealis fabricii gracile deceptorium minus leucomelana moricei pectoralis
Status: EN - - - - - vu - CR - - - EN CR
Number of Number of reared individuals (M/F)
galls
Near-natural habitats
N/1 Modletice 733 29/32 1/2
N/2 Dobfikov 619
N/3 Kosicky 522 33/5
N/4 Dlouhopolsko 547 32/17 2/1
N/5 Zehuii 605
N/6 Zizelice 554 25/10
N/7 Lazné 512 9/10
Bohdanec
N/8 Hrobice 516 66/32
N/9 Novy Hr. 533 6/10
Kralové
N/10 Borovany 984 138/72 1/0 1/2
N/11 Nakfi 349 14/15
N/12 Lomnice n. L. 314 30/40 31
N/13 Lednice 580 46/24
N/14 Sedlec 543 26/19
N/15 Olovnice 909 6/17 0/4
Postindustrial habitats
/1 Mydlovary; 633 58/43 2/1 11 0/1 1/0
Olesnik
1/2 Vojkovice 883 31/40 1/4
1/3 Srubec 756 82/56 0/1 2/1
/4 Cep 540 0/2 0/1 106/128 2/4 0/1 0/3
1/5 Dobfin 760 1/2 205/106 0/1 2/4
1/6 Branany 374 2/1
1/7 Marianské 471 18/9 2/4
Radcice
/8 Duchcov 497 0/1
1/9 Rybitvi 641 0/3 46/19 0/1
/10 Rosice nad 635 13/12
Labem
/11 Stéblova 542 0/73 3/0 31/9
/12 Nova Ves nad 567 9/25
LuZnici
/13 Olbramovice 526 2/5
/14 Brno 548 1/0 0/1 130/84 1/0 1/2
/15 Prachovice 598 0/3
Total:
Near-natural 8820 0/0 0/0 0/0 0/0 0/0 0/0 0/0 460/303 0/0 0/0 0/0 1/0 1/2 6/8
habitats
(Post)industrial
habitats
Sites 8971 0/2 0/1 1/3 0/73 3/0 1/2 0/1 733/547 1/0 6/12 1/3 0/8 0/0 7/10
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Fig. 2. Expected cumulative number of bee and wasp species as defined by
rarefaction curve and associated Chao-1 estimator. Data are shown for specimens
reared from reed galls (A) as well as for the specimens captured in Moericke traps
exposed at the edge of reed stands (B).

als among the total 2176 hymenopterans reared, was only present
in very low numbers in the Moericke trap dataset (just three indi-
viduals). Also the critically endangered Hylaeus pectoralis was rep-
resented by 31 individuals in the rearing experiment, but by only
two individuals obtained from the Moericke traps. Contrary to that,
the Moericke trap captures revealed higher numbers of the criti-
cally endangered Rhopalum gracile (1:9 individuals), Trypoxylon
deceptorium (18 : 123), Trypoxylon minus (4:19), Hoplitis leucomel-
ana (9 : 30), and endangered Hylaeus moricei (3:14) (Table 2).

4. Discussion

Although systematically collected data are limited, repeated
incidental findings distinguish two types of reed stem utilization
by bees and wasps, both of which were identified in this study.
Species of the genera Pemphredon and Spilomena are considered
to actively bite out their nest chambers in soft plant parenchyma-
tous or dead tissues. Contrary to that, numerous other bee and
wasp species utilize the galls. Specifically the large spheroid galls
induced on oak twigs by Andricus kollari are occupied by Trypoxylon
spp., Crossocerus spp., Pemphredon spp., Passaloecus spp. and
Ancistrocerus trifasciatus. The galls on pine trees induced by Retinia
resinella are utilized by the rare species Ancistrocerus ichneumoni-
deus (Macek et al., 2010). Species composition of the reed gall
inquilines is analyzed in detail in this study, which is the first re-
port attempting to match Moericke trap captures performed at
the edge of reed beds with experimental rearing of reed galls, thus
allowing an assessment of the importance of reed galls as a poten-
tially limiting nesting resource for assemblages of aculeate hyme-
nopteran inquilines. The Moericke trap captures provide a complex
view of the importance of the reed stands, advantaging from low
selectivity of the color traps, but suffering from the presence of
numerous species of the nearby habitats. Contrary to that, experi-

mental rearing of reed galls provides a unique opportunity to study
the specialized community of reed gall inquilines, which are lim-
ited in their diversity, but are directly dependent on the complex
web offered by reed bed stands and their associated biota.

The 183 bee and wasp species captured at the edge of reed
stands or reared directly from the reed galls during this study com-
prised 13.6% of the total 1,343 species reported from the Czech
Republic (Bogusch et al., 2007), which is in strong contrast to the
perception of the supposedly low importance of reed stands for
aculeate hymenoptera. The reed galls themselves were found to
host 13 species of bees and wasps, five of them red-listed, and
some of them considered as reed bed specialists.

The species richness of bees and wasps considered as reed gall
inquilines was substantially higher than those recorded in the few
earlier studies. Dely-Draskovits et al. (1994) found in their exten-
sive dataset of 3893 reed galls collected across a variety of Hungar-
ian sites only three individuals of Pemphredon fabricii (determined
as P. lethifer at that time) and eight undetermined individuals of
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Fig. 3. Overview of dominant species of bees and wasps captured at the edge of
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according to the frequency of their captures at the near-natural sites (A) and at the
(post)industrial sites (B). Note very limited overlap of the dominant species among
the two datasets analyzed.



P. Heneberg et al./Biological Conservation 172 (2014) 146-154 153

Hylaeus sp. Although we also identified Pemphredon fabricii and
Hylaeus sp. as dominant species among our dataset (Table 2), the
frequency of reared aculeate hymenoptera was higher than those
reported by Dely-Draskovits et al. (1994) by over one order of mag-
nitude (11 individuals out of 3893 galls vs. 2176 individuals out of
17,791 galls). The reasons for the above differences remain enig-
matic. Since both these studies utilized sampling across a broad
range of sampling sites (which argues against the effects of sam-
pling site properties), the differences probably stem from the effi-
ciency of the rearing technique used.

In another comparable study utilizing the reed gall rearing tech-
nique, Westrich (2008) collected 294 reed galls from three sam-
pling sites in the vicinity of German Konstanz, rearing six species
of aculeate hymenopterans, including Hylaeus pectoralis (129 indi-
viduals), Hoplitis leucomelana (classified as Osmia leucomelana at
that time) (single male), Pemphredon fabricii (determined as P. leth-
ifer at that time) (314 individuals), Trypoxylon cf. deceptorium
(determined as T. attenuatum at that time) (two individuals), Sten-
odynerus xanthomelas (single individual) and Chrysis cyanea (four
individuals). The higher frequency of the aculeate hymenopterans
obtained by Westrich (2008) corresponds to his sampling design
which selected for >1 year old galls which were examined thor-
oughly for signs that aculeate hymenopterans had entered (com-
pared to our set of reed galls which was collected non-selectively,
depending only on the spectrum of galls available at each sampling
site). Similarly to Westrich (2008), we identified Pemphredon fabric-
ii as the dominant species, with Hylaeus pectoralis as the second
most frequently reared species. However, the frequency of Hylaeus
pectoralis was lower in our samples (1.4% of the individuals reared)
than in those obtained by Westrich (28.6% of the individuals
reared), which corresponds to its focal occurrence, and to the fact
that H. pectoralis is considered as critically endangered in the Czech
Republic (Farkac et al., 2005), but endangered only in Germany
(Westrich et al.,, 1998) and in the German state Baden-Wiirttem-
berg (Westrich et al., 2000). Trichrysis cyanea, Trypoxylon deceptori-
um and Hoplitis leucomelana were present in our dataset as well. The
remaining species identified by Westrich (2008), Stenodynerus xan-
thomelas, was absent in our dataset, being considered as critically
endangered in the Czech Republic, but more frequently reported
from Germany (Schmid-Egger, 2010). Recent reports of S. xanthom-
elas from the Czech Republic are absent; the nearest ones were re-
ported from Southern Slovakia (P. Bogusch, unpubl.). In his study,
Westrich (2008) failed to rear a number of inquilines present in
our dataset suggesting introduction of some methodological bias
when using his very selective method of reed gall collection, which
was clearly enriching for Pemphredon fabricii and Hylaeus pectoralis,
but not for the rest of the species spectrum.

Similarly to this study, Westrich (2008) reported a skewed sex
ratio in reared Pemphredon fabricii, with 226 (72%) of males and
only 88 (28%) of females reared. In our study, we obtained the ratio
1193 (58%) : 850 (42%) (Table 3). Westrich (2008) also noticed the
similarly skewed sex ratio in Hylaeus pectoralis, which we were un-
able to corroborate due to the low number of H. pectoralis individ-
uals reared.

Among the cuckoo wasps identified from the reed galls, all three
species found are known to utilize at least occasionally the genera
Trypoxylon, Pemphredon, or Passaloecus as their hosts (Macek et al.,
2010). Westrich (2008) confirmed Pseudomalus auratus as a nest
parasite of reed gall nests of Pemphredon cf. fabricii (1 P. auratus
per 314 P. fabricii) and Trypoxylon cf. deceptorium (1 P. auratus
per 2 T. deceptorium). Tormos et al. (1996) experimentally con-
firmed the generalist Trichrysis cyanea as a nest parasite with high
incidence in the reed and ailanthus stem trap nests formed by Try-
poxylon cf. deceptorium (determined as T. attenuatum) (27% inci-
dence), Trypoxylon figulus (22% incidence), and Pemphredon cf.
fabricii (determined as P. lethifera) (1% incidence).

The distribution of aculeate hymenopterans throughout the
Czech Republic is considered as well-known already since early
20™ Century. However, using the newly described rearing tech-
nique combined with the captures into the Moericke traps across
30 reed bed sampling sites, we substantially enhanced the knowl-
edge on the distribution and abundance of the aculeate hymenop-
teran reed bed specialists. These include Hylaeus moricei (Fig. A.1A),
Hylaeus pectoralis (Fig. A.1B), Nysson quadriguttatus (Fig. A.1C), Pas-
saloecus clypealis (Fig. A.1D), Rhopalum gracile (Fig. A.1E), and Try-
poxylon deceptorium (Fig. A.1F), all but Nysson quadriguttatus
known to be limited to reed beds and with low number of prior re-
cords from the Czech Republic. Some of the above species, such as
T. deceptorium, are newly shown as common across the broad
range of reed beds. Many others were found to be limited to reed
beds at hygrothermophilous habitats, particularly to those growing
under the stress of any kind. We speculate that the presence of
highly stressed reed beds at the postindustrial sites causes the
higher diversity and abundance of reed gall specialists in the
(post)industrial sites when compared to the near-natural habitats.

5. Conclusions

The enormous extent of quarrying activities performed in the
Czech Republic provides an attractive basis for studies on the abil-
ity of organisms to adjust to the increasingly human-dominated
landscape. In this study, we have shown that the reed beds, partic-
ularly the reed bed galls, are home to a diverse community of acu-
leate hymenopteran inquilines, many of which are considered as
rare, endangered, and in many cases limited to these sites. These
species display specific habitat requirements, often requiring not
only the presence of reed, but also the presence of loose sandy bed-
rock below the reed bed. These species, which nearly disappeared
from the surrounding cultural landscape and from the long-time
existing reed beds in the vicinity of rivers, streams and medieval
fishponds, found their surprising refuge in reed beds occurring
newly on the exposed loose bedrock of (post)industrial sites,
including gravel-sandpits, ash ponds and tailing ponds. The ob-
tained data challenge the common view of the expanding reed
beds as a threat for biodiversity. Interestingly, many rare aculeate
hymenopteran inquilines were absent or underrepresented at the
Czech near-natural sites when compared to the (post)industrial
sites. We assume that reed gall inquilines enriched in the
(post)industrial dataset could represent, however, the specialists
of river beds growing at the active river terraces, which are freshly
formed from sand or gravel-sand. Such habitats are nearly absent
in todays’ Czech Republic due to extensive river regulation, and dif-
fer from the near-natural dataset examined in their oligotrophic
nature similar to the reed beds formed de novo at the (post)indus-
trial sites.
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Abstract

Wetland species of aculeate Hymenoptera are poorly known, even though many of them
may serve as diagnostic or flagship species in nature conservation. Here we examined
6,018 galls induced >1 year prior their collection by the chloropid flies Lipara spp. The galls
were collected at 34 sites in Central Europe. We examined 1,389 nests (4,513 individuals)
of nine species, part of which were parasitized by one dipteran and two chrysidid parasitoid
species. We describe the nests of seven dominant species and larvae of four species (Pem-
phredon fabricii, Trypoxylon deceptorium, Hoplitis leucomelanaand Hylaeus pectoralis)
and two parasitoids (Trichrysis cyanea and Thyridanthrax fenestratus, both in nests of Pem-
phredon fabriciiand Trypoxylon deceptorium). All the species, but H. pectoralis, preferred
robust galls at very thin stalks (induced typically by Lipara lucens) over the narrow galls on
thick stalks. The larvae of P. fabricii and T. deceptoriumresembled strongly their sibling spe-
cies (Pemphredon lethiferand Trypoxylon attenuatum sensu lato, respectively). The larvae
of T. fenestratus showed features different from those previously described. By hatching set
of another 10,583 galls induced by Lipara spp. >1 year prior their collection, we obtained
4,469 individuals of 14 nesting hymenopteran species, two cleptoparasites, three chrysidid
and one dipteran parasitoid. Of these species, four new nesting species have been
recorded for the first time in galls induced by Lipara spp.: Chelostoma campanularum, Her-
iades rubicola, Pseudoanthidium lituratum and Hylaeus incongruus. We also provide first
records of their nest cleptoparasites Stelis breviuscula and Stelis ornatula, and the parasit-
oid Holopyga fastuosa generosa. Thyridanthrax fenestratus formed strong populations in
nests of Pemphredon fabricii and Trypoxylon deceptorium, which are both newly recorded
hosts for T. fenestratus. The descriptions provided here allow for the first time to identify the
larvae of the most widespread central European aculeate hymenopteran reed gall
specialists.
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Introduction

Cavity-nesting Hymenoptera developed a wide range of strategies allowing them to use a broad
spectrum of cavities for nesting. Among the Palearctic species, a specific community of bees
and wasps make their nests in the galls of chloropid flies. Most frequently, they use the galls
induced by Lipara lucens (Chloropidae) on common reed Phragmites australis (Poaceae) stems
[1-3]. Some of these aculeate hymenopteran species, such as the digger wasp Pemphredon fab-
ricii (Crabronidae) or the solitary bee Hylaeus pectoralis (Colletidae) are specialized for nesting
in galls induced by Lipara spp. more than a year ago (old galls) [2-3]. However, most of the
other aculeate hymenopteran species found in the reed galls are capable to use many different
kinds of cavities for their nests such as cut reed, old larval galleries in wood and cavities in old
walls. Combined, the reed galls in central and north Europe are confirmed to host altogether
25 species of aculeate Hymenoptera (superfamilies Chrysidoidea, Vespoidea and Apoidea)
[2-4] and 3 species of their parasitoids of the family Chrysididae. Some of these species (e.g.,
Pemphredon fabricii) are locally very abundant, whereas many others (such as Rhopalum grac-
ile (Crabronidae)) are extremely rare and considered critically endangered or endangered in
the regional red-lists [5-9].

The biology, nest structure and larval morphology are known for only few species of the
aculeate hymenopteran reed gall nesters. Pemphredon fabricii is the most numerous aculeate
hymenopteran species in reed galls [2-3]. This species was for a long time considered to be a
form or a subspecies of closely related Pemphredon lethifer, which is more widespread and eco-
logically tolerant. Special blunt claws on tarsi of this species work as a very good adaptation for
moving in reed, and this species does not occur in any other habitats than reed beds [10-11].
This species was resurrected from the synonymy [12] and its nesting habits were described
[13] together with its specificity to reeds, which was later confirmed by [2-3]. Mature larvae of
the related species P. lethifer were described previously [14-15]. In both cases, the descriptions
of the nest and mature larvae were based on the specimens obtained from the hollow stems of
Rubus spp. (Rosaceae), and thus do not represent the nests and larvae of P. fabricii.

Hylaeus pectoralis is a rare bee, occurring only in wetlands. It is specialized for nesting in
old Lipara galls, reaching only low population densities at any sites of its presence [2-3]. The
species is classified as critically endangered (CR) in the Red List of Czech Invertebrates [9].
However, [3] found that this species only escaped the traditional sampling techniques and was
present at multiple sites at least throughout the Czech Republic, thus not being as rare as was
previously supposed (cf. [16-17]). Its larvae and nests were described [18], and its biology was
briefly described from England [19]. Reed galls host also a smaller species of the same genus,
Hylaeus moricei, which is less specialized and may utilize also other types of cavities. Larva and
nest of this species are so far unknown. Hoplitis leucomelana (Megachilidae) is another bee
nesting frequently in reed galls. It is a generalist and uses many different cavity types for nest-
ing [17, 20]. The larva of this species was also described [21] as well as its nest in the cavity of
Rubus spp. [20].

Asis et al. described the nesting biology, nest structure and morphology of mature larva of
Trypoxylon attenuatum sensu lato (Crabronidae) [22]. This digger wasp was previously
thought to be a single species, but later it was divided it to six species [23]. Of them, T. deceptor-
ium is bound to wetlands and nests in reed galls and cavities. Although [3] found this species
as the second most abundant aculeate hymenopteran in reed galls (after P. fabricii), they found
that T. attenuatum is the only Trypoxylon spp. occurring in reed galls. So far, there are no data
allowing differential morphological diagnosis between the larvae of T. attenuatum sensu stricto
and T. deceptorium. Trypoxylon attenuatum sensu lato nests may be parasitized by Trichrysis
cyanea (Chrysididae), and mature larva of T. cyanea and T. attenuatum were described by
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[22]. Among all the parasitoids and nest cleptoparasites, T. cyanea is most abundant in nests of
digger wasps in reed galls. The main reason should be that T. cyanea displays the least host
specificity among European golden wasps, invading nests of plenty bee and wasp species [17,
24-26].

In this study, we examined an extensive set of reed galls and analyzed and broadened the
known spectrum of aculeate hymenopteran species associated with the reed galls induced by
Lipara spp. in the Czech Republic and Slovakia, Central Europe. Using the dataset of individu-
ally examined reed galls, we analyzed and described the nesting biology and mature larvae of
six species of aculeate Hymenoptera. Particularly important are the first available data on the
differences in larval morphology of sibling species P. fabricii and P. lethifer, as well as T. attenu-
atum and T. deceptorium.

Materials and Methods
Study sites and sampling

We have collected galls induced by Lipara spp. on common reed at 34 sampling sites located
across the Czech Republic (33 sites) and in Slovakia (1 site) (Fig 1), for detailed information see
S1 Table. All localities with coordinates are listed in Supporting Information (S1 Table). Study
of plants and animals was possible at all localities without any restriction, except the following:
Ttebe¢ (Brousktiv Mlyn National Nature Reserve (NNR)), permission issued from Blansky les
Protected Landscape Area (PLA), personally Jana Jandkova, MSc.; Lomnice nad Luznici (Velky
a Maly Tisy NNR), permission issued from Tieborisko PLA, personally Dr. Miroslav Hatle;
Lednice (Lednické rybniky NNR), permission issued from Palava PLA, personally Dr. Pavel
Dedek; Vonsov (SOOS NNR), permission issued from Slavkovsky les PLA, personally Premysl
T4jek; Chvaletice and Trnévka (Power Station Chvaletice fly ash deposits), permission issued
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Fig 1. Location of study sites in the Czech Republic and Slovakia.

doi:10.1371/journal.pone.0130802.g001
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from Severni energeticka a.s., personally Ing. Karel Polc. The field studies did not involve any
animals protected in the Czech Republic or Slovakia and no CITES species.

Only galls older than 1 year (greyish or darker in appearance, usually without leaves and
with the apex broken) were collected because of our focus on cavity nesting Hymenoptera
(bees and wasps), not on the Lipara spp. (inducing the galls) or their parasitoids. We have col-
lected the reed galls in a period from 7 Feb to 23 Mar 2014 and additional material on 4 Sep
2014. In late winter and early spring, the mature larvae are present in their nests, and their rear-
ing is easier than if they would be collected before the hibernation in the autumn months. We
collected at least 500 reed galls at each sampling site, of which 200 were longitudinally cut and
their contents were analyzed and the rest were allowed to rear. Incidentally collected galls of
age <1 year (with Lipara spp. or their parasitoids present) were removed from the analyses,
thus the total counts of galls analyzed from each site were slightly lower.

Data acquisition

In the longitudinally cut reed galls, we have studied the material of the walls separating the
brood cells (further termed septa) and closing plug at the top of each nest (further termed clos-
ing plug), the structure and number of brood cells, and also the morphology and coloration of
larvae and pupae. In the description, first cell means the hind, first-built cell of the nest, and
last cell means the nearest cell to the nest entrance. When the larvae were in cocoons, we
removed part of the larvae out of the cocoons but left the others inside of them. Of each species,
we first tried to rear the adults; only for nests with more than three larvae we conserved some
brood for morphological studies. From each hymenopteran nest, all living larvae were taken,
placed in Eppendorf 1.5 ml micro-tubes, which were closed with cotton wool, left in the labora-
tory conditions and reared similarly as was described by [27]. The adults usually hatched
within three to four weeks after the pupation and then we fixed them (as well as unreared lar-
vae) in 96% ethanol. We measured the maximum diameter of the reed gall and the diameter of
the reed stem just below the reed gall.

The reed galls allowed to rear were placed into rearing sacs as described [3], and allowed to
hatch for ten weeks. The reared individuals were fixed in an ethylene glycol solution supple-
mented with a mixture of ionic and anionic detergents and transferred later to the 96%
ethanol.

The obtained material was determined by the first author, and representative specimens
(including the nests of each species) are available in the collections of University of Hradec
Krélové (Hradec Krélové, Czech Republic). We used the nomenclature according to [16] (acu-
leate Hymenoptera), [4] (Chloropidae) and [28] (Bombyliidae).

We documented representative part of the nests using a digital camera (photographs of
whole nests) and a special macro-photographing apparatus consisting of a macro-camera
attached to a stereo microscope (brood cells, whole larvae and pupae). The documentation
included the photographs of nests shared by multiple species of aculeate Hymenoptera and of
the parasitized nests. We took photos of both, living larvae and the larvae fixed in Pampel solu-
tion (30 parts of distilled water, 15 parts of 96% ethanol, 6 of formaldehyde and 4 parts of gla-
cial acetic acid) as described [29]. The photos of living specimens turned to be more suitable
for field identification of the here described species. To describe morphology of the larval speci-
mens, we transferred some larvae (but always only a portion of larvae present in a single nest)
into the Pampel solution. As soon as we took the photographs of the whole larvae, we focused
on their sclerotized parts. For this purpose, we placed the larvae for 12 hours into 10% solution
of hot (60°C) potassium hydroxide to dilute all parts of the body except the integument. Then
we colored the integument in 5% Chlorazol Black E for 2 seconds and moved the specimens
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into 96% ethanol for conservation. To observe the identification marks, we placed the integu-
ment into glycerol and observed separately the head, mouthparts, spiracles and other impor-
tant parts of the integument under light microscope. We used the same specimens for the
study of very small structures such as setae, sensillae or mouthparts. We drew figures of (1) the
head with a focus on the clypeus, labrum, maxillae and labium, (2) the mandibles from anterior
view, and (3) the spiracles of each larva.

Data analysis

The data are shown as means * SD unless stated otherwise. We analyzed the occupancy rate of
three size categories of reed stems and four size categories of reed galls. To analyze the differ-
ences between the observed and expected occupancy rates in the particular size categories of
reed galls and reed stems, we used ” tests. The expected frequencies were derived from the fre-
quency of reed galls or stems of the particular diameter within the whole sampled cohort using
the following equation:

n; (observed)

i (expected) =
E ,n(ohserved)
i

Where 71; (expected) represents the expected frequency, #; (opserved) represents the observed fre-
quency of reed galls or stems of the particular diameter within the whole dataset, and Z;
N(observed) Stands for the total number of reed galls or stems collected and measured. To esti-

n

mate the completeness of the sampled dataset, we computed the rarefaction curve based on the
log Gamma function for computing combinatorial terms in PAST v 2.14. To estimate the spe-
cies richness in the examined dataset, we calculated the Chao-1 estimator, corrected for unseen
species in the dataset in EstimateS 9.1.0. Both calculations included all the adult specimens of
aculeate Hymenoptera and their parasitoids obtained in course of this study by hatching the
imagines from longitudinally cut galls and those reared directly from the galls.

Results

Aculeate Hymenoptera in longitudinally cut reed galls of Lipara spp.

We found 1389 nests of aculeate Hymenoptera in the total 6,018 longitudinally cut reed galls
induced by Lipara spp. Of them, we identified 1159 nests of nine species of aculeate Hymenop-
tera, two species of cuckoo wasps and a single parasitic dipteran species (Table 1). The occu-
pancy rate was highly site-specific, ranging from 66.5% (Chvaletice, PU, Czech Rep.) to zero
(two sampling sites Cheb and Vonsov, CH, Czech Rep.) despite we used the identical sampling
methodology at all the examined sites. The variability found can be explained by the reed gall
parameters as described below.

Pemphredon fabricii was the most abundant species of aculeate Hymenoptera, confirmed in
1012 nests (90% of the non-parasitized nests of aculeate Hymenoptera), and identified at all 34
sampling sites where the hymenopteran nests were present in the collected reed galls. Other
aculeate hymenopteran species nested in the galls in smaller numbers. The examined dataset
included Trypoxylon deceptorium (39 nests found at 10 sampling sites), Hylaeus pectoralis (27/
9), Hoplitis leucomelana (10/6), Symmorphus bifasciatus (6/5), Trypoxylon minus (6/4),
Hylaeus moricei (3/3), Passaloecus clypealis (3/2) and Hylaeus incongruus (1/1). The latter spe-
cies was recorded for the first time nesting in the reed galls induced by Lipara spp.

Among the three species of parasitoids of aculeate Hymenoptera found, the most abundant
was the chrysidid wasp Trichrysis cyanea identified in 16 nests at 7 sampling sites. As its host
species, we confirmed Pemphredon fabricii (4 nests containing immature individuals of both
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Table 1. Number of galls examined and of those containing the brood of species of aculeate Hymenoptera (Vespoidea, Apoidea) and their parasit-
oids (Hymenoptera: Chrysidoidea; Diptera: Asiloidea).

Species Number of individuals Relative proportion of Number of nests found in Relative proportion of

reared from intact galls individuals reared [%] longitudinally cut reed galls nests found in reed galls
[%]

Diptera / Bombyliidae

Thyridanthrax fenestratus 44 0.97 18 1.30

(Fallén, 1814)*

Hymenoptera /

Chrysididae

Chrysis angustula Schenck, 10 0.22 1 0.07

1856*

Holopyga generosa Férster, 1 0.02 0 0.00

1853*

Trichrysis cyanea 19 0.42 16 1.15

(Linnaeus, 1761)*
Hymenoptera / Vespidae

Symmorphus bifasciatus 21 0.47 6 0.43
(Linnaeus, 1761)

Hymenoptera /
Crabronidae

Ectemnius confinis (Walker, 2 0.04 0 0.00
1871)

Nitela spinolai Latreille, 3 0.07 0 0.00
1809

Passaloecus clypealis 11 0.24 3 0.22
Faester, 1947

Pemphredon fabricii 4205 93.18 1029 74.08
(Muller, 1911)

Rhopalum gracile 3 0.07 0 0.00
Wesmael, 1852

Trypoxylon deceptorium 38 0.84 39 2.81
Antropov, 1991

Trypoxylon minus 6 0.13 6 0.43
Beaumont, 1945

Hymenoptera /

Megachilidae

Chelostoma campanularum 1 0.02 0 0.00
(Kirby, 1802)

Heriades rubicola Pérez, 3 0.07 0 0.00
1890

Hoplitis leucomelana (Kirby, 16 0.35 10 0.72
1802)

Pseudoanthidium lituratum 1 0.02 0 0.00
(Panzer, 1801)

Stelis breviuscula 3 0.07 0 0.00
(Nylander, 1848)*

Stelis ornatula (Klug, 1807) 4 0.09 0 0.00
*

Hymenoptera / Colletidae

Hylaeus incongruus 0 0.00 1 0.07
Forster, 1871

Hylaeus moricei (Friese, 17 0.38 3 0.22
1898)

(Continued)
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Table 1. (Continued)

Species

Hylaeus pectoralis Forster,
1871

Not identified

TOTAL (individuals
reared)

TOTAL (nests found)

TOTAL (reed galls
examined)

Number of individuals
reared from intact galls

Relative proportion of
individuals reared [%]

Number of nests found in

longitudinally cut reed galls

Relative proportion of
nests found in reed galls
[%]

105 2.33 27 1.94
0 0.00 230 16.56
4513

1389

6449

We found 20.6% of one year old reed galls positive for the nests of aculeate Hymenoptera. Indicated are the number of individuals hatched in the rearing
bags, number of nests positive for each species found as revealed by longitudinal cutting of the reed galls, and their relative proportions within the total
datasets. Species marked by asterisks are parasitic.

doi:10.1371/journal.pone.0130802.1001

species) and Trypoxylon deceptorium (1 nest with both species). Additionally, we identified a
single nest occupied by Chrysis angustula [in a nest of Pemphredon fabricii at the sampling site
Kamenné Zehrovice (KL, Czech Rep.)]. All the above host-parasitoid associations are new
host records (globally). In the nests of Pemphredon fabricii at the sampling sites Sekule (SE,
Slovakia) and Hodonin (HO, Czech Rep.), we noticed a high parasitation rate by the larvae

of bombyliid fly Thyridanthrax fenestratus. We identified larvae of this parasitoid in 21 of 89
P. fabricii nests (24%) at the sampling site Sekule, and reared the T. fenestratus adults from 18
of them (and also reared the adults of the host species from three of these nests). At the sam-
pling site Hodonin, we identified larvae of T. fenestratus in 6 of 29 P. fabricii nests (21%), but
the adults did not hatch from any of them. In September 2014, we recorded another Thyridan-
thrax fenestratus individuals in a set of 200 reed galls collected at the sampling site Sekule,
where we also found it in cocoons inside one nest of Trypoxylon deceptorium (besides P.
fabricii).

Besides the nests occupied by a single species and those occupied by the parasitoids (see Fig
2A-2F), we found 12 galls containing immature individuals of two different aculeate hymenop-
teran species. In all cases, the nests were used sequentially (not at the same time): when one
species finished its nest, then the second species started to work on its own nest occupying the
rest of the space available in the gall. We did not observe any signs of killed brood. The mixed
nests included the following combinations: Pemphredon fabricii and Trypoxylon deceptorium
(9x), Pemphredon fabricii and Hylaeus pectoralis (2x; Fig 2G), and Pemphredon fabricii and
Trypoxylon minus (1x).

Aculeate Hymenoptera in reared reed galls of Lipara spp.

In parallel to the longitudinally cut reed galls, we collected another set of 10,583 reed galls,
which were allowed to rear. Their rearing yielded in total 4,469 individuals of 19 species of acu-
leate Hymenoptera (including 30 individuals of three hymenopteran parasitoid species) and 44
individuals of a single dipteran parasitoid species (Table 1). The species spectrum was similar
to that obtained by longitudinal cutting of the collected galls, with some exceptions as specified
below. Pemphredon fabricii was endominant among the aculeate hymenopterans with 4,205
adults hatched (94% of the total). The other abundant species included Hylaeus pectoralis (91
individuals / 10 sampling sites) and Trypoxylon deceptorium (38 individuals / 9 sites). Less
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Fig 2. Nests of aculeate Hymenoptera in reed galls of Lipara spp. A—-Pemphredon fabricii, whole nest, B—Trypoxylon deceptorium, detail, C-Hoplitis
leucomelana, detail, D—nest with larva and pupa of Trichrysis cyanea, E—Hylaeus pectoralis, whole nest, F—parasitized nest of Trypoxylon deceptorium
with one brood cell of T. deceptorium and two brood cells of Trichrysis cyanea, G—mixed nest of two species containing four white larvae of Hylaeus
pectoralis (bottom) and two yellow larvae of Pemphredon fabricii (top), H—larva of the bombyliid fly Thyridanthrax fenestratus on pupa of Pemphredon
fabricii. All photos by P. Bogusch.

doi:10.1371/journal.pone.0130802.g002
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than 20 imagines were obtained from the rest of the species found. We reared several species,
which were not known as reed gall inquilines so far. Among them were the golden wasp Holo-
pyga fastuosa generosa [1 female from Tuchomysl (UL, Czech Rep.)], the bees Chelostoma cam-
panularum [1 female from Dubno (PB, Czech Rep.)], Heriades rubicola [3 individuals from
Hodonin (HO, Czech Rep.)], Pseudoanthidium lituratum [1 male from Hodonin (HO, Czech
Rep.)], Stelis breviuscula [3 individuals from spoil heap near Srnojedy (PU, Czech Rep.)] and S.
ornatula [4 specimens: 1 from Stonava (KI), 2 from Stard Pohtrka (CB) and 1 from Tuchomys$l
(UL, all Czech Rep.)]. The latter two bee species are cleptoparasitic; S. breviuscula parasitizes
Heriades spp., and S. ornatula utilizes Hoplitis spp., including H. leucomelana, as its host spe-
cies [17]. We also confirmed the presence of two digger wasp species reported earlier by [3]:
Nitela spinolae at two ash deposits near Pardubice (PU, Czech Rep.) and Rhopalum gracile (3
specimens found in Nachod, NA, Czech Rep.), and another digger wasp species reported earlier
by [4]: Ectemnius confinis [2 males from Doubrava u Orlové (KI, Czech Rep.)]. Regarding the
single dipteran parasitoid of aculeate hymenopterans found, Thyridanthrax fenestratus, in total
44 imagines hatched from galls collected at the same sampling sites at which we found it in the
longitudinally cut galls (21 and 23 individuals, respectively).

In course of this study, we hatched 6,951 adult imagines of aculeate Hymenoptera and their
parasitoids, representing 21 species (Table 1). Rarefaction of the obtained dataset (Fig 3) sug-
gested that we reached high level of completeness. The Chao-1 estimator reached 22.0 + 1.8
(95% CI 21.1-31.7) species. Combined, the total number of species of aculeate Hymenoptera
known from galls induced by Lipara spp. in Europe now reached 29, including six hymenop-
teran parasitoids. In addition, we provided the evidence on the presence of a single dipteran
parasitoid species of aculeate Hymenoptera in the examined reed galls (Table 1).

214

-
f

.
»

Taxa (95% confidence)

T
1000

T T T T T
2000 3000 4000 5000 6000

Specimens

Fig 3. Rarefaction curve of the aculeate Hymenoptera nesting in reed galls and of their parasitoids based on all the hatched adult imagines
obtained in course of this study (n = 6,951). Numbers on the X axis indicate the number of individuals hatched (specimens).

doi:10.1371/journal.pone.0130802.g003
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Table 2. Diameter of the reed stems and galls and the number of brood cells in the galls examined and in those containing the brood of species of
aculeate Hymenoptera (Vespoidea, Apoidea) and their parasitoids (Hymenoptera: Chrysidoidea; Diptera: Asiloidea).

Species Number of galls (nests) examined Diameter of the reed Diameter of the reed Number of brood

Diptera / Bombyliidae

Thyridanthrax fenestratus 18
Hymenoptera / Chrysididae

Chrysis angustula 1
Trichrysis cyanea 16
Hymenoptera / Vespidae

Symmorphus bifasciatus 6
Hymenoptera / Crabronidae
Passaloecus clypealis 3
Pemphredon fabricii 1029
Trypoxylon deceptorium 39
Trypoxylon minus 6
Hymenoptera / Megachilidae

Hoplitis leucomelana 10
Hymenoptera / Colletidae

Hylaeus incongruus 1
Hylaeus moricei 3
Hylaeus pectoralis 27
Not identified 230
Unoccupied 4629

TOTAL (reed galls examined) 6449

stem [mm)] gall [mm] cells per gall

Mean £ SD Range Mean + SD Range Mean % SD Range

3.4+0.8 2-5 12120 9-18 56+1.8 2-8
N/A 4 N/A 10 N/A 5
3.1+£1.0 2-5 92+1.8 5-13 2114 1-5
3.7+0.8 3-5 11.5+ 3.6 8-16 35+24 1-7
23+0.6 2-3 73+15 6-9 23+0.6 2-3
3.2+1.0 1-7.5 10.0+2.3 5-25 43+1.8 1-12
28+0.7 2-5 9.1+21 5-15 2515 1-6
28+0.7 2-4 9.2+1.0 8-10 32+17 1-6
29+0.9 2-4 9.0+2.0 6-12 24+11 1-4
N/A 2 N/A 10 N/A 3
3.7+£1.2 3-5 7315 6-9 43+23 3-7
3.6+1.2 2-6.5 10.7 £ 2.7 8-19 3.7+2A1 1-11
N/A N/A N/A

3.7+1.4 1-12 8.7+ 3.0 2-23 N/A

We examined only the old galls induced by the Lipara spp. at least one year prior the sampling.

doi:10.1371/journal.pone.0130802.t002

Structure of nests

We analyzed the nests of six species nesting in reed galls induced by Lipara spp. flies (Tables 2
and 3). Of the species found in longitudinally cut galls, we only did not describe the nests of
Passaloecus clypealis and Hylaeus incongruus due to the small number of nests (3 and 1 nests,
respectively) in our dataset.

Pemphredon fabricii (Fig 2A). The nests of the most abundant species in our dataset con-
sisted of highly variable numbers of brood cells (range 1 to 12; median 4; mean 4.3 + 1.8 cells
per nest, n = 1029 nests). Brood cells (length 7.9 + 1.9 mm) were separated from each other by
1-2 mm thick black-colored bars (septa) of unidentified material mixed with silk and larval sal-
ivae. This material might consist of the liquid larval feces greased on silk bars between the cells.
We made this conclusion because no feces were found in brood cells and defecating younger
larvae observed during the summer were extracting black liquid solution (P. Bogusch, unpubl.).
Dry plant matter and soil particles were present in this substance, too. In some cases, behind
the last cell and/or in front of the first cell, closing plug consisting of small sand grains mixed
with very small pieces of plant tissues (leaves, stems of size around 1 mm) was used, but only
very sparsely. Every nest had thin bar on the top consisting of the same black matter. The nests
of P. fabricii were placed in galls induced prevalently at the very thin reed stems (up to 4 mm in
diameter, at which 22.5% of galls were occupied. In contrast, P. fabricii occupied only 12.6% of
galls induced at the reed stems of the diameter 4-5.5 mm, and just 3.7% of galls at thick reed

PLOS ONE | DOI:10.1371/journal.pone.0130802 June 26, 2015 10/28



@'PLOS ‘ ONE

Larvae and Nests of Aculeate Hymenoptera Nesting in Reed Galls

Table 3. Species-specific occupancy rate of reed galls induced by Lipara spp. at least one year prior the sampling.

Species Number of galls examined Occupancy rate [%)]

Diptera / Bombyliidae

Thyridanthrax fenestratus 18
Hymenoptera / Chrysididae

Trichrysis cyanea 16
Hymenoptera / Vespidae
Symmorphus bifasciatus 6
Hymenoptera / Crabronidae
Passaloecus clypealis 8
Pemphredon fabricii 1029
Trypoxylon deceptorium 39
Trypoxylon minus 6
Hymenoptera / Megachilidae

Hoplitis leucomelana 10
Hymenoptera / Colletidae

Hylaeus moricei 3
Hylaeus pectoralis 27
Unoccupied 4629

TOTAL (reed galls examined) 6449

Diameter of the reed stem [mm] Diameter of the reed gall [mm]

<4 4-55 >6 Significance <5 5-9.5 10-145 >15 Significance

035 030 0.00 =>0.05 0.00 0.06 0.70 0.39 <0.001
032 025 0.00 =>0.05 0.00 0.30 0.38 0.00 >0.05
0.09 0.12 0.00 =>0.05 0.00 0.09 0.05 0.78 0.005
0.09 0.00 0.00 =>0.05 0.00 0.09 0.00 0.00 =>0.05
225 126 37 <0.001 0.00 141 23.7 18.8 <0.001
1.07 0.21 0.00 <0.001 0.00 0.72 0.65 0.39 >0.05
0.13 0.08 0.00 =>0.05 0.00 0.09 0.14 0.00 >0.05
022 0.13 0.00 =>0.05 0.00 0.18 0.19 0.00 =>0.05
0.06 0.04 0.00 >0.05 0.00 0.09 0.00 0.00 >0.05
054 030 061 =>0.05 0.00 0.39 0.60 0.39 >0.05
69.6 827 94.7 <0.001 954 814 674 75.0 <0.001
Number of galls examined
3344 2515 506 281 3416 2381 287

Total number of galls in each size category and their species-specific occupancy rates are indicated. The p values were obtained by x? tests testing the
hypothesis that the occupancy rates were equally distributed among the size classes.

doi:10.1371/journal.pone.0130802.t003

stems of >6 mm in diameter (Table 3). However, the galls having less than 5 mm in diameter
were completely avoided, and we found the highest occupancy rate in the galls of 10-14.5 mm
in diameter (Table 3). Larvae pupated in the spring without any cocoon. Imagines of P. fabricii
hatched usually before other aculeate hymenopteran species, 10-22 days after the pupation.
Larvae of Trichrysis cyanea were well recognizable in the nests of P. fabricii, because they
pupated in funnel-like fibrous cocoons of red-brownish color (see Fig 2D and 2F). Also the lar-
vae of Chrysis angustula pupated in brownish cocoons but their shape was cylindrical.
Trypoxylon deceptorium and T. minus. Nests of T. deceptorium (Fig 2B) consisted usually
of 1-2 brood cells, less frequently up to 6 cells (range 1-6; median 2; mean 2.5 + 1.5 cell per
nest, n = 39 nests). The brood cells were surprisingly large (length 8.3 mm + 2.0 mm). Larvae
were covered in silk cocoons of the light brown non-transparent color, with dark tough bars
present in the front part of the cocoons. The pupation took part in the same cocoons. All bars
between the brood cells and also the closing plug of the nest were made of mud. At (post)indus-
trial sites (ash dumps of power stations), the grey mud made from the fly ash was used (Fig
2B). We have not found any feces in cocoons but think that black feces were glued in the back
side of the cocoons and were recognized as the darkish tough bar. The nests of T. deceptorium
were placed in galls induced prevalently at the very thin reed stems (up to 4 mm in diameter, at
which 1.07% of galls were occupied by this species. In contrast, T. deceptorium occupied only
0.21% of galls induced at the reed stems of the diameter 4-5.5 mm, and was absent in galls at
thick reed stems of >6 mm in diameter (Table 3). However, the galls having less than 5 mm in
diameter were completely avoided, and we found the highest occupancy rate in the galls of

PLOS ONE | DOI:10.1371/journal.pone.0130802 June 26, 2015 11/28



@’PLOS ‘ ONE

Larvae and Nests of Aculeate Hymenoptera Nesting in Reed Galls

5-14.5 mm in diameter (Table 3). The larvae pupated early in the spring and the pupae had the
typical Trypoxylonini-associated notches in their inner eye margin. Imagines hatched early,
similarly to Pemphredon fabricii. The larvae of Trichrysis cyanea in nests of T. deceptorium (see
Fig 2F) pupated similarly as in the nests of P. fabricii.

Nests of Trypoxylon minus displayed the identical structure and were impossible to distin-
guish from the nests of T. deceptorium. We identified six nests of this species (according to the
individuals hatched from nests), with 1-4 brood cells (range 1-6; median 3; mean 3.2 £ 1.7 cell
per nest, n = 6 nests). The portion of nests with more than two cells was higher than in T.
deceptorium, but more nests would be needed to check whether these differences are statisti-
cally significant. This species had the biggest brood cells, length 8.5 mm + 1.3 mm. The nests of
T. minus were absent in galls induced at thick reed stems of >6 mm in diameter and in galls
with maximum diameter <5 mm (Table 3).

Hpylaeus pectoralis (Fig 2E). Nests of H. pectoralis consisted usually of 1-5 brood cells
(range 1-11; median 3; mean 3.7 + 2.1 cell per nest, n = 27 nests). The nests usually did not
comprise the whole gall. All nests of Hylaeus species were characteristic by their cellophane-
like layers between the brood cells and also on the surface of the brood cells. These layers con-
sist of a secret of female Dufour’s glands, which is used as a protection against pathogens. In
some nests, the brood cells were separated also by a layer of small particles of reed leaves. The
brood cells were 7.8 + 2.0 mm long. The larvae were present inside the cellophane chambers
with a very small bump of feces of nectar and pollen digested. The cavity in the gall behind the
first built brood cell was usually filled with small cut parts of reed leaves of the size around 1-3
mm. Similar filling was used between the last built brood cell and closing plug of the nest,
which was made of the same small parts of reed leaves but mixed probably with the secret of
female’s Dufour gland. Bars between the brood cells were of highly variable thickness, from
very thin (< 1 mm) to conspicuously thick ones (3-4 mm). The difference in the bar thickness
depended on whether the plant material was incorporated in them. In contrast to the other
reed gall inquilines, only the nests of H. pectoralis (and P. fabricii) were present in galls induced
at thick reed stems of >6 mm in diameter (Table 3). Larvae pupated in brood cells without any
cocoon, usually later than those of P. fabricii and T. deceptorium. Imagines hatched about 1-3
weeks later (after 21-39 days from the pupation) than adults of P. fabricii.

Hoplitis leucomelana (Fig 2C). The nests of this species consisted of only 1-4 brood cells
(median 2; mean 2.4 + 1.1 cell per nest, n = 10 nests). The brood cells (length 8.2 + 1.2 mm) were
usually placed at the bottom of the gall cavity, and the rest of the gall was filled with a dry plant
particles (usually reed leaves) and soil grains. The part filled by the debris was in some cases lon-
ger than the part with brood cells (see Fig 2C). Mature larvae were in brownish, semitransparent
silk cocoons with darker back, separated by thin bars of brownish mixture of dry plant particles
(probably mixed with soil grains and some other undefined particles). Closing plug of the nest
was made of the same substance. The nests of H. leucomelana were absent in galls induced at
thick reed stems of >6 mm in diameter and in galls with maximum diameter <5 mm (Table 3).
Larvae pupated in their cocoons in similar time (21-35 days) as those of H. pectoralis.

Symmorphus bifasciatus. Nests of this species looked very similar to the nests of Hoplitis
leucomelana (but without remains of pollen) and contained also similar number of cells (range
1-7; median 2.5; mean 3.5 + 2.4 cell per nest, n = 6 nests). Larvae were in semitransparent
cocoons made probably of silk mixed with undefined secret. These cocoons were for the first
sight similar to those of Hoplitis leucomelana but were more transparent and of yellow or green
color. The closing plug was made of chewed substance of soil and dry leaves; similar mixture
was found in one nest above the last brood cell. The nests of S. bifasciatus were absent in galls
induced at thick reed stems of >6 mm in diameter and in galls with maximum diameter <5
mm (Table 3). Larvae pupated in their cocoons little later than those of P. fabricii, first males
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emerged with P. fabricii, while other imagines reared later (19-37 days after the pupation). The
length of brood cells was 7.8 + 0.8 mm.

Description of mature larvae

We analyzed mature larvae of four species of Hymenoptera: Aculeata nesting in reed galls
induced by Lipara spp., and two parasitoid species found in their nests (Tables 2 and 3). Below,
we provide the descriptions of mature larvae, including the photos of whole larvae (Fig 4) and
drawings of main determination characters (Fig 5).

Pemphredon fabricii. Mature larvae of P. fabricii were not previously described. The hith-
erto available descriptions of mature larvae of P. lethifer by [14-15] were not based on the
material collected from reed stems or reed galls, thus the larvae described as P. lethifer sensu
lato probably belonged to P. lethifer sensu stricto or some other newly established species of the
P. lethifer complex. Here we provide the first description of mature larva of P. fabricii. Of note
is that the larva of P. fabricii does not differ morphologically from the larva of P. lethifer
described by the above mentioned authors, which is consistent with very close phylogenetic
relationship of P. fabricii and P. lethifer.

Material: Czech Republic, Bohemia bor., Prunéfov, lignite power station fly ash deposit, 9
Mar 2014, 2 larvae, P. Heneberg Igt.; Slovakia, Slovakia occ., Sekule, terrestric reed bed sur-
rounding little fishponds, 15 Mar 2014, 8 larvae, 4 Sep 2014, 8 larvae, P. Bogusch et A. Astapen-
kova lgt., all P. Bogusch det. et coll.

Body. Length 8.3 = 1.9 mm (n = 18), maximum width ~2 mm. Color yellow (most com-
mon), white or orange, in some cases reddish, or any shades of the above colors (light orange,
light yellow, etc.); yellow or orange larvae possess frequently the first body segments (prono-
tum and part of mesonotum) white (Fig 4A). Posterior parts of segments form on dorsal part
transverse welts slightly medially interrupted, continuous on the sides to pleural lobes, which
are in some cases weakly developed. These structures are very ill formed on last three abdomi-
nal segments and on pronotum. Anus is a transverse slit, the supraanal lobe is produced. Spira-
cles small, light brown, first pair slightly larger than other nine pairs, atrium very weakly
marked with five lines, subatrium unarmed (Fig 5C). Integument smooth, not hairy, only with
a few weak setae on the dorsum of each body segment.

Head and mouthparts. Head distinctly visible, not protruded or embedded into the protho-
rax, slightly narrower than prothorax, width 0.962 + 0.012 mm, height 0.856 + 0.02 mm, width:
height ratio >1. Pale and unpigmented except for brownish markings at the following posi-
tions: anterior and posterior tentorial arms, pleurostomal and hypostomal thickenings, mandi-
bles, entire margin and a medial band on the labrum, latero-basal margin and a subapical ring
on the maxilla, a circular ring on the praementum, palpi and galeae (Figs 4B and 5A). Antennal
orbits large, circular, with three sensory cones in the membrane. Head with a few punctures,
most of them anteriorly positioned from the orbits, clypeus with a broad band of punctures
with setae. Labrum bilobed, about three times wider than long, with sclerotized and pigmented
marginal and median bands, numerous punctures in the apical half, 14 of them with setae, the
other with small sharp projection, several sensilla near the margin, epipharynx with numerous
small spinulae. Mandibles (length 0.34 + 0.009 mm) with four apical teeth, the basal is smallest,
two lateral teeth more or less one above the others, only one single lateral basal setae on the
mandibles (Fig 5B). Maxillae with some strong lateral setae, palpi stout and blunt with five api-
cal sensillae, galeae smaller. Labial palpi long with four sensillae, spinerettes form a well visible
salivary slit, hypopharynx with spinules.

Trypoxylon deceptorium. The species T. attenuatum was divided into six separate species
[23]. T. deceptorium is a thermophilous wetland species, quite common in most of south and
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Fig 4. Larvae of aculeate Hymenoptera from nests in reed galls of Lipara spp. A—Pemphredon fabricii, whole larva, lateral view, B—Pemphredon
fabricii, head, frontal view, C—Trypoxylon deceptorium, whole larva, lateral view, D—Trypoxylon deceptorium, head, frontal view, E—Hoplitis leucomelana,
whole larva, lateral view, F—Hopilitis leucomelana, typical structure of setae and sensillae between body segments, G—Hylaeus pectoralis, whole larva,
lateral view, H—Trichrysis cyanea, whole larva, lateral view, |—Thyridanthrax fenestratus, whole larva, lateral view. All photos by P. Bogusch.

doi:10.1371/journal.pone.0130802.g004

central Europe [17]. Asis et al. [22] described mature larva of T. attenuatum but the description
of the biology suggests that their description could in fact represent T. deceptorium. Here we
provide the first description of mature larva of T. deceptorium identified to the species level
according to the current nomenclature. The described larva differs only slightly from that
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Fig 5. Larval characters. A—C—Pemphredon fabricii, A—head, frontal view, B—mandible, C—spiracle, D—F—Trypoxylon deceptorium, D—head, frontal
view, E—mandible, F—spiracle, G—|—Hoplitis leucomelana, G—head, frontal view, H—mandible, I—spiracle, J—L—Hylaeus pectoralis, J—head, frontal
view, K—mandible, L—spiracle, M—O—Trichrysis cyanea, M—head, frontal view, N—mandible, O—spiracle, P—R—Thyridanthrax fenestratus, P—
mouthparts, frontal view, Q—mouthparts, lateral view, R—spiracle. All drawings by P. Bogusch.

doi:10.1371/journal.pone.0130802.9005

described [22] in the number of mandibular teeth, which could simply represent an uninten-
tional error present in the previously published description.

Material: Czech Republic, Moravia bor., Stonava, wetland at a depression caused by under-
ground black coal mining partially filled with tailings, 7 Feb 2014, 3 larvae, P. Heneberg Igt.,
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Slovakia, Slovakia occ., Sekule, terrestric reed bed surrounding little fishponds, 4 Sep 2014, 9
larvae, P. Bogusch Igt., all P. Bogusch det. et coll.

Body. Length 5.5 + 1.6 mm (n = 12), subcylindrical shape, white or pale yellowish (ochre)
colored. Posterior parts of segments with distinct lobes, pleural lobes also well developed, they
are weaker on prothorax and most distinct on last abdominal segments, which are also the wid-
est (Fig 4C). Anus ventral, last segment rounded, with two spine-like processes on the sides.
Spiracles pale brown, very small, atrium very weakly marked with five lines, subatrium
unarmed (Fig 5F). Body integument very thin and smooth, with few setae especially on the dor-
sum and pleural lobes.

Head. Head well developed, slightly wider than long (width 0.811 + 0.013 mm, height
0.799 + 0.01 mm), narrower than prothorax. Pale and unpigmented except the following struc-
tures: pleurostomal and hypostomal thickenings, anterior tentorial arms, mandibles, margins
of praementum, epipharynx, apical part of laccinia, maxillar palpus and galea, praementum,
salivary slit and labial palpus (Figs 4D and 5D). Antennal orbits large, circular, with three sen-
sory cones in the membrane. Head with only a few punctures, most of them bearing setae
(three on each side of the head and majority on the labrum). Clypeus with 6 setae and 6 sensil-
lae, rectangular shape, unsclerotized. Labrum unsclerotized with 12 setae and several sensillae
in the middle of the apical margin, which forms a very shallow depression, and two small
unsharp teeth on each side of this depression. Postero-lateral parts of epipharynx bear plenty
of short, sharp tooth-like processes. Mandible (0.269 + 0.005 mm long) with six teeth, one api-
cal, three lateral, one basal and one on the distal side (Fig 5E). Maxillae well developed with
sclerotized palpi bearing three sensillae, which are larger than galeae, lacciniae with a spinulous
lobe. Labium with short palpi with one sensilla and salivary slit, all sclerotized. Hypopharynx
ill visible, unpigmented, with small spinules.

Trichrysis cyanea. This very common species is a parasitoid in nests of many other aculeate
hymenopterans and its larvae were described [22] from the nests of Trypoxylon attenuatum s.
1. Our description is similar with their and show that also larvae of T. cyanea from nests of Pem-
phredon fabricii have the same morphology.

Material: Slovakia, Slovakia occ., Sekule, terrestric reed bed surrounding little fishponds, 4
Sep 2014, 2 larvae, P. Bogusch Igt., det. et coll.

Body. Short and robust, white-colored, length 3.8 and 4.0 mm (n = 2). Shape fusiform with
well-developed dorsal posterior lobes reaching the pleurae of the segments. Pleural lobes well
developed and forming a line (Fig 4H). Last abdominal segment very short and narrower than
other segments. Anus terminal as a transverse slit. Integument with microspinules, especially
on dorsal anterior parts of the terga, setae only in very small number. Spiracles pale brown,
quite big, atrium very weakly marked with five lines, subatrium unarmed (Fig 50).

Head. Head quite big but narrower than prothorax, only slightly wider than long (width
0.874-0.899 mm, height 0.825-0.852 mm), most of the head pale, unpigmented. Sclerotized
and pigmented are the following structures: pleurostomal and hypostomal thickenings, mandi-
bles, mandibular condyli and genae, apical parts of labrum, maxillae and labium (Fig 5M).
Anterior orbits very small, irregularly oval, with two sensory cones in the membrane. Setae in a
low number on the whole surface of the head, more very long setae on the sides near mandibu-
lar condyli. More setae on apical part of labrum and maxillae. Clypeus rectangular with 18
punctures bearing setae, most of them in basal part. Labrum roundly rectangular with 18 punc-
tures with setae and some sensillae mainly in the basal part. Epipharynx relatively smooth, api-
cally with a row of 14 big sensillae. Mandibles large (length 0.0290-0.291 mm), well
sclerotized, with five prominent teeth, without setae (Fig 5N). Maxillae with three prominent
setae on lateral part of the laccinia, maxillar palpi short with four sensillae, galeae very narrow.
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Labium with short palpi bearing five sensillae (one of them bigger than the other) and long,
transverse salivary slit. Hypopharynx rugose and well sclerotized.

Hoplitis leucomelana. The larva of this common bee was described by [21], but the descrip-
tion is insufficient and available only in a poorly available publication. The morphology
described fits well the central European specimens of this species.

Material: Czech Republic, Moravia mer., Hodonin env., heating plant slag/ash deposit, 14
Mar 2014, 2 larvae, P. Bogusch et A. Astapenkova Igt., Slovakia, Slovakia occ., Sekule, terrestric
reed bed surrounding little fishponds, 4 Sep 2014, 4 larvae, P. Bogusch Igt., all P. Bogusch det.
et coll.

Body. Robust, white-colored, length 8.1 + 0.5 mm (n = 6). Shape fusiform with ill developed
dorsal posterior lobes on the segments (Fig 4E). Anus terminal as a transverse slit, last abdomi-
nal segment rounded. Integument bearing plenty of setae and spinules, especially on lateral
parts of tergites (Fig 4F). Very rich concentration of spinulae is near posterior margins of
abdominal segments, those ochre or yellowish colored. Spiracles pale brown, smaller, atrium
round and widely marked with 7 lines, subatrium unarmed (Fig 5I).

Head. Well-developed but small, wider than long (width 0.788 + 0.01 mm, height
0.692 + 0.009 mm), heart shaped, very much narrower than prothorax. Pale, unpigmented,
except the following structures: pleurostomal and hypostomal thickenings, anterior tentorial
arms, labrum (especially the posterior part), mandible, posterior part of maxillae with galea
and palpus, labium with salivary slit and palpus (Fig 5G). Clypeus very weakly sclerotized.
Antennal orbits small, circular, unsharply marked, with one sensory cone in the membrane.
Head with many punctures bearing setae and with spinules, the concentration of these struc-
tures is similar all over the shape. Clypeus V-shaped, very slightly sclerotized, with 10 punc-
tures bearing setae. Labrum triangular with wide concave depression, labral margin thick a
pugged with rough structure on the epipharynx. Labrum laterally with 16 punctures with sen-
sillae (8 on each side) and 18 without (9 on each side), several microsensillae on the anterior
margin in the middle. Mandible (length 0.243 + 0.003 mm) with two teeth, sclerotized and
without sensillae (Fig 5H). Maxillae with elongated palpus longer than galea with two sensillae
on the top, laccinia with 13 punctures with setae on lateral part. Labium with very well devel-
oped salivary slit in the middle, palpus elongated with two sensillae. Hypopharynx brownish,
sclerotized and rugous.

Hpylaeus pectoralis. Janvier [18] described the nest and larva of this species in France. Mor-
phology of here described central European specimens did not differ from the original descrip-
tion but more details and more detailed figures are provided.

Material: Czech Republic, Bohemia mer., Lomnice nad LuZznici, Velky a Maly Tisy National
Natural Reserve, terrestric reed bed surrounding a fishpond, 22 Feb 2014, 3 larvae, Bohemia
mer., Tfebe¢, Brousktiv mlyn National Natural Reserve, terrestric reed bed surrounding the
river, 21 Feb 2014, 2 larvae, both P. Heneberg lgt., Slovakia, Slovakia occ., Sekule, terrestrial
reed bed surrounding little fishponds, 4 Sep 2014, 1 larva, P. Bogusch Igt., all P. Bogusch det. et
coll.

Body. White-colored, length 7.3 + 1.0 mm (n = 6), shape fusiform with dorsal posterior
lobes well developed and extending to the pleurae, these structures are missing on prothorax
and mesothorax and on last four abdominal segments (Fig 4G). Anus terminal as a transverse
slit, last abdominal segment rounded. Integument smooth with only very few setae on dorsal
part. Spiracles with narrowly rounded atrium with seven lines, subatrium unarmed (Fig 5L).

Head. Well developed, wider than long (width 0.912 + 0.014 mm, height 0.822 + 0.01 mm),
transparent, sclerotized only on the following parts: pleurostomal and hypostomal thickenings,
mandibles, apical part of clypeus, labium and maxillae only slightly sclerotized (Fig 5]). Orbits
round, big, with four sensory cones in the membrane. Head with only few sensillae, most of
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them with setae. Clypeus rectangular, wide, with only two sensillae bearing setae on each side.
Labrum of similar shape but longer, with punctures bearing very tough setae on the sides and
many setae without punctures on the surface, especially in posterior part, and 12 punctures
bearing setae in various parts of the labrum. Epipharynx with very rough structure. Mandible
(length 0.354 + 0.016 mm) with one tooth, sharp, with many little spinules on inner lateral
side, inner apical part without toothlike processes (Fig 5K). Maxillae elongated and unsharp,
maxillar palpi rounded without visible sensillae. Labium with very small round palpi and scler-
otized salivary slit in the centre. Hypopharynx well visible and rough.

Thyridanthrax fenestratus. The larva of this common dipteran parasitoid of various digger
wasps was described by [30]. However, the hitherto available description is very short and lacks
good drawings. We compared the larvae from nests both of Pemphredon fabricii and Trypoxy-
lon deceptorium and found they look similar to each other.

Material: Slovakia, Slovakia occ., Sekule, terrestric reed bed surrounding little fishponds, 15
Mar 2014, 7 larvae, 4 Sep 2014, 5 larvae, P. Bogusch et A. Astapenkova Igt., all P. Bogusch det.
et coll.

Body. White-colored with matt appearance, 4.9 + 0.8 mm long (n = 12). Body segments
smooth without processes or lobes, posterior parts only slightly protruding ventrally (Fig 4I).
Last abdominal segment narrower with very narrow apical part, which is rounded with circular
anus. Spiracles only on the pronotum and posteriorly on the anterior part of last abdominal
segment, atrium of abdominal spiracle weakly marked but with several wide lines of rosettes
(Fig 5R). Integument strong with rough structure on the whole surface, without any setae.
Anterior end of the body wide, head indistinct.

Head unsclerotized except the mouthparts, which are also brownish pigmented. Mandibles
prominent, sharplike with three teeth oriented backwards and well visible basal lobe, antennae
short but well visible, consisting of two segments. Labrum on dorsal part, trapezoidal, well
sclerotized. Maxillae lobe-like formed, with elongated two segmented palpi bearing three (two
elongated and one flat) sensillae. Labium small, indistinct. Several setae around the mouthparts
present, two on each side very big, prominent (Fig 5P and 5Q).

Discussion

Recent research in landscape ecology [31-32] and natural history and taxonomy [27, 33] exten-
sively benefited from the use of trap nests, including the trap nests made from the common
reed stems and galls, which are now frequently used to collect solitary cavity-nesting Hyme-
noptera and their parasitoids. However, the data from the reed stems and galls examined in
situ (without constructing the trap nest itself) are scarce. Thus, this study improves not only
our knowledge on the larvae and nests of the reed gall-associated species, which could be
potentially found in such trap nests, but also address the species composition associated with
such nesting resources. Combined data ([2-4] and this study) suggest that the assemblage of
aculeate Hymenoptera nesting in reed galls induced by Lipara flies comprises in Europe at least
29 species of nesting bees and wasps, 2 cleptoparasites of the genus Stelis and 4 parasitic golden
wasps bound on their nests, including several facultative reed gall inquilines newly identified in
this study. The reed galls host a broad spectrum of rare species. Among them are Passaloecus
clypealis, Rhopalum gracile, Hylaeus moricei [3] and this study, Stenodynerus xanthomelas [2]
and Ectemnius confinis [4], all nesting in reed galls as well as reed stems. Stenodynerus xantho-
melas, recorded by [2], is a very rare species of wet meadows and its ecology seems to be similar
to R. gracile and other species mentioned in this paragraph, but is probably absent in the Czech
Republic [16]. Of interest is the record of Heriades rubicola. This species is currently expanding
to the north and reached the southernmost parts of the Czech Republic only a few years ago.
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The first published records in south Moravia date back to the year 2012 [34] but the first find-
ing was made by J. Straka (unpubl.) in Tasovice (ZN, Czech Rep.) already in 2007. Recently, it
is increasingly common at sites with the presence of common reed in southernmost Moravia,
and here we confirmed that it nests in reed stems and in galls induced by Lipara spp.

Only three species found in the reed galls could be considered as common. Pemphredon fab-
ricii feeds on reed aphid secrets and does not fly away from the reed beds [11]. It is probably
dependent on galls induced by the Lipara flies as the only nesting resource [2-3] (determined
as P. lethifer sensu lato in the reference by Westrich). Hylaeus pectoralis prefers reed galls as
well but it occurs at a narrower spectrum of sites compared to P. fabricii and it is also less abun-
dant at sites of its occurrence. However, by the analysis of the reed galls ([3] and this study), we
showed that H. pectoralis is more common than was previously thought [3, 16, 35]. Of note is
that we have not recorded other wetland species of the genus Hylaeus (except H. moricei),
although H. rinki was found in color pan traps at the same sampling sites from where the reed
galls were collected [3]. The last abundant species, Trypoxylon deceptorium, is a very common
wetland specialist, which uses reed stems and perhaps some other cavities in addition to the
galls induced by Lipara spp. for its nesting. Acceptance of multiple types of cavities by T. decep-
torium is supported by the results of color pan trapping, which yielded more specimens than
rearing the reed galls at sites where both these methods were applied [3]. The digger wasps of
the genus Trypoxylon forage on flower nectar, so (in contrast to P. fabricii feeding mainly on
aphid honeydew) its abundance can be effectively determined based on both the above meth-
ods. In this study, we found that these species may form mixed nests. In all such nests, brood
cells of one species were made first, and then followed by the second, so the nesting females
probably did not meet each other.

Most of the newly identified reed gall inquilines use reed galls only occasionally and nest
also in other cavity types. Such behavior is characteristic for, e.g., common solitary wasp Sym-
morphus bifasciatus, digger wasps Nitela spinolae and Trypoxylon minus and bees Pseudoanthi-
dium lituratum, Chelostoma campanularum, both Stelis spp., Hylaeus incongruus and Hoplitis
leucomelana. Nartshuk and Andersson [4] published records on other species, however, with-
out detailed source references. Some of them behave similarly to the above-mentioned species,
occur in many kinds of habitats and nest in different cavity types. However, a couple other spe-
cies published by [4] are unlikely to nest in galls induced by Lipara spp. and were probably mis-
identified. Among them was Rhopalum clavipes, which is a species of forests nesting in stems of
plants [11] misidentified probably with R. gracile, the morphologically similar reed stem & gall
specialist [3]. Also the records of other species of Pemphredon (P. inornata, P. lethifer, P. rugifer
and P. wesmaeli), Passaloecus (P. corniger, P. gracilis and P. singularis) and Trypoxylon figulus
are likely based on misidentification. But, contrary to R. clavipes, these species could probably
occasionally nest in reed galls. In course of this and our previous study [3], we have checked
thousands of individuals of Pemphredon from reed galls collected at dozens of sampling sites,
and all represented P. fabricii, not the other species of P. lethifer complex.

Reed galls have limited space for nesting but the same situation is in the case of reed stems
and most of the other cavities, too. There are also huge differences in the size of reed galls occu-
pied by aculeate hymenopterans, some of them providing more than 15 cm long cavity but the
others being shorter than 3 cm, which may in part explain the differences in the number of
brood cells found. However, many nests comprised only a part of the cavity in the gall, and we
found also nests extending to the soft top of the gall in contrary (and they were not rare). The
species-specific size of the nest cells was not related to the size of the gall or larvae: for example
mature larvae of Trypoxylon minus were shorter and smaller than those of Hylaeus pectoralis
or Pemphredon fabricii, but the length of T. minus brood cells was the largest. In this study, we
confirmed that most of the species prefer the wider galls but induced at thin stalks over the
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other types. Such galls are produced by Lipara lucens while other species of Lipara cause galls
that are much narrower and not so conspicuous [4, 33, 36]. Galls of L. lucens have also very
tough walls in contrary to the galls of other Lipara spp., and thus could serve as a good defen-
sive structure against the predators and parasitoids.

Most of the species analyzed in this study used the reed leaves (cut to pieces or chewed and
mixed with some other materials) to construct the septa between brood cells and other parts of
the nest (closing plug or interspace fillings). Overall, the nest structures and materials used by
the examined species resembled those used by the closely related species [14, 17, 20, 37, 38].
Similarly, the mature larvae were morphologically similar to the related taxa and to the descrip-
tions of representative larvae of the current species complexes. Of note, the original descrip-
tions [14, 15, 18, 21, 22, 37] paid little attention to the chaetotaxy (number and position of
setae and sensillae on the body), which, however, should be considered as a good tool allowing
the identification of the species.

The mature larva of Pemphredon fabricii is very similar to the larva of P. lethifer, as
described in [14-15]. It shows similar total length, morphology of the body, coloration and the
mouthparts, which is actually characteristic for altogether 10 species of the genus Pemphredon
as described by [14, 37]. According to Janvier [14], the morphology of mandibles displayed the
most striking differences between the species analyzed—larvae of all species have four mandib-
ular teeth but their size and position is species-specific. Most prominent differences can be
found when comparing the larvae of different subgenera, such as P. morio of subgenus Cerato-
phorus (with different size and number of mandibular teeth and also shape of the clypeus) with
the subgenus Cemonus (P. lethifer and P. fabricii), which have mandibular teeth of similar size
and all located near the apex of the mandible. However, we cannot compare the number of sen-
sillae and setae on the head with other descriptions because there were only few remarks pro-
vided by [15] but we assume that the differences are probably minute. There are also small
differences in the number of setae (+ 1-2) on each part of the head among 10 larvae used for
the description in this study. Thus, the main difference between P. lethifer and P. fabricii larvae
consist of their mandibular teeth, where the smallest tooth on the inner side of the mandible is
moved more laterally at P. fabricii than in P. lethifer.

Mature larva of Trypoxylon deceptorium corresponds very well to that of T. attenuatum
described by [22], which was quite surprising. The authors of the description determined iden-
tification characters allowing to distinguish between the two subgenera of this genus, Trypoxy-
lon and Trypargilum, which also allow to compare the larvae of European Trypoxylon spp.
Because Asis et al. did not distinguish the taxa newly described by [23] from T. attenuatum
sensu lato, they most likely described larvae of T. deceptorium species. Thus, in the future, it
will be necessary to re-describe the larvae of T. attenuatum sensu stricto as well. Reed galls,
however, host only T. deceptorium. Larvae of both species are expected to be very similar,
because also the adults of both species are very similar and difficult to identify, and differ more
ecologically than morphologically. Whereas T. attenuatum is a widespread species of various
habitats, T. deceptorium occurs typically in wetlands and is more common in southern and
warmer parts of Central Europe [17]. We found only one difference in the number of mandib-
ular teeth. However, it is possible that [22] only did not notice the smallest tooth or did not
marKk it as tooth but as a projection or angle. In the nests of T. deceptorium and P. fabricii, we
found the larvae of the parasitoid Trichrysis cyanea. The description of the larva of Trichrysis
cyanea corresponds with that published by the same authors and larvae and imagines of T. cya-
nea from nests of both host species are morphologically similar to each other.

Mature larvae of Hylaeus pectoralis corresponded well with the description provided [18].
Yet unexplained is the profound reduction of rough structures at the apex of the larval mandi-
ble. We speculate that they could be considered as a result of adaptation for different food but
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data from other wetland Hylaeus spp. are not available so far. Similar situation is with Hoplitis
leucomelana. The larva of this small member of the genus differs from the other species in the
body size and also in the shape of clypeus and labrum. Most of the described larvae of this
genus have two mandibular teeth similarly to H. leucomelana and the teeth are usually very
similar in size [20].

The mature larva of Thyridanthrax fenestratus was already described by [30], and its draw-
ing was published also by [39]. They found that the T. fenestratus mandibles are bidentate,
with lateral hook. However, these descriptions are very different from the specimens analyzed
in this study and differ also from the features of the whole family Bombyliidae. In general, the
larvae of the family Bombyliidae have rough body integument and head reduced only to the
mouthparts. Their mandibles are sharp and elongated, with three or four opposite spines. Max-
illae and labrum look similar, and labrum has five small processes on the margin [39]. We have
observed the structures similar to the above features shared with other bee flies, but not those
described specifically in the larvae of T. fenestratus by the previous authors despite we prepared
all mouthparts separately (see Fig 5P and 5Q for anterior and lateral views of the mouthparts).
We also confirmed two new hosts of this bee fly, which was previously recorded as a parasitoid
of digger wasps of the genera Ammophila and Sphex [39, 40]. In conclusion, using an extensive
dataset of experimentally hatched reed galls, we elucidated the nesting biology and ecology,
and provide the descriptions of larvae of aculeate hymenopterans nesting in reed galls and
their parasitoids. Obtained data allow for the first time to identify the larvae of the most wide-
spread central European aculeate hymenopteran reed gall specialists.

Supporting Information

S1 Table. List of the study sites. Localities with permission needed are marked by “Y” in the
column “Permit”.
(DOCX)
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Monotypic stands of common reed and the reed-gall-associated insect assemblages are distributed
worldwide. However, fungi associated with these assemblages have not been characterized in detail.
Here we examined 5200 individuals (12 species) of immature aculeate hymenopterans or their para-
sitoids collected at 34 sampling sites in Central Europe. We noticed fungal outgrowth on exoskeletons
of 83 (1.60%) larvae and pupae. The most common host was eudominant Pemphredon fabricii.
However, the less abundant aculeate hymenopteran reed gall inquilines were infected at higher preva-
lence, these included Trypoxylon deceptorium, Trypoxylon minus, Hoplitis leucomelana and Hylaeus moricei
(all considered new host records). We identified three fungal species, Penicillium buchwaldii (72% of
cases), Aspergillus pseudoglaucus (22%) and Penicillium quebecense (6%). When multibrooded nests were
affected, only a part of individuals was infected in 62% of cases. The sampling site-specific infection rate
reached up to 13%, thus fungal infections should be considered an important variable driving the abun-
dance of gall inquilines. Infections of generalist host species were more frequent than those of reed gall
specialists, suggesting that suboptimal conditions decreased the immunocompetence of non-specialized
species, which only occasionally nest in reed galls and feed in reed beds.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Entomopathogenic fungi are typically found in various lineages
of chytrids, zygomycetes and ascomycetes (Samson et al., 1988).
Numerous fungal infections affect insect species of economic
importance, or may involve zoonotic species as in this study. Their
life cycles are usually synchronized with insect host stages and
environmental conditions (Shah and Pell, 2003). However, most
of the research has been focused to several socially living species
of insects or to the synanthropic species, and there is limited
knowledge on the contribution of entomopathogens in the regula-
tion of pest populations in agroecosystems and on the delivery of
ecosystem services to agricultural production (Altieri, 1999; Gurr
et al, 2003; Tscharntke et al, 2005; Meyling and Eilenberg,
2007). Thus, our improved understanding of the ecology of indige-
nous populations of entomopathogenic fungi is considered a pre-
requisite for the evaluation of their economic impact and for

* Corresponding author at: Charles University in Prague, Third Faculty of
Medicine, Ruska 87, CZ-100 00 Prague, Czech Republic.
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their consideration as non-market goods (Meyling and Eilenberg,
2007). Here we focus on species associated with cavity-nesting
hymenoptera (bees and wasps) making their nests in galls of chlor-
opid flies Lipara spp. on common reed Phragmites australis stems.
Monotypic stands of common reed and the gall-associated assem-
blages are distributed worldwide. They swiftly colonize newly
formed (post)industrial habitats and thus may serve as a ubiqui-
tously available support for the establishment of ento-
mopathogenic fungi. The reed-associated arthropod hosts may
utilize reed as a food source (sap suckers, leaf-, pollen-, and
phloem-feeding species) or as a nesting resource and shelter (stem
borers, gall makers, and gall inquilines). Tewksbury et al. (2002)
reported 160 species of reed-associated arthropods in Europe,
but they found only 23 species of reed-associated arthropods in
North America, where the subsp. americanus is native, but subsp.
australis is considered an alien species.

Aspergilli, Mucorales and Penicillia are considered key fungi
associated with honey bees (Gilliam and Prest, 1987; Gilliam
et al.,, 1989; Kirpik et al., 2010). Stonebrood caused predominantly
by Aspergilus flavus and chalkbrood caused by Ascosphaera apis are
known as key pathogenic infections contributing to colony losses
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(Gilliam and Vandenberg, 1997). Interestingly, the resistance of
honey bees to obligate parasitic fungi causing chalkbrood is depen-
dent on host genotype, whereas the resistance to facultative para-
sitic fungi causing stonebrood is negligible (Evison et al., 2013).
The epidemiology of stonebrood and chalkbrood is poorly under-
stood, and high number of cases is probably undetected because
the diseased brood is thought to be rapidly discarded by worker
bees (Foley et al., 2014).

Despite the first record of fungi in aculeate hymenoptera was
reported by Franciscan monk José Torrubia already in year 1749
(Samson et al., 1988), vast majority of hitherto performed studies
of fungi infesting aculeate hymenoptera addressed nearly exclu-
sively the honey bee Apis mellifera, other species of economic
importance and ant mounds. Goerzen (1991) studied the micro-
flora associated with healthy adult and larval alfalfa leafcutting
bee Megachile rotundata, observing increased larval mortality when
yeast and bacterial fermentation of provisions was followed by
mould overgrowth. Solitary bees Centris pallida and Anthophora
sp. were studied by Gilliam et al. (1984). Filamentous fungi colo-
nizing the exoskeleton of dead Mellipona subnitida were reported
by Ferraz et al. (2008). Enteric fungi of the paper wasp Polistes heb-
raeus were studied by Fouillaud and Morel (1995). Pathogenicity of
selected fungal species to Vespula vulgaris and Vespula germanica
was tested by Glare et al. (1996) and Harris et al. (2000). Strohm
and Linsenmair (2001) found that the sphecid wasp Philanthus tri-
angulum prolonges the resistance of its paralyzed malaxed prey
(bees) to fungal infestation when compared to freeze-killed bees,
but did not line their brood cells with any substances, which would
prevent contamination by microbes similarly as it was reported
from multiple colletid and halictid bees. Other mechanisms may
apply, particularly metabolites of symbiotic bacteria of the crabro-
nids and other invertebrate hosts may play an important protective
role (Kaltenpoth et al., 2012). The cockroach parasitoid Ampulex
compressa sanitizes host cuticule and the cocoon with a cocktail
of nine antimicrobials, and uses also vaporous isocoumarine (R)-
(-)-mellein to sanitize the nest by fumigation (Weiss et al., 2014).
Also poor composition of the diet of bee larvae was experimentally
shown to contribute to the pathogenicity of opportunistic fungi,
such as Aspergillus fumigatus (Foley et al., 2012). Reliance on proper
food supplementation is important to consider not only in relation
to the food shortage, but also in relation to co-infections by para-
sites such as Nosema ceranae, which has been confirmed to impose
an energetic stress (Mayack and Naug, 2009). Despite passive
acquision of fungi from the soil and plant surfaces is usually sug-
gested, Benoit et al. (2004) hypothesized that the mites, such as
the honey bee parasitic mite Varroa destructor can harbor fungi
and bacteria on their cuticle, including the pathogenic Ascosphaera
apis, and also Aspergillus spp. and Penicillium spp., and thus may
serve as their vectors. Aquino et al. (2013) in turn hypothesized,
that aculeate hymenoptera serve as vectors of soil and airborne
fungal species, suggesting that these insects should be eradicated
in hospitals and other human-associated environments. Some fun-
gal species associated with aculeate hymenopterans are considered
symbiotic. Among them are Amylostereum areolatum and Amy-
lostereum chailletii, which colonize mycangia of woodwasps Sirex
noctilio and Sirex nigricornis. These fungal symbionts are injected
during oviposition together with phytotoxic mucus into host pine
trees. However, the presence of Amylostereum spp. is also consid-
ered a necessary pre-condition for a development of the nematode
Deladenus siricidicola. This nematode serves as a biological control
agent of Sirex spp., and displays a bicyclic life cycle including myce-
tophagous free-living and parasitic cycles (Olatinwo et al., 2013).

Insect galls represent stable microhabitats characterized by high
humidity and limited air circulation, which is thus favorable for

fungal proliferation and both accidental and obligate interactions
of the gall insect with fungi (Bissett and Borkent, 1988). An example
of such obligate mutualism is the colonization of openings of large
Lasioptera arundinis galls by the fungus Radulidium subulatum. In
this association the fungus allows the larva to penetrate into a stem,
protects the larva against parasites and allows an easy exit of the
imago, whereas the gall midge larvae and adults have structures
allowing carrying the fungus, and thus facilitating spread of the
fungus, and the larva induces reed gall formation (Yukawa and
Rohfritsch, 2005). In non-obligate associations, the fungal assem-
blages found in galls are typically recruited from local endophytes
present in adjacent tissues. Insect galls can affect the species com-
position of fungal endophytic species, and infecting fungi can neg-
atively affect the fitness or even kill the insect present in the galls
(Wilson, 1995; Lawson et al., 2014). It is notable that moulds of
the genera Penicillium and Aspergillus, including the recently
described taxa, are known as facultative gall associates, which can
be explained by their ability to grow in habitats with limited avail-
ability of water. Seifert et al. (2004) reported Penicillium cecidicola,
Penicillium glabrum and Penicillium paxilli in galls of Cynipidae spe-
cies, Penicillium dendriticum in galls of unknown origin on Eucalyp-
tus leafs, and Penicillium erythromellis and P. pseudostromaticum in
galls induced by Diplolepis rosae on Rosa sitchensis.

In this study, we have characterized reed gall aculeate hyme-
nopteran inquilines hosting fungal species. The superficial fungal
growth was noticed when sampling immature aculeate
hymenopterans for the purpose of taxonomic and ecological anal-
yses. The diagnosis was based on the sequencing of multiple DNA
loci of both, the primary isolates and the strains transferred to an
artificial medium, and based on the phenotyping, which in combi-
nation allowed precise identification of the pathogens to the spe-
cies level. Epidemiological data were provided.

2. Material and methods
2.1. Study area and sampling

The study specimens were collected at 34 sampling sites in the
Czech Republic (33 sites) and Slovakia (1 site), Central Europe
(48.62-50.71°N; 12.25-18.56°E). Six examined reed beds were
located in nature reserves and near-natural habitats, other 28
examined reed beds were at (post)industrial sites. At each of the
sampling sites, 200 reed galls were collected between 7 Feb and
23 Mar 2014, with the exception of two sites, where the total num-
ber of galls available onsite was less than 200 and thus only the
available galls were collected. The chosen sampling period corre-
sponded to the end of high air moisture period in the Czech Repub-
lic (September to February). It also reflected the life cycle of host
organisms, as all of them survive the winter as larvae in a diapause.
Larvae collected during the chosen sampling period can easily
develop to adults under laboratory conditions, which is not as triv-
ial for those collected prior the winter onset. Thus, sampling at the
end of winter allowed comparing the viability of infected larvae
with the uninfected ones.

Only galls older than 1 year (greyish or darker in appearance,
usually without leaves and with the apex broken) were collected,
because the study focused on aculeate hymenopterans, which pref-
erentially (or, perhaps, exclusively) use the >1 year old galls for
their nesting. The collected galls were longitudinally cut, the
healthy aculeate hymenoptera were allowed to rear and the spec-
imens with macroscopic signs of fungal infections were collected
for further analyses. All the aculeate hymenopteran specimens
were identified to a species level. The detailed list of sampling sites
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and the description of the sampling technique used were provided
in our recent paper (Bogusch et al., 2015) focusing on the morphol-
ogy of nests and mature larvae of aculeate hymenopterans exam-
ined in this study.

2.2. Isolation and cultivation of obtained strains

Part of the mycelium was transferred from each specimen with
macroscopically visible fungal infection to the liquid medium.
Fungi were cultured stationary for 3-7 days at 21 °C in 50 ml plas-
tic tubes on liquid media containing glucose (4% w/v), sorbitol (2%
w/v) and acid casein hydrolysate (3% w/v; all from Sigma-Aldrich,
St. Louis, MO), with pH adjusted to 6.5 (Kadlec et al., 1994).
Obtained fungi were plated on agar plates containing the identical
but solid medium, and the obtained clones were used for DNA iso-
lations, subsequent cultivations, and were stored frozen. All the
specimens were transferred successfully. In addition, we isolated
the DNA also from the mycelium obtained directly from host spec-
imens, and we also took pictures of the mycelium growing on host
specimens. The list of specimens examined, their host species,
sampling sites and sampling dates are provided in Table 1.

Representative strains of each obtained species were deposited
in the Culture Collection of Fungi (CCF) at the Charles University in
Prague, Faculty of Science under the collection numbers CCF 5154-
CCF 5157.

2.3. Phenotypic studies

Representative strains of each obtained species (identified by
DNA sequencing) were grown on malt extract agar (MEA; malt
extract from Oxoid, Basingstoke, UK), Czapek yeast autolysate
agar (CYA; yeast extract from Difco Laboratories, Detroit, MI),
yeast extract sucrose agar (YESA; yeast extract from Difco Labora-
tories, Detroit, MI) and Czapek-Dox agar (CZA; Oxoid, Bas-
ingstoke, UK) at 20, 25 and 30°C in the dark and sealed with
Parafilm. Agar media were prepared as described by Frisvad and
Samson (2004) and Atlas (2010). Representative photographs
were taken at 25 °C.

2.4. DNA extraction and amplification

DNA was extracted from three days old colonies using the
NucleoSpin Tissue XS kit (Macherey Nagel, Diiren, Germany)
according to the manufacturer’s instructions. Two aliquots of
DNA obtained were stored at —20°C. The extracted DNA was
amplified as described (Literak et al., 2013) using the primers tar-
geting four nuclear loci: ITS region, including ITS1, 5.8S rDNA and
ITS2, B-tubulin (BenA), calmodulin (CaM) and elongation factor 1o
(EF1-), and three mitochondrial loci: mtSSU, mtLSU and CO1. The
primers used are listed in Table 2. The generated DNA fragments
were purified using USB Exo-SAP-IT (Affymetrix, Santa Clara, CA)
and were subjected to bidirectional Sanger sequencing using ABI
3130 DNA Analyzer (Applied Biosystems, Foster City, CA) or were
sent for Sanger sequencing by Macrogen (Seoul, Korea). The result-
ing consensus DNA sequences were submitted to the GenBank
database under the accession numbers KP792130-KP792161 and
KT200194-KT200207 (Table 3).

2.5. Identification

We imported the newly generated sequences of mitochondrial
and nuclear DNA and the publicly available sequences with the
highest similarity as identified by NCBI Blast (as of 4-Jul-2015) into
the program MEGAS5 and aligned by ClustalW (gap opening penalty
7, gap extension penalty 2 for both pairwise and multiple align-

ments, DNA weight matrix IUB, transition weight 0.1). We trimmed
the aligned sequences, and removed short-length sequences from
the alignments; only trimmed sequences were used for further
analyses. The barcoding loci BenA, CaM and ITS, officially adopted
for Aspergillus and Penicillium taxonomy', were used for comparison
using NCBI Blast similarity search. The trimmed B-tubulin locus cor-
responded to nt. 43-349 (307 bp) of EF651917 of Aspergillus pseu-
doglaucus (Table S1). The trimmed calmodulin locus corresponded
to nt. 39-360 (321 bp) of EF652007 of A. pseudoglaucus (Table S2).
The trimmed ITS1 & ITS2 locus corresponded to nt. 8-462 (455 bp)
of EF652050 of A. pseudoglaucus, which consisted of partial SSU,
full-length ITS1, 5.8S rDNA and ITS2, and partial LSU (Table S3).
The trimmed mtSSU locus corresponded to nt. 2356-2611 (256 bp)
of IN696111 of Penicillium solitum (Table S4). The trimmed LSU locus
corresponded to nt. 598-1046 (449bp) of EF652048 of A.
pseudoglaucus (Table S5). The trimmed CO1 locus corresponded to
nt. 1-521 (521bp) of EF180200 of Penicillium concentricum
(Table S6).

Maximum likelihood fits of 24 nucleotide substitution models
were performed as described (Reza¢ et al., 2014), with all sites used
for the analyses, including the gaps. For each model, we calculated
the Bayesian information criterion, Akaike information criterion
(corrected) and maximum likelihood values. For the BenA locus,
we analyzed 13 sequences with a total of 341 positions in the final
dataset (Table S7). For the CaM locus, we analyzed 5 sequences
with a total of 321 positions in the final dataset (Table S8). For
the ITS1 & ITS2 locus, we analyzed 16 sequences with a total of
500 positions in the final dataset (Table S9). For the SSU locus,
we analyzed 24 sequences with a total of 256 positions in the final
dataset (Table S10). For the LSU locus, we analyzed 9 sequences
with a total of 451 positions in the final dataset (Table S11). For
the CO1 locus, we analyzed 8 sequences with a total of 521 posi-
tions in the final dataset (Table S12).

Following determination of the best fit model, we used the
respective model to construct a tree. For the BenA data, we used
Kimura 2-parameter model (Kimura, 1980). Non-uniformity of
evolutionary rates among sites was modeled by assuming that a
certain fraction of sites were evolutionarily invariable (+I). For
the CaM data, we used Kimura 2-parameter model (Kimura,
1980). For the ITS1 & ITS2 and SSU data, we used Tamura 3-
parameter model (Tamura, 1992). Non-uniformity of evolutionary
rates among sites was modeled by using a discrete Gamma distri-
bution (+G) with 5 rate categories. For the LSU data, we used
Kimura 2-parameter model (Kimura, 1980). For the CO1 data, we
used Tamura 3-parameter model (Tamura, 1992). We employed
the bootstrap procedure at 1,000 replicates. For the tree inference,
we used nearest-neighbor-interchange as the maximum likelihood
heuristic method of choice, and the initial tree was formed by the
neighbor joining algorithm.

We next used the maximum likelihood method to estimate
intraspecific evolutionary divergence in the examined fungal spe-
cies. We calculated the number of base differences per site in the
sequences of the BenA locus by averaging over all sequence pairs
between groups (Distance) = SE, and employed the bootstrap pro-
cedure at 1000 replicates; 287 positions in 13 nucleotide
sequences were analyzed. The model used to estimate intraspecific
evolutionary divergence was identical with the one used to con-
struct the BenA tree but without modeling for non-uniformity by
assuming that a certain fraction of sites were evolutionarily invari-
able, because such modeling was not compatible with the calcula-
tion of intraspecific evolutionary divergence by the program used
(Tamura et al.,, 2011).

! International Commission of Penicillium and Aspergillus. Available from: http://
www.aspergilluspenicillium.org, cited as 15-Sep-2015.
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Table 1

Species, host organisms, sampling sites and sampling dates of specimens of entomopathogenous fungi found in course of this study. ENV = DNA specimens isolated from a fungus
growing directly on the host body. ISO = DNA specimens isolated from a fungus cultivated on agar plates. “Co-infection of the same host individual by two fungal species (gall IDs
Hodonin 82 and Hodonin 152). Collection numbers of strains deposited in the Culture Collection of Fungi (CCF) at the Charles University in Prague, Faculty of Science are

indicated.

Specimen ID Species Host Sampling site, country, gall ID Coordinates Date
ENV 1SO
2226 2242 Penicillium buchwaldii Pemphredon fabricii Sekule, Slovakia, 182 48.62N 17.00E 15-Mar-2014
2227 2243 Aspergillus pseudoglaucus Pemphredon fabricii Hodonin, Czech Republic, 63 48.88N, 17.06E 14-Mar-2014
2228 2244 Penicillium buchwaldii Pemphredon fabricii Darkov, Czech Republic, 120 49.83N, 18.56E 08-Feb-2014
2229 2245 Penicillium buchwaldii Pemphredon fabricii Hodonin, Czech Republic, 47 48.88N, 17.06E 14-Mar-2014
2230 2246 (CCF 5157) Penicillium quebecense Pemphredon fabricii Sekule, Slovakia, 178 48.62N 17.00E 15-Mar-2014
2231 2247 Penicillium buchwaldii Pemphredon fabricii Hodonin, Czech Republic, 140 48.88N, 17.06E 14-Mar-2014
2232 2248 (CCF 5155) Penicillium buchwaldii Hoplitis leucomelana Chvaletice, Czech Republic, 186 50.03N, 15.43E 07-Mar-2014
2233 2249 (CCF 5156) Penicillium buchwaldii Hylaeus moricei Darkov, Czech Republic, 67 49.83N, 18.56E 08-Feb-2014
2234 2250 Penicillium buchwaldii Trypoxylon minus Stara Pohirka, Czech Republic, 157 48.96N, 14.52E 20-Feb-2014
2235 2251 (CCF 5154) Aspergillus pseudoglaucus Pemphredon fabricii Darkov, Czech Republic, 7 49.83N, 18.56E 08-Feb-2014
2236 2252 Penicillium buchwaldii Pemphredon fabricii Sekule, Slovakia, 173 48.62N 17.00E 15-Mar-2014
2237 2253 Penicillium buchwaldii Pemphredon fabricii Hodonin, Czech Republic, 56 48.88N, 17.06E 14-Mar-2014
2238 2254 Penicillium buchwaldii Pemphredon fabricii Sekule, Slovakia, 51 48.62N 17.00E 15-Mar-2014
2239 2255 Penicillium buchwaldii Trypoxylon deceptorium Ole3nik, Czech Republic, 85 49.09N, 14.36E 21-Feb-2014
2240A 2256 Penicillium buchwaldii Pemphredon fabricii Hodonin, Czech Republic, 152* 48.88N, 17.06E 14-Mar-2014
2241A 2257A Penicillium buchwaldii Pemphredon fabricii Hodonin, Czech Republic, 82* 48.88N, 17.06E 14-Mar-2014
2241B 2257B Aspergillus pseudoglaucus Pemphredon fabricii Hodonin, Czech Republic, 82* 48.88N, 17.06E 14-Mar-2014
2240B 2258 Aspergillus pseudoglaucus Pemphredon fabricii Hodonin, Czech Republic, 152* 48.88N, 17.06E 14-Mar-2014
Table 2
Primers employed for the amplification and sequencing of nuclear and mitochondrial DNA loci from entomopathogenous fungi found in course of the study.
Locus Primer name Sequence Reference
ITS1 & ITS2 ITS1-F CTTGGTCATTTAGAGGAAGTAA Gardes and Bruns (1993)
5.8SF GGATCACTCGGCTCRTGNRTCGATGAAG Medina et al. (2001)
ITS4 TCCTCCGCTTATTGATATGC White et al. (1990)
B-tubulin Bt2a GGTAACCAAATCGGTGCTGCTTTC Glass and Donaldson (1995)
Bt2b ACCCTCAGTGTAGTGACCCTTGGC Glass and Donaldson (1995)
Calmodulin CF1 M AGGCCGAYTCTYTGACYGA Peterson (2008)
CF4 TTYTGCATCATRAGYTGGAC Peterson (2004)
mt SSU mrSSU2R CCTTCGTCCTTCAACGTCAG Zoller et al. (1999)
MSU7 GTCGAGTTACAGACTACAATCC Zhou and Stanosz (2001)
mt LSU 5.8SF GGATCACTCGGCTCRTGNRTCGATGAAG Medina et al. (2001)
R635 GGTCCGTGTTTCAAGACGG Yamada and Kawasaki (1989)
co1 PenF1 GACAAGAAAGGTGA ATCTTC Seifert et al. (2007)
AspR1 GGTAATGATAATAATAATAATACAGCTG Seifert et al. (2007)
Table 3

Sequences generated newly from the specimens of entomopathogenous fungi found in course of this study. NCBI GenBank accession numbers (KP792130-KP792161 and
KT200194-KT200207) are indicated.

Specimen Locus
ITS1, 5.8S rDNA and ITS2 B-tubulin Calmodulin mt SSU mt LSU co1
2226 KP792130 KP792156
2237 KP792131 KP792150
2242 KP792132 KP792158 KP792151
2243 KT200202 KT200199 KP792133 KP792159
2244 KP792134
2245 KP792146
2246 KT200203 KT200194 KP792147
2247 KP792148
2248 KT200204 KT200195 KP792135
2249 KT200205 KT200196 KP792136
2250 KP792137 KP792152
2251 KT200206 KT200197 KT200200 KP792138
2252 KP792149 KP792153
2253 KP792139 KP792160 KP792154
2254 KP792140 KP792155
2255 KP792141
2256 KP792142
2257A KP792144
2257B KP792145
2258 KT200207 KT200198 KT200201 KP792143 KP792161
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2.6. Statistical analyses

All aculeate hymenopterans obtained in course of the rearing
experiments were examined for macroscopic signs of fungal
infections. To estimate the prevalence of infection, we used the
statistical software L-Calc, version 1.1 (StemSoft Software, Van-
couver, Canada), which estimates the parameters by fitting a gen-
eralized linear model with a complementary log-log link and
finds the maximum likelihood using Newton-Raphson method.
The 2 statistics was determined to assess the degree of consis-
tency in the data with a Poisson dose-response relationship. A
5% or less type I error was considered to be statistically signifi-
cant. A significant y? test occurs when there is inconsistency in
the data distribution. Fisher's test was used to calculate the
differences in infection rates in species complexes of specialized
and ubiquitous hosts. All other calculations were performed
in PAST 2.14. Data are shown as mean+SD unless stated
otherwise.

3. Results
3.1. Epidemiology

We examined 6449 reed galls induced by Lipara spp., of which
4629 were unoccupied and 1820 (18.2%) were occupied by
aculeate hymenopterans or their parasitoids. In these 1820 nests,
we recorded in total 5200 immature individuals of aculeate
hymenopterans or their parasitoids. Most of them were repre-
sented by the eudominant species Pemphredon fabricii (91.9% of
specimens identified to the species level). The examined reed galls
hosted 12 species of aculeate hymenopterans and their parasitoids.
Most of the specimens hatched successfully. However, in 230 nests
(represented by 532 individuals, 10.2% of the total), there were
dead individuals or the immature individuals did not hatch due
to unknown reasons; such immature individuals were not identi-
fied to a species level.

Table 4

During the examination of immature individuals identifiable to
a species, we noticed fungal outgrowth on the surface of the
exoskeleton of 83 (1.60%) of larvae and pupae, which corresponds
to the estimated prevalence 1 in 56 (95% CI: 1 in 45-69). We
noticed the infections in six independent species of reed gall-
associated aculeate hymenopterans and one their parasitoid, with
most records (but not the highest prevalence) recorded in the
eudominant species P. fabricii (Table 4). Within the species com-
plex of Trypoxylon spp., the Lipara-induced reed gall specialist Try-
poxylon deceptorium displayed lower infection rates than the
closely related species Trypoxylon minus, which uses Lipara-
induced reed galls only occasionally (Fisher‘s test p < 0.01). Similar
trend was observed in Hylaeus spp. (Hylaeus pectoralis vs. Hylaeus
moricei), but the sample size did not allow sufficient power to
prove such relationship in the genus Hylaeus too.

We identified the infected individuals at 16 of the 34 examined
sampling sites, two of which consisted of near-natural sites
(Sekule, Borovany) and other 14 sites were located to fly ash and
slag deposits of lignite heating plants and powerplants. The rela-
tive number of infected individuals differed dramatically, reaching
up to 16 individuals at the Hodonin sampling site (13.1% of live
individuals identified to the species level at this sampling site),
15 individuals at Sekule (3.7%), 8 individuals at Darkov (2.5%)
and at Chvaletice (1.8%), and less or none at all at other sampling
sites. Altogether 39 infected nests were multibrooded; five infected
nests were singlebrooded. In 24 cases (62%), only a part of individ-
uals within a multibrooded nest were infected. Such infections
consisted in 19 cases of infection of only a single individual within
a multibrooded nest, and in 5 cases of infection of multiple (but not
all) individuals within a multibrooded nest. In 15 cases (38%), all
individuals within a multibrooded nest were infected. We allowed
all the infected immature individuals to develop into adults simi-
larly to the uninfected ones, but all the infected individuals died
at various immature stages.

We next identified specimens from six sampling sites (n=18
specimens, Table 1) to the species level by combined morphologic
and genetical approaches. We recorded the infection by three fun-

Epidemiology of the fungi infecting immature reed gall-associated aculeate hymenopterans and their parasitoids. Indicated is the number of galls, nests and individuals of each
host species examined, absolute and relative number of live individuals found to be infected and estimated prevalence of macroscopic fungal infections of the exoskeleton.

Species Number of galls (nests) Number of immature Absolute/relative [%] number of Estimated prevalence (95% CI);

examined host individuals examined individuals with macroscopic x* (Pearson); % (Deviance)
fungal infection of the exoskeleton

Diptera/Bombyliidae

Thyridanthrax fenestratus 18 75 9/12.0 1in 8 (4-15)

Hymenoptera/Chrysididae

Chrysis angustula 1 5 0

Trichrysis cyanea 16 32 0

Hymenoptera/Vespidae

Symmorphus bifasciatus 6 20 0

Hymenoptera/Crabronidae

Passaloecus clypealis 3 7 0

Pemphredon fabricii 1029 4289 59/0.33 1in 72 (56-93)

Trypoxylon deceptorium 39 91 1/1.1 1in 90 (13-642)

Trypoxylon minus 6 19 4/5.3 1in4 (2-11)

Hymenoptera/Megachilidae

Hoplitis leucomelana 10 24 1/4.1 1in 23 (3-167)

Hymenoptera/Colletidae

Hylaeus incongruus 1 3 0

Hylaeus moricei 3 13 3/23.1 1in4(1-12)

Hylaeus pectoralis 27 90 6/6.7 1in 14 (7-32)

Not identified 230 532 N/A

Unoccupied 4629 N/A

Total 6449 5200 83/1.60 1 in 56 (45-69); 137.6 (p < 0.001);

58.4 (p < 0.001)
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gal species, Penicillium quebecense, Penicillium buchwaldii and A.
pseudoglaucus. We found P. buchwaldii as the most abundant fungal
pathogen associated with the exoskeleton of the live immature
individuals of aculeate hymenoptera. We found this species at all
the six mould-positive sampling sites from which the fungi were
subjected to morphologic and genetical analyses (in total 13 cases,
72%), associated with five host species, namely P. fabricii (9 cases),
T. deceptorium, T. minus, Hoplitis leucomelana and H. moricei (1 case
each). We found A. pseudoglaucus at two sampling sites, repre-
sented by four cases (22%), all hosted by P. fabricii; two of the four
cases were in fact co-infections of the P. fabricii host individual
with A. pseudoglaucus and P. buchwaldii. Last but not least, we iden-
tified a single case (6%) of infection by P. quebecense, hosted by P.
fabricii. All the above cases are considered new host records.

3.2. Fungal strain identification

Maximum likelihood analysis of nuclear DNA loci (B-tubulin,
calmodulin and ITS1 & ITS2) revealed the infection by three fungal
species. The highest resolution and the best comparative data for
differential diagnosis were available for the B-tubulin locus
(Fig. 1A).

The B-tubulin sequences of specimens 3LF-2251 and 3LF-2258
displayed 100% similarity to A. pseudoglaucus (NCBI Acc. No.
EF651917; mean distance d = 0.000 + 0.000), with 100% bootstrap
support for A. pseudoglaucus over the closely related Aspergillus
tonophilus and Aspergillus sloanii (Fig. 1A). The identification was
supported by comparison of obtained CaM and ITS sequences with
barcodes of the same species (EF652007 and EF651917, respec-
tively; Fig. 1).

The B-tubulin sequences of specimens 3LF-2248 and 3LF-2249
displayed the highest similarity to P. buchwaldii (JX313182;
d =0.000 + 0.000), with 84% bootstrap support over Penicillium
spathulatum (Fig. 1A). The identification was supported by compar-
ison of obtained ITS sequences with the barcode of the same spe-
cies (JX313164, respectively; Fig. 1).

The RB-tubulin sequences of the specimen 3LF-2246 displayed
the highest similarity to P. quebecense (JN606700;
d =0.003 £ 0.003) as compared to Penicillium aurantiacobrunneum
and Penicillium cairnsense (Fig. 1A). The identification was sup-
ported by comparison of obtained ITS sequence with the barcode
of the same species (JN617661, respectively; Fig. 1).

We obtained also the sequences of mitochondrial (SSU, LSU and
CO1) DNA loci for all the three analyzed species, but only LSU was
in part sufficiently informative to support the diagnoses because
they were not sufficiently informative at the species level (SSU),
or did not allow to address this issue due to the lack of publicly
available sequences of the three identified species in GenBank
(€01, in part LSU and SSU) (Figs. 2). Negligible intraspecific vari-
ability in sequences of the six DNA loci tested prevented us from
identifying any potential host- or site-specific population structure
in examined species.

3.3. Morphologic analyses

3.3.1. Penicillium quebecense

Macromorphology of P. quebecense was examined using strain
3LF-2246 (CCF 5157): Colonies on MEA attaining 36-37 mm diam-
eter in 7 d at 25 °C, colony color grayish yellow green (#8F9779)
and white (#F2F3F4) in marginal part, finely granular, flat, reverse
pale greenish yellow (#EBE8A4). Colonies on CYA attaining 45 mm
diameter in 7 d at 25 °C, colony color yellowish white (#FOEADG6),
floccose, crateriform, radially sulcate, reverse moderate orange yel-
low (#E3A857). Colonies on CZA attaining diameter of 30-33 mm
after 7 d at 25 °C, floccose, plane, colony and reverse color pale yel-
low (#F3E5AB) to yellowish white (#FOEADG6). Colonies on YESA

attaining 39-42 mm diameter in 7 d at 25 °C, finely granular, flat,
radially sulcate in center, colony color pale green (#8DA399),
reverse color similar to MEA (Fig. 3A-D). Red (#F91202) (on MEA)
and vivid red (#BE0032) (on YESA) diffusible pigments were pro-
duced at 30 °C.

3.3.2. Penicillium buchwaldii

Macromorphology of P. buchwaldii was examined using strains
3LF-2248 (CCF 5155), 3LF-2249 (CCF 5156) and 3LF-2256: Colonies
on MEA attaining 24-29 mm diameter in 7 d at 25 °C, colony color
dark bluish green (#004B49) and white (#F2F3F4) in marginal part,
finely granular, flat, radially sulcate in center, reverse light orange
yellow (#FBC97F). Colonies on CYA attaining 21-28 mm diameter
in 7 d at 25 °C, colony color light bluish green (#66ADA4) to very
light bluish green (#96DED1), finely granular, crateriform, central
part of colony raised or flat, radially sulcate at margins and sulcate
to wrinkled centrally, reverse light orange yellow (#FBC97F). Colo-
nies on CZA attaining diameter of 18-21 mm after 7 d at 25 °C,
floccose, central part of colony raised, colony color dark bluish
green (#004B49) to grayish greenish yellow (#B9B57D) and white
(#F2F3F4) in center and marginal part, reverse vivid yellow
(#F3C300) to pale yellow (#F3E5AB) in marginal part. Colonies
on YESA attaining 19-26 mm diameter in 7 d at 25 °C, crateriform,
central part of colony raised or flat, radially or concentrically sul-
cate, colony and reverse color similar to CYA (Fig. 3E-H). No
growth observed at 30 °C on MEA.

3.3.3. Aspergillus pseudoglaucus

Macromorphology of A. pseudoglaucus was examined using
strains 3LF-2251 (CCF 5154), 3LF-2243 and 3LF-2258: Colonies
on MEA attaining 19-22 mm diameter in 7 d at 25 °C, colony color
very light yellowish green (#B6E5AF), floccose, convex, reverse
light orange yellow (#FBC97F). Colonies on CYA attaining 22-
25mm diameter in 7 d at 25 °C, colony color moderate yellowish
green (#679267) to very light bluish green (#96DED1), floccose,
central part of colony raised or flat, reverse vivid yellow
(#F3C300). Colonies on CZA attaining diameter of 18-23 mm after
7 d at 25 °C, floccose, plane, brilliant greenish yellow (#E9E450),
reverse pale yellow (#F3E5AB) to brilliant yellow (#FADASE). Colo-
nies on YESA attaining 18-24 mm diameter in 7 d at 25 °C, floc-
cose, umbonate, colony color white (#F2F3F4) and moderate
yellowish green (#679,267) in marginal part, reverse strong green-
ish yellow (#BEB72E) to light greenish yellow (#EAE679) (Fig. 3I1-
L). No growth observed at 30 °C on MEA.

4. Discussion

Reed galls induced by Lipara spp. represent a specific but widely
distributed microhabitat characterized by high moisture and low
air circulation, where the spread of fungi is facilitated by various
vectors, including ovipositing females, their mites and possibly
also the prey stored abundantly in the brood cells (Benoit et al.,
2004; Aquino et al., 2013; Foley et al., 2014). The most, if not all,
aculeate hymenopterans defend against the fungi by antifungal
compounds, which are produced to protect not only the potential
hymenopteran host, but they are also distributed throughout
brood cell to protect the prey stored for up to several months
before being eaten (Strohm and Linsenmair, 2001; Weiss et al.,
2014) and may be produced also by symbiotic prokaryotic and
eukaryotic organisms (Florez et al., 2015). Thus, the environment
of the reed gall serves as a highly specific environment, which is
hostile to some fungal species, but which provides abundant
resources for those resistant to the insect defense mechanisms.
In this study, we documented for the first time the species rich-
ness, prevalence and host affinity of macroscopic fungal infections
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Fig. 1. Maximum likelihood analysis of nuclear DNA loci (B-tubulin (A), calmodulin (B) and ITS1 & ITS2(C)). Sequences of analyzed specimens are shown together with

publicly available sequences with the highest similarity as revealed by NCBI Blast.

of exoskeletons of the brood of aculeate hymenopterans associated
with reed galls. The infection rates were highly variable and further
research should elucidate the conditions under which massive
infestation (we detected up to 13% of live infected brood) occurs.

The relatively high abundance of infected but alive larvae may be
associated with low temperatures of the reed gall environment
experienced throughout the winter period when the galls were col-
lected and analyzed. For example, most of the Aspergillus spp. grow
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Fig. 2. Maximum likelihood analysis of mitochondrial DNA loci (SSU (A), LSU (B) and CO1 (C)). Sequences of analyzed specimens are shown together with publicly available

sequences with the highest similarity as revealed by NCBI Blast.

in temperatures ranging from 12 °C to 50 °C (Foley et al., 2014),
thus negligible growth should be experienced in course of winter
months.

In course of this study, we identified three fungal species asso-
ciated with aculeate hymenopteran larvae (Fig. 4). P. quebecense is

a little known species of the section Citrina characterized by its
rapid growth on CYA, pale orange sclerotia, dark red reverse on
YES, and CYAS:CYA growth ratio 0.85:1.00 (Houbraken et al.,
2011), known to produce the following extrolites: citreoviridin,
phoenicin, terrein, SENOE, MIF, MIM, SENGA and alk-770
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Fig. 3. Colonies and reverse on YESA, CYA, CZA and MEA at 25 °C after 14 d in the dark. Penicillium quebecense — strain 3LF-2246 (CCF 5157; A-D); Penicillium buchwaldii -
strain 3LF-2249 (CCF 5156; E-H); Aspergillus pseudoglaucus - strain 3LF-2251 (CCF 5154; I-L), all cultivated on YESA (A, E, I), CYA (B, F, J), CZA (C, G, K) and MEA (D, H, L).
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Penicillium buchwaldii (3LF-2231), magnif. 90x
host: Pemphredon fabricii

Penicillium quebecense (3LF-2230), magnif. 50x
host: Pemphredon fabricii

Penicillium buchwaldii (3LF-2234), magnif. 90x
host: Trypoxylon minus

Penicillium buchwaldii (3LF-2236), magnif. 90x
host: Pemphredon fabricii

Penicillium buchwaldii (3LF-2232), magnif. 50x
host: Hoplitis leucomelana

Penicillium buchwaldii (3LF-2239), magnif. 63x
host: Trypoxylon deceptorium

Fig. 4. Representative photographs of fungal infections in the brood of crabronid wasps and megachilid bees found in course of this study.

(Houbraken et al., 2011). So far, this species was known only from
its type culture, isolated from the air in a sawmill in Quebec,
Canada. Here we report the second isolate of this species, extend-
ing its distribution range, identifying additional DNA markers, and
reporting the first documented host record of this species.
Another Penicillium species identified in course of this study, P.
buchwaldii of the section Brevicompacta, was described only
recently as closely related to P. spathulatum (Frisvad et al., 2013).
Most species in section Brevicompacta are commonly found in soil
and food (Frisvad and Samson, 2004). Frisvad et al. (2013) isolated
and examined 39 strains of P. buchwaldii, which originated from
indoor air, soil (including a saltern), Quercus ruber leaf and several
types of food and feedstuffs from multiple European countries,
Greenland and Senegal. The diagnostic features include pale beige
reverse on CYA agar, bi- and ter-ramulate penicilli, echinulate
thick-walled globose conidia and a production of several extrolites
of potential clinical interest, namely asperphenamate, citreoiso-
coumarin, communesin A and B, asperentin and 5‘-hydroxy-
asperentin. So far, this species was known only from sources noted

in the publication describing this species. Here we report P. buch-
waldii as the dominant fungal associate of the exoskeleton of live
immature individuals of aculeate hymenoptera, identified in five
host species, namely P. fabricii, T. deceptorium, T. minus, H. leucome-
lana and H. moricei. We report P. buchwaldii for the first time from
the Czech Republic and Slovakia, identify additional DNA markers,
and identify for the first time the arthropods as potential (and fre-
quent) hosts of this species.

The third species identified in course of this study, A. pseu-
doglaucus (Eurotium repens), was identified nearly a century ago
by Blochwitz. It belongs to well-known entomopathogenic species
of Aspergillus, which include also A. flavus, A. parasiticus, A. tamarii,
A. ochraceus, A. fumigatus and A. versicolor. All these species are
mainly saprophytic but can infect a wide range of insect species,
infecting also the brood and adults of honey bees, causing the rel-
atively rare, but well-known disease termed stonebrood, charac-
terized by the formation of hard stone-like mummified cadavers
of the brood (Tanada and Kaya, 2012). The section Aspergillus,
where A. pseudoglaucus belongs, comprises of xerophilic fungi,
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which grow exceptionally well in highly saline environments,
which includes not only the salines, but also foods and feeds pre-
served with high concentrations of NaCl or sugar (Pitt and
Hocking, 1997; Butinar et al., 2005; Hubka et al., 2013), produce
numerous mycotoxins (Butinar et al., 2005; Smetanina et al,
2007), and are even able to degrade selected food additives such
as the antioxidant 3-tert-butyl-4-hydroxyanisole (BHA) (Doi
et al., 1991). Although A. pseudoglaucus is relatively uncommon
in vertebrates, including humans, it is considered zoonotic. Com-
bined infection by A. pseudoglaucus and Microascus cinereus was
reported to cause maxillary sinusitis in otherwise healthy human
male in France subjected to grain dust work exposure (Aznar
et al., 1989). Crude mycelial extracts of A. pseudoglaucus are toxic
to invertebrates as tested on Artemia salina larvae. The mycelium
contains asperentin, which displays LDso = 86 pg ml~! toward the
A. salina larvae. Another A. pseudoglaucus metabolite, physcion, is
considered cytotoxic, and causes 50% growth inhibition of HeLa
cells when added at 100 ng ml~! (Podojil et al., 1979). Here we
report A. pseudoglaucus as an abundant fungal pathogen associated
with exoskeletons of the live immature individuals of reed gall-
associated aculeate hymenopteran species P. fabricii. Interestingly,
two of the four genetically confirmed infection events were repre-
sented by co-infections with P. buchwaldii.

Within the genera Trypoxylon and Hylaeus, we noticed a trend
toward higher infection rates in hymenopteran species, which
are not narrowly specialized to use the Lipara-induced reed galls
as compared to the Lipara-induced reed gall specialists T. decepto-
rium and H. pectoralis. Such difference might be related to the sub-
optimal environment provided by reed galls to non-specialists and/
or by poor trophic support within monotypic stands of common
reed. Foley et al. (2012) have already shown that honey bee larvae
fed on a nutritionally poor diet are more susceptible to A. fumigatus
infections. In contrast, honey bee larvae fed with a diet supple-
mented with either dandelion or polyfloral pollens increased their
resistance toward A. fumigatus. Thus, proper nutrition and diverse
food resources are definitively among the factors affecting the sus-
ceptibility of bee brood toward fungal infections. Shortage of food
resources can be caused by various factors. Among them are the
presence of agricultural monocultures and simplification in crop
rotation, which leads to temporal shortages in food supply linked
to agricultural cycles in intensively farmed areas (Decourtye
et al., 2010). Also habitat fragmentation and loss of buffer zones
of natural and near-natural habitats in intensively farmed areas
leads to the loss of natural forage diversity that may be required
for optimum nutrition (Kremen et al., 2002). Parasite infections
may cause energetic stress such as in case of the microsporidian
N. ceranae infections (Thompson and Redak, 2008; Mayack and
Naug, 2009). And also the absence of elements essential for proper
immune responses and/or detoxification of xenobiotics play an
important role in nutrition-linked susceptibility of bee brood
toward the fungal infections (Johnson et al., 2012). Even if the lar-
vae survive the infection, impairments in development may occur
and sub-lethal effects can persist into the adulthood. The stone-
brood parasites are ubiquitous, opportunistic species, which have
little impact on vertebrates except of immunocompromised indi-
viduals (Tell, 2005; Foley et al., 2012). Thus, it is possible that
the occurrence of stonebrood and other fungal infections found
in course of this study might be associated only with adverse con-
ditions. These may apply either at the level of the health of host
individual prior infection, quality of the nest resource and nest
construction, or adverse microhabitat conditions.

In conclusion, we have identified the Lipara-induced reed galls
colonized by aculeate hymenopterans as a microhabitat hosting
abundant, although species-poor assemblage of filamentous fungi.
We recorded multiple infection events at a large part of sampling
sites, thus fungal infections should be considered an important

variable driving the abundance of reed gall-associated aculeate
hymenoptera. Infections of generalist host species were more fre-
quent than those of reed gall specialists, suggesting that subopti-
mal conditions decrease the immunocompetence of non-
specialized species, which only occasionally nest in reed galls
and in surrounding monotypic stands of common reed.
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Abstract Gravel-sand river terraces were nearly eliminated from central European
landscape by river channelization. Monotypic stands of common reed (Phragmites aus-
tralis) growing on such terraces are often stressed by drought, which makes them vul-
nerable to Lipara spp. (Diptera: Chloropidae) gallmakers. Although Lipara are considered
ecosystem engineers, only fragmentary information is available on the biology of their
parasitoids and inquilines. We analyzed the assemblages of arthropods (Arachnida,
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Neuroptera, Coleoptera, Diptera, Lepidoptera and Hymenoptera) that emerged from 17,791
Lipara-induced galls collected in winter from 30 reed beds in the Czech Republic, 15 of
which were situated at (post)industrial sites (gravel-sandpits, tailing ponds, limestone
quarries, colliery dumps, and reclaimed lignite open-cast mines) and 15 were in near-
natural habitats (medieval fishponds, and river and stream floodplains). The Chao-1 esti-
mator indicated 229.3 + 18.1 species in reed galls at (post)industrial and 218.1 £ 23.6
species at near-natural sites, with the Sgrensen index reaching only 0.58. We identified 18
red-listed species and four new species for the Czech Republic (Gasteruption phragmiti-
cola, Echthrodelphax fairchildii, Haplogonatopus oratorius and Enclisis sp.), representing
mostly obligate (64 %) or facultative (9 %) reed specialists. We propose that Lipara gall-
associated assemblages undergo a long-term cyclic ecological succession. During first
10 years after reed bed formation, only Lipara spp. and several other species occur. During
next decades, the reed beds host species-rich assemblages with numerous pioneer species
(Singa nitidula, Polemochartus melas) that critically depend on presence of prior distur-
bances. Middle-aged reed beds (near medieval fishponds) are prevalently enriched in
common species only (Oulema duftschmidi, Dimorphopterus spinolae). Habitats with the
longest historical continuity (river floodplains) host again species-rich assemblages with
several rare species that probably require long-term habitat continuity (Homalura tarsata,
Hylaeus moricei). Landscape dynamics is thus critical for the persistence of a full spectrum
of reed gall inquilines, with (post)industrials serving as the only refugia for pioneer species
ousted from their key nesting habitats at once cyclically disturbed gravel-sand river
terraces.

Keywords Biodiversity conservation - Community structure - Emergence traps - Hydric
restoration - Life-history traits - Post-industrial habitats

Introduction

Higher land use intensity substantially alters the associations among the diversities of
multiple animal and plant taxa (Manning et al. 2015). Although many previous studies
have investigated the effects of land use on the abundances of particular species and the
biodiversity of individual taxonomic groups, there are still significant gaps in our under-
standing of the ecological consequences of land use changes (Allan et al. 2014; Weiner
et al. 2014). Understanding these associations is particularly important as the use of
inappropriate indicators can lead to poor conservation management decisions and planning,
and wrong estimates of wider biodiversity. Particularly where taxa are trophically diverse,
forming a mix of secondary consumers, herbivores and omnivores, their diversity is
expected to be weakly correlated (Scherber et al. 2010; Weiner et al. 2014; Manning et al.
2015).

Monotypic stands of the common reed Phragmites australis serve as important habitats
for numerous threatened vertebrates and host diverse communities of invertebrates. Reed
beds are frequently protected as nature reserves and form large parts of endangered wet-
lands. However, the common reed is also considered to be invasive, particularly in North
America, and it is also able to swiftly colonize newly formed (post)industrial habitats, such
as sandpits, gravel-sandpits, claypits, former open-cast mines and ash deposits (Tscharntke
1992; van der Putten 1997, Curn et al. 2007; Lelong et al. 2009; Heneberg et al. 2014).

@ Springer



Biodivers Conserv (2016) 25:827-863 829

Arthropods utilize common reed as a food source (sap suckers, leaf- and pollen-feeding
species) or also as a nesting resource and shelter (stem borers, gall makers, and gall
inquilines). Tewksbury et al. (2002) reported 160 species of reed-associated arthropods in
Europe, but only 23 species of reed-associated arthropods in North America, where
Phragmites australis subsp. americanus is considered native, but subsp. australis is con-
sidered an alien taxon. Interestingly, Canavan et al. (2014) reported only six species of
arthropods in South Africa, where common reed is considered native, and only a few
species were recorded in Australia (Wapshere 1990).

In total, over 100 oligophagous reed stem boring species are known (Tscharntke 1992,
1993, 1999), of which 11 damage reed shoot tops (Narchuk and Kanmiya 1996; Tscharntke
1999; Gudkov et al. 2006). These include nine species of Lipara flies (four of which, L.
lucens, L. rufitarsis, L. pullitarsis and L. similis, occur in the Czech Republic, all inducing
cigar-like galls on the top of reed shoots) and two species of Steneotarsonemus thread-
footed mites (S. phragmitidis and S. gibber, which induce morphologically different type
of galls).

The females of Lipara spp. deposit their eggs on the surface of the reed shoot, into
which the first instar larvae bore and feed upon the newly emerging leaves. Meanwhile, the
gall is formed, and the Lipara larvae enter the gall only when its formation is completed.
Larvae of L. lucens and L. rufitarsis gnaw from the top through the growing point and
continue their life cycle inside, whereas larvae of L. pullitarsis never pass through the
growing point and can be found between the enwrapped leaves (De Bruyn 1994). Because
of that, L. Iucens and L. rufitarsis attack especially reed shoots of less than 4.5 mm in
diameter. Such thin reed stems are usually formed in response to abiotic stress, including
the deficiency in water or nutrients or severe contamination by heavy metals. The stressed
stems contain less silicate and cause less mortality of gall-inducing first instar chloropid
larvae (Tscharntke 1989). Newly formed reed beds are colonized relatively slowly. The
>50 % probability of the presence of the two most abundant gall makers, L. pullitarsis and
Giraudiella inclusa, is reached only in habitats older than 3 and 6 years, respectively, and
larger than 25 and 100 m?, respectively (Athen and Tscharntke 1999).

The reed galls induced by Lipara flies host a diverse spectrum of successors. The Lipara
larvae serve as hosts to parasitoids, some of which are regulated by the physical properties
of the galls. The survival of L. lucens is higher by 40 % on thicker shoots, which is mainly
attributed to the parasitoid Stenomalina liparae, which attacks the host larva inside the reed
shoot. The ovipositor of S. liparae has a mean length of 1.9 4+ 0.2 mm, and when the walls
of the shoot are too thick, the parasitoid simply does not reach the larva of L. lucens. In
contrast, Polemochartus liparae, the second most important parasitoid of L. lucens, ovi-
posits on the host while it is still attached to the surface of the reed shoot, thus there are no
physical barriers to prevent the infestation (De Bruyn 1994). In addition, many inquilines
use the Lipara-induced galls as a shelter for nesting or overwintering. Some of them also
seem to preferentially select galls with narrowly defined physical properties or according to
other habitat features, such as the proximity of food sources. In this regard, the previously
reported main food source of the wasp Pemphredon fabricii, the aphid Hyalopterus pruni,
shares a similar distribution pattern with its predator—it occurs abundantly at the edge of
reed beds, whereas the central parts of large reed beds are subject to infestation that is
lower by over one order of magnitude (Tscharntke 1992). Such difference is attributed to
the intraseasonal switch of host plants of H. pruni—the reed is utilized during the summer,
and then, the aphids migrate to their main host, Prunus spp. (Dill 1937). Habitat type in
general contributes to the variability of reed-associated arthropod assemblages, with only
few species considered insensitive to the habitat type (Tscharntke 1989).
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Knowledge of the component community of Lipara reed gall parasitoids, predators and
inquilines is still fragmentary. Few groups of arthropods have been thoroughly studied.
These include parasitoids of Lipara spp. (e.g., Giraud 1863; Kasparjan 1981; Dely-Dras-
kovits et al. 1994; Nartshuk 2006), dipteran inquilines (Pokorny and Skuhravy 1981;
Tscharntke 1999; Grochowska 2008), and aculeate hymenopteran inquilines (Dely-Dras-
kovits et al. 1994; Westrich 2008; Heneberg et al. 2014). Systematically collected data on
Lipara reed gall inquilines from other groups of arthropods, such as spiders, beetles and
hemipterans, are missing, as are large-scale complex studies on Lipara gall inquilines, with
the exception of the study by Dely-Draskovits et al. (1994).

In this study, we address the arthropod component communities associated with reed
galls induced by Lipara spp. in their complexity, focusing particularly on the diversity of
gall inquilines, which represent a key component of gall assemblages (Sanver and Hawkins
2000). We use the Lipara gall communities as a model system to compare the diversity of
arthropods belonging to several trophic levels in habitats with strikingly different land use
intensity and history. We show that all of the four central European Lipara species can be
found equally in well-preserved nature reserves and in newly formed (post)industrial
habitats. Therefore, we use this opportunity to identify: (1) species that prefer or are limited
to the near-natural habitats present in the nature reserves and other well-preserved areas,
such as river floodplains and medieval fishponds, (2) species that had the capability to
colonize the newly emerging reed beds in the (post)industrial habitats and are equally
present in near-natural and (post)industrial habitats, and (3) species that prefer (post)in-
dustrial habitats over the near-natural ones due to better availability of bare ground and
adjacent xerothermic microenvironments or other yet unknown reasons.

Materials and methods
Study area and sampling sites

The study was carried out at 30 reed bed sites in the Czech Republic (Central Europe,
48°39'-50°59’ N, 12°19'-18°29’ E). Detailed description of sampling sites (Table S1) was
provided by Heneberg et al. (2014). Half of selected sampling sites were located to near-
natural habitats (15 reed beds, of them 12 near ancient fishponds, and 3 along rivers or
streams), representing reed beds spanning 0.2-480 ha and occurring within the altitudinal
range 163-452 m a.s.L. It is important to note that despite a continual reed bed presence at
the examined sites, the actual extent of most of the reed beds was subject to change in the
past, and they were harvested for fuel, animal food, litter, or other purposes, or cultivated
in part as meadows or fields. Importantly, the Lipara flies occupy prevalently the reed bed
ecotones, and thus can easily adjust to gradual changes in the reed bed area. Additional 15
sampling sites were represented by reed beds in (post)industrial habitats. As (post)indus-
trial habitats, we classified any sites formed by mining or quarrying, and water bodies and
dumps used for the deposition of ash, slug, waste from metallurgic and chemical industry,
waste from uranium processing or spoil from colliery mines. The (post)industrial sites
examined in this study thus included gravel-sandpits, tailing ponds, stone quarries, colliery
dumps and reclaimed lignite open-cast mines. The reed beds formed there between the
years 1922 and 2010, and covered areas 0.2—-19 ha within the altitudinal range 157-467 m
a.s.l. The sampling sites were chosen to represent the whole spectrum of reed beds present
throughout the study area (Fig. 1; Table S2), and to allow an assessment of changes
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Fig. 1 Correspondence analysis (Benzecri scaling) of the biotic and abiotic variables (black dots labeled by
acronyms) associated with the sampling sites examined in the course of this study (blue dots). The resulting
factor scores of correspondence analysis are provided in Table S2

associated with the succession of newly emerging reed beds based on a space-for-time
substitution paradigm (Pickett 1989).

Sampling

At each sampling site, 300-1000 reed galls were collected between 12 January and 16
March 2013 as described by Heneberg et al. (2014). Briefly, the deformed reed shoots were
cut right under the gall, and protruding leaves were also cut out in order to fit collected
galls into rearing bags. At each site, the galls induced by Lipara spp. were selected
randomly, regardless of their position, size or age, reflecting their variation at each sam-
pling site. Arthropods were allowed to rear when exposed to a daylight cycle, at a tem-
perature between 15 and 23 °C for 3—4 months. The rearing bags were sprayed with water
several times a week. Plastic bottles with conservation fluid (ethanol or propylene glycol
mixed with water and detergent) were installed proximal to the light source; most of the
arthropods were captured into the bottles provided. The total number of reed galls sampled
reached 17,791, out of which 8820 (49.6 %) were obtained from near-natural habitats, and
8971 (50.4 %) were collected from (post)industrial habitats.

The sampling was performed by Petr Heneberg, Petr Bogusch and Alena Astapenkova.
Obtained specimens were identified to species by Petr Banar (Heteroptera), Petr Bogusch
(Hymenoptera: Aculeata, selected other taxa), Kamil Holy (Hymenoptera: Parasitica), Petr
Jansta (Hymenoptera: Parasitica), §tépén Kubik (Diptera), Jan Macek (Hymenoptera:
Symphyta, Parasitica, Dryinidae), Igor Malenovsky (Auchenorrhyncha, Sternorrhyncha),
Miroslav Mikat (Coleoptera, Lepidoptera), and Milan Rez4¢ (Araneae). Albert Damaska,
Alois Hamet, Tomas Kopecky and Jan Pelikan revised selected specimens of Coleoptera;
Pavel Tyrner revised selected specimens of Chrysidoidea. The findings of aculeate
hymenopterans (except Dryinidae) obtained from this set of reed galls were analyzed
previously (Heneberg et al. 2014).
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Statistical analyses

All arthropods obtained in course of the rearing experiments were analyzed. To estimate
their species richness, Chao-1 estimator, corrected for unseen species, was calculated
(Colwell and Coddington 1994). To compare species composition of the analyzed datasets,
Sgrensen similarity index was calculated. Both indices were calculated in EstimateS 9.1.0.
We also calculated basic diversity indices for each of the datasets; these included the total
number of species found, the total number of individuals found, dominance (=1 - Simpson
index), Brillouin’s index (particularly useful for the partially skewed datasets obtained
from Moericke traps, which may be selective for species with certain behavioral habits),
Margalef’s species richness index, equitability, Fisher’s alpha and Berger—Parker domi-
nance index. To compare the diversities, we employed Shannon ¢ test with bias correction
term (Poole 1974). Linear and Spearman correlation coefficients and their significance
were calculated when indicated. x” test was used to assess the differences in sex ratios and
between the particular habitat types. To analyze the contribution of multiple variables, we
applied a correspondence analysis. The resulting factor scores are disclosed in supple-
mentary materials (Tables S2, S3, S4, S5, S6, S7, S8). The correspondence analysis took in
account species-specific abundance and the following characteristics of each respective
sampling site: altitude [m a.s.l.] (ALT), binary criterion of a presence/absence of near-
natural habitat (N_/_I), reed bed area [ha] (REED_AREA), water surface area [ha]
(WATER_AREA), habitat age [years] (HABITAT_AGE), relative extent of reed bed in
year 2003 [%] (2003) and in 1950s [%] (1950s), relative extent of the water surface area
[ha] in 1870s [%] (1870) and in 1840s [%] (1840), number of species reared from reed
galls (DIV), number of red-listed species reared from reed galls (RED_LIST), abundance
defined as a number of individuals reared per 100 reed galls (ABU). The descriptors of
sampling sites were listed in detail in our previous publication (Heneberg et al. 2014).
Particularly, the data on the presence of reed beds in the past were retrieved from aerial
photographs available from the 1950s onwards, publicly available from http://www.mapy.
cz (cited as 28 November 2013) and http://kontaminace.cenia.cz (cited as 28 November
2013). When considering the changes since industrial revolution, the maps created in
course of military surveys in nineteenth century were used [Third Military survey initiated
by Franz Joseph I. of Austria in 1876-1880, available from http://kontaminace.cenia.cz
(cited as 28 November 2013), and Second Military survey initiated by Franz I. of Austria in
1836-1852, available from http://www.mapy.cz (cited as 28 November 2013)]. We used
these maps to identify the position and extent of water bodies as they were superimposed
over the current maps and orthophotomaps. In the figures, the species names were
abbreviated to first three letters from their genus and species names (e.g., Ischnodemus
sabuleti to Isc_sab). The conservation value of analyzed species was assessed according to
the most recent versions of national red lists of spiders (Rez4d et al. 2015) and other
arthropods (Farkac et al. 2005). The species included in the Czech Red List were termed as
“red-listed” throughout the text, and include all species known as critically endangered
(CR), endangered (EN), vulnerable (VU) or least concern [LC—this category refers to
those species labeled as “near threatened” (NT) in most other Red Lists but not in that
published by Reza¢ et al. (2015)]; the other species were termed ecologically sustainable
(ES). Together with the red-listed species, we analyzed also newly emerging (NE) species,
which were identified in the Czech Republic only recently. The information on habitat
specialization were retrieved from Nickel et al. (2002), Kocarek et al. (2005), Macek et al.
(2010), Wachmann et al. (2004, 2006, 2007, 2008) and Nentwig et al. (2015). We used the
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xz test with Bonferroni correction according to MacDonald and Gardner (2000) to assess
the species-specific differences in the species-specific abundance across the study habitats
and in sex ratios; in addition, we used uncorrected x2 test to test the differences in total
abundance between the two habitat types. All the above calculations were performed in
PAST 2.14 (Hammer et al. 2001). Data are shown as mean + SD unless stated otherwise.

Results
Global view on the reed gall universe

We sampled 17,791 reed galls, from which we reared 12,062 arthropod individuals. From
the reared arthropods, 6031 individuals emerged from the galls collected at (post)industrial
sites (67.2 individuals per 100 galls collected), and an identical amount of 6031 individuals
emerged from galls collected at near-natural sites (68.4 individuals per 100 galls collected).
Thus, the abundance of arthropods in reed galls at (post)industrial sites was nearly identical
to that at the near-natural sites (x2 =0.9,d; =1, p > 0.05).

In total, we recorded 236 species of invertebrates emerging from Lipara reed galls,
which included 14 species of aculeate hymenopteran inquilines (on which we focused
earlier, cf. Heneberg et al. 2014), and 222 species of other invertebrates—Arachnida,
Collembola and, particularly, numerous insects of the orders Dermaptera, Psocoptera,
Thysanoptera, Hemiptera, Raphidioptera, Neuroptera, Coleoptera, Diptera, Lepidoptera,
and Hymenoptera: Symphyta, Parasitica and Aculeata: Dryinidae. Arthropods that are not
named explicitly in the above list were absent in the specimens that emerged from the
collected reed galls. We attempted to identify all specimens to species, with the exception
of few groups (adult Cecidomyidae, and insect larvae in general), which led to the iden-
tification of 143 species and another 94 morphospecies of arthropods. The Chao-1 species
richness estimator (corrected for unseen species in the samples) indicated a species rich-
ness of 229.3 £ 18.1 species in reed galls at (post)industrial sites, and 218.1 & 23.6
species in reed galls at near-natural sites. Despite the estimated species richness was
similar to each other, Shannon diversity r-test suggested that the differences in diversity
between the (post)industrial and near-natural sites are significant (p < 0.001 by boot-
strapping; t = 4.01, d¢; = 11,940), suggesting that the differences exist at the level of
particular orders or lower taxonomical units. Both habitat types hosted diverse assemblages
with low dominance, with significantly lower dominance identified at near-natural sites
(0.098 and 0.089, respectively; p = 0.002 by either bootstrapping or permutation). Sup-
porting the above, the levels of Brillouin (3.14 and 3.02, respectively) and Berger—Parker
dominance indices (0.208 and 0.196, respectively) were low at both habitat types. The
Margalef’s species richness index (20.45 vs. 17.69; p = 0.04 and 0.01) and Fisher’s alpha
(34.66 vs. 29.02; p = 0.03 and 0.13) were significantly higher at post-industrial sites,
suggesting that despite such habitats are less stabilized, they attract more diverse species
spectrum of reed gall inquilines. Importantly, the species composition of the examined
component communities overlapped only to a limited extent, with the Sgrensen similarity
index being equal to just 0.58. The correspondence analysis (Fig. 1) showed that the
habitat age is a major environmental factor for Lipara gall communities as it was highly
correlated with the first ordination axis which explained 63.8 % of variance in the species
data. The second ordination axis was largely correlated with the habitat (reed bed) size and
explained 18.8 % of variance in the species data.
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We identified 18 red-listed species and four species that were new for the Czech
Republic (Gasteruption phragmiticola, Echthrodelphax fairchildii, Haplogonatopus ora-
torius and Enclisis sp.), consisting mostly of obligate (64 %) or facultative (9 %) reed
specialists. Only a few red-listed species (Clubiona germanica, C. subtilis, Gibbaranea
omoeda,' Homalura tarsata and Hylaeus moricei) were confined to sites with a long-term
presence of reed, whereas most of the others were found at (post)industrial habitats
encompassing relatively small areas, which formed only recently” (Fig. 2a; Table S3).

Araneae

We collected 1254 specimens of 32 morphospecies of spiders, 19 of which were identified
to species. Nine (47 %) of these species were included on the national Red List (f{ezéé
et al. 2015), including one species that was considered CR (Clubiona juvenis, found at
three (post)industrial and two near-natural sites), one EN (Mendoza canestrinii), three VU
and four LC species. Nine species (47 %) were considered reed bed specialists.

The observed species richness and abundance were nearly identical at the (post)in-
dustrial and near-natural sites. A total of 618 individuals of 24 morphospecies emerged
from the galls collected at postindustrial sites (6.9 individuals per 100 galls collected), and
636 individuals of 26 morphospecies emerged from the galls collected at near-natural sites
(7.2 individuals per 100 galls collected). The Chao-1 estimated species richness was lower
at the (post)industrial (23.7 & 1.1 species) when compared to near-natural sites
(30.6 £ 5.3 species). The component communities were similar to each other (Sgrensen
similarity index 0.71). The differences of the conservation interest consisted of a higher
abundance of Clubiona juvenis (CR) at (post)industrial sites [19 individuals at 3
(post)industrial sites vs. 3 individuals at 2 near-natural sites] and in the absence of Men-
doza canestrinii (EN) at (post)industrial sites (0/0 vs. 6/2). The dominant species included
Clubiona phragmitis (208/9 vs. 79/11), Singa nitidula® (44/11 vs. 17/6) and Synageles
venator (51/11 vs. 14/4), which were all more abundant at the (post)industrial sites
(Tables 1, S4; Fig. 2b). Of note was the absence of males in Clubiona subtilis (Fig. 3).

Heteroptera

We collected 880 specimens of 11 species of true bugs. All specimens were identified to
species. No species was included on the national Red List (Farkac et al. 2005); the
specimens included the first record of Dimorphopterus spinolae in Bohemia.* Only four
species (36 %), including D. spinolae, were considered specialists for Poaceae, including
the reed.

' G. omoeda is considered a species of mountain spruce forests but emerged from reed galls collected in/
near an Alnus glutinosa forest in the Mesophyticum.

2 These included, e.g., Hypsosinga albovittata, which is a xerothermic species that emerged from reed galls
collected at a pine bog and peat meadows with interspersed reed stands in the Mesophyticum.

3 Some of the dominant spider species were hitherto considered infrequent, with a very limited number of
records. For S. nitidula, only a single record was known, e.g., for South Bohemia, from where we obtained
21 individuals from five of the seven sampling sites examined in this region.

* First record of Dimorphopterus spinolae for Bohemia: 1F: Bohdane&sky fishpond, Lazné Bohdane¢, PU,
28 January 2013. However, this species is common at numerous sites in Moravia and abroad, where it
mainly feeds on Calamagrostis epigejos (Wachmann et al. 2007). It causes large-scale damage to reed beds
in China, and was even treated with insecticides to suppress its effects (Schaefer and Panizzi 2000).
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Fig. 2 Correspondence analysis (Benzecri scaling) of the red-listed species (a) and Araneae (b) superim-
posed in the Q mode by biotic and abiotic variables (black dots labeled by acronyms) and the sampling sites
examined in the course of this study (blue dots). The particular species are indicated by black dots labeled
by acronyms. The resulting factor scores of correspondence analyses are provided in Tables S3 and S4

The observed species richness, but not the abundance, was nearly identical at the
(post)industrial and near-natural sites. The species composition differed except for the
species with the highest dominance. A total of 52 individuals of 6 species emerged from
the galls collected at postindustrial sites (0.6 individuals per 100 galls collected), and 828
individuals of 8 species emerged from the galls collected at near-natural sites (9.4 indi-
viduals per 100 galls collected). The Chao-1 estimated species richness differed between
the (post)industrial (6.0 &= 0.2 species) and near-natural sites (13.0 £ 7.1 species). The
component communities differed from each other (Sgrensen similarity index 0.46). The
only dominant species was Ischnodemus sabuleti (34/8 vs. 808/9), which was present at
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Fig. 3 Sex ratio in species, of which >10 individuals emerged from the Lipara-induced reed galls collected
during the course of this study. Relative and absolute frequencies of males and females are shown

both types of sites, but much more abundant at the near-natural sites. Dimorphopterus
spinolae (0/0 vs. 12/2) was present only at near-natural sites (Tables 2, S5; Fig. 4a).

Auchenorrhyncha

We collected 113 specimens of 6 morphospecies of planthoppers and leathoppers, 3 of
which were identified to species. One of them (Paraliburnia adela) was included on the
national Red List as VU species (Farkac et al. 2005) (1/1 vs. 0/0). The observed species
richness was identical at the (post)industrial and near-natural sites despite the abundance
was higher at (post)industrial sites, and the species composition differed between the two
types of sampling sites. In sum 87 individuals of 4 morphospecies emerged from galls
collected at postindustrial sites (1.0 individuals per 100 galls collected), and 26 individuals
of 4 morphospecies emerged from galls collected at near-natural sites (0.3 individuals per
100 galls collected). Dominant morphospecies included only the nymphs of reed specialist
Chloriona sp. (82/7 vs. 14/6) present at both types of sites, but more abundant at the near-
natural ones (Table 2).

Sternorrhyncha

We collected two specimens of two species of jumping plant lice, identified as Trioza
urticae and Cacopsylla salicetilpulchra (Table 2). Both emerged from galls collected at
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Fig. 4 Correspondence analysis (Benzecri scaling) of Heteroptera (a) and Coleoptera (b) superimposed in
the Q mode by biotic and abiotic variables (black dots labeled by acronyms) and the sampling sites
examined in the course of this study (blue dots). The particular species are indicated by black dots labeled
by acronyms. The resulting factor scores of correspondence analyses are provided in Tables S5 and S6

(post)industrial sites, and are recognized as ES species (Farkac¢ et al. 2005) feeding on
Urtica spp. and Salix spp., respectively.

Lepidoptera

We collected four specimens of four morphospecies of moths, three of which were iden-
tified to species and all of which were recognized as ES species according to the national
Red List (Farka¢ et al. 2005). Two specimens emerged from the galls collected at
(post)industrial sites (Brachmia inornatella and Boudinotiana notha), and two specimens
emerged from the galls collected at near-natural sites (Ethmia quadrillella and Eupithecia
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sp.) (Table 3). Ethmia quadrillella represents an uncommon species of mesophilous sites
and wetlands, developing on roots of Boraginaceae. Brachmia inornatella represents a
species rare in Central Europe, developing in stems of Phragmites australis, and is con-
sidered the only reed bed specialist among the Lepidoptera, which emerged from the reed
galls during the course of this study.

Coleoptera

We collected 328 specimens of 34 morphospecies of beetles, of which 29 were identified to
species. Only two species were included on the national Red List (Farkac et al. 2005); they
were classified as VU (Cerapheles terminatus, 4/2 vs. 1/1, and Cordicollis gracilis, 0/0 vs.
2/1). In total 15 species (36 %) were considered specialists for Poaceae, including the reed
beds, and four species (14 %) were considered ubiquitous saprophages and aphidophages.
For 10 species (34 %), there was no prior evidence on their overwintering and/or devel-
opment in reed galls (Dasytes plumbeus, Pria dulcamarae, Anaspis frontalis, Galerucella
pusilla, Crepidodera plutus, Anthonomus rectirostris, Isochnus sequensi, Orchestes tes-
taceus, Nedyus quadrimaculatus and Sitona lineatus).

The observed species richness and abundance were nearly identical at the (post)in-
dustrial and near-natural sites. The species composition was similar, except that the species
found at low frequency were randomly distributed between the (post)industrial and near-
natural sites. Nevertheless, all of the dominant species were found at both types of sam-
pling sites. A total of 159 individuals of 20 morphospecies emerged from the galls col-
lected at postindustrial sites (1.8 individuals per 100 galls collected), and 169 individuals
of 23 morphospecies emerged from the galls collected at near-natural sites (1.9 individuals
per 100 galls collected). Most of the species were captured in low numbers, which caused
that the Chao-1 estimated species richness was high in both analyzed habitats but was
associated with a high degree of uncertainty, reaching 66.2 & 34.4 species at the
(post)industrial sites and 38.5 £ 11.6 species at near-natural sites. The component com-
munities differed from each other (Sgrensen similarity index 0.43). The dominant species
included Oulema melanopus (males: 20/8 vs. 27/7),> Coccidula scutellata (61/6 vs. 30/6)
and Cyphon laevipennis (28/4 vs. 13/4). All of these species were present at both types of
sites, but the latter two species were more abundant at the post-industrial sites (Tables 3,
S6; Fig. 4b).

Hymenoptera: Symphyta

We collected 15 specimens of seven morphospecies of sawflies, six of which were iden-
tified to species; all recognized as ES species according to the national Red List (Farkac¢
et al. 2005). Four morphospecies emerged from galls collected at (post)industrial sites
(Pontania brevicornis, Ametastegia glabrata, Cladius brullei and Pontania sp.), and four
emerged from galls collected at near-natural sites (Euura gemmacinerae, Amauronematus
viduatus, Ametastegia glabrata, Brachythops flavens) (Table 4). All the species repre-
sented ubiquitous species, for which common reed did not serve as a host plant, the reed
galls were used only to pupate. The only dominant species was Ametastegia glabrata
(males: 2/1 vs. 5/3).

3 Males of O. melanopus were approximately 10x more abundant than males of O. duftschmidi. Females of
these two species were 1.9x more abundant than males at both types of sampling sites (27/10 vs. 70/6 of
females) but were indistinguishable from each other.
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Hymenoptera: Parasitica and Aculeata (Dryinidae)

We collected 2938 specimens of 99 morphospecies of parasitic hymenopterans. Of them,
36 morphospecies were identified to species. The particular superfamilies identified
included Ceraphronoidea (3 morphospecies), Chalcidoidea (59 morphospecies), Cynipoi-
dea (2 morphospecies), Evanioidea (a single species), Ichneumonoidea (20 morphos-
pecies), Platygastroidea (9 morphospecies), Proctotrupoidea (a single species) and
Chrysidoidea (4 species). The national Red List of parasitic hymenopterans is very short in
extent because of uncertainties due to limited or aged information available. No species
found were included in the national Red List (Farkac et al. 2005), but at least four were
considered rare in the study area (Eupelmus phragmitis, Tetramesa phragmitis, Rakosina
deplanata and Callitula elongata), and another four species were new for the Czech
Republic.® Altogether 28 species (67 %) were considered specialists for Poaceae, being
frequently strictly confined to the reed beds and reed galls induced by the Lipara flies. The
remaining 33 % of species were considered ubiquitous. There were no species considered
specialists for other habitats.

The observed (but not estimated) species richness and abundance were similar at the
(post)industrial and near-natural sites. The species composition differed, except for the
species with the highest dominance. A total of 1524 individuals of 84 morphospecies
emerged from the galls collected at postindustrial sites (17.0 individuals per 100 galls
collected), and 1414 individuals of 61 morphospecies emerged from the galls collected at
near-natural sites (16.0 individuals per 100 galls collected). The Chao-1 estimated species
richness differed between the (post)industrial (99.9 & 9.3 species) and near-natural sites
(66.5 £ 4.5 species). The component communities were relatively similar to each other
(Sgrensen similarity index 0.60). The dominant species were Centrodora amoena’ (325/14
vs. 296/12), Aprostocetus orithyia8 (220/8 vs. 190/8), Tetrastichus legionarius (172/3 vs.
106/9), Platygaster erdoesi (33/5 vs. 109/8), Torymus arundinis (62/7 vs. 79/8) and an
unidentified species of Encyrtidae gen. sp. found at near-natural sites in the Pannonian part
of Moravia only (0/0 vs. 141/2). Several unidentified morphospecies, and Gambrus ornatus
(0/0 vs. 3/3), Centrodora locustarum (1/1 vs. 32/2) and Platygaster erdoesi (33/5 vs.
109/8) were present prevalently at near-natural sites. Several unidentified morphospecies,

© The new species for the Czech Republic included Gasteruption phragmiticola (1 ex.: fishpond Baroch,
Hrobice, PU, 28 January 2013, 1 ex.: Knovizsky stream, Olovnice, ME, 16 February 2013, 1 ex.: disused
ash/slag deposit of the lignite power station Triangl, Olesnik, CB, 16 March 2013), Enclisis sp. (1 ex.:
fishpond Proudnice, Zl’ielice—Hradiétko, KO, 25 January 2013), Haplogonatopus oratorius (1 ex.: sandpit
Dobrin, LT, 2 February 2013) and Echthrodelphax fairchildii (1 ex.: sandpit Dobfin, LT, 2 February 2013, 2
ex.: spoil heap Marianské Radc¢ice, MO, 3 February 2013, 1 ex.: spoil heap Pokrok, Duchcov, TE, 3
February 2013, 1 ex.: gravel-sandpit Vojkovice, ME, 17 February 2013).

7 Nartshuk (2006) questioned the association of Centrodora amoena (Aphelinidae) with their Lipara hosts
proposed by Fulmek (1968), with Orthoptera serving as the only confirmed hosts. In our material from
Lipara-induced galls, Centrodora amoena was a dominant species (628 individuals emerged), with
Orthoptera completely absent in the examined dataset. Therefore, it is likely that the initial observation by
Fulmek was correct.

8 Aprostocetus orithyia and A. gratus were reported as specialized parasites of Giraudiella inclusa by
Tscharntke et al. (1991), who also questioned the previous record of A. orithyia association with Lipara
lucens (Graham 1987) and questioned all of the other host records of A. gratus (which was never associated
with Lipara flies or any other dipterans reported in our study). In particular, A. orithyia was a dominant
species in our dataset (410 individuals emerged). Although our materials contained hundreds of potential
cecidomyid hosts, it is important to note that all of this material originated from the microhabitat (galls) that
was induced exclusively by Lipara flies. Therefore, Graham was probably correct when reporting it from
Lipara galls, but it remains to be tested whether the Lipara spp. themselves can host these two species.

@ Springer
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Fig. 5 Correspondence analysis (Benzecri scaling) of Hymenoptera: Parasitica and Aculeata (Dryinidae)
(a) and Diptera (b) superimposed in the Q mode by biotic and abiotic variables (black dots labeled by
acronyms) and the sampling sites examined in the course of this study (blue dots). The particular species are
indicated by black dots labeled by acronyms. The resulting factor scores of correspondence analyses are
provided in Tables S7 and S8

and Eupelmus phragmitis (16/2 vs. 1/1), Polemochartus melas (16/5 vs. 2/2) and Exeristes
arundinis (45/8 vs. 8/3) were present prevalently at (post)industrial sites (Tables 4, S7;
Fig. 5a). Besides Lipara spp. and other dipterans, the putative host spectrum of parasitic
hymenopterans found included lepidopterans (Gambrus ornatus), other hymenopterans
(Holocryptus centricolor, Thrybius praedator, Endromopoda detrita), spiders (Poly-
sphincta rufipes, Zatypota percontatoria), and leafthoppers and planthoppers (Gonatopus
clavipes, G. distinctus). Numerous species were skewed towards females; among them
were Clytina giraudi (99 %), Aprostocetus gratus (95 %), Centrodora amoena (92 %),
Centrodora locustarum (91 %), Tetrastichus legionarius (88 %) and Eupelmus phragmitis
(88 %) (Fig. 3).
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Diptera

We collected 4021 specimens of 15 morphospecies of Diptera. Only the species of
Chloropidae (11 species) and Anthomyzidae (1 species) were identified to species.
Cecidomyiidae (729 ex.), Mycetophilidae (3 ex.) and Tachinidae (5 ex.) were not
identified to species. The national Red List of Chloropidae is very short in extent because
of uncertainties due to limited or aged information available. Only a single species,
Homalura tarsata, was included on the national Red List (FarkacC et al. 2005). The
dipterans found were represented by reed gall-inducing species of the genus Lipara (four
species), obligate reed gall specialists (three species: Calamoncosis minima, Cryptonevra
diadema and Cryptonevra flavitarsis), two facultative reed gall inquilines (Anthomyza
collini and Calamoncosis laminiformis), two facultative reed herbivores (Elachiptera
cornuta and Elachiptera scrobiculata), and a species associated with reed beds, but
without sufficient data to classify its feeding and nesting strategy (Homalura tarsata).
There were no ubiquitous species, and no species were considered specialists for other
habitats.

The observed species richness, abundance and composition were similar at the
(post)industrial and near-natural sites. A total of 2055 individuals of 12 morphospecies
emerged from the galls collected at postindustrial sites (22.9 individuals per 100 galls
collected), and 1966 individuals of 14 morphospecies emerged from the galls collected at
near-natural sites (22.3 individuals per 100 galls collected). The Chao-1 estimated species
richness was lower at the (post)industrial (11.0 4= 0.4 species) compared to near-natural
sites (17.0 & 4.2 species). The component communities were similar to each other (Sgr-
ensen similarity index 0.88). Cryptonevra flavitarsis was recognized as a highly dominant
species and was the only invertebrate species found at all sampling sites in course of this
study (1203/15 vs. 1180/15). Several species were more prevalent at the (post)industrial
sites, including Anthomyza collini (11/6 vs. 2/1), Calamoncosis minima (24/6 vs. 5/1) and
Cryptonevra diadema (57/8 vs. 6/1).

We non-selectively collected both the 0.5 year-old galls and the older galls when
present at the sampling site; therefore we were able to evaluate the species composition
of gall-inducing Lipara flies. The most common species were L. pullitarsis (181/13 vs.
227/15) and L. lucens (185/15 vs. 156/14), whereas less common species were L. similis
(9/4 vs. 5/3, present in Bohemia only) and L. rufitarsis (4/2 vs. 1/1, present in both the
Moravian and Bohemian thermophyticum) (Tables 5, S8; Fig. 5b). Consistent with the
ecological characteristics of Lipara flies, L. rufitarsis was associated with the most
recently emerged reed beds, whereas L. similis was associated with well-established
habitats, which were usually more eutrophicated and thus allowed the growth of higher
and thicker reed stands. We found skewed sex ratios in multiple dipteran species; the
populations of Cryptonevra diadema and C. flavitarsis were both skewed towards the
females (68 and 64 %, respectively). Similarly, the reared Lipara lucens were slightly
skewed towards females (60 %), but the sex ratio of L. pullitarsis and L. similis was
equal (Fig. 3).

Other taxa and larvae
The emergence traps contained also the following taxa, which originated from the col-

lected reed galls: Pseudoscorpiones: Chelifer cancroides (0/0 vs. 1/1), Neuroptera: Semi-
dalis aleurodiformis (4/2 vs. 0/0), Raphidioptera: Raphidia notata (0/0 vs. 1/1),
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Table 5 List of flies and midges (Diptera) reared from the Lipara-induced galls collected in January—March
2013 in the Czech Republic

Species Acronyms Red Habitat Number of individuals
List specialization
status (Post)industrial ~ Near- (%) F M
sites natural
sites
Anthomyza Ant_col ES R 11 2 n.s. 7 6
collini
Calamoncosis Cal_lam ES P 12 0 1
laminiformis
Calamoncosis Cal_min ES R 24 5 * 13 16
minima
Cecidomyiidae ~ Cec_sp 360 369° n.s. 484 245
gen. sp.
Cryptonevra Cry_dia ES R 57 6™ kol 43 20
diadema
Cryptonevra Cry_fla ES R 1203 1180 n.s. 1524 863
Sfavitarsis
Elachiptera Ela_cor  ES p 14 7° n.s. 9 12
cornuta
Elachiptera Ela_scr ES P 5° 2 3
scrobiculata
Homalura Hom_tar  EN R 1% 1 0
tarsata
Lipara lucens Lip_luc ES R 185 156 n.s. 205 136
Lipara Lip_pul  ES R 181 227° n.s. 213 195
pullitarsis
Lipara rufitarsis  Lip_ruf ES R 4 1 5 5
Lipara similis ~ Lip_sim  ES R 9 5° n.s. 77
Mycetophilidae 2 1
gen. sp.
Tachinidae gen. 5 5 0
Sp.

The classification according to the national Red List (Farkac et al. 2005), habitat specialization: obligate
(R) and facultative (fR) specialization for reed beds, Poaceae including reed beds (P), ubiquitous species
(U), and species, which occur on other plant species only (N), number of individuals found at post-industrial
and near-natural sites, and the ratio of females (F) and males (M) of the adult individuals collected are
indicated. The number of expected individuals was calculated based on the total number of individuals
found and the number of reed galls examined at each habitat type. Species with the total capture rate <10
specimens were excluded from the xz analysis

Significance of observed differences in abundance between (post-)industrial and near-natural sites compared
to the expected abundance (*** p < 0.001, ** p < 0.01, * p < 0.05, n.s. = not significant) as revealed by
the species-specific ° tests with Bonferroni correction at n = 64

* Species found at reed beds alongside rivers, but not at other near-natural habitats

® Species more abundant at reed beds alongside rivers compared to reed beds near fish ponds

Dermaptera: Forficula auricularia (0/0 vs. 2/2), Collembola (35/8 vs. 18/5), Thysanoptera
(3/2 vs. 1/1), and Psocoptera (0/0 vs. 1/1). Additionally, the emergence traps contained
larvae of Coleoptera (73/10 vs. 158/12), Lepidoptera (14/5 vs. 8/3), Diptera (2/2 vs. 9/2)
and Hymenoptera (1/1 vs. 0/0).

@ Springer



Biodivers Conserv (2016) 25:827-863 855

Discussion

The species composition of arthropod assemblages associated with reed galls strongly
differed between the near-natural and (post)industrial sites, and both habitats hosted very
diverse assemblages of reed gall inquilines. In agreement with Athen and Tscharntke
(1999), we revealed the habitat age and size as key drivers of the species composition of
site-specific assemblages. However, Athen and Tscharntke used a different time scale,
focusing on sewage purification plants aged 2—11 only years and spanning just 10-2500 m*
in size. They found that the diversity of the insect assemblages attacking these newly
formed small reed beds increases with the age and size of these habitats. Extending the
scale of their variables, we analyzed the (post)industrial habitats of 6-91 years of age,
near-natural sites (fishponds) aged up to 599 years and several reed beds in floodplains
along the meandering rivers expected to be present onsite since the last glacial period. We
also scaled up the variability in the area of examined habitats up to 480 ha for near-natural
habitats and up to 19 ha for (post)industrial habitats. We found that the model provided by
Athen and Tscharntke (1999) is valid only in early successional stages of limited area. The
initial increase in the abundance and, particularly, the species-richness of reed gallers and
their parasitoids lasts for only a few years. Later, the species diversity associated with the
reed galls becomes stabilized, and, instead, the assemblages seem to undergo a process of
succession instead of enrichment (Table 6; Fig. 6). This situation clearly resembles that
well known from forests subject to an initial disturbance followed by a long-term eco-
logical succession (cf. Attiwill 1994; Hubbell et al. 1999). Higher microhabitat hetero-
geneity associated with increased vegetation diversity surrounding, and sometimes
interspersing, the newly forming reed bed (Haddad et al. 2001; Hawkins and Porter 2003),
and the presence of rare stress-tolerant plants preferred by certain threatened herbivores
(Nickel and Hildebrandt 2003; Dennis et al. 2004) may significantly contribute to the
diversity of newly formed, disturbed and only patchily colonized sites. However, the
availability of the key resource, the common reed, from the very beginning of the estab-
lishment of such sites probably causes the absence of any transient increase in the species
richness of reed gall-associated arthropods. Thus, the situation does not resemble the
previously reported species succession gradients of aculeate hymenopterans, vascular
plants and some other taxa at early successional stages of dry post-quarrying and post-
mining sites (cf. Heneberg et al. 2013; Prach et al. 2013).

Our data confirmed previous conclusions of other large biodiversity assessments con-
ducted in other habitats, such as grasslands (Allan et al. 2014; Manning et al. 2015),
heathlands (Cameron and Leather 2012), mosaic temperate landscapes (Duelli and Obrist
1998; Oertli et al. 2005), or tropical forests (Lawton et al. 1998), showing that the higher
land use intensity substantially alters the study environment, affecting differentially the
trophically diverse taxa. Importantly, we found that the higher land use is associated with a
formation of replacement niches for pioneer species that are only rarely found in the latter
stages of reed bed succession. These species occurred previously at active river terraces,
which were freshly formed from sand or gravel-sand, but such habitats were nearly
completely destroyed in the study region as well as throughout large parts of the indus-
trialized world. Thus, higher land use (in terms of mining, quarrying and associated
activities) led to a formation of specific habitats instead of habitat deterioration when
focusing on the reed beds. Despite the newly formed reed beds served as important
strongholds for pioneer species of invertebrates ousted from the surrounding cultural
landscape, they did not host the whole species spectrum associated with Lipara-induced
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Table 6 Characteristic features of developmental stages of Lipara-induced reed gall-associated

assemblages

Reed bed age (habitat)

Common species

<10 years

10-100 years (post-
industrial areas,
gravels and river
terraces)

100-700 years (ancient

fishponds)

>1000 years
(meandering river
floodplains)

Species insensitive to
habitat age

Species  Red-listed species

richness

Low None

High Echthrodelphax
fairchildii, Passaloecus
clypealis, Rhopalum
gracile

High None

High Homalura tarsata,
Hylaeus moricei

N/A Donachocara speciosa,

Hylaeus pectoralis

Only >50 % occupancy of reed beds by
Lipara pullitarsis at >25 m* and
>3 years of reed bed age. Increase in
parasitism of L. pullitarsis by
Stenomalina liparae from 5 to 35 %
during first 10 years following the
reedbed formation (see Athen and
Tscharntke 1999 for details)

Araneae: Clubiona phragmitis,
Clubiona stagnatilis, Singa nitidula,
Tetragnatha extensa, Heteroptera:
Gastrodes abietum, Gastrodes
grossipes, Lygus pratensis,
Coleoptera: Cerapheles terminatus,
Cyphon laevipennis, Coccidula
scutellata, Hymenoptera: Alloxysta
fulvices, Eupelmus phragmitis,
Polemochartus melas, Polysphincta
rufipes, Sycophila fasciata, Diptera:
Anthomyza collini, Calamoncosis
minima, Lipara rufitarsis, Cryptonevra
diadema

Araneae: Myrmarachne formicaria,
Heteroptera: Dimorphopterus
spinolae, Coleoptera: Anisosticta
novemdecimpunctata, Oulema
duftschmidi, Hymenoptera:
Ametastegia glabrata, Brachythops
Sflavens, Gambrus ornatus, Diptera:
none

Araneae: Clubiona germanica,
Clubiona subtilis, Gibbaranea
omoeda, Heteroptera: Ischnodemus
sabuleti, Coleoptera: none,
Hymenoptera: Centrodora
locustarum, Platygaster erdoesi,
Diptera: Elachiptera scrobiculata

Araneae: none, Heteroptera: none,
Coleoptera: none, Hymenoptera:
Aprostocetus orithyia, Centrodora
amoena, Pemphredon fabricii,
Torymus arundinis, Diptera:
Cryptonevra flavitarsis, Lipara lucens,
Lipara pullitarsis

galls. Shared environmental drivers are expected to play a role in positive associations
among species within the analyzed assemblages (cf. Wolters et al. 2006; Qian and Ricklefs

2008).

We identified numerous species-specific associations of reed gall-associated arthropods
that differed from previously published data. In contrast to the findings by Tscharntke
(1999), only some of the phytophagous insects found by us in reed galls were
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2) Disturbed (10-100 years) — species-rich assemblages with numerous
pioneer species (Singa nitidula, Polemochartus melas), developing
at post-industrial sites and gravel-sand river terraces

B Post-industrial

B Near-natural 25 years 100 years

3) Medieval (100-700
years) — frequently
eutrophicated assem-
blages developing
primarily near medieval
fishponds, prevalently
enriched in common
species (Oulema
duftschmidi, Dimor-
phopterus spinolae)

Cyclic ecological succession
of the Lipara gall universe

5years

0 years

Initial (<10 years) 13;:??
species-poor assemblages
with Lipara spp. and other
species emerging several
years after the reed bed
formation

700 years

4) Postglacial (>1,000 years) — species-rich assemblages with several rare species
requiring long-term stability of the habitat (Homalura tarsata, Hylaeus moricei)

Fig. 6 Cyclic ecological succession of Lipara-induced reed gall-associated assemblages. The initial stages
were analyzed in detail by Athen and Tscharntke (1999); the assemblages formed at the latter three stages of
reed bed evolution were examined in course of this study. There is only negligible share of early
successional reed beds developing spontaneously in intensively cultivated central European landscape,
which highlights the importance of (post-)industrial sites as refugia

monophagous on reed; some were facultative common reed herbivores (e.g., Elachiptera
cornuta and E. scrobiculata), and many others used the galls only as a shelter for over-
wintering but were trophically associated with other plant species (Table 2).

The reed galls served as an important winter niche for spiders collected by reed bed
passerines, which typically specialize for Clubiona juvenis, C. phragmitis and Singa spp.
(Schmidt et al. 2005). Five Clubiona spp., including the CR C. juvenis, were particularly
abundant in the collected material. When comparing our data to previous studies on reed
beds (Fig. 7), we found that the species composition of spider assemblage associated with
reed galls collected in winter (this study) differs from those found by employing a broad
range of sampling techniques in Czech and French reed beds in spring (Holec 2000;
Schmidt et al. 2005), and that it strongly differs even from that obtained by collecting
spiders on dead reed stalks in Belgium in winter (Decleer 1988). Only 3 species were found
in all 4 of these studies, whereas over 20 spider species were found exclusively in the reed
galls during the course of this study (Fig. 7). Schmidt et al. (2005) reported that the
dominant reed gall-associated species C. juvenis is negatively affected by reed cutting,
which may be consistent with frequent overwintering of this species in reed galls, which
are typically destroyed by such reed management.

We recorded four species of hymenopteran parasitoids for the first time in the Czech
Republic. Echthrodelphax fairchildii (Dryinidae) is a semi-solitary ectoparasitoid of
Delphacidae planthoppers, originally described from Hawaii, and known from Bangladesh,
India, Indonesia, Philippines, Malaysia, Thailand, Vietnam, Japan (Olmi 1984), China (He
and Xu 2002) and Romania (Nagy 1967, questioned by Olmi 1984). We found this species
at four sampling sites (all in (post)industrial habitats), thus it should be considered a
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FR, Camargue reed
bed, various methods
in May-Jul
Schmidt et al. (2005)
n = 6,092
BE, standing dead
CZ, reed beds at fishponds, 19 common reed stalks,
Arctosa fulvolineata sampled in Feb-Mar
Decleer (1988)

various methods in Apr-Jul
Arctosa leopardus
Holec (2000) Argenna patula
n undisclosed (<702) Dras;y!us lutetianus n=530
Erigone vagzns CZ, reed galls
Hypsosinga heri .
Marpissa canestrinii COIIeCted in Jan-Mar
Meioneta rurestris This Study
Ozyptila bicuspis
Pardosa proxima n= 11254
Philodromus glaucinus 6
Phrurolithus festivus Baryphyma prates
Rirata lgtitans o "
Singa lucing
Gnaphosidae gen. sp.
Tibellus oblongus
Trachyzelotes fuscipge

nsis
pes
ulatd

lypomma bituberct

Hypomma fulvum

Larinioides cornutus
Tmeticus affinis

26
Aculepeira ceropegia
Anelosimus sp.
Araniella sp.
Bathyphantes sp.
Clubiona germanica

Clubiona stagnatilis

Clubiona subtilis
Dictyna sp.

Ebrechtella tricuspidata
Erigoninae gen. sp. 1
Erigoninae gen. sp. 2
Gibbaranea omoeda
Hypsosinga albovittgft
Larinioides suspic

18
Marpissa radiata
Rugathodes instabilis
Tetragnatha shoshone
Theridion hemerobius
Theridi

Antistea elegans
Gongylidiellum murcidum
lypomma bituberculatum
Kaestneria pullata
Larinioides folium
Laphomma punctatum
leriene clathrata

1
Donachocara
speciosa

Pirata
piraticus

3
Clubiona juvenis
Clubiona phragmitis
Gnathonarium dentatum

2

Bathyphantes

approximatus
Tetragnatha

striata >

Singa nitidula
Synageles venator
Tetragnatha sp.

Theridion sp.
Tibellus sp.

Trematocephalus cristatus

Sitticus figricola
Tibellus manitimus

1
Tetragnatha
extensa

Fig. 7 Species composition of local microhabitat-specific reed bed-associated component communities of

spiders strongly differed from each other as shown by the Venn diagram. Four datasets are compared: (/)
spiders of Czech reed beds at fishponds, collected by various methods in April-July (Holec 2000; n < 702),
(2) spiders of French reed beds in Camargue, collected by various methods in May—July (Schmidt et al.
2005; n = 6092), (3) spiders collected from common reed stalks in Belgium in February—March (Decleer
= 530) and (4) spiders identified in course of this study in the Czech Republic, which emerged from

1988; n
reed galls collected in January—March (n = 1254)

stable member of the Czech entomofauna. Haplogonatopus oratorius (Dryinidae) is also a
parasitoid of Delphacidae planthoppers (Guglielmino and Olmi 1997, 2006; He and Xu
2002) with a Palearctic and Oriental distribution. In Europe, it has been only rarely found,
reported from Karelia, Romania, Italy, Austria and England (Olmi 1984, 1999).
Gasteruption phragmiticola (Evanioidea: Gasteruptiidae) was described a decade ago as a
new species from Germany (Saure 2006) and confirmed in Germany by Westrich (2008),

who reported it from the galls induced by Lipara lucens as a parasitoid of Hylaeus spp.
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(Hymenoptera: Aculeata: Colletidae). We also found an unidentified member of the genus
Enclisis (Ichneumonidae) for the first time in the Czech Republic. Enclisis is a small
Palearctic genus with only six European and one Chinese species. The information on their
biology is limited; all members of this genus are considered idiobiont ectoparasitoids of
various Coleoptera and Hymenoptera nesting in wood (Bordera and Hernandez-Rodriguez
2003).

Due to the quantitative and non-discriminatory nature of the rearing method used, the
collected material provides a unique opportunity to evaluate unbiased species-specific sex
ratios. We found skewed ratios across multiple taxonomic groups, including the Lipara
flies and parasitic hymenopterans (Fig. 3). To our knowledge, the sex ratios in Lipara spp.
and Cryptonevra spp. were not previously studied. In parasitic hymenopterans, the sex
ratio is subject to complicated regulation, many species are arrhenotokous, and sometimes
females only mate as soon as they emerge with the males emerging in the same host nest.
Therefore, more females are produced under these conditions, generating only sufficient
numbers of males to fertilize the females (Godfray 1994). The host size, ratio of different
hosts, rate of oviposition and even temperature extremes can influence the sex ratio in
Parasitica (Fisher et al. 1999). Regarding spiders, some, such as Dysdera hungarica, may
develop parthenogenetic clones (Reza et al. 2007). It remains to be investigated, whether
the absence of males in the examined reed bed populations of Clubiona subtilis was due to
the yet undiscovered parthenogenesis or whether their males simply overwinter in different
microhabitats.

Conclusions and conservation implications

Reed beds are often subject to cutting, herbicide treatment and complete eradication. In
some parts of the world, they are considered alien. With widespread eutrophication they
often invade formerly nitrogen- and nutrient-poor habitats even in their native distribution
range, including the Czech Republic. Reed harvesting allows the silting of reed beds and
enhances plant species diversity in the undergrowth (Decleer 1990; Cowie et al. 1992;
Hawke and José 1996; Schmidt et al. 2005), but limits the nesting resources of early
breeding passerines (Baldi and Moskat 1995; Poulin and Lefebvre 2002) and removes
overwintering stages of arthropods (Piihringer 1975; Ditlhogo et al. 1992; Schmidt et al.
2005). The early ecological succession of arthropods in reed beds encompassing very small
areas was studied by Athen and Tscharntke (1999), who showed that the keystone species,
Lipara pullitarsis, colonizes nearly all of the available reed beds just within a few years
after their formation, followed shortly by the dominant parasitoids, such as Stenomalina
liparae. In this report, we addressed, for the first time, long-term changes of arthropod
assemblages associated with Lipara-induced reed galls. We identified a cyclic and long-
term nature of the succession (Fig. 6). The reed beds formed in recent decades host a
diverse assemblage of pioneer species that are only rarely found in later stages of the reed
bed succession. We assume that such newly formed reed beds may occur at active river
terraces, which are freshly formed from sand or gravel-sand in regions where the rivers are
not subject to extensive regulations such as in Central Europe. In an intensively cultivated
central European cultural landscape with channelized rivers, such newly forming habitats
are available nearly exclusively in post-industrial areas, which thus play a key role in the
survival of the pioneer species of arthropods associated with reed galls. The later stages of
the ecological succession of the studied assemblages are associated with a different
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spectrum of species, which are typically found in the Czech Republic in the vicinity of
ancient fishponds that are nowadays largely protected as nature reserves and form also key
hotspots of diversity of reed passerines. However, the reed gall assemblages in these
centuries old habitats still differ from the reed beds that occur in floodplains along rivers
and streams and probably have the longest historical continuity, going back perhaps to the
last glacial period. When subject to a severe disturbance, or when a new reed bed is
formed, the pioneer species absent near both the fishpond- and river-associated reed beds
emerge again, completing the cyclic succession nature of the Lipara-induced reed gall
arthropod assemblages. Efficient evidence-based conservation of such assemblages thus
should focus on the whole spectrum of reed beds, including recently formed ones (par-
ticularly those stressed by drought or other factors), as well as on the large reed beds that
have been present for a long period of time. Of particular importance are the ecotones and
the availability of diverse food sources in the vicinity of reed beds (bogs, dry grasslands,
shrubs and trees) because numerous species of the Lipara-induced reed gall arthropod
assemblages utilize the galls only as a shelter or a nesting resource but do not depend on
the common reed as a food source.
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Abstract

The ability of aculeate Hymenoptera to utilize wetlands is poorly understood, and descrip-
tions of their nests and developmental stages are largely absent. Here we present results
based on our survey of hymenopterans using galls induced by Lipara spp. flies on common
reed Phragmites australis in the years 2015-2016. We studied 20,704 galls, of which 9,446
were longitudinally cut and the brood from them reared in the laboratory, while the remaining
11,258 galls reared in rearing bags also in laboratory conditions. We recorded eight species
that were previously not known to nest in reed galls: cuckoo wasps Chrysis rutilans and Tri-
chrysis pumilionis, solitary wasps Stenodynerus chevrieranus and Stenodynerus clypeopic-
tus, and bees Pseudoanthidium tenellum, Stelis punctulatissima, Hylaeus communis and
Hylaeus confusus. Forty five species of Hymenoptera: Aculeata are known to be associated
with reed galls, of which 36 make their nests there, and the other are six parasitoids of the
family Chrysididae and three cuckoo bees of the genus Stelis. Of these species, Pemphre-
don fabricii and in southern Europe also Heriades rubicola are very common in reed galls,
followed by Hylaeus pectoralis and two species of the genus Trypoxylon. We also found
new host-parasite associations: Chrysis angustula in nests of Pemphredon fabricii, Chrysis
rutilans in nests of Stenodynerus clypeopictus, Trichrysis pumilionis in nests of Trypoxylon
deceptorium, and Stelis breviuscula in nests of Heriades rubicola. We provide new descrip-
tions of the nests of seven species nesting in reed galls and morphology of mature larvae of
eight species nesting in reed galls and two parasitoids and one nest cleptoparasite. The lar-
vae are usually very similar to those of related species but possess characteristics that
make them easy to distinguish from related species. Our results show that common reeds
are not only expansive and harmful, but very important for many insect species associated
with habitats dominated by this plant species.
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Introduction

Hymenoptera, together with Diptera, Coleoptera and Lepidoptera, represent the four most
diverse insect groups, not only according to their species richness but also with regard to vari-
ability of life strategies [1-3]. Hymenopterans nesting in various kinds of cavities are related to
their various nesting and foraging strategies. Cavity nesters use not only holes in wood, reed
stalks or plant stems for their nesting, but they can also adopt quite unexpected places, such as
empty snail shells, cavities in old walls or in the reed roofs of buildings. Also, various types of
galls host numerous very rare species, represented frequently by narrow habitat specialists [3-
6]. Several digger wasps of the family Crabronidae nest in galls induced by the gall wasps of the
family Cynipidae [7-9], and a whole group of Aculeata species use the cigar-shaped galls
induced by frit flies of the genus Lipara (Diptera: Chloropidae) [5-6, 10-12].

The gall-nesting Aculeata are species of various families, which form a specific guild. This
ecological group is very heterogeneous, containing reed gall specialists, wetland species (that
only occasionally use reed galls for nesting), and ubiquitous species that nest in various types
of cavities as well as in reed galls [6]. Although several hymenopterans, which nest in reed
galls, are bioindicative, they have been rarely studied. Previous data has often been vague, such
as “some species use cigar reed galls for their nesting” [2-4]. Despite being published more
than a century ago, many of these works have been used by authors in recent monographic
studies on Hymenoptera e.g., [3-4, 13-14]. There have been a variety of species-specific
reports, Wolf [10] recorded Pemphredon fabricii (that time known as Pemphredon lethifer)
together with several Lipara spp. and their parasitoids in reed galls collected at a single sam-
pling site in Germany. Dely-Draskovits et al. [11] found this species as well as unidentified
Hylaeus sp. together with many parasitoid species in reed galls collected in Hungary. In south-
ern Germany, six species were recorded by [12]: Pemphredon fabricii (as P. lethifer), Hylaeus
pectoralis, Trypoxylon deceptorium (as Trypoxylon attenuatum), Trichrysis cyanea, Hoplitis leu-
comelana (as Osmia leucomelana), and Stenodynerus xanthomelas. In monograph on Lipara of
Fennoscandia, 26 species of aculeate Hymenoptera and 3 parasitic cuckoo wasps in their nests
were reported [15]. Our previous results showed that 13 species nest in reed galls in Czech
reed beds located in river floodplains, fishponds and post-industrial sites, and, summarizing
all available information, we stated that 29 species are known to nest in reed galls, and were
shown to be parasitized by two nest cleptoparasites and four parasitoids of the family Chrysidi-
dae [5, 6]. Thus, the community of hymenopterans nesting in reed galls is rich and highly
variable.

Recent studies conducted in Europe showed that four species of Lipara and their hymenop-
teran inquilines are distributed across multiple countries [15]. Among their inquilines, Pem-
phredon fabricii is endominant, usually comprising more than 90% of all aculeate nests and
reared aculeate individuals [5-6], followed by Hylaeus pectoralis and Trypoxylon deceptorium.
Most of the other species that have been recorded as nesting in reed galls, are relatively rare
and probably use them only occasionally. There are also differences among habitat types, dif-
ferent species occur in large reed beds in fishponds or lake reservations, small sparse reeds on
wet meadows, or short-stemmed reed beds in tailing ponds of power stations [see 5].

In this article, we provide a complete list of species recorded in reed galls including sources
and countries of occurrence. We focus on aculeate species for which nests and larvae have
never been previously described. We also describe, for the first time, the structure of nests and
the morphology of mature larvae of eight species that nest in reed galls and three parasitic spe-
cies. This contribution should thus be considered as a follow-up to our paper published 2015
in this journal [6]. By analyzing an extensive set of reed galls collected across multiple Euro-
pean countries, we were able to collect significant amounts of data even for rare species, which
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are of special interest for conservation reasons, and thus provide the first available data set on
the differences in their larval morphology and nesting preferences.

Materials and Methods
Study sites and sampling

We collected 20,704 galls induced by Lipara spp. on common reeds from 47 sampling sites
located across central Europe (Fig 1), the sites included: northern Poland (15 sites), Hungary
(14 sites), Czech Republic (8 sites), northern Italy (5 sites), Slovenia (3 sites) and Slovakia (2
sites). All localities along with coordinates are listed in S1 Table. Study of plants and animals
was possible at all localities without any restriction, except the following: Czolpino, Gardna
Wielka, Kluki and Rowy, permission issued by Slowinski National Park headquarters, Smold-
zino, Poland, signed by Dr. Ireneusz Izydorek; Apajpuszta, Baks, Izsak, Munkastelep, Orgo-
vany, and Sandorfalva, permission issued by Kiskunsag National Park, signed by Ferenc Pal
Szabo; Dubno Nature Reserve and Zbytka Nature Reserve, permission issued by Kralovéhra-
decky kraj, signed by Jan Novak; Slanisko u Nesytu National Nature Reserve and Slanisko
Novosedly Nature Reserve by Palava Protected Landscape Area, signed by Pavel Dedek; and
Brehyné-Pecopala National Nature Reserve, Jestfebské slatiny Nature Reserve, Novozamecky
rybnik National Nature Reserve and Swamp National Nature Monument, permission issued
by Kokotinsko Protected Landscape Area, signed by Véra Lucie Valova. The field studies did
not involve any protected animals and no CITES species.

Only galls older than 1 year (greyish or darker in appearance, usually without leaves and
often with the apex broken) were collected because our focus was on cavity nesting Hymenop-
tera (bees and wasps) and not on the Lipara spp. (inducing the galls) or their parasitoids. We
collected reed galls from 15 Jan to 8 Mar 2015 and additional material from 17 to 22 Jan 2016.
In late winter and early spring, mature larvae are present in their nests, and their rearing is eas-
ier than if they are collected before hibernation in the autumn [5]. Typically, at least 500 reed
galls were collected from each sampling site, of which 200 were longitudinally cut and their
contents analyzed, while the remainder were allowed to develop. In the 2016 sampling, only
around 200 galls were collected, all of which were cut and none of which were measured. Addi-
tionally, galls < 1-year-old (with Lipara spp. or their parasitoids present) were removed from
analyses, thus the total number of galls analyzed from each site was slightly less than the num-
ber collected. At localities with limited availability of galls, we collected only 200-300 galls,
which were all either longitudinally cut or reared. To measure dimensions of the cavity within
random galls, a subset of less than one year old galls, containing Lipara spp. flies, were col-
lected and subsequently measured. In total, 9,446 reed galls were cut and their contents were
studied; the other 11,258 were reared in rearing bags in the same way used by [5-6].

Data acquisition

In the longitudinally cut reed galls, we studied the material of the walls separating the brood
cells (henceforth termed bars) and the closing plugs at the top of each nest (henceforth termed
corks), the structure and number of brood cells, and also the morphology and coloration of
larvae and pupae. In the descriptions, “first cell” means the bottom, i.e., first-built cell of the
nest. The “last cell” means the uppermost cell, i.e., the one nearest to the nest entrance. When
the larvae were in cocoons, we removed part of the larvae from the cocoons but left the others
inside. For each species, we first tried to rear the adults. For nests containing more than three
larvae, we conserved part of the brood for morphological studies. To rear the larvale, the living
larvae were taken from the nests, placed in Eppendorf 1.5 ml micro-tubes, which were plugged
with cotton wool, left at the room temperature with ambient moisture, and reared similarly as
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described by [6]. The adults usually hatched within three to four weeks after pupation, after
which they were fixed, similarly to unreared larvae, i.e., in 96% ethanol. Only members of the
family Megachilidae were left to develop in their cocoons, usually for two to three months. We
measured the maximum diameter of each reed gall and the diameter of the reed stem just
below the reed galls. For a random set of galls with P. fabricii, and for all well-preserved galls
occupied by other aculeate species (except of mixed or parasitized nests), we measured also the
length of the reed gall, the length of the nest (from the base of the nest to the cork) and the
width of the cavity within the gall.

The reed galls allowed to develop were placed into rearing sacs as described by [5], and
allowed to hatch for twelve weeks. The reared individuals were fixed in 20% ethylene glycol
solution supplemented with a mixture of ionic and anionic detergents and later transferred to
96% ethanol.

The obtained material was identified by the first author and verified by the last author. Rep-
resentative specimens (including the nests of each species) are available in the collections of
Petr Bogusch (University of Hradec Kralové, Czech Republic). We adopted nomenclature
used in [14] and [16].

We documented the representative part of the nests using a digital camera (photographs of
whole nests) and a macro-photographing apparatus consisting of a macro-camera Canon
attached to a stereo microscope (brood cells, whole larvae). Documentation included photo-
graphs of nests shared by multiple species of aculeate Hymenoptera and of the parasitized
nests. We took photos of living larvae as well as the larvae fixed in Pampel solution (30 volumes
of distilled water, 15 volumes of 96% ethanol, 6 of formaldehyde and 4 volumes of glacial acetic
acid) as described by [17]. To describe the morphology of larval specimens, we transferred
some larvae (but never more than a sample of larvae present in a single nest—part of the larvae
were allowed to rear to find out the species) into Pampel solution. After we took the photo-
graphs of the intact larvae, we focused on their sclerotized parts. For this purpose, we placed
the larvae into 10% solution of hot (60°C) potassium hydroxide, for 12 hours, to dilute all parts
of the body except the integument. Then we colored the integument in 5% Chlorazol Black E
(Sigma Aldrich) for 2 seconds and moved the specimens into 96% ethanol for conservation.
To observe the identification features, we placed the integument into glycerol and separately
observed the head, mouthparts, spiracles and other important parts of the integument under a
light microscope. We used the same specimens for the study of small structures such as setae,
sensillae or mouthparts. We drew figures of (1) the head with a focus on the clypeus, labrum,
maxillae, and labjum; (2) the mandibles from the anterior view; and (3) the spiracles of larvae
of each species.

Data analysis

The data are shown as means + SD unless stated otherwise. We analyzed the dataset sampled
in 2015 in detail. This included 17,032 Lipara-induced reed galls from 34 sampling sites, which
were either cut (6,449 galls) or allowed to develop (10,583 galls). Only the species of which we
collected five or more individuals were included. We analyzed the occupancy rate of three dif-
ferent size-categories of reed stems and four size-categories of reed galls. To analyze the overall
datasets, we employed one-way ANOVA. To analyze the species-specific differences between
the observed and expected occupancy rates in the particular size-categories of reed galls and
reed stems, we used y tests. As “expected frequencies,” we used two groups of comparators,
one formed by galls occupied by Pemphredon fabricii and the other one formed by random
galls collected by our group in 2014. These comparative data sets for gall width and stem width
(Pemphredon fabricii and random galls data sets) were retrieved from [6].
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To analyze the correlations between gall width, stem width, and number of larvae, we cal-
culated linear correlation coefficients r, and Spearman s D for each species of which we
found more than five individuals. To perform this analysis, we merged our data with the
data set obtained by [6], which did not perform such analyses but accumulated significant
amounts of data. In addition to species-specific correlations, we also calculated the same
correlations for random galls (i.e., all those collected in 2014 and 2015). The calculations
included the adult specimens of aculeate Hymenoptera as well as their parasitoids obtained
in course of this study by hatching the imagines from longitudinally cut galls, and those
reared directly from galls. We also calculated Pearson s correlation coefficients for the
inner and outer dimensions of the galls, the numbers of larvae and the ratios of outer to
inner dimensions of galls. All calculations were performed using PAST v 2.14; graphs were
prepared using SigmaPlot v 8.0.

Results
Hymenoptera: Aculeata nesting in cigar galls

Our data, combined with literary sources, suggest that the Lipara-induced reed galls host nests
of 36 species of Hymenoptera: Aculeata (Table 1). The same nesting resource is also associated
with nine species of hymenopteran parasites (six parasitic species of the family Chrysididae
and three nest cleptoparasites of the genus Stelis).

In this study, we recorded these five species nesting in Lipara-induced reed galls for the first
time: solitary wasps Stenodynerus chevrieranus and Stenodynerus clypeopictus, the mason bee
Pseudoanthidium tenellum, and bees Hylaeus communis and Hylaeus confusus. Of these species,
S. clypeopictus seems to be especially dependent on nesting in reed galls because this very rare
species has been recorded quite frequently in reed galls. We also recorded two new parasitoids:
Chrysis rutilans in nests of S. clypeopictus from several localities (Hungary: Bodi-Szék, Orgovany
and Sandorfalva and Slovakia: Virt), which is also the first ever record of this host association.
We have also recorded Trichrysis pumilionis (syn. Chrysidea pumila) in nests of Trypoxylon
deceptorium (Hungary: Sandorfalva, Szabadszallds), and we confirmed previous reports of the
nest of cleptoparasite Stelis punctulatissima in the nest of Hoplitis leucomelana (Hungary: Bodi-
Szék), Chrysis angustula in the nests of Pemphredon fabricii (Czech Republic: Novozamecky ryb-
nik), and Trichrysis cyanea dominating in the nests of Trypoxylon deceptorium and Trypoxylon
minus (Czech Republic, multiple localities, Slovakia: Virt). We found the parasitoid species, Tri-
chrysis cyanea infrequently in the nests of Pemphredon fabricii (Czech Republic: Bfehyné and
Hungary: Orgovany), which also appears to be a novel discovery. We also report for the first
time that Stelis breviuscula is a nest cleptoparasite of Heriades rubicola (Slovakia: Virt) and that
S. breviuscula was very abundant in the nests of H. rubicola at this (i.e., Slovak) sampling site.
We also confirmed the well-known host association of Stelis ornatula with Hoplitis leucomelana.

The Aculeata associated with Lipara-induced reed galls can be divided into three main
groups:

1. Species preferring reed galls. These include only Pemphredon fabricii, Hylaeus pectoralis

and probably Stenodynerus clypeopictus.

2. Species nesting in reed stalks or other types of cavities and frequently nesting in reed galls.
This group is represented by Trypoxylon deceptorium, Hylaeus moricei, Heriades rubicola,
and Passaloecus clypealis.

3. Species nesting in various types of cavities and accidentally or very rarely nesting also in
reed galls. This group includes all other species found so far in reed galls, even though some
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Table 1. Review of all Hymenoptera: Aculeata recorded as nesting in or parasitizing reed galls. Coun-
try codes: CZ—Czech Republic, DE-Germany, HU-Hungary, IT-ltaly, PL—Poland, SI-Slovenia, SK-Slova-
kia,??? —unknown. Sources under the numbers used in References chapter.

Family/Species

Chrysididae

Chrysis angustula Schenck, 1856 *

Chrysis rutilans Olivier, 1790 *

Holopyga fastuosa generosa Foérster, 1853 *
Pseudomalus auratus (Linnaeus, 1761) *
Trichrysis cyanea (Linnaeus, 1761) *
Trichrysis pumilionis Linsenmaier, 1987 *
Formicidae

Dolichoderus quadripunctatus (Linnaeus, 1771)
Vespidae

Stenodynerus chevrieranus (Saussure, 1855)
Stenodynerus clypeopictus (Kostylev, 1940)

Stenodynerus xanthomelas (Herrich-Schaeffer,
1839)

Symmorphus bifasciatus (Linnaeus, 1761)
Symmorphus fuscipes (Herrich-Schaeffer, 1839)
Crabronidae

Ectemnius confinis (Walker, 1871)

Nitela spinolae Latreille, 1809

Passaloecus clypealis Faester, 1947
Passaloecus corniger Shuckard, 1837
Passaloecus gracilis (Curtis, 1834)

Passaloecus singularis Dahlbom, 1844
Pemphredon fabricii (Mller, 1911)

Pemphredon inornata Say, 1824
Pemphredon lethifer (Shuckard, 1837)
Pemphredon rugifer (Dahlbom, 1844)
Pemphredon wesmaeli (Morawitz, 1864)
Rhopalum clavipes (Linnaeus, 1758)
Rhopalum gracile Wesmael, 1852
Trypoxylon attenuatum Smith, 1851
Trypoxylon deceptorium Antropov, 1991
Trypoxylon figulus (Linnaeus, 1758)
Trypoxylon minus Beaumont, 1945
Megachilidae

Chelostoma campanularum (Kirby, 1802)
Heriades rubicola Pérez, 1890

Hoplitis leucomelana (Kirby, 1802)
Megachile centuncularis (Linnaeus, 1758)
Megachile versicolor Smith, 1844
Pseudoanthidium lituratum (Panzer, 1801)
Pseudoanthidium tenellum (Mocsary, 1881)
Stelis breviuscula (Nylander, 1848) *
Stelis ornatula (Klug, 1807) *

Stelis punctulatissima (Kirby, 1802) *

Country

(074
HU, SK
Cz
CZ
CZ, DE, HU
HU

Cz

HU, IT
HU, SK
DE

Cz
277

cz
cz
Cz,PL
222
227
?2?
CZ, DE, HU, IT, PL, S|,
SK
227
222
227
222
227
CzZ,IT
227

CZ,DE, HU, IT, PL, SK

?7?
CZ,PL, SK

Cz
CZ,HU, IT, S|, SK
CZ, DE, HU, PL
277
???

CZ
HU
CzZ,SK
CzZ,PL
CZ,HU

Literary source

5, 6, this study
this study
6
5,15
5, 6, 12, this study
this study

this study
this study
12

5, 6, 15, this study
15

5,6
5, 6, this study
5, 6, 15, this study
15
15
15
5,6, 11, 12, this study

15

12,15
15
15
15
5,6

12,15

5, 6, 12, this study
15
5, 6, this study

6
6, this study
5, 6, 12, 15, this study
15
15
6
this study
6, this study
6, this study
this study

(Continued)
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Table 1. (Continued)

Family/Species Country Literary source

Colletidae

Hylaeus communis Nylander, 1852 Ccz this study

Hylaeus confusus Nylander, 1852 HU this study

Hylaeus gracilicornis (Morawitz, 1867) 2?? 15

Hylaeus incongruus Forster, 1871 cz 6

Hylaeus moricei (Friese, 1898) cz 5, 6, 15, this study

Hylaeus pectoralis Forster, 1871 CZ,HU, PL, SK 5,6, 12, 15, 27, this
study

* marked are parasitic species.

doi:10.1371/journal.pone.0169592.t001

of these species are quite common in reed galls, this is because they form large populations,
of which only a very small percentage use reed galls for nesting. This group is represented
by, e.g., Symmorphus bifasciatus, Trypoxylon minus and Hoplitis leucomelana.

The first two groups are sensitive to changes in habitat surrounding reed beds and to the
frequency of disturbances affecting the reed beds themselves, therefore they can be used as
bioindicators of well-preserved reed beds within intensively cultivated landscapes.

Structure of nests of selected species

In our previous study, we described the structure of nests of the most common species nesting
in reed galls [6]. Here, we provide descriptions of nests of seven less common species that also
can be found nesting in reed galls, with notes on their differences from nests of similar and
related species. The occupancy of nests, by a particular species, changed with the differences in
stem width (one-way ANOVA: sum of sqrs = 234.9, d¢= 13, F = 11.8, p << 0.001), gall width
(sum of sqrs = 1031.1, d¢= 13, F = 10.0, p << 0.001); also the differences in the number of lar-
vae per nest was species-specific (sum of sqrs = 476.2, dg= 12, F = 12.2, p << 0.001). We thus
analyzed the preferences of particular aculeate hymenopteran species for specific reed gall
width, length, and also width of the inner space of the gall and a length of the nest, all corre-
lated with each other, with the number of larvae within the nests and with the gall:nest width
and length ratios (Tables 2 and 3, Fig 2A). Besides the data collected in 2015 and 2016

(Table 3), we re-analyzed the data collected in 2014 [6].

The analysis of gall and nest measurements (Table 2) shows that most of the species use
only the inner space of the gall but Pemphredon fabricii and in several cases also Heriades rubi-
cola and Hylaeus pectoralis extend brood cells also to the space between the reed leaves outside
of the cavity of the gall. Additionally, P. fabricii and H. rubicola have usually longer nests with
more brood cells than the others, whereas Hylaeus pectoralis also has usually longer nests but
with less brood cells because it makes very often empty spaces (false brood cells) inside the
gall. Stenodynerus spp. and Trypoxylon spp. do not use the whole cavity of the gall and they
also frequently settle only the top parts of galls, in which the basal parts were settled by another
species, usually P. fabricii. In this regard, it is important to note that we did not find any nest of
S. chevrieranus occupying the whole gall-in both two nests examined, this species settled in the
empty space of the gall pre-occupied in part by P. fabricii). The ratio of gall versus nest lengths
did not differ significantly among most of the species, with the exception of Trypoxylon minus,
which usually made short nests in long galls. Also the ratio of gall versus nest widths did not
show any species-specific pattern except of P. fabricii and S. clypeopictus, which preferred

PLOS ONE | DOI:10.1371/journal.pone.0169592 January 11,2017 8/32



Larvae and Nests of Aculeate Hymenoptera Nesting in Reed Galls. Part II.

PLOS | one

@)

200126569 H0"auod[ewinol/L g0 L:10p

(0g'v—0g°1) (5'p—2) -dds eredr7 yum
0S| 28¥0| S¥S0- 6907692 am 80 LL0F0€ am s|lef wopuey
(06'2-05°1) | (00°G—¥}'1) (5—2) (02-01) snujw
62| 6GL'0| 0vS0-| 2S20-| [EL°0-| G20F002| 9L0Fv8L| €220 1L020| /1280| ¥6£0| S840 8€L0 90¥€€| 02CLFEse uojAxodAiy
(ovz—ee)| (Lre—viL) (552 (26-81) wnuojdeosp
62| €ev0o| L290- 2060 189°0-| ZZOFV¥8L| 6VOFSLE| 2600-1 0900| 0120 22L0| 20| 2Ev0 G0F2E £87F80¢€ uojAxodAiy
snjelosejiq
2 18°LEV’L 002 ‘65’1 9€'ge o€ ‘L2 snydiowwAs
(ev'e—0g'1) | (92€-50°1L) (r—¢) (eg-21) snjoidoadAjo
Ok 2220| 800 ¥9€'0| 6€8°0-| L20F88L| V¥60F08 | 28€0-| LE20-| 9S£0-| 9££0| ¥89°0| SLLO G0F9€| L'ELFLGE snisufpousis
(009-29'1) | (00°6-25°0) (—2) (82-21) nouqe)
€5| SS50| ¥8L0- 020 1690-| 990F68%2 V¥90F9LL| ¥S00 0L00-| SZL0| 6£80| ¥0L0| 1220 80FE€| PPVLFSOS uops.iydwed
(G2 1=29'1) | (gL 1-€2'1) (r—2) (sv-6¢2) sijeadAjo
4 YO'OFELL| 6L0FSHL ¥'0¥8€ €CFO LY snoaojessed
(29'2-ge'1)| (081-18°0) (5-¢) (e2-€2) sifeiopoed
0S| /€50| 0190 €00, 0L90-| 2c07F€8’L I20F82'L| 22€0| 8€00-| +9¥'0| 9850| LE€0| 9220 907G€| 80LFOVY snae|fH
(292-29'1) | (L2'1-00°1) (y-¢€) (vv—62)
€ SP0FE0Z| LLEOFVLL G0FECE €9F//8 | 1eouow sneelfH
snsnjuoo
2 002 L9t ZANAN! €e ¥G ‘61 snae|AH
(ecz—ee'1)| (6S52-S0°1) (r—2) (69-02) BUR[OWIOOND|
kS| 1220 €I 0- 1100 2€S0-| 620F6L1L| €£0F9SL| ¥0S0| 2600-| €£50| P¥90| 8260 €820 Y0FEE| POLTOPE snijdoH
(ooe—ee'1) | (¥6'1-060) (g-g2) (06-52) gjooiqni
Oy | 86£0| 8690- 1900 6S°0-| GSE0F/8L| VZOF62L| €900| 8220| 2VSO| 2990 v9E0| 2SL°0 90F6€| LELFOIS sopelioH
onel olnel onel oneu 9eAle|| aeAle]| aeAle] aeale]| yipm| yibug)
uipim | wptm|  yibue| yibuan JON JON JoN JON| 1Ieo eo salvadsg
wypm|  yipm | yibusy|  yibua) yiptm | ypim | yibust| uibus|| yipim|  yibusj
lev| 1saN eo 1saN e | 1seN leH| 1seN| 1IsaN| IsaN
ones ypim| ones yibus)
N JU3ID1}J909 UOIje|a1I0D S, uosiead 1sau :jjen 1sau :jjen JUSI01JJ90D UOIIR|aLI0D S ,UoSIedd | YpimisaN | YibuajisaN

'soljes yipim pue yibus 1sau:|eb ay) yum pue sisau syl Ulylim paulejuod aeAle| ainjewl Jo Jaquinu ayl yim ‘yipim pue yibuaj jieb ayy yum yipim pue yibus)
1S8U Y} 81891109 0] JOPIO Ul Paje|ndjed alom SjUsIole0d UOIe|a1100 S,uosiead 8yl ‘0L <N Yim saioads 104 ‘pareoo| ale Aoy} yoiym ul s|ieb ayy ueyy Jebuo| 8g sewnowos pjnod sjsau sy}
snyj ‘Ajuo sanes| Aip Ag papunolins ag Aew sped Jaddn Jiay) pue AJIABD 8y} JO 1IN0 UBY0 PUBIXd SISaU IoLqe) "d 8yl Aliejndiued jey) 810N "paledipul le Ssjuawainseaw [enpIAIpUl ‘N Jomo)

1o} ‘g N Jo} (ebuel) gS F suesw se passaldxa ase sainsesaw ay] “(onel Yyipim isau:|ien)) yipim pue (ones yibus| isau:|ien) yibus) |jeb ayi yum pasedwod atem Asyi pue ‘(yipim Alaed)
yipim 3sau pue (Bnid ey} 0] 8seq ay} wouy 1sau ay} Jo yibusj) yibus) 1sau se painsesw alam suoisuswip Aliaed ay] "suoisuawip A}aed ay} 10} sasuaiajaid oiyioads-saloads g sjqel

9/32

PLOS ONE | DOI:10.1371/journal.pone.0169592 January 11,2017



@°PLOS ‘ ONE

Larvae and Nests of Aculeate Hymenoptera Nesting in Reed Galls. Part II.

Table 3. Occupancy rate of four reed gall size-categories. The x° test was employed to compare the
observed frequencies (data collected in 2015 during the course of this study) with two types of expected fre-
quencies, namely with the frequencies of galls (i) occupied by Pemphredon fabricii and (ii) random galls col-
lected by our group in 2014 [6]. Only species with n > 5 are shown.

Species Reed gall p (x2 test)
width
<5mm 5-9.5 10-14.5 >15 |Obs.vs Obs. vs P.
mm mm mm | random fabricii

Chrysis angustula 0 0 1 0
Heriades rubicola 0 14 5 0 3.0 E-01 4.3 E-02
Hylaeus confusus 0 2 0 0
Hylaeus incongruus 0 0 1 0
Hylaeus moricei 0 5 0 0 2.3 E-01 5.1 E-02
Stelis punctulatissima 0 1 0 0
Stenodynerus 0 9 2 0 3.0 E-01 5.3 E-02
clypeopictus
Trypoxylon minus 0 26 4 0 4.0 E-03 3.5 E-05
Comparators:
Pemphredon fabricii 0 469 512 48 5.4 E-21 N/A
Random galls 267 3416 2381 287 N/A 7.0 E-63

doi:10.1371/journal.pone.0169592.t003

equally wide cavities in thin as well as in wide galls. All other species settled in galls, which dis-
played positive correlation of the cavity width with the gall:nest width ratio. Thus, only P. fabri-
cii and S. clypeopictus settled narrow galls as long as the cavity proportions were useful for
them, which was not recorded in the other species.

The analysis of width of galls and stems indicated that some species are associated with galls
of specific width. Particularly, Symmorphus bifasciatus and Thyridanthrax fenestratus were
associated characteristically with galls of significantly smaller diameter compared to both ran-
dom galls or galls occupied by Pemphredon fabricii. We also analyzed the preferences of particu-
lar aculeate hymenopteran species for specific reed stem width (Table 4, Fig 2B). Besides the
data collected in 2015 (Table 4), we re-analyzed the data collected in 2014 [6], which indicated
that some aculeate species differ in their stem width preferences. In particular, Hylaeus pectoralis
was associated with the widest available stems, and thus differed significantly from Pemphredon
fabricii. Trypoxylon deceptorium was more prevalent in thin stems, and thus differed signifi-
cantly in this parameter from randomly collected reed galls; this was also true for Trypoxylon
minus and Pemphredon fabricii. In multiple species, the number of larvae per nests correlated
with the reed gall width but not with the reed stem width (Table 5), which is consistent with the
preferences of most species for galls induced by Lipara lucens, which forms thick galls even on
very thin stems. Such correlations suggest that females of these species are limited by the dimen-
sions of available cavities, i.e., galls. Photos of nests of all species are in Figs 3 and 4.

Stenodynerus clypeopictus. The nests of Stenodynerus clypeopictus usually consisted of 1-2
brood cells (range 1-4; median 1; mean 1.8 + 1.07 cell per nest; n = 10). The brood cells were
quite long (length 8.1 £ 0.91 mm; median 8 mm; width 3.3 + 0.42 mm; median 3.25 mm;
n = 19) and were separated by bars made of soil, sometimes mixed with plant debris (approxi-
mately 3 mm thick). In some cases, the soil bar was surrounded on both sides by a layer of
plant debris mixed with larval feces. The nests were made at the base of the gall cavity. How-
ever, in galls with a very narrow base, the brood cells were placed in the wider part of the gall,
and the base of the gall was not filled with anything. The brood cells were placed in the gall one
after the other. When there were smaller numbers of cells, the upper part of the gall was filled
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Fig 2. Species-specific preferences for a particular gall (A) and stem (B) width. The lines within the boxes
show medians, the boxes denote the 25" and 75" percentiles, the whiskers indicate the 10" and 90'" percentiles,
black points denote outlying points below the 10" and above the 90™ percentiles.

doi:10.1371/journal.pone.0169592.g002
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Table 4. Occupancy rate of three reed stem size-categories. The x° test was employed to compare the
observed frequencies (data collected in 2015 and 2016 during the course of this study) with two types of
expected frequencies, namely with the frequencies of galls i) occupied by Pemphredon fabriciiand ii) random
galls collected by our group in 2014 [6]. Only species with n > 5 are shown.

Species Reed stem width p (x2 test)

>4mm | 4-5.5mm | >6mm | Obs.vsrandom | Obs. vs P. fabricii
Chrysis angustula 1 1 0
Heriades rubicola 16 13 0 1.6 E-O1 2.3 E-02
Hylaeus confusus 2 0 0
Hylaeus incongruus 1 0 0
Hylaeus moricei 4 2 0 8.1 E-01 8.2 E-01
Stelis punctulatissima 1 1 0
Stenodynerus clypeopictus 11 3 0 3.7 E-01 8.8 E-01
Trypoxylon minus 30 5 0 1.2 E-02 3.2 E-01
Comparators:
Pemphredon fabricii 953 298 18 3.9 E-25 N/A
Random galls 4899 2515 506 N/A 0.0 E+00

doi:10.1371/journal.pone.0169592.t004

Table 5. Correlation analysis of the number of larvae per nest with gall dimensions suggests that gall
size is the limiting factor for females of aculeate hymenopterans. To analyze the correlations of gall
width, stem width, and number of larvae, we calculated linear correlation coefficients r, and Spearman’s D for
each species with more than five individuals. To perform this analysis, we merged our data with the data set
obtained by [6]. Besides the species-specific correlations, we also calculated the correlation for random galls
(all those collected in 2014 and 2015).

Linear Spearman’s

correlation r D

Gall width | Gall No. of Gall width Gall width No. of larvae

width larvae

Species vs. No.of |vs.stem |vs.stem |vs.No.of vs. stem vs. stem

larvae width width larvae width width
Heriades rubicola -0.05 0.59 | **|0.01 1109 399 * 971
Hoplitis leucomelana 0.72 *10.57 0.28 40 * 69 109
Hylaeus pectoralis 0.38 0.61 | *** | 0.07 2043 1268 | ** 2775
Pemphredon fabricii 0.45 | *** | 0.56 | *** | 0.32 | *¥** 1.0E | *** 7.2E | *¥* 1.2E | ***

+08 +07 +08

Stenodynerus -0.36 0.64 *10.00 245 68 * 188
clypeopictus
Symmorphus 0.92| **0.74 0.50 6 8 8
bifasciatus
Trichrysis cyanea 0.52 *10.36 0.14 296 * 362 488
Trypoxylon 0.59 | ***|0.49| **|0.09 4305 | *** 4450 | ** 8050
deceptorium
Trypoxylon minus -0.02 0.45 0.02 37 17 33
Random galls N/A 0.44 | *** | N/A N/A 2.5E | *¥* N/A

+10

Asterisks show the significance of the results—
* significant

** highly significant

*** very highly significant.

doi:10.1371/journal.pone.0169592.t005
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H V —

Fig 3. Photos of nests and parts of the nests of aculeate Hymenoptera in reed galls. A-Symmorphus bifasciatus, part of a nest with two
larvae in cocoons, B—Stenodynerus chevrieranus, brood cell, C—Stenodynerus clypeopictus, nest with three white colored larvae and
Trypoxylon sp. in the last brood cell, D—S. clypeopictus, nest with five brood cells, E-S. clypeopictus, details of a nest with one larva of this
species and two larvae of Chrysis rutilans, F—Trypoxylon deceptorium, details of a nest with one larva in a cocoon and one short cocoon with
larva of Trichrysis pumilionis, G—T. minus, nest with three brood cells, H—T. minus, nest with one cocoon of this species and two cocoons of
Trichrysis cyanea. Measurements show 2 mm.

doi:10.1371/journal.pone.0169592.g003
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Fig 4. Photos of nests and parts of the nests of aculeate Hymenoptera in reed galls. A—Passaloecus clypealis, nest with two brood cells
with yellow larvae, B—Hylaeus moricei, details of a nest with three brood cells with one larva, C—H. moricei, nest with six brood cells, D—Heriades
rubicola, nest with nine brood cells, E—H. rubicola, nest with two brood cells and the rest full of brood cells and one cocoon of Trypoxylonsp., F—
H. rubicola, details of a nest with three brood cells and larval feces on their surface, G—H. rubicola, details of brood cells with young larvae on
yellow pollen, H-H. rubicola, brood cell with young larva, I-H. rubicola, brood cell with premature larva with the rest of the pollen and feces, J—
Stelis breviuscula, brood cells of characteristic shape in a nest of H. rubicola. Scale bars show 2 mm.

doi:10.1371/journal.pone.0169592.9004
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with a substrate consisting of soil and small sand or silt grains (smaller than 0.5 mm). The sur-
face of the brood cells was covered by a shiny silk-like layer made by secretions from the
female’s Dufour’s glands, the layer on the inner surface of the brood cell was creamy-white,
bright and opaque, and made from the silk of mature larvae (Fig 3B-3E).

We recorded cuckoo wasps, Chrysis rutilans, in the nests of S. clypeopictus at three localities
in Hungary (Bodi-Szék, Orgovany, Sandorfalva) and one locality in the south of Slovakia
(Virt). This species was discovered to be a parasite of S. clypeopictus and seems to typically be a
parasite of small-sized species of solitary wasps. Chrysis rutilans had shiny and slightly conical
cocoons, which were glued to the bars on the bottom side but not glued on the upper side. The
cocoons were transparent and significantly shorter than brood cells of S. clypeopictus. Both
ends of the cocoons were reddish brown (Fig 3E).

Stenodynerus chevrieranus. We found only one nest of Stenodynerus chevrieranus. It con-
sisted of 2 brood cells and was located near Fonydd, close to Lake Balaton in Hungary. The
nest was at the end of a gall occupied by Pemphredon fabricii. Brood cells were covered by a
shiny creamy-white layer, very similar to that of S. clypeopictus. The bars between the brood
cells were made of soil and were only around 1 mm thick (shorter than at S. clypeopictus). The
end of the nest was filled with soil and grit.

Symmorphus bifasciatus. Two nests of this species, from the 2016 season, were comprised
of two and three brood cells. They were very similar to those previously described by [6]. The
bars between the brood cells were made of soil and small grit. The quite thick cork (3-4 mm)
was made of soil and there were no empty cells in the gall. Light-brownish cocoons were made
of silk, and slightly extended toward the head of the pupa. The cocoons did not fill the whole
brood cell, but rather only about two thirds of it. We found remnants of larvae and adults of
chrysomelid beetles (Galleruca sp.) in the brood cells (Fig 3A).

Passaloecus clypealis. Passaloecus clypealis nests were very similar in their general
appearance with those of Pemphredon fabricii but had much smaller brood cells (Iength
5.5 mm * 0.55 mm; median 5.2 mm; width 2.8 mm + 0.54 mm; median 2.8 mm; n = 7). The
nests were comprised of 4-6 brood cells (median 4; mean 4.5 + 0.87 cell per nest; n = 4
nests). Between the brood cells, there was usually a filling of large (0.5-0.8 mm) grit glued
by soil and other unidentified materials. The walls of the brood cells were covered with a
white silk-like layer that created white cocoons made by the larva after it defecated. The
base of the nest was filled with grit; the cork was made of grit, silk, and aphid parts. Brood
cells were separated from each other by ~1 mm thick bars of soil. The empty parts between
the brood cells were filled with unidentified materials, probably a mixture of larval feces
and soil particles. Larvae pupated in the brood cells covered with silk but without making
cocoons (Fig 4A).

Trypoxylon deceptorium and T. minus. Nests of both species were described by [6]. We
also improved our knowledge of T. minus nests based on additional material from Poland and
the Czech Republic. We usually recorded 1-3 brood cell per nest (range 1-4; median 2; mean
2.2 +£0.99 cells per nest; n = 28). The nest structure was similar to that described by [6]. We
also recorded the cuckoo wasp Trichrysis cyanea as a parasitoid in nests of T. minus (see Figs
2F-2H and 4E).

We confirmed the cuckoo wasp Trichrysis pumilionis as a parasite in the nests of T. deceptor-
ium in Hungary (Sandorfalva and Szabadszallas). The cocoons of this cuckoo wasp had the
same structure as cocoons of T. cyanea, which parasitizes nests of Trypoxylon spp. across cen-
tral Europe. However, only one larva of T. pumilionis was in each of the nests, so we did not
have sufficient data to describe the morphology of the larva of this species.

Heriades rubicola. The nests of Heriades rubicola usually consisted of 3-4 brood cells,
less frequently up to 7 (range 1-7; median 4; mean 3.7 + 1.6 cell per nest; n = 23). Brood cells
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(length 6.1 mm + 0.88 mm; median 6 mm; width 3.6 mm * 0.48 mm; median 3.5 mm; n = 61)
were placed in the cavity one after another and separated from each other by very thin bars
(less than 1 mm) consisting of the same material as that filling the gall. The nests comprised
the whole gall with no empty cells as protection against parasitoids. The top of the gall was
filled with a substance made of resin and chewed plant tissues (light brown pieces of reed or
grass leaves). The cork was just behind the last cell and was made of silt grains and resin (hard
and sticky mass). In some cases, the narrow base of the gall was filled with silt grains. Mature
larvae were placed in brownish, silk and cellophane-like cocoons (similar to cocoons of Hopli-
tis leucomelana). The cocoons were hard (not easy to open) and made of silk. Imagines hatched
about 2-3 months after pupation, which is a very long time in comparison to other species.
The males hatched first, about 1-2 weeks before females. Nests of this species consisted of the
horn-shaped feces of the larvae, which remained on the surface of the cocoons and were often
found to be getting moldy (Fig 4D-4F). Nests with young larvae collected in summer were full
of brood cells with yellow-orange pollen of Asteraceae. The brood cells were filled to one-half
to two-thirds of their volume with pollen. Larvae fed directly on the pollen, higher instars had
a brownish coloration (Fig 4G-41I).

At Virt in southern Slovakia, nests of H. rubicola were frequently parasitized by Stelis bre-
viuscula (seven of 45 nests of H. rubicola were parasitized by 15 individuals of S. breviuscula),
whose brood was typically placed in brownish oval cocoons with a cusp on the bottom and on
the top (Fig 4]).

Hylaeus confusus. The nests of Hylaeus confusus were very similar to H. pectoralis; we did
not find any significant differences. Two nests found in our survey were comprised of two and
three brood cells.

Hpylaeus moricei. The nests of Hylaeus moricei were very similar to the nests of H. pectora-
lis but smaller and usually with more brood cells (two nests of our dataset comprised three and
six brood cells), whose length was 5.0 mm + 1.24 mm; median 4.3 mm; and width 3.2 mm +
0.39 mm; median 3.2 mm; n = 9. The nests usually did not occupy the whole gall but no empty
cells were placed between the brood cells with larvae. The bases of the galls were filled with
chewed plant particles (> 1 mm). Above the filling was a space of very similar size to that of
brood cells, then chewed plant particles again, and then brood cells that were only separated
by thin cellophane-like layers. The walls of the brood cells were also covered by a cellophane-
like material, which was made by the female and consisted of secretions from her Dufour’s
gland. At the end of the gall from Novozamecky rybnik, there was a cork made of plant parti-
cles and mud and elongated pieces of leaves (possibly reed leaves) on top. Mature larvae were
very close to each other, but without cocoons (Fig 4B and 4C).

Description of mature larvae

We analyzed mature larvae of eight species of aculeate Hymenoptera nesting in reed galls
induced by Lipara spp., two of their parasitoid species, and one nest cleptoparasite found in
their nests. Below, we provide descriptions of mature larvae, including photos of whole larvae
from lateral and ventral views (Figs 5 and 6) and drawings of the main identification character-
istics-head capsules, mandibles, and spiracles (Figs 7 and 8).

Chrysis angustula (Fig 7A-7C). Mature larvae of this species have been described previ-
ously by [18]. However, the species was divided into two species later by [19] so we cannot
state larva of which of them was described previously.

Material: Czech Republic, Bohemia bor., Zahradky, Novozamecky rybnik National Natural
Reserve, terrestrial reed bed surrounding fishpond, 08.iii.2015, 1 larva, P. Bogusch et A. Asta-
penkova lgt., P. Bogusch det. (coll. P. Bogusch).
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Fig 5. Larvae of aculeate Hymenoptera in reed galls. A-B—Chrysis rutilans, lateral and ventral view; C—D—-Symmorphus bifasciatus; E—-F—
Stenodynerus chevrieranus; G-H-S. clypeopictus; |-J—Passaloecus clypealis; K-L—Trypoxylon minus. Measurements show 2 mm.

doi:10.1371/journal.pone.0169592.g005

Body: Short and robust, white colored, length 5.92 mm; width 2.22 mm (n = 1). Fusiform in
shape with well-developed dorsal posterior lobes reaching pleurae of segments. Pleural lobes
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Fig 6. Larvae of aculeate Hymenoptera in reed galls. A-B—Hylaeus confusus, lateral and ventral view; C—D—Hylaeus moricei; E-F—Heriades
rubicola; G—Stelis breviuscula. Measurements show 2 mm.

doi:10.1371/journal.pone.0169592.9g006

well developed and forming a line. Not dorsoventrally flattened. Last abdominal segmen-
trounded, very short, and narrower than other segments. Anus terminal is a transverse slit.
Integument almost smooth, bearing only a few short setae. Spiracles well sclerotized, brownish;
atrium has a very wide margin (more than half the width of the pore), short, with only one
septum.

Head and mouthparts: Head well visible, more than half the width of the abdominal seg-
ments. Rounded, with typical frontoclypeal suture in the middle, width 0.91 mm, height 1.15
mm, width:height ratio < 1. Pale and unpigmented except for brownish marking on the fol-
lowing structures: antennal orbits, frontoclypeal suture, anterior and posterior tentorial arms,
labrum, teeth and joints of mandibles, some parts of the maxillae, and labium. Antennal orbits
clearly visible, with four very small sensory cones in the membrane. Head with punctures bear-
ing setae, mostly on vertex, above antennal orbits and above joints of mandibles. Clypeus and
labrum not visibly separated, clypeus less sclerotized, on apical part of clypeus 12 setae (six on
each side). Labrum longer than clypeus, sclerotized especially on the apical part, with slight
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Fig 7. Morphology of larvae of aculeate Hymenoptera in reed galls. A-C—Chrysis angustula; D—F—Chrysis rutilans; G—|—-Symmorphus
bifasciatus; J-L—Stenodynerus clypeopictus, M—O-Stenodynerus chevrieranus; P-R—Passaloecus clypealis, all species head capsule frontal
view, mandible lateral view, spiracle. Measurements show 0,2 mm in drawings of heads and 0,1 mm in drawings of mandibles.

doi:10.1371/journal.pone.0169592.g007
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Fig 8. Morphology of larvae of aculeate Hymenoptera in reed galls. A—C—Trypoxylon minus; D—F—Heriades rubicola; G—I—-Stelis breviuscula;
J-L—Hylaeus confusus; M—O-Hylaeus moricei, all species head capsule frontal view, mandible lateral view, spiracle. Measurements show 0,2 mm
in drawings of heads and 0,1 mm in drawings of mandibles.

doi:10.1371/journal.pone.0169592.g008

emargination in the middle, with 16 sensillae on each side, five of them bearing setae. Sensillae
located near apical lobes of labrum but mostly on the sides. Mandible (length 0.41 mm) with at
least three teeth; apical tooth is longer and sharper than the other teeth. Maxillae with four
conspicuous setae on each side. Galea short but easily visible, sclerotized, with five sensillae,
one of them elongated. Maxillar palpus short and smaller than the galea, with two short sensil-
lae at the distal end. Labium rugous has a wide salivary slit. Labial palpus sclerotized and short,
with four conical sensillae and one elongated sensilla.
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Chrysis rutilans (Figs 5A, 5B and 7D-7F). Mature larvae of this species have not been
previously described.

Material: Hungary centr., Kiskunsag National Park, Orgovany env., terrestrial reed bed, 24.
ii.2015, 2 larvae; Dunatetétlen env., Bodi-Szék, salt marsh and terrestrial reed bed, 24.i1.2015, 2
larvae; Hungary mer., Kiskunsag National Park, Sandorfalva env., terrestrial reed bed, 25.
ii.2015, 1 larva, all P. Bogusch et P. Heneberg lgt., all P. Bogusch det. (coll. P. Bogusch).

Body: Short and robust, widest in the hind part, white colored, length 5.72 + 0.59 mm;
width 2.12 + 0.04 mm (n = 5). Fusiform in shape with well-developed dorsal posterior lobes
reaching pleurae of segments. Pleural lobes well developed and forming a line. Not dorsoven-
trally flattened. Last abdominal segment very short, rounded, and narrower than other seg-
ments. Anus terminal is a transverse slit. Integument almost smooth, with only a few short
setae. Spiracles sclerotized, brownish, with a wide margin (margin wider than half the width of
the atrium). Atrium with one septum, shorter than wide.

Head and mouthparts: Head large but slightly narrower than thorax, longer than wide:
width 1.00 mm, height 1.17 mm, width:height ratio < 1. Frontoclypeal suture in the middle.
Most of the head pale and unpigmented except for brownish markings on the following struc-
tures: frontoclypeal suture, clypeus (only very slightly), labrum, teeth and joints of the mandi-
bles, apex of the maxillae and labium. Antennal orbits small, unsclerotized, with three sensory
cones in the membrane. Six setae on each side of the head, most of them above the joints of the
mandibles. Clypeus two and a half times longer than it is wide, with two setae on the apex and
four setae in the middle on each side. Labrum shaped like a rounded rectangle, slightly sclero-
tized, with only slight serrations on the apical margin, without setae and sensillae. Five promi-
nent setae on each side of labrum and a row of small sensillae posterior to them. Mandible
(length 0.38 mm) has three teeth, with the ones on the outer side being a bit longer and
sharper. Maxillae blunt, poorly sclerotized at the ends, with three conspicuous setae on each
side. Galea short but easily visible, with four short sensillae and one elongated sensilla. Maxillar
palpus poorly visible with one large and one small sensilla. Labium contained a wide salivary
slit, with rough structures at the end and three setae on each side. Labial palpi have four conical
sensillae and one elongated sensilla. Hypopharynx easily visible, not serrated.

Stenodynerus chevrieranus (Figs 5E, 5F and 7M-70). Mature larvae of this species have
not been previously described.

Material: Hungary occ., Fonydd env., reed bed near Lake Balaton, 25.ii.2015, 2 larvae, P.
Bogusch et P. Heneberg lgt., P. Bogusch det. (coll. P. Bogusch).

Body: Length 7.7-7.8 mm; width 2.0-2.1 mm (n = 2). Yellow or yellowish in color. Poste-
rior parts of segments have distinct lobes, pleural lobes also well developed, pleural lobes less
distinct on the prothorax and mesothorax and most distinct on the central abdominal seg-
ments. Last abdominal segment larger and knob-shaped, with a transverse slit anus. Integu-
ment forms a fine cuticle with smooth parts, every segment bears tens of small sensillae.
Spiracles well developed, funnel shaped, with a very narrow margin around the atrium, in six
unbroken lines.

Head and mouthparts: Head rounded with a suture in the middle of the vertex, suture failed
to reach the clypeus. Head longer than wide, width 1.09-1.1 mm, height 1.22-1.25 mm, width:
height ratio < 1. Head pale and unpigmented except for brownish markings on the following
structures: antennal orbits, apical part of clypeus, labrum, mandibles, maxillae, galeae, and
labium. Antennal orbits large and rounded with three sensillae. Head has punctures bearing
setae, mostly on the frons and above mandibular joints. Three groups of small sensillae (3 + 3
+ 7) are present, but only on the mandibular joints. Clypeus wider than long, apical part sclero-
tized and rugous with six sensillae bearing setae on each side. Labrum sclerotized, its margin
has two lobes on each side, a depression in the middle with numerous sensillae. Labrum has
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more than 15 sensillae bearing setae on each side. Epipharynx with small teeth. Mandible
(length 0.49 mm) with three large teeth of similar size, inner tooth shorter, blunt, and qua-
dratic. Macxillae slightly sclerotized with nine interspersed conspicuous setae. Galea elongated,
well sclerotized, brownish, and with three conical sensillae and one elongated sensilla in the
apical part. Maxillar palpus wider than galea, narrowing sharply toward the apex, with two
small sensillae at the apex. Labium sclerotized and curved, wide salivary slit, and five setae on
each side. Labial palpus short, cylindrical, with three conical sensillae and one elongated
sensilla.

Stenodynerus clypeopictus (Figs 5G, 5H, 7] and 7K). Mature larvae of this species have
not been previously described.

Material: Hungary centr., Kiskunsdg National Park, Orgovany env., terrestrial reed bed, 24.
ii.2015, 7 larvae; Dunatetétlen env., B6di-Szék, salt marsh and terrestrial reed bed, 24.i.2015, 7
larvae; Hungary mer., Kiskunsag National Park, Sandorfalva env., terrestrial reed bed, 25.
ii.2015, 1 larva, all P. Bogusch et P. Heneberg lgt., all P. Bogusch det. (coll. P. Bogusch).

Body: Length 9.57 + 1.27 mm; width 2.22 + 0.19 mm (n = 15). Color yellow or yellowish but
in some cases also white or whitish. Elongated, slim, dorsoventrally flattened body. Posterior
parts of the segments on the dorsal part form distinct lobes, pleural lobes also well developed,
pleural lobes less developed on the prothorax and mesothorax and largest on the central
abdominal segments. The last abdominal segment rounded with a transverse slit anus. Integu-
ment smooth with small inconspicuous setae.

Head and mouthparts: Head smallish, only slightly wider than half the width of the thoracic
segments, width 1.22 mm, height 1.38 mm, width:height ratio < 1. Head has a suture on the ver-
tex, which failed to reach the clypeal margin. Head pale and unpigmented except for brownish
markings on the following structures: antennal orbits, clypeus and labrum (only very slightly),
teeth and joints of mandibles, maxillae, galeae, maxillar palpi, and labium. Antennal orbits flat
with three sensory cones in the membrane. Head has many punctures bearing setae, mostly on
the vertex, around antennal orbits, and near joints of the mandibles. Clypeus short, length:width
ratio 1:4, the front part straight, not sclerotized, bearing five setae and nine sensillae on each side.
Labrum with two lobes slightly raised, depression in the middle, 12 setae and at least 18 sensillae
on each side. Epipharynx has numerous tooth-like processes. Mandible (length 0.50 mm) with
three conspicuous rounded teeth. Maxilla rounded, slightly sclerotized, with nine setae on each
side. Galea conspicuous and sclerotized, with three conical sensillae and one elongated sensilla.
Maxillar palpus narrowed towards the end, longer than galea, with two sensillae at the end.
Labium with wide salivary slit (width almost equal to the whole labium), with ten setae on each
side. Labial palpus bearing threelarge and one smaller sensillae.

Remarks: Spiracles very similar to those of S. chevrieranus.

Symmorphus bifasciatus (Figs 5C, 5D and 7G-7I). Mature larvae of this species have not
been previously described.

Material: Czech Republic, Bohemia centr., Mélnik env., terrestrial reed bed surrounding
complex of abandoned sandpits, 22.ix.2015, 3 larvae, P. Bogusch et A. Astapenkova Igt.; Bohe-
mia or., Rzy, terrestrial reed bed surrounding fishpond, 31.xii.2015, 2 larvae, P. Bogusch Igt.,
all P. Bogusch det. (coll. P. Bogusch).

Body: Length 7.9-8.1 mm; width 2 mm (n = 2). Yellowish in color. Posterior parts of the
dorsal segments form distinct lobes, pleural lobes also well developed, pleural lobes less devel-
oped on the prothorax and mesothorax and largest on the central abdominal segments. All
lobes much less distinct than in both Stenodynerus species. The last abdominal segment knob-
like with a transverse slit anus. Integument rough, with many very small spinules (well visible
under 400x magnification). Spiracles easily visible, brownish, with a round atrium. Atrial mar-
gin very thin, with seven lines.

PLOS ONE | DOI:10.1371/journal.pone.0169592 January 11,2017 22/32



@°PLOS ‘ ONE

Larvae and Nests of Aculeate Hymenoptera Nesting in Reed Galls. Part II.

Head and mouthparts: Head easily visible, narrower than thorax, width 1.10 mm, height
1.32 mm, width:height ratio < 1. Head with suture on the vertex towards the frons, but not
reaching the clypeal margin. Head pale and unpigmented except for brownish markings on
the following structures: antennal orbits, clypeus, labrum, teeth and joints of mandibles, maxil-
lae, and labium. Large antennal orbits, with two sensillae. Head with many pits bearing setae,
mostly on the vertex, above the clypeus and joints of the mandibles. Clypeus long, sclerotized,
but only at the base and at the end; the basal clypeal suture well developed. Eight setae on each
side of the clypeus. Labrum shorter than clypeus, with a depression in the middle full of setae
and sensillae. Apical margin of labrum and central part is sclerotized. Labrum with two main
lines of setae and sensillae, several sensillae also located near the apical margin (altogether ten
setae and 15 sensillae). Epipharynx with tooth-like processes. Mandible (length 0.49 mm)
straight, with three teeth; the inner tooth shorter. Maxilla blunt, with eight setae on a side,
slightly sclerotized. Galea elongated, easily visible, sclerotized with three conical sensillae and
one elongated sensilla at the end. Maxillar palpus is elongated, sharply narrowing toward the
end, with two sensory cones in the membrane. Labium rugous and slightly sclerotized, with a
wide salivary slit, and with six conspicuous setae on each side. Labial palpus short, with three
conical sensillae and one elongated sensilla.

Passaloecus clypealis (Figs 51, 5] and 7P-7R). Mature larvae of this species were
described by [20] but only very briefly, with no comments on the head and mouthparts.

Material: Czech Republic, Bohemia occ., Sosen env., Plavisté Nature Monument, reed bed
at fishpond, 10 larvae; Bohemia mer., Tfeborisko Protected Landscape Area, Smrzov env.,
loose reeds at the dam on the Smrzovsky Dolni rybnik, 4 larvae, all from nests in reed galls
installed artificially and exposed between 25.v.-30.vi.2015, P. Heneberg lIgt.; Bohemia or.,
Zelezné hory Protected Landscape Area, Stradovka Nature Reserve, terrestrial reed bed from a
fishpond, from nests in reed galls installed artificially and exposed between 20.v.-15.viii.2015, 4
larvae, P. Bogusch Igt., all P. Bogusch det. (coll. P. Bogusch).

Body: Length 5.32 + 0.40 mm; width 1.00 + 0.14 mm (n = 28). Body color pale yellowish to
yellow-ochre in darker specimens. Head quite large, almost as wide as the body. The posterior
parts of the segments form distinct lobes on the dorsal part, pleural lobes well developed, less
developed on the prothorax and mesothorax and largest on the central abdominal segments.
Bbody slightly flattened dorsoventrally. The last abdominal segment knob-like. Integument
rugose with sparse but large setae. Spiracles clearly visible, small, funnel-shaped, with very a
small atrium, the atrial margin thicker than the atrial pore.

Head and mouthparts: Head rounded, without any suture, width 0.76 mm, height 0.78 mm,
width:height ratio > 1. Head pale and unpigmented except for brownish markings on the fol-
lowing structures: at the end of the clypeus, labrum, mandibles, maxillae, and labium. Small
antennal orbits, with three sensory cones in the membrane. Head has many pits bearing setae,
mostly above the mandibular joints and on the frons. A group of eight sensillae located just
above the mandibular joints. Clypeus quadratic and sclerotized at the end and two times wider
than it is long; each side has two conspicuous setae and three sensillae. Labrum sclerotized
with very slight emargination; each side has five large setae and seven sensillae. Mandible
(length 0.29 mm) very sclerotized, with four large teeth. Maxilla sclerotized, with three big
setae on each side. Galea elongated with three elongated sensory cones and one conical sensilla
at the end. Maxillar palpus elongated with three elongated sensory cones at the end. Labium
sclerotized, with a narrow salivary slit; each side has three large setae. Labial palpus elongated,
with three elongated sensillae apically.

Trypoxylon minus (Figs 5K, 5L and 8A-8C). Mature larvae of this species have not been
described previously.
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Material: Hungary bor., Pakozd env., Velencei-t0 lake, terrestrial reed bed, 23.ii.2015, 3 lar-
vae; Hungary mer., Kiskunsag National Park, Munkastelep, terrestrial reed bed, 25.11.2015, 2
larvae, all P. Bogusch et P. Heneberg Igt.; Poland bor., Lunowo, terrestrial reed bed, 30.1.2015,
3 larvae; Troszyn env., terrestrial reed bed, 30.i.2015, 3 larvae; Slowinski National Park, Rowy,
terrestrial reed bed near the sea, 01.ii.2015, 4 larvae; Slowinski National Park, Gardna Wielka,
terrestrial reed bed at Gardno lake, 01.11.2015, 2 larvae; Jastarnia, terrestrial reed bed at Hel
peninsula, 02.i.2015, 2 larvae, all P. Bogusch et P. Heneberg lgt.; Czech Republic; Bohemia
bor., Zahradky, Novozamecky rybnik National Natural Reserve, terrestrial reed bed surround-
ing a fishpond, 08.iii.2015, 17 larvae; Jesttebi env., Jesttebské slatiny National Natural Monu-
ment, terrestrial reed beds surrounding streams, 08.iii.2015, 4 larvae; Doksy env., Bfehyné-
Pecopala National Natural Reserve, terrestrial reed bed surrounding a fishpond, 08.iii.2015, 22
larvae; Doksy, Swamp National Natural Monument, peat bog and terrestrial reed bed, 08.
iii.2015, 1 larva, all P. Bogusch et A. Astapenkova Igt., all P. Bogusch det. (coll. P. Bogusch).

Body: Length 7.17 + 0.28 mm; width 1.59 + 0.28 mm (n = 11). Whitish, white or pale ochre
in color. Body elongated, slim, and dorsoventrally flattened. Posterior parts of segments have
distinct lobes; pleural lobes well developed, lobes are less developed on prothorax and most
distinct and widest on last few abdominal segments. Last abdominal segment small and nar-
rower than the head. Integument forms a fine skin with many large setae and small spinulae
between them. Spiracles pale brown, atrium very faintly marked with five lines and the suba-
trium unarmed.

Head and mouthparts: Head width 0.89 mm, height 0.99 mm, width:height ratio < 1. Head
pale and unpigmented except for brownish markings on the following structures: antennal
orbits, mandibles and joints, galeae slightly pigmented, maxillar and labial palpi. Antennal
orbits contain three sensory cones in the membrane. Head has many pits bearing setae, mostly
on the vertex, above the clypeus, and above the mandibles; one seta also on the mandible.
Clypeus only very slightly sclerotized, wide, with six conspicuous setae in one line, and six sen-
sillae close to the base of the clypeus. Labrum slightly sclerotized, narrower than the clypeus,
square-shaped, end rugous; there are nine conspicuous setae on each side. Apical margin of
labrum has slight emargination in the middle. Epipharynx has many tooth-like processes lat-
erally. Mandible (length 0.34 mm) has five small teeth and three tooth-like processes laterally.
Maxilla slightly sclerotized with six conspicuous setae on each side. Galea elongated with three
conical sensillae and one elongated sensilla at the end. Maxillar palpus elongated, with two
elongated sensillae. Labium has a wide salivary slit, its width more than half the width of the
labium, with three large setae on each side. Labial palpus elongated, with two small sensillae
and one elongated sensilla at the end. Hypopharynx clearly visible and conspicuously serrated.

Heriades rubicola (Figs 6E, 6F and 8D-8F). Mature larvae of this small species have not
been previously described.

Material: Hungary bor. occ., Pakozd env., Velencei-to lake env., terrestrial reed bed, 23.
ii.2015, 3 larvae; Hungary centr., Kiskunsag National Park, Izsak, Kolon-t6 lake, reed bed at
meadow, 24.ii.2015, 5 larvae; Kiskunsdg National Park, Orgovany env., terrestrial reed bed, 24.
i1.2015, 20 larvae; Dunatetétlen env., Bodi-Szék, salt marsh and terrestrial reed bed, 24.ii.2015,
4 larvae; Hungary mer., Kiskunsag National Park, Munkastelep env., terrestrial reed bed at
saline lake, 25.ii.2015, 48 larvae; Slovenia mer., Portoroz env., terrestrial reed bed near sea, 26.
ii.2015, 4 larvae, P. Bogusch et P. Heneberg Igt., all P. Bogusch det. (coll. P. Bogusch).

Body: Length 5.65 + 0.44 mm; width 1.45 + 0.11 mm (n = 25). Color white or whitish, in
some cases very slightly yellow or ochre colored. Head very small, about half of the width of
the abdominal segments. Slightly dorsoventrally flattened. Posterior parts of segments form
transverse welts on the dorsal part, but very poorly formed and poorly separated from other
parts of the segment. Last abdominal segments rounded, narrower than other segments, and
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bear a transverse anus. Conspicuous, large setae on the body; more so on abdominal segments.
Integument with small dense setae. Spiracles normal, atrium armed with quite a thick margin,
with at least seven lines, lines not disrupted.

Head and mouthparts: Head easily visible but very small (usually smaller than half the
width of the thoracic and abdominal segments) and heart-shaped, width 0.99 mm, height 0.81
mm, width:height ratio > 1. Pale and unpigmented except for brownish markings on the fol-
lowing structures: anterior and posterior tentorial arms, labrum, mandibles and their condyli,
maxillar and labial palpi. Antennal orbits elongated along the entire segment, with two short
setae at the end. Head with many pits bearing stout setae, mostly on sides and on frons above
the clypeus. Slight depression in the middle of head, reaching anterior clypeal margin. Clypeus
poorly visible, not well separated from other head parts, with six setae. Labrum trapezoidal
and slightly sclerotized, its margin has a lobe on each side, another small lobe on each side
towards the middle, as well as a small depression in the middle. Rugous structure in the middle
at the base of labrum, and five setae and eight sensillae on each side of the labrum. Mandible
(length 0.30 mm) sharply narrowed with three teeth, two apical teeth are blunt and the one on
the outer side somewhat longer (about one width of tooth apex) than the second, the third
tooth small and lateral. Mandibles have a sclerotized apex with teeth, joints and basal edge.
Maxillae blunt, with many prominent setae on each side: three at the base of the galea, four
around the galea, and three at the end of the maxilla. Galea elongated with two elongated sen-
sillae at the end and one small conical sensilla. Maxillar palpus short and rudimentary. Labium
with rugous structure on apical part, wide transverse salivary slit. Seven conspicuous setae on
each side of labium. Labial palpus with two elongated sensillae and one small conical sensilla at
the end.

Stelis breviuscula (Figs 6G and 8G-8I). Mature larvae of this species were only briefly
described by [21].

Material: Slovakia mer., Virt and Marcelova env., terrestrial reed bed at Patinsky kanal, 20.
1.2016, 3 larvae, P. Bogusch lgt., all P. Bogusch det. (coll. P. Bogusch).

Body: Length 5.11 + 0.17 mm; width 1.42 + 0.12 mm (n = 3). Color white or whitish, some
parts of body (anus and head) light brown. Head very small, about half the width of the abdomi-
nal segments. Slightly dorsoventrally flattened. Posterior parts of segments form transverse
welts on the dorsal side, but very poorly formed and poorly separated from other segment parts.
Last abdominal segment rounded and somewhat narrower than other segments, with a trans-
verse anus. Large conspicuous setae on body, more so on abdominal segments. Spiracles with
wide margin, serrated, atrium thick-walled, with at least five septa.

Head and mouthparts: Head heart-shaped, clearly visible although very small, width 0.7
mm, height 0.61 mm, width:height ratio > 1. Pale and unpigmented except for brownish
markings on the following structures: antennal orbits, labrum, mandibles with joints, maxillae
with palpus and galea, labium with palpus. Very small, elongated antennal orbits with two
elongated setae. Head has many pits bearing setae, mostly on sides above mandibular joints
and on the vertex. Clypeus trapezoidal, slightly sclerotized, with four setae on each side of the
apical part. Labrum slightly sclerotized, with lobes on each side, and a small depression in the
middle. Rugous structure in the middle at the base of the labrum, seven thick setae and six sen-
sillae on each side. Mandible (length 0.29 mm) has two teeth, one tooth shorter than the other.
One prominent seta near the base of the mandible. Maxilla has tubular and elongated galea,
with three sensillae at the end. Maxillar palpi elongated, narrower than the galea, with two sen-
sillae at the end. Maxilla with at least ten big setae on each side, three of them located near the
apex in front of galea. Labium small, with five setae on each side, and a wide salivary slit. Labial
palpi elongated, with three sensillae at the end.
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Hylaeus confusus (Figs 6A, 6B and 8]-8L). Mature larvae of this species were previously
described by [22] but the description lacked some important characteristics, e.g., the
chaetotaxy.

Material: Hungary bor., Pakozd env., Velencei-t6 lake env., terrestrial reed bed, 23.i1.2015, 3
larvae; Hungary occ., Fonydd env.,, terrestrial reed bed near Lake Balaton, 25.ii.2015, 2 larvae,
all P. Bogusch et P. Heneberg Igt., all P. Bogusch det. (coll. P. Bogusch).

Body: Length 7.75 + 0.05 mm; width 1.95 + 0.05 mm (n = 5). Color white or whitish. Head
medium large, only slightly narrower than the rest of the body. Only slightly dorsoventrally
flattened. Posterior parts of segments have transverse welts on dorsal side, but they are very
poorly formed and poorly separated from other segment parts. Last abdominal segment very
short. Integument smooth with very few setae and sensillae. Spiracles yellowish, large, round,
atrium wide, with only a thin margin, with more than seven lines.

Head and mouthparts: Head easily visible, width 1.18 mm, height 1.08 mm, width:height
ratio > 1. Pale and unpigmented except for brownish markings on the following structures:
antennal orbits, lateral clypeal teeth, apex of labrum, mandibles and their condyli, apical part
of maxillae, galeae, labial palpi. Antennal orbits without arms and have three sensory cones in
the membrane. Head has several setae, most of them on the sides above mandibular joints.
Clypeus ribbed with one sclerotized tooth on each side, also three sensillae on each side.
Labrum rugous, has apical margin with two very slight lobes on each side, and no emargina-
tion in the middle. Labrum with three setae on each side, with at least 16 short, stiff setae
below them towards the apical part of labrum. Mandible (length 0.32 mm) with one tooth.
Mandibles without joints, have sclerotized apex with tooth. Maxilla has three setae on each
side, maxillar palpus large, elongated, with three sensory cones at the end. Labium with narrow
salivary slit and two setae on each side. Labial palpus has two sensillae at the end. Hypopharynx
rough and easily visible.

Hylaeus moricei (Figs 6C, 6D and 8M-80). Mature larva of this species have not been
previously described, even though [22] described the nests and larvae of most of the central
European species in this genus.

Material: Czech Republic, Bohemia bor. or., ZIi¢ env., Dubno Natural Reserve, terrestrial
reed bed surroundings, 15.1.2015, 6 larvae; Bohemia bor., Zahradky, Novozamecky rybnik
National Natural Reserve, terrestrial reed bed surrounding fishpond, 08.iii.2015, 3 larvae, all
P. Bogusch et A. Astapenkova Igt., P. Bogusch det. (coll. P. Bogusch).

Body: Length 5.46 + 0.41 mm; width 1.26 £ 0.20 mm (n = 3). Color white or whitish. Head
medium large, slightly narrower than the rest of the body. Only slightly dorsoventrally flattened.
Posterior parts of segments form transverse welts on dorsal side, but very poorly formed and
poorly separated from other parts of the segment. Last abdominal segment rounded. Integu-
ment smooth with only a few short setae and sensillae. Spiracles normal, atrium funnel-shaped,
with a very narrow margin, with eight lines.

Head and mouthparts: Head easily visible, rounded, medium large, width 0.87 mm, height
0.79 mm, width:height ratio > 1. Pale and unpigmented except for brownish markings on the
mandibles, mostly at the apex and condyli. Antennal orbits large, larger than two thirds of the
length of the whole mandible, with three sensory cones in the membrane. Head almost without
setae. Clypeus poorly visible, rectangular, quite narrow, with four small setae. Labrum very
narrow and only slightly sclerotized, rounded without a depression in the middle. Apical part
of labrum has large conspicuous setae (at least ten setae) and some sensillae. Mandible (length
0.32 mm) with one tooth that neither sharp nor blunt, and with eight small teeth on the inner
side. Mandibles sclerotized only at the apex, joints sclerotized only very slightly and not dark-
ened. Maxillae rounded at the ends with no setae, with six sensillae at each end. Galea well
developed but not sclerotized, with two elongated sensillae and one small conical sensilla at the
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end. Maxillar palpus poorly visible and rudimentary. Labium has narrow salivary slit and wide
blunt palpi, with four small setae on each side of the labium. Labial palpus has two elongated
sensillae and one small conical sensilla at the end.

Discussion

The total number of species recorded nesting in abandoned reed galls was surprisingly high
and shows that these specific shelters are being used frequently by several, and occasionally by
some species of aculeate Hymenoptera. These reed galls host not only nesting hymenopterans,
but also insects and invertebrates of other groups, e.g., spiders, beetles, etc. Bogusch et al. [23]
examined these inhabitants and showed that most of them use reed galls as a hiding or over-
wintering place, and some of these species are very rare across Europe. Reed galls host species
bound to reed beds with long historical continuity as well as pioneer species. Among the Acu-
leata recorded in reed galls, several records were, in our opinion, very questionable. First was
Stenodynerus xanthomelas, which was recorded by [12]. This species occurs in dry steppe habi-
tats and is, in appearance, very similar to S. clypeopictus, which was first recorded as nesting in
reed galls in this study. We believe that the author misidentified the species. Additionally, the
records of Pemphredon spp. except for P. fabricii by [15] are also questionable. During four
years of comprehensive studies of reed galls, we have checked more than 5,000 individuals of
Pemphredon from reed galls and all were represented by only a single species—P. fabricii. Though
the identification of species within the genus Pemphredon is not trivial [24-25], we assume that
records of other species from this genus nesting in reed galls are based on incorrect identifica-
tions made by non-specialists. A similar situation probably exists with species of the genus Pas-
saloecus other than P. clypealis. Even P. clypealis is quite a rare species, inhabiting reed galls only
sporadically. Also doubtful are the records of two species of leafcutter bees (Megachile centuncu-
laris and M. versicolor) published by [15]. Both of these species are very common and they use
various cavities for their nesting. We have recorded nests of M. versicolor between reed stalks at
an artificially made nest site (P. Bogusch, pers. obs.), but we did not find any nests of these spe-
cies in reed galls examined in this study, nor in those examined previously. Finally, some species
have been published under their synonyms. This situation is common especially for the genera
Pemphredon and Trypoxylon, whose taxonomy has only very recently been elucidated. Records
of Trypoxylon figulus and T. attenuatum almost certainly also represent T. minus and T. decep-
torium (described by [26] and [27], respectively) and those of Pemphredon lethifer are repre-
sented by P. fabricii (resurrected from the synonymy by [25]).

Aculeate Hymenoptera are unique in using reed galls not only as a shelter, but also as a
nesting place. Even though the galls do not have clearly visible holes in them, several species
are able to access the inside through the top of the gall and make their nest inside. It is interest-
ing that most such species use small-size prey or pollen, and nectar for their brood, and species
using bigger prey usually do not use reed galls for nesting. This proposal is supported by [5],
who showed that several very common reed bed species (frequently being captured in color
pan traps) have never been recorded in reed galls within the reed bed sites where they occur.
Anoplius caviventris, which catches big spiders of the genus Clubiona, and Gymnomerus lae-
vipes, which hunts chrysomelid larvae, are probably unable to get inside the gall with these
larger prey; as a result they more frequently use reed stalks, with larger openings, for nesting.

Several species nesting in reed galls are very abundant when appropriate nesting resources
are available. In particular, Pemphredon fabricii, and also Heriades rubicola in southern parts of
central Europe, can be found in one out of every two or every three checked galls. It remains to
be determined, whether these species are specialized for nesting in reed galls or prefer reed
galls over other cavities like reed stalks or plant stems. Some species, such as Hylaeus pectoralis
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or Stenodynerus clypeopictus, are much less common in reed galls. However, these species are
also very rare in general, and form only limited populations in their habitats. These rare species
are specialized to very specific habitats, such as reed beds connected with wet meadows with
an abundance of flowering plants (H. pectoralis), and saline reed bed marshes (S. clypeopictus).
They probably prefer reed galls for their nesting over other kinds of cavities, and H. pectoralis
is usually classified in the literature as a specialist for nesting in reed galls [5-6, 12, 28] but with
no evaluation or comparison to other cavity types.

The majority of the species being found in reed galls are cavity nesters with broad ecological
preferences. These usually common species can be found nearly everywhere and in some cases
are able to use reed galls for their nesting. Typical members of this group include Trypoxylon
minus, Symmorphus bifasciatus, and Hoplitis leucomelana. These species are all very abundant
in various habitats across Europe [3-4, 13]. The cuckoo wasp Trichrysis cyanea [5-6] and
cuckoo bees of the genus Stelis (here recorded S. ornatula and S. punctulatissima) are their nest
parasites. Trichrysis cyanea has a very broad ability to parasitize nests of many species. This
species usually invades nests of wasps collecting spiders as prey for their larvae [3, 29]; how-
ever, we have occasionally found it in the nests of Pemphredon fabricii, provisioning its nests
with aphids.

Numerous analyzed species displayed preferences for reed galls with specific parameters
such as the width of the reed galls and reed stems. The widest galls were preferred by eudomi-
nant P. fabricii, but also by Hylaeus pectoralis, Symmorphus bifasciatus, and Thyridanthrax
fenestratus. In contrast, narrower galls were more frequently occupied by Passaloecus clypealis,
Hylaeus moricei, Trypoxylon minus, and Stenodynerus clypeopictus (which is not very surprising
since they, especially the first two mentioned species, are very small). Importantly, the narrow-
est galls were not occupied by any hymenopteran species or were occupied by a negligible
share of the eudominant species P. fabricii. This applied particularly to galls less than 5 mm in
diameter (Fig 2A). However, species preferring large galls as well as those found in intermedi-
ate-sized galls were limited by the width of the galls as suggested by the correlation of gall
width and the number of larvae present within the galls. Due to a difference in species-specific
numbers of nests analyzed, this was especially prominent for the eudominant P. fabricii. How-
ever, the same relationship was also significant for less frequently examined species, such as
Trypoxylon deceptorium, Symmorphus bifasciatus, and Hoplitis leucomelana, and even for the
most common parasitoid, Trichrysis cyanea (Table 4). The analysis of reed stem width sug-
gested that some species were strictly limited to thin stems. These included Passaloecus clypea-
lis, Trypoxylon minus, and Trypoxylon deceptorium. Thus, these species probably represent
those limited only to galls induced by L. lucens and L. pulitarsis [6, 30]. In contrast, species
such as Hylaeus moricei, Heriades rubicola, Hylaeus pectoralis, Symmorphus bifasciatus, and
Thyridanthrax fenestratus were found to be associated with larger stems, which typically occur
in reed beds less stressed by drought or other factors. There were no species that preferred
stems with widths > 5 mm over other stem widths, despite galls on such stems being available;
only P. fabricii and Hylaeus pectoralis, and even then only rarely, were found in galls on such
stems (Fig 2B).

The length of the gall is also very important and different species settle the inner space of
the gall in many ways. Pemphredon fabricii and Heriades rubicola make longest nests with
higher number of brood cells than the other species, whilst both species very often extend their
nest from the gall cavity into the soft innerspace among the leaves (the same was recorded sev-
eral times also at Hylaeus pectoralis). In the contrary, Trypoxylon minus usually makes short
nests with 1-2 brood cells even in very long and big galls. Hylaeus pectoralis often uses false
brood cells as a defence against parasitoids. Stenodynerus spp. and Trypoxylon spp. prefer
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broader cavities and make short nests and thus very often occupy galls used by Pemphredon
fabricii with some innerspace left.

Most of the species nesting in reed galls have nests very similar to one another. They use
mud or sand to create bars between brood cells and also to make the closing cork for the nest.
This is typical for Crabronidae and Vespidae, but atypical for bees, which use plant matter for
the same purpose. Related Hylaeus species had nests which, in general appearance, were very
similar to that recorded for the genus Hylaeus: only nests of small species such as H. moricei
differ in size from those of larger species such as H. pectoralis and H. confusus (which are very
similar and for which species identification is not trivial). The same situation applies for both
species of the genus Trypoxylon, T. deceptorium, and T. minus, for which no species-specific
differences have been found. Nest structures seem to be autapomorphic for the particular
examined families since very similar nests can be found among the species of the same family
or subfamily. Both species of Stenodynerus have nests that are also very similar to Symmorphus
bifasciatus (all species are classified within the family Vespidae). Also, Pemphredon fabricii and
Passaloecus clypealis of the subfamily Pemphredoninae (family Crabronidae) have nests very
similar to each other, differing (at first sight) only in the size of brood cells and larvae. Nest
structures of species described in this study correspond with previous descriptions of nests of
the same species (Trypoxylon minus by [6]; Passaloecus clypealis by [7]; Hylaeus confusus by
[22, 29]; and Symmorphus bifasciatus by [6]) or with descriptions of nests of phylogenetically
closely related species (Symmorphus bifasciatus to the nest of Symmorphus mutinensis
described by [31], Trypoxylon minus to the nest of T. deceptorium described by [6, 32], and
Heriades rubicola to the nest of H. truncorum described by [21]). Nests of both species of Steno-
dynerus and Hylaeus moricei were described for the first time in this study.

The mature larvae show many more differences than the nests, especially with regard to the
structure of mouthparts. However, comparison with previous descriptions was very problem-
atic. Most of the larvae described in our study have not been described previously; this was
true for Chrysis angustula, C. rutilans, Stenodynerus chevrieranus, S. clypeopictus, Symmorphus
bifasciatus, Trypoxylon minus, Heriades rubicola, and Hylaeus moricei. Larvae of these species
possess typical characteristics that are seen in the larvae of the groups [7-8, 21, 22, 31, 33-34],
but are easily distinguishable from related species. For example, the larva of Heriades rubicola
have inner mandibular teeth moved slightly laterally and possess two rows of small lateral
teeth on the mandibles, which differs from those of related species of this genus by the pres-
ence of these small lateral teeth (see [21] for comparison). Larvae of previously described spe-
cies correspond with the descriptions but the comparison is very problematic due to the fact
that the authors of previous descriptions did not study some important characteristics, i.e.,
chaetotaxy (case of Hylaeus confusus described previously by [22] or Stelis breviuscula by [21]).

Mature larvae of cuckoo wasps (Chrysididae) are short and thick in general appearance,
with only weak chaetotaxy on the body surface. The last few abdominal segments are the wid-
est of the whole body. They have round heads with a wide labrum and mandibles with three
sharp teeth and a typical concavity on the outer part of the mandible. Chrysis angustula has
this concavity, but it is much less pronounced in comparison with C. rutilans; it also has
markedly more sclerotized mouthparts than C. rutilans. The size of the whole body, as well as
the size of various parts of the body, are very similar in both species. Also, the larvae of Vespi-
dae, as we have described them, have three teeth on their mandibles. Symmorphus bifasciatus is
typified by sclerotization of the margin of the labrum; its mandibles have very blunt teeth.
Both species of Stenodynerus have a slightly bilobed labrum. They can be distinguished from
each other by the shape of the labral lobes-S. chevrieranus has much narrower labrum with
well-developed lobes. Its mandibular teeth are much sharper than S. clypeopictus. Spiracles of
all three species of Vespidae have short and wide subatriums and a cylindrical atrium with a
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very narrow opening. A mature larva of Passaloecus clypealis is, in general appearance, very
similar to larvae of Pemphredon and to larvae of other Passaloecus species described by [7].
This same author also provided a description of the larva of P. clypealis, but the description
deals only with the general appearance of the body and does not comment on the mouthparts
and head capsule, which are the most important characteristics. The mandible has four blunt
teeth and the large maxillae and labium and clypeus are similar to those of larvae of Pemphredon
and are typical features of larvae of P. clypealis. Larvae of other species of Passaloecus, as described
by [7], also have four mandibular teeth but only one is apical. Only larvae of Passaloecus corniger
and Passaloecus eremita have three apical teeth and one lateral, but P. eremita has very sharp, pin-
cer-like teeth. Orientation of the teeth of larva of P. corniger is slightly different than that of the
larva of P. clypealis. Larvae of Trypoxylon are typified by the lobes on body segments and also
their mandibles have many small teeth [6, 32]. Bogusch et al. [6] found six teeth on the mandible
of the larva of T. deceptorium, and five main teeth and three smaller, marginal teeth have been
found on the mandible of larva of T. minus. The last segment of the body, which has the anus, has
a very different shape in the two species [32]. Heriades rubicola has larvae characteristic of the
family Megachilidae, with many setae and sensillae on the body surface, a small heart-shaped
head, and mandibles with two teeth. Typical for this genus are mandibles that narrow sharply
toward the apex [21], which are also present in the previously undescribed larva of H. rubicola. In
contrast to other species of the genus, this species has an inner mandibular tooth placed more lat-
erally and two rows of small tooth-like processes. Of interest is a similar difference in Stelis bre-
viuscula, the only species of the genus that parasitizes the nests of Heriades. Species of the genus
Hylaeus typically have nearly unsclerotized head and mandibles with only one tooth. Larvae of H.
confusus typically have very blunt and robust mandibles with many small tooth-like processes on
the inner side and our description corresponds with that given by [22]. The small larvae of H.
moricei have sharp mandibles with only one row of very large tooth-like processes. It also differs
with regard to the structure of the spiracle; the atrium is round and the opening is very narrow.
Despite the fact that reed beds are often subject to cutting, herbicide treatment, and complete
eradication, the keystone species associated with such sites, frit flies Lipara spp., particularly L.
lucens, use these sites as an important nesting resource, which allows for the survival of numer-
ous rare species that are of interest from a conservation perspective. In this study we enlarged
the list of aculeate hymenopterans associated with Lipara-induced reed galls to 36 nesting spe-
cies, which are parasitized by another six species of aculeate parasitoids and three species of
cuckoo bees. Species such as Stenodynerus clypeopictus, Passaloecus clypealis, Rhopalum gracile,
Hylaeus moricei, and Hylaeus pectoralis can be used in nature conservation as diagnostic species
relative to the quality of reed bed reservations. Prior to this study, knowledge of their nesting
biology and larval morphology was almost completely absent. In this contribution, we attempted
to fill in our knowledge gaps, thus providing an important tool for efficient conservation of the
wetland habitats, facilitating future research, and allowing, for the first time, identification of the
larvae of aculeate hymenopterans nesting in reed galls across multiple European countries.
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Bees and stinging wasps (Hymenoptera Aculeata) are well known for the great variety of their nesting
resources, which include cavities such as empty reed galls. The majority of the species are mass
provisioners, and they do not take any care of their brood after provisioning of the nest. Pemphredon
fabricii (Crabronidae) nests in abandoned reed galls of Lipara (Diptera Chloropidae) frit flies.
However, P. fabricii uses the different here described type of late progressive provisioning. Nesting
females do not make separate chambers for larvae, but instead fill the interior space of the gall with
paralyzed aphids and lay single egg at body surface of one to eight aphids out of the total amount of
aphids provisioned. Larvae are polyphagous, and are provisioned with at least 21 aphid species.
Hyalopterus pruni is the most common prey, since it feeds on common reed in summer. Before
pupation, the larvae sort in the cavity from the biggest (turning to females) at the base to the smallest
(turning to males) at the apex. In about 20% of nests, the nesting female brings fresh aphids to feed
the smallest larvae at the apex of the nest, while the bigger larvae at the bottom reach maturity much
earlier. Similar care on larvae at the end of their development was never reported in any other insect
species. Nests of P. fabricii are commonly attacked by two predator beetle and 14 parasitoid species.

All these parasites are generalists, and P. fabricii serves as their satellite host.

KEY WORDS: nesting biology, Lipara, reed bed, aphids, phenology, predators and parasites.
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INTRODUCTION

Nesting insects, similarly to other nesting animals such as birds, use multiple strategies
allowing to raise their fitness. The most of nesting insect species use mass provisioning of their nests,
which means that the nesting female brings all the food, lays egg and then does not take any care for
the brood (Goulet & Huber 1993; O’Neill 2001). In the contrary, several groups are progressive
provisioners, which means that the adult female provides fresh food to its larvae until their
development is complete (Evans 1966; Asis et al. 2011; Melo et al. 2011). This type of behavior is
well known in many social insect groups, such as Blattodea Isoptera, Hymenoptera Formicidae,
Vespidae (Vespinae and Polistinae) and Apidae (Apinae) and was several times reported also among
their solitary relatives. Within the order Hymenoptera, progressive provisioning of eusocial bees such
the honeybees, bumblebees, or bees of the tribe Allodapini, has been well studied (Field 2005;

Michener 2007).

Several groups of solitary bees and wasps also use progressive provisioning, including the
North-American digger wasps of the family Crabronidae: Bembecinus quinquespinus and Bembix
americana (Evans 1966; O’Neill 1985), European Bembix merceti, Bembix rostrata and Bembix
troglodytes (Larsson & Tengd 1989; Coelho et al. 2008; Asis et al. 2011), and also Bembecinus
tridens (Polidori et al. 2007). Turillazzi et al. (2014) described communal behavior and indirect proofs
of progressive provisioning by small digger wasps of the genus Spilomena, and confirmed previous
similar observations of progressive provisioning in the Australian and American relatives of this
genus (West-Eberhard 1977; Matthews & Naumann 1989; Matthews 1991). Augul et al. (2013)
reported progressive provisioning in members of the related family Sphecidae, namely in the
subgenus Eremochares of the genus Ammophila. Among the bees, progressive provisioning is known
only within the genus Ceratina, which displays such behavior in multiple regions (Michener &
Eickwort 1966; Sakagami & Laroca 1971; Sakagami & Maeta 1977; Rehan & Richards 2010; Mikat
et al. 2016). In some species, the female provides its brood with fresh food only during the first part of

their development. This situation is called “truncated progressive provisioning” and has been
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observed in the eumenid wasp Abispa ephippium by Matthews and Matthews (2009), and in several

species of digger wasps of the genus Bembix by Ballesteros et al. (2012).

Wasps in the superfamily Apoidea comprise of four families: Ampulicidae, Sphecidae,
Heterogynaidae and Crabronidae. In contrast to the rest of the superfamily (Apiformes), this rather
paraphyletic group, called the “Spheciformes”, uses paralyzed insects or spiders as a food for their
brood and usually provision their nests with one to over a hundred of prey individuals (Goulet &
Huber 1993; Blosch 2000, 2012; Macek et al. 2010). It is well known that most of the speciform
species do not display any type of social behavior. Spheciformes are typical mass provisioners — they
finish provisioning their nest, then close the nest and the paralyzed prey inside serves as food for the
larvae, which develop quickly over a period of 2 to 5 weeks, depending on the species and weather
conditions (Danks 1971; O’Neill 2001). Thus, in temperate zones, the Spheciformes spend most of
their lifetime as mature larvae or prepupae, which are waiting to overwinter, and then pupate the
following spring. Two generations per year have been observed in some spheciform species (Blosch

2000).

Pemphredon fabricii is a species with poorly understood biology. It was, for many years,
considered to be a synonym for Pemphredon lethifer. Smissen (2003) resurrected it from the
synonymy and other authors found out that it is very common and numerous in reed beds and uses old
abandoned galls on the common reed for making its nests (Wolf 1988; Nartshuk & Andersson 2013;
Heneberg et al. 2014). These galls are made by frit flies of the genus Lipara, and the old abandoned
galls, with very thick sclerenchymatic walls, are also very suitable nest cavities s for various other
species of aculeate Hymenoptera (Bogusch et al. 2015; Astapenkova et al. 2017), and for
overwintering and development of many other species of invertebrates (Nartshuk 2006; Bogusch et al.
2016). This species is the commonest aculeate inhabitant of Lipara-induced galls, being found in
some localities in every other, or every third, suitable gall (Heneberg et al. 2014; Bogusch et al.

2015).

Nesting biology of Pemphredon fabricii has been addressed by several authors, but usually
only briefly. Most of the authors only collected galls in winter and reared invertebrates from them
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(Wolf 1988; Dely-Draskovits et al. 1994; Westrich 2008; Heneberg et al. 2014); as a result, few have
studied aspects of P. fabricii nesting. Wolf (1988) found that P. fabricii occurs in galls of Lipara
lucens and Lipara rufitarsis. This author also stated that nests of P. fabricii usually consist of 610
brood cells, which conflicts with observations by Bogusch et al. (2015) and Astapenkova et al. (2017)
who found that nests of this species usually consisted of only four brood cells. Wolf (1988) also
published that nesting females of this species collected various species of aphids [also published
previously by Lomholdt (1976) and Schmidt (1984)] and preferred aphids that fed on Saponaria
officinalis. Danks (1971) confirmed that P. fabricii has two generations annually and is proterandric,
i.e., males emerge earlier than females. The lifespan of adult males was 4 weeks, while females lived
2 weeks longer (Danks 1971). Oehlke (1970) and Blosch (2000) provided an overview of the parasitic
species in nests of P. fabricii; they documented three cuckoo wasps (Omalus aeneus, Pseudomalus
auratus, and Trichrysis cyanea), four ichneumonid species (Hoplocryptus binotatulus, Hoplocryptus
signatorius, Perithous divinator, and Perithous mediator), and two chalcidids of the family
Torymidae (Diomorus calcaratus and Eupelmus neozonus). Bogusch et al. (2015) reported that the
golden wasps Chrysis angustula and Trichrysis cyanea, and the anthracid fly Thyridanthrax

fenestratus (Diptera Bombyliidae), also developed in nests of P. fabricii.

Here we address the newly revealed and surprising aspects of P. fabricii biology, which we
found during our studies of hymenopterans nesting in reed galls. By examining the nests in reed galls
during the whole year and whole following nesting season, we aimed to find out (i) how does the
nesting female arrange the interspace of the gall to make there brood cells, (ii) which species of
aphids does the female use as a food for the larvae, (iii) how many generations per year does P.
fabricii have, (iv) which developmental stage does overwinter and (v) which parasitoids and predators
are commonly found in nests of this species. Here, we address all major aspects of the nesting biology
of P. fabricii with surprising new type of progressive provisioning discovered, and briefly comment

also other parts of its biology, e.g., phenology, prey composition, predators, and parasites.
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MATERIAL AND METHODS

For the studies on the nesting biology and phenology of Pemphredon fabricii, we collected 60
old cigar galls induced by Lipara spp. at 27 locations distributed across the Czech Republic and one
in Slovakia. The sampling was done in 2015 at four different times: the first half of June, the first half
of July, the second half of August, and the second half of September, so there were 5 weeks between
each two consequent sampling times. Before the start of the sampling, several old galls were opened
to find out, whether the adults of P. fabricii were “on wings” or still in pupae. Collected galls were
immediately (i.e., within 48 hr) longitudinally cut and the inner contents were studied. We recorded
the number of brood of P. fabricii-eggs, first instar larvae (VL1), young larvae (L2-3), big larvae (L4-
5), mature larvae after defecation or praepupae (ML), pupae (P), and adults [usually represented by
nesting females or freshly shed adults before rearing (AD)]. All members of the brood were kept at an
ambient laboratory temperature and regularly checked, particularly to determine whether the large and
mature larvae had pupated this year or not, and how long the pupal stage lasted. We also studied the
number of aphid prey in the gall and identified the species. We also collected and cut at least 200 reed
galls per sampling site at six additional locations in the Czech Republic during the spring months to
analyze the phenology of P. fabricii. The sampling sites were chosen based on our previous
knowledge of P. fabricii prevalence; we studied the contents of the reed galls by cutting them and

recording which stages of the species were found in each nest.

We also performed similar studies in 2016. In this second round of experiments, we shortened
the time between gall samplings to just 68 days. The shorter intervals allowed us to study, in detail,
the phenology of the species during the nesting season. Every week, we collected 50—100 galls from
4—6 sampling sites, and we cut these galls longitudinally within 24 hr and studied their contents in the

same manner described above.

All the material of the brood, adults, and prey (aphids) was transferred into 75% alcohol and
stored in the University of Hradec Kralové insect collection. The larvae of beetles that damaged nests
of P. fabricii were identified by the first author according to Klausnitzer (1996). It was not possible to

record data blind because our study involved animals with focal distribution in the field. We
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performed the calculations using EstimateS 9.1.0 and PAST v. 2.14. Data are shown as mean + SD,

unless stated otherwise.

RESULTS
Nesting biology and progressive provisioning
Pemphredon fabricii hatched in May, while males were out of the nests about a week before
the females. The females started to make their nests in second half of May and made and provisioned
new nests until the first half of August. This species had two generations per year — second generation
reared in first days of July and started to make nests in first half of the same month (see Fig. 1). More

detailed phenology is described in Supplemental Online Material S1 Phenology.

Pemphredon fabricii females built nests in old abandoned galls. One-year-old galls were
occupied just after the Lipara adults hatched, but older galls were used for nesting, as well. To occupy
the gall, the female P. fabricii usually took out the empty puparium of the Lipara (although, we have
found galls with nests of P. fabricii containing old Lipara puparia), cleaned the inside space of the
gall, and then started to fill the gall with paralyzed aphids. They did not form any brood cells or
chambers (Fig. 2a-b). The female laid one egg per aphid, we found in total one to eight eggs per nest.
The egg was elongated with a length of about 1.5 mm, which was similar to the length of the aphid
(Fig. 2¢). Larva hatched after 2—4 days and the 1st instar fed on the aphid on which the egg was laid
(Fig. 2d). After it shed to the 2nd instar, it moved from the first aphid and started feeding on other
aphids nearby. Larvae of the 2nd and 3rd instars were very active and ate all the aphids in their
vicinity. The larva usually ate the internal contents of the aphid, leaving the antennae, legs, and parts

of the integument.

We found that the development of P. fabricii consisted of five larval instars. The larvae were
dark grey-greenish with a darker gut visible through a semitransparent cuticle. After 7-20 days the
larva stopped feeding and all larvae in one gall sorted one after the other in a row inside the gall.
Every larva defecated, shed into the prepupa and changed color, usually to yellow or orange. Then it

started to build a cocoon from its own silk mixed with feces, and sometimes with other materials from
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inside of the gall. The cocoon was placed on the inner side of the gall and was dark brownish or dark
grey. There were no septa of mud or leaf matter between the larval chambers as in other species of

digger wasps that nest in reed galls.

In most cases, the female did not fill the entire interior space of the gall with aphids or the
larvae after feeding did not comprise the whole interior space of the gall. Thus, the female could use
the remainder of the gall for the next generation of larvae. In all cases, we observed that, before
pupation, the larvae sorted in a bottom to top direction from the largest ones near the bottom of the
gall (larvae at the bottom: length 8.9 + 2.1 mm, n = 37 larvae) to the smallest ones at the top of the
gall (larvae at the top: length 5.8 + 1.9 mm, n = 37 larvae). The smallest larvae were one-third shorter
than the longest larvae at the bottom. In some cases, the female put freshly hunted aphids into the top
part of the nest and the smallest larvae fed on them once the large larvae at the base had finished
feeding and turned into prepupae. We named this newly identified form of progressive provisioning
“late progressive provisioning” because of its unique character, which consists of the fact that the
nesting female returned into the nest and took care on her brood at the end of its development. We
observed the late progressive provisioning during both years; in 42 nests in 2015 and in 28 nests in
2016 (21% and 18% of all nests with aphids). When the females displayed this special type of
progressive provisioning, they provisioned several aphids (in 95.3% of cases they provisioned less
than 50 aphids; the maximum was 102 aphids) in the top part of the gall but did not lay any eggs on
them. Thus, these newly brought aphids served exclusively as a food source for the smallest larvae in
the nest (Fig. 3e). Thus, late progressive provisioning of the smallest larvae at the end of their

development is likely an important part of the nesting behavior of this species.

Larvae from both generations had usually very high hatching rate, 87.2% of defecated larvae
turned adult (n = 687) so the using of progressive provisioning is probably a very good investment

into the brood.

Prey
Females of P. fabricii hunted various species of aphids. We have recorded 21 species of
aphids in nests of P. fabricii (Table 1). Some aphid species were used more often than others. In this
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study, the most common species was Hyalopterus pruni. The first generation of this aphid feeds on
the common reed (Phragmites australis). Also, polyphagous species Aphis fabae and Aphis ruborum,
which feed on Rubus spp., were also very commonly used for feeding larvae of P. fabricii. Rubus spp.
were present in, or near, all reed beds positive for this aphid species. Thus, P. fabricii is polyphagous

and feeds its larvae with any species of aphids abundantly available in the vicinity of its nest.

Altogether, we studied 196 nests with 2,472 individuals of brood of P. fabricii. From these
nests, we retrieved 27,623 aphids provisioned as a prey to the larvae found in the nests. The nesting
female usually provisioned more than one hundred aphids (139.72 + 87.27 aphids per nest, n = 179
nests with aphids; the highest number of aphids found was 475 per nest) into the gall and, quite often,
the entire interior space of the gall was full of aphids (Fig. 2a-b). Despite the number of aphids per
nest decreased over the course of the nesting season (Fig. 3a), this trend was fully attributed to the
decrease in the number of eggs or young larvae per nest in samples examined later in the nesting
season. Thus, when plotted as a number of aphids per egg or immature larva (up to L3), the number

remained stable regardless of the time of nesting (Fig. 3b).

Predators and parasites

Nests of Pemphredon fabricii were attacked by the following predators and parasites:

Larvae of malachiid beetles Anthocomus coccineus and Malachius aeneus (Coleoptera
Malachiidae) were common inside the galls and were found in the vast majority of examined
sampling sites (25 of 28 localities in 2015, and 29 of 40 localities in 2016). The beetle larvae damaged
the whole nest of P. fabricii and were eating both larvae and pupae (Fig. 2f). We found them

primarily in nests with mature larvae during the nesting season, and much less so in winter months.

Three species of parasitoids of the genus Gasteruption (Hymenoptera Gasteruptiidae), three
species of cuckoo wasps (Hymenoptera: Chrysididae) and one anthracid fly (Diptera Bombyliidae)
were recorded in nests of Pemphredon fabricii (Table 2). These included first records of Omalus
aeneus, Pseudomalus auratus, Gasteruption assectator, Gasteruption nigrescens and Gasteruption

phragmiticola parasitizing the nests of P. fabricii.
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DISCUSSION

Late progressive provisioning is the most important aspect of the nesting behavior of P.
fabricii that we have discovered. No authors have published information on this type of progressive
provisioning by any species of bees or stinging wasps. Contrary to typical progressive provisioning
(Asis et al. 2011; Melo et al. 2011), P. fabricii females feed only one or a few larvae (not all of their
brood) in a respective nest. They feed the larvae with fresh aphids only at the end of their larval
development, which contrasts with truncated progressive provisioning as reported by Matthews and
Matthews (2009) or Ballesteros et al. (2012). Previously reported forms of truncated progressive

provisioning consisted of the female feeding the larvae at the beginning of their development only.

Late progressive provisioning occurred at a frequency high enough (around 20%) to state that
this behavior is common for P. fabricii and the nesting female probably increases her fitness by
feeding her weakest larvae. If we imagine that the female feeds only one or two larvae with only up to
50 aphids, it is not a very big investment to her brood in contrast to the provisioning of the whole nest.
Species related to P. fabricii create brood cells with number of prey and one egg and closing plug at
the end of the nest, which is typical for mass provisioners (Blosch 2000), except several species of the
genus Spilomena, which use communal nesting and probably also classic type of progressive
provisioning (Turillazzi et al. 2014). Similar type of nest provisioning with quantity of prey brought
and creating no nesting chambers was reported in Rhopalum clavipes and Rhopalum coarctatum, by
Danks (1971) and Blosch (2000), and in two related species of the genus Pemphredon: P. inornata
and P. lethifer (Janvier 1960; Danks 1971; Blosch 2000). Females of these species fill the whole
cavity with many specimens of small prey, barklice (Psocoptera) in the case of Rhopalum, and aphids
in the case of both Pemphredon species. Most of the other genera of Crabronidae nesting in cavities
have linear nests with brood cells separated by thin septa, which are made by the female, and their
nests are closed with thick closing plugs made of mud, resin or plant material (Janvier 1961; Danks
1971; Lomholdt 1976; Blosch 2000). Also species nesting in circular cynipid galls make separated

brood cells in the gall (Janvier 1961; Bloomers 2008).
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Although Wolf (1988) reported that P. fabricii prefers aphids that feed on Saponaria officinalis, we
did not record any aphid species connected with the mentioned plant in P. fabricii nests. Females
collecting aphids also do not move only through the reed, as reported by Bldsch (2000). Instead, the
females also venture into the neighboring vicinity — trees, meadows and ruderals. Nevertheless, they
do not collect aphids at sites distant from nests because they need to collect large numbers of
paralyzed aphids (the highest number of aphids found in one nest was 475). Most of the galls with
more than 100 aphids inside contained more than five eggs. However, at the end of autumn when
mature larvae are prepared to overwinter, most of the galls contained four or less larvae (Bogusch et
al. 2015). Part of this mortality could be attributed to losses due to predation, parasitation, or, less
often, fungal infections. It remains to be elucidated, whether direct competition with other larvae
within the nest also plays its role. When keeping larvae in laboratory, more than 87% of larvae, which
reached maturity, turned well into the adults (P. Bogusch unpublished data). Brood predators of P.
fabricii were very common and the broods of this species are likely their preferred prey. Larvae of
two beetles in the family Malachiidae were very common in nests of P. fabricii during the summer
nesting season, but much rarer during other times of the year. They were found damaging the cocoons
and eating the larvae, leaving only their integuments inside the nests. We found larvae of various
instars of these species, with Anthocomus coccineus being 8 times more abundant than the another
species. Somewhat less common were the parasitic species. Thyridanthrax fenestratus was numerous
in nests of P. fabricii at some sampling sites (Bogusch et al. 2015; P. Bogusch unpublished data). This
species is a generalist attacking nests of various Crabronidae and Sphecidae, previously better known
from species nesting in the ground (Oldroyd 1969). Interestingly, this parasitoid attacked the nests of
P. fabricii only in the Pannonian lowland despite it is common in other parts of Europe as well
(Bogusch et al. 2015; P. Bogusch unpublished data). All other parasitic species found are also
generalists and most of them attack nests of P. fabricii only accidentally. Other causes of death
include relatively sparse fungal infections (Heneberg et al. 2016) and often observed damage of whole

galls by birds (Westrich 2008).
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In conclusion, we provided the evidence suggesting the establishment of a new type of progressive
provisioning, and addressed other surprising aspects of the nest biology of P. fabricii, which

contradicted previously published data on this eudominant but poorly understood reed gall inquiline.
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Fig. 1. — Proportion of galls with selected instars and stages of Pemphredon fabricii during the
nesting season, i.e., from 28 May to 2 August 2016. (a) Eggs through 3rd instar larvae (n = 399 nests),
(b) 4th instar larvae through mature larvae (n = 606 nests), (¢) pupae and imagines (n = 126 nests).
Each data point is based on the examination of 252435 Lipara-induced reed galls collected at four or
five independent sampling sites. To minimize the effects on local populations of study insects, each
sampling site was sampled only once or twice during the nesting season. The total number of reed

galls examined was 2,842.

Fig. 2. — Nesting of Pemphredon fabricii. (a) reed gall cavity filled with aphids, (b) detail on the
aphids in the cavity, (c) egg on aphid, (d) young larva of first instar on aphid, (e) P. fabricii nest with
mature larvae of which the smallest feed on aphids at the top of the nest, () brood cells of P. fabricii

destroyed by malachiid larvae with remnants of eaten larva of P. fabricii.

Fig. 3. — Number of aphids per nest and per brood cell (n = 27,623 aphids from 2,472 immature P.

fabricii).
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Supplemental Online Material S1 Phenology

Altogether, we recorded 7,249 specimens from different developmental stages of
Pemphredon fabricii at 86 independent locations on 34 different days. We found that the study
population of P. fabricii (7,249 individuals studied at 86 independent locations) had two generations
per year. The first generation started nesting at the end of May (first observed nest with aphids and
eggs was on 19 May). The nesting season lasted until the beginning of August while only a few
females were making fresh nests. Only several individuals were observed in late August and at the
beginning of September (with the last observation on 3 September) — both males and females
frequently used galls for spending the night. We also noticed dead females in galls with nests
collected in winter — these adults probably spent nights there (which is a common behavior of P.

fabricii) and then died at the end of nesting season.

Larval development of the first generation lasted around 2 weeks depending on the
temperature. In larvae kept under laboratory conditions, the total length of the development lasted
until they pupated, which took 7-16 days, and the adults of the 2nd generation hatched after 613
days. They started nesting several days after they hatched and we recorded a slight nesting overlap of
the two generations; several females from the 1st generation still produced fresh nests, while young
females of the second generation started to make their own nests, too. Females of P. fabricii usually
produced 5-10 nests per season, which usually took less than 4 weeks. Larvae of the 2nd generation
matured in their cocoons and overwintered. They pupated the following year in April and May, when
the pupal stage lasted 10-21 days; in summer, it lasted 6—13 days, with some variation due to ambient

temperatures.

The phenology of P. fabricii is shown in Fig. S1. Each graph shows the share of one of the six
stages of P. fabricii development. We did not perform detailed sampling between the 20 August and
the 19 March because the proportions of all developmental stages in these months were the same as at
the end of this time period. In Fig. S1, each point shows the relative abundance (% of the respective
developmental stage) of all brood collected on the same day. Eggs and fresh larvae were the most
abundant in June (more than 60% of all contents of settled galls), while their abundance decreased
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through July and August, and they were completely absent from nests that were analyzed from
September to the following May. A similar situation was seen with young larvae (2nd and 3rd instars)
and older premature larvae (4th and 5th instars), which were the most abundant in July (21%). Mature
larvae were present during the whole year except during April and May, when all brood turned to
pupae and the adults were hatching. Few mature larvae were found in June (usually only at the end of
the month when larvae of the 1st generation started to turn into pupae), whereas in July they
comprised 40%, and in August 98.5%, of all nest contents. Pupae were the most abundant in April
(99%), May (70% — some hatched), and during the nesting season (June and July, around 10%) when
the 2nd generation hatched. Freshly hatched adults were the most abundant in the nests in May (1st

generation) and July (2nd generation).

A week-to-week study of the phenology of P. fabricii during the nesting season indicated that
there were two egg laying peaks — the first peak was seen at the beginning of June (7 June, 46% of all
brood in nests) and in the second half of July (21 July, 35%), which confirmed the existence of two
generations of P. fabricii per season. We found a similar two-peak distribution when checking the
presence of young larvae. Older larvae could be found during the whole nesting season, as well as at
the end of July and at the beginning of August (those were the last nests with active larvae just before
reaching maturity). Mature larvae were the most abundant at the end of the nesting season and were
totally absent at the beginning of the nesting season (29 May). The first rise in the number of mature
larvae was in mid-June (12 June, 37%, larvae of 1st generation pupating), then their abundance fell
(all brood were present as pupae, or eggs, or young larvae in fresh nests); their share rose again during
the nesting season of the 2nd generation in July and the beginning of August. Pupae and adults could

be found in nests from 12 June to 5 July.

Fig. S1. — Proportion of selected instars and stages of Pemphredon fabricii during the year (n =
7,249 individuals, of that, 561 eggs or 1st instar larvae, 340 2nd or 3rd instar larvae, 420 4th or 5th
instar larvae, 4,229 mature larvae, 1,381 pupae, and 318 imagines). The data was obtained from 86
independent samplings. The individual data points represent means based on the collections
performed on a particular day at several independent sampling sites (n = 34 sampling days). Data
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55  before 19 March and after 20 August are pooled together since there were only mature larvae present
56  in the nests collected between 20 August and 19 March of the following year. Lines indicate moving

57 averages.
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Table 1.
Aphid species recorded in Pemphredon fabricii nests. Numbers show the abundance of aphids
(+=1nest, 1 =2-5 nests, 2 = 5-20 nests, 3 = more than 20 nests).
Aphid species Color Host plant Dominance
Anoecia vagans (Koch 1856) brown Cornus spp., Elymus repens +
Aphis craccivora Koch 1854 black, dark brown polyphagous 2
Aphis fabae Scopoli 1763 brown, black polyphagous 3
Aphis farinosa Gmelin 1790 dark green Salix spp. 1
Aphis ruborum (Borner 1932) dark green Rubus spp. 3
Aphis sedi Kaltenbach 1843 dark green Sedum spp. +
Cavariella pastinacae (Linnaeus 1758) green Heracleum spp., Salix spp. +
Chaitophorus capreae (Mosley 1841) green Salix caprea, Salix alba +
Chaitophorus leucomelas Koch 1854 green Populus nigra, Populus tremula 2
Chaitophorus populialbae (Boyer de Fonscolombe 1841) green Populus tremula +
Chaitophorus salijaponicus niger Mordvilko 1929 black Salix caprea, Salix alba +
Chaitophorus truncatus (Hausmann 1802) light green Salix alba, Salix fragilis 2
Dysaphis plantaginea (Passerini 1860) dark grey-reddish Malus spp., Plantago spp. 1
Glyphina betulae (Linnaeus 1758) dark green Betula pendula 1
Hyalopterus pruni (Geoffroy 1762) grey-purple Prunus spp., Phragmites australis 3
Macrosiphoniella sp. brown N/D +
Phalaris arundinacea, Phragmites
Metopolophium dirhodum (Walker 1849) green australis +
green with black
Myzus cerasi (Fabricius 1775) markings Prunus spp., Galium spp. +
Ovatus crataegarius (Walker 1850) green Crataegus spp., Mentha spp. +
Pterocomma populeum Kaltenbach 1843 brown Populus nigra, Salix alba +
Sipha maydis Passerini 1860 black Elymus repens, Calamagrostis spp. +
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Table 2.

Predators and parasites known from nests of Pemphredon fabricii.

Order Family

Species

Note, first report of host-parasite interaction

Coleoptera Malachiidae

Diptera Bombyliidae

Hymenoptera Ichneumonidae

Hymenoptera Gasteruptiidae

Hymenoptera Torymidae

Hymenoptera Chrysididae

Anthocomus coccineus
Malachius aeneus
Thyridanthrax fenestratus
Hoplocryptus binotatulus
Hoplocryptus signatorius
Perithous divinator
Perithous mediator
Gasteruption assectator
Gasteruption nigrescens
Gasteruption phragmiticola
Diomorus calcaratus
Eupelmus neozonus
Chrysis angustula
Omalus aeneus
Pseudomalus auratus
Trichrysis cyanea

predator of larvae and pupae, new host record
predator of larvae and pupae, new host record
parasitoid (Bogusch et al. 2015)

parasitoid (Oehlke 1970)

parasitoid (Oehlke 1970)

parasitoid (Oehlke 1970)

parasitoid (Oehlke 1970)

parasitoid, new host record

parasitoid, new host record

parasitoid, new host record

parasitoid (Oehlke 1970)

parasitoid (Oehlke 1970)

parasitoid (Bogusch et al. 2015)

parasitoid, new host record

parasitoid (Oehlke 1970)

parasitoid (Oehlke 1970)
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Fig. 1. — Proportion of galls with selected instars and stages of Pemphredon fabricii during the nesting
season, i.e., from 28 May to 2 August 2016. (a) Eggs through 3rd instar larvae (n = 399 nests), (b) 4th
instar larvae through mature larvae (n = 606 nests), (c) pupae and imagines (n = 126 nests). Each data

point is based on the examination of 252-435 Lipara-induced reed galls collected at four or five independent
sampling sites. To minimize the effects on local populations of study insects, each sampling site was
sampled only once or twice during the nesting season. The total number of reed galls examined was 2,842.
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