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Abstrakt

Tato prace se sklada zjedné kapitoly piijaté k publikaci v knize a &tyi ¢lanka publikovanych
v mezinarodnich Casopisech s impakt faktorem. Vsechny c¢asti se zabyvaji roli lesnich mravencl
v toku energie a Zivin v lesnich ekosystémech. Hnizda lesnich mravenct jsou znama jako vyznamna
centra produkce oxidu uhli¢itého (CO,) a ptedpoklada se, Ze také ovliviiuji tok metanu (CHas). V
hnizdech mravenct jsou udrZovany stabilni vysoké teploty dokonce i v chladnych oblastech. Tato
prace je zaméfena na kvantifikaci tokii CO2 a CHa4 v hnizdech lesnich mravenci, pfispévek mravencti a
mikroorganismt k produkci CO, vlastnosti materidlu hnizd ovliviiujicich produkci CO. a na roli
mravencu a mikroorganismi v udrzovani teploty hnizda.

Vyzkum byl provadén v temperatnich a boreédlnich lesich obyvanych lesnimi mravenci
(Formica s. str.). Toky plyni byly méfeny jednak pomoci infraéerveného analyzatoru plynt nebo
pomoci statickych komor. Mravenci a material hnizd byli také inkubovéani v laboratofi. Zaroven byly
stanoveny vlastnosti materialu hnizda potencialné ovlivitujici tok CO2, jako vlhkost, obsah Zivin nebo
teplota.

Podle vysledkt byla oxidace CH4 Vv hnizdech nizsi nez v okolni lesni pid¢, coz naznacuje, Ze
nékteré vlastnosti hnizd zabranuji oxidaci CHs nebo naopak podporuji produkci CH.. Hnizda lesnich
mravenct jsou vyznamnymi centry produkce CO; pochazejiciho hlavné z metabolismu mravenct, ale
také mikroorganismt. Nejvyznamnéj§imi vlastnostmi pozitivné ovliviiujicimi produkci CO: jsou
vlhkost, obsah zivin a teplota. Teplota hnizda je wudrzovdna metabolismem mravenci a
mikroorganismi; hnizda z chladnéjSich oblasti produkuji vice metabolického tepla, aby udrzela
podobnou teplotu jako hnizda z teplejSich oblasti.

Tato prace vyznamné prispiva k lepSimu pochopeni role lesnich mravencti v toku Zivin a
energie. Pocetnost hnizd lesnich mravenct dosahuje v nékterych lesnich porostech vysokych hodnot, a

proto mohou lesni mravenci zna¢né zvySovat riznorodost lesniho ekosystému.



Abstract

This thesis consists of one chapter accepted for publication in a book and four papers published in
international journals with impact factors. All of the contributions deal with the role of wood ants in
energy and nutrient fluxes in forest ecosystems. Wood ant nests are known as hot spots of carbon
dioxide (CO,) production and are also thought to affect methane (CHs) flux. Stable high temperatures
are maintained in ant nests even in cold environments. This study is focused on quantification of CO;
and CH4 flux in wood ant nests, contribution of ants and microbes to CO; production, properties of
nest material that affect CO, production and the role of ants and microbes in the maintenance of nest
temperature.

The research was conducted in temperate and boreal forests inhabited by wood ants (Formica s.
str.). Gas fluxes were measured either by an infrared gas analyser or a static chamber technique. Ants
and nest materials were also incubated in a laboratory. Material properties potentially influencing CO,
flux, such as moisture, nutrient content or temperature were determined.

According to the results, CH4 oxidation was lower in wood ant nests than in the surrounding
forest soil suggesting that some characteristics of ant nests hinder CH,4 oxidation or promote CHs4
production. Wood ant nests clearly are hot spots of CO, production in temperate forests originating
mainly from ant and also from microbial metabolism. Most important properties positively affecting
CO; production were found to be moisture, nutrient content and temperature. Nest temperature is
maintained by ant and microbial metabolism; nests from colder environments produce more metabolic
heat to maintain similar temperature as nests from warmer environments.

This thesis contributed a great deal to the better understanding of the role of wood ants in
nutrient and energy fluxes. Abundance of wood ant nests in some forests can be very high and

therefore ant nests may largely increase heterogeneity in forest ecosystems.



1. Uvod

Ekosystémovi inzenyfi jsou organismy, které piimo ¢i nepiimo meéni dostupnost zdroji pro dalsi
druhy, a to tak, ze zpusobuji zmény fyzického stavu zivych nebo nezivych materiald. Takto
modifikuji, udrzuji nebo vytvaieji habitaty (Jones a kol. 1994). Podle této definice jsou lesni mravenci
povazovani za inZenyry lesnich ekosystému (Dlusskij 1967; Frouz a Jilkovad 2008). Stavbou a
rekonstrukci hnizda a shanénim potravy ovliviiuji mravenci tok energie, transport zivin, strukturu
potravni sit€ i pidni vlastnosti. Mravenci ovlivituji nejen vlastnosti svych hnizd, ale také vlastnosti

jejich sirsiho okoli.

1.1 Ekologie lesnich mravenci

Lesni mravenci (Formica s. str., Hymenoptera, Formicidae) zahrnuji dominantni druhy mravenct
v temperatnich a boreélnich lesnich ekosystémech (Dlusskij 1967). Lesni mravenci jsou rozsiteni od
temperatni zony Evropy a Asie az k severnim palearktickym oblastem, dokonce az za severni polarni
kruh (Czechowski a kol. 2002; Seifert 1996). Hustota hnizd v nékterych lesich mtize dosahnout az 12
hnizd na hektar (Domisch a kol. 2006; Risch a kol. 2005) a délka potravnich cest muze dosahovat az
100 m (Stradling 1978), proto mohou mit lesni mravenci silny vliv na rozsahlé oblasti lesnich
ekosystémil a mohou tak zvySovat jejich riznorodost.

Lesni mravenci jakoZzto omnivofi shané&ji kotist v podobé hmyzu, ale také medovici od msic
(Horstmann 1974; Stradling 1978). Do primérného hnizda je ro¢né piineseno piiblizné 13-16 kg
suché vahy medovice (Frouz a kol. 1997; Jilkova a kol. 2012). Mravenci vyuziji asi 90% medovice
ptinesené do hnizda, zbytek je k dispozici pidnim organismim (Frouz a kol. 1997). Podle Frouze a
kol. (1997) je do primérného hnizda ro¢né piineseno asi 25 kg suché hmoty kofisti.

Lesni mravenci stavi obrovska hnizda, ktera mohou byt obyvana az nékolik desetileti
(Holldobler a Wilson 1990; Seifert 1996). Primérna hnizda mivaji objem 0.3 az 1 m* (Dlusskij 1967;
Frouz a Jilkova 2008). Hnizdo se sestava z podzemnich chodeb, zemniho valu a kupky konického
tvaru (Dlusskij 1967; Frouz a kol. 2005). Kupka je tvofena organickym materidlem jako jehli¢im,
vétvickami, smilou a dal§im rostlinnym materidlem sesbiranym v okoli hnizda, to vSe je stmeleno
slinnymi vymésky mravenct (Kristiansen a Amelung 2001; Pokarzhevskij 1981). Roc¢ni piisun
rostlinného opadu piredstavuje v primérném hnizdé zhruba 50 kg rostlinného materialu (Jilkova a kol.
2012). Stavba hnizda spoleéné s potravnimi aktivitami tedy vede k ochuzovani okoli hnizda o

organicky material a ziviny a na druhou stranu vede k jejich hromadéni v hnizdé.

1.2 Mikroklimatické podminky v hnizdé
Lesni mravenci mohou aktivn¢ regulovat mikroklimatické podminky ve svych hnizdech. Tyto
podminky vyhovuji optimu mravenct a jsou nezavislé na klimatickych podminkach na gradientu

zemepisné §itky (Frouz a Finer 2007) nebo nadmotské vysky (Kadochova a Frouz 2014).



Mravenci udrzuji ve svych hnizdech primérnou denni teplotu vy$si nez 20 °C od dubna do
zati. Toto obdobi odpovida dobé aktivity mravenct, ktera je spojena s reprodukci kolonie (Frouz a
Finer 2007; Rosengren a kol. 1987). Nejteplejsi misto v hnizdé se nachazi v hloubce 50 cm od
vrcholu, kde se vyvijeji mladi jedinci (Coenen-Stap a kol. 1980; Frouz 2000). Po zimé, kdy je teplota
hnizda udrzovana okolo 0 °C, dochazi béhem ¢asného jara k masivnimu nardstu teploty a teplota je
posléze béhem léta udrzovana zhruba na 25 °C, nezavisle na teploté okoli. V zari, kdy uz se v hnizd¢
nevyviji zadni mladi jedinci, teplota hnizda opét klesa. Podobné zmény teploty byly pozorovany podél
gradientu zemépisné Sitky (Frouz a Finer 2007) a nadmoiské vysky (Kadochova a Frouz 2014), coz
naznacuje, ze hnizda v chladnéjsich podminkach musi produkovat vice tepla, aby udrzela podobnou
teplotu jako hnizda v teplejSich podminkach. Protoze vyhtivani stfedu hnizda z&visi ptedev§im na
vnitinich zdrojich tepla (Kadochova a Frouz 2014) v podobé metabolismu mravenct (Rosengren a kol.
1987) a mikroorganismi (Coenen-Sta a kol. 1980), mravenci a mikroorganismy v hnizdech
Vv chladngjsich podminkach by méli mit zvySenou tGroven metabolismu nebo by méli byt ptitomni ve
vysSich poctech, aby udrzeli podobné vysokou teplotu jako hnizda v teplejSich podminkach.

Mnoho autorti uvadi niz8i vlhkost materialu hnizd ve srovnani s materidlem opadu v okoli
hnizda (napt. Laakso a Setdld 1997). Existuje nékolik mechanismd, které snizuji vlhkost materialu
hnizda, naptiklad povrchovad vrstva, ktera zabranuje protékani destové vody (Seifert 1996) nebo
porézni podzemni Cast hnizda, ktera zlepSuje provzdusnéni a vypatovani vody (Lafleur a kol. 2002).
Nejvyssi vlhkost je v obydlenych hnizdech udrzovana ve stiedu hnizda, kde se vyviji mladi jedinci
(Coenen-StaP a kol. 1980). Obsah vody odpovida objemu hnizda a stupni zastinéni (Frouz 1996,
2000), hnizda tak mohou byt rozd€lena do dvou skupin podle vlhkosti materialu. Sucha hnizda maji

mensi nez 20% vlhkost a vlhka hnizda vétsi jak 35% vihkost.

1.3 Vlivy lesnich mravenci na kolobéh Zivin
Vlivy lesnich mravenci mohou byt rozdéleny na vlivy v hnizd¢ a v jeho Sir§Sim okoli. Vlivy v hnizdé
jsou spojeny s potravnimi aktivitami, stavbou hnizda a néslednou dekompozici organické hmoty.
Lesni mravenci pfinaseji do hnizda velka mnozstvi medovice a hmyzu, aby nakrmili kolonii (Frouz a
kol. 1997; Jilkova a kol. 2012). Pfisun rostlinného materialu také piedstavuje vyznamna mnoZstvi
organické hmoty (Jilkova a kol. 2012). Zbytek medovice a kofisti nezkonzumované mravenci a
rostlinny material posléze podléhaji dekompozici, béhem které je uvoliovan oxid uhli¢ity (CO2) a
mineralni ziviny. Tento proces je v hnizdech lesnich mravenct podporovan diky tomu, Ze se zde
nachazeji vyssi pocty microorganismt (Laakso a Setdld 1998) a ptithodné mikroklima (Coenen-Staf} a
kol. 1980). Piestoze CO. produkovany mravenci a mikroorganismy z hnizda unika, mineralni Ziviny
prevazné zistavaji zaclenény v hnizdnim materiélu, a diky tomu hnizda pfedstavuji centra s vysokym
obsahem zivin v jinak na ziviny chudém lesnim ekosystému.

Vlivy v §ir§im okoli hnizda jsou spojeny s odsunem rostlinného materialu a potravy z okoli

hnizda, diky ¢emuz je okoli ochuzovano o organickou hmotu a Ziviny. Tim, Ze mravenci sbiraji
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rostlinny materiadl dochéazi ke zménam chemickych vlastnosti ptidy do vzdalenosti zhruba 8 metra
okolo primérného hnizda (Jilkova a kol. 2011). Lesni mravenci ziskavaji medovici od msic a na
oplatku je chrani pfed predatory a parazity. Prestoze ubytek zivin v podobé medovice sniZuje rust
stromt (Frouz a kol. 2008; Rosengren a Sundstrom 1991; Whittaker 1991), stromy si mohou ziviny

vynahradit tim, Ze ziskaji piistup k Zivindm nahromadénym v hnizdech mravenc.

1.4 Tok sklenikovych plyni v hnizdech lesnich mravenci

zdrojii CO; je aerobni respirace Zivych organismi (Begon a kol. 2005). Metan je produkovan hlavné
prostiednictvim mikrobidlnich procesii a z atmosféry je odstraiovan diky ¢innosti ptidnich bakterii
oxidujicich CH4 (Conrad 2009). Pudy temperatnich lest jsou vyznamnymi centry oxidace CHs a
produkce CO, (Smith a kol. 2003), a protoze jsou lesni mravenci v temperatnich lesich pomérné
pocetni, je dulezité pochopit jejich roli v kolobéhu téchto sklenikovych plynti.

Hnizda lesnich mravencti jsou povazovana za centra produkce CO. V boreélnich a
subalpinskych lesnich ekosystémech (Domisch a kol. 2006; Ohashi a kol. 2005; Risch a kol. 2005). To
samé se ale predpokladd i pro temperatni lesy, které jsou teplejsi. Dva nejvyznamnéjsi zdroje COz
ptedstavuji mravenci a mikroorganismy (Lenoir a kol. 2001; Risch a kol. 2005), ale jejich relativni
ptispévky k celkové produkci CO, v hnizdech nebyly dosud stanoveny. Da se ocekavat, ze respirace
mravenct bude hlavnim zdrojem CO> kviili vysokym poctim a aktivité mravencii obyvajicich hnizdo
(Seifert 1996). Produkce CO, mravenci (Holm-Jensen a kol. 1980) a mikroorganismy (Pajari 1995;
Rayment a Jarvis 2000) obvykle vzrista s rostouci teplotou. Protoze je v hnizdech udrzovana stala
vysoka teplota od dubna do zafi (Frouz a Finer 2007), respirace mravencti a mikroorganismt by méla
byt zvysena, a to predevsim v 1été, kdy teplota hnizda dosahuje maxima. Po¢etnost mikroorganismi je
vys$§i v hnizdech mravenci neZ v okolni lesni pidé (Laakso a Setdld 1998), navic respirace
mikrobialniho spoleenstva by mohla byt ovlivnéna i vlastnostmi materialu hnizda, jako napiiklad
vlhkosti, teplotou, obsahem uhliku (C) nebo pomérem C a dusiku (N) (Edwards a kol. 1970; Paul a
Clark 1996; Steubing 1970).

Zadna data o toku CHs v hnizdech lesnich mravencti nejsou bohuzel k dispozici, ale protoze
pidy temperatnich lesti jsou vyznamnymi centry oxidace CH4 (Smith a kol. 2003), hnizda lesnich
mravenct by mohla vtoku CHs hrat také roli. Oxidace CHs mikroorganismy obvykle vzrista
s rostouci teplotou (Borken a Beese 2006), a proto by mohla hnizda podporovat oxidaci po cely rok.
Maximalni rychlost oxidace CH, byla zaznamenana pii vlhkostech mezi 12 a 30% (Borken a Kol.
2006; Saari a kol. 1998), obvykla vlhkost hnizd mravenci okolo 20% tedy pfedstavuje pfihodné
podminky. Na druhou stranu, vysoké piidavky NH4" a NOs™ iontll obvykle inhibuji oxidaci CHs (Xu a
Inubushi 2004). Takova situace by mohla nastat v hnizdech mravenci, protoze se zde nachazi vysoké
koncentrace NH," (Lenoir a kol. 2001). Lesni hnizda jsou navic tvofena organickym materialem, ktery

obsahuje vysoka mnozstvi monoterpend (Maurer a kol. 2008), a ta by mohla potencialné také
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inhibovat oxidaci CHs (Amaral a Knowles 1998). Dalsi moznosti je, Ze CHs mize byt produkovan
v anaerobnich podminkéch, které se mohou vyskytovat v okoli rozkladajici se organické hmoty
v hnizdech (Flessa a Beese 1995).

2. Cile préace

1) kvantifikovat toky CO; a CH4 v hnizdech lesnich mravencti v temperatnim lese
2) kvantifikovat zdroje CO2 v hnizdech lesnich mravenct

3) stanovit mechanismus udrzovani teploty hnizd

4) urcit vlastnosti hnizd, které ovliviiuji respiraci mikroorganismu

3. Hypotézy

1) Oxidace CH4 a produkce CO; bude vyssi v hnizdech mravenci neZ v okolni lesni pudé
temperatniho lesa a toky obou plyni budou nejvyssi v hnizdech v 1été. Ptihodné podminky v
hnizdech, jako nizka vlhkost a stala vysoka teplota, by mély podporovat oxidaci CH4. Mravenci a
COz. Toky plyni jsou pozitivné ovlivnéné teplotou, a proto by toky plynt v hnizdech mély byt
nejvyssi v 1éte.

2) Vétsina celkové produkce CO; hnizdy lesnich mravencii bude odpovidat respiraci mravenci
spiSe neZ respiraci materidlu hnizda. Piestoze materidl hnizda predstavuje podstatnou ¢ast hnizda
a jeho respirace, za véts§inu CO vyprodukovaného v hnizdech budou zodpovédni mravenci, diky
jejich pocetnosti a aktivite.

3) Respirace hnizd, mravencti a mikroorganismi z vy$§i nadmoiské vySky bude vyssi nez téch
z niZz§i nadmoiské vySky, a to predevS§im na jaie, kdy je nejvyssi potieba produkce
metabolického tepla. Mravenci a mikroorganismy jsou zodpovédni za ohfivani hnizd, a proto by
mravenci a material hnizda z vyssi nadmotské vysky s chladnéj$im klimatem méli produkovat vice
metabolického tepla, a tedy CO,, aby udrZeli podobnou teplotu jako hnizda z niz$i nadmoiské
vysky steplej$im klimatem. Hnizda z chladnéjsiho prostfedi by méla mit vy$si energetické
pozadavky a tudiz by se m&li mravenci zivit spiSe hmyzem s vy$§im obsahem N.

4) Produkce CO; a rychlost dekompozice mikroorganismy bude ovlivnéna vlastnostmi materialu
hnizda. Zvysena vlhkost a obsahy Zivin, pfedev§im dostupného C, by mély mit pozitivni vliv na
respiraci materidlu hnizda. Mravenci by také méli byt schopni ovliviiovat respiraci materialu hnizda

skrze ptisun dostupného C v podobé medovice.

4. Material a metodika
Vyzkum byl provadén v temperatnich a borealnich lesich obyvanych lesnimi mravenci (Formica s.
str.).



Rukopis 2: Toky CH4 a CO; byly méfeny v hnizdech lesnich mravencti a v okolni lesni pudé
vintervalu 1 az 2 mésicti od Cervence do kvétna pomoci statickych komor. Vzorky plynt byly
odebrany injekcnimi stfikackami a koncentrace plynt byla stanovena na plynovém chromatografu.

Rukopis 3: Produkce CO; mravenci a mikroorganismy byla méfena infraCervenym
analyzatorem plynti ve dvou typech nadob naplnénych materidlem hnizda, které¢ byly bud’ pfistupné
nebo nepfistupné pro mravence. Nadoby byly umistény do vlhkych a suchych hnizd. Rychlost
dekompozice ve vlhkych a suchych hnizdech byla stanovena pomoci opadovych sacki, které byly
naplnény opadem z okoli hnizda a exponovany v hnizdech. Vliv dostupného C dodaného mravenci na
respiraci mikroorganismi byl testovan béhem laboratorni inkubace, kdy byli mravenci a material
hnizda bud’ oddé€lené nebo dohromady inkubovani ve sklenicich s roztokem medu a byla stanovena
produkce COs.

Rukopis 4: Respirace hnizd ze 700 a 1000 m n.m. byla méfena in situ infratervenym
analyzatorem plynt nékolikrat béhem doby aktivity mravencii. Teplota hnizd byla kontinudlné
zaznamendvana digitalnimi teplomery. Mravenci a materidl z méfenych hnizd byly vzorkovany po
méfenich in situ a v laboratofi byla stanovena jejich respirace pii 10 a 20 °C. V télech mravencu byl
také zméfen obsah stabilniho izotopu *°N.

Rukopis 5: Rozdily v respiraci materidlu z riznych ¢asti hnizd lesnich mravenct (vrchni
Casti, spodni ¢asti a okraje) byly zkoumany ve dvou lesnich porostech (bfezovém a borovicovém).
Vzorky materidlti byly inkubovany v laboratofi a byla stanovena jejich respirace a dalsi vlastnosti

(vlhkost, obsah C, pomér C:N).

5. Vysledky a diskuse
Vysledky této prace jsou shrnuty v péti rukopisech, presnéji v jedné kapitole a Ctyfech ¢lancich.
Kapitola byla piijata k publikaci v knize ,Ecology of Wood Ants“. Clanky byly publikovéany

v mezinarodnich ¢asopisech s impakt faktorem.

Rukopis 1: Frouz J, Jilkova V, Sorvari J (2015) Nutrient cycling and ecosystem function. Ecology of
Wood Ants.
Kapitola piinasi piehled o roli lesnich mravenci v kolobéhu zivin v lesnich ekosystémech a

predstavuje tak uvod k nésledujicim ¢tyfem ¢lankam.

Rukopis 2: Jilkova V, Picek T, Frouz J (2015) Seasonal changes in methane and carbon dioxide flux
in wood ant (Formica aquilonia) nests and the surrounding forest soil. Pedobiologia 58:
7-12.

Rukopis 2 se zabyva hypotézou 1. Méfeni ukazala, Ze oxidace CHa pievladala nad produkci CHy jak

V hnizdech mravenct, tak v okolni padé, ovSem tok CHa dosahoval méné negativnich hodnot

v hnizdech nez v lesni pud¢ a byl dokonce pozitivni n¢kolikrat béhem Cervence a srpna. To naznacuje,
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ze nékteré vlastnosti hnizda, jako napfiklad vysoky obsah monoterpentl, anaerobni podminky nebo
vysoky obsah NH," zabranuji oxidaci CHs4 nebo podporuji jeho produkci. Tok CO:2 byl vyssi
V hnizdech mravencti neZ v okolni ptidé, jak bylo o¢ekavano. Produkce CO> byla nejvyssi v hnizdech

mravencu v ¢ervenci, kdy teplota v mravenisti dosahovala maxima.

Rukopis 3: Jilkova V, Frouz J (2014) Contribution of ant and microbial respiration to CO, emission
from wood ant (Formica polyctena) nests. Eur. J. Soil Biol. 60: 44-48.
Rukopis 3 se zabyva hypotézami 2 a 4. Vysledky ukazuji, ze pomér ptispévkl mravenct a materialu
hnizda byl zhruba 75:25%, jak bylo o¢ekavano. Ztrata hmoty opadu v opadovych saccich byla
signifikantn€¢ vyssi ve vlhkych nez v suchych hnizdech, tudiz vlhkost méla jasné pozitivni vliv na
mikrobiélni aktivitu v hnizdech mravencti. Béhem laboratorniho pokusu byla respirace mravenctu a
materialu inkubovanych spole¢né vyssi nez soucet respirace mravencu a materialu inkubovanych
oddélen€. To naznacuje, ze mravenci stimulovali mikrobialni aktivitu nejspiSe tak, Ze zamichali roztok

medu do materidlu hnizda.

Rukopis 4: Jilkova V, Cajthaml T, Frouz J (2015) Respiration in wood ant (Formica aquilonia) nests
as affected by altitudinal and seasonal changes in temperature. Soil Biol. Biochem. 86:
50-57.
Rukopis 4 se zabyva hypotézou 3. Vysledky teplotniho méfeni ukazuji, Ze hnizda z 1000 m n.m.
udrzovala v 1ét¢ podobné teploty jako hnizda ze 700 m n.m., ale v zim¢ byla chladn&jsi, coZ naznacuje,
ze hnizda z vys$8i nadmotské vysky méla kratsi termoregulaéni obdobi. Respirace hnizd in situ vzrostla
na jafe a dosahla maxima v 1ét¢, pfi¢emz respirace hnizd ze 700 m n.m. byla niz$i nez téch z 1000 m
n.m. Hnizdni teplota je tedy ziejmé udrzovana metabolismem mravencti a mikroorganismt, protoze
zmény Vv hnizdni teploté Gzce sledovaly zmény v respiraci hnizd. Jak respirace mravencu, tak
mikroorganismi vyrazné vzrostla na jafe, a to pfedevsim v 1000 m n.m., coz nasledné vedlo ke
vzrustu hnizdni teploty na jafe. Metabolickd aktivita vyrazné vzrostla u mravencti v bfeznu a u
mikroorganismi v dubnu, kdy doslo také ke zvySeni obsahu zivin diky pfisunu rostlinného materidlu a
potravy mravenci. Jak mravenci, tak mikroorganismy byli zodpovédni za jarni narist teploty, kdezto
vysoké teploty v hnizdech b&hem léta udrzovali hlavné mravenci. Z obsahu *N v t&lech mravenct
muzeme usoudit, ze mravenci z 1000 m n.m. méli snizenou potravni nabidku a tudiz lovili spiSe kofist
S vy$§im obsahem N oproti mravencim ze 700 m n.m. ZvySeny obsah N nasledné¢ podpotil

mikrobialni aktivitu v hnizdnim materialu z 1000 m n.m.

Rukopis 5: Jilkova V, Domisch T, Hoticka Z, Frouz J (2013) Respiration of wood ant nest material
affected by material and forest stand characteristics. Biologia 68: 1193-1197.
Rukopis 5 se zabyva hypotézou 4. Nejvyssi respirace byla zméfena ve vrchni ¢asti hnizd v bfezovém

lese, ale v riznych ¢astech hnizd v borovém lese nebyly nalezeny zadné rozdily v respiraci. Tyto
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nesrovnalosti mohou byt vysvétleny vyS§i vlhkosti a niz§im pomérem C:N v materiadlu hnizd
v bfezovém lese, coz je pfiznivé pro mikrobialni aktivitu, a niz§i vlhkosti a vy$§im pomérem C:N
v materialu hnizd v borovém lese. VIhkost, pomér C:N a obsah C maji zfejmé vyznamny vliv na

respiraci materialu hnizd.

6. Zavéry

Lesni mravenci jsou velice dilezitymi ekosystémovymi inzenyry, ovliviiujicimi toky energie a zivin
Vv lesnich ekosystémech diky stavbé hnizda a potravnim aktivitdm. Nasledné jsou Ziviny odneseny
z okoli hnizda a naopak nahromadény v hnizd¢. PfestoZze maji hnizda lesnich mravencd ptiznivé
podminky pro oxidaci CHa, jako nizkou vlhkost a stalou vysokou teplotu, vykazuji niz§i oxidaci CHs
nez okolni lesni ptida. Né&které dalsi vlastnosti materialu hnizda zfejmé zabranuji oxidaci CHa nebo
naopak podporuji produkci CH4. Hnizda lesnich mravencii jsou znama jako vyznamna centra produkce
CO; v boreélnich lesnich ekosystémech. To samé bylo prokdzano i pro temperéatni lesni ekosystémy.
CO; je produkovan hlavné metabolismem mravenct (75%) a mikroorganismil (25%). Mikrobidlni
aktivitu ovlivitluje nékolik vlastnosti materialu hnizd. Vlhkost pozitivné ovliviiuje mikrobidlni
dekompozici a tudiz respiraci ve stiedu hnizd a ve vlhkych hnizdech. Velice dulezitymi jsou také
obsah a dostupnost C, ktery ma priming efekt na mikrobialni aktivitu a zpuisobuje tedy zvySenou
produkci CO,. Obsah C je také spojen s pomérem C:N, ktery ovliviiuje mikrobialni aktivitu skrze
pomér zivin dtlezitych pro metabolismus mikroorganismt. Teplota je dalSim faktorem pozitivné
ovliviiyjicim respiraci jak mravenct, tak mikroorganismil. Ale mravenci mohou také aktivné zvySovat
teplotu v hnizdech. Mravenci i mikroorganismy zpusobuji narGst teploty na jafe, kdezto hlavné
mravenci udrzuji stalé vysoké teploty v hnizdé béhem 1éta. Tento mechanismus je zodpovédny za
podobné teploty udrzované v hnizdech v rozdilnych nadmoiskych vyskach s odlisnymi teplotami
okoli, protoZe mravenci a mikroorganismy z chladné&jsich prostiedi vytvaii vice metabolického tepla a
tedy dychaji vice nez ti z teplejSich prostiedi. Pocetnost hnizd lesnich mravencti miiZe byt v nékterych
lesich velice vysoka, a proto mohou lesni mravenci ovlivitovat rozsahld tzemi lesnich ekosystému a

zvySovat tak jejich riznorodost.

7. Hlavni piinosy prace

Tato prace prispéla k vSeobecnému povédomi o lesnich mravencich jako ekosystémovych inzenyrd.
Ukazalo se, Ze hnizda lesnich mravencti nepiedstavuji vyznamna centra oxidace CHa V lesni pudg,
ktera je jinak povaZovana za dilezitou z hlediska oxidace tohoto sklenikového plynu. U hnizd lesnich
mravenci vSak bylo prokazano, Ze pfedstavuji vyznamna centra produkce CO; v ramci temperatniho
lesniho ekosystému a diky tomu zvy$uji riznorodost lesniho ekosystému z hlediska produkce CO, a
toku zivin. Hlavnim zdrojem CO; byla respirace mravenci, nasledovana respiraci mikroorganismul.
Mravenci a mikroorganismy byli také z&sadni v udrzovani teploty na gradientu nadmoiské vysky,

protoze mravenci a mikroorganismy z vys$§i nadmoiské vysky produkovali vice metabolického tepla a
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tedy respirovali vice neZ mravenci a mikroorganismy z niz§i nadmoiské vysky. Mravenci jsou ziejmé
diky tomuto mechanismu schopni Zit v prostfedich s riiznymi primérnymi teplotami vzduchu a proto
jsou rozSifeni od relativné teplych temperatnich oblasti Evropy a Asie az po chladné severni
palearktické oblasti. Respirace mikroorganismu je podporovana vlastnostmi materialu hnizda, jako
napfiklad vysokou vlhkosti a teplotou ve stfedu hnizda, nebo pifisunem organické hmoty a snadno
dostupného C slouzicich jako substrat pro dekompoziéni procesy. Mravenci tedy nepfimo zvysuji

respiraci a produkci metabolického tepla mikroorganismy.
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1. Introduction

Ecosystem engineers are organisms that directly or indirectly modulate the availability of resources to
other species, by causing physical state changes in biotic or abiotic materials. In so doing they modify,
maintain and create habitats (Jones et al. 1994). According to this definition, wood ants are considered
as engineers in forest ecosystems (Dlusskij 1967; Frouz and Jilkova 2008). While constructing and
maintaining the nest and foraging for food, ants affect energy flow, nutrient transportation, food web
structure and soil properties. Ants influence not only properties of their nest but also properties of the

wider area around the nest.

1.1 Ecology of wood ants

Wood ants (Formica s. str., Hymenoptera, Formicidae) include dominant species of ants in temperate
and boreal forest ecosystems (Dlusskij 1967). Wood ants are widespread from the temperate zone of
Europe and Asia to the North-Palaearctic area, even north of the Arctic Circle (Czechowski et al.
2002; Seifert 1996). Some forests may contain as many as 12 wood ant nests per hectare (Domisch et
al. 2006; Risch et al. 2005) and the length of foraging trails may reach up to 100 m (Stradling 1978).
Therefore, wood ants may have a strong impact on large areas of forest ecosystems increasing their
heterogeneity.

As omnivores, wood ants forage for invertebrate prey as well as for aphid honeydew
(Horstmann 1974; Stradling 1978). Approximately 13-16 kg of honeydew dry mass is annually
transported into the average ant nest (Frouz et al. 1997; Jilkova et al. 2012). Ants utilize about 90% of
the honeydew brought into the nest, and the rest is then passed to soil organisms (Frouz et al. 1997).
According to Frouz et al. (1997), approximately 25 kg of dry mass of prey is transported into the
average ant nest annually.

Wood ants build large and long-lasting mound nests (Holldobler and Wilson 1990; Seifert
1996). The medium-sized nest has a volume of 0.3 to 1 m® (Dlusskij 1967; Frouz and Jilkovéa 2008).
The nest consists of belowground chambers, a soil rim and a mound of a conical shape (Dlusskij 1967;
Frouz et al. 2005). The organic mound of a conical shape is built of needles, small branches, resin and
other plant material collected from the nest surroundings and salivary secretion of ants used as a
cementing substance (Kristiansen and Amelung 2001; Pokarzhevskij 1981). The annual input of plant
remains in a medium-sized nest corresponds to ca. 50 kg of plant material (Jilkova et al. 2012). Nest
construction together with foraging activities thus lead to the depletion of organic materials and

nutrients from the nest surroundings and their accumulation in the nest.

1.2 Nest microclimatic conditions
Wood ants can actively regulate microclimatic conditions in their nests. These conditions fulfil the
optimum of ants and are independent of climatic conditions on latitudinal (Frouz and Finer 2007) or

altitudinal gradient (Kadochovéa and Frouz 2014).
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Ants maintain daily average temperature higher than 20 °C in their nest from April to
September. This period corresponds with the period of ant activity, which is linked to the reproductive
needs of the colony (Frouz and Finer 2007; Rosengren et al. 1987). The hottest point in the nest is
located in the depth of 50 cm from the top where the brood is kept (Coenen-Stap et al. 1980; Frouz
2000). After winter, when nest temperature is maintained around 0 °C, a massive increase in
temperature occurs in early spring, and the temperature is subsequently maintained at ca. 25 °C
regardless of the ambient temperature during the summer. In September, when there are no brood or
larvae, nest temperature decreases again. Similar patterns in nest temperature have been observed
along latitudinal (Frouz and Finer 2007) and altitudinal gradients (Kadochova and Frouz 2014). This
suggests that nests in colder environments must produce more heat to maintain the same temperature
as nests in warmer environments. Because the heating of the nest center depends greatly on inner heat
sources (Kadochova and Frouz 2014) generated by ant metabolism (Rosengren et al. 1987) and
microbial metabolism (Coenen-Stap et al. 1980), nests in colder environments should contain ants and
microorganisms with elevated metabolic rates or they should contain a greater number of ants and
microorganisms than nests in warmer environments to maintain the same high temperatures as nests in
warmer environments.

Many authors have found lower water content in ant nests in comparison to the nest
surroundings (e.g., Laakso and Setdla 1997). Several mechanisms exist that allow nest material to stay
dry, such as a maintained surface layer which prevents nests from infiltration of rain water (Seifert
1996) or porous belowground parts of the nest which improve aeration and evaporation of water from
the nest material (Lafleur et al. 2002). In occupied nests, the highest moisture can be found in the
centre of the nest where the brood is kept (Coenen-Staf} et al. 1980). Water content correlates with nest
volume and degree of shading (Frouz 1996, 2000). As a result, wood ant nests are divided into two
groups according to their moisture content. Dry nests have less than 20% moisture and wet nests have

more than 35% moisture.

1.3 Effects of wood ants on nutrient cycling

Effects of wood ants can be divided into nest- and territory-related effects. Nest-related effects are
connected with foraging, nest construction, and the subsequent decomposition of organic materials.
Wood ants forage for large amounts of aphid honeydew and prey to feed the colony (Frouz et al. 1997;
Jilkova et al. 2012). The input of plant remains also constitutes large amount of organic matter
(Jilkova et al. 2012). The rest of the honeydew and prey unconsumed by ants and the litter material
succumb to decomposition during which carbon dioxide (CO-) and mineral nutrients are released. This
process is enhanced in wood ant nests because of the high abundance of microorganisms (Laakso and
Setéla 1998) and the favourable microclimate (Coenen-Stap et al. 1980). Although the CO, produced
by wood ants and microorganisms leaves the nests, the mineral nutrients predominantly remain

incorporated in the nest material, thus creating hot spots in nutrient-limited forest ecosystems.
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Territory-related effects are associated with the transfer of plant material and food into the nests.
Therefore, the nest surroundings become depleted in organic matter and nutrients. By collecting litter
material, wood ants change the soil chemical properties in an area that is about 8 m in diameter around
a medium-sized nest (Jilkova et al. 2011). Wood ants obtain honeydew from aphids and in turn they
protect aphids from predators and parasites. Although nutrient removal in honeydew collected by ant-
tended aphids reduces tree growth (Frouz et al. 2008; Rosengren and Sundstrom 1991; Whittaker
1991), the trees may partly compensate for this by gaining access to an increased supply of soil

nutrients near ant nests.

1.4 Greenhouse gas flux in wood ant nests

The two most important greenhouse gases are carbon dioxide (CO2) and methane (CH4) (Smith et al.
2003). One of the main sources of CO; is the aerobic respiration of living organisms (Begon et al.
2005). Methane is produced mainly as a result of microbial processes and is removed from the
atmosphere by methane-oxidizing bacteria in soil (Conrad 2009). Temperate forest soils are important
sinks of CH, and sources of CO, (Smith et al. 2003) and, since wood ant nests are abundant in
temperate forests, it is crucial to understand the role wood ant nests play in the cycling of these
greenhouse gases.

Ant nest mounds were found to be hot spots of CO; production in boreal and subalpine forests
(Domisch et al. 2006; Ohashi et al. 2005; Risch et al. 2005). The same pattern is, however, expected in
temperate forests where the climate is warmer. The two most important sources of CO; are represented
by the ants and the microbial community (Lenoir et al. 2001; Risch et al. 2005) but their relative
contributions to the overall CO; production of wood ant nests have not yet been determined. It can be
expected that ant respiration will be the main source of CO, because of the high biomass and activity
of ants living in the nest (Seifert 1996). CO;, production by ants (Holm-Jensen et al. 1980) and
microbes (Pajari 1995; Rayment and Jarvis 2000) usually increases with increasing temperature. Since
a stable high temperature is maintained in ant nests from April to September (Frouz and Finer 2007),
respiration of ants and microbes should be increased, especially in summer when nest temperatures
reach their maxima. The abundance of soil microorganisms is higher in ant mounds than in the
adjacent forest floor (Laakso and Setala 1998). Respiration of the microbial community can be
positively influenced by many material properties, such as moisture, temperature, carbon content, or
C:N ratio (Edwards et al. 1970; Paul and Clark 1996; Steubing 1970).

There are no data in the literature on CH4 flux in wood ant nests. However, since temperate
forest soils are important sinks of CH4 (Smith et al. 2003), wood ant nests may also play a role in CH4
flux. CH4 oxidation by microorganisms usually increase with increasing temperature (Borken and
Beese 2006). It follows that ant nest mounds might support CH. flux throughout the year. Maximum
rates of CH4 oxidation have been detected at gravimetric water contents between 12 and 30% (Borken

et al. 2006; Saari et al. 1998). Because ant nest mounds usually have 20% moisture content, they are
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suitable environment for CH, oxidation. On the other hand, high NHs* or NO;~ additions usually
inhibit CH4 oxidation (Xu and Inubushi 2004). Such a situation could occur in ant nest mounds as high
NH4" concentrations have been reported there (Lenoir et al. 2001). Moreover, wood ant nests are
composed of organic materials containing high amounts of monoterpenes (Maurer et al. 2008) which
could also potentially inhibit CH4 oxidation (Amaral and Knowles 1998). Another possibility is that
CHy can be produced under anoxic conditions that may arise around easily decomposable organic
matter in ant nests (Flessa and Beese 1995).

2. Aims of the study

1) quantify CO.and CH4 fluxes in wood ant nests in a temperate forest
2) quantify CO; sources in wood ant nests

3) determine the mechanism of the nest temperature maintenance

4) assess the nest characteristics that influence microbial respiration

3. Hypotheses

1) CH, oxidation and CO; production will be higher in wood ant nests than in the forest soil in
the temperate forest and both gas fluxes will be greatest in ant nests in summer. Favourable
conditions, such as low moisture or stable high temperature, occur in ant nests which should
encourage CH, oxidation. Ant workers and microbial community are abundant in wood ant nests
which should cause substantial CO- production. Gas fluxes are positively affected by temperature
and therefore should be highest in ant nests in summer.

2) Most of the overall CO; flux from ant nests will be produced by ant respiration rather than by
nest material respiration. Although nest material represents a substantial part of the nest and its
respiration, ants will be responsible for the majority of CO, produced by the ant nest because large
numbers of ants are active in the nest.

3) Nest, ant, and microbial respiration will be greater in nests from higher altitudes than in nests
from lower altitudes, especially in spring when demand for metabolic nest heating is the
highest. Ant and microbial metabolisms are responsible for nest heating. Therefore, ants and nest
material from higher altitudes with colder climate should produce more metabolic heat, and thus
CO,, to maintain similar temperature as in nests from lower altitudes with warmer climate. Nests
from colder environments should have higher energy demands and thus ants should feed on prey
richer in N.

4) CO; production and the rate of decomposition by microorganisms will be affected by nest
material properties. Increased moisture and nutrient contents, especially that of available carbon,
should have a positive effect on nest material respiration. Ants should be able to affect nest

material respiration through an input of available carbon in honeydew.
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4. Material and methods
The research was conducted in temperate and boreal forests inhabited by wood ants (Formica s. str.).

Manuscript 2: CH4 and CO; flux were studied in wood ant nests and in the forest soil at 1- or
2-month intervals from July to May using a static chamber technique. Gas samples were withdrawn
using a syringe and gas concentrations were analyzed on a gas chromatograph.

Manuscript 3: CO; production by ants and microbes was measured with an infrared gas
analyzer in two types of containers either accessible or non-accesible to ants filled with nest material
which were placed in wet and dry ant nests. The rate of decomposition in wet vs. dry ant nests was
assessed using litter bags filled with litter from the surrounding forest floor and exposed in ant nests.
Effect of available carbon provided by ants on respiration of microorganisms was tested during a
laboratory incubation when nest material and ants were incubated separately or together in vials in
presence of honey solution and CO; production in vials was measured.

Manuscript 4: Respiration of ant nests from 700 and 1000 m a.s.l. was measured in situ by an
infrared gas analyzer on several occasions during the period of ant activity. Temperature of the nests
was also continually recorded by digital thermometers. Ants and nest materials were sampled from the
same nests on the same occasions as in situ respiration measurements and their respiration was
measured at 10 and 20 °C in the laboratory. Content of °N stable isotope was determined in ant
bodies.

Manuscript 5: Differences in respiration of materials from different parts of wood ant nests
(top, bottom, and rim) were studied in two types of forest stands (birch and pine). Material samples
were incubated in a laboratory and their respiration and other properties (moisture, carbon content, and

C:N ratio) were assessed.

5. Results and discussion
The results of this thesis are summarized in five manuscripts, more precisely in one book chapter and
four papers. The book chapter has been accepted for publication in a book “Ecology of Wood Ants”.

The four papers have been published in international journals with impact factors.

Manuscript 1: Frouz J, Jilkova V, Sorvari J (2015) Nutrient cycling and ecosystem function. Ecology
of Wood Ants.
The book chapter brings a review of the role of wood ants in nutrient cycling in forest ecosystems and

as such represents an introduction to the four papers.
Manuscript 2: Jilkova V, Picek T, Frouz J (2015) Seasonal changes in methane and carbon dioxide

flux in wood ant (Formica aquilonia) nests and the surrounding forest soil.
Pedobiologia 58: 7-12.
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Manuscript 2 deals with hypothesis 1. Measurements revealed that CH,4 oxidation prevailed over CHa4
production in both ant nests and the forest soil but CH4 flux was less negative in ant nests than in the
forest soil and was even positive on some occasions in July and August. This suggests that some
characteristics, such as high monoterpene content, anaerobic conditions or high NH4* content in ant
nests hinder CH,4 oxidation or promote CH,4 production. CO; flux was higher in ant nests than in the
forest soil as expected. CO, production was highest in ant nests in July when there was the highest

temperature.

Manuscript 3: Jilkova V, Frouz J (2014) Contribution of ant and microbial respiration to CO;
emission from wood ant (Formica polyctena) nests. Eur. J. Soil Biol. 60: 44-48.
Manuscript 3 deals with hypotheses 2 and 4. Results show that the average ratio of contributions
(ants:nest material) was 75:25% as expected. Litter mass loss was significantly higher in wet nests
than in dry nests. Thus, moisture content clearly has a positive effect on microbial activity in ant nests.
In a laboratory experiment, respiration was significantly higher with the combination of nest material
and ants than with the sum of respiration with nest material and ants kept separately. This indicates
that ants stimulate microbial respiration, most likely because they incorporate honey solution into the

nest material.

Manuscript 4: Jilkova V, Cajthaml T, Frouz J (2015) Respiration in wood ant (Formica aquilonia)
nests as affected by altitudinal and seasonal changes in temperature. Soil Biol.
Biochem. 86: 50-57.
Manuscript 4 deals with hypothesis 3. Results from the temperature measurements show that nests
from 1000 m maintained similar temperatures as nests from 700 m in summer but were colder in
winter. Thus, it can be said that nests from the higher altitude had a shorter thermoregulatory period.
Nest in situ respiration increased in spring and reached the maximum in summer, with nest respiration
at 700 m being lower than that at 1000 m. Nest temperature is clearly maintained by ant and microbial
metabolism as changes in nest temperature closely followed changes in nest respiration. Both ant and
microbial respiration increased greatly in spring, especially at 1000 m, resulting in the increase in nest
temperature in spring. Metabolic activity greatly increased for ants in March and for nest
microorganisms in April when nutrient contents also increased because of input of plant material and
food. Both, ants and microbes were responsible for the spring temperature increase, whereas mainly
ants were responsible for the maintenance of high temperatures during summer. From *N content in
ant bodies it could be concluded that ants from 1000 m had a reduced food availability and thus
foraged more for prey with a higher N content relative to ants from 700 m. This high N content in turn

encouraged microbial activity in the nest material at 21000 m.
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Manuscript 5: Jilkova V, Domisch T, Hoficka Z, Frouz J (2013) Respiration of wood ant nest

material affected by material and forest stand characteristics. Biologia 68: 1193-1197.
Manuscript 5 deals with hypothesis 4. The highest respiration was measured at the top of ant nests in
the birch forest whereas there were no differences in respiration of different parts of nests in the pine
forest. This discrepancy can be explained by higher moisture and a lower C:N ratio in the ant nests in
the birch forest which is favourable for microbial activity and by low moisture and a high C:N ratio in
the ant nests in the pine forest. Apparently, moisture, C:N ratio, and carbon content, separately or in

combination, had an important effect on material respiration.

6. Conclusions

Wood ants clearly are important ecosystem engineers affecting energy and nutrient flows in forest
ecosystems. They do so by constructing ant nests and foraging for food. By these activities, nutrients
are depleted from the nest surroundings and, on the other hand, accumulated in the nest. Although
wood ant nests have favourable conditions for CH, oxidation, such as low moisture and stable high
temperature, they showed lower CH,4 oxidation than the surrounding forest soil. There must be some
characteristics of nest material that either hinder CH4 oxidation or promote CH,4 production. Wood ant
nests are known as hot spots of CO, production in boreal forest ecosystems. This was also confirmed
for temperate forest ecosystems. The CO; is produced mainly by ant (75%) and microbial (25%)
metabolism. Microbial activity is affected by several properties of ant nest material. Moisture
positively affects microbial decomposition and thus respiration in the centre of ant nests and in wet
nests. Very important is also content and availability of carbon which has a priming effect on
microbial activity causing increased CO> production. Carbon content is connected with the C:N ratio
which affects microbial activity via the ratio of nutrients important for microbial metabolism.
Temperature is another factor positively influencing ant and microbial respiration. But ants and
microbes can also actively increase temperature in ant nests. Both ants and microbes generate the
spring increase in temperature in ant nests and mainly ants maintain stable high temperatures in ant
nests in summer. This mechanism is responsible for the similar temperatures in ant nests from
different altitudes with different mean annual temperatures as ants and microbes from colder
environments produce more metabolic heat and therefore respire more than that from warmer
environments. Wood ant nest abundance in some forests can be very high and, therefore, wood ants

may affect large areas of forest ecosystems and increase their heterogeneity.

7. Major contributions of the thesis

This thesis contributed to the general knowledge of wood ants as important ecosystem engineers. It
revealed that wood ant nests represent cold spots of CH4 oxidation in the forest floor which is
otherwise an important sink of this greenhouse gas. Wood ant nests were, on the other hand, found to

represent hot spots of CO;, production in temperate forest ecosystems and therefore to increase
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heterogeneity in CO;, and nutrient flux in forest ecosystems. The main source of the CO, was
confirmed to be ant respiration, followed by microbial respiration. Ants and microorganisms were also
found to play a role in the nest temperature maintenance on an altitudinal gradient because ants and
microorganisms from the higher altitude produced more metabolic heat and therefore respired more
than ants and microbes from the lower altitude. Thank to this mechanism, wood ants are probably able
to live at different air temperatures and therefore they are widespread from the relatively warm
temperate zone of Europe and Asia to the cold North-Palaearctic areas. Microbial respiration is
encouraged by the properties of the nest material, such as high moisture and temperature in the nest
centre, or the import of organic matter and easily available carbon which represent substrates for
decomposition processes. Therefore, ants indirectly enhance respiration and therefore metabolic heat

production by microorganisms.
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