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Abstrakt

Lesni ekosystémy Celi ménicim se pfirodnim podminkam vyvolanym lidskou Cinnosti,
jako je atmosféricka depozice. ZvySené deposice siry (S) a dusiku (N) zpisobily
acidifikaci a eutrofizaci N lesnich ptid. Nicméné, disledky atmosférické depozice pro
fungovani lesni ekosystémt mohou byt zavislé na druhovém sloZeni. K odhaleni u¢inka
S a N na pudni procesy byl proveden manipula¢ni experiment ve dvou sousednich
lesnich porostech tvoifeného smrkem ztepilym (Picea abies) a bukem lesnim (Fagus
sylvatica), které se nachazi v Krusnych horach. Po dobu Sesti let byly samostatné nebo
kombinované piidavany latky obsahujici Sa N (50 kg -ha'rok™') na experimentalni
plochy v obou porostech za tcelem simulace zvySené atmosférické depozice. Cilem
tohoto vyzkumu bylo porovnat a zjistit zasoby a toky uhliku (C) a N v pud¢ a jejich
odezvy v reakci na kyselé vstupy a vstupy N. Nase zkoumani ukazalo, Ze za pfirozenych
podminek bukovy porost obsahoval vice plidniho C a N jak v organickém horizontu, tak
v mineralni pid€ v porovnani se smrkovym porostem. Pudni cyklus N v bukovém
porostu byl vice otevieny a umozioval ztraty N vyluhovanim. Experimentalni nardst
v pudni acidité (pokles pH v ptidni roztoku) omezil dostupnost rozpustného organického
C a zménil piidni mikrobidlni strukturu, coz vedlo v potlaceni rozkladnych procest a
tokit C v obou porostech, pficemz vice ovlivnény byl smrkovy porost. Experimentalni
vstupy N piekvapivé neukdzaly jasnou odezvu na ptdni mikrobidlni sloZeni a ptdni
kolobéh zivin, pravdépodobné kvili adaptaci lesnich porostti na dlouhodobé zvysenou
depozici N. Diky vysledkim vyzkumy miZeme pochopit kontrolni mechanismy
saturace N a sekvestrace C v lesich, které byly nebo jsou vystaveny kyselé depozici.
Pokud zohlednime fakt, Ze vétSina evropskych lesii kyselé depozici byla vystavena, je
mozné, Ze soucasné meéteni tokli C ztakovych ekosystémli nemusi odrazet reakci
porostll na klimatické zmény. Misto toho mohou porosty prochdzet zménami v reakci

na klesajici depozici.

Kli¢ova slova: druhové slozeni stromd, sira, dusik, ptida, kolob&h uhliku, kolob&h
dusiku, sekvestrace uhliku



Abstract

Forest ecosystems are facing changing environmental conditions induced by
anthropogenic pressures, including atmospheric deposition. Elevated sulfur (S) and
nitrogen (N) depositions have led to changes in forest soil conditions, inducing
acidification and N eutrophication. However, the consequences of atmospheric
deposition for the functioning of forest ecosystems may be tree species specific. To
assess the effects of S and N inputs on soil functioning of two forest stands, a soil
chemistry manipulation experiment took place in two adjacent forest stands — Norway
spruce (Picea abies) and European beech (Fagus sylvatica) — in the Ore Mts. Over six
years, separated and combined additions of S and N compounds (50 kg -ha!-year!) were
added to experimental plots in both stands to mimic enhanced atmospheric deposition.
The aim of this research was to compare and investigate the soil C and N stocks and
fluxes, and their responses in relation to acid and N treatments. We found that under
ambient conditions, the beech stand contained more C and N in both the forest floor and
the mineral soil compared to the spruce stand. Nitrogen cycling in the beech stand was
less tight, with periodical soil N leaching. The manipulated increase of soil acidity
(decrease of soil solution pH) reduced the availability of dissolved organic C and
changed the microbial community structure, resulting in suppressed litter decomposition
and C fluxes in both stands, with stronger impacts in the spruce stand. Surprisingly,
experimental N addition showed no consistent responses in the microbial community
composition or soil nutrient cycling, likely because of forest stand adaptation to ambient
long-term enhanced N deposition. Our results have implications for the understanding
of controls on both N saturation and C sequestration in forests subject to current and/or
historic acid deposition. Taking into account that many European forests have
experienced acid deposition, it is possible that recent measurements of C fluxes from
these ecosystems might not be representative of systems in long-term balance with
climatic conditions, but of systems subject to additional anthropogenic pressures, and in

many cases undergoing transient changes as deposition levels decline.

Key words: tree species, sulfur, nitrogen, soil, carbon cycling, nitrogen cycling, C

sequestration
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1. Uvod

Lesy hraji dulezitou roli v globalnim cyklu uhliku (C) a poskytuji lidské spolecnosti
Siroky rozsah ekosystémovych sluzeb. Lesni ekosystémy globalné pokryvaji 4.0-5.0
miliardy ha, coz pfedstavuje 30,6 % kontinent (FAO 2019). Z biogeochemického
pohledu lesy zadrzuji velké mnozstvi organické hmoty (861 Pg C) ve dvou hlavnich
zasobnicich — zivé biomase (363 Pg C) a pudé (383 Pg C do hloubky 1 m; Pan et al.
2011). Mnozstvi pudni organické hmoty (SOM) ulozené v lesni piid¢ vzristd smérem
k polim (Pan et al. 2011). Proto lesni pidy v temperatnim a borealnim pasu severni
polokoule predstavuji vyznamny rezervoar C a navic obsahuji az 1176 Pg C v hlubsich
vrstvach permafrostu (Tamocai et al. 2009). Ve srovnani s rostlinnou biomasou, pudy
jsou dlouhodobym propadem (sinkem) organické hmoty, kdy néktera SOM muze
pretrvat po tisicileti (Schmidt et al. 2011) a vyznamné prispét k sekvestraci C. Nedilnou
soucasti SOM je N, ktery je ¢asto limitujici zivinou spolu s fosforem. Mechanismy fidici
dalsi vyvoj SOM sidli pfedevsim v komplexu ptida-mikroorganismy-kofeny rostlin,
které reguluji dekompozici, pfijem zivin nebo mechanismy stabilizace. Nicméné,
stabilita SOM je zavisla na vitalité lesnich ekosystémi a stalosti pfirodnich podminek.
Soucasny vliv c¢lovéka vytvaii silny tlak na biogeochemické cykly pfirodnich
ekosystémt, vcetné téch lesnich. Spalovani fosilnich paliv emituje velké mnozstvi C a
dalSich sloucenin do atmosféry, coz vede ke sklenikovému efektu, zméné klimatu ¢i
atmosférické depozici (Ciais et al. 2013). Tyto problémy akceleruji zmény ptirodnich
podminek, které mohou ohrozit stabilitu lesnich ekosystémi a tim padem stabilitu SOM.
Potencialni uvolnéni pidniho C do atmosféry by mohlo dale zrychlit procesy klimatické
zmény.

Zejména, atmosféricka depozice siry (S) a N ovlivilovala lesy stfedni Evropy od
druhé poloviny 20. stoleti. Atmosférické zneciSténi bylo tehdy identifikovano jako
hlavni hrozba v primyslové Evropé€ a Severni Americe, dnes je narlistajicim problémem
v rozvojovych zemich (Gao et al. 2018, Galloway et Cowling 2002). Hlavnim zdrojem
atmosférického S a N je primyslova a zemédélska ¢innost. Depozice téchto latek ma na
svédomi mnoho procest v lesnich ekosystémech, véetné ménici se dynamiky C a N
v lesich. Miize uvolnit limitaci Zivinami a vést ke zvySenym pfirtstim lesni biomasy
(Du et de Vries 2018), eutrofizaci (Breemen et al. 1984) a zrychleni acidifikace
s naslednou mobilizaci toxického hliniku (Al) do piidniho roztoku (Cronan et al. 1989).
Né&které ztéchto procesi mohou zpiisobit jak pozitivni, tak negativni U€inky na
dynamiku lesa. Nicméng, dlouhodobé vstupy S a N vyznamné méni ptidni prostiedi, coz
se dotyka pidniho chemismu a mikrobialnich komunit, jeho schopnost zadrzovat ziviny
(N, bazické kationty) a kapacitu sekvestrovat C.

Nevhodné druhové slozeni lesti na izemi Ceska je dnes Siroce diskutovanym
tématem. V¢EtSina naSich lest je hospodaisky vyuzivana pro produkcei dieva. Ve stiedni
Evropé ptivodni lesni porosty zastoupené jedli bélokorou, bukem lesnim a smrkem
ztepilym byly kompletné pfeménény na stejnovéké smrkové monokultury. Navzdory
dlouholeté lesnické praxi v lesnim hospodateni je udrzitelnost tohoto stavu diskutabilni,
protoZe lesni monokultury maji omezenou schopnost ¢elit ménicimu se ptirodnimu
prostfedi. Kombinace vysoké atmosférické depozice, nevhodného druhového slozeni a
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zivinové chudych ptd vedly k odumirani horskych lestt béhem druhé poloviny 20.
stoleti ve stfedni Evrop&. Obzvlasts region tzv. Cerného trojuhelniku na Eesko-némecko-
polskych hranicich byl postizen nejvice (Grubler 2002, Kolaf et al. 2015). Ackoliv
depozice S znatelné poklesly od pocatku 90. let minulého stoleti, depozice N ziistava
stale vyznamnou a fadové prekracuje prirozenou depozici.

V nésledujicich letech kombinace néckolika faktorti (intenzivni sucho,
prodlouzend vegetacni sezona, zvySena teplota, atmosférickd depozice), at’ uz ptimo ¢i
nepiimo spojena s lidskou Cinnosti, vyvolala u lesnich porostt fyziologicky stres, ktery
vedl k sou¢asnému rozpadu smrkovych monokultur v Cesku. Mimo rozpadu lesa, kazda
lesni disturbance vede k uvolnéni nezanedbatelného mnozstvi C z biomasy a pidy do
atmosféry. Je zfejmé, Ze soucasné druhové slozeni lesa neni schopné se adekvatné
vyporadat s pokracujici zménou klimatu a budouci druhové slozeni lesnich porostt se
musi zménit. Vhodné slozeni lesa by mélo byt odolné k ménicimu se prostredi véetné
atmosférické depozice. Lesy by rovnéz mély byt ucinné v dlouhodobé sekvestraci C,
udrzeni biodiverzity a rovnéz vhodné k produkei dieva.

Tato doktorskd prace si klade za cil rozeznat Ucinky zménéného ptidniho
chemismu na dynamiku piidni organické hmoty pomoci ekosystémového srovnani dvou
lesnich porostl, které byly vystaveny simulované atmosférické depozici. Studovanymi
porosty byly nejb&znéjsi zastupci jehlicnatych a listnatych stromt ve stiedni Evropé —
smrk ztepily (Picea abies) a buk lesni (Fagus sylvatica) — nachézejici se v KruSnych
horach.

2. Cile

Bylo vyuzito vysledkli z dlouhodobé monitorované vyzkumné lokality Nacetin, kde
byly pozorovany vyznamné zmény v biogeochemii lesa od poklesu kyselé depozice v
90. letech. Vysledky z ptivodnich studii (Oulehle et al. 2011), kontinudlniho méteni
srazek (Oulehle et al. 2006) a rekonstruovaného vlivu historického zneciSténi dané
oblasti (Oulehle et al. 2007) nas vedly k navrzeni cili vyzkumu. Rozhodli jsme se zde
proveést kontrolovany experiment v rdmci ustanoveného monitoringu, ktery nabizi dva
dospélé lesni porosty liSici se v druhovém sloZeni.

Obecnym cilem této prace bylo zkoumat Gc¢inek umélych ptidavk S a N na plidni
cykly C a N ve dvou lesnich porostech (Picea abies vs. Fagus sylvatica). Jednotlivé cile
a hypotézy byly formulovany nésledovné:

(L) Popsat a srovnat soucasné pudni zasoby a toky C a N v obou lesnich porostech
bez vlivu umélych piidavka (Clanek I, IT). Predpokladali jsme vyssi toky C a N
v bukovém porostu a srovnatelné vysoké zasoby pidniho C a N v obou
porostech. Vyssi rozsah soucasné pudni acidifikace bude pozorovan ve
smrkovém porostu.

(I)  Kvantifikovat G¢inek zmény acidity/dostupnosti N na mnozstvi ztrat C a N
z lesnich pad skrze organické (DOC, DON) a anorganické formy (CO2, NO3)
v obou porostech (Clanek IIT). Nagi hypotézou bylo, Ze nartst acidity (pokles
pH) zptsobi posun ztrat C a N zorganickych forem (DOC, DON) na



anorganické (COz, NOs3). Bilance ptidniho C bude citliva jak k depozici Si N,
kdy depozice N zvysi akumulaci ptidniho C a produkci DOC, zatimco depozice
S zvysi akumulaci C a retenci DOC.

(III.)  Zméfit, jak acidita/dostupnost N ovlivni rozsah klicovych transformaci C a N,
mikrobialni komunitu a dekompozi¢ni procesy (Manuskript IV, Clinek V).
Ocekavali jsme potlaceni mikrobidlni aktivity pod kyselymi treatmenty v obou
porostech, kvili snizeni dostupnosti organického C pro mikroorganismy. Posun
smérem k vyssi produkci C enzymi byl ocekavan. Dale jsme ocekavali, ze
dostupnost N omezi dekompozici opadu snizenim limitace N. Rostouci
dostupnost N snizi podil houby/bakteric a zméni mikrobidlni spoleCenstva
smérem k N-tolerantnim druhtim.

3. Popis lokality a metodicky ptistup
3.1. Vyzkumna plocha — Nacetin

Vyzkumna plocha se nachazi v Krusnych horach, v blizkosti statni hranice s Némeckem
(Obr. 1). Primérnd ro¢ni teplota je 7,1 °C a pramérny rocni Gthrn srazek je 1110 mm
(2005-2017). Plocha se sestava z dvou lesnich porostli — ¢istd smrcina (Picea abies) a
buc¢ina (Fagus sylvatica). Vzajemna blizkost ploch zajistuje, Ze oba porosty jsou
vystaveny stejnym abiotickym podminkam. Porosty lezi na mirném svahu orientovaném
na severozapad. Pfevazujicim pidnim typem je kambizem dystrickd (FAO 2014), ktera
je vyvinuta na pararulach. Smrkovy porost (50°35°26°°N; 13°15°14°’E) tvoteny druhou
generaci 80leté monokultury smrku ztepilého se nachazi v nadmotské vysce 784 m n.m.
Druhy porost (50°35°22°°N; 13°16°07”’E; 825 m n.m.) je tvofen ¢istou bucinou starou
150 let (Obr. 2).

Obriazek 1: Lokalizace vyzkumné plochy Nacetin

Piivodné byly oba porosty tvofen smisenym jedlo-bukovo-smrkovym lesem. Zatimco
soucasny smrkovy porost (2. generace) byl pfeménén na stejnovékou monokulturu po
roce 1850, dnes bukovy porost zlstal smiSenym s dominantnim bukem a smrkem (na
zakladé¢ leteckych snimka z 1953). Béhem 70. a 80. let vSak dospélé smrky odumfely
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v dasledku atmosférického znecisténi a zlstala tak jen Cista bucina. Nartist prumyslové
¢innosti s vyznamnym spalovanim hnédého uhli v nedaleké uhelné panvi zplsobil
nardst v emisich polutanti (SO2, NOx, popilek). Tamni hnédé uhli navic obsahuje
vysoky obsah siry, kterd byla zdrojem emisi S. Prvni studie z roku 1989 popisuje
podkorunovou depozici ve smrku 150 kg S-ha!-rok™! a 46 kg N-ha™!-rok™! (Dambrine et
al. 1993). Politické zmény po roce 1990 vedly ke snizeni emisi S a podstatnému poklesu
kyselé depozice. Vyzkumna infrastruktura Ceské geologické sluzby na vyzkumné
stanici Nacetin byla zfizena na zacatku 90. let. Dlouhodoby monitoring byl rozsifen na
ptilehly bukovy porost v roce 2003 (Oulehle et Hruska 2005).

Obrazek 2: Bukovy porost (vlevo) a smrkova monokultura (vpravo)

3.2. Metody

Vyzkum kombinoval pfistupy dlouhodobého monitoringu a manipula¢niho
experimentu. VSechny metody jsou detailné popsany v publikacich.

Struéné shrnuto, monitoring obou porostll byl zfizen za tUcelem sledovani
biogeochemickych zmén lesnich ekosystémi vzhledem ke klesajici kyselé depozici.
Srazky na volné ploSe byly odebirany do dvou trychtyiii umisténych na oteviené plose
mezi obéma porosty. Voda propadavajici skrze koruny stromt (throughfall) byla jimana
v deviti nddobach Ctvercove rozmisténych v siti 15 x 15 m v kazdém z porostti. Mimo
to, bukovy porost byl vybaven zatizenim pro odbér vody stékajici po kmeni (stemflow).
Pidni roztoky byly odebirany pod organickym horizontem a v minerdlni padé
v hloubkach 30, 60 a 90 cm. Pidni roztok z organického horizontu byl sbiran
gravitatnimi lyzimetry jako smésny vzorek ze tfech opakovani. VSechny srazkové a
pudni vody byly odebirany v mesi¢nim kroku. Dostupné udaje o chemii srazek a chemii
pudnich roztokii pokryvaly obdobi od roku 1994 ve smrkovém porostu a od roku 2003
v bukovém porostu.

Druhy pfistup byl experimentalni, kdy byly pidy obou lesnich porostii vystaveny
zvySenym piidavkim S a N. V kazdém porostu bylo ustanoveno 16 ¢tverct (3 x 3 m) v
blokové znahodnéném provedeni. Na tyto ¢tverce byly aplikovany 4 treatmenty —
kontrola (shroméazdéna okolni destova voda), pidvky siry (S) - 50 kg S-ha™'-rok™! (ve
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formé H»SO4), piidavky dusiku (N) - 50 kg N-ha'-rok! (ve formé NH4NOs) a
kombinovany piidavek S + N — 50 kg S-ha™!-rok™ a 50 kg N-ha!-rok™! (ve formé H2SO4
a NH4NO3). Pridavky byly aplikovdno mésicné v ramci vegetacniho obdobi (duben—
listopad). Osetteni byla zfedéna v 10 1 nashroméazdéné destové vody a nalita pomoci
konvic na ¢tverce. V roce 2013 byl zahajen experiment, kdy byly instalovany kolektory
pudni vody a prvni rok slouzil jako kontrolni. Po tomto obdobi, od jara 2014,
nasledovala aplikace treatmenti na experimentalni plochy.

K ziskani informaci o dynamice C a N byla pouzita fada ptistupi. V zavislosti
na pristupu se pouzité metody liSily a vyZzadovaly nasledné laboratorni nebo vypocetni
zpracovani. Metody zahrnovaly biogeochemické, pudné ekologické a mikrobiologické
piistupy. Odbéry a analytické metody byly konkrétné popsany v jednotlivych
publikacich. Analyzy byly provadény v laboratotich Ceské geologické sluzby v Praze,
Vyzkumného tstavu globalni zmény AV CR v Brng, Jihodeské univerzity v Ceskych
Bud¢jovicich a Leibnizove univerzity v Hannoveru. Vypocetni a statistické zpracovani
bylo provedeno pomoci balicku Microsoft Office, programu R a statistického softwaru
NCSS.

4. Syntéza a diskuse

Nas vyzkum poskytl ditkazy o tom, ze zménény pidni chemismus mize mit zasadni
disledky pro dynamiku pidniho C a N. Prokazali jsme, Ze zvySeni kyselosti plidy vedlo
ke zpomaleni kolobéhu ptidniho C (potlaceni ztrat DOC a plynného C), snizeni
mikrobidlni diverzity (vétSinou bakterii) a potlaceni dekompozi¢nich procesti v ,,in situ*
experimentu. Nase vysledky podpoftily ptivodni hypotézu, ze ztrata uhliku v ptdé, ktera
nasledovala po poklesu depozice kyseliny se jevi jako disledek potlacen¢ho rozkladu a
nasledné akumulace organické hmoty béhem vrcholu acidifikace. Depozice S do
z ¢ehoz vyplyva, Ze S mohla mit béhem tohoto obdobi vétsi vliv na cyklus C v ptid€. To
zvySuje pravdépodobnost, Ze nékteré pozorované zmeény mohly byt nespravné pfipsany
depozici N.

1) Dynamika pidniho C a N ve smrkovém a bukovém porostu za nezménénych
podminek

Zasoby pudniho C byly nalezeny vyssi pod bukovym porostem jak v organickém
horizontu, tak v mineralni pad¢. Nalezené vyssi zdsoby C v organickém horizontu byly
v kontrastu s dalSimi srovnavacimi studiemi (Cremer et al. 2016, Vesterdal et al. 2008,
Vesterdal et al. 2013), které shodné€ popsaly vyssi zasobu C ve smrkovém porostu. Vyssi
zasoby C v nadloznim horizontu jsou obvykle pfipisovany 1) Spatné€ rozlozitelnému
opadu, ktery produkuje mocny horizont typu mor (Rothe et al. 2002) a 2) m¢lce
kotenicimu smrku, ktery dodava C pouze do svrchnich vrstev pidy (Oostra et al. 2006).
Zaznamenana vys$i zasoba C v bukovém nadloZznim horizontu byla pravdépodobné
spojena s vy$$im mnozstvim opadu, které bylo téméf dvojnasobné oproti smrkovému
opadu. Vyssi zasoby C v mineralné pud¢ v bukovém porostu byly v souladu s dal$imi
studiemi (Vesterdal et al. 2013) a lze je vysvétlit hlubSim zakotfenénim buku, které
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alokuje C pfimo do mineralni pidy a vysSim obsahem oxalatového Fe a Al, které
zajistuje stabilizaci SOC (Navratil et al 2016). Pfimé dodavky C kotfeny do mineralni
pudy jsou povazovany za stabilnéjsi (Rasse et al. 2005). Zasoby pidniho N kopirovaly
zasoby pudniho C, ptfi¢emz vyssi zasoby ptidniho N byly pod bukovym porostem. Pomér
C/N u smrkového nadzemniho opadu byl konstantné vyssi ve srovnani s C/N bukového
nadzemniho opadu. Pomér C/N v ptdé¢ obvykle klesa s hloubkou kviili mineralizaci C.
Toto pravidlo bylo poruSeno v mineralni piidé pod bukem, pravdépodobné v dusledku
hlubsi alokace C pomoci kotent. Dopad druhového slozeni na distribuci C v ptidnim
profilu mize vést k diskusi o Uc€incich slozeni lesnich druhii na budouci potencial
sekvestrace C. Pfimé dodavky C pomoci kofenti do mineralni ptady, kde podzemni opad
a rhizodeposity jsou v t€sném kontaktu s mineralnimi casticemi, jsou obecné piijimany
jako dlouhodoby propad C (Fontaine et al. 2007). Asociace organickych latek s povrchy
mineralnich ¢astic se ukazala jako hlavni interakce zajistujici stabilni C (Liitzow et al.
2007). Ackoliv se Spatné rozkladajici opad (smrkovy opad) rozkladd delsi dobu,
neprispiva ke stabilnim zadsobam C a jeho akumulace v opadovém horizontu predstavuje
C relativné citlivy k vnéj§im zménam (Cotrufo et al. 2013).

Mikroorganismy zpracovavaji SOM, a tak zajiStuji v ptidé¢ dostupnost zivin
(mineralizace) a toky C (dekompozice). SloZeni mikrobnich spolecenstev obou porosti
odrazelo ptdni chemismus a kvalitu substratu vzeslou ze specifické identity drevin.
Ustanovené mikrobialni komunity stechiometricky sledovaly pomér C/N nadlozniho
horizontu, kdy byla zaznamenana vyssi Cetnost hub (tedy pomér houby/bakterie) ve
smrkovém porostu. Mikrobidlni komunity obou porostii se rovnéz lisily v zivotnich
strategiich (Barta et al. 2017). Analyza enzymatické stechiometrie odhalila silngjsi
metabolickou vazbu na ziskani C ve smrkovém porostu neZ v bukovém, kde naopak
vysoka poptavka po N buku nutila mikroorganismy k ziskavani N.

VEtsi zasoba biomasy a listnaty charakter buku zpiisobily vyssi ro¢ni tok C v
opadu (2,9 t C-ha™-rok™") do ptidy ve srovnéni s tokem opadu C ve smrku (1,6 t C-ha"
I-rok™!). Ptestoze byl tok DOC v porostu smrku vys$§i, byl to zanedbatelny zdroj C ve
srovnani s ro¢nim vstupem C z opadu (Obr. 3). Vyssi alokace C kotfeny do pldy ve
smrkovém porostu (9,6 t C-ha'-rok!) naznacuje vyssi investici smrku do kofenové
biomasy, respiraci kofentl a spolupraci s mykorhiznimi houbami ve srovnani s bukovym
porostem (6,6 t C -ha 'rok ). Rozklad opadu byl pod bukem naméien rychlejsi, bez
ohledu na druh. Dal$i pozorovani (Rothe et al. 2002) rovnéz potvrdila, Ze rozklad opadu
je ve smrkovych lesich sniZzen, hlavnim omezenim vSak neni samotny opad, ale lesni
puda ¢i mikrobidlni aktivita (Albers et al. 2004). Prestoze smrkové jehlice obsahovaly
vice N a mély srovnatelny pomér lignin/N jako bukové listy, jehlice béhem rozkladu
vytvareji polyfenoly, které rozklad dale zpomaluji (Gallet et Lebreton 1995).
Mikrobiélni rozklad smrkového opadu vyzaduje dostatek energie, kterou lze ziskat ve
form¢ jednoduchého C, jako jsou rhizodeposity a DOC. Uhlik rozpustény v ptidnim
roztoku je produktem ¢astecného rozkladu nebo vyluhovani opadu. Piekvapiveé oba toky
DOC z nadzemniho opadu byly srovnatelné (180 kg C -ha™''rok™) navzdory vétsim
vstuptim bukového C z opadu. To by mohlo naznacovat Gplnéjsi rozklad bukového
opadu nebo neuplny rozklad opadu ve smrkovém porostu. S hloubkou se tok DOC
snizuje, protoze organicky C je bud’ spotiebovan mikroorganismy, nebo je stabilizovan
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adsorpci na pudnich ¢astich (Guggenberger et Kaiser 2003). Vypoctena alokace C do
pudy byla ve smrkovém porostu vyrazné vyssi. Platnost tohoto toku C je vSak pouze za
piedpokladu, Ze ekosystém neprochazi kvalitativni zménou, coz by mohlo byt ¢astecné
naruseno zvysenou dekompozici historicky nahromadéného opadu (Oulehle et al. 2011).
Vzhledem k tomu, Ze data o pfesn¢jSim deleni C alokovaného do pidy nebyla dale
detailnéji méfena, lze dalsi alokaci C do piidy odvodit pouze nepiimo. Jednim z hlavnich
ucelit muze byt ziskani limitujicich zivin z organickych sloucenin rozkladajiciho se
opadu, coz vyzaduje znacnou energii pro enzymatickou produkci. Navzdory
srovnatelnym odtokiim pudni respirace se tedy lesni porosty liSily v mechanismech
cyklu C a zdrojich emitovaného C.

Pidy piijimaji N prostfednictvim dvou hlavnich toki — opadem a
podkorunovymi srdzkami. Tok N v opadu byl vyssi v bukovém porostu (56 kg N-ha
L-rok") ve srovnani se smrkovym porostem (39 kg N-ha™!-rok™!); nicméné, niz§i pomér
C/N byl naméten ve smrkovém opadu (42) v porovnani s bukovém opadem (52).
Celkovy podkorunovy tok N byl u obou porostli podobny (= 18 kg N-ha'-rok™!). Ve
smrkovém porostu byly podkorunové toky DON vysoké a toky NH4  nizké, coz
poukazuje na transformacni procesy N v korundch smrku (Kopacek et al. 2011). Buky
jsou vyznamné vysokym stokem vody po kmeni, ktery pfedstavoval 10 % z celkového
vstupniho mnoZstvi N. Soucet obou zdrojii N dosdhl vy3si hodnoty v bukovém porostu
(74 kg N-ha'-rok'), nez ve smrkovém (57 kg N-ha'-rok!). V dobéach silngjsiho
znecisténi ovzdusi vSak smrkovy porost ziskaval vice podkorunového N skrz vyssi
schopnost vycesavat ¢astice z atmosféry. Na zékladé nasich méteni v letech 2005-2017
poklesl mineralni tok N ve smrku z 21 kg N-ha'-rok! na 11 kg N-ha'-rok !, zatimco
tok N v buku se nezménil (16,3 kg N-ha!-rok™"). V neddvné minulosti byly tedy celkové
vstupni toky N pldy srovnatelné pro oba porosty. Nizsi pozadavky na N ve smrkovém
porostu mohou ¢aste¢né vysvétlovat rychly pokles ve vyluhovani anorganického N po
poklesu kyselé depozice. V soucasné dobé byl DON hlavni formou odtoku N z lesnich
pud obou porostli. Nicméné, vymizeni toku DON s hloubkou zdiiraznilo rozdil mezi
porosty ve vyluhovani nitratd. Vyluhovani dusi¢nanid z nadlozniho horizontu ve
smrkovém porostu nasledovalo pokles ve vstupu podkorunového N, coz vedlo témet
k vymizeni NOj;~ v hlubSich horizontech. Naproti tomu vyluhovani dusi¢nani v
bukovém porostu kolisalo az do konce naSeho pozorovani, kdy zmény v pocasi a
v disturban¢ni dynamice pravdépodobné odrazely sezonni i rocni dynamiku vyluhovani.

1650kg C
39kgN l

NS
9600 kg C 6579 kg C opadovy horizont
179 kg C

7kgN 6kg N

minerdlni pada
23kgC 18 kg C
1kgN 13mN

Obrazek 3: C a N (kg/ha/rok) toky ve smrkovém (vlevo) a bukovém lese (vpravo)
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Jelikoz N je limitujici Zivinou, je zajimavé porovnat hospodateni porosti s N v
obou porostech, protoze ¢astecné kontroluje otevienost/tésnost ptidniho cyklu N. Ro¢ni
pozadavky porostii na N pro ro¢ni tvorbu nové biomasy byly vypocteny na 116 kg N
‘ha!'rok™! v bukovém a 45 kg N -ha!-rok™! ve smrkovém porostu. Pozadavky na N
v bukovém porostu byly mnohem vyss$i nez mnozstvi vstupujiciho N (podkorunové
srazky + opad). Resorpce N z bukovych listl pied jejich opadanim tak zajistuje dostatek
N k vytvofeni nové biomasy a ¢asten¢ zabrafiuje ztratdm N po mineralizaci ¢erstvého
bukového opadu. Pfi zohlednéni resorbovaného N z listi v bukovém porostu je absorpce
dusiku u obou porostii podobna (71 kg N-ha!'-rok™). Vypoéteny piijem N koifeny vsak
byl ve smrkovém porostu vyssi nez N vstupujici do pidy, zatimco vstup a pozadavky
na N byly v bukovém porostu srovnatelné. To dale naznacuje, Ze cyklus N ve smrkovém
porostu byl uzavienéjsi bez vyluhovani mineralniho N, zatimco cyklus N v bukovém
porostu byl oteviengjsi a mohlo by dojit ke ztrat€¢ dusi¢nant, zejména béhem epizody
vysoké dostupnosti N a nizkého ptijmu. Detekované vyluhovani dusiku se pravidelné
objevovalo brzy na jafe v souvislosti se splachnutim prosakujici vody padou tajicim
sn¢hem.

2) Experimentélni vliv kyselosti na dynamiku SOM

Za Sest let experimentu dostaly plochy oSetfené kyselinou sirovou celkem 300 kg S-ha
!, Oba treatmenty (S a S + N) okamzit& okyselily piidni roztoky v obou porostech. pH
pudni vody z bukovych ploch pokleslo vice (o 0,44-0,55 pH jednotek) nez ve smrkovém
porostu (0 0,34-0,37 pH jednotek). ZvySeni koncentrace H" pii oSetfeni kyselinou bylo
nicméné vétsi u smrkového porostu (209 peq1™) a to kviili celkové niz§imu pH piidniho
roztoku nez v bukovém porostu (116 peq-l™!). V minerdlnich ptidich neutralizaéni
schopnost piidy zmirnila i€inky kyselych vstupti. Snizeni pH ptidniho roztoku zptsobilo
v obou porostech niz$i rozpustnost DOC (tedy sniZeni koncentrace DOC v pldnim
roztoku), sniZzeni mikrobidlni biomasy, posun ve struktufe mikrobialniho sloZeni,
potlaceni rozkladu kvalitn€jSiho opadu (nizky C/N) a sniZeni ptidni respirace. Kyselost
navic snizila rozklad nekvalitniho opadu (vysoky C/N) ve smrkovém porostu. Zavérem
1ze tict, Ze zvySend kyselost vedla ke sniZzeni dynamiky ptidniho C, coZ by mohlo vést k
jeho akumulaci v pudé.

V souladu s dal§imi experimenty simulujicimi kysely dést’ (Persson et al. 1989)
tyto vysledky ukazaly, Ze experimentdlni zvySeni acidity podstatné¢ modifikovalo
fungovani pldnich mikroorganismli v obou porostech, bez ohledu na ptvodni pH
(Obr.4). Nicmén¢, puvodné vyssi pidni pH v bukovém porostu zajistilo, ze kyselé
pfidavky se projevily se zpozdénim nebo nesignifikantn€ ve srovnani s piivodné
kyselejsim smrkovym porostem. Konzistentni pokles v koncentracich DOC a DON byl
ocekavan, coz bylo v souladu s publikovanymi vysledky z dalSich studii (Monteith et al.
2007, Hruska et al. 2009, Evans et al. 2012). Padni pH kontroluje disociaci organickych
kyselin, které naopak ovliviiuji jejich mobilitu na rozhrani piida—ptidni roztok. Nizsi
rozpustnost (dostupnost) DOC by mohla vysvétlit redukci v dalSich procesech
souvisejici s C, napiiklad vy$s$i investice do enzymul ziskavajici C a potlacena
dekompozice kvalitntho opadu v obou porostech. V naSem dekompozi¢nim
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experimentu se kvalitni opad sestdval zvodou rozpustnych latek obsahujici C
(Keuskamp et al. 2013). Nartst ptidni acidity mohl piimo potlacit rozpustnost C a tim
ovlivnit pozorovany nizsi rozklad materialu pod kyselymi treatmenty. Zietelné potlaceni
dekompozice materidlu s nizsi kvalitou ve smrkovém porostu bylo pravdépodobné
zptisobeno nékolika faktory. Samotné nizké pH, vedle nizsi dostupnosti C, neptiznivé
ovlivnilo pidni mikrobidlni biomasu, produkci enzymii a zménilo strukturu
mikrobidlnich spolecenstev, to vSe s vysSim ucinkem ve smrkovém porostu. Zatimco
odezva hub byla zanedbatelnd, bakterie siln¢ reagovaly na rostouci kyselost bud’
ustupem nebo prosazenim acidofilnich a oligotrofnich druhti (Pennanen et al. 1998).
Tyto organismy charakteristické vy$Simi naroky na C se potiebuji vypotadat
s omezenou dostupnosti C pravé pomoci vyssi produkce enzymu ziskavajici C. Dale se
klesajici pH a bakteridlni biomasa shodovaly s niz$i produkci enzymut rozkladajici
lignin. Takové posuny v mikrobialnich a enzymatickych strukturach, které intenzivnéji
probihaly ve smrkovém porostu, by mohly vysvétlit rozdil v dekompozici opadu
bohatého na lignin. Pidni respirace je tvofena nékolika zdroji. Proto stanoveni hlavni
pficiny a detekce néjakych zmén mize byt obtizné. Ptesto v souladu s dal§imi studiemi
(Fang et al. 2017) acidita konzistentné snizila pidni respiraci v obou porostech. Design
naseho experimentu naznacuje, zZe acidita ovlivnila pouze heterotrofni slozku respirace
(stromy zistaly neovlivnény treatmentem), coz bylo v souladu s dalSimi méfenimi
internich ptidnich procest. Vliv acidity se vSak v porostech projevil po rozdilné dobé.
Od zacatku experimentu v roce 2014, kyselejsi ptida ve smrkovém porostu vyznamné
reagovala v roce 2015, zatimco padni respirace v bukovém porostu klesla az v roce
2017.

co, +50 kg S-hal-rok?! co, +50 kg S-hal-rok?
z =z
. ‘g-
: g
g H
- . ¢ Soil 0 ic Matter (SOM)
Piidni organickd hmota (SOM) o / oll Organic Matter g /
o S+ NO,; ] S NO;
& = & T
.§ .E £ 2 _E o
3 5 g £
E < 4 = = /
Z | NH, 2 | NH,
E E
} | } ! !
DOC DON DIN (NO;+ NH,) DOC DON DIN (NO;+ NH,)

narast B pokles

Obrazek 4: Ucinky ptidavkl S na piidni procesy ve smrkovém (vlevo) a bukovém porostu
(vpravo). Zelena a Cervena barva odkazuji na relativni nartst ¢i pokles toku a procesit ve
srovnani s kontrolou.
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3) Experimentalni vliv dostupnosti N na dynamiku SOM

Narozdil od experimentalnich kyselych treatmentii ptidavani N nevyvolalo konzistentni
ucinky na fungovani ekosystému v zddném z porosti (Obr.5). Pouze byl detekovan
stechiometricky posun v enzymatické aktivité v bukovém lese a snizend dekompozice
opadu jehli¢cnatého opadu ve smrkovém lese. V obou porostech nebyly pozorovany
zadné zmény v koncentracich ptdnich roztoki DOC, DON, NH4", NOs", mikrobidlni
biomasy, slozeni mikrobidlnich spoleCenstev ani dalSich procesti (pudni respirace,
dekompozice opadu), které by mohly byt pfipsany zvySenym vstuptim N. V Sestém roce
pfidavani N, ptidni pH vyznamné pokleslo o cca. 0.2 pH ve smrkovém porostu, coz by
mohlo naznacovat acidifikacni proces, ktery by mohl pochazet z pfebytku mineralniho
N (néstup nitrifikace).
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2 5
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Padni organickd hmota (SOM) a Péidni organickd hmota (SOM) g
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Obrazek 5: Ucinky pridavkt N na pldni procesy ve smrkovém (vlevo) a bukovém porostu
(vpravo). Zelena a Cervend barva odkazuji na relativni nardst ¢i pokles toku a procesii ve
srovnani s kontrolou.

NaSe pozorovani byla odliSnd od dalSich podobnych fertiliza¢nich studii
provedenych v Evropé, Severni Americe ¢ Ciné (Magill et al. 2000, Forsmark et al.
2020, Moldan et al. 2018, Wang et al. 2018), kde pifidavky N casto vedly
k signifikantnim (pozitivnim ¢i negativnim) odezvdm v plidnich procesech.
Nedostate¢na odezva na pfidavky N by mohla byt pfipsana historicky zvySené depozici
N nebo designu experimentu. Zaprvé, historicky zvySend depozice N, ktera vrcholila
v 80. letech 20. stoleti a dnes se pohybuje okolo = 10 N -ha !'-rok! v depozici na volné
ploSe mohla zménit mikrobidlni spolecenstva tak, Ze se jiz adaptovala na vySsi
dostupnost N. Zadruhé, potencidlni neucinnost ptidavki N by mohla plynout z designu
experimentu (treatmentova plocha 3 x 3 m), ktery vyloucil stromy jako vyznamny prvek
regulujici pfijem a retenci N v ramci lesniho ekosystému. Saturace dusikem je findlnim
krokem skrze komplexni odezvu celého ekosystému, kdy vSechny casti (piida, stojici
biomasa) postupné¢ dosdhnou maximalni kapacity retence N. Jakmile je kapacita
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dosazena, zvySena dostupnost N za¢ne modifikovat hospodateni ekosystému s Zivinami
a mohou byt pozorovany posuny v pudnich procesech. Lokalni ptebytek
experimentalnich vstupt N mohl zpiisobit redistribuci N mimo vyzkumné plochy
pomoci hyf hub ¢i kofenovym systémem. VétSina pridaného N byla imobilizovana
v systému a vyznamné vyluhovani N nenastalo. Pozorovany pokles pH ve smrkovém N
treatmentu v roce 2019 mohl znacit pocinajici vyluhovani N, které mohlo okyselit ptdni
prostiedi za nastupu nitrifikace a NO3 vyluhovani.
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1. Introduction

Forests play an important role in the global carbon (C) cycle and provide wide range of
ecosystem services for humankind. Globally, forest ecosystems cover 4.0 — 5.0 billion
ha, representing 30.6 % of the continental area (FAO 2019). From a biogeochemical
perspective, forests store large amounts of organic matter (861 Pg C) in two major pools
— the live biomass (363 Pg C) and soils (383 Pg C to 1-m depth; Pan et al. 2011).
Towards the poles, the amount of soil organic matter (SOM) stored in forest soils
increases (Pan et al. 2011). Therefore, forest soils in temperate or boreal zones of the
Northern Hemisphere represent major a C reservoir, with an additional 1176 Pg C in
deeper permafrost soils (Tamocai et al. 2009). Compared to the plant biomass, soils are
long-term sink for organic matter, with some SOM persisting for millennia (Schmidt et
al. 2011) and significantly contributing to C sequestration. An integral part of SOM is
nitrogen (N), which is often a limiting nutrient together with phosphorus. Mechanisms
controlling the fate of SOM reside largely in the soil-microbe-plant root complex, which
regulates litter decomposition, nutrient uptake, and stabilisation mechanisms. However,
the fate of SOM also relies on forest vitality and the stability of environmental
conditions. Current anthropogenic activity has created strong pressures on
biogeochemical cycles. Fossil fuel combustion emits large amounts of C and other
compounds into the atmosphere resulting in a greenhouse effect, climate change and
altered atmospheric deposition (Ciais et al. 2013). These processes accelerate
environmental changes, which can threaten the stability of forest ecosystems, including
SOM stability. Potential soil C release into the atmosphere would further accelerate
climate change processes.

The atmospheric depositions of sulfur (S) and N in particular have affected
Central European forests since the 2" half of the last century. Air pollution was
recognized as a major threat in industrialized Europe and North America in the past, and
is now an increasing problem in developing countries (Galloway and Cowling 2002;
Gao et al. 2018). The main sources of atmospheric S and N are industrial and agricultural
activities. The deposition of these compounds drives various and diverse responses
within forest stands, including changing forest C and N dynamics. This may alleviate
nutrient limitation and lead to increased forest growth (Du and de Vries 2018),
eutrophication (Aber et al. 1998) and accelerate soil acidification (Johnson and Reuss
1984), with the mobilization of toxic aluminium (Al) into the soil solution (Cronan et
al. 1989). Some of these processes may cause both positive and negative effects on forest
dynamics (e.g. tree growth). However, long-term S and N inputs significantly alter the
soil environment, with effects on both soil chemistry and microbial communities, which
in turn affect forest stability and its ability to store nutrients (nitrogen, base cations) and
capacity for C sequestration.

A currently widely discussed topic is the unfavourable tree species composition
of forests in Czechia. The majority of our forests are used for forestry and timber
production. Especially in Central Europe, original forest stands dominated by Fagus
sylvatica, Abies alba and Picea abies have been almost fully converted to even-aged
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Norway spruce monocultures. The long-term sustainability of this silvicultural practice
is questionable because coniferous monocultures slow down soil formation, alter the
understory vegetation composition and have a limited ability to face environmental
problems (Augusto et al. 2002). The combination of high atmospheric deposition,
unfavourable tree species composition and nutrient-poor soils led to decline of
mountainous forests during the 2" half of 20™ century in Central Europe, with the “black
triangle” region at the Czech-German-Polish borders suffering the most (Grubler 2002;
Kolat et al. 2015). Although S depositions markedly decreased since in the 1990s, the
deposition of N remains still significant and exceeds the natural deposition by an order
of magnitude.

Since the 1990s, a combination of multiple factors (intensive drought, prolonged
vegetation season, increasing temperature, atmospheric deposition) directly or indirectly
linked to human activity have induced further physiological stress in forests (Kolar et
al. 2020), which has resulted in the current widespread decline of spruce monocultures
in Czechia. Beside forest decline, each forest disturbance leads to the release of a
substantial amount of C from the biomass and soil to the atmosphere. It is clear, that the
current tree species composition of forests is no longer sustainable in adequately tackling
ongoing climate change and the future tree species composition must change. An
appropriate forest composition should be resilient to the changing environment,
including atmospheric deposition. Furthermore, suitable tree species should be efficient
in long-term soil C sequestration, maintain biodiversity and contribute to sustainable
timber production. This doctoral thesis aims to unravel the impacts of altered soil
chemistry on soil organic matter dynamics, using a complex ecosystem comparison of
two forest stands subjected to simulated atmospheric deposition. The selected forest
stands represented the most common coniferous and deciduous trees in Central Europe
— European beech (Fagus sylvatica) and Norway spruce (Picea abies) — located in the
Ore Mts.

2. Aims of the study

We utilized results from the long-term monitoring research site Nacetin, where profound
changes in forest biogeochemistry were observed as a result of declining acid deposition
since 1990s. Results from original repeated soil surveys (Oulehle et al. 2011),
continuous precipitation chemistry monitoring (Oulehle et al. 2006) and reconstructed
historical pollution impacts in the area (Oulehle et al. 2007)fed postulation of our project
objectives. We therefore decided to undertake our controlled field experiment within the
established monitoring site, which offer two mature forest stands, differing in tree
species composition.

The general aim of this thesis was to investigate the effect of artificial S and N
additions on soil C and N cycling in two distinct forest stands (Picea abies vs. Fagus
sylvatica). Specific aims and hypothesis have been formulated as follows:

(L) To describe and compare current soil C and N fluxes and pools, in each of the
forest stand (Publication I, IT). We hypothesised higher biomass nutrient pools
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in beech stand and comparable soil C and N pools in both stands. The higher
extent of current soil acidification will be assessed in the spruce stand compared
to the beech stand.

To quantify the effect of acidity/N availability changes on the amount of C and
N lost from the forest soil via organic (DOC, DON) and inorganic (NO3, CO»)
pathways, in two major forest types (Publication III). We hypothesised that SO4
addition, by altering soil acidity, causes a shift from organic C and N loss
pathways (DOC, DON) at higher pH, to inorganic (CO2, NO3) loss pathways at
lower pH. Further, we hypothesized that the ecosystem C balance is sensitive to
both N and S deposition, with N deposition leading to increased C accumulation
and DOC production/leaching, and S deposition leading to higher C
accumulation and greater DOC retention.

To measure how acidity/N availability affects a range of key internal N and C
transformations, the microbial community and decomposition processes
(Publication IV, Manuscript V). We hypothesised the suppression of microbial
activity under acid treatments in both stands, due to the decrease of organic C-
availability for microorganisms. A shift towards a higher production of C-mining
enzymes was expected. Further, we hypothesised that N availability will reduce
litter decomposition by the alleviation of N limitation. Increasing N availability
will decrease the fungi/bacteria ratio and qualitatively transform the microbial
community structure towards N-tolerant taxa.

3. Site description and methodological approach

3.1. Experimental site — Nacetin

The experimental site is in the Ore Mts. close to Czech-German border (Fig. 1). Mean
annual temperature is 7.1°C and mean annual precipitation is 1110 mm (2005-2017).
The site consists of two forest stands — Norway spruce (Picea abies) and European beech
(Fagus sylvatica). The proximity of stands (700 m) ensures the same abiotic conditions.
Both stands lay on mild slope oriented to the northwest. The prevailing soil type is
Cambisol dystric (FAO 2014) developed on paragneiss bedrock. The spruce site
(50°35°26>°N; 13°15°14°E), formed by the 2" generation of an 80-years-old Norway
spruce monoculture, is located at 784 m asl. The beech site (50°35°22°°N; 13°16°07"’E;
825 m asl.) is composed of solely European beech, aged approx. 150 years (Fig. 2).
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Figure 1: Localization of research site Nacetin

Historically, both stands were covered by a mixed fir-spruce-beech forest. While the
current spruce stand (2™ generation) was converted to an even-aged monoculture after
1850, the beech stand continued as a mixed forest of dominantly beech and spruce (based
on aerial photographs from 1953). During the 1970s and 1980s, however, mature spruce
trees continuously died off due to air pollution, and the stand became a pure beech
monoculture. The onset of industrial activity with subsequent power-plant brown coal
combustion in nearby coal basins has caused increases in pollutant emissions (SO2, NOx,
ash). Moreover, local brown coal contained a high amount of sulfur, which caused high
S emissions. The first study from 1989 reported spruce throughfall depositions of 150
kg S-hal-yr'! and 46 kg N-ha!-yr'! (Dambrine et al. 1993). The political changes after
the 1990s resulted in S emissions abatement and a substantial decrease in acid deposition
(Oulehle et al. 2006). The research infrastructure of the Czech Geological Survey in the
Nacetin research station was established in the spruce stand in the early 1990s. Long-
term monitoring was extended to the adjacent beech stand in 2003 (Oulehle and Hruska
2005).

Figure 2: Beech stand (left) and Norway spruce monoculture (right)
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3.2. Methods

The research combined approaches from the long-term monitoring and the manipulation
experiment. All methods used are described in detail in the publications.

Briefly, both stands in the Nacetin research site were established to monitor
biogeochemical responses of forested ecosystems to declining acid deposition. Bulk
precipitation from the open atmosphere has been collected into two funnels, located in
an open area between the two stands. Water percolating through tree canopies
(throughfall precipitation) has been sampled into nine collectors in a 15 X 15 m grid in
each stand. In addition, the beech stand was equipped with a stemflow collector. Soil
leachates were collected below the organic horizon (forest floor), and in the mineral soil
at depths of 30, 60, and 90 cm. The soil solution from the organic horizon was collected
by zero-tension lysimeters as a composite sample of three replicates. All precipitation
and soil water samples were taken monthly. Available precipitation chemistry and soil
solution chemistry data covered the period since 1994 in the spruce stand and since 2003
in the beech stand.

The second approach was experimental, with soils of both stands subjected to
elevated S and N additions. At each stand, 16 square plots (3 x 3 m) were established in
a block-randomized design, to which 4 experimental treatments were applied — control
(collected ambient rainwater), the addition of sulfur (S) — 50 kg S-ha!-yr! (in form of
H,S04), nitrogen addition (N) — 50 kg N-ha!-yr'! (in form of NH4NO3) and combined
S+N addition — 50 kg S-ha!-yr! and 50 kg N-ha'-yr! (in form of HSO4 and NHsNO3).
Treatments were applied monthly during the vegetation season (April — November).
Treatments were diluted in 10 I of ambient rainwater and poured using watering cans on
the plots. The experiment was set up in 2013 and soil water collectors were installed,
and thus this first year served as a pre-treatment control. This period was then followed
by the application of treatments beginning in spring 2014.

A variety of approaches including biogeochemical, soil ecological and
microbiological methods were used to obtain information about C and N dynamics.
Depending on the approach used, differing subsequent laboratory or computing
processing methods were required. Sampling and analytical methods have been
specifically described in the individual papers and all analytical procedures were
conducted in laboratories of the Czech Geological Survey in Prague, the Global Change
Research Institute CAS in Brno, the University of South Bohemia in Ceské Budg&jovice,
and Leibniz University in Hannover. Computational and statistical processing was
performed using Microsoft Office package, the R programme and NCSS statistical
software.

4. Synthesis and discussion

This thesis and the experiments within provide evidence that altered soil chemistry may
have profound implication for soil C and N dynamics. We clearly demonstrated that the
increase of soil acidity led to the slowdown of soil C cycling (suppression of dissolved
organic and gaseous C losses), reduced microbial diversity (mostly bacteria) and
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suppressed the decomposition of litter in a controlled field experiment. Our results
supported the original hypothesis, that the loss of soil carbon following a decline in acid
deposition appears to be the result of suppressed decomposition, and consequent organic
matter accumulation, during the peak of acidification. Furthermore, S deposition to
European forests has changed more rapidly and more dramatically over the last 50 years
than N deposition, implying that S may have had a greater influence on the soil C cycle
during this period. This is also raising the possibility that some observed changes may
have been incorrectly attributed to N deposition.

1) Soil C and N dynamics of spruce and beech stands under ambient conditions

Soil C pools were found to be larger under the beech stand in both the forest floor,
and the mineral soil. The finding of a higher C stock in the forest floor of the beech stand
was in sharp contrast with other paired studies (Vesterdal et al. 2008, 2013; Cremer et
al. 2016), that have all reported higher spruce forest floor C stocks. Such larger forest
floor C stocks in spruce forest floors are usually ascribed to 1) indecomposable litter,
producing a thick mor-type layer of litter in various stages of decomposition (Rothe et
al. 2002) and 2) shallow-rooting spruce, delivering C to the topsoil only (Oostra et al.
2006). The higher forest floor C stock in the beech stand of our study was probably
related with the higher litterfall C flux, which was almost twice as high as the spruce
litterfall. Furthermore, as our results indicated, the decomposition of beech leaves and
spruce needles were comparable, thus the higher production of aboveground litter in the
older beech stand may have led to a higher forest floor stock compared to the mature
(but younger) spruce stand. Higher mineral soil C stocks in the beech stand were in line
with other studies (Vesterdal et al. 2013), and might be explained by the deeper rooting
of beech trees allocating C directly to the mineral soil and the higher content of oxalate
Fe and Al ensuring SOC stabilisation (Navratil et al. 2016). Direct C delivery by roots
to the mineral soil is thought to be more stable (Rasse et al. 2005). Soil N stocks followed
the pattern of soil C stocks, with higher soil N stocks under the beech stand. The spruce
forest floor C/N ratio was constantly higher compared to the beech forest floor. Soil C/N
usually decreases with soil depth due to preferential C mineralization. This pattern was
violated in the mineral soil of the beech stand, probably as result of deeper root C
allocation. The tree species impact on the distribution of C allocation within the soil
profile may stimulate discussion on the effects of forest species composition on future
C sequestration potentials. Carbon allocation to the mineral soil, where belowground
litter and rhizodeposits are in tight contact with mineral particles, is generally accepted
as a long-term C sink (Fontaine et al. 2007). The association of organic matter with
surfaces of mineral particles has been proven to be the main interaction securing a stable
C pool (von Liitzow et al. 2006). Although recalcitrant litter (such as spruce litter)
decomposes for a longer time, it does not contribute to a stable C pool, and its
accumulation on topsoil thus represents a relatively vulnerable C pool (Cotrufo et al.
2013).

Soil microorganisms process SOM thus maintain nutrient availability
(mineralization) and C fluxes (decomposition). The microbial community composition
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of both stands reflected the soil chemistry and substrate quality arising from tree species
identity. Established microbial communities stoichiometrically followed the forest floor
C/N ratio with larger fungi abundance in the spruce stand. Microbial communities in
both stands differed in life strategy (Barta et al. 2017). Analyses of enzyme
stoichiometry revealed a stronger connection of metabolism to C acquisition in the
spruce stand compared to the beech stand, where the high N demand of the beech forest
drove the microbial community towards effective N acquisition.

The larger standing biomass and deciduous character of beech trees caused a
higher annual litterfall C flux (2.9 t C-ha'-year") to the soil compared to the spruce
litterfall C flux (1.6 t C-ha™!-year"). Although the throughfall DOC flux was higher in
the spruce stand, it was a negligible C source in comparison to litterfall (Fig.3). In the
spruce stand, larger belowground C allocation (9.6 t C-ha™!-year!) suggests a larger root
biomass investment, root respiration and cooperation with mycorrhizal fungi compared
to the beech stand (6.6 t C-ha™!-year™). Litter decomposition was faster in the beech soil,
regardless of litter type. Other observations (Rothe et al. 2002) support that litter
decomposition is reduced in spruce forests; however, the main constraint is not the litter
itself, but the forest floor or microbial activity (Albers et al. 2004). Despite the fact that
spruce needles contain more N and have a comparable lignin/N ratio as beech leaves,
needles during the decomposition produce polyphenols, which further retard
decomposition (Gallet and Lebreton 1995). The microbial breakdown of relatively
recalcitrant spruce litter requires sufficient energy, which can be gained in the form of
simple C such as rhizodeposits and DOC. Carbon dissolved in the soil solution is the
product of either partial decomposition or litter leaching. Surprisingly, both DOC forest
floor fluxes were comparable (180 kg C-ha!-year™!) despite larger beech litter C inputs.
This might suggest more complete litter decomposition in the beech stand or incomplete
spruce litter decomposition. With depth, the DOC flux diminishes as organic C is either
consumed by microorganisms or stabilized by adsorption on soil mineral particles
(Guggenberger and Kaiser 2003). Calculated belowground C allocation was markedly
higher in the spruce stand. This calculation assumes unchanging conditions, however,
which might be partly violated by the non-steady state decomposition of historically
accumulated litter (Oulehle et al. 2011). Since data about the further partitioning of
belowground C were not measured, belowground C investment may be only indirectly
inferred. One of the main purposes of belowground C supply might be the acquisition
of limiting nutrients from organic compounds of decomposing litter, which requires
substantial energy for enzymatic production. Thus, despite comparable soil respiration
effluxes, the forest stands differed in mechanisms of C cycling and sources of emitted
C.

Soils receive N through two major fluxes — litterfall and throughfall precipitation.
The litterfall N flux was higher in the beech stand (56 kg N-ha!-year'!) compared to the
spruce stand (39 kg N-ha!-year!); however, a lower C/N litterfall ratio was measured in
the spruce litter (42) compared to the beech litter (52). Total throughfall N fluxes were
similar for both stands (= 18 kg N-ha'!-year"). In the spruce stand, throughfall fluxes
were high in DON but low in NH4*, which pointed to canopy N transformation processes
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of Norway spruce (Kopacek et al. 2011). Beech trees had a significantly high stemflow
water flux, which accounted for 10% of the total throughfall N input. Combining both
sources of N input, the beech stand, in total, received more N (74 kg N-ha'!-year!) than
the spruce stand (57 kg N-ha'l-year'!). However, in times of higher air pollution, the
spruce stand received more throughfall N through canopy scavenging. Based on our
measurements in 2005-2017, the spruce throughfall inorganic N flux decreased from 21
kg N-ha'l-year! to 11 kg N-ha'!-year!, while the throughfall N flux in the beech stand
did not change (16.3 kg N-ha'-year™). In the recent past, total input soil N fluxes were
thus comparable for both stands. Lower N demands in the spruce stand may partly
explain the rapid decrease of inorganic N leaching following acid deposition declines.
Recently, nitrogen outputs from forest soils were dominated by DON in both stands.
However, cessation of the DON flux with depth emphasized stand differences in nitrate
leaching in the subsoil. In the spruce stand, nitrate leaching from the forest floor
followed the decrease in throughfall N input and almost diminished in subsoil. In
contrast, nitrate leaching in the beech stand varied until the end of observations, and
seasonal as well as annual dynamics likely reflects changes in weather and disturbance
dynamics.

9869 kg C
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80kgC -
18 kg N 1650 kg C .. 56 kg N
((( 39kgN PPN o\
9600 kg C 6579 kg C

organic soil

179 kg C
7kg N 6 kg N
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23kgC 18 kg C
1 1kgN l 3kgN

Figure 3: C and N (kg/ha/year) fluxes in the spruce (left) and the beech stand.

Since N is a limiting nutrient, it is interesting to compare the N economy of trees in both
stands, because it partly controls the openness/tightness of the soil N cycle. Annual
forest N requirements for foliage development were calculated as 116 kg N-ha™!-year !
and 45 kg N-ha!-year ! in the beech stand and the spruce stand, respectively. Beech N
requirements were much higher than N available through N inputs (throughfall +
litterfall). Therefore, N resorption from beech foliage prior to senescence secures
enough N to build-up new biomass and partly prevent N losses following the
mineralization of fresh beech litter. We may hypothesise that beech trees regulate the
ecosystem N availability through N resorption — under N limited conditions, resorption
is more effective compared to N saturated conditions. Accounting for resorbed N in the
beech stand, nitrogen uptake is then similar for both stands. However, calculated tree N
uptake was higher than soil N input in the spruce stand, while both N input and
requirements were similar in the beech stand. This further indicates that the soil N cycle

23



in the spruce stand was tighter with no inorganic N leaching, while the N cycle in the
beech stand was more open and inorganic N leaching could occur, especially during
episodes of high N availability and low uptake. This was demonstrated by N leaching
that occurred periodically in the early spring in relation to the flushing of percolating
water through the soil by melting snow.

2) Experimental manipulation and acidity constraints on SOM dynamic

Over the six years of experiments, plots treated with sulfuric acid received in total 300
kg S hal. Both treatments (S and S+N) immediately acidified soil solutions in both
stands. The pH of soil water from the beech plots under acid treatments declined more
(by 0.44—0.55 pH units) than in the spruce stand (by 0.34-0.37 pH units). Nevertheless,
the increase of H' concentration in acid treatments was greater in the spruce stand (209
peq-1) because of the overall lower soil solution pH compared to the beech stand (116
peq-1"). In mineral soils, soil neutralization capacity mitigated the effects of acid inputs.
The reduction of soil solution pH caused a suppression of DOC solubility, and thus a
reduction of soil solution DOC concentration, a reduction in microbial biomass, a shift
in microbial composition structure, a suppression of high-quality litter decomposition
and a reduced soil respiration efflux. Moreover, acidity reduced the decomposition of
low-quality litter in the spruce stand. To conclude, elevated acidity led to the reduction
of C dynamics in soils, potentially resulting in soil C accumulation.

In accordance with other “acid rain simulating” experiments (Persson et al.
1989), these results show that experimental acidity additions substantially modified soil
microbial functioning in both stands, regardless of the initial pH values. However, initial
higher soil water pH in the beech stand ensured that acid additions induced effects that
were delayed or not significant compared to the initially more acid spruce stand (to get
a similar response, more time and/or higher cumulative dose would be needed under
initially less acidic conditions). Consistent declines in DOC and DON concentrations
were expected, and were in line with published results from monitoring and experiments
(Monteith et al. 2007; HruSka et al. 2009; Evans et al. 2012). Soil pH controls the
dissociation of organic acids, which in turn affect their mobility in the soil-soil solution
interface. A lower solubility (availability) of DOC might explain reductions in other
observed C-related processes, for instance higher investments to C-mining enzymes and
the suppressed decomposition of high-quality litter observed in both stands. In our litter
bag experiment, high-quality litter consisted of a high content of water-soluble C
compounds (Keuskamp et al. 2013) and an increase of soil acidity might have directly
supressed C solubility and therefore the observed lower mass loss under acid treatments.
The distinct suppression of decomposition of low-quality litter in the spruce stand was
likely caused by multiple factors. Besides lower C availability, low pH itself adversely
affected the soil microbial biomass, enzymatic production, and changed the microbial
community structure to a higher degree in the spruce stand. While the response of fungi
was weak, bacteria strongly responded to increasing acidity either by retreating or by
the selection of acidophilic and oligotrophic taxa (Pennanen et al. 1998). These
organisms, characterized by higher C demands, must cope with decreased C availability
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using a higher production of C-mining enzymes. Moreover, declining pH and bacterial
biomass coincided with a lower production of enzymes degrading lignin compounds.
These shifts in microbial and enzymatic structures, which were more highly pronounced
in the spruce stand, might explain the differences in the decomposition of lignin-rich
litter (with suppression in the spruce stand). The soil respiration efflux is a composite
flux that consists of various sources and determining the main causes and detecting
changes can be difficult. Nevertheless, in accordance with other studies (Feng et al.
2017), acidity consistently reduced soil respiration in both stands. The design of our
study suggests that acidity affected only heterotrophic part of respiration (trees were
largely unaffected by treatments), which is consistent with our measurements of internal
soil processes. However, effects of acidity differed in duration of response. After the
start of the experiment in 2014, the more acidic soil in the spruce stand significantly
responded already in 2015, whereas soils in the beech stand responded two years after,

in 2017 (Fig.4).
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Figure 4: Effects of S addition on soil processes in the spruce (left) and the beech stand (right). Green
and red refer to relative increase and decrease of fluxes and processes compared to control.

3) Experimental manipulation and N availability constraints on SOM dynamic

In contrast to the experimental acid treatments, N addition did not induce consistent
effects on ecosystem functioning in either forest stand (Fig.5). There was only a
stoichiometric shift in enzymatic activity in the beech stand and a reduced
decomposition of needle litter in the spruce stand. In both stands, no changes attributable
to enhanced N inputs were observed in soil solution DOC, DON, NH4", NOs
concentrations, microbial biomass, microbial community composition, or any other
process (soil respiration, litter decomposition). In the sixth year of N additions, soil pH
significantly decreased by =~ 0.2 pH units in the spruce stand, suggesting acidification
processes that could have originated from excess inorganic N (onset of nitrification).
Our observations are different than other similar N fertilization studies from
Europe, North America, and China (Magill et al. 2000; Moldan et al. 2018; Wang et al.
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2018; Forsmark et al. 2020), where N additions have often led to significant (positive or
negative) responses in soil functioning. The lack of pronounced effects of N additions
in our experiments are likely due to historical higher N deposition, or experimental
design. First, historically elevated N deposition, peaking in the 1980s and currently
averaging =~ 10 kg N-ha'-year! in bulk deposition, might have already changed the
microbial community structure, adapting them to higher N availability. Second,
potential limitation may have arisen from the experimental design (treatment plots 3 x
3 m) thus avoiding trees as a principal component regulating the delivery and uptake of
N in the forest ecosystem. Nitrogen saturation is a final step in complex responses of the
whole ecosystem, when all compartments (soil, standing biomass) gradually reach N
retention limits. Since the capacity is reached, elevated N availability starts to modify
the nutrient economics of the ecosystem and shifts in soil processes would be observed.
The local surplus of experimental N inputs may have caused a redistribution N away
from out the experimental plots by hyphae and root systems. The majority of N added
was immobilized in the system, and no substantial N leaching occurred.
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Figure 5: Effects of N addition on soil processes in the spruce (left) and the beech stand (right).
Green and red refer to relative increase and decrease of fluxes and processes compared to
control.
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