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Abstrakt

Retencni potencial krajiny a vodni rezim pramennych oblasti jsou v soucasné dobé
vyznacujici se vysokou Cetnosti hydrologickych extrémi, zejména sucha, dillezitym smérem
vyzkumu. Prace je zaméfena na vyzkum horskych vrchovist, kterd vzhledem ke svému
plosnému rozsifeni v pramenné oblasti feky Vydry tvoii vyznamnou slozku v ramci srazko-
odtokového procesu zajmového uzemi. Velmi specifické hydropedologické vlastnosti
organozemi zajist'uji velkou reten¢ni kapacitu dané¢ho uzemi, avSak jejich uplatnéni a mira
zapojeni do odtokového procesu je zavisla na komplexu fyzickogeografickych faktora.
V poslednich desetiletich se vyrazné¢ ménily nazory na hydrologickou funkci raSelinist.
Vzhledem k tomu, Ze v rAmci vrcholovych partii Sumavy je formovéani odtoku vazano na
organogenni a hydromorfni pidy, dilezitym faktorem je proto aktudlni nasycenost povodi.
Organozem¢ jsou bezpochyby vyznamnou zasobarnou vody a maji zasadni vliv pro okolni
krajinu, nicméné zejména béhem extrémnich udélosti mohou zvySovat extremitu odtoku.
Zasadni Cast prace je proto zaloZena na detailnim pozorovani dynamiky hladiny podzemni
vody, ktera je nejvyznamnéjSim faktorem vyvoje téchto unikatnich oblasti, ale i
nejdulezitéjsSim prvkem k pochopeni hydrologického rezimu raselinnych stanovist. Dal§im
vyznamnym prvkem pii hodnoceni odtokovych pomérti horskych vrchovist' je sledovani
fyzikalné-chemickych vlastnosti raSelinnych vod. Jejich specifické sloZeni lze stopovat ve
vodnich tocich a tim ziskdvat informace o zapojeni horského vrchovisté do odtokového
procesu. Vliv organozemi v pramenn¢ oblasti Vydry na hydrologické procesy a retenci vody
v krajin€ je nezpochybnitelny, nicméné mnozstvi infiltrované vody, zplisob jejiho proudéni a
dotovani vodnich toktli jsou v soucasnosti velmi aktualnimi otdzkami, jejichZ studium pfispiva

k poznani hydrologickych vazeb v krajiné.

Klic¢ova slova: horské vrchovisté, hydrologicka funkce, reten¢ni potencial, hladina podzemni

vody, hydrologicky rezim, organozem, Sumava, Vydra



Abstract

The retention potential of landscapes, along with the water regime of spring areas, are
important hydrological topics of research, particularly in the current context of increasing
extreme drought frequencies. The present work is focused on monitoring the mountain peat
bogs, which, due to their overall frequency of occurrence in the spring area of the Vydra river,
represent a significant constituent of the rainfall-runoff process of the area of interest. The
specific hydropedological features of the organogenous soils (Histosol type soil) provide the
high retention potential of the area, however, the influence of these soils on the runoff process
is determined by complex physicogeographical factors. The general opinion on the
hydrological function of the peat bogs has changed in recent years and the most important
factor in the runoff formation in the mountain area of the Sumava Mts. is now thought to be
the actual saturation of the headwater, which is predominantly composed of hydromorphic

and organogenous soils.

The organogenous soils are significant water reservoirs and have an important impact on the
landscape. However, they may also intensify the extreme values of the watercourses during
extreme precipitation events. The fundamental part of this work focuses on detailed
observations of the groundwater level dynamics, which is the key factor for the future
development of these precious sites and for the comprehension of the hydrological regime of
the peatlands. Evaluation of the runoff processes in the mountain peat bogs also requires a
detailed observation of the physico-chemical peat water properties. The specific properties of
peat waters can be identified in the watercourses and, thus, the involvement of the mountain
peat bog in the runoff process can be proven. The impact of organogenous soils on the
ongoing hydrological processes in the spring area of the Vydra river is undeniable.
Nevertheless, the amount of infiltrated water, the means of water flow, and the supply of the
watercourses raise important questions leading to recognition of the hydrological links in the

landscape.

Key words: peat bog, hydrological function, retention potential, groundwater level,

hydrological regime, Histosol, Sumava Mits., Vydra river
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1. Uvod a cile prace

Vzhledem ke zvySujici se frekvenci meteorologickych a hydrologickych extrému, zejména
castého vyskytu sucha, se retence vody v krajiné stavd velmi aktudlnim tématem. Horska
vrchovisté jsou diky svym retencnim schopnostem vyznamnym hydrologickym a krajinnym

prvkem v rdmci centralni Sumavy.

V kontextu katastrofickych povodni a extrémniho sucha v poslednich letech bylo nezbytné
fesit ochranu pred povodnémi a zaroven zavést opatfeni ke zvySeni prutokii v suchych
obdobich. Z tohoto ditvodu je nezbytné zaméieni se na pramenné oblasti s vysokou retencni
samotnd retencni schopnost piidy. Fyzikélni vlastnosti piidniho prostiedi rozhoduji, za jakych
okolnosti dojde k povrchovému odtoku, kolik vody se mize infiltrovat do pidy bchem
srazkové udalosti, nebo jak dlouho se dokdze voda v pud¢ zadrzet béhem suchych period
(VIcek 2017).

Vyrazné plosné zastoupeni organogennich pid v pramenné oblasti Vydry ma zdsadni vliv na
hydrologicky rezim této zdjmové oblasti. Otazka hydrologické funkce horskych vrchovist
neni v soucasné dob¢ zcela jednoznaéné zodpovézena, a v poslednich desetiletich se nazory
na ni navic vyrazné liSily. Vyzkum Sumavskych raselinist’ zapocal v druhé poloviné 20. stoleti
(Spirhanzl 1951; Ferda 1969; Ferda et al., 1971). Tyto prace si kladly za cil popsat
hydrologicky rezim raSelinnych komplext, ktery byl oznaCovan jako jednoznaéné pozitivni
s ohledem na zadrZovani vody v krajiné. Vyznamné obdobi vyzkumu raSelinnych oblasti
nastalo v 70. a 80. letech. Ve svétové literatufe se vSak objevuji prace, které naznacuji, ze
horskd vrchovi§t¢ se mohou projevovat hydrologicky negativné bé&hem extrémnich
srazkovych udélosti, a mohou tak zvySovat extremitu vodnich tokd (Baden, Eggelsmann
1970; Burke 1975; Moklyak et al., 1975). Zaroveinl 1ze toto obdobi oznaclit za hlavni fazi
melioracnich praci. Touto ¢innosti bylo postizeno ptiblizné 70 % rozlohy vsSech raselinnych
stanovist na Sumavé, coz mélo za nasledek postupnou degradaci téchto cennych ekosystému
(Bufkova et al., 2010).

Téma retencniho potencidlu pramennych oblasti a s tim spojeny vyzkum horskych vrchovist
se dostalo do popiedi zajmu pocatkem druhého tisicileti. Prace se ptiklanéji k nazoru, ze
raselinné komplexy jsou oblastmi svysokou retenéni kapacitou a unikéatnimi
hydropedologickymi, vegetatnimi ¢i topografickymi vlastnostmi. Jednotlivd horska

vrchovisté se vSak mohou vzdjemné liSit, proto je nezbytné pfistupovat k vyzkumu téchto
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raSelinnych komplexti individudlng. K pozndni hydrologické funkce horskych vrchovist
ptispéla i fada vyzkumli zamétenych na pramennou oblast feky Vydy, které byly realizovany
v ramci hydrologické sekce Katedry fyzické geografie a geoekologie, Piirodovédecké fakulty
Univerzity Karlovy v Praze (Jansky, Kocum 2008; Curda et al., 2011; Kocum 2012; Kocum
et al., 2018; VIcek et al., 2012; VIcek et al., 2016; VIcek 2017, Dolezal et al., 2020). Téma je
tak stale v poptedi zajmu védeckého vyzkumu, a to zejména s ohledem na znacnou retenéni
kapacitu a velmi specifické vegetacni poméry horskych vrchovist. Vyznamnym tématem jsou
také revitalizacni opatieni raselinisSt, které napomahaji zadrzeni vody v krajin€, coz je
vzhledem ke zvySujicimu se vyskytu sucha jednou z moznosti, jak zmiriiovat jeho negativni

dopady na krajinu.

Tato disertacni prace je syntézou jednotlivych vyzkumil a klade si nasledujici cile:
- Zhodnoceni dynamiky hladiny podzemni vody horského vrchovisté
- Zhodnoceni reten¢niho potencialu horskych vrchovist
- Popis formovani odtoku raselinnych stanovist’

- Popis dynamiky sledovanych fyzikalné-chemickych vlastnosti raselinnych vod

2. Soucasny stav poznani

Vyznam raSelinnych stanovist’ je znany. Nachazeji se po celém svété od tropl az po vysoké
zemépisné $irky, a pfestoZe zabiraji pfiblizné 3 % zemského povrchu, je v nich ulozeno az
10 % svétovych zasob sladké vody a az jedna tfetina uhliku uloZeného v ptid€. Jejich hodnota
spo¢iva i v jedineéné biologické rozmanitosti (Rubec 2005). V Cesku se dle prizkumi
nachazi ptiblizné¢ 10 400 ha horskych vrchovist. Nejvétsi zastoupeni maji vrchovisté na
Sumavé, v Krugnych a Jizerskych horach, nicméné drobngjsi plochy nalezneme i v dal$ich

okrajovych pohotich Ceského masivu (Posta et al., 2003).

2.1 Odtokovy proces v raselinnych komplexech

Pramenné oblasti vodnich tokid pfedstavuji zdrojova uzemi formovéani odtoku. Pramenné
oblasti jsou z hlediska fyzickogeografickych pomérii velmi heterogenni uzemi. Uzemi Geské
strany Sumavy neni vyjimkou. Vyznamnym, ale nikoliv jedinym specifikem je existence
ploch vrchovistnich komplext, které tak predstavuji ekologicky fenomén zdejsi krajiny. V

uzemi pramenné oblasti Vydry je proto klicovym faktorem studium vlivu tohoto jevu na
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hydrologicky rezim zdejsi krajiny a tvorbu odtoku (Kocum 2012). AZ po soutok fek Vydry a
Kiemelné zaujimaji raselini$té¢ a hydromorfni ptidy ptiblizn€ 15 % rozlohy v souctu celkové
plochy obou povodi, pficemz pouze v povodi Vydry se jedna téméi o jednu tietinu (Jansky
2004). Je tedy ziejmé, ze se setkdvame s regionalnim specifikem, které ma na formovani
odtoku vyrazny vliv.
Obecné lze odtokovy rezim pramenné oblasti Vydry oznacit jako jednoduchy s vyraznym
maximem v obdobi jarniho tani snéhové pokryvky. Pritokova minima se pak vyskytuji na
konci tinora a druhotné v fijnu. Variabilita primérnych dennich pritokt je nejvyssi v obdobi
tani sn¢hu, vyznamnou rozkolisanost odtoku Ize pozorovat i béhem letniho obdobi, a to
vzhledem k vétsi Cetnosti vyskytu intenzivnich destovych srazek (Kocum 2012). Nicméné
tento popis odtokovych charakteristik odpovidd celému povodi, které obsahuje celou fadu
pudnich typl v€etné mineralnich pld, a stejné tak mohou byt heterogenni i vegetacni poméry.
To poté vede k variabilit¢ formovani odtoku a diferenciaci podpovrchového odtoku.
V ptipadé malych dil¢ich subpovodi, kde vyrazn¢ dominuji raselinné a hydromorfni pudy,
nemusi byt tyto obecné odtokové charakteristiky zcela platné (Hiimann et al., 2011).
Vyzkum hydrologického rezimu raselinnych oblasti na Sumavé zapogal jiz na konci 60. let
20. stoleti (Ferda 1969; Ferda et al., 1971). V té dob¢ byla raSelinist¢ chépéana jako idealni
regulator pritokt, ktery v dobé vysokych srazkovych tthrnit vodu akumuluje a v dob¢ sucha ji
dotuje vodni toky. Tato teorie byla s pfibyvajicimi poznatky pozdéji upravena a zahranicni
literatura se ptiklanéla k nazoru, Ze raSelinné oblasti spiSe umociiuji odtok v obdobi srazek,
jelikoz jsou po cely rok témeét zcela nasyceny a v dob& sucha toky nedotuji (Burke 1975;
Moklyak et al., 1975). Novodoby vyzkum ragelinnych oblasti na Sumavé byl iniciovan hlavné
kvali ¢astému vyskytu povodni v 90. letech 20. stoleti, kdy bylo nezbytné detailni studium
oblasti s vysokym retenénim potencialem (Jansky 2004; Curda et al., 2011). Dal§im
impulzem byla provadéna revitalizacni opatfeni raselinist (Bufkova 2006; Bufkova et al.,
2010., Bufkova 2013). V soucasné dob¢ je pak vyzkum sméfovan zejména na zkoumdni
retenéni kapacity pramennych oblasti ve vztahu k prohlubujicimu se suchu, piipadné
vegetatnim zménam (Jansky, Kocum 2008; Kocum 2012; Butkov4, Stibal 2012; Kucerova et
al., 2009).
Odtok vody z raselinnych oblasti je nyni obecné charakterizovan rychlymi nartsty i1 poklesy
odtoku a rozkolisanosti pritokl. Zaroven raseliniSté vykazuji velmi nizky bazalni odtok v
obdobi sucha a naopak intenzivni nartst pritoku béhem sraZzkovych udalosti (Evans et al.
1999; Bragg 2002). Nicméné je tfeba brat v ivahu specifické fyzickogeografické podminky
9



daného stanovisté vcetné aktudlniho nasyceni povodi a dalSich vyznamnych faktord, které
ovliviiuji srazko-odtokovy proces. Z téchto diavodu je pfi studiu jednotlivych komplexii

vhodné volit individualni piistup.

2.2 Dynamika vys$ky hladiny podzemni vody horskych vrchovist’

Klicovym faktorem pro vyvoj horského vrchovisté je vyska a kolisdni hladiny podzemni
vody. Pohyb vody v akrotelmu piimo ovlivituje prutoky, chemismus a druhovou skladbu
stanovisté (Labadz et al., 2010; Allott et al., 2009). Kolisani hladiny podzemni vody je velmi
dalezitym faktorem pifi hodnoceni odtoku vody. Hladina podzemni vody se nachazi po
vétSinu roku velmi blizko k povrchu a fluktuace vody je vyrazné¢ omezena (Holden et al.,
2011). Hladina podzemni vody ma v fad¢ typu raseliniSt vyraznou sezénni i meziro¢ni
dynamiku. Relativn¢ stabilni hladina byva jen na raSeliniStich sycenych pramennou nebo
artézskou vodou. Naopak vrchovisté a zalesnéna raselinisté zavisla pouze na dotaci srazkovou
vodou vykazuji béhem letnich ptisusklti vyrazné poklesy (Kucerova et al., 2009). Behem
dlouhodobého sucha a nizké hladiny podzemni vody mtize dochazet k nevratnym fyzikalnim
zméndm raseliny, a tim i1 k negativnimu ovlivnéni hydrologickych procesti probihajicich v
krajin¢ (Evans et al., 1999). Dynamika hloubky hladiny podzemni vody béhem vegetacni
sezony je znacna a na jeji zméné se projevi 1 mensi srazka. Rychlost pohybu hladiny muaze
dosahovat 2 az 3 cm za den (VIcek et al., 2012).

Velmi silnd vazba existuje mezi vySkou hladiny podzemni vody a ptisluSnym vegetacnim
typem. RaSelini$tni vegetace reaguje velice citlivé na sebemensi zmény vodniho rezimu.
Dlouhodoby pokles ¢i vzestup hladiny mtize vyvolat sukcesni zmény (Kucerova et al., 2009).
Existuje vysoky stupen zpétné vazby mezi ristem vegetace a vySkou hladiny podzemni vody.
S vy$$im pokrytim vegetaci se zlepSuje samoregulacni schopnost raseliny. Dochazi totiz k
udrZeni vyssi vlhkosti vzduchu pod vegetaci, a tim se sniZuje i evaporace (Binet et al., 2013).
Vegetace horskych vrchovist’ je pfirozené adaptovana na vysokou hladinu podzemni vody.
Hladina tak urcuje ekologické niky rostlinnych druhli (Kvarner, Snilsberg 2011). Vegetacni
pokryv je rovné€z urcujici pro energetickou bilanci horského vrchovisté, ¢imz spoluutvari
vodni rezim krajiny (Brom et al., 2009). Jednotlivé typy raSelini$t, ¢i jejich casti (lagg,
centralni ¢ast vrchovist€) tak maji charakteristické primérné hodnoty podzemni vody, na néz
je vazana specificka vegetace. Tyto hodnoty byly stanoveny na zékladé¢ dlouhodobého

monitoringu i pro raseliniitni biotopy Sumavy, viz tab. 1 (Bufkova 2012).
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Tab. 1: Pfirozen4 hladina podzemni vody raselinnych biotopt (Bufkova 2012)

Typ biotopu

Hladina podzemni vody

(cm pod povrchem)

Vrchovisté (Sphagnum medii, Oxycocco-Ericion, Leuc-

Scheuchzerion palustris) a lagg vrchovisté 5(10)
Raselinné smréiny (Sphagno-Piceetum) 15-20
Podmacené smréiny (Bazzanio trilobatae - Piceetum, Soldanello

- Piceetum) 20-35
Ptrechodova raselinisté (Sphagno recurvi - Caricion canescentis) 5-10
Luc¢ni raselinisté (Caricion fuscae, Caricion demissae) 10-20

Pro zjednoduseni je v nékterych studiich taktéz sledovana hladina podzemni vody v ramci

jednotlivych vegetac¢nich typt (napf. kle¢, travniky, podmacend smrcina), nebo jsou

porovnavany jednotlivé mikrotopografické prvky raseliniste (napt. flarky, Slenky, bulty). Tyto

gradienty jsou v horskych vrchovistich snadno rozpoznatelné. Zpravidla v centrdlni ¢asti

vrchovisté je hladina podzemni vody vysSsi a stabilnéjsi nez pfi okrajich, vegetace je tak

tvofena predevsim raSeliniky. Naopak na okrajich se vyskytuje vice zivin, voda se nachazi

hloubéji v plidnim profilu a je mineralizovana, coz poté umoziuje rust kleCového a

stromového patra (Faubert 2004). Podobné studie byly realizovany i v rAmci Sumavy, viz

obr. 1 (VIcek et al., 2012; Kucerova et al., 2009).
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Obr. 1: Pribeh hladiny podzemni vody v raznych ¢astech rasSelinisté - Rokytecké slaté (VIcek

et al., 2012; Kucerova et al., 2009)
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Velmi &asto je v piipadé Sumavy také diskutovana problematika vysky a variability hladiny
podzemni vody s ohledem na provadéna revitalizacni opatfeni (Bufkova 2006; Bufkova et al.,
2010., Butkova, Stibal 2012; Bufkova 2013), nebo piipadné ve spojeni se studiem variability
odtoku z raselinnych povodi (Jansky, Kocum 2008; Curda et al., 2011, Kocum 2012; Vi&ek et
al., 2012; Kocum et al., 2018).

2.3 Fyzikalni a chemické vlastnosti raselinnych vod

Dtlezitym smérem studia raSelinnych stanoviSt' je monitoring fyzikalnich a chemickych
vlastnosti povrchovych a podpovrchovych vod. Specifické vlastnosti raselinnych vod mohou
pfispét k objasnéni miry zapojeni horskych vrchovist do vodniho rezimu. Chemické
parametry raSelinnych vod jsou také sledovany pifi hodnoceni stavu (pfipadné miry

degradace) horskych vrchovist nebo ve spojitosti s provadénymi revitalizacnimi opatienimi.

Ombrotrofni vrchovi§t¢ sycend srazkovou vodou se vyznaCuji pomérné stalymi
hydrochemickymi vlastnostmi. To ovS§em nemusi platit pro celé vrchovisté, naptiklad lagg
muze byt ovlivnén minerdlnimi piidami z okoli raSelinis§té. Mira ovlivnéni horského
vrchovisté vice mineralizovanou vodou z okoli poté zavisi predev§im na jejim pH, elektrické

konduktivité a na mnoZzstvi rozpusténého vapniku a uhli¢itani (Howie, Meerveld 2011).

Vody horskych vrchovist' jsou kyselé, jejich pH se pohybuje zpravidla mezi hodnotami 3,3 —
5,5. Zminéné hodnoty vSak zavisi na fadé faktorii, napf. na klimatu, vysce hladiny podzemni
vody nebo biologické aktivité (Bergsma, Quinlan 2009; Holden et al., 2004). Dal$im faktorem
ovlivitujici pH miize byt mira antropogenniho ovlivnéni. Horska vrchovisté postiZzena
odvodnénim zpravidla vykazuji v priméru niz§i pH, které vSak milZe vykazovat vysokou
variabilitu (Wind-Mulder et al., 1996). Jako vyrazny faktor zmén pH je tfeba zminit také
vyplavovani organického uhliku. Koncentrace organického uhliku maji silny sezonni pribéh
souvisejici s evaporaci vody a produkei organické hmoty. Ptirozené vyssi obsah organickych
kyselin spole¢né s nizkou celkovou mineralizaci ma za nasledek nizké pH (Kocum 2012).
Obecné se v piipadé raSelinnych oblasti jedna o vztah, kdy béhem obdobi nizkych hladin
podzemi vody se zmenSuje mnozstvi vyplavovaného organického uhliku a roste pH (Seibert
et al., 2009). Vzhledem k mikrotopografii terénu je tedy tieba uvazovat i rozdilné fyzikalné-
chemické vlastnosti jednotlivych ¢asti raselinisté (bulty, travniky, Slenky). LiSi se zejména

svym zamokienim, pH, distribuci Zivin ¢i rychlosti dekompozice (obr. 2). To vSe je spojené i
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s charakteristickym vyskytem vegetace na vSech urovnich - mechorosty, traviny, cévnaté

rostliny (Campbell, Rochefort 2001; Faubert 2004).
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Obr. 2: Mikrotopograficky gradient s charakteristickymi hodnotami pH (Faubert 2004)

Se zmé&nami pH v raselinisti souvisi 1 zmény elektrické konduktivity. Elektricka konduktivita
se obecn¢ meéni s mnozstvim obsazenych iontil. V ptipadé kationtl jde o prvky rozpusténych
soli, nejcasteji Mg, K, Na, ale také Fe, Mn nebo Al. V ptipad¢ velmi kyselého pH pak vyssi
hodnoty elektrické vodivosti mohou zpiisobit volné anionty vodiku (Worrall et al., 2006).
Me¢fteni konduktivity v horskych vrchovistich piinaSi velmi variabilni hodnoty, a to od
nékolika jednotek aZ po stovky pS.m™. Konduktivita zavisi nejen na saturaci raseliny, ale také
na povrchu pevnych zrn, jez jsou s vodou v kontaktu, a linedrné¢ koreluje s mnozstvim
rozpusténych latek ve vod€. Konduktivita je také ovlivnéna teplotou vody, a vlastnostmi
raSeliny, jako jsou napf. kationtova vyménna kapacita, organicky obsah, pH ¢i porovitost

(Ponziani et al., 2011).

Dal$im vyznamnym parametrem vody, ktery je v kontextu raSelinnych stanovist’ sledovan, je
rozpu$tény kyslik. Je nezbytny pro aerobni dychani na vSech trofickych urovnich. Kyslik je
do vody dodavan difuzi z atmosféry, promichavanim vody a vodnimi organismy, které kyslik
produkuji. Vyznamnym faktorem v ptipad€ rozpustnosti kysliku je teplota. A to jak pfimym
vlivem, jelikoZ v chladné&jsi vodé se kyslik rozpousti snadnéji, tak i nepfimym vlivem, kdy ma
teplota signifikantni vliv na metabolické procesy (Yvon-Durocher et al., 2010). V ptipadé
organogennich ptd jsou vstupy kysliku omezeny, coz podporuje anaerobni procesy, a to
v disledku vede k pomalému rozklddani organické hmoty. Zmény hladiny podzemni vody

jsou tedy spojeny s posuny aerobni a anaerobni zony (Estop-Aragonés et al., 2012).
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2.4 Revitaliza¢ni opatieni horskych vrchovist

Vyrazné naruseni raselinist’ lidskou ¢innosti vedlo k odvodnéni a nasledné postupné degradaci
tdchto jedine¢nych stanovist. Na Sumavé probihaly melioraéni prace ve dvou hlavnich fazich
a to na prelomu 19. a 20. stoleti a poté v 70. a 80. letech 20. stoleti, v ramci procesu tzv.
intenzifikace. Inventarizaéni prazkumy provedené v uplynulych letech ukazaly, ze
odvodnénim je na Sumavé v riizné mife poznamenano téméf 70 % raselinnych stanovist.
Okoli raselinis$t’ 1 samotna raselinisté byla tradi¢né odvodnovana za ucelem tézby raSeliny,
kultivace zemédélské pidy nebo pro zvysSeni produkce dieva v podmacenych lesnich
porostech (Bufkova 2013). Po detailni inventarizaci raselinidt’ na izemi Sumavy jsou od roku
1999 postupné realizovany jednotlivé revitalizacni projekty zalozené na ptehrazovani

odvodnovacich ryh dle konceptu cilové hladiny podzemni vody (Bufkova, Stibal 2012).

Vlivem revitalizaénich opatieni raselinist na vodni & vegetaéni poméry v ramci Sumavy se
zabyvé tfada praci (Bufkova 2006; Bufkova 2013; Bufkova et al., 2010; Curda et al., 2011;
Kocum 2012). Odvodiiovani raselinis$t’ a naslednd revitalizacni opatfeni vSak nejsou specifika,
ktera by se tykala pouze Sumavy. Vyrazné byla tato stanoviité ovlivnéna lidskymi zasahy i
v dalSich castech Evropy a svéta, tudiz je tato tematika ¢asto diskutovana i v ramci zahraniéni
literatury. Popis naruSeni raSeliniSt’, nasledna revitaliza¢ni opatfeni a jejich vliv na vegetacni,
hydrologické, ¢i hydrochemické poméry nalezneme v pracich zejména z Velké Britanie
(Allott et al., 2009; Holden et al., 2004; Holden et al., 2011; Wilson et al., 2011; Worrall et
al., 2007), Skandinavie (Haapalehto et al., 2011; Kverner, Snilsberg 2011) nebo z Kanady
(Ketcheson, Price 2011; Price et al., 2003).

Vyzkumy poukazuji predevS§im na velmi pozitivni efekt zvySeni hladiny podzemni vody po
provedeni revitaliza¢nich opatieni. Jednd se o zvySeni hladiny podzemni vody o né¢kolik
centimetrii az decimetrli v zavislosti na typu raSelini§té, vegetaci, hloubce odvodnovacich
kanalti a topografickych pomérech konkrétniho stanovisté (Bufkova 2013; Holden et al.,
2004; Price et al., 2003; Worrall et al., 2007). Revitalizacni opatfeni maji plosny dosah i
nékolika metr. Lze uvést piiklad z Velké Britanie, kde doSlo na sledovanych transektech ke
statisticky vyznamnému zvysSeni hladiny podzemni vody az v 5 metrech od odvodiovaciho

kanalu — viz obr. 3 (Armstrong et al., 2010).
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Obr. 3: Primérna hladina podzemni vody sledovand v transektech na piehrazené a

nepiehrazené ¢asti odvodnovaciho kanalu (Armstrong et al., 2010)

Obdobné vyzkumy byly realizovany i v ramci Sumavy (obr. 4). Piiznivé vysledky revitalizace
byly naptiklad zaznamenédny na lokalit¢ Schachtenfilz. ZvySeni hladiny podzemni vody a
snizeni jeji amplitudy jsou klic¢ovymi cili revitalizace, kterych bylo v tomto piipadé dosazeno

zejména v ketickovitych porostech (Butkova, Stibal 2012).
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Obr. 4: Kolisdni hladiny podzemni vody pied a po revitalizaci na stfedné¢ naruSeném
otevieném vrchovisti (lokalita Schachtenfilz), bulty vacc — kefickova vegetace
s dominantnimi druhy rodu Vaccinium, travn trich — travniky se suchopyrem Trichophorum

cespitosum (Bufkova, Stibal 2012)
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3. Metodika

Jednotlivé ¢lanky byly realizovany na zaklad¢ vlastnich terénnich méfeni a za vyuziti dat
z automatickych meéficich stanic Univerzity Karlovy v Praze, Prirodovédecké fakulty, Katedry
fyzické geografie a geoekologie. Jednotlivé studie se zaméfuji na dil¢i subpovodi v ramci

povodi feky Vydry.

3.1 Zajmové uzemi

Zajmova oblast byla vybrana na zakladé charakteristickych fyzickogeografickych podminek,
které byly pfedmétem studia. Konkrétné se jedna o malé raselinné ¢asti v ramci Rokytecké a
Mezilesni slati, které spadaji do experimentalnich povodi Rokytky a Hamerského potoka (obr.
5). Dilezitym aspektem vybéru téchto oblasti byla pfitomnost horského vrchovisté a dalSich
raSelinnych biotopd, které 1ze od sebe snadno odliSit. Tim je mozné studovat dana stanovisté
v detailnim méfitku a presnéji popsat sledované jevy.

Obé povodi nalezi do oblasti centralni Sumavy, ktera spada do povodi feky Vydry. Primérna
nadmoiskd vyska povodi horni Vydry ¢ini 1078 m a ma véjifovity tvar. Oblast ma charakter
nahorni ploSiny se zarovnanym povrchem a pomérné nizkou sklonitosti svahii (Kocum 2012).
Z hlediska plidniho krytu se jednd o plidni region kambizemi oligobazickych aZ rankeri
vyrazn&ji svazitych poloh a region kryptopodzolti az podzolti (Serfna 2004). Hlavnim
specifikem povodi je viak zna¢ny vyskyt hydromorfnich a organogennich piid (Sefrna 2004;
Vicek et al., 2012; Vicek 2017). Dal§im charakteristickym rysem povodi jsou klimatické
pomeéry. Jedna se o uzemi s relativné vysokymi rocnimi thrny srazek, zejména na navétrnych
stranach (stanice Bfeznik, Modrava), a to az v rozmezi 1300 — 1600 mm. Zaroven se jedna o
jeden z nejchladnégjsich regionti Ceska. V piipadé vegetaéniho krytu dominuji lesni porosty.
Z ptirodniho hlediska mé celé¢ uzemi velmi zachovaly raz, ktery diky specifické flote,
predevSim pak vyskytu raSelinist’ vrchoviStniho typu, patii k jednomu z nejcennéjSich mist
nejen v ramci Sumavy, ale celého Ceska (Kocum 2012).

Detailni fyzickogeograficky popis zajmovych Gzemi je zpracovan v ramci jednotlivych ¢lankt

disertacni prace.
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Obr. 5: Povodi feky Vydry s vyznacenim experimentalnich povodi

3.2 Formovani odtoku horskych vrchovist’

Pro tcely hodnoceni formovani odtoku v zavislosti na ptdnim typu (organozem, podzol)

v povodi feky Rokytky byla vyuzita data z péti automatickych srdzkomérnych stanic (s

intervalem métfeni 10 minut) v okoli povodi Rokytecké slati (v rozmezi vzdalenosti 0,1 - 7,8

km od zajmového povodi). Rovnéz byla vyuzita data ze dvou totalizatort, které provozuje

v téze lokalité Cesky hydrometeorologicky tistav (Starostova 2012). Jednotlivé piistroje ale

vykazovaly odchylky. Rozdil hodnot srdzek (automaticky srdzkomér versus totalizator) je
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pravdépodobné zplisoben rozdilnou nadmoiskou vyskou povodi a sraZkoméru. K rozdilim
vsak také muze dojit kvili Casto sledovanému podhodnoceni srazek v pfipad¢ standardnich
stanicemi. V ptipad¢ dest€¢ miize dosahovat rozdil asi 10 %, v ptipad€ sné€hu vSak az 50 %

(Dingman 2015).

Dal$im nezbytnym parametrem byl vypocet potencidlni evapotranspirace dle rovnice (1)

Penman-Monteith (Monteith 1965).

A(RN—G)+p-cles—ey)/Tq

Rovnice (1) APET = 2 (+D)

kde A oznacuje derivaci tlaku nasycené vodni pary podle teploty vzduchu [kPa.°C™'], Rn
radiaéni bilanci povrchu [MJ.m>.d"], G tok tepla v padé [MI.m=d'], y psychrometrickou
konstantu [kPa.°C™], ec—e, deficit tlaku vodni pary [kPa] (es tlak nasycené vodni pary; e,
aktudlni tlak vodni pary), A mémé teplo vypatovani [MI.kg '], p hustotu vody [kg.lI'], ¢
specifické teplo vzduchu [kJ. kgfl.OC'l], rg/r, pomér aerodynamického a povrchového odporu
vzduchu [s.m™'].

Pro ucely prace byly také nezbytné vypocty akumulace a tani snéhové pokryvky, které byly
ziskany na zakladé metody degree-day (Gupta 2001). Cést price je zaméfena na méfeni
mnozstvi vody v piidé. Pidni vlhkost byla méfena na dvou mistech na svahu s vyskytem
podzold v hloubkach 20 cm a 60 cm pod povrchem pomoci tensiometrti (T8, UMS). Hladina
podzemni vody v raselinnych ¢astech byla méfena pomoci hydrostatickych ponornych sond
(TSH22, Fiedler) na tfech mistech. Pé&tilet¢ méfeni zahrnovalo dva velmi suché roky (2015,
2017), ale sraZkové€ nadprimérny rok v ramci méfeni nebyl zaznamenan.

Veskeré métené parametry byly vstupem do hydrologického modelu, ktery je zalozen na
vypoctu dominantniho preferencniho proudéni (Boorman, 1995; Scherrer, Naef 2003).
Vyuzity model vychdzi ze schématu HBV modelu (Bergstrom, 1992). Ten byl pouzit ve své
standardni podobé¢ pro subpovodi s mineralnimi ptidami (40 % plochy povodi). Pro subpovodi
s organogennimi pidami (60 % plochy povodi) byl nasledné upraven dle konceptu akrotelm —
katotelm, ktery byl navrzen ve studii Ingram (1978). Obé¢€ subpovodi byla reprezentovana
vlastni strukturou modelu, ktera se liSila zeyména v charakteru odtokové odezvy na srazkovou

udalost. Zakladni schéma modelu rozdéleného do subpovodi ukazuje obr. 6.
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Obr. 6: Schéma modelu rozdéleného do subpovodi (SB) — mineralnich ptid podzola (PZ) a
horského vrchovisté (PB) (VIcek et al., 2020)

3.3 Hodnoceni dynamiky vySky hladiny podzemni vody

Pti hodnoceni dynamiky vySky hladiny podzemni vody byla pouzita meteorologicka data ze
stanice Modrava. Ta byla vyuzita nejen pro analyzu srazek, ale i vypoctu potencidlni
evapotranspirace dle metody Penman-Monteith (Penman 1948). Taktéz byla vyuZzita data
z vahového snéhoméru na Rokytecké slati, z nichZ byly pouzity hodnoty vodni hodnoty sné¢hu
(SWE) pro hodnoceni reZimu podzemni vody béhem tani snéhové pokryvky. Nejvyznamné;jsi
¢ast prace byla zaméfena na dynamiku hladiny podzemni vody v raselinisti. Ta byla méfena
na péti mistech (2x raSelinny les, 2x kle¢, 1x centralni ostficova ¢ast) v raSelinisti tak, aby
reprezentovala dany vegetacni typ. Hydrostatické ponorné senzory (TSH22, Fiedler) pro
méteni hladiny podzemni vody byly umistény v trubkach v hloubce 70 cm. Veskeré pfistroje

méfily v desetiminutovém intervalu.

Prace navazuje na detailni pedologicky prizkum a vypocty retenniho potencialu horského
vrchovisté predchazejiciho vyzkumu (Vicek et al., 2012). Na zakladé¢ vysledki méteni
charakteristik vlhkosti pudy byly poté pro ucely této studie stanoveny rovnice pro vypocet
retencniho potencidlu béhem epizod intenzivniho desté, tani sn¢hu (rovnice 2) a sucha

(rovnice 3).
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GWL(b)
GWL(e)

Rovnice (2) RP = 5 [(VWCax — VW Cioan) * 1000]

GWL(b)
GWL(e)

Rovnice (3) RP = 5 [(VWCpiogn — VWCpin) * 1000]

kde RP oznaduje retenéni potencial [I/m?], GWL(b) hladinu podzemni vody na podatku
sledované udélosti [mm], GWL(e) hladinu podzemni vody na konci sledované udalosti [mm],
VWC ,ax maximalni objemovou vlhkost [g/cm3], VWCpean prumérnou objemovou vlhkost

[g/cm’], VWCpmin minimélni objemovou vlhkost [g/cm’].

Pti vypoctech bylo pfedpokladano, Ze na zacatku dané epizody dosahovala objemova vlhkost
v povodi praimérné hodnoty (0,7 g/cm’) a z této hodnoty poté b&hem srazkovych epizod a tani
sn&hu rostla na maximum (0,95 g/cm’). Naopak b&hem suchych epizod z praimémé hodnoty
klesala na minimum (0,5 g/cm’). Dané hodnoty vychézi z detailniho pedologického

prizkumu, ktery byl realizovan na stejné zajmové lokalité (Vicek et al., 2012).

3.4 Posouzeni fyzikalnich a chemickych vlastnosti raselinnych vod

Zakladem studie bylo méfeni pratokt, hladin podzemni vody a fyzikélnich a chemickych
vlastnosti povrchovych i podpovrchovych vod. Méfeni probihala béhem jedné vegetacni
sezony (2018), kdy bylo provedeno celkem 21 terénnich méfeni v tydennich intervalech.
Béhem méfeni byla podchycena obdobi vysokeé saturace raselinisté po tani sn¢hové pokryvky,

vysokych srazkovych thrni 1 suché a horké obdobi v 1été.

Pro realizaci terénnich prizkumut byla vybrana tfi rizné raselinna stanovisté (raSelinny les,
téZzend cast raSeliniSté, lagg) v rasSelinném komplexu Mezilesni slati. V ramci kazdého
stanovisté byl do zavérového profilu toku instalovan Ponceletiv mérny preliv. Pro vypocet
pritoku byla pouzita rovnice pro Basiniv pieliv (rovnice 4) s vyuzitim koeficientu pro

Ponceletv pteliv (rovnice 5).

Rovnice (4) Q = m.b. /2. g. h3/?

Rovnice (5) m = [0.405 + 32— 0.03 (1 - 2)| [1 + 0.55) ()2 (D)?]

kde Q reprezentuje pritok [m’.s"], m soudinitel pfepadu pro Ponceletiv pieliv, b délku

pielivné hrany [m], B délku pielivu [m], g gravitatni zrychleni [m.s™'], h vyska vody nad
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pfepadem [m], Sy plochu pritoéného profilu [m?], S plochu pfelivné &asti [m?] (Sragek,

Kuchovsky 2003).

Kazdy experimentalni vodni tok byl osazen 4 trubkami, v nichZ byla ru¢né¢ métena hladina
podzemni vody. Trubky byly zasazeny do raSeliny ve vzdalenosti 2 m a 5 m od vodniho toku
po obou jeho biezich. Fyzikalni a chemické vlastnosti byly méfeny kalibrovanymi terénnimi
meéficimi systémy ve vSech tiech experimentalnich vodnich tocich i ve vSech mistech méteni
hladiny podzemni vody (celkem 12 mist méfeni). Mezi sledovanymi parametry bylo pH,
elektricka konduktivita, teplota vody a rozpustény kyslik. Veskera meteorologicka data, ktera
byla vyuzita ve studii, byla naméfena na meteorologické stanici Modrava (Fiedler, data
v desetiminutovych intervalech). V préaci je také hodnocena dynamika hladiny podzemni vody
v zavislosti na denni potencidlni evapotranspiraci. Pro vypocet potencialni evapotranspirace
byla pouzita rovnice Penman-Monteith (Penman 1948). Pro zjisténi vzdjemnych vztaht mezi
sledovanymi parametry byly pouzity zdkladni statistické metody vcetné vypocth

Spearmanovych korelac¢nich koeficientll na hlading spolehlivosti p<0,05.

3.5 Vliv revitaliza¢nich opatieni horskych vrchovist’ na hladinu podzemni vody

Pro hodnoceni vlivu revitalizacnich opatfeni horskych vrchovist na hladinu podzemni vody
byl vybran experimentalni odvodnovaci kanal v rdmci Rokytecké slati. Tento kanal byl ve
svém usti pfehrazen dvéma dievénymi pirehradkami, zbytek kanalu zlstal bez opatieni.

Podél odvodiiovaciho kanalu byly rozmistény trubky, jez byly zasazeny do raSeliny v hloubce
1 m. Rozmistény byly ve tfech fadach soub&zné s odvodinovacim kanalem (v kazdé fad¢ bylo
9 mist méfeni). Prvni fada navazovala pfimo na odvodnovaci kanal, mezi dalS§imi fadami byl
rozestup 3 m. Vznikla tak pravidelna sit' 27 bodl, v nichZ byla hladina podzemni vody
méfena rucné. Celkem probéhlo 28 méteni v obdobi od 14. srpna do 31. fijna 2014. Jednotliva
mista méfeni byla geodeticky zamétfena. Pro mapové vystupy s ukazkou prostorového
rozlozeni hladiny podzemni vody beéhem sledovanych epizod byla vyuzita interpolacni
metoda ,natural neighbor*. Data hladiny podzemni vody byla analyzovana pomoci
zékladnich statistickych metod. Zaroven byla davdna do kontextu pficinnych
meteorologickych faktor. Pro tyto ucely byla vypocitdna potencialni evapotranspirace dle

Penman-Monteith (Penman 1948). K vyjadieni piedchoziho nasyceni povodi byl vyuzit index

21



ptedchozich srazek API (antecedent precipitation index), uvazovany pro pét predchazejicich
dni (rovnice 6).

Rovnice (6) API = ¥ 0,93%.P;

kde i vyjadiuje pocet uvazovanych dni (pocitdno zpétn¢), P denni thrn srazek v i-tém dni

sledovaného obdobi [mm] (Mishra, Singh 2003).

4. Vysledky a jejich diskuze

Hydrologickd funkce horskych vrchovist zahrnuje zejména problematiku retence vody,
akumulaci vody a zptisob formovani odtoku. Oba procesy jsou siln¢ ovlivnény specifickymi

fyzickogeografickymi podminkami raselinnych oblasti.

Obecné jsou horska vrchovisté charakteristickd svou rychlou odtokovou odezvou béhem
srazkovych epizod a zpravidla nizkou dotaci vodnich tokli v obdobi sucha. Takové vysledky
jsou znamy v ptipadé Sumavskych slati (Jansky, Kocum 2008; Curda et al., 2011, Kocum
2012; Vicek 2017) i ze zahrani¢ni literatury (Boorman et al., 1995; Evans et al., 1999, Bragg
2002; Binet et al.,, 2013). Vétsina vyzkuml vSak probihala na malych subpovodich, kde
vyrazné¢ dominovaly organogenni pludy. Vysledky zexperimentalnich povodi taktéz
naznacuji, ze piispévek horskych vrchovist k celkové vodni bilanci je znaény ptedevSim
béhem intenzivnich srazek, kde pfevazuje odtok z organogennich ptid. Naopak béhem sussich
obdobi pfevazoval odtok spiSe z minerdlnich plid. V obou ptipadech vSak zaleZelo zejména na
aktualnim nasyceni povodi a fyzikalnich vlastnostech plidy. Tyto faktory rozhoduji, za jakych
okolnosti dojde k povrchovému odtoku, kolik vody se mize infiltrovat do pidy b&hem
srazkové udalosti nebo jak dlouho se dokéze voda v pud¢é zadrzet béhem suchych period
(Vicek 2017). Hlavnim faktorem ovliviiujicim hydrologické procesy v raSelinisti je proto
vySka hladiny podzemni vody. Mista s vysokou hladinou podzemni vody zpravidla
vykazovala vys§i rozkolisanost pritoki vodnich tokt. Dilezitym faktem je také odliSny
zpusob podpovrchového odtoku ve sledovanych subpovodich. V horském vrchovisti
pfevazuje mélky podpovrchovy odtok. S ohledem na velké mnoZstvi zadrzované vody je
nutné v raselini$ti uvazovat i pistové proudéni (piston flow), proudéni vody preferencnimi

cestami v raSeling (pipe flow), ptipadné 1 pfimy povrchovy odtok.

Klicovym prvkem ovlivitujicim hydrologické procesy, ale i1 celkovy vyvoj horskych

vrchovist, je tedy vysSka a stabilita hladiny podzemni vody. Ta je fizena zejména vySkou
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srazek a evapotranspiraci. Jeji pohyb v akrotelmu ovliviiuje akumulaci organické hmoty,
vegetacni poméry a celkovou vodni bilanci v povodi (Allott et al., 2009; Lindsay et al., 2014).
Vyrazny vliv na vysSku a kolisani hladiny podzemni vody ma vegetacni typ pfisluSného
stanovisté, jelikoZ podminuje teplotni poméry a ma také zésadni vliv na evapotranspiraci
daného uzemi (Bufkova, Stibal 2012; Kucerova et al., 2009; Holden et al., 2011). NejvysSe se
zpravidla hladina vyskytuje v centrdlni ¢asti vrchovisté. Tak tomu bylo i v ramci sledovaného
povodi (v priméru 10 cm pod povrchem), kde je tato Cast tvofena ostficovymi porosty. Avsak
tato ¢ast byla zaroven nejnachylnéjsi k letnim poklesiim hladiny, stejné jako bylo pozorovano
a popsano v Binet et al., (2013). Soucasn¢ se jedna o velmi citlivé casti horského vrchoviste,
jelikoz jejich dlouhodobé vysuseni muize vést k sukcesnim zménam (Kucerova et al., 2009;
Kvearner, Snilsberg 2011). Raselinny les vykazoval vyrazné niz§i hadiny podzemni vody,
ovSem vramci tohoto biotopu se ukédzaly zna¢né rozdily mezi misty méfeni. Rozdil
pramérnych hladin podzemni vody béhem sledovaného obdobi byl vice nez 25 cm. Les vsak
vykazoval pomérné vysokou stabilitu pritokt. Cast vrchovi§té pokryta kleGovymi porosty
dosahovala primérné hladiny podzemni vody pfiblizné 20 cm. Datové soubory v souhrnu
disponovaly velmi podobnou variabilitou, lze tedy usuzovat, Ze hladina podzemni vody
v riznych vegetacnich typech se sice nachazi v jiné urovni, avsak jeji kolisani osciluje ve
velmi podobném rozpéti. Dané poznatky maji oporu i1 v literatufe, obdobné zavery ptinasi
Kucerova et al., (2009); Butkova et al, 2010; Labadz et al., (2010). Nicmén¢ existuje velké
mnozstvi faktorti ovliviiyjicich hladinu podzemni vody daného mikrostanovisté, naptiklad

topografie, fyzikalni vlastnosti raseliny, hydraulicka vodivost a dalsi (Allott et al., 2009).

Vyrazny vliv na hladinu podzemni vody v pfipadé Sumavy mély i antropogenni zisahy
z minulosti. Odvodnéné nebo té€zené Casti raselinisté vykazuji nizkou hladinu podzemni vody
a jeji vyssi rozkolisanost. Tato skutednost je zdokumentovana v fadé studii ze Sumavy i
ze zahrani¢ni (Bufkova 2006; Bufkova 2012; Bufkova et al., 2010; Holden et al., 2004;
Holden et al., 2011; Worrall et al., 2007). V experimentalnim povodi byl prokdzan pozitivni
vliv revitalizacnich opatieni, jejichz vysledkem bylo zvySeni hladiny podzemni vody
v priuméru o 9 cm. Zaroven byl sledovan i plo$ny vliv a dosah odvodnéni 1 revitalizaci. Jejich
ucinek je méfitelny i v dosahu ptiblizné 6 metri, vzdalenost ovSem zavisi na velkém mnoZstvi
parametri. Byla pozorovéana i vys$$i rozkolisanost pratokll naruSenych stanovist. Nicméné
v ptipad¢ ovlivnéni odtokového procesu neni na danou problematiku jednotny nazor (Jansky,

Kocum 2008; Curda et al., 2011; Holden et al., 2011). Razné vysledky jsou pravdépodobné
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zpusobeny specifickymi fyzickogeografickymi vlastnostmi sledovanych povodi, které

spole¢n¢ formuji odtokovy proces.

Analyza reten¢niho potencidlu raSeliniSt¢ poukazala zejména na vyznam iniciadlni hladiny
podzemni vody. Schopnost infiltrovat vodu je imérna pfedchozimu nasyceni raselinisté. Podil
piijaté vody ze sradzek se proto pohyboval ve velkém rozmezi. Po dosazeni maximalni
saturace pudy daného vegetacniho typu dochazi k vyCerpani retencniho potencidlu a
naslednému rychlému nértstu odtoku. Tento kratkodoby retencni potencidl dosdhl maximalni
hodnoty az 42 I/m®. Horské vrchoviité tedy mize za ur¢itych podminek tvofit plochu se
znaénym retencnim potencidlem, nicméné v piipad¢ vysokého ptedchoziho nasyceni se tento
retenéni prostor neuplatiuje (Kocum et al., 2018). I v zimnim obdobi dochézi k vyrazné
retenci vody. Maximalni kratkodoby objem infiltrované vody z tajiciho sn¢hu v souctu za celé
sledované povodi dosahoval az k 10 000 m’ vody, v zavislosti na aktudlnich podminkéach ve
vrchovisti. Jedna se vSak o kratkodobou retenci, jelikoz nasledné dochazi k poklesim hladiny

a tudiz i k povrchovému a podpovrchovému odtoku.

Poslednim aspektem prace bylo hodnoceni fyzikalné-chemickych vlastnosti raselinnych vod.
Ombrotrofni vrchovisté sice maji pomérné stalé hydrochemické vlastnosti, v ramci dil¢ich
¢asti nebo mikrotopografickych prvka ale mohou byt zaznamenany rozdily (Faubert 2004).
Vyrazné nizké pH a vysoké teploty u povrchové i podzemni vody byly naméfeny v narusené
casti raSelinisté. Nizké pH souvisi zejména s absenci vegetacniho krytu, coz pii srazkach
usnadnuje vymyvani kyselych ionti (Wind-Mulder et al., 1996). Stejny proces pak
pravdépodobné zplisobuje vyssi hodnoty elektrické vodivosti, avSak ta v tézené Casti vykazuje
velmi vysokou variabilitu. Zaroven je nutné upozornit, Ze hodnoty elektrické konduktivity
jsou zavislé 1 na dalSich faktorech a naméfené hodnoty se mohou v ramci raselinis§té¢ mirné
liSit (Ponziani et al., 2011). Hodnoty rozpusténého kysliku nevykazovaly pii porovnani
sledovanych casti raSeliniSté (t€Zend cast, lagg, raselinny les) vyrazné rozdily. Zaroven byly
identifikovany nékteré vazby mezi sledovanymi parametry. Vyrazné se projevil vztah mezi
pH a mnozstvim vody v povodi. Se snizujici se hladinou podzemni vody a pratoky roste pH,
podobné jako bylo popsano v Seibert et al., (2009). Rada vazeb se projevila hlavné v narusené
c¢asti raSelinisté. Silné korelace zde byly pozorovany mezi nizkym pH a vysokymi hodnotami
elektrické vodivosti, nizkou hladinou podzemni vody a nizkou teplotou vody i mezi nizkym
pH a nizkou elektrickou vodivosti. Podobné vztahy v narusenych ¢astech raseliniSté byly
popsany ve studiich Wind-Mulder et al., (1996); Ponziani et al., (2011).
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5. Zavér

Prace hodnoti vodni bilanci a odtokové poméry horskych vrchovist, s prihlédnutim zejména
k hladiné¢ podzemni vody, kterd je kliCovym faktorem ovliviiujicim stav a vyvoj téchto

cennych stanovist’.

Meéfteni hladiny podzemni vody spolecné s analyzou hlavnich faktord ovlivitujicich jeji vysku
(srazky, potencialni evapotranspirace, nasyceni povodi, vegetacni typ) poukdzalo na vyraznou
dynamiku, jejiz znalost je nezbytnd pro hodnoceni hydrologickych procesti probihajicich
v povodi. Obecné poznatky o rychlé odtokové odezvé béhem srazkovych udalosti jsou sice
v ramci raselinnych komplext zndmy, nicméné vSe zavisi na retencnim potencialu, ktery je
uren pravé vySkou hladiny podzemni vody. Stejné tak je nutné brat v Givahu specifika
odtokového procesu, ktera se objevuji zejména v oblastech s vyskytem hydromorfnich a

organogennich ptd (pfimy povrchovy odtok, pipe flow, piston flow).

Vyrazny retencni prostor raselinist’ a schopnost akumulovat vodu byl zaznamenan i béhem
tani sn¢hové pokryvky, naopak béhem suchych obdobi dochazi k poklestim hladiny podzemni
vody a horské vrchovisté se podili jen velmi mélo na bazalnim odtoku. Zjisténé poznatky je
vSak nutno vnimat v kontextu daného pidniho a vegetacniho typu, €i pfisluSné casti
raSelinného komplexu, jelikoZ pii porovnani jednotlivych ¢asti bylo poukdzano na vyrazné
rozdily a specifika. To plati 1 pro popsané fyzikalné-chemické vlastnosti povrchovych a
podpovrchovych vod horského vrchovist¢ a jejich vzijemné korelace, které byly
identifikovany v ramci sledovaného povodi. Vyznamnym specifikem raselinist na Sumavé
jsou historické antropogenni zasahy, které negativné ovlivnily nejdfive hydrologické, a poté i
vegetacni poméry stanovist. V revitalizovanych mistech experimentalniho odvodnovaciho
kandlu doslo k vyraznému zvySeni hladiny podzemni vody, zaroven byl pozorovan i znacny

plosny dosah téchto opatieni.

Vyznamné ploiné zastoupeni organogennich a hydromorfnich ptid v oblasti centralni Sumavy
je tedy specifikem, které vyrazn¢ ovliviiuje odtokovy proces. Horskd vrchovisté jsou sice
mista snejvyssi retenéni kapacitou v krajiné, nicméné uplatnéni reten¢niho prostoru,
mnozstvi a zpisob odtoku ¢i dynamika hladiny podzemni vody jsou znacné zéavislé na
konkrétnich fyzickogeografickych podminkach daného stanoviSté. Zjisténé poznatky tak

pfispivaji k pochopeni hydrologického rezimu a k celkovému poznéani horskych vrchovist'.
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Abstract

Hydrological behavior of an ombrogenous raised peat bog has been observed and
described in many studies; however, not in complexity with other soils. This research deals
with the hydrological function of peat bog in a catchment where peat bog (formed by
Histosol or other hydromorphic soils) covers only a part of the area (40—-60%). Two soil
types, creating two main hillslopes of the experimental catchment in this study, form the
dominant seil types (Podzol and Histosol) in the Sumava Mountains, Czechia. A modified
HBYV model was used to estimate the contribution of each soil type to common outflow and
for the estimation of the water balance. According to previous research and field
observations, dominant hydrological processes were described for each hillslope (soil). The
HBYV model was used for the quantification of a ratio between fast and slow flow at Peat
bog hillslope and Podzol hillslope. At Peat bog hillslope, the majority of outflow (67%)
was formed from the upper soil layer (Acrotelm). In the mineral soil hillslope, a larger
portion of runoff was generated from the lower soil layers or bedrock interface (61%). Peat
bog contributes to a stream mainly during rainfall events; however, the model showed also
significant deep percolation at the Peat bog hillslope and considerable contribution to
baseflow during a year. Generally, more precipitation water was turned by the model into
runoff at the Peat bog hillslope, which was also exhibited a lower rate of actual
evapotranspiration (21% of precipitation), compared to 29% in the case of Podzol hillslope.
If we consider land-use changes in this locality in terms of expanding or reducing peat areas
(draining, drains damming, droughts, etc.), this model could sufficiently estimate the
hydrological behavior of local streams and thus can be potentially used in hydrological

planning by local authorities.
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runoff formation

1 Introduction

Theories on the effect of peat bogs on runoff formation under varying conditions
differ widely and repeatedly among researchers. The problems of drainage, especially
diking of former drainage channels, have become the field for broad debates within the
literature (Baird, 1997, Conway & Millar, 1960; McDonald, 1973). Most of the studies
have been carried out in catchments covered only by Histosols (peat) which are the
dominant soil type creating peat bogs. However, catchments are mostly formed by other
soil types which, together, comprise a complex system that influences the runoff formation.
Streamflow in peaty catchments is characterised by its quick rise and fall, and high
variability; that is, very low baseflow during dry periods and spiky storm hydrographs
caused by heavy rainfall events. This behaviour has been described in detail in many
hydrological studies (e.g. Bragg, 2002; Evans et al., 1999; Holden et al., 2001; Holden &
Burt, 2003). Beside common mineral soils (Cambisols, Podzol, etc.), peat (Histosol) is
known for frequent overland flow or near-surface flow which transfer quickly rainfall event
to a stream. However, most of the above-mentioned studies have focused on pure peat areas
only.

Nevertheless, catchments are predominantly comprised of several types of soil or
vegetation which can lead to varied subsurface flow and runoff formation (Hiimann et al.,
2011). One of the most common locations in Czechia where peat bogs oceur is the Sumava
Mts. where they affect both water quality and hydrological regime (Curda et al., 2011;

Ferda et al., 1971; Jansky & Kocwumn, 2008; Kocum et al., 2016; Vicek, et al., 2016; Vicek et
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al., 2017). Peat bogs cover approximately 20-35% of the catchment areas in this region
(Bufkova et al., 2010), but a larger proportion of these catchments is covered by mineral
soils such as Podzol. Although peat bogs do not dominate the catchment area, their
hydrological regime can determine runoff processes of the whole catchment (Vléek et al.,
2012).

Many studies confirmed that in catchments formed by several soil types with their
unique hydrological regimes, it is important to understand each system because each one
could have its impact on water storage or water chemical properties (Kirchner, 2016;
McDonnell et al. 2007; Robinson et al. 2013; Uhlenbrook et al. 2008). Several studies,
therefore, focus mainly on waterlogged riparian zones which represent connectivity areas
between hillslopes and streams (Seibert et al. 2009; Von Freyberg et al. 2014). On the other
hand, riparian zones in the Sumava Mts., Ore Mts. or Jizerské Mts. form rather thin peaty
buffers along streams with low water storage and flow delay; thus, we included riparian
zones in this study into other morphological formations like hillslopes. Several
experimental catchments were also found where peat (Histosol) creates only a part of a
whole soil cover (Dick et al. 2018; Lessels et al. 2016; Scheliga et al. 2019; Sanda et al.
2014; Sanda et al. 2018; Tetzaff et al. 2007). Compare to our catchment, peat covers
concave parts of a valley. In this study, ombrogenous raised peat bog formed by Histosol
and mineral soil Podzol create two separate hillslopes.

Rainfall-runoff relationships can be predicted by a wide range of hydrological models
(Abbott et al. 1986, Amold et al. 1998; Bergstrém, 1992; Beven & Kirkby, 1979).
However, models tailored to the characterisation of the hydrological regime of peat bogs
are scarce (Price et al. 2005). Some attempts have been made by Dunn and Mackay (1996)
using the SHETRAN model to investigate the effect of drainage ditches. Lane et al. (2004)

utilised a modified TOPMODEL, benefitting from the high-resolution Digital Elevation
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Model, for the prediction of saturation of the blanket peat environment. Lane and Milledge
(2012) used several TOPMODEL modifications for the estimation of the peat drains
influence on runoff generation. Ballard et al. (2012) also used a simplified physically-based
model to simulate the runoff reaction and water table fluctuations of drained peatland in the
UK. However, the model performance was poorer in dry conditions. Lewis et al. (2013)
used a physically-based GEOtop model for the identification of the hydrological response
to afforestation in a small Ireland catchment. Nevertheless, the correct quantification of the
runoff generation and particular water balance components is still encouraging in the peat
bog environment because the models usually do not respect the Acrotelm-Catotelm scheme
(Holden & Burt, 2003). The use of a box-model such as HBV (Bergstrém, 1992) is,
therefore, an option because the box models (compared to physically based ones) seem to
be favourable for the algorithmic convenience, but as pointed out by McDonnell (2003)
they may also represent the way forward to match the appropriate level of understanding
and behaviour of the hydrological systems.

The main objective of the present paper was to investigate the contribution of the
Peat bog hillslope to the runoff formation in comparison with the mineral soil Podzol
hillslope. This was conducted using a newly designed box model representing the
hydrological behaviour of the Peat bog hillslope as well as the mineral soil hillslope
(represented by an HBV-light model). The hydrological model is based on extensive
measurements of the water regime in the peat bog environment during the four-year period
(2013-17). Additionally, the Peat bog hillslope water balance was estimated and contrasted
with the adjacent hillslope formed by Podzol soil. The interest in hydrological behaviour of
the peat bog areas is given by the ongoing effort to recover these environmentally important

places.
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2 Site description

The experimental catchment is located in the central Sumava Mts. as a part of the
Vydra River headwaters area (Fig. 1).

The climate in this area is variable, subject to both oceanic and continental influence.
Using the Kd&ppen climate classification, the site lies in the Dfc climate zone (Tolasz,
2007), which is characterised by a subarctic climate with an approximately uniform
precipitation distribution. The annual amount of precipitation from the nearby
meteorological station at a similar altitude equals 1695 mm yr™ (1981-2010) (Starostova,
2012) and the average daily air temperature is 4.8 °C (ca 15 km).

The Rokytka catchment (RO) occupies 3.8 kim® and about 30% of the area is covered
by peat or other hydromorphic soils (Fig. la). For a better understanding of local
hydrological processes, a small tributary of Rokytka (RP) has been selected. RP has an area
of 0.65 kam* where more than 60% is covered by peat (Fig. 1a, red border and 1b). The RP
catchment was also selected for its special morphology. It is divided into two main
hillslopes in east-west directions, each site with different vegetation and soil cover.

The soil cover of the RO catchment (3.8 kim?) is a typical example of Sumava Mts.
soils where a vertical sequence of several soil types with Histosols is common. The area is
mostly covered by entic Podzol and organic soils, mainly Histosol. In certain concave parts
of the catchiment, Gleysol can be found (VIcek et al. 2016). The soil cover of the small RP
catchment (0.65 km®) is more homogeneous and differs mainly with two dominant
hillslopes. The soil profiles are similar throughout each hillslope without a clear gradient
towards the stream. The soil type of western hillslope has been identified as an entic Podzol
with a shallow organic top layer (<5 c¢cm) and similar soil texture to a depth of 1 m. Some

small parts of the Podzol hillslope are covered by haplic Podzol, but these areas are hardly
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identifiable without an excavation. Neither, there was a sharp transition between the
mineral soil and the bedrock (well-weathered Gneiss or Granite) perceptible with electrical
resistivity tomography (ERT) measurements, nor a persistent groundwater level could be
detected (V1éek et al. 2017; supplements Fig. S1). The eastern hillslope is created by a
well-developed raised ombrogenous peat bog with dominant soil type Histosol with depth
varies from 0.5m (lower part) to ca 6m (top part).

Both hillslopes of the small RP catchment can be nicely visible by the vegetation cover
while vegetation relates closely to soils (Fig. 2b). The western mineral soil Podzol hillslope
is covered by beech stands at the upper hillslope zone; “dead” spruce stands (Picea
abies L., Karst.) with healthy seedlings cover the lower hillslope zone and the addition of
fir (Abies alba Mill.) and beech (Fagus sylvatica L.). Due to the bark beetle calamity
outbreak, most of the spruce stands deceased. The forest is being filled slowly, mainly by
spruce seedlings and grasses. The eastern hillslope is created by a well-developed raised
ombrogenous peat bog, where three vegetation subsections can be found. The upper
subsection of the peat bog is covered mostly by cotton-grass (Eriephorum L.) or moss
(Sphagnum L.) with many small lakes. The middle subsection has the lowest water table
fluctuation and the vegetation cover consists of pine (Pinus mugo), blueberry and moss.
The lowest subsection occupies the bottom of the valley and is covered by waterlogged
spruce forest with blueberry and moss. Some of the spruce trees are also affected by bark

beetle (Bufkova, 2009).
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3 Methodology

3.1 Field measurements

The experimental site is equipped with an automatic system for measuring
meteorological variables with wireless data transmission. The fundamental measurements
necessary for this study composed of air temperature and relative humidity (Fiedler
RVI12/RKS5, CZE), which were measured directly in the RO catchment. The global
radiation (Kipp&Zonen CMP3, NL), precipitation and wind speed (Fiedler, CZE) were
available from the Modrava meteorological station located 5.7 km from the catchment
divide. All the above-mentioned data were measured at 10-minute intervals (Fig. 3) during
years 2013—17. The snow pillow located in the RO catchment was used to measure snow
water equivalent and snow depth in a one-hour time-step since the winter 2015/2016 (data
available for the last two winters (2016-17).

Soil water regime was measured at the Podzol hillslope at two places (upper and
lower part) at two depths (20 and 60 cm) by soil tensiometers (T8, UMS company). Their
position was chosen according to previous soil survey and the vegetation cover described
above. The volumetric soil water content was inferred from the pressure heads by means
soil water retention curves that were determined by the pressure apparatus (Soilmoisture,
USA) in the laboratory. The parameters of the soil water retention curves are documented
in Table 1 and more thoroughly in the previous study (Vi¢ek et al. 2017). Figure 3¢ shows
the average values of volumetric soil water contents at 20 and 60 cm, respectively.

Groundwater level (Figure 3d) was measured by a TSH22 hydrostatic submersible
level probe (Fiedler, CZE) and represents the average value of all three measured sites
which were placed uniformly at the Peat bog hillslope. Groundwater level fluctuates

between the surface (0 cm) and a depth of 40 cm below the surface. However, most of the
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time during the year peat bog is quite saturated by water. The average value of the
groundwater level was 18 cm below the surface.

Catchment outlets were equipped with automatic measuring stations (Fiedler AMS
company). At both catchments, water levels in 10-min step were measured (at RO outlet by
ultrasonic level probe US3200; at RP outlet by pressure sensor with Hydro Logger H40).

Water level data was then transferred to discharge by rating curves for each profile.

3.2 Hydrological processes used in the model

The structure of the model is based on an estimation of dominant preferential flow
according to Boorman et al. (1995) and Scherrer and Naef (2003). Moreover, it is
supplemented and modified according to the authors’ field experiences from the local study
sites and other studies dealing with similar research topics. The model consists of two main
systems which represent two hillslopes with dominant soil types (Podzol, Histosol
respectively) (Table 2). Each hillslope is divided into several sub-basins which are
connected by links corresponding to real hydrological processes or dominant preferential
flows. In this case, we use the term “sub-basin” as a soil layer (soil part) with similar hydro-
pedological processes or water regime. The structure of hydrological processes at each

dominant hillslope of the RP catchment described below is visible in the Figure 2a.

3.2.1 Podzol hillslope (PZ)

Upper sub-basin PZI represents a soil layer (entic Podzol). The overland flow was not
recognised at this hillslope even during heavy rainfall events (>40 mm day™"). Near-surface
biomat flow (Gerke et al. 2015) was proved by water sampling from different soil horizons
in an excavated profile and by sprinkling experiment (Vlcek et al., 2017). From sub-basin

PZ1 water flows into two sub-basins (both representing regolith) with different flow delay.
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Sub-basin PZ2 represents macropore flow proved at this locality by Vlcek et al. (2017).
Sub-basin PZ3 shows a deep percolation with a slow flow velocity, which could be
estimated by hydraulic conductivity of the lower soil layer (~0.3 mm h™). The transition
between soil and a regolith is gradual since ERT measurements did not find any visible

change in electrical resistivity except solitaire rocks.

3.2.2 Peat bog hillslope (PB)

Peat bogs contain in general two main hydropedological layers — Acrotelm and
Catotelm. Their hydrological behaviour was nicely described besides others by Holden and
Burt (2003) and also at the RO catchment by VIcek et al. (2017). While Acrotelm can form
a fast shallow subsurface flow (or biomat flow), it is hard to distinguish between biomat
flow and saturated overland flow. Therefore, we joined these processes together in one fast
shallow or surface flow. The main hydrological process of Peat bog hillslope PB is situated
(by the model) in sub-basin PB1, which represents Acrotelm and a thin upper part (layer) of
Catotelm. A shallow subsurface flow (biomat flow) was estimated as a dominant process
not only in this locality (Vlcek et al., 2017) but also in other peaty areas (Evans etal., 1999;
Holden & Burt, 2003). Overland flow occurs when an Acrotelm gets fully saturated with
water. The saturated overland flow was visible during heavy rainfall also at the Rokytka
Peat bog hillslope.

In general, most of peat bog springs can dry up during summer while they are fed by
a shallow layer of soil, especially by an Acrotelm and/or a thin upper layer of Catotelm. In
the case of the non-drying spring, Catotelm caused a continuous flow. This hydrological
process is enhanced at drained peat bogs where drain bottoms lay below groundwater level.
The hydrological behaviour of springs (precisely water level fluctuation) was used in the

model as another flow process from sub-basin PB1 (at the range between Acrotelm and
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Catotelm; Fig. 2). The lower border of the PB1 sub-basin cannot be unfortunately exactly
determined while it depends on a groundwater level, morphology or slope of a peat bog.
Except for the two above-mentioned flows from the PB1 sub-basin (overland + biomat flow
and flow from springs), the other two possible downward flows could be found. The first,
sub-basin (PB2) means a fast flow (a quick response to a rainfall event), called a pipe flow,
as discussed by Jones (1997), Holden and Burt (2003) and Uchida, Tromp-Van Meerveld,
and McDonnell (2005). Pipes extend horizontally, while they are created mainly by partly
decayed wood or by big pores originated from peat drying or erosion. The second, slow
flow (PB3 sub-basin) corresponds to a deep percolation with a flow velocity similar to the
hydraulic conductivity of the peat in Catotelm (> 1 cm day-' (field in-situ measurements;
Holden et al., 2001)). The downwards direction is driven by gravity forces and could be
called a piston flow.

Water flows from Peat bog hillslope (PB) and Podzol hillslope (PZ) into the stream
creating an outflow from the catchment. Both hillslopes are also affected by

evapotranspiration from the upper sub-basins at each site (PZ1 and PB1).

3.3 Model description

The utilised model is based on the HBV scheme (Bergstrém, 1992), which was (for
the peat bog domain) modified in order to be in line with the Acrotelm-Catotelm concept as
proposed by Ingram (1978). The modelling domain was split into two different zones
(representing two distinct parts of the catchment)—Peat bog hillslope (modified HBV) and
Podzol hillslope (standard HBV scheme). Each domain was represented by its own model
structure differing mainly in the character of the runoff reaction to rainfall. For the

estimation of the total catchment runoff, the outflow of both zones was summed with
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respect to the areal distribution of both domains (peat covering 60% of the area). Before the
HBYV model modification, several restricting assumptions were defined:

the flashiness of the hydrograph—episodic measurements of the spring discharge from the
mineral soil and peat bog parts of the catchment. In the case of the peat bog, the difference
between the maximum (2.1 L s™!' PZ hillslope; 19.1 L s PB hillslope) and minimum
discharge (0.01 L s™' PZ hillslope; 0.8 L s PB hillslope) was 10 times higher than from
mineral soil.

threshold relation between groundwater level in the peat bog and observed discharge

small contribution of the peat bog water to the total runoff during low flow periods—
Kocum et al. (2016) reported an approximately 10% contribution of the peat bog water to
the total flow in the area based on isotope analyses.

evapotranspiration takes places only from the Acrotelm and Catotelm and generally has
invariable water content (Holden & Burt, 2003).

the average specific yield from the peat bog should range between 0.2 and 0.3 [-] respecting
the study of Bourgault et al. (2017) who quantified the specific yield of moss.

The mineral soil Podzol domain (PZ hillslope, covering 40% of the catchment)
utilised the standard model in the HBV-light scheme (Seibert & Vis, 2012) with a soil box
PZ1 and two groundwater storages (upper PZ2 and lower PZ3). The only modification was
that the water was allowed to form runoff from the soil box following the relative
permeability equation (Brooks & Corey, 1964; eq. 1). Hence, runoff is produced as a sum
of outflows from the soil box PZ1 (Qpzs; eq. 1) and both groundwater storages - PZ2 and
PZ3 (Opz and Qpzs; eq. 2-3). Actual evapotranspiration (AET) is allowed to take place
only from the soil box PZ1 and is proportional to the saturation of the soil profile and PET
(eq. 4). Rainfall is divided into the part that enters the soil box and the one immediately

percolating to the groundwater (GW,y,,) following equation 5. The partition of the
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percolation between both groundwater boxes (PZ2, PZ3) is based on the constant

partitioning coefticient (GWPART).

_ 0r1-6,\ 211
Qrzr, =K (%25%) 0
Qpzz, = min(PZ2,""?K,, PZ2,) (2)
Qpzs, = PZ3,K; (3)
— i Ot—1 ; :
AET, = PET, - min (W 1) if ©<FCpgy - LPoyy
PZ1LFPZ1

or AETL = PETE if GEFCPZI = LPle (4)
6Wrch _p ( Ot )BPZ/PB 5)

rchrg, = Py T — (

where K is the saturated hydraulic conductivity (cm day"); O, O, and O, are the actual,
residual and saturated water contents in the soil box (mm), respectively; A is the pore size
distribution index (-); apzpp is the outflow non-linearity coefficient for PZ or PB domain,
respectively (-); K5 are storage coefficients (-); PZ2 and PZ3 are water contents in upper
and lower groundwater storage zones in PZ domain (mm); AET/PET stands for
actual/potential evapotranspiration (mm day™); FCpzypp; is the field capacity of the PZ or
PB domain, respectively (mm); LP is the soil moisture value above which AET reaches
PET (mm); fpzpe is a parameter that determines the relative contribution to runoff from
rain or snowmelt in the PZ or PB domain, respectively (-); P stands for precipitation (mm);
and GW,ny 1s the part of precipitation directly percolating to PZ2 or PB3.

The PB domain (60% of the RP catchment) was based on two subsurface storages
(representing Acrotelm and Catotelm) in which the rainfall was split into based on equation
5, as in the original HBV model. The upper Acrotelm box (PBl) was subject to
evapotranspiration (eq. 6) and generated three forms of the runoff. First, overland flow and
biomatflow (Qsurp) occur when soil is saturated and all water from the precipitation is

immediately drained to the stream (eq. 7). Second, water from Acrotelm and an upper part
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of Catotelm feeds springs (Qsprivgs; €q. 8) during a year (except pipe flow). Above a certain
threshold (below the saturation, UZL), fast storm flow can occur (Qpjee in eq. 9). The last
runoff mechanism from PBI1 sub-basin was a pipe flow (Qpipg) which can take place in the
entire Catotelm zone (PB2). However, the water source for pipe flow is usually water from
Acrotelm or rainwater. Therefore, the pipe flow process is connected to Acrotelm in the
model.

From the lower Catotelm groundwater box (PB3), the runoff (Qpp; in eq. 10) was

produced as in the mineral soil domain and, hence, was represented by the HBV approach.

AET, = PET, -min (o)1) if PBI<FCpg *LPpg
or AET, = PET, if PBI>FCpg - LPpg ©)
Qsurg, = (Pr — GWrchrg, + PB1,_,) — PBlgypg if Qsyre,2 0 1)
Qsprings, = Ks - max(PB1,_, — UZL,0) )
QPIPEt = PBlfPBKd, 9)
Qpp3, = PB3Ks (10)

where PBI (Acrotelm) and PB3 (Catotelm) are water contents in upper and lower
groundwater storage zones in PB domain (mm), and UZL (mm) is the threshold in PB]
storage when QOspring is activated.

Potential evapotranspiration (PET) was estimated for both hillslopes, in the same
way, using the combined method of Penman-Monteith (Monteith, 1965) (eq. 11; Fig. 3b).
Besides the meteorological variables such as air temperature, wind speed and vapour
pressure, the net radiation represents one of the fundamental inputs in this approach. The

potential evapotranspiration was calculated as follows:

APET = A(Rn—G)+pcles—ea)/Ta

(1)

A+y(14:—2)
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where 4 is the expression of the slope of the saturation vapour pressure versus air
temperature curve (kPa DC"), Rn is the net radiation (MJ m? d"), G is the soil heat flux (MJ
m? d"), yis the psychrometric constant (kPa °C™'), e—e, describes the vapour pressure
deficit (kPa) (e is the saturation vapour pressure and e, is the actual vapour pressure), 4 is
the latent heat of vaporisation (MJ kg_l), p is the water density (kg L™, i/, describes the
ratio of surface and aerodynamic resistance (s m™"). Soil heat flux was neglected in this
study because it works with daily average sums of radiation. Net radiation consists of
shortwave and longwave radiation balance. While shortwave radiation is available at the
site (Kipp & Zonen CMP3, Netherlands), the FAOS6 (Allen et al. 1998) approach was used
to calculate longwave radiation. To avoid calculation errors due to using of default sets of
coefficients in the FAOS56 equation, we used calibrated coefficients that lead to more
accurate results for longwave radiation balance and, subsequently, PET values (Kofronova
et al. 2019). The snow accumulation and snowmelt were modelled based on the degree-day
method (Gupta, 2001) as the necessary data for the radiation balance approach were not

available.

3.4 Model calibration

The model was calibrated in the RP catchment using the data from the entire period
of hydrological years 2014-2017, hence the entire analyses were based on the calibration
period. This was due to the relatively short length of available data, which (if split into
calibration and validation periods) would not allow us to cover both wet and dry years
sufficiently. The importance of longer time series for the model calibration was stressed
e.g. by Larssen et al. (2007).

The model calibration was conducted in three steps as it was necessary to determine

22 model parameters. In particular steps, the selected parameters were calibrated with
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respect to observed values of snow water equivalent (STEP 1), soil moisture
content/groundwater level height (STEP 2) and discharge (STEP 3), respectively. All the
parameters were determined using the genetic algorithm with the RMSE as an objective
function.

Before the calibration, the sensitivity analyses (SA) was conducted to investigate the
influence of particular coefficients on the model performance. The SA procedure was based
on changing one parameter at a time with the remaining ones being fixed (Pianosi et al.
2016). The sensitivity of the output to the changes in the input factors was observed by
calculating the rate of change of the objective function (RMSE in our case; supplements
Fig. S2). The results indicated that the model is sensitive especially to the changes of snow
parameters (especially the temperature thresholds), field capacity and relative contribution
of rainfall to runoff of the PB domain (FCPB, fPB), K2 parameter governing the
contribution of the lower groundwater box to the runoff in both domains and based on the
SA the calibration of model coefficients was done using the genetic algorithm. The
sensitivity and ranges (recommended in the HBV manual) of particular parameters are
shown in the supplementary materials (Fig. S2 and Table S2).

First, four parameters were necessary to estimate snow accumulation and snowmelt.
These were TSNOW (threshold snowfall temperature), TMELT (threshold snowmelt
temperature), CFMAX (snowmelt rate) and SFCF (snowfall correction factor). These
parameters were optimised to match the course of snow water equivalent obtained from the
snow pillow. Second, the parameters influencing the water regime in the soil (PZ7) and
Acrotelm (PBI) were calibrated with respect to measurements of tensiometers placed in the
mineral soil Podzol and groundwater fluctuation in the peat bog. Three parameters were
common for both domains but were calibrated separately: FC (field capacity), LP (soil

moisture value above which AET reaches PET), £ (a parameter that determines the relative
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contribution to runoff from rain or snowmelt). For the Podzol hillslope, three additional
parameters were necessary: Ks (saturated hydraulic conductivity), Or (residual soil water
content) and Os (saturated soil water). In the second step, the parameters from the first step
were kept fixed at the optimised values. The same applies for the final third step with the
parameters from the first two. For the estimation of runoft (STEP 3), three coefficients
were necessary for the Podzol hillslope: K/ and K2 (storage coefficients) and the non-
linearity coefficient @PZ. Three storage coefficients (K2-K5) and non-linearity
coefficient aPB were required for the outflow of the lower groundwater storage zones (one
for PZ and one for PB domain). Additionally, two thresholds (PBISURQ and UZL)
governing the runoff formation from Acrotelm were needed. All the parameters in STEP 3

were optimised with respect to observed discharge.

4 Results

4.1 Climate and hydrological characteristics of the studied period

The studied period included two years with above-average (2014, 2016) and two
years with below-average precipitation (2015, 2017). The precipitation records showed
years 2014 and 2016 were wetter than average by 5 % and 13 %, respectively. Contrarily,
the years 2015 and 2017 attained only 56 % and 80 % of the long-term precipitation
amounts. All years exhibited above average air temperatures being 11-25% above the long-
term annual value. All these long-term data originate from the Liz station (operating since
1976 in the distance of 20 km) as there is no climate station operating longer than 30 years
insufficient distance.

Storm hydrographs at the catchments RP (0.65 km®) and RO (3.8 km?®) were highly

variable and could be characterised by quick and steep rising and falling limbs. The
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hydrological response to rainfall events was fast and the recession to antecedent base flow
occurred rather quickly (Fig. 3e, f). In the study period, the mean daily runoft equalled to
3.6 mm day ' (1329 mm y™') at the RO outlet. The RP attained an average runoff of 3.4 mm
day™ (1297 mm y'). Mean annual maximum flow (MHQ) of RO was 7.1 mm day™ and
mean annual minimum flow (MNQ) was 1.4 mm day™'. MHQ of RP was 8.3 mm day™ and
MNQ equalled to 1.3 mm day™'. The difference in maximum and minimum flow between
RO (3.8 km®) and RP (0.65 ki) is possibly caused by a difference in peat coverage (RO ~
30% peat bog coverage; RP ~ 60%) and it confirms the hydrologic behaviour of local
streams (Curda et al. 2011; Ferda etal. 1971; Kocum et al. 2016). The differences in annual

discharges between RO and RO are discussed more in chapter 5.3.

4.1 Hydrological simulation

The Nash-Sutcliffe coefficient reached 0.64 in the model calibration and the RMSE
was 3.1 mm day™'. The Nash-Sutcliffe ranged between 0.56 and 0.74 in particular years. If
the errors originating in the timing of the major snowmelt events were omitted (excluding
10 values out of 1558 simulated days), then the RMSE would decrease approximately to
2.5 mm day™' and Nash-Sutcliffe would rise to the value of 0.70. Hence, the model
performance statistics were strongly influenced by the estimation of the snow accumulation
and melt during four winter periods (also proved by the SA). The model performance was
checked by extending the simulated area to the entire RO catchiment (covering 3.8 km?)
having the different percentage of catchment covered by peat bog (30% compared to 60%
in the case of RP). The average Nash-Sutcliffe coefficient reached 0.67, which is also
a satisfactory value. Hence, the model is able to predict runoff formation from the

catchments with different coverage of the peat bog.
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Figure 4 shows a comparison of observed and simulated data. Simulated values of
discharge from RP and RO correlates with observed data in most measurements; however,
there are some values which are over- or underestimated. RMSE equalled to 3.1 mm day™
for RP, 2.2 mm day™ for RO. Soil water content ranging from 200 to 350 mm well matched
around the 1:1 line with RMSE equal to 13.5 mm day™ (~1.9 cm™ cm™3). The highest
deviation between observed and simulated data was found at high soil saturation (> 0.5).
Groundwater level values make irregular clusters sorted around the 1:1 line with RMSE
equalling 13.2 mm day ' (~2.1 cm™3 cm™).

The comparison of outflow and groundwater level data from the Peat bog hillslope
area usually shows that an increase in outflow appears at times of higher groundwater level
(Fig. 5). For a specific threshold, which is formed by an interface between an Acrotelm and
a Catotelm, groundwater level stops increasing while outflow (discharge) starts increasing.
Some measurements are, however, quite far from the most common shape. The same
behaviour was observed in simulated data (Fig. 5 right). Model HBV estimated the
threshold between an Acrotelm and a Catotelm to be slightly higher than observed.
Moreover, during the full saturation, the model estimated lower discharge events than were
observed.

Simulated values correlate sufficiently with observed data of both modelled
catchments (RP (Fig. 6, upper) and RO (Fig. 6, lower)). A weak point is represented by
a simulation of peaks (high discharges) where some events were underestimated and some
overestimated. Snowmelt periods represented another significant source of error in the
runoff estimation. Even though Figure 6 contains comparisons at two catchments with

different size of peat coverage, simulated values show similar results inaccuracy.
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4.2 Contribution of Peat bog hillslope to the streamflow

The Peat bog hillslope generally contributes higher annual runoft volume to the total
runoff than Podzol hillslope (by 175 mm, ie. 17% in the period 2014-2017; fig. 7).
However, this higher runoff was restricted to events with higher observed discharge. In
these events, the contribution of Peat bog hillslope to the total flow was often over 80%
with a maximum of 98%. On the other hand, the ratio of Peat bog hillslope contribution to
total outflow was very low during low flow periods when Peat bog hillslope formed up to
15% of the total flow. The results document the propensity of peat bog to generate runoff
when higher precipitation falls on well-saturated organic soil. In these conditions, a huge
runoff formed which on average exceeded the contribution of runoff from mineral soil.
Altogether, higher runoff from Peat bog hillslope was observed in 17% of the simulated
days. On the other hand, in periods without significant precipitation, the runoff was
dominated by the outflow from the mineral soil; albeit, forming a smaller portion of total
flow volume on average. The higher annual runoff volume was generated from the peat bog
area (compared to Podzol area) every year except 2015 (Table 3) due to a very low amount
of precipitation which did not enable sufficient formation of runoff from the Peat bog

hillslope.

4.3 Simulated water balance

The simulated runoff differed from the observed runoff on average by 6.7% in the
period of hydrological years 2014-2017. The highest difference was observed in the year
2015 (simulated runoff was lower by 24%), which was the warmest year with the lowest
amount of precipitation (Table 3). The simulated and observed runoff coefficients equalled
74.9% and 80.3%, respectively. This indicated the importance of the upper (mountain)

regions in terms of runoff formation as the average runoff coefficient equalled 26.8% in the
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Czech Republic (Tolasz, 2007). The estimated average annual actual evapotranspiration
equalled 466 mm yr™' for the mineral soil (81% of PET) and 337 mm yr! for the Peat Bog
area (59% of PET). On average, the actual evapotranspiration of the whole RP catchment
was 388 mm yr' and its annual course corresponded to the observed precipitation amounts

(i.e. was highest in 2016 and lowest in 2015).

5 Discussion

Models can estimate answers to hydrological questions where standard field
measurements, among reasons such as short time of measurements or any spatial
restrictions, are not sufficient. In the case of the Rokytka catchment (RO), previous
measurements could not evaluate sufficiently the shallow and deep subsurface flow
contribution to the total runoff at both slopes, nor could they estimate the peat bog hillslope
contribution to the outflow during low flow periods. The performance of the hydrological
model is biased with several uncertainties. First of all, the amount of available precipitation
is not sufficiently measured with standard rain gauges with sufficient time resolution.

First of all, the amount of available precipitation can be underestimated with standard
rain gauges. The reason is that the measurements from the rain gauges may contain
significant errors (especially in the winter period) (Dingman, 2015). Thus, even the
corrected amount of winter precipitation is still uncertain because the estimation of
precipitation in mountains is accompanied by several deficiencies (Sevruk, 2005). The
major drawback in model performance is given by the snowmelt and the snow
accumulation/melt routine based on the degree-day approach. In general, this approach is
insufficient in the estimation of the timing of the snowmelt causing significant errors in the

model's prediction of spring discharge. However, the degree-day approach is a standard
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method used in several hydrological models to estimate the evolution of snow cover. Water
content in the upper soil layers seemed to be simulated reliably in both domains, especially
in the mineral soil. The model's prediction of the water regime in Acrotelm was slightly less
efficient than expected which is mainly due to the micro-topography of the peat bog. The
soil water regime in Acrotelm was characterised using water level measurements obtained
from three piezometers (each of them placed in a different part of the bog). Hence, we used
their arithmetical average which might not accurately represent the behaviour of the entire
peat bog. The different behaviour of the groundwater level measurements in a single peat
bog probe was reported by Kellner and Halldin (2002). Finally, the determination of the
runoff pathways was the result of the model design (using the runoff generation
mechanisms obtained from the literature) without the use of tracer experiments or isotope
analyses; the ratio among them is still uncertain and will be an object of our further
research.

One of the major results of this study is represented by the estimation of the peat bog
water balance and its contrast with adjacent mineral soil. Because a more accurate
estimation of the rate of evapotranspiration was missing at the site, it was based on the
observed soil water regime in both modelling domains. However, the results can be masked
by the uncertain determination of the fluxes in different flow pathways. Several authors
have focused on the estimation of AET in the peat bog environment but as far as the authors
know, no study contrasted its value with the nearby mineral soil. The annual
evapotranspiration of the Peat bog hillslope at the RP catchment ranged from 284 to 367
mm (18-28% of available precipitation), which is a lower amount than reported in the
nearby (albeit located at lower altitude) forest environment (~50%, Sipek & Tesaf, 2017). It
is also lower than previously reported ratios of AET to precipitation by Lafleur et al.

(2005). However, the annual rate and daily averages (1.1 mm day™) and maxima (~3.5 mm
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day™) correspond to the study of Sottocornola and Kiely (2010). The most pronounced
reason probably lies in the reduced evapotranspiration of peat bog due to the formation of a
crust when dry, likely isolating the peat top from lower wet layers as documented by
Sottocornola and Kiely (2010). The formation of the surface crust was observed during
field surveys in dry periods. Furthermore, cloud water as a significant amount of
precipitation can also reduce the rate of AET (Heal et al. 2004). Elias et al. (1995)
described the influence of cloud water on the water balance in the nearby lower-lying site to
be around 7-10% of the total precipitation. Moreover, the differences may be also caused
by the different occurrence of the vegetation and free water surface in the peat bog, which
was stressed by Sottocornola and Kiely (2010). It must be noted that the ratio of peat bog
and Podzol soil evapotranspiration may be affected by the number of dry or wet years in the

study.

5.1 Podzol hillslope hydrological processes

Simulated outflow from Podzol hillslope (1083 mm per year, Fig. 7) is divided by the
model in a fast preferential flow and slow percolation. Fast preferential flow includes
shallow subsurface flow or biomat flow defined by Gerke et al. (2015).

As the surface flow was not recognised at this site, almost all water from rainfall
infiltrates into the soil. However, a sprinkling experiment (Vlcek et al., 2017) identified
near-surface lateral flow. Fast runoff process at mineral soil hillslope was estimated to be
312 mm of the total (Fig. 7), thus not a dominant hydrological process. The sprinkling
experiment showed a biomat flow as a dominant preferential flow in local mineral soil,
except deep percolation. However, the experiment covers only a small area (2.25 m?) and
a near sub-surface flow can reduce by variable soil topography such as small depressions.

These surface segmentations caused by fallen and uprooted trees could affect outflow
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during rain events by forming small storage spaces with a low infiltration capacity (field
observation).

Slow flow nicely correlated with infiltration tests where the infiltration capacity was
estimated in an order of less than mm h™' (Jacka et al. 2014; Vlcek et al., 2017).
Geophysical surveys (ERT measurements) did not show any visible threshold or barrier to
possible vertical flow. Together with surface topographic variability, available observed
patterns and measured chosen features (section 3.2) indicated that the dominant hillslope
runoff process should be a slow deep percolation into regolith or bedrock. This type of
runoff process creates water supply for springs during rainless periods. Our model confirms

a dominant slow percolation on the mineral hillslope (771 mm of a total 1083 mm yr™).

5.2 Peat bog hillslope hydrological processes

Compared to mineral soil, peat bog is known for its quick response of saturated
overland flow events (Holden & Burt, 2003). Similar runoff formation is visible at the RO
catchments peat bog side during a period of high groundwater level and heavy rainfall. This
is also proven by the shape of the groundwater level runoff chart (Fig. 5) and in the study
done by Evans et al. (1999).

A quick response of an outflow from a peat bog to a rainfall event could be caused by
overland flow near-surface flow in an Acrotelm or pipe flow through a whole peat bog
(Holden & Burt, 2002; Jones, 1997; Uchida et al., 2005). These mentioned runoff processes
were joined to the fast flow and were estimated as the dominant runoff formation processes
with the contribution of 773 mm to the total outflow (Fig. 7).

A slow runoff process at the Peat bog hillslope was formed by a deep percolation to
bedrock and a small contribution to the stream from the upper layer (Acrotelm and thin

upper part of the Catotelm). The first-mentioned process (percolation) is driven by the
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hydrological conductivity of peat. The mass of water in a peat bog can also cause a pressure
height condition in a lower layer of a peat bog and could cause a piston flow into an
underlying substrate. The second mentioned process (small contribution to a stream) is
visible at the banks of a stream or banks of drainage channels or at places where sites with
higher slope occur. Water is therefore forced to leak out from the peat. Similar processes
can be found in drained peatlands (Schot et al. 2004). In some cases, this outflow leads to
spring formation. However, this process is strictly dependent on the depth of the
groundwater level (Worrall et al. 2007). These two above-mentioned hydrological
processes form a minor but significant slow runoff formation at the Peat bog hillslope. Slow
processes contribution to the total outflow from the RP catchment was estimated to be 439

mm.

5.3 Hillslopes contribution to the total runoff

A discharge from a peat bog is unstable with a high, quick response to rainfall events
and visible spring drying during drought as compared to discharge from mineral soil (Evans
et al., 1999; Ferda et al., 1971, Jansky & Kocum, 2008). It was also shown in measured
data from the RP catchment. In the comparison of measured and modelled annual
discharges from this study, Peat bog hillslope at the RP catchment contributed to the
outflow with an annual 1212 mm on average; more than outflow from the Podzol hillslope.
However, the decision on the question from which soil flows more water is not so clear. It
depends mainly on soil saturation (depth of groundwater level) or an amount of rainfall.
Evans et al. (1999) showed that discharge in a peatland starts increasing at a specific depth
of groundwater level. This hydrological behaviour was also confirmed in the RP catchment
(Fig. 5). Some studies such as Blazkova et al. (2002) work also with a spatial variability of

the saturated area in time. In the case of RP and RO catchments, water table depth has
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influenced the hydrological regime more while the size of waterlogged areas varies very
little.

In general, during wet years when a peat bog is saturated, higher outflow occurs from
a peaty area then from mineral soils while dry periods can cause drying of spring from peat
(Histosol). It is visible from the comparison of mean annual minimum flow (RP — 1.3 mm
day™; RO — 1.4 mm day™) and mean annual maximum flow (RP — 16.0 mm day™; RO —
13.6 mm day™) from experimental catchments RP (~60 % of peat bog coverage) and RO
(~30 % peat bog coverage). Mean annual minimum flow occurs at a catchment with the
higher peat bog coverage and conversely with mean annual maximum flow. Moreover,
based on the hydrological soil type and its dominant runoff formation process (Boorman et
al., 1995; Scherrer & Naef, 2003), peat (Histosols) transfers faster rainwater during rainfall
event into a stream compare to mineral soil such as Podzol. Therefore, a dry period causes
reduced contribution of water from Peat bog hillslope and vice versa during wet periods.
There is also another possible reason for different modelled estimation of annual outflow
from hillslopes —the role of the snowpack. The uncertainty of input of snowmelt water into
a stream can cause the amounts of water getting in an outflow during the study period.
However, the main result of this study remains the ratio of slow and fast flows

(hydrological processes).

6 Conclusion

This study estimated the hydrological contribution of two hillslopes with two
dominant soil types having different hydrological regimes. Field observations, experiments
and monitoring of soil moisture at the Podzol hillslope, groundwater level at the Peat bog

hillslope and streamflow were analysed to describe the water regime of each slope.
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Moreover, hydrological models (HBV) were modified and used in this research to
distinguish fast and slow flow at each slope. The model confirms previous studies that peat
bog is characterised by a quick response to a rainfall event; however, it also contributed to
the stream via slow flow (36 % of the flow from the Peat bog hillslope). This slow flow was
determined as a piston flow through peat. At the mineral soil Podzol hillslope, the dominant
subsurface flow was estimated to be deep percolation reaching 71 % of the mineral soil
outflow. In general, raised ombrogenous peat bog contributes slightly more than mineral
soil Podzol to the outflow while its evapotranspiration is lower (337 mm y' for the peat
bog and 466 mm y™* for the Podzol soil). During years with an excess of precipitation, more
water flows from the Peat bog hillslope, but during dry years, more water is drained from
the mineral soil Podzol hillslope. This analysis, therefore, improves our knowledge about

how soils contribute to a stream during rainfall events, base flow and drought periods.
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Table 1. Parameters of retention curves used for Podzol hillslope soil. Locations

correspond to Fig. 1. Number in brackets means a depth in the soil [cm].

Location Bs or o [1/cm]
SM1 (20) 0.70 0.31 0.33446
SM1 (60) 0.48 0.16 0.50364

SM2 (20) 0.66 0.34 0.32719
SM2 (60) 0.44 0.17 0.45996

36

69



884

885

886

887

888

889

890

891

892

893

894

895

896

897

Table 2. Scheme of the model divided into sub-basins (SB) which are connected by an

estimated process corresponding to a dominant preferential flow or other real hydrological

process. In this case, we use the term “sub-basin” as a soil laver (soil part) with similar

hydro-pedological processes or water regime.
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Table 3. Simulated water balance (all variables in mm) of the Rokytka tributary RP

catchment (2014-2017).

2014 2015 2016 2017 2014-2017
Precipitation 1617 990 2119 1636 1591
PET 552 601 562 599 579
AETp; 470 429 493 485 469
AETpg 343 312 365 342 341
Qp; 1104 896 1388 1099 1122
Qrg 1269 715 1728 1268 1244
AET o1 394 359 416 399 392
Qsotal 1203 787 1592 1200 1196
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Figure 1. Experimental catchment Rokytka tributary RP (0.65 km?) as a part of the
catchment RO; (a) positions of divides and springs at RP; (b) Red dots are tensiometers at
two sites (SM1, SM2) and orange dots are groundwater level probes at three sites (GWI1—

3).
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Figure 2. The model (a) and Rokytka tributary RP catchment profile (b) with two hillslopes;
a) boxes (PZ/PB) represent each soil sub-basin (Podzol hillslope/Peat bog hillslope) of the
model with direction of water flow (blue arrows); b) red dots are tensiometers at two sites
(SM1, SM2), orange dots are groundwater level probes at three sites (GW1-3). Arrows
show the estimated flow direction based on model (a). In this case, we use the term “sub-

basin” as a soil layer (soil part) with similar hydro-pedological processes or regime.
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927 Figure 3. Meteorological and discharge input data from hydrological years 2013-2017
928 starting from 2012/11/01; a) precipitation (P) modified from measured data (described in
929 chapter Meteo-hydrological input data), b) potential evapotranspiration (PET), c¢) mean
930 water content of soil and Podzol hillslope from two depths (20, 60 cm), d) mean
931 groundwater level from Peat Bog hillslope, e) specific discharge at the outflow from the

932 Rokytka tributary RP catchment.
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934 Figure 4. Comparison of observed and simulated values of stream Rokytka tributary RP
935 outflow (upper left), Rokytka stream RO outflow (upper right), soil water (lower left) and
936 groundwater level (lower right) from RP.
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943 Figure 5. The relation between groundwater level in the Peat bog and outflow from the

944 catchment Rokytka tributary RP using observed (left) and simulated (right) values.

Observed values Simulated values
300 — 300 —
E
E 250 . ; 250 ; p
- [-] o
— 200 —| Poos ° 200 — °
_.0_.3 co Q0
@
]
e 150 150 —
=
e
& 100 100
[ | [ | [ [ | I [ [ | [ [ I
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Outflow [mm]

945

946 Figure 6. Comparison of observed and simulated values of outflow from catchment Rokytka
947 tributary RP (upper) and Rokytka stream RO (lower) during hydrological years (2013—
948 2017) starting from 2012/11/01. Measurement at RP started at day 239. Data of Rokytka

949 (RO) was adapted to the same period.
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951 Figure 7. Model of flow distribution in an environmental system with two dominant soils
952 (Podzol and Histosol); ET—evapotranspiration; QOs—stormflow or fast preferential

953 (macropore) flow; Qp—percolation or slow flow; O—total outflow from each slope.
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Fig. §2. Absolute maximum changes in RMSE of the discharge estimation at the RP
catchment outlet when parameter values change in the entire parameter range.

Table S1. Model parameter ranges and their optimised values. Indexes indicate Peat Bog
(PB) and Podzol (PZ) domains. Four snowmelt parameters divided by slashes represent four
investigated winter seasons.

Parameter Unit Name Min Max  Optimised values
TSNOW [°C] threshold snowfall T -3 3 29/06/19/09
TMELT [°C] threshold snowmelt T -3 3 0.5/-0.5/-0.3/0.0

SFCF [-] snowfall correction 1 2 1.0/1.7/20/725
CFMAX  [mm/At°C] snow melt rate 0 5 2.5/ 25131725
FCpp [mm] Field capacity 200 500 308
FCpz [mm] Field capacity 200 500 361
LPpg [-] soil moisture above 0 2 1.4
LPpy [-] which AET reaches PET 0 2 1.2
Brr [-] relative contribution to 0 Inf 3.4
PBrz [-] runoff from rain 0 Inf 4.5
UZL [mm] threshold parameter 0 350 221
SUZsuro pe [mm] threshold parameter 0 350 245
K1 [-] storage coefficient 0 1 0.400
K2 [-] storage coefficient 0 1 0.007
K3 [-] storage coefficient 0 1 0.606
K4 [-] storage coefficient 0 1 0.003
K5 [-] storage coefficient 0 1 0.003
app [-] non-linearity coefficient 0 1 0.640
apz [-] non-linearity coefficient 0 1 1.272
Ks [em/day]  Saturated hydraulic 0 500 11.7
conductivity
o, [mm] Saturation water content 200 500 341
@, [mm] Residual water content 0 300 197
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7.2 Hydrologicka funkce horskych vrchovist’ v pramennych oblastech mirného pasu
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Abstract

Peatland represents quite significant phenomenon in the headstream areas of Czech riv-
ers. Considering the fact that these areas are crucial for streamflow generation process,
it is very important to study the mechanism of runoff formation in a peatland and its
hydrological function. Natural runoff process is affected by man already by its birth, thus
in headwaters where numerous procedures related to runoff retardation and water reten-
tion increase in headstream areas could be realized. To understand and clarify the runoff
generation process and the effect of various physicogeographic factors on its dynamics,
the detailed analyses were carried out in the Vltava River headwaters (sw. Czechia) in
recent years. It was necessary to consider the evaluation of peatland retention capacity,
its hydraulic communication with draining watercourses and of runoff regime variability
during various hydroclimatic conditions. The big attention was focused on findings of a
runoff dynamics dependence on the groundwater table in the peatland and of the runoff
chemistry and balance using isotopic hydrology methods. Natural tracers were applied
at sprinkling plots to identify preferential flow and runoff formation at two opposite
hillslopes in this peaty mountain headwater.

Keywords: headwater, peatland, peat bog hydrological function, hydrological extremes,
runoff formation, retention potential, Vltava River, Sumava Mts., automatic stations,
experimental catchment, oxygen isotopes, tracer experiment, dye

1. Introduction

Mountain peat bogs and peatland represent a significant phenomenon in headwaters of Czech
rivers. They occupy a considerable part of the area where the outflow is formed. The study of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChopen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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the hydrological conditions of the most exposed parts of the Czechia therefore requires a very
detailed field survey and study of the composition of peatland, its background, development,
and hydrological function. These are the areas where the streamflow is generated and then
transformed. These headwaters are crucial for the lower parts of river basins from the runoff
point of view and in the sense of increasing extremity of climatic and hydrological features.
Recently, these effects have been increasingly observed and their effects are mainly attributed
to processes related to climate change, also in the mid-altitude part of the European continent.

In the context of catastrophic floods and extreme droughts that have occurred in recent years
on the Czech territory, there is an urgent need of solving of issues dealing with protection
against hydrological extremes, not using just classical engineering methods. There is a new
protection strategy focusing on gradual increase of river catchment retention capacity includ-
ing its headwater regions where numerous procedures related to runoff retardation could be
realized. However, the realization of such measures must be preceded by a thorough research
of these areas, not only in terms of hydrological, but also soil or vegetation point of view. It
calls for an interdisciplinary concept of research and a comprehensive understanding of the
existence of this phenomenon from many perspectives.

Suitable conditions for the research realization at present are related to the mid-latitude
Vltava R. headwaters (sw. Czechia) representing the core zone of frequent extreme runoff
events with high heterogeneity in terms of physicogeographic and socio-economic aspects.
Due to the significant existence of peatland phenomenon in this area, detailed assessment of
peat bogs hydrological function, its retention capacity and hydraulic communication have
been done in order to evaluate its retention potential. Both classical hydrology approaches
and modern methods were used to answer actual questions.

2. State of the art

A number of foreign and domestic projects have solved the matter of peat bog hydrologi-
cal function but no one has been fully comprehensive. Opinions on their function, already
appeared in the second half of the twentieth century, vary a lot. Ferda [1] made the detailed
analysis of various approaches to tackle these questions in the Sumava Mts. On the base of
“theory of sponge,” that occurred in the late 1960s, peatland was distinctive for its significant
water retention and discharge regulating ability, and for its discharge heightening ability in
dry periods. Other studies from the late 1970s then confirmed the peat bogs retention capacity
and show that the only possible way to increase the retention capacity is to lower groundwa-
ter level (GWL) by means of drainage. Since that time, the issue of hydraulic communication
between peat bog complexes and draining streams (incl. procedures of drainage) has become
a field of broad debates among experts (e.g., [2-7]). An interesting and detailed study of the
literature covering opinions on both sides can be found in the paper of Holden et al. [8].
Conlflicting results presented in the abovementioned papers depend on the different physi-
cogeographical conditions. However, in general, acquired findings proved significant runoff
variability of watercourses draining peatland areas. It can be said that the peatland influence
on hydrological regime balance had been quite overestimated in the past.
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The same result was acquired in the study area of the Vltava R. headwaters in Sumava Mits.
[9-13]. Papers show a significantly negative influence of unaffected peatland on a runoff pro-
cess from its variability point of view. This mountain range has the largest peat bog areas in
the Czechia as well as in Central Europe. The existence of large amounts of peat bogs in this
area is caused by a humid climate and by optimal relief configuration [14]. The influence of
peat land on water quality in watercourses is assessed as unambiguously negative, while
intensity of the effect is related to its area and volume in a catchment. Waterlogged areas in
Central Europe are formed mostly in flat areas or shallow valleys (e.g., in Biebrza, Poland [15],
or in western Slovakia [16]) but climatic and hydrological conditions are different from those
of mountainous peat bogs. Quite similar conditions for upland peat bog development can be
found in Scandinavia and Scotland. Therefore, it is better to compare hydrological processes
within the Sumava Mts. peat bogs to those in Scottish or Scandinavian waterlogged areas.

The influence of peat bogs on hydrological processes has also been discussed with respect
to the effect on water quality, especially the ionic structure of water in periods of high or
low discharges [17-21]. In dry periods, runoff from peat bogs decreases or becomes almost
intermittent. This results in improvement in the quality of the water in the streams draining
the peat bog. This was confirmed by studies carried out by Ferda et al. [22] and others [23-25].
However, during spring snowmelt and summer rainfall totals, decline in water quality is
observed as peat bog complexes are fully saturated. In case of water release during dry peri-
ods, this would be expected to result in decreased quality.

Defining the environment in which hydrological processes take place is quite complicated.
Determination of basic hydrological processes using information about the qualitative
composition of water is inconvenient and the concept of surface runoff is not sufficient.
Hydrogeochemical approaches are suitable to explain the streamflow generation process and
to understand the mechanism of water retention in a catchment. Since the theory of so-called
“effective precipitation “[26] was accepted, the hydrological response of runoff to causal rain-
fall has been extensively studied. Despite this, the real mechanism of water behavior under-
ground has not been so clearly described [27]. The absence of such detailed data results in
simplified assumptions and insufficient description of complicated processes such as causal
aspects of runoff generation. Rainfall-runoff transformation requires additional data that can
be obtained using a natural indicator. This information can be provided by a combination of
isotope and geochemical approaches [28, 29]. This new dimension to hydrological studies has
proven extremely simple and superior to previous theories [27, 30]. Using information about
isotopic structure within the soil, subsurface water and causal precipitation amount, propor-
tion of these phases in extreme runoff episode based on isotope concentration in the outflow
can be determined. However, mechanism causing this exchange is not completely known
[29, 31]. Water can often move apart through isotopically and geochemically specified spaces,
channels, or be retained [32]. These spaces are not space-homogenous, and their contribution
over time to the proportion of runoff is not necessarily constant [33].

The main anthropogenic changes in the Sumava Mts. peat bog complexes have been caused
by efforts of draining and drying. Peat bogs have been traditionally drained for the purpose
of peat exploitation, agricultural land cultivation, or increase in wood exploitation in water-
logged forest areas. Nevertheless, the extent of surface drains was already considerable at
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the turn of the nineteenth and the twentieth century. However, the major period of drainage
digging was in the 1970s and 1980s of the twentieth century. Nowadays, the drainage systems
are still visible. Stocktaking researches have displayed that drainage has affected almost 70%
of peat bogs in the Sumava Mts. [34]. The open system of drains causes especially: fast sur-
face flow, steeper culmination, and higher fluctuations of GWL [35]. Performed restorations
can improve these aspects and consequently increase the GWL by several centimeters in a
year [36]. A research from Schachtenfilz in the Bavarian Forest has confirmed that restoration
measures increased GWL and decreased its fluctuation [34]. Since 1998, a complex restoration
program has been implemented in the area of the Sumava National Park. The program is
primarily aimed at a general improvement of disturbed water regime in the peat bog area
[37]. A concept of so-called “target water level” has been exercised during the restoration in
the Sumava Mts. The method is based on determination of necessary water level, which is
particular for each peat bog and which is desirable to be achieved by restoration measures.
The necessary water level can be described as a maximal tolerated decline of water in a ditch
under the dam head, which is bearable for a given type of a peat bog [38].

Peat bogs are physically and ecologically adapted on the depth of GWL. The depth has a great
significance for ecological niches of vegetative species and hence even for peat development
[39]. The response of GWL on an exercised restoration is usually very fast; nevertheless, the
changes in water chemism and consequent reactions of peat bog species are very slow. Peat
bog vegetative species are vulnerable and sudden changes of pH factor or changes in the
amount of nutrients after exercising restoration can also have negative effects. Peat bog resto-
ration consequently includes stabilization and increase of GWL and a repeated habitation of
the standpoint by peat bog species. It is thus important to limit the amount of water drain [40].

3. Study area

The subject area is located within the upper Vltava (Moldau) R. basin, the left tributary of Elbe
River, in Central Europe (see Figure 1). Headstream part of this basin, where experimental
research was undertaken, represents an area with the significant existence of a phenomenon
of a peatland that is of mountainous type, mainly fed by atmospheric precipitation. Although
the studied area is mountainous, its exposure in the planed and highly exposed part of
Sumava Mits. gives it a flat watershed character favorable for the existence of high moor. The
catchment is formed by a typical old-aligned surface with an altitude varying between 1.100
and 1.300 m a.s.1. From the geological point of view, according to the tectonic zoning, the
basin belongs to the area of Moldau-Danube elevation. Within the various parts of this area,
a number of specific experimental catchments were chosen. Their area and slope are similar
with the exception of the Rokytka Brook basin, which is slightly flatter. They also have similar
soil and vegetative conditions, and most of the area was influenced by a bark beetle infesta-
tion. The biggest difference is the extent of peat soils which represents the main reason that
why these comparable experimental basins were chosen. All catchments have been monitored
several years by installed water level gauges in their closing profiles.

In the Rokytka B. basin, our “field laboratory,” the peatland complex comprises several large
and many small mountain peat bogs, which are surrounded by forest peat bogs, waterlogged
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Figure 1. Localization of the study area incl. the CHMI (Czech Hydrometeorological Institute) and FS CU (Faculty of
Science, Charles University in Prague) water stage recorders and automatic precipitation gauges within the Vltava
R. headwaters. (a) Rokytka B. Experimental catchment within the Vydra River headstream area; (b) sampling profiles
and the main peat bog complexes. Sampling profiles: (1) outflow, (2) peat bog lake, and (3) tributary.

pine stands and minerotrophic sedge peat bogs. According to the ZABAGED digital terrain
model (the basic platform for geographical data of the Czech Republic) and to the TGM Water
Research Institute DIBAVOD (digital basis for water management data), the experimental
catchment of Rokytka B., down to the closing profile with installed water level gauge, has an
area of 3.86 km The total area of the main studied peat bog within the Rokytka B. catchment
is almost 250 ha and its depth reaches up to 7 m. Maximum depth of the peat bog was mea-
sured in its central part. It represents historically the deepest analyzed profile in the whole
Sumava Mts. with the oldest dating. The research of the Rokytka peat bog was also focused
on a selected experimental drainage ditch as the anthropogenic impact, which is located in
the northern part of the catchment, at 1.100 m a.s.1. It drains an area of 0.14 km®. The drainage
ditch was partially dammed by small restoration dams; partially it was left functional, with
adepthof 1 m.

The bedrock is composed of weathered rocks, mainly granite. Soil conditions in the study
area include the features of on-site Organosols, as described by Sefrna [41]. Local soils are
typical for the area of Sumava Mts. with characteristic vertical sequence of several types of
soil, with Histosols on the ridges and in basins. The largest area of the basin is covered by
Entic Podzol, the second most common type of local soil is Histosol (about 26%). Lower
part of the basin is filled with a relatively broad peat bog complex with quite significant
cubic capacity up to 7.2 m depth. Number of peat bog lakes can be found here as well
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Figure 2. Overview of the Rokytka B. headwater test site (0.6 km?); SpDspring; * water-level proportional water sampler
[44].

(see Figure 1 (b)). In certain lower parts of the basin, Gleysols are spread out. To consider
runoff conditions, water-saturated Organosols can be considered as extreme runoff accel-
erators. Their retention effect is not approved in the status of full water saturation, even if
Organosols have a broad capacity for retention of water. Local vegetation is linked to peat
bogs themselves, and forest. Peat bogs are surrounded by waterlogged spruce forest and
minerotrophic sedge peat soils [42]. The rest of the forest vegetation is mainly composed of
spruce with the addition of fir and beech, and is present predominantly on the south-facing
slope. The forest has been influenced by the spruce bark beetle calamity.

To identify the runoff formation in detail using dye tracer experiments, the study site in the
northern part of the Rokytka B. catchment was marked out (Figure 2). This second-order stream
drains the area of 0.6 km? in the altitude between 1.100 and 1.260 m a.s.l. The test site can be
divided into two parts represented by two opposite hillslopes with different soil types and veg-
etation cover. The mineral soil hillslope composed of a Podzol (PZ hillslope) is covered by beech
stands at the upper hillslope zone and by dead spruce stands with healthy seedlings at the lower
part. The soil profiles do not show a clear gradient toward the stream and are similar through-
out the slope. Entic Podzol has been identified, with quite shallow organic top layer (<5 cm) and
similar soil texture to a depth of about 1 m. Small parts of the PZ hillslope are covered by Haplic
Podzol, but excavation is needed for proper identification. Neither there was a sharp transition
between the mineral soil and the bedrock (well-weathered Gneiss or Granite) perceptible with
electrical resistance tomography (ERT) measurements nor could a persistent GWL be detected.
The organic soil hillslope is covered by a well-developed mountain peat bog (PB hillslope). The
entire area consists of a mixture of various stages of decomposed peat. However, Acrotelm and
lower Catotelm can be distinguished at depths ranging from 8 to 25 cm [43].

4. Materials and methods

To assess the hydrological balance and runoff formation in a peaty mountain headwater sev-
eral methodical approaches and various data were used. Automatic stations for the variability
monitoring of hydro-meteorological features and physiochemical parameters of surface water
were installed in closing profiles of studied experimental catchments. Modern experimental
hydrology also uses hydrochemical and geochemical approaches to explain the mechanisms

which are related to water retention and runoff formation in headstream areas. Geochemical
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approach using stable oxygen isotope principle was applied to understand and clarify the
streamflow generation processes in the highly peaty catchment. Contribution of water from
peat bog areas to the total surface runoff has been assessed for unit hydrogram separation
by means of anion deficiency. Tracers such as Brilliant Blue and Fluorescein-Sodium were
used and applied at sprinkling plots to identify preferential flow and runoff formation at two
opposite hillslopes in this peaty mountain headwater.

4.1. Monitoring of hydroclimatic conditions

The crucial means of obtaining high-quality data for consecutive analyses is represented by
the functional system of automatic ultrasound or hydrostatic pressure water-stage recorders,
climatic stations and shuttle precipitation gauges (Figure 1). Monitoring stations are provided
by GSM module that can transmit data through GPRS network. Other modern equipment and
methods were used in chosen experimental locations to determine rainfall-runoff relations. A
number of experimental profiles also contained sensors for the observation of physiochemi-
cal parameters. This network, complemented by the Czech Hydrometeorological Institute
(CHMI) state profiles, represents a crucial basis for precise analyses of a local runoff regime. In
the profiles given, needful instantaneous discharge measurements using a hydrometric pro-
peller or flow tracker were performed in order to construct accurate consumption curves with
high confidence coefficients. Primarily, the influence of peat bog complexes on hydrological
conditions was assessed by detailed comparison of runoff regimes in a number of chosen sub-
catchments with respect to diverse peatland extent and to other relevant physicogeographical
parameters. Mechanism of a runoff formation (incl. recent peat bog revitalization processes)
was studied primarily using basic hydrological statistics with particular attention to periods
of high or low discharge rates. This approach was afterward complemented by much more
predicative ion, carbon and oxygen isotope balance analyses (see Chapter 4.5).

4.2. Runoff variability assessment

To assess the runoff variability in chosen profiles, classic hydrological statistics were used at
the first step. To assess the degree of extremity in the ascending phase of a flood wave, the
method of extremity indices was used [11]. In its first phase, it consists of the determination
of the mean discharge of individual streams in the period before the tflood wave (D-8 to D-2).
The assumption is that this discharge would be reached in the following days if there were
no causal situation. For the same period (D-8 to D-2), coefficient of variation (Cv1) from the
mean hourly discharges was calculated. The calculated values give us a picture of the degree
of fluctuation of individual streams in the period before the flood wave. In the second phase,
the variation coefficient for the D-1 to DD period was calculated for each stream, referring to
detected theoretical mean discharge of the stream in the period before the causal situation
(D-8 to D-2) obtained by the above procedure. D-1 to DD period is the range in which the
flood wave increased, culminated and decreased in this case. Calculated values of the coef-
ficient of variation (Cv2) thus represent the rate of flood flow variability from their normal
course, which would be theoretically reached without the flood situation. Mutual evaluation
therefore provides a good picture of the extent of the flood wave extremity of individual
streams in relation to their mean discharge. The use of this method is only applicable to certain

flood situations, assuming similar causal conditions for all monitored streams. The following
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procedure was used to control and eliminate the possible distortion of values of the variability
coefficient, depending on the duration of the peak flow and the wavelength on the individual
streams. This consists in expressing the value of the mutual share of the maximum reached
value of the 10-min discharge in the period D-1 to DD (hereinafter referred to as KP) and the
mean discharge in the period before flood wave (hereinafter referred to as PP), in this case D-8
to D-2. The value obtained is referred to as the I, peak flow extremity index (I, , = KP/PD).

4.3. Hydropedological survey

Detailed description of soil profiles and soil sampling for laboratory analyses was carried
out. In general, soil retention capacity is measured using a number of methods. One of the
most widely used is measurement by the neutron method, the method of retention curves
[45], measurement of water isotopes change after passing through the soil [46], and other
techniques. Gravimetric method, used in our research, still has many advantages. The most
important thing is the simplicity of this method, little time-consuming, and it can be used to
evaluate multiple factors at once (soil type, vegetation, etc.). Moreover, in many cases, this
method provides results that are more accurate. The retention capacity of the individual parts
of the bog was compared with the GWL. Between GWL and surface runoff from the bog, its
relation with respect to other factors such as precipitation amount was assessed.

4.4. Groundwater level observation

Groundwater level measurements were implemented during the period from August to
October 2014 [47]. This period was crucial for the evolution of GWL within the year. The GWL
was measured manually in tubes which were inserted into the peat to a depth of 1-1.5 m. The
water level was measured in lines which were copying parts of the drainage ditch. Thus, a
regular net with 27 GWL measurement points, placed in regular distances, was created. The
GWL was measured from the surface. For this purpose, particular segments were created from
the measuring areas, and the GWLs were then compared with each other within the scope of
the individual sections and lines (see Figure 3). The line 1 was divided into part A and part B
for better accuracy. Part A is located directly to restoration dams, and part B is placed in area
which is not affected of restoration measures. At each point, 28 values of GWL were measured.
Further, particular level changes were statistically evaluated in the scope of individual sections
and lines to better demonstrate the dependence of GWL fluctuation on the distance from a
drainage ditch, or from restoration dams. Data of GWL from an automatic station in Rokytka
peat bog were also used. At first, the whole dataset was analyzed by basic statistical character-
istics and data testing. For distribution of measured values of GWL in various intervals, box
plots were used. Statistical characteristics variance, correlation coefficient and directive devi-
ance were calculated in software Stat-Soft Statistica. GWL fluctuation was put into context with
particular significant factors of rainfall-runoff process, such as potential evapotranspiration. In
this research, Penman-Monteith equation was used for the determination of daily potential
evapotranspiration [48]. The antecedent precipitation index API [49] was also applied and
calculated for five previous days. The index is used for determination of catchment saturation
and it expresses the influence of precipitation which occurred in previous days to the given
date. It thus demonstrates the ability of a catchment to absorb more precipitation.
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Figure 3. The scheme of particular measurements of GWL and of the segments where the GWL was measured.

4.5. Geochemical analyses

Precipitation and surface water sampling for chemical and isotope analyses was carried out
in monthly and two-weekly time steps, respectively, with respect to the whole discharge
range, in order to obtain data from extreme episodes such as thaw, snowmelt, rainfall and
drought. Precipitation amount and its isotopic composition (6** O-H,O) were measured in
the adjacent catchments of Roh and Doupé, which have very similar characteristics and are
close to the study area. Surface water sampling was carried out in three different sampling
profiles: outflow profile (water level gauge), bog profile (organogenous lake) and inflow pro-
file (tributary). The study catchment was closed by the automatic ultrasound hydrological
gauge for continual discharge monitoring. The principle of *0/*O fractionation was used
for runoff formation modeling. It can be applied due to the uniqueness of the *O/*O isotope
ratio of each source —precipitation, subsurface water, surface water —at a particular time. The
symbol “delta,” used to express the *0/*O isotope ratio, represents the relative proportion of
measured *O/*O to a standardized **O/*O proportion (Standard Mean Ocean Water) [28, 30].
Simple model (incl. the inputs from the bog and tributary) was applied to calculate the contri-
bution of the bog to the Rokytka B. outlet. Due to similar signals of ** O-FH,O in the bog and
precipitation total, it was not possible to assess the input of direct precipitation separately.
Water balance of the Rokytka B. experimental catchment stems from a mass balance [50]. The
contribution of the bog to the Rokytka B. runoff was therefore calculated on the basis of the
following equations:

Qu8%0, = ©Q.6, = Q0% 0, +Q, 60, (1)
P/ (2)
p = (6%0,-60,)/(5"0,-56"0,) 100 (3)

where 0 O is the outflow isotopic composition, 0** O_ is the tributary isotopic composition,
0'® O, is the bog isotopic composition, p is the relative contribution of bog water (%) and Q is
the discharge in observed profiles.
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4.6. Dye tracer experiments

The dye tracer experiments were carried out at the mineral soil hillslope and organic soil
slope of the Rokytka B. headwater during baseflow conditions. At each hillslope, two 1.5 m x
1.5 m plots were sprinkled with both dyes (Brilliant Blue (BB), CAS#3844—45-9, concentration
5 g L™; Sodium-Fluorescein (FLC), CAS#518-47-8, concentration 2 g L™). All sprinkling plots
were located at the transition between the concave, lower part of the hillslope and riparian
zone in the vicinity of the stream [43]. The overall sprinkling time at each plot was ~ 2 h in
order to simulate a rainfall intensity of 20 mm h™. These amounts and intensities represent a
heavy rainfall storm in the Sumava Mts. Excavation of the FLC sprinkling plots followed out.
After about 4 h sprinkling, exposing of soil profiles and the photography of FLC-stained soil
structures were performed under short-time UV illumination (410 nm). As FLC is strongly
light sensitive, it was carried out at night [51]. Pictures of the soil profiles were taken during
the excavation with a digital Micro Four Third camera with a crop factor of 2.0 under daylight
conditions beneath a shading tarp to avoid direct sunlight and shadow effects in case of the
BB plots. Pictures at the FLC plot were taken at night with the same camera. Each FLC soil
profile was illuminated separately with two light sources (500 W Halogen lamp, 27 W UV
LED lamp) to visualize fluorescent FLC-stained soil structures similar to Gerke et al. [52].

The dye-stained flow patterns for both dyes BB and FLC at all soil profiles were analyzed accord-
ing to a method described by Weiler and Fliihler [53]. This method was originally developed for
analyzing BB. Therefore, the color space of photographs is converted from the Red-Green-Blue
(RGB) color space taken by the camera sensor into the Hue-Saturation-Value (HSV) color space. It
was afterward classified and spatially analyzed with an algorithm written in IDL code [54]. This
procedure was applied for both dyes (BB and FL.C), thus for two different groups of photographs.
To detect and analyze FLC in the soil profile photographs similarly to the BB photographs, the
dye detection routine in the original IDL code was adapted for optimal FLC identification [43].

5. Results

5.1. Hydroclimatic conditions

In order to assess characteristics of runoff regime and hydroclimatic conditions, hydrological
year 2008 was chosen. This year was very average in the sense of hydrometeorological features
in recent years. Year 2008 was chosen also because of the fact that cooperation with the Czech
Geological Survey (CGS) on geochemical analyses started this year ([55], see Chapter 5.5). The
total amount of precipitation in the Rokytka B. catchment in this year was 1485 mm. The sea-
sonal course of 0"O-H,O in precipitation was very consistent. Rokytka B. represents typical
hydrological behavior of streams in the central Sumava Mts., with peak flows occurring in April
and May during snowmelt (Figure 4). The annual discharge was 0.18 m? s, so the studied year,
2008, showed an average value. Potential evapotranspiration was calculated using the Penman-
Monteith Equation [48] from the set of 2007-2014 data. Evapotranspiration data varied little
within the year, with a maximum movement of around 100 mm month™, see Figure 4. Observed
data were homogenized and deemed representative for consecutive analyses. To evaluate gen-
eral features of rainfall-runoff regime, mean daily and monthly discharges were calculated.
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Figure 4. Mean monthly precipitation, specific discharge and potential evapotranspiration (pot. ET) in the study
catchment of Rokytka B.

Studied year 2008 was from this point of view determined as an average year (Figure 4). The
time series show a typical course every year with occasional exception related to thaws. Total
runoft (1437 mm) was comparable to the measured amount of precipitation (1485 mm). The
precipitation amount did not include water from snow during winter, so it seems quite low
compared to the discharge. Higher rate of total precipitation was probably caused also by hori-
zontal precipitation such as fog or frost. In general, the contribution of horizontal deposition in
the area of Sumava Mts. is estimated at a minimum of 10%. Most elevated locations, incl. the
Rokytka B. catchment, should have a higher horizontal deposition of around 15% [56-58].

5.2. Runoff regime variability

Based on hydrological time series analysis carried out within the upper Vltava R. basin,
Kocum [12] determined the significant dependency of runoff variability on a peatland extent
in a catchment. Continual records of instantaneous discharge offer an extraordinary data-
base that is unique. Homogenized data can serve as an input for comprehensive analyses of
ascending and descending phases of flood waves, and of minimum runoff episodes during
dry periods. Detailed statistical analysis of daily, monthly, and yearly time series identified
significantly higher runoff variability in the Vydra R. basin. This part of upper Vltava R. basin
represents quite peaty area, compared to the nonpeaty Kfemelna R. basin. Runoff variability
in experimental subcatchments was assessed using the peak flow frequency analysis with
respect to the different rates of discharge (Figure 5). Analysis of runoff reaction to causal
rainfall amount during several rainfall events was also used. These analyses of extreme runoff
phases (peak flow frequency method, e.g., [59] or [60]) showed much higher frequency of
peak flows and their shorter reaction to causal precipitation total (i.e. lower water retention
potency) in the case of highly peaty areas (Rokytka B.). Therefore, it can be said that there is
more distinct runoff variability of streams draining peatlands and peat forming soils [61, 12].

Extremity of a hydrologically significant runoff event and specific p-g conditions in individual
catchments were subjected to correlation analysis which was based on the method of extremity

90

11



12

Peat

0.7 1R 1 w1 ¢
0.6 ! - 0.5
05 - i
% s
0.4 th
t Rokytka [C B 1o
Eosy ) /N T olytkalc] H
ng!_ Tmavy potok [D] ' I Z'E'
Ep2 precipitation E
01 4 ) - 2.5
A o
0 \ T \ \ T T 3
3.5 8.5 13.5 18.5 23.5 28.5 2.6

Figure 5. Specific discharge of Rokytka B. (C; 23.1% peat bog extent) and Tmavy B. (D; 2.3%) in May 2013.

indices and on the p-g parameters of the studied catchment. Similar index was used for esti-
mating 100-year flood flows in unobserved catchments [62, 63]. The analysis shows that the
extremity of the flood flow is affected mainly by a peat bog extent and by a catchment shape.

5.3. Retention capacity of peatland

Literature suggests that the landscape in the Czech conditions is able to accommodate up to
400 mm of water, an average of 40-90 mm [64, 65]. When considering the average groundwa-
ter table (GWL) bogs in the experimental catchment represent areas with the smallest reten-
tion capabilities. Retention values are similar to those found in shallow soils (about 140 mm
excluding the actual humidity). Considering the lowest GWL bogs represent a significant
retention areas within the catchment (230 and 267 mm). Since GWL is higher than its average
value for three quarters of a vegetation period, peatland represents within the catchment
the area with the smallest retention capacity. However, it is questionable whether the actual
moisture measurement was sufficient. In terms of hydrological features, peatland therefore
has crucial influence on the retention potential in the landscape [66].

5.4. Evaluation of the influence of peat bog restoration measures on the groundwater
level

The variability of GWL represents an important factor of the evaluation the peat bog retention
potential. Two different episodes were selected for the evaluation. The first one, the episode
of an intensive precipitation (55.4 mm), was analyzed between the September 11, 2014 and
September 15, 2014 at the Rokytka catchment. It is obvious that GWL along the drainage ditch
shows a high amplitude (see Figure 6). With longer distance from the drainage ditch, the GWL
increases and its change during an episode decreases. The level is the highest in the section
close to restoration dams. Their influence is perceived as positive, as they raise GWL. They
also have a stabilizing effect. However, the results also imply that in a certain distance from
restoration dams, their effects can no longer be seen and GWL fluctuates naturally as in the
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Figure 6. Changes of GWL during a selected episode of intensive precipitation between the September 11, 2014 and
September 15, 2014. The given numbers in the graph represent measured GWL in centimeters on a given day.

peat bogs, which are not influenced by a drainage. It is also evident that the decreases or
increases of GWL are very variable, and there are noticeable differences between individual
points (up to 6.4 cm), in spite of the fact that it is a small homogenous area. On the contrary,
in areas near restoration dams, the GWL was increasing very gradually and a similar increase
was reached at all the measurement points. Another observed episode was during a dry
period, when there was only 1.4 mm of precipitation from the September 2, 2014 to September
7, 2014 (see Figure 7). The smallest changes of GWL in a period with low precipitation were
reached in the middle line of the observed area (3 m from the drainage ditch). It is interesting
that in this episode, rather big amplitudes can be found, even in the area of restoration. It can
be caused by the fact that before the period of drought, the GWL was very high, precisely
right under the surface; hence, following decreases could have progressed faster there. The
biggest difference between water levels is significant again and it is even up to 9.2 cm during
the monitored 5-day range. It has been confirmed repeatedly that in the areas located further
from restoration, the GWL is distinctly lower, and, moreover, there is a remarkable and fast
fluctuation of GWL, which is not beneficial for the evolution of mountain peat bogs [47].
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Figure 7. Changes of GWL during a selected episode of drought between the September 2, 2014 and September 7, 2014.
Given numbers in the graph represent measured GWLs in centimeters on a given day.
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5.5. Runoff chemistry and balance

Peat bog: Water in the Rokytka peat bog had low dissolved solids concentrations. Seasonal
profile of 0 O-H,O (see Figure 8) was similar to that for precipitation, as it represents
the main source of water in the bog. The hydrogen ion concentration (pH) in bog water is
predominantly regulated by total organic carbon (TOC). This concentration shows quite
strong seasonal profile related to evaporation and organic matter production (high TOC in
summer and low TOC in winter period). Naturally higher content of organic acids along
with a low total mineralization results in low pH and low alkalinity of water. Nitrates
can be observed in the bog only in winter, while their source is represented by winter
precipitation.

Tributary: Study catchment of Rokytka B. is supplied with a number of tributaries. However,
two of them are the most significant. Since they show very similar chemistry, due to the fact
that both affluents showed very similar chemistry, data from that with higher discharge were
analyzed. Total mineralization of Rokytka B. was higher than in the bog. Its '* O-H,O profile
was more balanced as shown in Figure 8. The 6" O-H,O balance is a result of the prevail-
ing supply of groundwater. Only in periods of higher precipitation, Rokytka B. can contain
water from shallow soil horizons with a higher TOC content. Hydrogen ion concentration
of Rokytka B. was significantly dependent on discharge and the profile of affluent discharge
was very similar to that of brook itself. Increased concentration of TOC was probably related
to the production of organic substances during the summer period. There was no significant
correlation between TOC and pH.
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Figure 8. Profile of &' O-H,O in surface water and precipitation in the Rokytka B. catchment for the hydrological year
2008; the y-axis shows the relative balance contribution of bog water to the total runoff from the catchment.
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Outflow: Chemistry of Rokytka B. in the closing profile looks very similar to the chemistry
of the main affluent. On the base of the results (see Figure 8), it is clear that the contribution
of bog water to the outflow of Rokytka B. was negligible, ranged not more than about 10% of
total runoff outside the winter period. During winter, the bog contribution was insignificant
and the total runoff was formed only by tributaries, that is, underground water. General char-
acter of chemistry of Rokytka B. comes mainly from water sources that have been in contact
with mineral soils, even during the period of increased runoff (see stable **0O-H,O, Figure 8).
A strong argument for claiming that the main sources of Rokytka B. runoff are represented by
its tributaries, which are mainly supplied by groundwater, is that, compared to the bog, there
was also a high concentration of cations in the brook. Regularly increasing TOC concentra-
tions are most likely from the riparian zone, where TOC is washed off during the increased
runoff period. Production of seasonal organic matter would also have some influence [55].

5.6. Identification of runoff formation using dye tracers

Near-surface flow in the NW direction toward the stream was revealed by the visual survey of
the soil surface in the vicinity of the BB sprinkling plot. Brilliant Blue was detected in a small,
water-filled depression 10.5 m downslope from the sprinkling plot. The BB stained flowpaths
went from the NW side of the sprinkling plot and followed mostly lateral preferential flow
structures formed by decomposed trees or roots. They did not strictly follow the terrain gradi-
ent. This lateral preferential flowpath was identified as the main direction of subsurface flow.
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Figure 9. (a) Scheme of lateral soil profile (IL0.5) and (b) frontal soil profile (FD0.25) at the BB sprinkling plot PB3 at
the organic soil hillslope (i.e. peat bog). The position of the profile is visualized in bottom right corner. Blue = BB dye,
gray =roots, green = vegetation, black = unclassified shadows, red-dotted line = soil horizon dividing line. Charts on the
right represent the vertical distribution of the volume density of the BB.
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Smaller and less stained flowpaths were detected downslope from the sprinkling plot. BB was
disappearing 2 m from the sprinkling plot. BB followed lateral soil pipes that were formed
by decomposed roots or fallen trees. Undecomposed timber and healthy trees did not create
such effective lateral preferential flowpaths. Accordingly, they had no significant impact on
dye-stained patterns (see Figure 9). Major flowpaths of BB could be detected even several
days after the dye application because BB created clearly detectable dye-stained patterns on
the dark peat particles as well. The excavation of BB stained soil patterns at the organic soil
hillslope (PB3) proceeded from two directions, NW and SW, following the stained flowpaths
in the soil. Near the sprinkling plot, most of the dye was detected at the surface and in near-
surface soil horizons, which correlates with Acrotelm (Figure 9). About 2.0 m downslope from
the BB sprinkling plot at hillslope PB the dye-stained patterns diminished in the Acrotelm and
were observed mainly in and around macropores in the Catotelm [43].

6. Discussions

Within the long-term project, various approaches for the evaluation of hydrological balance of mid-
latitude mountain peatland and peat bogs were used. Classic statistical methods and modern
research approaches were implemented in order to understand the real mechanism of the
streamflow generation process in areas with significant peat bog phenomenon. The 12-year
duration of the project entails the crucial findings that were used in this paper and comple-
ment the long-term time series of data from the state profiles. However, different approaches
were not used throughout the whole period but in chosen terms. Application of all used meth-
ods in the whole period was not possible because of financial and personal resources, as well
as the ongoing technology development. However, what was supervised very much in detail
was always the choice of correct and relevant data base of needed parameters and suitable
time periods. Combination of such corresponding analyses was crucial for complex outcomes
that were presented. It has to be stated that every each methodology approach and acquired
result casually supports and supplements one another. Such a broad and detailed study has
never been carried out in this area and brings completely new findings that are minimally
comparable with different types of peat bog complexes.

Thus, general solution of the issue of a peat bog impact on the runoff process is not possible. It
depends on many factors, mainly on the type of a peat, on its condition and on the extent of
anthropogenic influence. Opinions on the peat bogs hydrological function have undergone
considerable development and are often contradictory. Generally, the hydrological impor-
tance of peat bogs has been overestimated in the past and cannot be regarded as flow regula-
tors because draining streams show extremely high volatility. More controversial discussions
within the foreign and domestic literature (e.g., [2, 5, 6]) can be found within the question of
drainage of former ameliorative channels or its torrent control respectively. Based on research
in the upper Vltava R. basin, it could be stated that it is crucial to take into account the specific
characteristics of peat deposits and its surrounding natural conditions while evaluating the
revitalization measures effect on runoff dynamics.

Within the literature, a number of positive and negative examples of the peat land influence on
hydrological regime can be found. These contradictory claims can be paradoxically united. When
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the bog is drained, runoff variability decreases, but it leads to destruction in time by the bog suc-
cession. If GWL would be regulated and reduced in time of need, bog retention potential could
be used without the threat of its existence. Periodical fluctuations of GWL in the bog are natural
constituents of its development. Minimum time lag between the monitored GWL and surface
outflow points to a negligible ability to absorb significant rainfall totals by the bog complex and
to a minimum hydraulic communication between the bog complex and its draining stream.

Detection of natural tracers is a useful method to provide the key information in hydrological
observation studies of catchment runoff formation. These methods use the different behavior
of a small quantity of water molecules. Study of water dynamics by means of natural tracers is
typically oriented on usage of oxygen (**0) and hydrogen (’H) isotopes [31]. Stable oxygen and
hydrogen isotopes are elements that occur naturally, in variable concentrations, in the hydro-
logical cycle. It provides the unique information about the water that enters a catchment in the
form of precipitation, that retains in the catchment and that passes out in the form of runoff.
Hypotheses and knowledge of runoff regime dynamics of studied areas gained on the basis
of classical hydrological approaches were therefore confirmed by detailed hydrochemical and
geochemical analyses. The application of this modern approach in such an optimal model catch-
ment, such as the Rokytka B. catchment, appears as a legitimate shift in research. According to
above stated fact, geochemical data show no significant hydraulic connection of the studied
bog with the Rokytka B. bed. Moving at a maximum of around 10% out of winter period, as a
consequence, the contribution of surface runoff by water from the bog is very insignificant. The
predominant portion of underground water (forced out due to the pressure gradient) in total
runoff was also confirmed by separation of each runoff component according to geochemical
parameters. The problem of hydraulic communication between peat bog complexes and drain-
ing streams needs to be solved strictly with respect to local p-g conditions! As it was already
said, these findings represent the first knowledge of such a focus in conditions of the Vltava R.
headwaters. A similar study describing the use of stable oxygen and hydrogen isotopes was
carried out on Uhlifsk4 catchment in the upper part of Cerna Nisa River basin in Jizerské Mts.
[29, 67]. The prevailing share of subsurface water in the total runoff was confirmed, as in the
case of the Rokytka B. study, by the separation of runoff components according to geochemical
parameters. During the accelerated runoff, the proportion of water from the causal precipitation
episode is gradually increasing, thus contributing to dilution of the draining water. The study
of Sanda and Cislerovéa [67] shows that the drainage of this water is accelerated by the system
of partial drainage bases of underground and groundwater in the form of artificial and natural
forest gutters, chasms and saturated areas with an ongoing return flow. This course can also be
observed in the case of selected catchments in the Sumava Mits. with the existence of nonrevital-
ized peat bog areas with melioration channels.

If we assess abovementioned outcomes from a hydrological point of view, we have to state
following: In physicogeographical conditions of Vltava R. headwaters, peatland acts as a
negative element for runoff transformation. Hydrological features of local waterlogged areas
are disfavorable. Our primary hydrological assumption of insignificant impact of peatland
on runoff dynamics, especially during extreme episodes (floods, droughts), was confirmed
by acquired findings from geochemical analyses performed. Considerably weak impact of a
peat bog on runoff was also supported by a high concentration of cations in the surface runoff
compared to the bog. Much more significant contribution to surface runoff of Rokytka B.
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has a groundwater from the basin. In general, very close correlations between pH and actual
discharge in experimental profiles were found regularly. A reasonably close relationship was
also observed in the closing profile of Rokytka B. catchment. Our research findings strongly
support the fact that peatland areas within the studied catchment do not significantly com-
municate hydraulically with surface streams and their hydrological function is, in the con-
crete area of Vltava R. headwaters, insignificant [9, 11].

Within the research, the question of impact of ongoing revitalization measures of the local peat bogs
(made by Sumava National Park management) on the runoff dynamics was opened. Its wholly
satisfactory solution, although it should be decisive in the selection of measures to improve the
runoff conditions in the area, does not yet exist. Significantly, higher extremity of flood situations
was found out in cases of revitalized streams. Local revitalization process consists in damming
of former ameliorative channels draining peat bogs. Detailed analyses approved that these revi-
talization measures stabilized runoff conditions in yearly course and had balancing effect during
average runoff situations. In a number of experimental catchments, the presence of revitalization
measures can also impact negatively on given flood event. Studies confirmed that revitalization
adjustments in selected subcatchments had balancing effect on runoff conditions only to the certain
level of its extremity. In most cases, runoff extremity was intensified as soon as the certain water-
level stage (respectively discharge) was exceeded. To confirm the correctness of these statements
and to correctly understand the functioning of this mechanism, broader data base is needed.

In peaty catchments, the retention ability depends mainly on the shallow depth of the phreatic
zone in the peat bog, whereas the deep phreatic zone in the Podzol plays a minor role [13]. Peat
bog areas are hypothesized to control storm runoff formation in these headwaters. Peat bogs
can significantly contribute to stormflow when the peat is fully saturated, that is, storm events
exceeding a threshold of 10-15 mm [68]. As mentioned above, according to a geochemical study
based on 2 years of monthly stream water sampling [55], peat bogs contribute only 10% to base-
flow at the outlet of the entire Rokytka B. catchment. However, some zones of a peat bog area,
such as springs or soil pipe systems connected to the stream, exhibit high fluctuations in dis-
charge [69]. This fact could explain the observed spiky storm hydrographs at the entire Rokytka
B. catchment outlet (area of 3.8 km?) and at the Rokytka headwater test site (0.6 km?). Presented
runoff fluctuations from peaty areas could be caused by surface flow (as observed within a field
survey at the Rokytka peat bog), near-surface flow [7, 40] or subsurface stormflow in soil pipes
[70, 40, 71]. Outcomes of Holden and Burt [72] at a blanket Peat site showed that near-surface
flow (i.e., Biomat flow, BMF) up to the depth of about 10 em can contribute more than 90% to the
plot’s outflow. Biomat flow can be defined as a lateral stormflow in the organic litter layer which
has quite high porosity and high hydraulic conductivity in the topsoil [71]. Storm hydrographs at
the Rokytka B. headwater are highly volatile and are characterized by quick and steep rising and
falling limbs. The hydrologic response to rainfall events is fast and the recession to antecedent
baseflow occurs rather quickly [43].

7. Conclusions

Based on acquired outcomes from time series statistical analyses, much more distinct run-
off variability of streams draining highly peaty catchments in the Vltava R. headwaters (sw.
Czechia), especially during extreme hydrological situations, was observed. This fact was
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confirmed by hydropedological, hydrochemical and geochemical approaches. Geochemical
data show no significant hydraulic connection of the studied bog with its draining stream. The
predominant portion of underground water in total runoff was also confirmed by separation
of each runoff component according to geochemical parameters. However, this subject needs
to be solved strictly with respect to local physicogeographic conditions. These conclusions
correspond to the typical mid-latitude peat bog area in conditions of Czech mountainous
areas. Their restoration measures carried out in recent years have a positive effect on GWL. It
was proven that restoration decreases fluctuation and increases GWL, which is essential for a
natural evolution of a mountain peat bog. Tracer experiments detected biomat flow, shallow
lateral subsurface flow and mostly deep percolation at the Podzol hillslope. At the organic
peat bog biomat flow at short distances and mostly lateral pipe flow following decayed tree-
root systems with long lateral subsurface flow distances were recognized. It can be stated that
bogs in the studied basin represent separate hydrological units with their own typical runoff
regime, which does not contribute to the discharge curve balancing (during both floods and
droughts), and that their hydrological function in this mountainous area is insignificant.
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SUMMARY

The hydrological functioning of peat bogs and their retention potential as a factor in the water
balance of the landscape are important topics in the context of the increasing frequency of
extreme droughts. This article evaluates water table dynamics and retention ability in a
mountain bog, in relation to the vegetation cover type (spruce forest, shrub, sedges). The
study draws on continuous observations of the groundwater level in various parts of
Rokytecka slat’ bog over a period of six years, with a detailed evaluation of causative
meteorological factors in the experimental catchment. The amount of water retained at
specific locations with different vegetation was studied during extreme episodes of rapid
snowmelt, intensive rainfall and long-lasting drought. It is shown that, although the
groundwater level varies between different vegetation types, its fluctuations span similar
ranges. The retention ability of spruce forest is high but tends to decrease rapidly during
intensive rainfall. In contrast, during drought events, the most rapid drop in groundwater level
is observed in sedge-dominated vegetation. During periods of snowmelt, long-lasting water
retention is enabled if the bog surface is not totally frozen. Initial groundwater level is the
factor that ultimately determines the amount of water infiltrated or evaporated during extreme

episodes.

KEY WORDS: Czech Republic, hydrology, retention potential, water table
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1. INTRODUCTION

Peat bogs are important for hydrological processes in the headwater catchments of rivers.
Because of their unique water regimes, they can regulate runoff processes, especially during
extreme meteorological events (Kocum 2012). Due to their high retention capacity, spring
areas containing peat (soil type Histosols) are important subjects in the study of hydrological
processes (Evans et al. 1999, Holden et al. 2001, Worrall ef al. 2006).

Peat bogs cover 20-35 % of most catchment areas in the Sumava Mountains of the Czech
Republic (Bufkova et al. 2010). Their importance, vegetation, hydrological and pedological
characteristics have been explored in previous studies (Bufkova 2009, Kucerova et al. 2009,
Kocum 2012, Vlicet et al. 2012), with particular focus on the context of the current trend
towards increasing hydrological extremes (see also VI¢ek et al. 2016, Dolezal et al. 2017).
However, their retention potential and behaviour during extreme meteorological events have
not yet been examined, and this remains an impediment to determining their ability to
influence runoff processes (Jansky & Kocum 2008).

In mountain bogs, the stability and dynamics of the groundwater level (GWL) are key factors
not only for the hydrological situation of the catchment area, but also for the future
development of the bog itself (Holden et al. 2001, Jansky & Kocum 2008, Holden et al.
2011, Vicek et al. 2012). The main factors influencing GWL in ombrogenous bogs are
precipitation, evapotranspiration, topography and, on a local scale, peat porosity and
hydraulic conductivity (Allott et al. 2009). Land cover and land use create an essential
building block of processes that fundamentally affect the soil water regime; for example
interception, evapotranspiration or the water retention characteristics of the soil.

GWL determines the species composition of bog vegetation (Labadz et al. 2010, Butkova et
al. 2012), which is physically and ecologically adapted to high water table and very
responsive to changes in the water regime. For example, changes in GWL can affect the
thermal conditions of peat bogs and cause variations in evapotranspiration (Kucerova et al.
2009); and a long-term change in GWL can cause succession. Thus, GWL has substantial
implications for the ecological niches of plant species, and even for peat development
(Kvaerner & Snilsberg 2011). The vegetation pattern, in turn, has important effects on
hydrological processes and GWL dynamics in bogs. Strong correlation has been observed
between the vegetation type and GWL stability. Even in small catchments, substantial

differences in evapotranspiration of various vegetation types were observed. A denser
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vegetation cover also results in improvement of the self-regulating process of peat, as
evaporation is reduced due to the higher level of air moisture maintained (Binet ef al. 2013).
Nevertheless, it is important to mention that the actual hydroclimatic conditions in the
catchment must be taken into consideration as the various vegetation types show high
variability of soil moisture during extreme episodes (Sipek et al. 2020). Brom et al. (2009)
mention considerable differences in the microclimate and soil water regime of various
vegetation types. The energy balance of such vegetation types is the principal cause of the soil
moisture dynamics and the water regime dynamics in the landscape.

GWL in bogs responds rapidly to meteorological factors and can vary by several centimetres
per day (Vicek et al. 2012). In many types of bogs, the dynamics of GWL show considerable
seasonal and interannual variations, especially during extreme hydrological episodes. In
particular, raised bogs and waterlogged forests whose sole water supply is precipitation show
considerable lowering of the water table during summer drought whereas, in winter, water
that originates from snowfall is retained on the bog surface although runoff is still possible
(Kucerova et al. 2009). During long-lasting drought episodes with low water table,
irreversible changes in the physical properties of peat may occur and thus the hydrological
processes in the landscape may also be affected in a negative way (Evans et al. 1999).

The retention potential of peat bogs is very variable and depends greatly on soil properties.
When considering the average groundwater level in peat bogs (a few centimetres below the
surface), catchments represent areas with small retention values similar to those found in
shallow soils. Under conditions of low groundwater level, however, bogs represent significant

retention areas within the catchment (Kocum et al. 2018).

The main aims of the present study are:
a) to describe the GWL dynamics in various types of peat vegetation;
b) to determine the GWL dynamics of various vegetation types during extreme episodes
(intensive rainfall, long-lasting drought and rapid snowmelt);

c) to calculate the retention potential of a peat bog during monitored episodes.
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2. STUDY AREA

The Rokytka experimental catchment is situated in the central part of the Sumava Mountains
and constitutes the headwater area of the Vydra river. The experimental catchment covers a

total area of 4 km” and is situated at an altitude of approximately 1,100 metres.

The catchment area is divided into three parts, according to their dominant vegetation cover: a
peat bog with sedges, a peat bog covered in dense ericaceous shrubs and a waterlogged forest
(Figure 1). In the central part of the catchment area, there is a mountain raised bog, covered
with non-forest vegetation, particularly with various species of sedges. Among others, the
most frequent sedge is the bog sedge (Carex limosa), accompanied by typical mire vegetation,
e.g. deer grass (Trichophorum caespitosum), marsh cranberries (Vaccinium oxycoccos) and

cottongrass (Eriophorum vaginatum).

There are also various sphagnum mosses, e.g. feathery bogmoss (Sphagnum cuspidatum),
magellanic bogmoss (Sphagnum magellanicum) or olive bogmoss (Sphagnum majus). The
mountain raised bog is densely surrounded by bog pine (Pinus mugo). The last part of the
catchment, which is also the largest one, is covered by waterlogged forest, dominated by
Norway spruce (Picea abies). The forest used to be hit by the bark beetle in the past and up to
now, there is lot of organic matter in gradual decomposition. The prevailing species of the
herbaceous layer are European blueberry (vaccinium myrtillus), bog blueberry (vaccinium

uliginosum) and different sphagnum and moss species.
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Figure 1. Experimental catchment with designation of different vegetation parts and positions

of groundwater level (GWL 1-2 spruce forest, 3-4 shrub, 5 sedge) and snow water equivalent

(SWE) gauge.

The long-term average annual precipitation alters between 1100 and 1300 mm and the
average temperature is approximately 5°C. The annual discharge minimum is usually reached
at the end of February (before the snow melting) or in September (at the end of summer). The
maximum discharge is generally in spring, when the snow melts (Kocum 2012).

The soil of Rokytka catchment is a typical example of the Sumava Mountains soils, where a
vertical sequence of several soil types with Histosols is common. The catchment is partly
covered by entic Podzol. In certain concave parts of the catchment, Gleysol can be found
(VICek et al. 2016). The largest part of the catchment is covered by Histosols, where the depth

of peat can reach up to 7 m in some parts (Butkova 2009).

3. MATERIALS AND METHODS

Precipitation and all the meteorological data used in this paper were measured at the nearest
meteorological station with a long-term dataset at Modrava village (5 km from the

experimental catchment, at the same altitude). Snow water equivalent data (SWE) was
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measured on an open space area at the Rokytecka slat’. Both variables were measured at 10
minute intervals. The most valuable part of the study focused on the GWL dynamics in a peat
bog. The measurements were taken in 5 tubes (2 in waterlogged forest, 2 in shrub, 1 in sedge)
to represent the monitored vegetation types in the peat bog (Figure 2). Hydrostatic level
probes (TSH22, Fiedler company) for the GWL measurements were placed 70 cm deep in the

tubes. Wireless transmission was provided for the entire duration of the monitoring process at

10 minute intervals.

Figure 2. Groundwater level gauge in experimental sites — shrub, spruce forest, sedge.
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The study also evaluates the dynamics of changes in the groundwater level during dry periods
in relation to daily potential evapotranspiration (PET). The potential evapotranspiration was

calculated by the Penman—Monteith equation (Equation 1).

900
0,408.A.(RTL—G) +y.m.u.(es—ea)

(1) PETO_ A+y.(140,34.u)

where A represents the inclination of the water vapour saturation curve in connection with the
temperature [kPa.°C™'], Rn the radiation balance [MJ.m™2.day '], G the flow of heat into the
soil [MJ .rn'z.day'l], Y a psychometric constant [kPa.°C™'], u the wind speed [m.s™'], (es-e,) the
saturation deficit of air at elevation z [kPa], and T the average air temperature [°C] (Penman
1948).

The GWL dynamics evaluation and the retention potential calculation of a peat bog were
based on the soil moisture data, collected in the same area of interest during the previous
pedological research led by VIcek ef al. (2012). It was detected that the immediate average
volumetric water content in the area of interest at Rokytka catchment was 0.7 g/cm’, the
maximum volumetric water content was 0.95 g/cm’ and the minimum volumetric water
content was 0.5 g/cm’. Based on these measurements, two equations for the calculation of the
retention potential during extreme episodes of intensive rainfall or rapid snowmelt (Equation

2) and long-lasting drought (Equation 3) were determined for the purpose of this study:

GWL(b)

(2) RP = 72 [(VW Cnaxe = VW Crnean) * 1000]
GWL(b

(3) RP = Gurs # [(VWCean = VW Cpin) * 1000]

where RP is the retention potential [/m%], GWL(b) represents the value of the groundwater
level at the beginning of the observed episode [mm], GWL(e) stands for the groundwater
level at the end of the observed episode [mm], VWC .y is the maximum volumetric water
content [g/cm3], VWCean 1s the average volumetric water content [g/cm3], and VWCin 18

the minimum volumetric water content [g/cm3 ].

It was assumed for the calculations that the initial value at the beginning of each episode was
the average one (0.7 g/cm’). Then only at extreme episodes of intensive rainfall and rapid
snowmelt the values grew to the maximum value (0.95 g/cm?). By contrast, during the long-

lasting drought episodes, the initial value decreased from the average to the minimum value
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(0.5 g/lem’). These values were measured during previous detailed pedological research in the

area of interest (VIcek et al. 2012).

The examined episodes were chosen appropriately to represent equally and homogeneously
all the monitored vegetation types, while occasional failures in recordings from individual
gauges had to be taken into consideration. In the case of two values representing the same
monitored vegetation type (spruce forest, shrub) available, the final value of the infiltrated or
evaporated water was obtained as their average value, related to the total area of the

respective vegetation type.

4. RESULTS

Comparison of the GWL dynamics of the respective vegetation types revealed significant
differences (Figure 3). The highest GWL was observed in the sedge site, which is situated in
the central part of the peat bog. Several times during the periods of intensive precipitation, the
peat became fully saturated and the water table rose above the ground surface, infilling with
water all the minor depressions of the peat mass. This extraordinary behaviour was also
registered during the field research. In addition, it was equally detected twice at the shrub 1
site. On the other hand, the lowest GWL was registered at the spruce forest 2 site, which
showed intensive diminution of GWL during long-lasting summer drought events, particularly

in the very dry summer of 2015.
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Figure 3. Groundwater dynamics in observed vegetation types of peat bog.

The basic statistical characteristics of the GWL records for the various vegetation types prove
an extremely low GWL at the spruce forest 2 site, which reached the lowest possible
measurable extent (the tube was placed at a depth of 70 cm below the surface), so its real level
could be situated even lower (Table 1). The results obtained show that forest cover may show
high variability of GWL, related to the physico-geographical features of the microsite.

By contrast, relatively high values of the average GWL were measured in the sedge sites,
which corresponds to the natural state of the central part of an intact mountain peat bog. The
respective average values of GWL determine the presence of a particular vegetation type.
After examining the GWL range, comparable values of GWL were discovered (except for the
lower range detected in the shrub 1 site, compared to other vegetation types, which could be
caused by a shorter period of observation). Similar variability of all sets of values is
confirmed by the range of standard deviations. Thus it can be deduced that, although GWL
differs vertically between vegetation types by units of centimetres, it fluctuates over a very

similar range.
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Table 1. Basic information of subcatchments and statistics evaluation of the groundwater

level.
Spruce forest 1 | Spruce forest 2 | Sedge Shrub 1 Shrub 2

Beginning of measurement 1.1.2013 4.9.2014 3.9.2014| 2.11.2018 | 10.11.2014
Area (m?) 291 257 29499 169 530
Average GWL (m) -0.24 -0.49 -0.10 -0.15 -0.22
Maximum GWL (m) -0.05 -0.31 0.02 0.01 -0.03
Minimum GWL (m) -0.42 -0.70 -0.33 -0.24 -0.39
Range of GWL (m) 0.,37 0.39 0.35 0.25 0.36
Standard deviation 0.06 0.12 0.05 0.07 0.05
Coefficient of variation 23.63 23.38 48.01 50.74 23.39

4.1 Intensive rainfall episodes

Graphical representations of the monitored events (Figure 4) indicate that each vegetation

type behaves in a different manner and has specific water retention and interception abilities.

In the first case, there was only a moderate elevation of the water table for the sedge and the

shrub 1 sites because the GWL values were already high before the pertinent rainfall event,

meaning that the soil became saturated very quickly and could not receive any more water. In

the other two other cases, GWL was relatively low at the beginning of the measurement and

thus a larger amount of water could be absorbed. Concerning the spruce forest 2, its very low

initial GWL was the principal cause of high water retention during the first monitored event;

however, the same situation was not reproduced during the rainfall 3 event. In spite of

intensive precipitation, GWL did not rise above -30 cm at the spruce forest 2 site.

114



8.10. 8.10. 9.10. 9.10. 9.10. 9.10. 10.10. 10.10.
14:20 20:20 2:20 8:20 14:20 20:20 2:20 8:20

(wuw) uonendnauid

Rainfall 1
2019

I precipitation

Spruce forest 1

Spruce forest 2

Sedge
Shrub 1
Shrub 2

0 WWWWWWWWWW{ ] 0 Rainfall 2
_0’1 ! jﬂ W l “lf T T 1 0'5 2015
v
-0,2 H 1 §
- | s
= 03 1,5 g-
= S— g
3
-0,4 2 é
-0,5 2,5 I precipitation
Spruce forest 1
-0,6 3 Spruce forest 2
19.5. 19.,5. 20.5. 20.5. 20.5. 20.5. 21.5. 21.5. 21.5. Sedge
13:30 19:30 1:30  7:30 13:30 19:30  1:30  7:30  13:30 Shrub 2
0 - T T T T 0 H
[ror T \ Ralnfa" 3
[
-0,1 0,5 2015
)
-0,2 i —_— 1 3
o | T,
-+
= 03 | 15 2
2 S
-0,4 2 3
3
-0,5 2,5 I precipitation
Spruce forest 1
-0,6 3 Spruce forest 2

86. 86. 96. 96. 9.6. 9.6. 10.6. 10.6. 10.6. 10.6.
15:40 21:40 3:40 9:40 15:40 21:40 3:40 9:40 15:40 21:40

—Sedge
Shrub 2

Figure 4. Groundwater level dynamics during the rainfall episodes 1-3.
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The respective vegetation types proved to have very different retention potential values during

the three monitored episodes (Table 2). The most impressive amount of retained water was

detected at the spruce forest 2 site during the first precipitation event (83%).

It should be noted that after a rapid elevation of the GWL, a rapid decline followed, and so the

result implies a short-term water retention, with a quick runoff of infiltrated water. An

important retention potential of a peat bog was revealed during the most significant rainfall

event, when the maximum water storage capacity reached over 9,000 m’; with regard to the

two remaining episodes, the total water storage capacity of the peat bog remained high.

Considering the wide range in the amount of infiltrated water at the monitored vegetation

types, we may conclude that the principal factor affecting the progress of the event is the

actual saturation of the headwater.

Table 2. Changes of groundwater level and calculation of volume of infiltrated water during

rainfall episodes.

Rainfall 1 (50.6 mm) Spruce forest 1 | Spruce forest 2 | Shrub 1 | Shrub 2 | Sedge
Increase in GWL (mm) 71 168 3 26 13
Amount of infiltrated precipitation (I/m?) 17.8 42.0 0.7 6.5 33
Proportion of infiltrated precipitation (%) 35.0 83.0 3.0 12.8 6.4
Volume of infiltrated water (m?) 8701.3 614.5 95.9
Total volume of water (m?) 9411.7

Rainfall 2 (37.4 mm) Spruce forest 1 | Spruce forest 2 | Shrub 1 | Shrub 2 | Sedge
Increase in GWL (mm) 42 18 71 24
Amount of infiltrated precipitation (I/m?) 10.5 4.5 17.8 | 6.0
Proportion of infiltrated precipitation (%) 28.0 12.0 47.5 16.0
Volume of infiltrated water (m?) 2184.4 3009.2 176.9
Total volume of water (m?) 5370.5

Rainfall 3 (28.3 mm) Spruce forest 1 | Spruce forest 2 | Shrub 1 | Shrub 2 | Sedge
Increase in GWL (mm) 55 11 83 64
Amount of infiltrated precipitation (I/m?) 13.7 2.8 20.7 16
Proportion of infiltrated precipitation (%) 48.6 9.8 73.3 56.5
Volume of infiltrated water (m?) 2402.9 3517.7 471.9
Total volume of water (m?) 6392.5
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4.2 Snow melt episodes

Despite the possibility of a partially frozen surface, which would hinder the water infiltration,

a significant volume of infiltrated water was stored in the majority of registered cases. In one

particular situation (snow 3 — shrub 1), the water table was initially almost coincident with the

ground surface and thus no infiltrated water was detected. The largest volume of infiltrated

water was observed at the spruce forest 2 site, most probably because GWL was low at the

beginning of the monitored event (Figure 5). At this point it should be noted that the

measurements of SWE were taken in an open space, so the progress of snowmelt under forest

or shrubs may be slightly different.
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Figure 5. Groundwater level dynamics during the episodes of snow melting 1-3.

The total amount of stored water during the monitored events was approximately 10,000 m’
(Table 3), of which the most decisive storage capacity belongs to forest cover, while shrub

and sedge sites could only retain a maximum of 12 % of the total volumetric infiltrated water.

The differences between the spruce forest 1 and spruce forest 2 sites can be explained by the
less dense vegetation cover of the spruce forest 2 site, which indicates not only more rapid
snowmelt, but probably also a low GWL, as the principal cause, at the beginning of the
monitored event. The rise in the GWL was not followed by a significant decline, as was

observed during the intensive rainfall events.

Table 3. Changes of groundwater level and calculation of volume of infiltrated water during

snow melting.

Snow 1 (140 mm) Spruce forest 1 | Spruce forest 2 | Shrub 1 | Shrub 2 | Sedge
Increase in GWL (mm) 43 191 22 18
Amount of infiltrated water (I/m?) 10.8 47.8 5.5 4.5
Proportion of infiltrated water (%) 7.7 34.1 3.9 3.2
Volume of infiltrated water (m?) 8519.2 932.4 132.7
Total volume of water (m?) 9584.3

Snow 2 (93.7 mm) Spruce forest 1 | Spruce forest 2 | Shrub 1 | Shrub 2 | Sedge
Increase in GWL (mm) 37 204 35 21
Amount of infiltrated water (I/m?) 8.5 51.0 8.7 5.3
Proportion of infiltrated water (%) 9.0 54.4 9.3 5.6
Volume of infiltrated water (m?) 8664.9 1483.4 154.9
Total volume of water (m?) 10303.2
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Snow 3 (89 mm) Spruce forest 1 | Spruce forest 2 | Shrub 1 | Shrub 2 | Sedge
Increase in GWL (mm) 37 189 0 37 50
Amount of infiltrated water (I/m?) 9.3 47.3 0.0 9.3 12.5
Proportion of infiltrated water (%) 10.3 53.1 0.0 10.4 14.0
Volume of infiltrated water (m®) 8228.0 784.1 368.7
Total volume of water (m?) 9380.8

4.3 Dry episodes

The most intensive of the three dry events was in summer (event 1 of 2015), when the daily

potential evapotranspiration (PET) reached its highest values (Figure 6). Due to PET, the

sedge part of the peat bog lost a significant amount of groundwater (Table 4). This was most

probably caused by the lower vegetation cover and thus more intensive soil evaporation. A

specific behaviour was registered at spruce forest 2 site, which showed low GWL at the

beginning of the monitoring, with only a minor and gradual decrease during the examined dry

periods. After the dry 2 event, GWL reached its measurable minimum. A part of the peat bog

shrub site showed variable behaviour during the monitored period.
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Figure 6. Groundwater level dynamics and daily potential evapotranspiration (PET) during

dry episodes 1-3.

The summer episode induced a small decrease of GWL, then the level stabilised at a depth of

30 cm below the surface. During the autumn season, without precipitation, a decrease of GWL

was observed, but after reaching the above-mentioned height, it did not descend any more.

Similar behaviour was also registered at spruce forest 1 site, with GWL stabilised at a depth of

40 cm below the surface.
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Table 4. Changes of groundwater level and calculation of volume of infiltrated water during

dry episodes.

Dry 1(69.2 mm) Spruce forest 1 | Spruce forest 2 |Shrub1 |Shrub 2 | Sedge
Decrease in GWL (mm) 44 89 36 135
Amount of evaporated water (I/m?) 8.8 17.8 7.2 27.0
Proportion of evaporated water (%) 12.7 25.7 10.4 | 39.0
Volume of evaporated water (m®) 3873.7 1220.6 796.4
Total volume of water (m?) 5890.7

Dry 2 (20.4 mm) Spruce forest 1 | Spruce forest2 |Shrub1 |Shrub 2 | Sedge
Decrease in GWL (mm) 55 37 93 83
Amount of evaporated water (I/m?) 11.0 7.4 18.6 16.6
Proportion of evaporated water (%) 53.9 36.3 91.1 23.9
Volume of evaporated water (m?) 2679.6 3153.3 489.7
Total volume of water (m?) 6322.6

Dry 3 (37.3 mm) Spruce forest 1 | Spruce forest 2 | Shrub 1 | Shrub 2 | Sedge
Decrease in GWL (mm) 186 22 38 103 90
Amount of evaporated water (I/m?) 37.2 4.4 7.6 20.6 18.0
Proportion of evaporated water (%) 99.8 11.8 20.4 55.2 48.3
Volume of evaporated water (m?) 6058.1 2390.4 530.9
Total volume of water (m?) 8979.4

5. DISCUSSION

Concerning the various vegetation types, differences in the GWL were observed. After
comparing different parts of a peat bog, similar results to those already mentioned by
Kucerova et al. (2009) and Labadz et al. (2010) were obtained. The highest GWL 1is in the
centre of the sedge part of the a peat bog, at 10 cm depth below the surface. The long-term
average depth of the GWL for shrubs is at approximately 20 cm. In waterlogged forests, the
observed values vary, depending on the measurement points (spruce forest 1 — 21 cm, spruce
forest 2 — 49 cm below the surface).

There are many factors that affect the GWL of the examined microsites, i.e. topography, peat
porosity, hydraulic conductivity, etc. (Allott et al. 2009). The spruce forest site is recovering
from a bark beetle disturbance and is at present at different stages of natural regeneration. In
addition, in the past, it was affected by the anthropogenic influence of the water regime
caused by man-made drainage channels, which are nowadays being blocked and refilled with
natural materials. Thus it is not evident which of the listed factors is the key one. On the other
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hand, the obtained GWL values correspond to the results of previous research carried out by
Bufkové et al. (2010) at similar sites in the Sumava Mountains. All the monitored sites
proved a similar amplitude and oscillated in the range of approx. 35 cm around their average
GWL, except for the shrub 1 site, which could have been caused by a shorter observation
period. The biggest rise in the GWL was registered at the waterlogged forest site — 17 cm
during the monitored period — which indicates that the GWL elevations can be rapid, as was
already confirmed by previous research conducted by Vicek et al. (2012).
The analysis of the retention potential of a peat bog during extreme meteorological events
proved the relevance of the initial GWL at all the monitored sites. The infiltration capacity is
thus directly related to the former saturation of a peat bog (Dolezal et al. 2017). The
proportion of infiltrated precipitation and short-term water retention oscillated in a wide range
of 3-83 %. After reaching the maximum saturation for the respective vegetation types, which
are situated at the surface for sedge and shrub and at max. values of 5-30 cm below the
surface for forest cover, the retention potential becomes exhausted and results in the
formation of runoff.
The maximum short-term retention potential value during all the intensive rainfall events
reached 42 I/m®. In general, the retention potential during rainfall events proved to be
extremely variable, depending on the current soil saturation. Mountain peat bog can, under
certain conditions, appear as an area of high retention potential, but in the case of extensive
prior saturation, this characteristic is no longer applicable (Kocum et al. 2018). Moreover,
another effect of the initial GWL manifested itself at extreme episodes of rapid snowmelt. In
the winter season, the peat bog surface is rarely totally frozen and thus it can, during periods
of thaw, infiltrate water from melting snow, as was already mentioned in Kucerova et al.
(2009). Taking all the monitored snowmelt events into consideration, the total amount of
infiltrated water did not exceed 50 %. However, significant differences were observed,
depending on the initial soil saturation and the ratio to which the surface was frozen as well.
For one particular case, no infiltration of snowmelt water was registered. In particular, the
sedge and shrub parts of the peat bog showed low volumes of infiltrated water.
The maximum total volume of short-term infiltrated snow water for the entire period of
observation was still around 10,000 m’. The sedge and shrub cover showed significant
declines of the GWL during extreme dry events, which were caused by excessive evaporation,
resulting from lower vegetation cover. A similar context was already described by Binet et al.
(2013). Nevertheless, the GWL in the above-mentioned vegetation cover did not fall below 40
122



cm (below the surface) during the entire monitored period, which is a fundamental
requirement for keeping the central part of a peat bog in a healthy condition. Long-term
drainage of the vulnerable central parts of a peat bog can cause irreversible succession
changes (Kucerova er al. 2009, Kvaerner & Snilsberg 2011). As for the extreme rainfall
events, high variability of the GWL was observed in the forest cover. The most significant
decline of the GWL — 19 cm — was registered during a monitored period lasting for 18 days,
while the total daily PET reached 37 mm during the same period. Nevertheless, even
constituent parts of a small headwater area can show high variability of evapotranspiration,
which is determined by many factors (Sipek et al. 2020).

It is also important to take possible uncertainties of measurement into consideration. The
retention potential calculation of a raised bog was based on the volumetric soil moisture data,
collected in the same area of interest during the previous pedological research (led by Vicek et
al. 2012 and Vicek et al. 2016). The default values do not necessarily correspond to the
authentic humidity at the beginning of the event. The entire set of meteorological data was not
recorded directly in the area of interest, but at the nearest meteorological station at Modrava
village (at a distance of 5 km from the experimental catchment, at the same altitude), so the
starts of the respective monitored episodes could be moderately shifted in time and thus not
correspond to the exact formations of precipitation. However, for the total volumetric values
of precipitation and the calculations of potential evapotranspiration, the measuring deviations

are irrelevant.
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1. Introduction

The headwater areas of streams represent resource areas for runoff formation.
These areas are very heterogeneous in terms of their physical-geographical and
rainfall-runoff aspects. The existence of important areas of peat bog complexes,
an ecological phenomenon of local landscape, constitutes an important special
characteristic of the Czech part of the Sumava Mts. It is therefore essential, in
a specific territory of the headwater area of the Otava river, to deal with the effect
of this phenomenon on hydrological regime and runoff formation (Kocum 2012;
Curda, Jansky, Kocum 2011). The peat bogs have an important effect on hydrological
processes in the landscape (Jansky, Kocum 2008). The water storage capacity of
the soil is one of the most important water retention components in the landscape.
The physical properties of the soil and its general condition are the main factors
controlling infiltration into the soil during precipitation events or the length the
water can be stored in peaty soil during dry periods (Vléek etal. 2012, Vl¢ek 2017).
In the case of the Sumava Mts., the anthropogenic influence on the water regime
of peat bogs that were drained in the past or even extracted is also an important
factor. Particular interventions are currently being produced by means of restora-
tion measures and blocking up of drainage ditches (DoleZal et al. 2017).

Acrotelm plays the most important role in hydrological processes of a peat
bog. Itis a thin living surface layer of peat-forming vegetation, generally between
10 cm and 40 cm deep, relatively inert. Without acrotelm a bog cannot accumulate
peat or control water loss from the deeper layer (Lindsay, Birnie, Clough 2014). The
research of peat bogs in the Sumava Mts. is mostly focused on variability of the
groundwater level (GWL) in the peat bog, depending on vegetation, or mitigation of
anthropogenically disturbed water regime. For example, a research on the peat bog
at Schachtenfilz (Bavarian side of the Sumava Mts.) proved that the GWL reached
on average higher values in shrub vegetation on an open bog and in waterlogged
forest. The GWL on a peat bog covered by grasslands with cottongrass showed
greater variation (Bufkova, Stibal 2012). A substantial relationship between the
type of vegetation and the GWL is also mentioned by Kuéerové, Kucera, Hajek
(2009). Vegetation is very responsive to changes of the water regime. A long-
term decline or rise can cause succession changes. After longer periods without
precipitation, sphagnum mosses become dry; the albedo changes cause decrease
in evaporation and increase of surface temperature.

The GWL in many types of peat bogs has a considerable seasonal dynamics.
A relatively stable level is found only in peat bogs saturated with source of arte-
sian water. On the contrary, ombrotrophic bogs that are entirely dependant on
precipitation, usually show high variability of GWL and considerable GWL decline
during summer. The variation of the hydrological and hydro-chemical regime of
peat bogs can also be demonstrated by an increased dynamics of soil temperatures
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in the acrotelm layer. In particular, it is subsequently reflected in the temperature
of the water running off from the peat bog (Puranen, Makils, Saavuori 1999).

In terms of the hydro-chemical properties of peat bog water, considerably
negative correlations between the GWL and pH were identified; i.e. it was found
that water deficiency in the catchment causes an increase in pH, although this
research refers rather to river floodplains and transitional mires (Bufkova, Prach
2006). A similar dependence between water quantity and pH, for the Sumava
Mountains’ streams supplied by peat bogs, was observed by Proks (2010). The wa-
ter in the Sumava Mountains’ peatlands as well as precipitation have usually a low
quantity of dissolved substances; the pH values are in particular determined by
the dissolved organic carbon concentration, which has a strong seasonal progress
related to evaporation and organic matter production. A higher content of organic
matter along with low total mineralization naturally result in low pH (Kocum
2012). The interventions to the water regime of peat bogs can also be accompanied
by considerable changes in hydrochemism, in particular due to changes in PO4, Al,
Fe concentrations and electric conductivity (Bufkov4, Stibal 2012). These studies
indicate a connection between the hydro-chemical properties and the quantity of
water in the catchment; however, a comprehensive research on the mountain bogs
of the Sumava Mts. to compare these water parameters in the catchment has not
been carried out yet. Important aspects of the research on physico-chemical water
properties concerning peat bogs are the measurements of changes in the electric
conductivity and water pH in the stream. In general, the electric conductivity
changes with the quantity of contained ions. In terms of cations, Mg, K, Na, but
also Fe, Mn or Al occur the most frequently. In the case of very low pH, higher
values of electric conductivity can be caused by free hydrogen anions (Worrall,
Burt, Adamson 2006).

Studies on the Sumava Mts. comply with the general view of the world litera-
ture and prove that the development of peat bog complexes is controlled mainly by
hydrological processes. The formation of peat bogs depends mainly on the water
storage capacity, on water quantity, its origin and chemical properties. The main
factor in the development of peat bog complexes is the GWL as it determines the
composition of species of the site (Labadz etal. 2010). Thus, the depth of the GWL
determines the balance between organic matter accumulation and decomposition,
and therefore even minor changes in the water regime can have an essential effect
on development of peat bog complexes (Holden, Chapman, Labadz 2004). Wilson
etal. (2011) indicate a strong relationship between the type of vegetation and GWL
stability in a peat bog. A higher vegetation cover also results in improvement of
the self-regulating process of peat, as the evaporation is reduced due to the higher
level of air moisture maintained.

Lots of studies also discuss the issue of the effect of drainage and peat extrac-
tion on the water regime and hydro-chemical water properties (Bufkov4, Stibal
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2012; Holden et al. 2011; Holden, Chapman, Labadz 2004). Anthropogenic distur-
bance of the water regime due to extraction or drainage can cause irreversible
changes in the physical properties of peat (Evans et al. 1999). The GWL is mostly
affected by the amount of precipitation, evapotranspiration, by topography and
also, locally, the peat porosity and hydraulic conductivity (Wilson et al. 2011; Allott
etal. 2009). Holden et al. (2011) point out that the long-term low GWL in drained
peat bogs could lead to negative processes in peat. If the GWL is too deep below
the surface, oxygen enters the lower layers of the peat bog, which results in peat
decomposition. This process subsequently causes changes in the porosity, hy-
draulic conductivity and runoff characteristics (Allott et al. 2009; Joosten, Clarke
2002). The study by Wind-Mulder, Rochefort, Vitt (1996) concluded that peat bogs
affected by extraction showed very low pH values and also a high variability of pH
in comparison with intact peat bogs.

Ombrotrophic bogs saturated with rainwater have relatively stable hydro-chem-
ical properties. However, this does not necessarily hold true for the whole bog, e.g.
a lagg area (the zone of transition between an ombrotrophic bog and the mineral
soils of the surrounding landscape) has variable hydro-chemical properties as it is
affected by water from surrounding mineral soils. The influence of mineral water
from the surroundings on a peaty soil depends also on its pH, electric conductivity
and on the amount of dissolved calcium and carbonates (Howie, Meerveld 2011).
Water from peat bogs is acid, and its pH usually ranges between 3.3-5.5, while
transitional mires show higher pH ranging approximately from 4.5 to 6. However,
the abovementioned values depend on several factors, e.g. climate, the height of
the GWL or biological activity (Bergsma, Quinlan 2009; Holden, Chapman, Labadz
2004). Another important water parameter, regarding the study of peat bogs, is
electric conductivity. Electric conductivity measurement in the field shows very
variable values, from several units to hundreds uS.m™. The electric conductivity
correlates linearly with the amount of substances dissolved in water. In addition,
the conductivity is strongly affected by the soil temperature and peat properties
such as the cation exchange capacity of the soil, organic components, peat porosity,
pH and soil moisture (Ponziani etal. 2011). Another important parameter of water,
which is often monitored in peat bogs, is the dissolved oxygen that is necessary
for aerobic respiration at all trophic levels. Oxygen gets into water by means of
diffusion from the atmosphere, water mixing and as a product of aquatic organ-
isms. In terms of oxygen solubility, the water temperature is an important factor.
In cold water, oxygen is dissolved more easily (O'Driscoll et al. 2016).

The main objectives of the study include:

a) Characteristics of dynamics of GWL and discharges of various types of peat
bog sites.
b) Characteristics of physico-chemical properties of surface water and ground-
water of various types of peat bog sites.
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c) Assessment of statistical dependences of physico-chemical properties of sur-
face water and groundwater in peat bog on the water quantity in the catchment.

2. Site description

The Mezilesni peat bog belongs to the geomorphological district of Kvildské Plané.
This peat bog is situated in the headwater area of the Hamersky brook, which is
the right-side tributary to the Vydra river (Fig. 1). It is situated at an altitude of
approximately 1,100 metres. The area of the whole peat bog complex is 83 ha large
and the peat volume is 1,649 million m® (Andéra, Zaviel 2003).

In terms of mean monthly discharges, the minimum discharges are reached in
February (in the period prior the snow cover melts) or in September (in the late
summer, dry period). The best water-rich period is in spring during snowmelt. In
this period, peat bogs in the Sumava Mts. are usually fully saturated. In summer

Fig.1 - Catchment of the
Vydra river with designation
of the Hamersky brook and
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Fig. 2 - Headwater area of
the Hamersky brook with
designation of experimental
catchments

river network
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months, discharges show a high variability, which is in particular caused by short
periods of intensive precipitation. The value of mean annual precipitation in this
region is approximately 1,100 mm (Kocum 2012). In the monitored area, there are
peat bogs on sites with a low mean annual air temperature, but during the day the
temperature can show considerable amplitudes (Hojdov4, Hais, Pokorny 2005).
The headwater area of the Otava river basin belongs to a soil region of Cambi-
sols or Rankers with steep slope areas and a region of entic and haplic Podzols. In
the headwater area, there are predominantly hydromorphic soils situated in flat
parts of the catchment (Sefrna 2004). The headwater area of the Hamersky brook,
where the three experimental catchments are located (Fig. 2), is characterized by
the occurrence of hydromorphic soils and organic soils which switch in the forest
environment to entic Podzols and Gleysoils with acid pH reaction. The reason for
selection of these catchments was due to the fact that on a relatively small area
within one peat bog complex, there are several minor catchments with different
vegetation cover. The different vegetation composition could have an essential effect
on the hydrological regime of the experimental sites due to the difference in evapo-
transpiration. There is also a large area without vegetation, with bare peat only.
The three experimental catchments cover a total area of 25.4 ha. The smallest
basin is an extracted part of the peat bog (catchment B), which is formed mostly by
bare peat (Table 1). Shrub is here represented by stands of bog-bilberry (Vaccinium
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Tab. 1 - Basic vegetation characteristics of experimental catchments

Catchment A B C
Catchment area (ha) 13.6 1.9 9.9
Stream length (m) 599.5 291.8 401.3
Watershed length (km) 2.3 0.7 24
Maximum altitude (m a.s.L.) 1,149 1,113 1,135
Minimum altitude (m a.s.L.) 1,092 1,100 1,095
Elevation difference (m) 57 13 40
Forest proportion (%) 67 1 78
Shrub and grass proportion (%) 33 43 22
Proportion of area without vegetation (%) 0 56 0

uliginosum), common heather (Calluna vulgaris) and in some places, where peat
was disturbed by extraction, there are areas of tussock cottongrass (Eriophorum
vaginatum) and various species of sedges (Carex; Kfenova, Hruska 2012). Catch-
ment A (Fig. 2) includes a lagg that is represented by shrubs of the same species as
catchment B. In addition, it is enriched with stands of cowberry (Vaccinium vitis-
idaea), common bilberry (Vaccinium myrtillus), bog cranberry (Vaccinium oxycoccus)
and various species of grasses. The lagg in the upper parts, at a distance from the
peat bog, passes gradually to waterlogged forest, formed mainly by Norway spruce
(Picea abies). Catchment C with predominant waterlogged forest is also formed
mainly by Norway spruce (Picea abies). A part of the catchment is represented by
mountain bog with predominant dwarf mountain pine (Pinus mugo). The tree-
less places are mostly formed by shrubs or various species of sedges (Carex) and
cranberries (Vaccinium).

3. Methodology

All measurements were performed during the growing season of 5th May-29th
September 2018. Twenty-one field measurements were performed at weekly
intervals. Campaigns were held in the period of high water saturation of the soil
during the spring after snowmelt and also during a very dry period of hot summer
respectively. Each experimental stream was fitted with a hydrometric profile and
four tubes at a distance of 2 m and 5 m from the stream on both sides, in which
the physico-chemical properties of water and the GWL were measured manually.
All GWL values were measured as distance between surface and water level in the
tube. Measuring points were selected so as to sufficiently represent each type of
vegetation (Fig. 3).

Tube 1is situated at a distance of 2 m from the left bank, tube 2 at a distance of
5 m from the left bank, tube 3 at a distance of 2 m from the right bank and tube 4
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Fig. 3 - Vegetation cover

in three experimental
catchments. Catchment

A - alagg formed by grass,
catchment B - an extracted
part - bare peat, catchment
C - waterlogged spruce
forest. The experimental
catchment and the streams
are designated in the paper
with letters A, B, C and the
tubes are designated with
numbers 1-4.
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Fig. 4 - Positions of measuring points
in experimental catchments

ata distance of 5 m from the right bank. This composition is identical in all three
experimental catchments. The tubes and hydrometric profiles were installed as
close as possible to the stream outflow from catchment so as to represent each
type of vegetation as much as possible. Nevertheless, e.g. for catchment B, this was
not possible due to surface factors, as in the lower part of the catchment, there
are many minor depressions and the stream branches off to several small erosion
furrows, terminating either in these depressions, or in a bog lake. In this case, an
alternative site was selected upstream where it was possible to determine unam-
biguously the stream. In terms of catchment A, a small displacement was caused
by a considerable change in vegetation cover in the catchment outflow (Fig. 4).
The measurements were performed episodically, using hand-held equipment.
In this research, following parameters were observed: discharge, GWL, pH,
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electric conductivity, dissolved oxygen and water temperature. The parameters
were measured in experimental streams (surface water) and experimental tubes
(groundwater). The measurements of physical and chemical parameters of water
were assured by calibrated field measurement systems, measuring within the
range pH: 0-14, electric conductivity: 0-20,000 puS/cm, temperature: -35 °C to
+135 °C and dissolved oxygen: 0-20 mg/1.

Discharges were measured by transmissible Poncelet weirs, which were cal-
culated and adjusted according to parameters of monitored streams in growing
season 2018. Discharges were calculated by Basin weir equation (Equation 1), using
spillway-discharge coefficient for Poncelet weir (Equation 2):

Q=m.b.Zg h (1)

m = 0405 + 252 - 0.03 (1 - )| [1 +0.55))2(D)?) (2)

where m represents the spillway-discharge coefficient for Poncelet weir, b the
length of the spillway crest, g the acceleration of gravity, h the falling height of
water, B the length of weir, So stream flow profile area, S area of spillway crest
(Sracek, Kuchovsky 2003). All data were subsequently analysed, using the statisti-
cal software StatSoft. Possible correlations between specific discharges, GWL and
physico-chemical parameters were identified by calculations of Pearson correla-
tion coefficients at the level p <0.05.

The study also evaluates the dynamics of changes in the groundwater level
in relation to precipitation and daily potential evapotranspiration (PET). The
potential evapotranspiration was calculated by the Penman-Monteith equation
(Equation 3).

900
0.408.0.(RN—G)+Y g rrr=t.(e5€q) (3)
A4y.(1+0.34.u)

PET, =

where A represents the inclination of the water vapour saturation curve in
connection with temperature [kPa.°C™], Rn the radiation balance [M].m 2.day ],
G the flow of heat into the soil [M].m2.day ], Y a psychometric constant [kPa.°C™],
u the speed of wind [m.s™], (es-e.) the saturation deficit of air at elevation z [kPa],
and T the average air temperature [°C] (Penman 1948).

There is no meteorological station situated in experimental site. All meteoro-
logical data used in this paper were measured at the nearest automatic meteoro-
logical station at Modrava village, which is 8 km in a straight line.
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4. Results

4.1. Water regime

Boxplots indicate (Fig. 5) that the widest range of specific discharges was observed
for the stream representing an extracted part of peat bog (stream B). The stream
B was the only one to show outliers and, in addition, it was completely dried out
twice during the measuring period. High temperatures and direct solar radiation
resulted in rapid peat drying. The most stable specific discharges were identified
at the stream in waterlogged forest (stream C), which could be caused by high
interception and lower evapotranspiration in comparison to other types of vegeta-
tion. The lagg (stream A) with its discharge values is rather similar to the extracted
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Tab. 2 - The basic statistical characteristics of discharges and GWL. Stream (catchment) A - lagg,
stream (catchment) B - extracted part of peat bog, stream (catchment) C - waterlogged forest.
Numbers 1-4 designate the aggregated value of all measuring points of the GWL within the experi-
mental catchment.

Stream A B C Catchment A B C
1-4  1-4 1-4

Number of measured values 21 21 21 Number of measured values 84 84 84

Average specific discharge 0.6 0.51 0.55  Average GWL (cm) 10.97 17.40 1296

(L/s/ha)

Minimum specific discharge 0.2 0 0.26  Minimum GWL (cm) 0 050 0

(l/s/ha)

Maximum specific discharge ~ 1.27 165 098  Maximum GWL (cm) 45.00 49.10 42.20

(l/s/ha)

Range specific discharge 1.07 165 072 Range GWL(cm) 45.00 48.60 42.20

(L/s/ha)

Standard deviation 0.25 0.35 0.18 Standard deviation 9.76 11.82 10.45

Coefficient of variance 41 68 33 Coefficient of variance 89 68 81

part; nevertheless, it does not show such considerable extremes. The quantity of
measured GWL values in particular intervals was very similar in the forest and in
the lagg. The extracted part showed a higher variance in the GWL.

The basic statistical parameters show that the highest variation of discharges
was observed in the extracted part of the peat bog, which is confirmed by the
standard deviation of flows and the variance (Table 2). In addition, high values
of standard deviation and a low coefficient of variance of the GWL indicate the
occurrence of considerable variations in the GWL. In this case it was proved that
waterlogged forest does not have high variability of flows in comparison with
other types of peat bog sites, because the range of measured values and their
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Fig. 6 - Regime of daily precipitation and mean daily air temperature in observed period
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standard deviations are very low. In terms of the variability of values of the specific
discharges and GWL, the lagg is situated in the middle of both mentioned types.
For a clear illustration of progress of GWL, precipitaton and air temperature
in observed period were analysed (Fig. 6). During the summer there were high
mean daily air temperatures, especially in late July and early August (over 20 °C).
The total of precipitation in observed period was 422.1 mm, which represented
approximately average growing season in the region. Maximum of daily precipita-
tion was 49.5 mm (26th June). The highest monthly value of precipitation was in
June (140 mm) and the lowest in September (43.8 mm). It is assumed that at the
beginning of the growing season peat bog is fully saturated due to snowmelt.
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The progress of the specific discharges and GWL within experimental catch-
ments is shown in Figure 7. The charts show a higher variability of discharges in
the extracted part of the peat bog, which probably relates to higher variability of
the GWL. This fact also indicates that the distance of GWL measurement from the
stream is not so important, because all measuring points of experimental catch-
ment B show almost identical values during the whole measuring period. Stream
C, in waterlogged forest, shows relatively high values of GWL (as in the case of the
lagg). However, the values of the specific discharges are slightly lower, which is
probably caused by the considerably more dense vegetation cover and thus by bet-
ter surface cover of the peat bog complex. The importance of vegetation cover was
probably also confirmed by the lower variance of extreme values in comparison
with the lagg, both in the maximum and in the minimum flow.

The dynamics of changes in GWL depends mostly on meteorological factors.
The differences of the precipitation and daily PET between campaigns in all catch-
ments are very similar to the progress of changes in the GWL (Fig. 8). Catchment
A shows the smallest average deviation of the difference in GWL and differences of
the precipitation and PET. In this case, the average deviation is 6.4 cm, i.e. the other
factors affecting the GWL do not probably have such a strong effect. In terms of
catchment B, the average deviation reaches the maximum value of 8.3 cm, which
indicates rapid changes in the GWL in the disturbed area of the peat bog. For the
waterlogged forest, the average deviation reached the value of 7 cm. In addition,
it is necessary to point out that the amount of deviations significantly increased
by the four measurements in August, with very high deviations from the average
in all catchments.

4.2. Physico-chemical water properties

The extracted part of the peat bog, which surface is not covered by any vegeta-
tion, shows the highest mean temperature and variability of the surface water
temperature and groundwater temperature. In this case, the vegetation of lagg
and waterlogged forest contribute identically to a decrease in temperature that
is similar in both types of peat bog (Table 3). The values of dissolved oxygen in all
catchments are very similar. The amount of oxygen reaches slightly higher values
only in the groundwater of the waterlogged forest. The stream in the extracted
part of the peat bog shows a very high electric conductivity. On the other hand,
the comparison of values of the groundwater electric conductivity showed that
similar values were measured in all experimental catchments. In the observed
catchments, the pH reached highest values in the lagg, probably due to soil min-
eralization at the edge of the peat bog. The waterlogged forest indicated slightly
lower values, and a considerably acid environment was identified in the extracted
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Tab. 3 - Physical and chemical water properties in observed experimental streams and in groundwa-
ter. GWL 1-4 designate aggregate value of all groundwater measurement points within experimental
catchment. The stream designates the aggregate value just in the respective experimental stream.

Catchment A Number of measurements Mean Standard deviation
Water temperature (°C) stream 21 10.70 2.25
Dissolved oxygen (mg/l) stream 21 18.80 3.07
Electric conductivity (uS/cm) stream 21 83.76 68.55
Stream water pH 21 5.82 0.76
Water temperature (°C) GWL 1-4 84 11.51 1.88
Dissolved oxygen (mg/l) GWL 1-4 84 16.75 412
Electric conductivity (uS/cm) GWL 1-4 84 39.64 8.52
pH 1-4 GWL 84 4.27 0.64
Catchment B Number of measurements Mean Standard deviation
Water temperature (°C) stream 19 17.85 4.54
Dissolved oxygen (mg/l) stream 19 18.91 1.93
Electric conductivity (uS/cm) stream 19 146.47 86.37
Stream water pH 19 3.95 0.41
Water temperature (°C) GWL 1-4 84 14.47 1.91
Dissolved oxygen (mg/l) GWL 1-4 84 16.65 3.36
Electric conductivity (uS/cm) GWL 1-4 84 60.98 17.84
pH 1-4 GWL 84 3.68 0.28
Catchment C Number of measurements Mean Standard deviation
Water temperature (°C) stream 21 10.02 1.79
Dissolved oxygen (mg/l) stream 21 18.92 2.17
Electric conductivity (pS/cm) stream 21 89.43 61.49
Stream water pH 21 4.77 0.79
Water temperature (°C) GWL 1-4 84 11.67 2.09
Dissolved oxygen (mg/l) GWL 1-4 84 18.23 2.83
Electric conductivity (pS/cm) GWL 1-4 84 57.52 19.23
pH 1-4 GWL 84 4.12 0.60

part of the peat bog where there is probably rapid rainout of organic substances,
causing a low pH. In addition, there are low values of standard deviations, i.e. the
pH is constantly low for the whole measuring period.

The identification of the measure of interdependence between observed param-
eters was calculated by means of Pearson correlation coefficients that were always
assessed separately within particular measurement points. Mutual comparison
of all the parameters resulted in a total of 36 correlations.

For a better illustration, the measurement points were added to the table within
each catchment where correlation of parameters was identified (Table 4). The
measured parameters of GWL and discharge were connected in the category
“water quantity”. Strong mutual relationships were identified in case of the catch-
ment B, where all measurement points within the catchment showed a correlation
between electric conductivity and the amount of dissolved oxygen. Four of five
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Tab. 4 - Number of correlations of observed parameters at measurement points within experimental
catchments

Catchment A Water Water Dissolved Electric pH
quantity temperature (°C) oxygen (mg/l) conductivity (pS/cm)

Water quantity 1 1 3

Water temperature (°C) 1 1

Dissolved oxygen (mg/l) 1 1 2

Electric conductivity (pS/cm) 1

pH 3 2 1

Catchment B Water Water Dissolved Electric pH
quantity temperature (°C) oxygen (mg/l) conductivity (pS/cm)

Water quantity 4 1

Water temperature (°C) 4 1

Dissolved oxygen (mg/l) 1 5 2

Electric conductivity (puS/cm) 1

pH 1 2 3

Catchment C Water Water Dissolved Electric pH
quantity temperature (°C) oxygen (mg/l) conductivity (pS/cm)

Water quantity 1 1 2

Water temperature (°C) 1 1 1

Dissolved oxygen (mg/l) 1 1

Electric conductivity (pnS/cm) 1 1 1 1

pH 2 1 1

measurement points showed a mutual relationship between the water quantity
and its temperature. Moreover, considerable interdependences were evident be-
tween the amount of dissolved oxygen and pH and between electric conductivity
and pH. On the contrary, the smallest correlation was identified between the water
quantity and pH at two measurement points in the area of waterlogged spruce
forest. The same correlation was also identified at three measurement points of
lagg. There was also perceived a considerable correlation between the pH and the
amount of dissolved oxygen.

Figure 9 shows the calculated correlations of particular parameters within the
experimental catchments, identified at multiple measurement points. In terms of
catchment A, there were three measurement points with correlation between pH
and water quantity (specific discharge and GWL) and two measurement points
with correlation between pH and the amount of dissolved oxygen. The progress
of the linear functions indicates that the pH in the lagg increased with a declining
water quantity in the peat and stream. In the case of groundwater, higher peat
aeration probably results in an increase of pH. In two cases it was identified thatan
increase of pH results in an increase of the amount of dissolved oxygen in water.

At the extracted part of the peat bog, a correlation between the GWL and water
temperature (Fig. 10) was identified in four cases. It showed that low GWL meant
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warmer groundwater. This probably relates to the fact that during sunny days, dark
and exposed bare peat absorbs a lot of heat, resulting in a rapid decrease of the
GWL and an increase of water temperature. Another reason could be the changes
in the heat conductivity of peat after its drying. In addition, a connection was
proved also between the dissolved oxygen and electric conductivity. An increasing
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Fig. 9 - Graphic representation of correlations that were identified more than once in experimental

catchment A
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electric conductivity resulted in this case in higher dissolved oxygen concentration
at all measurement points. Just as in the case of the lagg, there is a situation when
an increase in pH occurs at lower GWL. Three measurement points were identified
where the water pH decreased while the electric conductivity increased.

20
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water temperature (°C)

0 -10 -20 -30 —40 =50 -60
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¢+ GWL x water temperature 1 B " GWL x water temperature 2 B
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dissolved oxygen x electric conductivty 4 B

Fig. 10a - Graphic representation of correlations that were identified more than once in experimental
catchment B
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Fig. 10b - Graphic representation of correlations that were identified more than once in experimental
catchment B

The catchment in the waterlogged forest showed only one correlation between
measured parameters. It was a case of the stream and the nearest GWL point
(Fig. 11). As in the previous two experimental catchments, this is the trend when
a decreasing quantity of flows or the GWL results in an increase of pH.
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Fig. 11 - Graphic representation of correlations that were identified more than once in experimental
catchment C

5. Discussion

The latest studies describing hydrological regime of the headwater area of the Otava
river basin indicate that the occurrence of peat bogs in the catchment could be at
the origin of higher variability of runoff. This claim was proved by an analysis that
showed a very strong dependence of the flow extremity on the proportion of peaty
area in the catchment (Curda, Jansky, Kocum 2011). Vl¢ek (2017) also observed that
the period of maximum saturation of peat bogs resulted in a rapid rise of runoffs.
Furthermore, during the dry periods, the peat bogs store water which means that
they do not supply streams. In terms of experimental catchments, it was shown
that in observed growing season, the highest variability of the discharges and GWL
was identified in the extracted part of the peat bog. The extracted part also reacted
negatively during hot summer days when the stream was completely dried up. The
most probable cause could be the absence of vegetation. Similar results in anthro-
pogenically disturbed parts of the peat bog were also reported by Holden et al.
(2011). In addition, Holden, Chapman, Labadz (2004) point out that even minor
changes in the water regime can alter the balance between the decomposition and
accumulation of organic matter, which can negatively affect peat bog ecosystems.
Statistical characteristics indicated similar progress of the GWL and variability of
the discharge in case of lagg and waterlogged forest. Wilson et al. (2011) attribute
this behaviour to the buffer effect of vegetation. Trees and shrubs could probably
decrease the variability of discharge and also equilibrate a higher and more stable
GWL. A similar connection between vegetation cover and the stability and height
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of the GWL is also described by Labadz et al. (2010) and, in terms of the Sumava
Mts., by Bufkov4, Stibal (2012) and Kuéerové, Kudera, Hajek (2009). In addition,
the studies suggest that GWL is especially controlled by the difference between
precipitation and evapotranspiration, which was described by Wilson et al. (2011),
Allott et al. (2009), and in terms of the Sumava Mts. by DoleZal et al. (2017).

The temperature conditions of the surface water and groundwater in observed
area are affected by the amount of incoming solar radiation and by the vegetation
pattern. High temperatures of water were observed mainly in the extracted part,
where there is only bare peat. On the contrary, both the lagg and waterlogged
forest showed almost identical temperature conditions. However, Puranen,
Makila, Saavuori (1999) point out that temperature variability in acrotelm var-
ies very quickly and considerable differences can be measured within the peat
bog. Kucerova, Kudera, Hajek (2009) state that a vegetation effect is identified
particularly in the summer during dry seasons when high temperatures result in
considerable changes in the albedo and evapotranspiration in the peat bog.

A very low pH was identified in the extracted part of the peat bog. This was
also observed in the study by Wind-Mulder, Rochefort, Vitt (1996). A low pH and
its higher variability can be explained by a more rapid release of acid organic
substances from peat during more intense precipitation events. Lagg showed in
this case a relatively high pH. However, Howie, Meerveld (2011) point out that in
this regard the lagg can be very variable, as it can be affected by influent mineral-
ized water present in the surroundings of the peat bog. In observed season, the pH
values in the groundwater of the waterlogged forest did not differ that much from
the pH values of the lagg, but the pH value of the stream was on average lower by
almost 1.1. A very strong negative correlation was identified between pH and water
quantity in all observed catchments. In a dry period, the water in peat showed
higher pH, which can also be attributed to the rainout of organic substances from
the peat, which ceases in dry periods. In addition, the similar results in terms of
the Sumava Mts. were observed by Proks (2010).

In this paper, a connection between low pH and higher values of electric con-
ductivity was observed in case of the extracted part. The amount of dissolved sub-
stances and the pH can determine the mountain bog pattern and related processes.
Similar process was observed in Ponziani et al. (2011). The paper by Wind-Mulder,
Rochefort, Vitt (1996) also indicated considerably higher values of electric con-
ductivity in comparison of anthropogenically disturbed parts of peat bog with its
intact parts. An interesting finding is that the stream in the waterlogged forest has
on average almost identical progress of electric conductivity as the lagg, butit has
considerably higher values in terms of groundwater, where they are comparable
with the values in the extracted part of the peat bog.

In comparison of the values of dissolved oxygen, it was identified that the
three experimental catchments are comparable in this regard. A slightly higher
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concentration was only identified for the groundwater of the waterlogged forest.
O’Driscoll et al. (2016) mentioned a significant temperature effect on the amount
of dissolved oxygen. However, these correlations in the case of the experimental
catchments were not identified. In terms of dependences, a considerable relation-
ship between dissolved oxygen and electric conductivity was identified, but only in
the extracted part of the peat bog. In terms of the lagg, the dependence of dissolved
oxygen on pH was identified. However, both of these correlations may be affected
by specific physical-geographical factors. For confirmation of these claims, longer
data series, which could affect variability of precipitation, is needed. Results were
based on experimental measurements in only one growing season and compared
to results stated in similar short-term studies of peat bogs. But there are many
factors influencing physico-chemical properties of water and hydrological regime.
This paper showed differences in progress of observed parameters in various types
of peat bog and it was compared to results of related studies. However, all the
results from this paper need to be confirmed by long-term measurements.

6. Conclusion

The main objective of this study was to describe differences in behaviour of surface
water and groundwater at three peat bog sites with different vegetation covers.
Considerable differences were found at the disturbed site. Drainage and peat ex-
traction resulted in low GWL, rapid dynamics of changes in the GWL and discharg-
es. The absence of vegetation in such site indicates a non-standard hydrological
regime and its negative effects in comparison with lagg or waterlogged forest. Both
of these experimental catchments showed relatively stable discharges and GWL.
Another important aim of the study was to describe the basic physico-chemical
properties of water in various types of peat bogs. In comparison with intact parts
of the peat bog, different water properties were observed in the parts disturbed
by extraction. There were considerable declines of the GWL and low specific dis-
charges identified, followed by higher water temperature, unlike in the case of the
lagg and waterlogged forest. This aspect contributes to changes in the remaining
physical and chemical water properties. In the disturbed part, there were also
very low pH values measured. It is probably caused by the absence of vegetation,
which allows intensive rainout of organic substances. Moreover, higher values
of electric conductivity appeared at the disturbed site. On the contrary, the lagg
shows high pH values, which indicate a gradual soil mineralization towards the
edge of the peat bog. In terms of other observed parameters, both the lagg and
waterlogged forest showed comparable values. The last aspect of the paper was to
identify the dependencies of physical and chemical parameters on the quantity
of water stored in the catchment. A strong correlation was observed between the
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water quantity and pH. Precipitation is probably followed by a rapid rainout of
organic substances, which caused a decrease in pH at all monitored catchments. In
addition, the dependence between a low pH and electric conductivity was identi-
fied. This dependence is probably caused by the large amount of free hydrogen
anions in the period when the peat bog is suffering from water deficiency. The
results of the study are mostly in compliance with the other discussed studies.
Nevertheless, this study, based on the observation of a unique vegetation season,
could contribute to the general knowledge of these specific sites. In the context of
increasing frequency of hydrological extremes, it appears appropriate to continue
studying hydrological regime at sites with high retention potential. To understand
processes ongoing in various types of peat bogs, continual observation of dynam-
ics of groundwater level and runoff is essential. It is also necessary to focus on
those parts of peat bogs that are the most involved in rainfall runoff processes; for
this purpose, natural tracers and other modern methods can be used.
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ABSTRACT

The paper evaluates measures taken to restore mountain Peat Bogs and their effect on hydrological regime, with the main focus on
groundwater levels. The level of groundwater is a key factor in maintaining the character of mountain Peat Bogs and the main objective
of restoration is to increase and stabilize the groundwater level in disturbed Peat Bogs. At the same time, the paper provides a complex
overview of the topic, which is being often discussed nowadays, mostly due to a big retention potential of mountain Peat Bogs. The
paper is based on detailed measurements of groundwater levels in a selected experimental drainage ditch in the catchment of the
Rokytka stream. Basic statistical characteristics, the equation of Penman-Montheit or antecedent precipitation index were used to show
the dependence of groundwater level on precipitation or evapotranspiration. The results show a positive influence of the restoration
measures on Peat Bogs. In this case it has been confirmed that restoration measures cause increase of groundwater level and decrease

its fluctuation in the Peat Bog.

Keywords: Peat Bog, groundwater level, the Sumava Mts., Peat Bog restoration
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1. Introduction

In the context of occurrence of hydrological extremes
(floods, droughts), the increase of retention ability of
headwater areas has recently become a fundamental
question. The headwater area of the Otava River is char-
acterized by a great amount of Peat Bog complexes, whose
hydrological regime has not been completely uncovered
yet, in spite of numerous analyses (Jansky and Kocum
2008). The most recent studies emphasize that the occur-
rence of Peat Bogs in a catchment increases the extremity
of flow (Holden et al. 2011; Holden et al. 2001; Ferda et al.
1971; Curda et al. 2011).

The increase of a discharge in streams which have
been restored is particularly significant at the Sumava
Mts. catchments (Curda et al. 2011). However, Peat Bog
restoration measures could also have a negative effect on
runoff process during flood events (Holden et al. 2011).

Restoration measures contribute greatly to a decrease
of fluctuation of drainage ditches in the cases of mean
and low flow. However, in the case of a higher water con-
tent caused by intensive precipitation, the barriers, which
retain water in a catchment, might have negative effects
on area retention capacity. After an excess of retention
capacity of these barriers, an intense and rapid increase
of flow follows, reaching a higher extremity (Curda et al.
2011). Organic soils or other waterlogged areas saturated
with water can then function as an outflow accelerator.
Despite the fact that organic soils have a great retention
capacity for water, releasing it gradually to the streams,

their retention capacity is not applied in the case of water
saturation (Sefrna 2004).

The depth of groundwater in organic soils is a very
important factor for Peat Bog ecosystems. In an undis-
turbed Peat Bog, groundwater is situated very close to
surface for most of the year and water fluctuation is large-
ly limited (Holden et al. 2001). The changes in ground-
water level concern mainly Acrotelm, which is character-
ized by higher porosity. Lower situated Catotelm includes
more decomposed organic material with smaller pores
and lower hydraulic conductivity, so the water movement
is extremely limited there (Rizzuti et al. 2004). The com-
bination of the characteristics of Acrotelm and Catotelm
thus makes Peat Bogs a significant water reservoir with
a unique hydrological regime in the area (Holden et al.
2011). Dynamics of groundwater level is also significant
during a low precipitation period. Peat Bog reacts very
fast. The rate of groundwater level changes can reach
several centimeters per day (Vlcek et al. 2012). The main
factors influencing groundwater level in Peat Bogs are
precipitation, evapotranspiration, topography and, in
a local scale, also peat porosity and hydraulic conductiv-
ity (Allott et al. 2009).

The main changes in the Sumava Mts. Peat Bogs have
been caused by efforts of draining and drying. Peat Bogs
have been traditionally drained for the purpose of peat
exploitation, agricultural land cultivation, or increase in
wood exploitation in waterlogged forest areas. Neverthe-
less, the extent of surface drains was already considerable
at the turn of the 19th and the 20th century. However,
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the major period of drainage digging was in the 70s and
80s of the 20th century. Nowaday, the drainage systems
are still visible. Stocktaking researches have displayed
that drainage has affected almost 70% of Peat Bogs in the
Sumava Mits. (Bufkovd 2013). The open system of drains
causes especially: fast surface flow, steeper culmination,
and higher fluctuations of groundwater level (Ballard
et al. 2011). Performed restorations can improve these
aspects and consequently increase the groundwater lev-
el by several centimeters in a year (Worrall et al. 2007).
A research from Schachtenfilz in the Bavarian Forest has
confirmed that restoration measures increased ground-
water level and decreased its fluctuation (Bufkova 2013).

Since 1998 a complex restoration program has been
implemented in the area of the National Park of Sumava
('The Program of Restoration of Sumava Wetlands and
Peat Bogs). The program is primarily aimed at a general
improvement of disturbed water regime in the Peat Bog
area (Bufkovid et al. 2010). A concept of so called “target
water level” has been exercised during the restoration in
the Sumava Mts. The method is based on determination
of necessary water level, which is particular for each Peat
Bog, eventually for their parts, and which is desirable to
be achieved by restoration measures. The necessary water
level can be described as a maximal tolerated decline of
water in a ditch under the dam head, which is bearable for
a given type of a Peat Bog (Bufkova 2006). However, the
increase of water level can be only observed few meters
from a restoration because groundwater level is no longer
influenced by the drainage system in a further distance
from the drainage ditch (Wilson et al. 2011; Holden et al.
2011).

Peat Bogs are physically and ecologically adapted on
the depth of groundwater level. The depth has a great sig-
nificance for ecological niches of vegetative species and
hence even for peat development (Kvaerner and Snilsberg
2011). The response of groundwater level on an exercised
restoration is usually very fast; nevertheless, the changes
in water chemism and consequent reactions of Peat Bog
species are very slow. Peat Bog vegetative species are vul-
nerable and sudden changes of pH factor or changes in
the amount of nutrients after exercising restoration can
also have negative effects. Peat Bog restoration conse-
quently includes stabilization and increase of groundwa-
ter level and a repeated habitation of the standpoint by
Peat Bog species. It is thus important to limit the amount
of water drain (Holden 2005).

However, there are still several problems, namely
uncertain influence on water drainage ditch and water
chemism, uncertain response species on water regime
changes, and the price for restoration (Holden 2005).

The main aims of this paper are:

- to establish the influence of a drainage ditch on
groundwater level in an experimental catchment;

- to determine dependence of groundwater level behav-
ior on evapotranspiration and precipitation and its
influence on groundwater level changes;

- to describe differences in groundwater levels near
a functional drainage ditch and near a restored part of
a drainage ditch (increased water level in the ditch due
to a wooden dam).

2. Site description

The catchment of the Rokytka stream (Fig. 1) is locat-
ed in the central part of the Sumava Mts. The whole com-
plex of Rokytka Peat Bogs is placed on moderate slopes
near the bottom of the Rokytka stream valley. The com-
plex comprises several large and many small mountain
Peat Bogs, which are surrounded by forest Peat Bogs,
waterlogged pine stands, and minerotrophic sedge Peat
Bogs (Bufkova 2009). The total area of the Peat Bog is
almost 250 ha. The depth of large Peat Bogs is about
5 m. Although in some locations, it can reach up to 7 m
(Bufkovd and Spitzer 2008). Height relations of the catch-
ment are consistent with the location of the central flat
areas of the Sumava Mts. The altitude alters between 1089
and 1244 m a.s.l. The Rokytka catchment is rather flat in
spite of its high altitude. The average gradient of slope is
only 4°. Only exceptionally the gradient of slope reaches
up to 10°, with the maximum of 12° (Jelinek 2009).

Rokytka eatchment

s precipiatien gauge Facdhty of Science.
Charles Universey

gauging stason Faculty of Science.
Chasles Unnversaty

gauging station Czech
Hidrcrmeteceslopcal Instnse

seam
[0 vidaModrava catchment
) sub caschemens area
[ exprenental caschenen

Fig. 1 The catchment of the Vydra River with the positions of
gauging stations of the Czech Hydrometeorological Institute and
automatic level gauges and precipitation gauges of the Faculty of
Science, Charles University. The Rokytka stream catchment and the
monitored experimental catchment is highlighted. Source: Kocum,
Jansky (2009).

The research of the Rokytka Peat Bog was focused on
a selected experimental drainage ditch, which is located
in the northern part of the catchment, at 1100 m a.s.l.,
and which drains an area of 0.14 km2. The drainage ditch
was partially dammed by small restoration dams; partial-
ly it was left functional, with a depth of 1 m.

In terms of soil cover, the soil region consists of entic
Podzol, even of Rankers in steep slope areas (Sefrna 2004).
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Fig. 2 The scheme of particular measurements of groundwater level and of the segments where the groundwater level was measured.

The soil of the researched catchment is a typical example
of soil of the Sumava Mts., where a vertical sequence of
soil is typical. Organic soil only occurs in watersheds and
at the bottom of the valley. The catchment of Rokytka is
mostly covered by Histosols. A peaty Gley can be found
in some parts of the stream floodplains. Gleys are repre-
sented only marginally. The monitored drainage ditch is
located in the part of a Peat Bog with a prevailing occur-
rence of fibric organic soil. The total area of organic soils
in the catchment is 0.87 km?2, which stands for 23% of the
whole area (Vléek et al. 2012).

In the area of interest, there are two precipitation
gauges with long data series. It is Breznik (1150 m a.s.l.)
and Modrava (1000 m a.s.l.). The annual precipitation
in Breznik alters between 1100 and 1300 mm. The long
term average of annual precipitation from Modrava is
1100 mm (Kocum 2012).

The annual discharge minimum can be measured at
the end of February (before the snow melting) or in Sep-
tember (at the end of summer, a dry period). Discharge
maximum is generally in spring, when the snow melts.
A significant fluctuation in the outflow can also be seen
in the summer period, due to a higher frequency of inten-
sive precipitation. However, this fact does not influence
the average monthly discharge variability, which might be
caused by short duration of precipitation (Kocum 2012).

The vegetation in the Rokytka catchment is formed by
a relict plant community. Low grass with the growth of
Trichophorum caespitosum can be found there, predom-
inantly. It blends in a mosaic pattern with the hydro-
philic vegetation of shallow oblong depressions and the
edges of lakes. It is made of a mat of Sphagnum cuspi-
datum and Sphagnum majus with the growth of Carex
limosa and Scheuchzeria palustris. One of the constitu-
ents of Trichophorum caespitosum are obvious, large, and
cambered bults with reddish types of peat as Sphagnum
magellanicum, Sphagnum russowii or Sphagnum rubellum
(Bufkova 2009). In the surroundings of the monitored
drainage ditch, the herb vegetation is formed by Vaccini-
um uliginosum, Empetrum nigrum or Andromeda polifolia

are also plentifully represented here. Nevertheless, the
most dominant is vegetation primarily Pinus mugo.

3. Methodology

Groundwater level measurements were implement-
ed during the period from August 14, 2014 to October
31, 2014. The groundwater level was measured manually
in tubes which were inserted into the peat to a depth of
1-1.5 m. The water levels were measured in lines which
were copying parts of the drainage ditch and the distance
between measurement points was 3 meters. Thus, a reg-
ular net with 27 groundwater level measurement points,
placed in regular distances, was created. The groundwater
level was measured from the surface. For this purpose,
particular segments were created from the measuring
areas and the groundwater levels were then compared
with each other within the scope of the individual sec-
tions and lines (see Fig. 2). The line 1 was divided into
part A and part B for better accuracy. Part A is located
directly to restoration dams and part B is placed in area
which is not affected of restoration measures. At the same
time, tubes were located by a total station, so the exact
location of measurement points is known and therefore
maps and interpolations could be created. At each point,
28 values of groundwater level were measured. Further,
particular level changes were statistically evaluated in the
scope of individual sections and lines to better demon-
strate the dependence of groundwater level fluctuation
on the distance from a drainage ditch, or from restora-
tion dams. Data of groundwater level from an automatic
station in Rokytka Peat Bog were also used. Additionally
an interpolation method “natural neighbor” was applied
to obtain range information. At first, the whole dataset
was analyzed by basic statistical characteristics and data
testing. For distribution of measured values of ground-
water level in various intervals box plots were used. Sta-
tistical characteristics variance, correlation coefficient
and directive deviance were calculated. All the statistical
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Tab. 1 Statistical characteristics of groundwater level fluctuation in sections and lines.

line 1A line 1B line2 line 3 section 1 section 2 section 3

Number of measured values 84 168 252 252 252 252 252

Average groundwater level (cm) 13.04 23.04 18.13 10.49 10.95 17.93 1937
Medium (cm) 12.90 24.70 18.90 10,80 11.20 15.85 18.90
Minimum (cm) 0.10 7.50 230 0.10 0.00 6.30 4.80
Maximum(cm) 28.00 50.00 42.00 30.00 28.80 50.00 50.00
Variance 28.98 69.16 53.94 30.67 46.98 63.09 52.72
Directive deviation 539 8.31 7.34 5.54 6.85 7.94 7.26

procedures were calculated in a statistical software Stat-
Soft Statistica.

Groundwater level fluctuation was put into context
with particular significant factors of rainfall-runoff pro-
cess. One of them is potential evapotranspiration (equa-
tion 1). In this research, Penman-Monteith equation was
used for the determination of daily potential evapotran-
spiration. In this case, the daily potential evapotranspi-
ration is calculated according to the following equation:

90 e
T+273.16 s (1

A+y-(1+0.34-u)

0.408-A-(Rn-G)+y
PET, =

where A represents the inclination of water vapor satu-
ration curve in dependence on temperature [kPa °C-1],
Rn radiation balance [M] m~? day~'], G flow of heat into
soil [M] m~2 day~!], ¥ psychometric constant [kPa °C-!],
u speed of wind [m s7'], (e, — e,) saturation deficit of air
in elevation z [kPa], T average air temperature [°C] (Pen-
man, 1948).

The antecedent precipitation index API (equation 2) is
also applied in this paper. The index is used for determi-
nation of catchment saturation and it expresses the influ-
ence of precipitation which occurred in previous days to
the given date. It thus demonstrates the ability of a catch-
ment to absorb more precipitation. For the purpose of
this paper, the API index was calculated for five previous
days according to the following equation:

APT=%X0.93"-P,(2)

where “i” stands for the number of the day counted back
from the date, which API is counted for, P daily amount
of precipitation, [mm] in the i-th day before the causal
precipitation (Mishra and Singh 2003).

4, Results
4.1 Statistical evaluation of groundwater level fluctuation
When basic statistical characteristics were used, sig-

nificant differences between the areas lying near restora-
tion dams and those with the absence of restoration were

ascertained. At first, statistical differences were tested
in sections using analysis of variance ANOVA. Signifi-
cant differences on the probability level (p < 0.05) were
proven. The resulting coefficients were significantly high-
er than the critical value of the distribution (31.5 > 3).
It means that high differences between data sets were
detected. However, the analysis was not able to show
where exactly the differences occurred. Due to this fact,
a t-Test was used on the probability level (p < 0.05). The
only significant difference was detected between section
1 and section 3. In other cases, the differences were not
prominent.

In the case of lines, a uniquely high difference can
be found in the biggest proximity of the drainage ditch
(line 1A and 1B), Fig. 3. The difference between average
groundwater levels in these two lines during a moni-
tored period was 10 cm. The data from a distance of 6 m
from the drainage ditch are very similar to line 1A from
the location with restoration measures. Consequently, it
can be presumed that in the distance of 6 m from resto-
ration measures, the behavior of the groundwater lev-
el seems natural. The amplitude in the distance of 6 m
from the drainage ditch was only 29.9 cm. It is very sim-
ilar to line 1A which contains data from the area with
restoration measures. A similar divergence can be seen
during evaluation of particular sections. In the scope of
section number 1 (Fig. 3), which is the closest one to the
exercised restoration, it was proven that the groundwa-
ter level is less fluctuated and that it remains near the
surface. In this section, the average groundwater level
was 10.95 cm and the amplitude was 8 cm. On the con-
trary, in the furthest section, the average groundwater
level, for the monitored period of time, was 19.37 cm
and the amplitude reached up to 45.2 cm. Thus, in the
proximity of restoration, the level of groundwater is
located 8.42 cm higher on average.

In Table 1, statistical characteristics of groundwater
level fluctuation in sections and lines are shown. For
example, line 1B, which is the nearest to the drainage
ditch without restoration measures, expresses the highest
numbers in variance and in directive deviations. On the
contrary, the furthest line 3 and line 1A with restoration
measures have significantly lower values. When sections
were compared, it was observed that section 1, which is
the closest to restoration, disposes of the lowest numbers
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Fig. 3 Groundwater level fluctuation in the scope of particular sections and lines.

in variance and in directive deviations. Further sections
show expressively higher values which point to a positive
influence of restoration measures on fluctuation and on
groundwater level.

The highest groundwater level can be found at meas-
uring points in the proximity of restoration. The above
mentioned statement, that the higher the distance from
the drainage ditch, the higher the groundwater level, is
also confirmed here. Another important finding is that in
the distance of 6 m from the drainage ditch, the drainage
effect can no longer be seen.

4.2 The dependance of groundwater level on meteorological
factors

In particular sections, the groundwater level fluctua-
tion was compared to the difference between precipita-
tion and evapotranspiration between measurements.

It was found that these two factors are the most essen-
tial ones for groundwater level. A dependence was visible
in Fig. 4, moreover, with quite high coefficients of deter-
mination. The dependence was proven most significantly
in the section located the closest to the drainage ditch.
Consequently, a daily groundwater level fluctuation can
be rather accurately estimated and explained with the
regard of these two factors.

A few values of decrease of groundwater level were
also observed when precipitation was higher than evap-
otranspiration. This fact could be caused by an intercep-
tion. During a lower precipitation period, rainwater is
probably intercepted by trees, which growth rather dense-
ly in the experimental area.

For the quantification of the dependence, coefficients
of determination and other correlation coefficients were

calculated. Correlation coefficients in Table 2 reach very
high values. The dependence of groundwater level on
precipitation and evapotranspiration is statistically sig-
nificant in sections 1 and 3.

Tab. 2 Correlation coefficients and determination coefficient in
particular sections, mark * is statistical significant at probability
level, p < 0.05.

section1 | section2 | section3
Coefficient of determination
(level change; 0.869% 0.770 0.842%
ET-precipitation)
Correlation coefficient (level . "
change; ET-precipitation) 0758 0.593 0.708
Correlation coefficient _0532¢ —0306 _0511*
(average level; API)

The same approach was exercised at the automatic sta-
tion at Rokytka Peat Bog. The difference is in the fact that
the station is in a sufficient distance from the drainage
ditch and therefore it is not influenced by melioration. It
was revealed that the difference of precipitation and evap-
otranspiration describes the actual course of groundwater
level more precisely (see Fig. 5). The moving average of the
difference of precipitation and evapotranspiration follows
precisely the process of groundwater level changes. The
changes of groundwater level in an area with no human
influence in Peat Bog can be expressed more precisely and
its course corresponds better to meteorological factors.

4.3 Groundwater level fluctuation during chosen episodes
The variability of groundwater level is also an impor-

tant factor. Two episodes have been selected for an evalu-
ation. The first one, an episode of intensive precipitation
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Peat Bog, from the September 1, 2014 to October 31, 2014. Source: Data from the automatic station of Faculty of Science, Charles University.
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Fig. 7 Changes of groundwater level during a selected episode of drought between the September 2, 2014 and September 7, 2014. Given
numbers in the graph represent measured groundwater levels in centimeters on a given day.

(55.4 mm), was analyzed between the September 11,2014
and September 15, 2014 at the Rokytka catchment. It is
obvious that groundwater level along the drainage ditch
shows a high amplitude, see Fig. 6. With longer distance
from the drainage ditch, the groundwater level increases
and its change during an episode decreases. The level is
the highest in the section close to restoration dams. Their
influence is perceived as positive, as they raise groundwa-
ter level. They also have a stabilizing effect. However, the
results also imply that in a certain distance from restora-
tion dams, their effects can no longer be seen and ground-
water level fluctuates naturally as in the Peat Bogs, which
are not influenced by a drainage. It is also evident that
the decreases or increases of water level are very variable
and there are noticeable differences between individual

points, in spite of the fact that it is a small homogenous
area. The difference between the spot with the highest
and with the lowest decrease is 6.4 cm. On the contrary,
in the areas near restoration dams, the groundwater level
was increasing very gradually and a similar increase was
reached at all the measurement points.

Another observed episode was during a dry period,
when there was only 1.4 mm of precipitation from the
September 2, 2014 to September 7, 2014 (see Fig. 7). The
smallest changes of groundwater level in a period with
low precipitation were reached in the middle line of the
observed area, precisely in the distance of 3 m from the
drainage ditch. It is interesting that in this episode, rather
big amplitudes can be found, even in the area of restora-
tion. It can be caused by the fact that before the period
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of drought, the groundwater level was very high, pre-
cisely right under the surface; hence, following decreases
could have progressed faster there. The biggest difference
between water levels is significant again and it is even up
t0 9.2 cm during the monitored five day range. It has been
confirmed repeatedly that in the areas located further
from restoration, the groundwater level is distinctly lower
and, moreover, there is a remarkable and fast fluctuation
of groundwater, which is not beneficial for the evolution
of mountain Peat Bogs.

5. Discussion

The results of the research conducted in Rokytka
Peat Bog are in correspondence with other national and
international researches concerned with the same subject
(Bufkova 2013; VI¢ek et al. 2012; Worrall et al. 2007; Wil-
son et al. 2011). The most significant finding is that resto-
ration measures have the ability to increase groundwater
level and to decrease its amplitude. In this case, it was
statistically observed especially in line 1A, which contains
data from restoration measures. At the point of restora-
tion, the mean groundwater level was up to 10 cm higher
than at a place with no restoration, similar to Worrall et
al. (2007). Holden’s research (2011) brings the difference
of 4 cm. Ketcheson and Price (2011) demonstrated that
the size of groundwater level change depends on many
factors. Similar results in the Sumava Mts., particularly
in the Schachtenfilz Peat Bog, were achieved, for exam-
ple, by Butkova (2013), who declared that after three
years from a restoration, the average groundwater level
increased and its fluctuation was considerably reduced,
especially in the most disturbed parts of the Peat Bog and
in the forest cover of peat and pine grove. In our case it
was also statistically significant.

The groundwater level increases more steeply perpen-
dicularly from the drainage ditch in the area of restoration
in contrast with the area without restoration. Thus, it can
be presumed that restoration measures have an important
role in the attenuation of negative effects of a drainage
ditch. It was confirmed by a research of Haapalehto et al.
(2011) who found that damming and filling of the ditches
resulted in a raised groundwater level in the restored bog
and fen systems by several centimeters. However, in a cer-
tain distance, these differences decrease and groundwater
level behaves naturally as in a Peat Bog with no human
disturbance. This statement is also confirmed by the
work of Wilson et al. (2011). Although, it was revealed
that particular changes of groundwater level can be rath-
er variable, in spite of the fact that the researched area
was small and very homogenous. Vicek et al. (2012) notes
that daily relations of groundwater level are quite fast and
they can reach several centimeters during a day. In this
case, even higher values were observed in some areas,
due to the fact that in the proximity of the drainage ditch,

significantly higher amplitudes appeared, compared to
the further located areas from it. Thus, it was proven that
the influence of restoration measures on groundwater
level is positive in this case.

This research has also demonstrated that the evalua-
tion of factors of precipitation and evapotranspiration is
sufficient to clarify precisely the changes of groundwa-
ter level in Peat Bogs. It is manifested predominantly by
high values of correlation and determination coefficients.
On the other hand, a little decrease was observed in the
groundwater level, even though there was a higher pre-
cipitation than evapotranspiration. It could be caused by
interception during a low intensity rain. Kellner (2003)
and Allott et al. (2009) note that the size of evapotranspi-
ration from wetlands is variable. General factors influenc-
ing the evapotranspiration are surface conditions, such as
roughness, temperature, and dryness, together with the
air temperature, humidity, and solar radiation. Since the
climatic factors vary significantly, it is hard to generate
absolute values without a great uncertainty.

The correlation of groundwater level with the index of
previous precipitation manifested itself in the same man-
ner. An important aspect of the paper was also to refer to
space variability of groundwater level changes. Though
the observed area is small and homogenous, a high vari-
ability in groundwater level changes appeared even dur-
ing selected episodes. The difference between maximum
increase and decrease reached up to 9.2 cm during five
days. Ketcheson and Price (2011) reminded that top-
ographical variability and the location of the dams can
strongly influence the magnitude of the groundwater
level rise at any given location. Price et al. (2003) notes
that groundwater level also depends on the depth of the
ditch, the distance between ditches, and the hydraulic
conductivity of the peat. For example, Wilson et al. (2011)
observed conflicting results in a few experimental loca-
tions, when after drain blocking, groundwater level was
deeper than before blocking. It shows that in a Peat Bog,
there are some places with non-standard local specific
water regime.

Changes of groundwater level were especially promi-
nent in the areas far from restoration. It was also discov-
ered that the lowest deviations (0.48 cm) were achieved
at the automatic station, which is not influenced by meli-
oration. The moving average of the difference between
precipitation and evapotranspiration at this point demon-
strated that it copies the natural course of groundwater
level changes very accurately. This statement is confirmed
by another research (Vléek et al. 2012), which was also
implemented in Rokytka Peat Bog; similar daily chang-
es were observed, approximately 2-3 ¢cm according to
the temperature and precipitation. A rapid and sudden
increase of groundwater level during intensive precipita-
tion was also confirmed (Kucerova et al. 2009). Despite
the fact that many factors are involved in groundwater
level changes, the dependence can be largely explained by
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the difference between precipitation and evapotranspira-
tion. It was observed also in Wilson et al. (2011).

6. Conclusion

The headwater area of the Otava River is character-
ized by a high portion of Peat Bogs, thus it is an area with
a very specific hydrological regime. In the context of the
occurrence of hydrological extremes, it is very important
to pay attention to the retention potential of the areas.

The most significant outcome of the paper is the
demonstration of positive effects of a restoration on
groundwater level. It was proven that restoration decreas-
es fluctuation and increases groundwater level, which is
essential for a natural evolution of a mountain Peat Bog.
The main factors of groundwater level fluctuation are
predominantly evapotranspiration and precipitation; the
explanation of this phenomenon is demonstrated by high
values of determination and correlation coefficients. The
paper thus contributes to the understanding of the reten-
tion potential of peat complexes, which is essential for
the understanding of the hydrological regime of the Ota-
va River. This part of the Sumava Mts. can consequently
offer other valuable findings, due to its significant reten-
tion potential.
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