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Abstrakt

Prace pojednava o reterim potencialu fid v experimentalnich povodich na Sumav
Zadrzeni vody v krajiti je otazka nejen reténi vodni kapacity, ale i infiltkani rychlosti,
celkové redistribuce infiltrované vody vignim prostedi a také doby, po kterou je dotovan
samotny vodni tok. Zvolené téma je rozebirano pordetailniho pedologického jmkumu,
zpracovanim a vyhodnocenim srazkoodtokovych udakdstmismu tok a metody stabilnich
isotopa vodiku a kysliku a vyuZziti barviv a stop@wa Formovani odtoku je v pokich typu
Sumava vazano na zastoupeni hydromorfniith jako organozemi - hla¥npak na jejich
nasycenost. Organozeéntvori znanou zasobu vody v suchych obdobich, nicen&odu
hlavre zadrzuji a mistni toky dotuji jen minimélnV obdobi maximalniho nasyceni
znasobuji objem odtoku vlivem povrchového odtokureferernich cest. U mineralnichid

v oblasti Sumavy dochazi obvykle infiltraci do zwdd podloZi, které pak zasobuji prameny
i v suchych obdobich. Z hospddiy vyuZivaného poditi Sumavy mohou mit tni povodi
vySSi retetini kapacitu diky odvatbvacim opatnim, na druhou stranu svym povrchem
a drendzemi urychluji odtokébem srazkovych udalosti. V dnesSni doldy se extrémni
srazky ¢asto stidaji s obdobim sucha, je taklezité uvaZzovat pro udrZzeni vody v krajin
nejen o retefni vodni kapac#, ale i o preferefmim prouni, rychlosti infiltrace a dotaci

vodnich tok.

Kli ¢ova slova retence, voda viglé, podpovrchové prouai, formovani odtoku



Abstract

The thesis deals with water retention potentiabails of experimental catchment areas in
Sumava Mts. Water storage in the lanscape is atiqgnesot only of the water storage
capacity, but also of the infiltration rate or fotadistribution of infiltrated water in the soil
environment. This chosen topic is analyzed by tetgpedological survey, processing and
evaluation of rainfall events, chemistry of streavater and methods of stable isotopes
hydrogen and oxygen and methods based on dyeacerdt The runoff formation process in
the Sumava Mts. is connected with the presenceydfomorphous soils as Histosols and
their water saturation. Histosols and similar typésoils form a considerable supply of water
in dry seasons, however, water is mainly retaimeddil with a minimal impact on local
streams. In the period of high saturation, the ma&uof outflow increases due to surface
runoff and preferential pathways. At mineral sdiisthe Sumava region deep percolation
usually occurs into aquifers in the subsoil, whilsen can supply springs during dry periods.
From the agricultural exploited parts of the Sumadts., the meadow basins have higher
retention capacity thanks to the drainage syst@nghe other hand, soil surface and drainage
systems of local meadows accelerate the outflowngureavy-rain events. Nowadays, when
floods alternated with drought, it is important donsider water retention / storage in the
landscape not only of water retention capacity dfupreferential flow, infiltration rate and

stream water subsidy.

Key words: water retention, water in soil, subsurface flownofi formation
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1 Uvod

Retence vody vigé je velmi aktualni téma zejména diky probtémpovodni a sucha, které
maji velky spoléensky a hlavé zvySujici se ekonomicky dopad. Povédiokumentované
Vitavé a Labi uz od sedowku nely mnohokrat katastrofalni¢inek (Brazdil et al., 2015;
Vlasék, 2007; Faist, 1967). Zmirnit povmyée Skody nil systém velkych fehrad, ktery byl
z velkécasti hotovy jiz v 60. letech. Nicmémni tento systém nedokézal Prahu ochréeiti p
nicivymi povodrémi v roce 2002 nebo 2013. UZ po povodniteee Mora¥ v roce 1997 se
feSila otazka, zda budovat novielprady, nebo se zaiiit na zvySeni retence vody v krajin
zejména pak v pramennych (horskych) oblastech tytdepovodrt obvykle vznikaji. Pro jiz
zmirgnou Vltavu je to hlavé oblast Sumavy. Vyznamna sucha obdobi v posleddiciu
dekadach pak nutnost zvySeni retence vody v Krajaapdila.

s

Jednou z nejlezitéjSich sloZzek retence vody v krajife samotna reténi schopnost jly.
Fyzikalni vlastnosti fdniho prostedi rozhoduji, za jakych okolnosti dojde k povrairow
odtoku, kolik vody se iii#e infiltrovat do fidy bechem srazkové udalosti nebo jak dlouho se
dokédze voda vimé zadrzet Bhem suchych period. Znalost nejen hydropedologitkyc

vlastnosti, ale i stavuigdy, je pak hlavni vstup d@dy prediknich hydrologickych modél

Formovani odtoku &hem srazkovych udalosti nebo suchych period v pnagah oblastech
Sumavy je ovliviino vyskytem horskych vrchowi& zraSeliglych pad. Vliv raselini§ na
odtokovy proces v této oblasti zajab jiz Ferda (1961). Podrobna hydropedologickseni
zde ale nepraiinla i proto, Ze cela oblast byla na dlouhou dobpiistupna. Tato prace si
klade za ukol zfesnit hydropedologické parametry dominantniétnich tygi ve vybranych
piikladovych povodi Sumavy, zhodnotit jejich reten potencidl a jejich dopad na
hydrologickou odezvu v tocich. Prace byla #gna gevazié na pramennou oblast Vydry,

mensic¢ast pak na hospotkky vyuzivané povodi v pramenné oblasti Blanice.



1.1 Cile prace

Cilem prace je zhodnotit retari potencial vybranych povodi Sumavy s typickymi
krajinnymi prvky jako jsou raSelini&t lesy ponechané samovolnému vyvoji, hospskia
vyuzivané louky nebo pastviny. DalSim cilem je magermovani odtokudem srdZzkovych
udélosti s ohledem na raSelinistni nebo pa@mé plochy v povodi a také formovani

zakladniho odtoku.

1.2  Struktura prace

Prace jetlenéna do 7 kapitol. Podrobny nahled do zvolené probtéy je uveden v kap. 2,
ktera je poté nasledovana metodick@sti. Prace je na z&vdoplréna vytisky odbornych
¢lanki shrnujicich dosazené vysledky této prace. Témgajilprace zagiena na formovani
odtoku a hodnoceni retence v pramenné oblasti VyjdkoZto lesni oblasti s minimalnim
antropogennim zasahem, a v pramenné oblasti Blaepezentujici zesdélsky vyuzivané

uzemi.



2 Souastny stav poznani

Retence vody vimé v sol& obsahuje dva hlavni procesy - infiltraci, diky iétese voda do
pudy dostane, a akumulaci nebo zadrzeni vodidé pDilezitost infiltratnich viastnosti {dy
pro zenkdélstvi byla popsana jiz ve staru. Prvni znamou adeckou préaci o fyzikalnim
popisu ptitoku vody v midé publikoval Darcy (1857). Jehougni prostedi pedstavoval
idealni homogenni pérovy material, kde voda prauiiminarg. Postupentasu se ukazalo,
Ze infiltratni proces ma mnoho pra@mych slozek, jak dobou trvani, tak i mnozstvim

proudici vody. Dnes spiSégvaZzuje nazor o dominantnim prefefeim proudni.

2.1 Formovani odtoku

Proudni vody v pidé, které se hlavni gmou podili na formovani odtokuébem srazkové
udalosti, bylo obech definovdno jako Subsurface stormflow - BHoawvé/bleskové
podpovrchové proush (Weiler et al., 2006). V nenasyceném prest Ize vymezit &kolik
typt podpovrchového proédi, které v jgdé prevazuji. Jednotlivi autb se zangiovali na
rizné typy pevazré podle mdniho prostedi, kde byl jejich vyzkum provéd. Zakladni
souhrn nazfr (typi) povrchového a podpovrchového préandje uveden na obr. 1. Pokud ma
puda mensi infiltrani rychlost nez je intenzita déstnastava hortonsky povrchovy odtok
(Hortonian Overland Flow - HOF (Horton, 1933)). Rdhovy odtok niZze ale také nastat,
pokud dojde k fekrateni retetini kapacity [idy. Ten se nazyva nasyceny povrchovy odtok
(Saturated overland Flow — SOF (Scherrer a Naed3R0Spousicim faktorem pak neni
intenzita srazky, ale jeji celkovy objem. Infilteva voda z&me formovat podpovrchovy
odtok s ohledem na vlastnostiugniho profilu. Obecé Ize podpovrchové progdi
(podpovrchovy odtok) roztit na meélké podpovrchové prowdi SSF (Subsurface storm
flow) nebo hluboké SSF (Scherrer a Naef, 2003). #&ému podpovrchovému progiali
obvykle dochazi na rozhranagnich horizoni, nagiklad u glefi nebo pseudogl&j zatimco

k hloubkovému ¥tSinou na rozhrani guiniho horizontu aguotvorného substratu.ié€sne
vymezeni hloubky pro deni nelkého a hloubkového podpovrchového prénidneni. SSF
Ize rozalit i rychly a pomaly. Podpovrchovy odtok v nadlédnhumusu nebo epipedonu pak
Gerke et al., (2015) oztaje jako ,odtok v organickém materialu“ (BF — Biotridow). DP
(Deep Percolation) je pak obé&cnvazovano vertikalni progdi do podlozi. Podpovrchove

proudtni maZze byt ale ovlivino rekterymi, z hlediska odtoku vyraznymi, Gzkymi
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preferegnimi cestami. Obe@énse da howvit o makropérech (MP) twenymi celouiadou
¢initela (kofinky rostlin, tvorba peil makroedafon aj.) Proddi velikymi péry se oznaije
jako ,kanalkové prouthi* (PF — Pipe Flow) a voda&mito pory proudi misty turbulentn
Typické jsou pro organosoly , kde prefamencesty vytvéi vymleté kanalky po prouahi
nebo praskliny vlivem sesychani (Holden, 2005).

Infiltrace

X N organicky hor

10306

Podlozi

X

X

X X
—_—— e

Obrazek 1  Schéma typ podpovrchového proddi

2.1.1 Sowasny stav poznani o formovani odtoku v centralni Suavé

Pramenné oblasti tdkpredstavuji velmi heterogenni Gzemi. Specifikem Synjaexistence
vrchoviStnich komplek P studiu tohoto Uzemi je proto kbvé wnovat se vlivu

vrchovistniho ekosystému na formovani odtoku kyaflocum, 2012).

Pot'eba novych zdrdjpitné vody podnitila v 60. letech minulého stoltahu zmapovat toky
vhodné pro potencialni stavbieprad. Diky tomu zagal podrobgjSi prizkum pramennych
oblasti, nejen na Sum&wz hlediska hydrologického a chemického rezimu ttterda et al.,

1971). Vliv horskych vrchoviSna hydrologicky rezim zdejSich povodi igsSil v fad praci
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(Ferda et al., 1971; Jansky a Kocum, 2008; Kocu@12? Tyto prace se ale zabyvaly
odtokovou odezvou bez detailni znalosti hydrologiak chovani samotnych vrchovigebo
ostatnich zraSeléhych mist. Ukazalo, Ze vliv raSeliniha odtokovy rezim tak a kvalitu
(chemismus) vody v nich je spiSe negativni. Nictnée vzdy maji vrchovist negativni
hydrologicky dopad, jak zméné zdroje uvéat]i. Swtova literatura se také obecshoduje na
negiznivém dopadu raSelinisha odtokovy proces. Obetije negativni vliv spa@bvan ve
veétSi rozkolisanosti odtoku (Bragg, 2002; Evans et H99; Holden a Burt, 2003). Tyto
studie se ale za¥tovaly pouze n&isté raselinistni povodi a nepracovalo se zde s jinymi

ptudami nez organozemi.

Z dlouhodobého pohledu dochazi k prokazatelné pmdrhydrologického rezimu pramenné
oblasti Vydry. Vlivem naistu gevazre zimnich teplot a mozného poklesu letnich srazek by
mohl stoupnout p@est suchych obdobi v €t zvySil by se zimni jitok vlivem ¢asgjSich
kapalnych srdZzek vtomto obdobi (Bernsteinova et 2015). Znéna vegeténiho Kkrytu
(zdravy les, suchy les, holina) m& prokazatelny ak teplotni a vihkostni rezintg (Tes#

et al., 2004a; Pavlasek et al., 2006; Hais aefa, 2008). Nicmén spiSe nez zima
veget&niho pokryvu se na z&¢ny hydrologickém rezimu projevuje klimaticka &ma a to

naristem teplot vzduchu a poklesem pevnych srézek tiamgner et al., 2015).

2.1.2 Formovani odtoku v zerddélsky vyuzivanych oblasti Sumavy

DalSi dileZitou zdrojovou oblasti pro tvorbu odtoku jsouspoddsky vyuZivanécasti
Sumavy (mimo NP), ndfklad pramenna oblast jileské Blanice, kter4 byla jednou
z hlavnich zdrojovych oblastitippovodnich 2002 (Kliment a Matouskova, 2009). Adej
povodi jsou tvéena hospod&kymi lesy a také loukami nebo pastvinami. ZasabydejSi
krajiny jako odvodgni nebo zcelovani pozerila znéna vyuziti idy maji nepochybhvliv
na extremitu odtoku nebo ploSnodiéni erozi. Vlivem rozdilného vyuZziti Gzemi na srazko
odtokovy proces se zabyval@da studii. Zatimco &Sina praci poukazuje na nu
odtokovych porara se zm¢nou vyuziti Uzemi (Humann, M. et al.,, 2011; Kliment
a Matouskové, 2009; Oudin et al., 2008; Robins@upeyrat, 2005), u jinych studii byl tento
jev nepiikazny (Biba, 2001; Hibbert, 1967). V pramenné sibl8lanice jsou viditelné
rozdily ve vyuZziti Uzemi hlawnv poneru pastvin (luk) a las Vlivem rozdilného vyuziti
Uzemi pak ale dochéazelo k odliSnym zd@sahhlavré téch odvodiovacim. Dobrym fikladem

je porovnani experimentalnich parovych povodi Zigkého a Téivciho potoku (Kralovec
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et al., 2016). Morfologicky jsou povodi téimtotozna. Hlavnim rozdilem je égob vyuZziti
Gzemi. S rozdilnym po#&nem luk (pastvin) a léssouvisi i rozdilné meliotai opateni. Tato
opateni pak mohou ovlivnit celkovy hydrologicky rezirBqukup et al., 1998). V povodi
Tettivéiho potoku pevazuje povrchovy systéem odvavacich ryh (Kalkus, 2016), povodi
Zbytinského potoku je charakteristické trubkovoardizi. V obou povodich jsogkierécasti
odvodiovaciho systému nefutiki. Z pedologické gizkumu je patrné, Zeupni vlastnosti
byly v obou povodich velmi podobné, nicrdérozdilny zmisob a mnozstvi meliokaich
opateni zngnily hydrologické pomdry jednotlivych mdnich tygi — hlavre téch
hydromorfnich. Ty ale mohou mit zdsadni vliv narforvéani odtoku (BlaZkova et al., 2002).

Jejich nasyceni fizobuje velmiasto povrchovy odtok.

2.2  Hodnoceni retence vody vijdé

Retence vody vz je dlouhodob skloiované téma nejen v horskych oblastech. \€asné
doke je hojre feSen problém reténiho potencialu zesdélské pidy (Dumbrovsky, 2001;
Guzha, 2004; Kowvdcek et al., 2010; Kliment a Matouskova, 2007; Salkaleal, 2015), ale
ieSeni retetniho potencialu jod horskych je do budoucna raémklicovy. Divod wtSiho
zajmu o zerddélskou pidu je jasny a logicky - &Si ploSné zastoupeni, vice ekonomickych
zajmi nebo snaha o zvySeni prodoich schopnostitm. Také nizeme uvést ¢kolik méns
diskutovanych faktdr jako snaze popsatelné&igni prostedi, snazSi #teni a odebirani
vzorki nebo lepsSi dostupnost. Navic horské a lesni jfeiskomplikuje vyzkum obvykle
vétSi variabilitou morfologie zajmového Uzemi, plo8nweariabilitou vegetace a také

detailrgjSi padni mosaikou.

Uz samotny pojem ,retence vody wdg" je casto chapaniznymi autory jinak. Nejvice je
s tim spojovana ,reténi vodni kapacita“ odvozena z retaenkiivky (Brooks a Corey, 1964;
van Genuchten, 1978) jako rozdil nasyc@&® a rezidualni vihkost®r nebo jako sklon
(derivace) retetni kiivky.

Nekteré prace uvazuji o terminu pro reteinviastnost fd tzv. polni kapacitu (hydrolimit),
tedy jako dlouhodab ustalenou vihkost gy po nadmirném zvilgeni (Bear, 1971).
Problémem je ovSem samotna definice ustalenéhai.sf@nto pojem neuvazuje zadrzenou
vodu v makropérech, néglad v rékterych gidach v lese nebo samotnych organozemich.
Organozera jsou obec# bobtnavé pdy a musi se pidtat i se zninou jejich objemu &hem

vysouseni nebo vieni (Vickova et al., 2012)
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Z hlediska popisu formovani odtoku (kap. 2.1) jetnéu uvaZovat i o retenci vody
v makroporech (gravitmich pdrech), hlavhpri vyskytu réjaké bariéry v pdé jako mér
propustného horizontu n#iglad prechod akrotelm / katotelm (Holden a Burt, 2003).
Akrotelm, jako horni porézrifast organozemniho profilu, obvykléeghazi ostrou hranici do
spodniho zhutiého a malo porézniho katotelmu. S ohledem na tgtoje mozné pro
hodnoceni retemiho potenciélu vyuzit plnou vodni kapacitu, kdyzfieti maximalni objem
pori (gravitanich i kapilarnich), které setrbhou zaplnit vodou éhem intenzivniho zvieni.
Tato veltina Ize girovnat k efektivni pérovitosti definované Bearem971) jako volny

prostor bez dlouhodeétzadrzené vody.

Retergni potencidl I1ze tedy chapat nejen jako dlouhodrdmfrZzeni vody, ale i jako zpodd
vody a jeji postupné uvinbvani do toku. Bda vytvdi reteréni prostory i na svém povrchu
napiklad diky pedoturbaci, zejména vlivem vyniratromi. Diky tomu je pak povrch pokryt

systémem malych sniZzenin s nizkou hydraulickou wasti (Rizzuti et al., 2004), kde se

zadrzené voda pomalu infiltruje dégy (obr. 2).

Obrazek 2 Zatopena snizenina po vyvratu stroméhdm intenzivni srazky v povodi
Rokytky
13



V semiardnich oblastech pak mnoZstvi infiltrovaonéy bthem intenzivnich srazek (obvykle
v kratkém ¢asovém obdobi) ovlivni zasobu podzemni vody a gkt prameit po cely
zbytek roku (Hill a Woodland, 2003). Pro zadrZzewe8Skeré srazkové vody se buduje na
svazich mnozstvi malych hrazi gekazek branicich povrchovému odtoku. V tomitipgck je
dulezitdq infiltratni kapacita nebo infiltéani rychlost @dy v uritém case, mé& pak uz
retertni kapacita pdy jako takova.

2.3  Dynamika vysky hladiny podzemni vody a odtokuady z raSelinig’

At byla raSelini&t vyuzivana v historii jakkoliv, vZdy dochazelo neje k jejich odvodani.
Obvykle se tak &o pomoci systému odvdédvacich ryh. Bylo vypozorovano, Zze odtok
z odvodrénych a neodvodmych pid se lisi (Spirhanzl, 1956Jo pak vyustilo v diskuzi, zda
pokraiovat v odvodovani nebo naopak k navraceni dévqdniho stavu. Problematika
odvodreéni pid, resp. hrazenitwodnich odvodovacich dréf odvodiujicich raSelinidt, se
od té doby stala podtem pro Siroké diskuse v ramci zahganiii tuzemské odborné literatury
(Conway, Millar, 1960, Burke, 1967, McDonald, 19K8oklyak et al., 1975, Holden et al.,
2001, etc.). Podrobnou reSersi literatury reprag@itoba nazorové poly provedl Holden et
al. (2004). Tyto prace poukazuji na fakt, Ze tolgvamhujici raSelini& maji zn&nou
rozkolisanost mitoka a vyznam raSeliniSz hlediska vyrovnavani odtokového rezimu byl
v minulosti gecaiovan. Mezi hlavni zji$hi lze pokladat to, Zefpmaximalnim nasyceni
horskych vrchovi§ byl registrovan rychly vzestup odtiokobr. 3). Roviz pri déletrvajicim
obdobi sucha se raSeliristeprojevuji hydrologicky pozitivf) tzn. nenapaji vodni toky.
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Obrazek 3 Odtok z povodi a hladina podzemni voaphém srazkové udalosti (Evans,
1999)

2.4  Chemické vlastnosti vody v tocich

Vyznamnou pomoci pro charakteristiku formovani &dta hydrologického reZzimu povodi je
sledovani chemicko-fyzikélnich vlastnosti vody. dytetody maji Siroké uplani, ale kazda
z nich ma svou specifickou oblast pouziti (Kendal,a McDonnell, J. J., 1998, Hruska,
1996). Uz samotné zabarveni vody v tocialZzenindikovat zdrojové oblasti v povodéiem
uréitého ¢asového Useku (Chapman et al., 2010). Jednim zZadré&h parameirje meieni
zmeén el. vodivosti a pH vody v toku. Elektricka vodstose obech méni s mnozstvim
obsazenych iofit V pripadt kationti jde o prvky rozpughych soli najastji jako Mg, K, Na
ale také Fe, Mn nebo Al. fjpact velmi kyselého pH pak vysSi hodnoty el. vodivastihou
zpasobit volné anionty vodiku (Worall et al., 2006)ejNizSi hodnoty el. vodivosti pak ma

obecré snih a da®va voda. V povodich s vyznamnym podilem raSelihngicd je nasnagl
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pozorovat chemické parametry jako organicky uhlMOC/ DOC) nebo zabarveni vody

v tocich (Freeman et al., 2001; Freeman et al.4R00

Jednou z hlavnich vyhod metod z&enych na chemicko-fyzikalnich vlastnosti vody je,se
tyto vlastnosti mohou gmit v pribéhu sraZzkovych udalosti. Tim Ize podchytit hlavrogasy
formovani odtoku a lze pouzit metodu separace lyemu (Seibert et al., 2009).

2.5  Popis formovani odtoku pomoci stopovdi a stabilnich isotopi ve vod

DalSi metodou pro podchyceni hlavnich zérepdy v dol srazkové udélosti je metoda
stabilnich izotop. Nejvice vyuZzivané v hydrologickém vyzkumu jsowk psotopy vodiku

a kysliku. Vyuziti maji wad reSenych hydrologickych témat. Metoda vyuzivg, ddy
poner téZSich a lebich isotofi se méni na fazovém rozhrani.i€hod s kapalné faze do
plynné (z kapalné vody do parghem vyparu) pdebuji molekuly s &Simi izotopy vice
energie. Vysledkem je pak relativni nedostatek kdle £2Simi izotopy ve vodni [f& nez
ve vod (Kendal, C. a McDonnell, J. J., 1998). Isotopowgnpr se pak mze liSit v toku,
podzemni nebo t@ni vod, vramci vodnich ploch nebo ve sradZzkackhdm srazkové

udalosti.

V ¢eském prosedi jsou nifeni touto technologii provéda hlavié stavebni fakulto€ VUT

v Jizerskych horach (Sanda et al., 2014). Na Serogivpodrobny piizkum provedeny pouze
v malém ndtitku. A¢ jde o morfologicky podobné potiqclenité okrajové oblasti a relatign
plocha centralnéast), vhledem k podloZi e jit o odliSny infiltr&ni proces a podpovrchovy
odtok. Pomaci stabilnich isotbgze prokazat nejen zdroj vody v celkovém odtokaorodi,

ale také zhodnotit dobu zdrzeni vody v povodi @dlspvé udalosti.

Pro mapovani preferéniho proudni je nasnatl pouZzit ktery z celéfady stopové&l nebo
piirodé neSkodnych barviv jako Brilliant blue (Kass, 1998giler, M. a Naef, F., 2003;
Schneider, 2007). Nejjednodussi je vyuzit NaCl oskmy ve vod a nasledé sledovat
zmeny elektrické vodivosti v toku (Kulasova et al., 18). Hojr¢ vyuzZivany je také
Fluorescein sodium. Vyhodou je vysoka citlivogisproji, které ho dokézi identifikovat irp
nizké koncentraci, a také jeho menSi schopnostsearp idni ¢astice. Tim dochazi k mensi
ztragé behem proudni v padnim. Nevyhodou je nutnost vyssSiho pH predt a také to, Ze se
snhadno rozpadaéhem denniho sila (Kass, 1998). | tak je ale h@jwyuzivan v cel&adk
praci (Gerke et al., 2013; Gerke et al., 2015; &eil Naef, 2003; Wienhofer et al., 2009).
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Jako stopouva byla také uUsgsreé odzkouSena ifimés €Zkych isotofi vodiku - deuterium
(Schneider, 2007), Bromid (Nobles et al., 2010)an&bntaminace radionukleoidy jako Cs
z radioaktnivniho spadu. Stopovaci zkousky majiobo@ vyuziti jako isotopové metody.
Prirodé blizka barviva pak pomahaji detailprozkoumat podpovrchové prad a systém

preferernich cest.

3 Metodika

3.1 Popis zajmovych Guzemi

Jako vhodné zajmové tzemi pro tuto praci byla nakeblast Sumavy a to 2kolika
duvodu:
1) Sumava je jednou z hlavnich zdrojovych oblgety Vitavy nejen Bhem

povodiovych udalosti
2) Potencialni zdrojova oblast pitné vody padu velkych nist

3) Jde o pikladové hrarini pohdi Cech s odlisnym hospotikym vyuZitim centralni

¢asti a v podhii.

4) Navaznost nartle reSené vyzkumné otazky ohleédkvality vody v tocich

3.1.1 Pramenna oblast Vydry

Tato oblast je typickym ifkladem horskych Sumavskych povodi s mnoZzstvim owridi
a zraSeliglych pad. VeSkeré toky tohoto Uzemi se postugtékaji ¥jitovite. Na Modra¢
pak soutok Roklanského a Modravského potoku \yieku Vydru.

Primérna nadmiska vyska povodi horni Vydgini 1078 m, tvar povodi je 0,29. Oblast ma
charakter nahorni ploSiny se zarovnanym povrcheporsérné nizkou sklonitosti svah
(obr. 4; Kocum, 2012)
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Obrazek 4 VySkové pondry a 3D model terénu v povodi horni Vydry (Kocur@12)

V rdmci pramenné oblasti Vydry byly zvoleny 4 memssibpovodi, na kterych pak byl
zamereny vyzkum. Jde o povodi Rokytky, Bftao, Roklanského a Tmavého potoku (obr. 5).
Jako nejvhod¥Si se ukazalo povodi Rokytky, kde se vyskytuje astvad raSelinnych

a vyvinutych vrchovi8. Hlavré se zde ale vyskytuji stalé mengitpky, které téou aZz do
soutoku s hlavnim tokem Rokytky pouze vrcha¥ist nebo Uzemim krytym pouze
organomineralnijodou. Lze tak |épe hodnotit kvalitu vrchovistni vadtytujici hlavni tok.
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Obradzek 5 Oblast horni Vydry s vyzganymi experimentalnimi povodimi (¥8k et al.,
2016)

3.1.2 Pramenna oblast Blanice — povodi Zbytinskéhep Tetrivéiho potoku

Parova povodi Zbytinskeho a Tietiho potoka se nalézaji v pramenné oblastic@ste
Blanice pobliz obce Zbytiny na Sumayobr. 6). Reprezentuji plo&nmald, navzajem
sousedici povodi s podobnymi fyzickogeografickymi hgdrografickymi pondry ve
vySkovém rozpti 785 az 946 m n. m. Povodi Tietiho potoka je charakteristick&tgim
zastoupenim gléja organozemi (cca 1/3 plochy povodi), kterécphazi v jiné pdni typy

s riznym stupm oglejeni (pseudogleje, stagnogleje) a naslewygastji se vyskytujicim
typem kambizemi. Zastoupeni kambizemi je dominanimdvodi Zbytinského potoka (44 %
plochy). Ve vySSich partiich obou povodepaZuje kryptopodzol. Zkoumana povodi se lisi,
krom¢ rozloZzeni @dnich typi, i krajinnym pokryvem. Povodi Zbytinského potoka
piedstavuje fevazrie travni porosty (cca 2/3 plochy povodi zaujimajukp, 1/3 lesy s

pievahou smrku). V povodi Tiét¢iho potoka je powr opany ve prospch lesa. V obou
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povodich doSlo v @ibéhu poslednich 60. let k vyraznym &mam ve vyuZiti a strukie
krajiny. DrivejSi intenzivni zerddélské hospodani v povodi Zbytinského potoka doklada
vyskyt podpovrchové trubkové drenazni¢si®dvodrina plocha fivodre zaujimala 27 %
plochy experimentalniho povodi. V s@snosti je odvodima plocha pokryta genou loukou

a drenazni systém je nakolika mistech narusSen. Vaastini a spodnfasti experimentalniho
povodi Tetivciho potoka se naproti tomu nachazi husta sit povsath, ungle vytvarenych

odvodiovacich pikopi.

hiadinemdér

meleostanice

sralkomér
pidni vihkomér |
ozvodnics

Obradzek 6 Oblast experimentalnich povodi Zbytinského aivetho potoku (Kralovec et
al., 2012).

3.2  Pouzité metody

V piiloZzenych¢lancich byla vyuzita data ze stanic Katedry fyzige®grafie, Hrodowdecke
fakulty Univerzity Karlovy, data vlastniho terénailprizkumu a pistroje Geografického

institutu Univerzity v Curychu.
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3.2.1 Hodnoceni retetiniho potencialu povodi

Samotnému vyptiu predchazel podrobny pedologickyipkum zajmového povodi. &feny
byly mocnosti fidnich horizoni do maténého substratu, u hydromorfnickidodo hladiny

podzemni vody.

Pro zhodnoceni reténiho potencialu povodi, mysleno volného prostoro ptenci vody
v pidé, byla vytvadena nova formule pracujici s hloubkouidpich horizoni, odhadem
skeletovitosti a plnou vodni kapacitou (Suchar&720

RP=H= PVK=(1-25) (1)

Rovnice vypétu retertniho potenciélu jpdy; RP — reteéni potencial [mm]; H — hloubkatpiniho profilu /

mocnost dniho horizontu; PVK — plna vodni kapacita [mm}- 8dhad skeletovitosti [-]

Hloubka jednotlivych horizoiit urcujici zakladni hodnotu retence [mm]. Ve vyho nebyl
pouZit C horizont (pdotvorny substratiRada fid v experimentalnich povodich je v hloubce
ukortena hladinou podzemni vody nebostzalinami mistnich pevnych hornin s vysokym
obsahem skeletu. Vijpad povodi Rokytky byla hladina podzemni vody ve vniBb
odvozena podle dat Ustavu botaniky @R v Tieboni na zaklatl msieni v rfiznych
subtypech organozemi, které obvykle odpovidajialit¢ veget&niho krytu. Skeletovitost
byla odhadovana zupni sondy a rekognoskaci okoli (vyvraty stignskelet na povrchu
pudy). Vychazi ze standardni metodiky komplexnihdzgumu pid ohled hodnoceni
skeletovitosti fd (Némecek et al., 1967). PIna vodni kapacita se labonatoti tak, Ze se
vzorek (Kopeckého vatek) nechd plé nasytit vodou ponenim pod vodni hladinu
a nasled& vysusi. Rozdil pl&anasyceného a vysuSeného vzorku pak da plnou \aghaicitu.

V zahranéni terminologii ma tento pojem nejblize k efektiydrovitosti (Bear, 1971; Han,
2008), nicméa autdi pocitaji s aktualni vihkosti. Vzhledem k rozsahu Uzeanhlavré
odkéram v riznych terminech nemohla byt aktualni vihkost z&aoa do celkového vygtu
efektivni porovitosti.
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3.2.2 Vliv zraSelirgélych pad na odtok z povodi

Pro analyzy pitoka, hladin podzemni vody a meteorologickych &elibyla pouzita data ze
stanic Katedry fyzické geografiefPFUK. Byly vybrany 4 povodi s rozdilnym zastoupenim
raSelini¥ a zraSelislych pid. Podrobny pedologicky fizkum nebyl proveden ve vSech
povodich Zasovych dvoda a také diky izolovanosti celé oblasti. Proto seliyvjiné zdroje:
databéaze raSelinnych loZisek Vyzkumného ustavu amagli a ochrany @ (VUMOP)

a databéaze Ustavu pro hospisikédu Gpravu las (UHUL). Oba zdroje se prostor&visi diky
odliSné metodice mapovani. Podrobnému pedologickgrizkumu provedenému v povodi
Rokytky nejlépe odpovida databaze VUMOP.i&wit bylo zamtteno na vybr srazkovych
udalosti v dob maximalniho a minimalniho nasyceni povodi, respekti vysoké a nizkeé
hladiny podzemni vody ve vrchovistictéhem 6-ti nétenych let (2008-2013).

3.2.3 Separace odtoku pomoci stabilnich isotékysliku

Pro stanoveni bilance vody z vrchovwistv celkovém odtoku byla pouzita metoda
hmotnostniho powtu (Buzek, 1984).

_ o (2
p JISUU_JlﬂUp 1{]{] (2)

Rovnice pondrového zastoupeni. Index ,,0" — pémisotopi kysliku ve vod v odtoku; index ,p“ - porér

isotopi kysliku ve vod v piitoku; index ,v* - pongr isotopi kysliku ve vod ve vrchovisti

Vzorky vody pro rozbor positu stabilnich isotop kysliku byly odebirany ze srazek, na dvou
mistech v toku Rokytky protékajici mistnim vrchosm$ (odkEry pied a za vrchovisin)
a také samotna voda z vrchovistintervalu 14 df béhem vegeténi sezony.
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3.2.4 Identifikace prefererniho proudéni pomoci barviv a stopovéi

Rozdilny podil vody z vrchowviv toku a pevladajicich organomineralnicligp na Sumay
(prevazré kryptopodzol) vedl ke snaze popsat dominantni pedfové proughi na dvou

relativne homogennich svazich - jeden #0 vyvinutym vrchovi®m, druhy

kryptopodzolem s menSim vyskytem podzolu (obrazek 7

Obrazek 7  Profil severnicasti povodi Rokytky se svahem teaym kryptopodzolem (A)
a organozemi (B)fervené téky = tensiometry; oranzovétverce = hladinorné sondy;

modréctverce = prameny.

Zatimco prameny z vrchoviSv suchém obdobi az na jeden vysychaly, pramervaleusA
vykazoval nizkou rozkolisanost vipoku i teplo a to i Bhem extrémnich srazkovych
udalosti jako ze dne 23.10.14 (obr. 8).

Jako barvivo (stopovd byl zvolen Brilliant blue (CAS no. 3844-45-9, wrkcentraci 5 g/l)
a Fluorescein sodium (CAS no. 518-47-8, v koncentag /I). Zatimco Brilliant blue se
lehce vaze kijdnim ¢asticim a je vyuzivano k mapovani preférdho proudni viadu

nékolika met od mista aplikace, Fluorescein sodium se vazenndimé a je proto vhodny
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Obrazek 8 A = zawrovy profil uzavirajici subpovodi na malérfitpku v povodi

Rokytky; B = profil pod pramenem z vrchodSC = profil pod pramenem z kryptopodzolu
(les); index 1 = zakladni odtok; index 2 = odtaékém extrémni srazkové udalosti (80
mm/den) 23.10.14; Aktualniftoky: Q(A1) = 11 I/s; Q(A2) = 373 I/s; Q(B1) = 0/8; Q(B2)
=421/s; Q(C1) =1,41/s; Q(C2) = 1,7 Ils.
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zejména pro stopovaci zkousky vifmovém nebo puklinovém prdsidi. Hlavni nevyhodou
u Brilliant blue je uvadna Spatna identifikace u tmavych organickydtdmdch horizont,
Fluorescein sodium pak se obtiZinlentifikuje v prostedi s pH nizSim jak 5,5. Porovnani

obou stopova je uvedeno v tabulce 1.

Brilliant Fluorescein
blue sodium
vyuZziti jako barvivo pro popis preferen  €nich cest ANO ANO
identifikace na tmavych p tdach NE ANO
vyznamny vliv chem. vlastnosti prost  fedi NE ANO (pH)
vhodnostvpro dlouhé vzdalenosti - vyuZiti jako NE ANO
stopova ¢

Tabulka 1  Hlavni kritéria v pouZiti barviv Brilliant blue adorescein sodium

Ok¢ barviva byla aplikovana na svah kryty kryptopo@rola na svah t¥eny vyvinutym
vrchovisEém (organozem) détvercovych ploch 2,25 m2 vzdalenyckilpizné 10 m od toku.
V toku pak byly instalovany vzorkova k odigru vody pro analyzuiftomnosti fluoresceinu.
Po uplynuti doby cca 2 hodin od pdsi se z&alo s odkryvanim vertikalnich praidil3 m
nize po svahu odtvercovych ploch. Plochy i$kané fluoresceinem byly kopany po seéiin
z davodu, Ze se fluorescein vlivem sluného zdeni rozpada. Kazdy odkryty vertikalni profil
o rozneru 50x50 cm byl vyfocen (v ifpad plochy s fluoresceinem j&Stoz&en UV
z&ivkou) a poté vyhodnocen kodem v programu IDL vyNym a poskytnutym Markusem

Weilerem z Univerzity Freiburg.

3.2.5 Hodnoceni retence dvou povodi s rozdilnym hmpsdéaiskym vyuzitim

Rozdilné hospodakée vyuziti tzemi (les/louka) v podhorskych oblelstetize vést k odlisné
hydrologické odposdi na gicinnou srazku. Seeni gedchazel podrobny pedologicky
prizkum dle metodiky uvedené v kap. 3.2.1 ,Hodnocestertniho potencialu povodi“

a zaazeni fid dle klasifikace ,Hydrology of soil types* (Boorma1995).ReSila se jak
potencialni retence v povodi (maximalni mnozstvdywokteré niZze pida pojmout), tak

i ,aktualni retedni kapacita“, tedy s aktualnia@gni vihkosti a hladinou podzemni vody
v hydromorfnich pdach. Aktudlni retefmi kapacita byla poté dana do vztahu s nésledujici
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sraZzkoodtokovou udalosti. Pro porovnani se standlametodou hodnotici stav nasyceni
povodi byla ,aktualni retence” porovnana indexebedphozich srdzek API. Intercepce

porostu se v tomtorfpact zanedbala.

4 Vysledky a jejich diskuze

Na retenci vody vidach Ize nahlizet @mi hlavnimi pohledy. Zaprvé je to retence vody
z hlediska protipovaibvé ochrany, zadruhé pak retence z hlediska zaedly pro sucha
obdobi. Obvykle se hodnoti pouze jedno hlediskolgagktualni hydrometeorologické
situace.Rada fistup: pro to¢i oné hledisko Ize jerstko kombinovatCasto je vhodné jen

jedno z nich.

Obecrt je dilezité zjistit retetni kapacitu pdy v povodi. Z pohledu suchého obdobi se
obvykle zji¥uje pomoci polni kapacity, tedy néfgiho mnozstvi dlouhodébudrzené vody

v padé. Vypocitava se bdi z reterdni kiivky (Brooks a Corey,1964; van Genuchten et al.,
1991) nebo vhodnou pedotransferovou funkci (Bloem&80; Wosten et al., 1991).é6i
polni kapacitu maji fdy s vyS§Sim podilem jilu nebo prachu. Na druhoanstrmaiji tyto pdy
nizsi infiltradni rychlost, pokud nedoSlo ke vzniku trhlin vlivewgsychani jako nagklad

u vertisoli. Fxi extrémnich srazkach o velké intedzé objemu ale dochazi k povrchovému
odtoku - mén vody se niZe infiltrovat a pipadreé zachytit kapilarnimi silami v poérech.
V mnohych pipadech je dleZit4 rovreZ vySSi porovitost celéhaigniho profilu nebo alespio
povrchu blizkych horizofit Navic u organogennichigp miZze dochazet k bobtnani @kiova

et al., 2012). Pro porovnani retence vody v malérnogdi horni Vydry je spiSe vhodné vyuzit
.plnou vodni kapacitu“, kter&d zhodnoti potenciék jeapilarnich, tak i gravitmich poéi
(Suchara, 2007). Nejen gravitd ale i kapilarni pory jsou nedilnou s@sti Sumavskych

vrchovig’.

Z hydrologického hlediska byla vrchowstnimana jako tzv. houba, ktera zadrzi vodhem
srazkové udalosti a poté ji postépmypousti v dob sucha (Spirhanzl, 1957). Nasledujici
prace pak poukéazaly na rozkolisanostitokpovodi s vyskytem radeliifiejen na Sumav
(Ferda et al., 1971, HruSka, Kohler a Bishop, 19Rfhsky a Kocum, 2008), ale i vestgyv
(Holden, Burt, Cox, 2001; Holden, J. a Burt, T2B03). Ri porovnani retefniho potencialu
pad v dok& minimalni a ptmérné hladiny podzemni vody v povodi Rokytkyfahek 1) se
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prokazal i fakt, Ze vrchovi§tmuze mit radow vysSi retetini kapacitu nez zbytekup
v povodi. \&tSi cast vegeténi sezony je ale hladina podzemni vody pow vysoko a vytvé

tak z vrchovi& plochu s nejmensim ret&nm potencialem v povodi.

V pratocich se obe@ntato retetini kapacita projevi zpoZdim nebo zrychlenim ptokove
viny (Evans et al.,, 1999). P@&@m plochy zraSelisnlych pid v povodi arovéZ jejich
nasycenost ize mit nejétSi vliv na formovani odtoku. V névaznosti dknek | byly
vytypovany 4 povodi o podobné rozloze, podlozi ngdonitostnich porrech. Hlavni rozdil
byl kladen na rozlohu raselii& zraSeliglych pid. Fredchozi prace v této oblasti z&mmici

se na odtokové pofry hodnotily velka povodi jako Vydry neboi&melné (Ferda et al.,
1971; Jansky a Kocum, 2008urda et al., 2011)lanek 1l poukazuje na nutnost znalosti jak
velikosti, tak nasycenosti raselitiig povodi. V suchém obdobi se nepotvrdil houbowkef
raSelini¥, jak uvadi Spirhanzl (1957) nebo Evans et al. )99 obdobi maximalni
nasycenosti povodi je ale patrny imir objemu odtoku v povodi s vySSim zastoupenim
raSelini¥ (20-30 %) piblizné od 10-15 mm srazky. K podobnym z&un dosli Evans et al.
(1999) nebo Holden a Burt (2003) na povodichevyghou raselinis

V jaké mie gispiva vrchovistni voda do celkového odtokuieguje ¢lanek 1l zangtujici se
na danou problematiku z pohledu chemismu. Chemilezatele jako pH, zabarveni nebo
TOC v tocich odpovidaly svym {gschem obec# t¢ém z raSeliniStnich povodi hodnocenym
Worallem (2006) a Freemanem (2001). Tedy, Ze dmbySenych pitoki dochazi

k vyplaveni organickych latek do toku. P&mvody z raSelini v celkovém odtoku z povodi
muze byt velice variabilni: 10 — 90 % (Klaus a McDelin2013). Analyza stabilnich izotop
kysliku poukazala na maximalni pémkolem 10 % raSelinistni vody i mimo obdobi
zakladniho odtoku. Zde je nutné podotknout, Ze eddrn k izotopovému pafru srazek
a vody v raselinisti nebylo mozné pro kazdou kampauzit ponsrovou rovnici (2). Vody
vytékajici z raselinis je v dolé zvySeného odtoku pragpodobré vice, ale do odtokového
procesu vstupuje jeSttieti slozka v podab vody ze srazek. Stejnproblematicka je
interpretace udolnich raSelifjSkde do toku vstupuje i podzemni voda z hawdsti svahu
(Sanda et al., 2014). | tak Ize konstatovat, Zze@®tvody z vrchovistdo toku je v dob

zakladniho odtoku minimalni.

Existence dvou dominantnicliginich typi (kryptopodzol, organozem) v povodi horni Vydry
vytvari dwé specifickd hydropedologicka préstli. Na jedné str&nmaji podobnou nizkou
hydraulickou vodivost [mm/h] a efektivni pérovitogpokud bereme v Gvahu i vodu

v rostlinnych pletivech fibrické organozén na strady druhé se liSi hydrologicky rezim
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pramerti, hloubka hladiny podzemni vody nebo vyskyt povkghi®m odtoku. Zatimco
prameny z mineralnichud jsou \tSinou stabilni, vrchovistni prameny vykazuji &mau
rozkolisanost. Ve vrchovisti je hladina podzemnidyoblizko povrchu, ERT sfeni
neprokazalo podzemni vodu do 20 m mimo malych zid8shem extrémnich Uhtnsrazek
je povrchovy odtok ve vrchovistighnym jevem, kdy Slenky a mala jezirka se spojygden
odtokovy systém. Povrchovy odtok na kryptopodzodu gozorovan minimatn Podle
klasifikace ,Hydrologickych skupin @@“ (Boorman, 1995) a jevladajiciho
podpovrchového odtoku (Scherrer a Naef, 2003), ZgezjiStnych poznatk odhadnout
dominantni podpovrchové prog¢md u kryptopodzolu jako hloubkovou perkolaci a paiélne
meélky podpovrchovy odtok (SSF) nebo tok v organickétw - Biomat flow (Gerke et al.,
2015). V organozemi se odhaduje dominantrilkgn podpovrchovy odtok v akrotelmu,
a pokud dojde k nasyceni, pak i povrchovy odtokp8vaci experimnentianek IV) potvrdil

u kryptopodzolu hloubkovou perkolaci. SpiSe nedksn podpovrchovy odtok definovany
Scherrerem a Naefem (2003) byl potvrzen “biomawfl¢Gerke et al., 2015). U organozemi
v raSelinisti se potvrdil povrchovy odtok a “biomigdw” v akrotelmu. Navic se ukazala
existence preferenich cest (pipeflow) v katotelmu pod&st&né rozlozenych kmei nebo
koreni. Z metodického hlediska se oprotedpokladim prokazala vhodnost pouZziti barviva
Brilliant blue u tmavych fd na nasledné jeho vyhodnoceni kddem v programu IDL

Pfi porovnavani dvou povodi s rozdilnym hospeétim vyuziti je hlavni @raz kladen na
podobnost paraméipovodi jako reliéf nebodaly (Tesa et al., 2004b). Podobrse vybrala
povodi v¢lanku V a VI. Antropogenni zasahy v minulosti v&iR povodicasténé zmenila
iv padnich pomdrech. Jedna se hla¥no rozdilné vyuZiti odvatbvacich opdeni.

Z pedologického gizkumu je patrné, Ze élpovodi by ndla pavodre mit priblizné stejnou
plochu hydromorfnich i, hlavré v konkéavnic¢asti udoli. Dokladem d¥e byt georany
anmoorovy horizont v knim povodi nebo zbytky hydromorfnich ziial padnim profilu
mimo oblasti meliorénich opaitteni. Zatimco lani povodi bylo ovlivino trubkovou dranézi,
lesni povodi bylo odvodimo odvoaiovacimi ryhami a kanaly, které jsou jiZasti nefunkni.

| tato opateni ale spadaji doi@dpokladu rozdilneého vyuziti povodi. Celkova dloddioa
retence vody v jdé vychézi vice v lesnim povodi 8t8im zastoupenim hydromorfnicd
Tyto plochy jsou ale nachylné k rychému povrchovémaitoku (Boorman, 1995; Scherrer
a Naef, 2003). Aktualni retei kapacita, tedy reténa kapacita fed g@icinnou srazkou, je v
praméru vysSi u ldniho povodi vlivem trubkové meliorace, kddéize také lépe dochazet k

hlubsi infiltraci.
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V této praci byly pouzity 4 hlavni siry hodnoceni retémi kapacity jid horskych oblasti.
Nejprve je dilezitd znalost fpdnich pondra v povodi a poté jejich reténi kapacita, ktera je
proménna véase. To Ize odhadnout jezko bez podrobného pedologickéhaizkumu.

V prostedi Sumavy se ukazala jako&iva vyska hladiny podzemni vody u hydromorfnich
pud. V povodich s velkym zastoupenim raSetiniicuje hladina podzemni vody retam

vlastnosti celého povodi

Hodnocenim dat @toka z vybranych stanic na malych povodich v pramersiasti Vydry
byl prokazéan vliv rozlohy ra3eliniSa zraSelislych pid na tvorbu odtoku po srazkové
udélosti. Objem odtoku se ukazal jako zagadrssi v dob maximalniho nasyceni pro srédzky
vétSi jak 10-15 mm. Naopak v suchych obdobich s&ivretedni prostor raselinis

neprokazal.

Pomoci metody stabilnich isotibpa celkového chemismu vody v toku bylo zjikt, Ze
zakladni odtok z povodi s vyvinutym vrchoist je tvaen hlavi vodou ze zvodni v
mineralnich jgdach. RoviZz se potvrdila znama rozkolisanost odtoku z povodi &3im

podilem zraSeliglych piad a organozemi.

Pii simulaci extrémniho srazkového dhrnuigpbujici zn&né zvySeni prtoka v toku, tzv.
Stormflow (Weiler et al., 2006), na dvou svaziclprezentujicich dominantniagni typy
centralni Sumavy (kryptopodzol, organozem) byl g tok v organickych horizontech na
obou svazich, hloubkova perkolace na svahietvd kryptopodzolem a povrchovy odtok na

svahu tvéenym organozemi.

V hospodé#sky vyuzivanych povodich Sumavy ma rozdilné vyugigijiny negimy viiv na
odtok. Dlouhodobymi zésahy, hlavrodvodiovacimi, se fdni kryt transformoval podle
hospodé&ského vyuziti. Retami kapacita je pak diky odvodmi vetSi u lwenich pad, nicmenrs

odezva odtoku naffginnou srazku je u lesnich povodi pomalejsi.

Tato prace poukazuje na 2ng vliv zamokenych ploch na extremitu odtoku. RaSeliist
a dalSi zamalené plochy dokazi udrzet dlouhodobnané mnozstvi vody, kterd se vSak

malo podili na celkovém mnozZstvi odtékajici vodizdim zakladniho toku.
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Vytvoieno za podpory projektu GACR P209/12/0997 ,Vliv disturbanci krajiny na dynamiku
fluvidlnich procest v horskych oblastech” a projektu Specifického vysokoskolského vyzkumu
2012-265212.

1. Uvod

Vyskyt katastrofalnich povodni a extrémné suchych obdobi v poslednich
letech souvisi s naléhavou potiebou reseni Sirokého komplexu otazek protipo-
vodnové ochrany a opatreni ke zvySeni odtoku v periodach sucha, a to nejen
klasickymi inZenyrskymi metodami, ale i netradi¢nimi postupy. Jednu ze
strategii predstavuje postupné zvysSovani retenc¢ni kapacity povodi véetné jeho
pramennych oblasti (Jansky, Kocum 2007, 2008). Vzhledem k vyznamnému
podilu horskych vrchovist v nejvyssich partiich Sumavy je treba zabyvat se
rovnéz posouzenim jejich retencni schopnosti a hydrologické komunikace s toky,
které je odvodnuji. Otazka hydrologické funkce zdejsich raselinist je klicova
pro zhodnoceni mozZnosti retence vody v konkrétnim tzemi. Velmi dobré pod-
minky pro zodpovézeni této otazky poskytuje pramenna éast povodi Vydry,
ktera reprezentuje oblast s castym vyskytem povodnovych udalosti a s vysokou
heterogenitou ve smyslu fyzicko-geografickych a socio-ekonomickych aspekti.
K hodnoceni vlivu raselinistnich lokalit na hydrologické poméry bylo v ramci
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povodi horni Otavy vytipovano experimentalni povodi Rokytky, levostranného
pritoku Roklanského potoka. V ramci vyzkumu byla vyuzita data Botanického
ustavu Akademie véd v Treboni o vysSce hladiny podzemni vody ve vrchovisti
a data z automatické hydrologické stanice v profilu pod studovanym raselinist-
nim komplexem.

Otazka vlivu raselinist na hydrologicky rezim toku, které je odvodnuji,
neni pres radu tuzemskych i zahrani¢nich projektti a mnohé spory vedené
v odbornych kruzich doposud uspokojivé vyresena (Jansky, Kocum 2008).
Nazory na tato témata se lisi, coz je evidentni z literatury, ktera se témito
otazkami zabyvala jiz ve 2. poloviné 19. stoleti. Podrobnou analyzu rozmanitych
pristupt k této problematice uvadi Ferda (1960). Tzv. ,houbova teorie®, ktera
byla v domaci i svétové literature uznavana priblizné do 60. let 20. stoleti,
predpokladala, Ze raselinisté zadrzuji vodu pri vysokych srazkach (povodno-
vych pritocich) a naopak v obdobi sucha pratoky nadlepsuji a podileji se tak
na vyrovnavani odtoku. Od 70. let 20. stol. se objevuji prace, které retenéni
funkci raselinist zpochybnuji a za jedinou moznost zvyseni jejich retencni
kapacity doporucuji sniZeni hladiny podzemni vody pomoci odvodnéni. Tyto
melioracni zasahy byly poté provedeny v radé horskych oblasti na izemi Ceska.
Problematika odvodnéni, resp. hrazeni ptivodnich meliora¢nich kanalt odvod-
nujicich raselinisté, se od té doby stala podnétem pro Siroké diskuse v ramci
zahranic¢ni i tuzemské odborné literatury (Conway, Millar 1960; Burke 1967,
McDonald 1973, Moklyak, Kubyshkin, Karkutsiev 1975; Baird 1997; Holden,
Burt, Cox 2001 atd.). Podrobnou resersi literatury reprezentujici oba nazorové
poly provedli Holden, Chapman, Labadz (2004). Tyto prace poukazuji na fakt,
Ze toky odvodnujici raselinisté maji znac¢nou rozkolisanost pritokd a vyznam
raselinis$t z hlediska vyrovnavani odtokového rezimu byl v minulosti preceno-
van. Mezi hlavni zjisténi lze pokladat to, Ze pti naplnéni horskych vrchovist
na plnou vodni kapacitu byl registrovan rychly vzestup odtokd. Rovnéz pii
déletrvajicim obdobi sucha se raselinisté neprojevuji hydrologicky pozitivné,
tzn. nenapajeji vodni toky. O mite zapojeni raselinist do odtokového procesu
l1ze uvazovat i s prihlédnutim k ovlivnéni jakosti vody, resp. iontovému slozZeni
vod v periodédch nizkych ¢i vysokych pritoka (Novak 1955, 1959; Onderikova,
Stérbova 1956; Oulehle, Jansky 2003). V suchych obdobich klesa nebo témér
ustava odtok vody z raselinist, coz se projevuje ve zlepsSeni jakosti vody v tocich,
které je drénuji nebo jsou z nich zasobovany ob¢asnymi pritoky. To potvrdily
vysledky nejen ve zminéné studii (viz Ferda a kol. 1971), ale i novéjsi prace
(Hruska et al. 1996; Hruska, Kohler, Bishop 1999; Oulehle, Jansky 2003).
Naopak ke zhorseni jakosti vody v tocich dochazi béhem letnich destovych
period ¢i jarniho tani snéhu, kdy jsou raselinna loziska plné saturovana vodou
a ta pretéka z jejich okraji do koryt tokd. V pripadé, ze by tedy raselinisté
v suchych obdobich nadlepsovaly pritoky, jak to uvadéli nékteri autori, muselo
by se to projevit ve zhorsené kvalité vody. Omezené hydraulické spojeni mezi
horskymi raselinisti a povrchovymi toky souvisi se specifickymi geomorfolo-
gickymi poméry v povodi Vydry.

Cilem prispévku je zjisténi objemu vody, ktery je schopna pida v experi-
mentalnim povodi Rokytky zadrzet a popsat vliv organozemi na retenci vody
v krajiné. Tato problematika je reSena nékolika védeckymi institucemi, ovSem
s dirazem na vypocet pomoci retencnich kiivek a proudéni vody v ptdé. Metoda
NS NRCS Curve Numbers (Metoda odtokovych kiivek) zarazuje raseliny do
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silné nepropustnych ptd kategorie D (NRCS 1972). Tento prispévek vyuziva
k vypoctu objemu zadrzené vody ptidou gravimetrickou metodu a jeho vysledky
maji poskytnout podklady pro modelovani priatokt a extrémnich hydrologic-
kych situaci v pramennych oblastech rek. Velky dliraz je mimo jiné kladen na
porovnani retencni kapacity organozemi a ostatnich ptidnich typu.

Retencni kapacita ptid na Sumavé a v Krusnych horach se pohybuje v roz-
mezi 60-90 mm. Ve vSech vyzkumnych povodich se vyskytovaly hnédé pudy
horského typu (podle TKS kambizem). Dulezité je doplnit, Ze na krystaliniku
vyvoléavaji srazky nad 60 mm zpravidla povodné (Tesat, Sir, Zelenkova 2004).
Podobnym vyzkumem na Slovensku v povodi Kystci bylo dosazeno zavéru, zZe
taméjsi les je schopen zadrzet az 68 mm, zatimco louky ve stejném povodi pouze
46 mm vody. VSeobecné j je mozné Tici, Ze retencni kapacita lesa se pohybuje
mezi 40 a 70 mm, vyjime¢né dosahuje az 400 mm (Caboun, Mind4s 2011).

2. Popis experimentalniho povodi

Rokytka je levostrannym pritokem Roklanského potoka, ktery je spole¢né
s potokem Modravskym hlavni zdrojnici feky Vydry (obr. 1). Ta po soutoku
s Kiremelnou tvori feku Otavu. Z geologického hlediska spada toto povodi podle
tektonického rajonovani jednak k oblasti vltavsko-dunajské elevace (molda-
nubikum), jednak k oblasti tepelsko-barrandienské (slabé metamorfované
proterozoikum; Svoboda a kol. 1964).

Vétsi ¢ast povodi se nachdzi v deské ¢asti Sumavy, mensi éast zasahuje
na némeckou stranu. Vyzkumné povodi neni uzavieno soutokem Rokytky
s Roklanskym potokem, ale je ukonceno automatickym hladinomérnym zaii-
zenim. Plocha povodi ¢ini dle orograficky vymezené rozvodnice 3,9 km? (Jelinek
2009). Terénnim prizkumem byla zjisténa plocha 3,78 km?2. Presné vymezeni
rozvodnice je vzhledem k existenci plochého charakteru rozvodi s bifurkaci
raselinnych lozisek na dvou mistech velmi obtizné. U severni ¢asti rozvodnice
je bifurkace mala a z pomért hloubek dna pidniho pokryvu lze odhadnout
pouze malou ztratu vody z vrchovisté. Druha bifurkace se nachazi v jihovy-
chodni ¢asti povodi a dle mistniho oznaceni se jedna o Roklanskou slat. Odtok
vody do povodi Rokytky lze v tomto pripadé odhadovat na méné nez polovi¢ni
z celkového odtoku z vrchovisté.

Poloze centralni zarovnané ¢asti Sumavy odpovidaji i vyskové poméry povodi.
Nadmorska vyska se pohybuje v rozmezi 1089-1224 m n. m. s primeérnou
hodnotou 1125 m n. m. Povodi Rokytky je i pres svoji horskou polohu pomérné
ploché. Rozdil v nadmorské vysce je maximalné 135 m. Primérny sklon svaht
dosahuje pouhych 4°. Pouze ojedinéle presahuje sklonitost hodnotu 10°, maxi-
malné pak 12° (Jelinek 2009).

2.1. Pidni poméry
Pady tohoto povodi jsou typickym pf'ikladem Sumavskych ptd, kde je typicka
vertikalni souslednost pid a organonozemni ptdy na rozvodi a v panvich. Podle

pudnich map Ceské geologické sluzby se zde vyskytuje 5 typt pad. Povodi
Rokytky pokryva z velké ¢asti raselinna ptida vrchovistni (organozem) a horni
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partie podzol humusovy. Misty v nivé potoku se vyskytuje zraselinély glej.
Padotvornym substratem jsou vrchovistni organozemé a zvétraliny kyselych
intruziv (CGU 1995).

2.2. Klimatické poméry

Zdejsi podnebi ma prechodny raz, uplatnuji se zde Vlivy oceanského i kon-
tinentalniho klimatu. Celkové mnozstv1 srazek se zvySuje s rostouci nadmot-
skou vyskou, pFi¢emz nejvétsi dhrn je dosahovén v centralni ¢asti Sumavy
(Breznik 1486—-1552 mm v tficetiletém priimeéru) a vyrazné se lisi v disled-
ku orografického efektu na navétrné a zavétrné strané poho¥i (NP Sumava
2011). U zavérového profilu povodi Rokytky je provozovana klimaticka stanice.
V tomto prispévku byla pouzita data o ihrnu srazek za rok 2010, kdy zde byla
provedena hlavni ¢ast pedologického vyzkumu. Nejvétsi denni thrn v tomto

CESKO

©  vodomérna stanice CHMU
® hladinomérné zarizeni PfF UK
'y srazkomerné zarizeni PfF UK
hlavni vodni tok
vedlej$i vodni tok

povaedi Vydra - Modrava

il

diléi povodi

1

experimentalni povodi

Obr. 1 — Povodi Vydry a Kiemelné s lokalizaci mérnych profila CHMU a automatickych hla-
dinoméra a srazkoméru PrF UK Praha. Zavérovy profil Otava — Rejstejn. Zvyraznéno je
povodi Rokytky. Zdroj: Kocum, Jansky (2009).
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roce dosahl 59,8 mm, primérny denni tdhrn v roce 2010 ¢inil 3,2 mm. Rok 2010
byl z hlediska srazkovych pomérd vyhodnocen na zakladé analyzy dostupnych
¢asovych rad jako srazkové nadnormalni (pf"edevéim mésice kvéten, ¢ervenec
a srpen). Naopak srazkové podnormaélni byl v ramci sledovaného obdobi pouze
mésic ¥jen (CHMU 2011).

2.3. Vegetacni poméry

Povodi spada do Nérodniho parku Sumava a to témé¥ celym tzemim do
jeho I. zény. Vegetaci lze rozdélit na raselinis$tni (vrchovistni) a lesni (ostatni).
V raselini$tni vegetaci lze jasné vymezit vrchovisté horského typu, které je
obklopeno podmacenymi smré¢inami a minerotrofnimi ostiicovymi raselinisti.
V centralni c¢asti téchto vrchovist jsou zachované prirozené nelesni partie.
Jejich vegetaci tvori travy s porosty suchopyru trsnatého (Trichophorum cae-
spitosum). Dale se zde nachazi raselinik bodlavy (Sphagnum cuspidatum),
ostiice mokradni (Carex limosa) nebo blatnice bahenni (Scheuchzeria palustris).
Najdeme zde celou radu mecht. Dale k okraji vrchovisté se objevuje borovice
raselinna (Pinus pseudopumilio), briza trpasli¢i (Betula nana) nebo ojedinéle
smrk na jeho okrajich ¢i v blizkosti odvodnovacich ryh. Borovice raselinna
zabira témér tretinu raselinnych ploch. Pri okraji raselinist se nachazi mensi
plochy raselinnych a podmacenych smrc¢in (Bufkova 2009). Zbylou lesni vegetaci
tvori hlavné smrkovy les s primési jedle a buku, ktery se vyskytuje zejména
na jiznich svazich. Les je zhruba z jedné ¢étvrtiny ovlivnén ktrovcem. Nachazi
se zde jak ,mrtvy les®, tak holiny ¢astec¢né porostlé novou vysadbou a naletem.
Bylinné patro tvori druhy travin a mecht, a bortvky. Zdravy les ma vyvinuté
bylinné a ketrové patro. ,Mrtvy les“ se diky ponechani direvni hmoty pomalu
zaplnuje prevazné smrkovym naletem semenacky a travinami.

3. Material a metody zpracovani
3.1. Datové zdroje

Data pro zjisténi plné vodni kapacity, okamzité hmotnostni vlhkosti zeminy
a okamzité objemové vlhkosti byla porizena vlastnim terénnim prizkumem.
K popisu hydrologickych poméra ve vrchovisti byla vyuzita hodinova data o hla-
diné podzemni vody ve tfech typech porosti, tj. ve flarku, travniku a kledi, zis-
kana monitoringem Botanického ustavu Akademie véd v Ceskych Budéjovicich.
Zjisténi zavislosti povrchového odtoku z vrchovisté na hladiné podzemni vody
bylo provedeno s pouzitim rady hodinovych dat o vySce hladiny, resp. pratoku,
v zavérovém proﬁlu studovaného povodi, kde je instalovano ultrazvukové hladi-
nomérné zaiizeni Pfirodovédecké fakulty UK v Praze. Rada pritokd v ¢asovém
kroku 10 minut byla statisticky zpracovana dle CSN (1997) pro dalsi statistické
analyzy. VySe uvedena data byla dana do souvislosti s daty o ihrnu srazek
z automatického ¢lunkového srazkoméru lokalizovaného v centralni ¢asti vrcho-
Viété Pro vyzkum bylo zvoleno Vegetaéni obdobi roku 2010 Vzhledem k faktu,

vev s
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3.2. Pouzité metody

Retencni potencial ptad je zkouman celou radou metod. Jednou z nejpo-
uzivangjsich je méfeni pomoci neutronové metody, metoda retenc¢nich kiivek
(Sanda 1998), méreni zmény izotopud prvki ve vodeé po prichodu ptidou (Zhang
a kol. 2011) a dalsi techniky. Gravimetricka metoda, ktera byla pouzita v tomto
metody. Jejim vyuzitim je mozné podchytit vice anomalii a vétsi plochu. Rovnéz
neni tak ¢asové naro¢na a jeji pomoci lze hodnotit vice faktorti najednou (typ
pudy, vegetace atd.). Navic poskytuje v mnoha pripadech presnéjsi vysledky.
U tématu retencni schopnosti ptidy je zasadni zjisténi porovitost ptudy. Stan-
dardni vypocet se opira o jednoduchy princip podilu celkového objemu vzorku
a objemu pevné slozky. Méreni porovitosti pidy ovSem nemusi presné urcit
objem po6rt schopnych pojmout vodu, v nasycené ptidé muize byt uzavieny pudni
vzduch aj. Proto byla vybrana metoda méreni plné vodni kapacity.

Retencni schopnost jednotlivych ¢asti vrchovisté byla porovnana s hladinou
podzemni vody. Mezi hladinou podzemni vody ve vrchovisti a povrchovym
odtokem z vrchovisté byla posuzovana zavislost vzhledem k dalsim faktoriim,
jako je uhrn srazek apod.

Plnd vodni kapacita (P) predstavuje objem kapilarnich a nekapilarnich péra
zaplnénych vodou vyjadieny v procentech k celkovému objemu ptidy. Méreni
bylo provedeno gravimetrickou metodou pomoci Kopeckého valecki. Vzorky
byly odebrany z horizonti A a B v hloubkach priblizné 10 a 20 cm. Tam, kde byl
A horizont slaby nebo naopak Oh hlubsi nez 10 ¢cm, byl odebran i Oh horizont.

Okamzitda hmotnostni vlhkost zeminy (OHV) byla mérena opét gravimetrickou
metodou, a to pomoci rozdilu hmotnosti aktualné odebraného vzorku a vzorku
vysuSeného. Vysledna hodnota pak odpovida hmotnosti vody (g) na hmotnost
susiny (g), tedy (g/g), popripadé (ml/g), nebo v procentualnim vyjadreni (%;
Suchara 2007).

OkamZzitd objemovd vihkost (OOV) — jedna se o podobné vyjadieni vlhkosti
jako u hmotnostni vlhkosti s tim, Ze mnozstvi vody se nevztahuje na hmotnost
pudy, ale na objem pudy, tedy g(ml)/cm3. Vyjadrit ji 1ze rovnéz procentualné
(%; Suchara 2007).

Stanovent velikosti retence vody v piidé je jednim z kliéovych vysledkti tohoto
¢lanku. Z celkové plochy a jednotlivych hloubek ve vrchovisti je vypoc¢ten objem
celého ptidniho pokryvu bez C horizontu, tedy objem A horizontu (pripadné
Oh + A) a B horizontu (pripadné E + B, B/C). Od hodnot téchto objemt se
pak odecte skeletovitost (-) a efektivni pérovitost (—). Tim byl vypocéten objem
potencialnich volnych pori v celém vyzkumném povodi.

Nejprve byla vypoc¢tena hodnota retence jednotlivych ptdnich horizonti
(mm), tedy: hloubka horizontu (H) nasobena plnou vodni kapacitou (P) a do-
plinkem skeletovitosti (S) do hodnoty 1.

Ro=HxPx(1-S)

Retence v jednotlivych horizontech byla pak seétena. Jak jiz bylo zminé-
no, u nékterych sond byla prictena i retence nadlozniho horizontu. Do tohoto
objemu neni zapoc¢itana aktualni vlhkost, ktera se v dobé méreni nedostala
pod 60 %. Pomoci interpolacnich metod pak byla vypoctena primeérna retence
v celém povodi. Byly pouzity tii interpola¢ni metody (IDW, Kriging, Spline)
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a vypocet pomoci Thiessenovych polygont. Kazd4a metoda podléha jinému
algoritmu vypoctu.

Monitoring hladiny podzemni vody a odtoku z vrchovisté — monitoring hladi-
ny podzemni vody, resp. vodniho stavu v zavérovém profilu experimentalniho
povodi, je zaloZen na systému automatickych méricich zarizeni od firmy Fiedler-
-Magr. Sestava je sloZena z ¥idici a registraéni jednotky typu M4016 a ultra-
zvukového snimace s pripojenim prislusného mériciho kanalu (Cesék a kol.
2008). Pristroje provadéji kontinualni méreni v intervalu 30 minut (hladina
podzemni vody ve vrchovisti), resp. 10 minut (vyska hladiny toku) s presnosti
na 1 mm. Sledovani meteorologickych prvkt véetné ihrnu srazek je zalozeno
na stejném systému.

4. Vysledky
4.1. Charakteristika pddnich typu

Béhem vyzkumu bylo v celém studovaném povodi provedeno 17 sond, u 12
z nich byly odebrany vzorky. Dale bylo uskutecnéno 6 sond v organozemi
s riznym stupném rozloZeni. Nejcastéji byly zjistény nasledujici pudni typy:
podzol, kryptopodzol a organozem. Spise okrajové jsou zde zastoupeny stagno-
gleje a gleje. Jednotlivé ptdni typy jsou misty rtzné zraselinélé. Z podtypu je
nejcastéjsi podtyp modalni, zraselinély nebo rankerovy. Vyskyt jednotlivych
typt pud je ovlivnén nejvice vegetaci, expozici a hloubkou podzemni vody. Ve-
getace ovliviiuje miru podzolizace. V mistech se zdravym smrkovym lesem byl
nejcastéji uréen podzol, zatimco v mrtvém nebo smiSeném lese nebo holiné se
spiSe nachazel kryptopodzol. To ovliviioval jesté faktor expozice, pri¢emz jizni
svahy maji velkou primés listnatych stromt (predevsim bukt). Podzemni voda
ovliviiuje charakter ptidy v blizkosti tokd nebo vrchovist.

Hloubky ptdy se pohybovaly okolo 50—-60 cm, mélké sondy pak mezi 30
a 40 cm diky skeletovitosti nebo hladiné podzemni vody. Specifickym piipadem
je vrchovisté, kdy hloubka nékolikanasobné prekrocila mistni primér. Vzorky
organozemi byly odebrany v typickych piikladech jednotlivych typd, a sice
na travou nebo kle¢i porostlych vrchovistich se zretelnym typem organozemé
fibrické, na prechodu mezi vrchovisti s organozemi saprickou a na otevirenych
partiich mezi vrchovisti. Pii zjiStovani hloubek organozemi se poté urcil typ
organozemé a byla mu prirazena primérna plna vodni kapacita nameérena na
tomto subtypu.

Celkova plocha organozemi v povodi je 0,87 km2, coz predstavuje vice nez
23 % z celého uzemi. Pokud by mezi né byly zapoéteny i ptady zraselinélé, zabi-
rala by plocha odhadem pies 30 % tizemi. Organozem fibricka (nejvétsi plocha)
zabira cca 14 % tzemi.

4.2. PIna vodni kapacita (P)
Hodnoty P se pohybovaly v rozmezi cca 40-80 %, pri¢emz nejvyssi hodnoty

vykazovaly vzorky prevazné nadlozniho humusu. Vzorky organozemi vyka-
zovaly hodnoty jesté vyssi (az 93 %). Dtivodem mitze byt i mirna bobtnavost
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tohoto typu. Nejmensi hodnoty byly naméreny ve hlubsich nebo oglejenych
horizontech. OvSem vlivem vysoké hladiny podzemni vody maji zdejsi glejové
puady celkovou vysokou plnou vodni kapacitu proto, Ze maji mocny zraselinély
A horizont a nadlozni humus. Podrobné;jsi statistika hodnot plné vodni kapacity
je uvedena v tabulkach 1 a 2. Plna vodni kapacita obvykle s hloubkou kles4,
ale byly odebrany i vzorky s vyssi hodnotou ve spodnim horizontu. Tento jev
muze byt vysvétlen vznikem tzv. Skraloupu, tedy méné propustné vrstvy (Ku-
tilek 1978; Rousseva, Torri, Pagliai 2002). Dal$i moznou pri¢inou miize byt
pedoturbace.

_ Plna vodni kapacita klesa s rostouci intenzitou rozkladu (PORf > PORh).
Cim vétsi je primés mineralni slozky, tim klesa velikost péra (Walczak, Rovdan,
Witkowska-Walczak 2002).

4.3. Aktualni vlhkost

Aktualni vlhkost je dilezitym faktorem pii retenci vody. Jelikoz byly odbéry
vzorkli uskutecnény pouze v nékolika dnech béhem vegetacni sezony, nelze
zavér méreni nijak zobecnit. Aktualni vlhkost se béhem méreni pohybovala
mezi 57 a 97 %. Nejvyssi hodnoty byly naméreny v gleji s vysokou hladinou
podzemni vody. V tabulce 3 je zobrazena zakladni statistika okamzité hmot-
nostni vlhkosti (OHV), objemové hmotnosti (OOV) a aktualni vlhkosti (pocitano
z P) v experimentalnim povodi. Primérna hodnota aktualni vlhkosti je 80 %.

Tab. 1 — Charakteristika hodnot plné vodni kapacity (v %) ve studovaném povodi bez orga-
nozemi

Ukazatel Hodnota
Maximum 93,7
Minimum 414
Primér 70
Smeérodatna odchylka 18,4

Tab. 2 — PIna vodni kapacita (v %) jednotlivych kategorii organozemé pouzitych ve vypocétu

ORf ORs/h ORh/RN
P 95,1 93,8 90,4

Tab. 3 — Charakteristiky ptidni vlhkosti ve studovaném povodi

Ukazatel OHV (ml/g) OOV (ml/cm?3) ® (%)
Maximum 13,81 0,95 95
Minimum 0,59 0,51 57
Pramér 3,59 0,71 83,3
Primeér (-10 %) 2,97 0,70 85

Pozn.: OHV — okamzita hmotnostni vlhkost, OOV — okamzita objemova vlhkost, ® — aktualni
vlhkost
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Vysoké hodnoty zptisobuji vzorky organozemé, které maji hodnoty okamzi-
té hmotnostni vlhkosti nékolikanasobné vyssi. Organozem ma ze vSech pud
nejmensi objemovou hmotnost, proto je pomér hmotnosti vody a susiny velmi
vysoky. Vzorky ptidy mohly byt ovlivnény raznymi faktory, predevsim ale fak-
tem, ze byly odebirany za rtzného pocasi a odbéru predchazelo rtzné dlouhé
a ruzné srazkové dotované obdobi. Ke zjisténi dynamiky ptdni vlhkosti béhem
roku nebylo ziskano dostatek hodnot, proto je v ostatnich Setienich odkazovano
spiSe na primérnou vlhkost.

4.4. Hladina podzemni vody
ve vrchovisti (HPV)

Hladina podzemni vody ma v radé typu raselinist vyraznou sezénni i mezi-
ro¢ni dynamiku. Relativné stabilni hladina byva jen na raselinistich sycenych
pramennou nebo artézskou vodou. Naopak vrchovisté a zalesnénd vrchovisté za-
visla pouze na dotaci srazkovou vodou vykazuji béhem letnich prisusku typicky,
vyrazny pokles HPV. V zimnich mésicich dochazi k akumulaci pevnych srazek
na povrchu raselinisté, které je zpravidla zamrzlé. Presto voda nezamrznuté
Casti stale odtéka, a tak mliizeme pozorovat mirny pokles hladiny béhem jarniho
tani (Kucerova, Kucera, Hajek 2009).

Dynamika hloubky hladiny podzemni vody béhem vegetaéni sezony je znacna
a na zméné se projevi i mensi srazka (obr. 2). Rychlost poklesu hladiny mtze
dosahovat 2 az 3 cm za den. Reakce raselinisté na srazky je velmi rychla.
Hladina podzemni vody se zacina zvysovat témér bezprostiedné po vyraznéjsi
srazce. Pro neuplnost dat zde nejsou uvedeny teploty vzduchu, ale i tak je dobie
patrny rychlejsi pokles v letnich mésicich nez v mésicich zimnich.
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Obr. 2 — Hladina podzemni vody a mnozstvi srazek v roce 2010. Zdroj: Kucerova, Kucera,
Hajek (2009) a PiF UK v Praze.
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Monitoring hladiny podzemni vody v raselinisti byl provadén na trech mis-
tech na rizném typu vegetaéniho pokryvu — travnik, borovice klec, flark (mala
podlouhla prohluben obcasné zatopena vodou). V roce 2010 neklesla hladina
hodnota 37,8 pod povrchem, a sice v suchopyrovém travniku. Stiredni hodnota
hladiny podzemni vody se pohybovala mezi 4 a 10 cm (Kucerova, Kucera, Hajek
2009).

Flarky predstavuji v ramci celého vrchovisté mista s nejvyssi pramérnou
mista porostla travnikem, mezi témito hladinami se nachazi hladina podzemni
vody v mistech s porostem borovici kle¢. Ke zjisténi hloubky ptadniho profi-
lu, tedy u organozemé do hladiny podzemni vody, byla jako dno povazovana
minimalni namérena (-37,8 cm) a priamérna (-10,7 cm) hladina, méreno ve
vegetacnim povrchu — travnik (suchopyr), a vztazeno na organozem fibrickou
a saprickou. U organozemé humolinové nebyla béhem méreni hladiny podzem-
ni vody nalezena, a proto byl za dno ptdniho profilu povazovan C horizont.
V nékterych pripadech se u humolinové organozemé pri prechodu ke gleji
hladina podzemni vody vyskytovala velmi vysoko. Stanoveni hladiny béhem
jednodenniho méreni je vsak velice obtizné, nebot sonda se mize zaplnit vodou
az po nékolika hodinach. Proto se pri vypoctu vyuziva také minimalni hloubka.

Pocet dn1, ve kterych se hladina podzemni vody vyskytovala vyse nez primeér,
zietelné prekracuje pocet dnti pod primeérem. Nejcastéji se vyskytujici hodnotou
za celou dobu méreni byla hodnota —6,1 cm. JestliZe je primérna hodnota kolem
—10 cm pod povrchem, je témér 34 vegetacni doby nadprimeérna. Logicky pak
ztraci schopnost vyrovnani srazek do pritok.

Organozemé disponuji nejvétsi porovitosti ze vSech typu pud, ale nemaji
nejrychlejsi ubytek vody. Z toho 1ze usuzovat, Ze i maximalni kapilarni kapa-
cita bude vyssi, nez je tomu u organomineralnich pid. Zrejmé diky tomu se
hladina vody ve vrchovisti pohybuje takto vysoko a zaroven kopiruje vyklenuty
povrch vrchovisté. Pokud hladina podzemni vody dosahne povrchu, vznikne
na vrchovisti povrchovy odtok. Ten dokazuje i mnozstvi struzek mezi jezirky
(flarky), misty i v kleci.

4.5. Retence vody v padé

Pro interpolaci a extrapolaci dat je v sou¢asné dobé nejvice vyuzivano sta-
tistickych programt a nastroja GIS, které umoznuji aplikaci celé rady geo-
statistickych metod (Kraus 2007; Dorninger, Schneider, Steinacker 2008). Pro
vypocet retence vody pidou ve studovaném povodi byly vybrany interpolac¢ni
metody IDW, Kriging a Spline, a navic vypocet pomoci Thiessenovych polygont.
Vysledkem je maximalni hodnota srazky, kterou je mozné v jeden okamzik
absorbovat ptudnimi péry az k rozhrani B a C horizontu. Hodnoty srazek po-
tencialné zachycenych ptidou v povodi jsou zobrazeny v tabulce 4.

Sondam v organozemi byl prifazen vypocteny pramér pro dany subtyp. Je pa-
trné, Ze nejvétsi vliv na retenci ma hladina podzemni vody. Vypocet je jednodussi
nez u ostatnich typud pad, protoze se nemusi uvazovat skeletovitost. Hloubka byla
vynasobena primeérnou plnou vodni kapacitou pro urcity subtyp organozemé.
Data jsou limitovana prevzatymi daty o hodnoté podzemni vody ve vrchovisti.
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Tab. 4 — Pramérna hodnota retence vody (v mm; bez aktualni vlhkosti)

Primérna retence srazek (v mm) Celkova retence v povodi (v m?)

IDW  KRIGING SPLINE TH.P IDW  KRIGING SPLINE TH.P

Rokytka (p) 138,1 144.5 149,4 141,6 522 018 546 210 564 732 535 248
Rokytka (m) 267 231 213,1 234,6 1009260 873 180 805 518 884 520

Pozn.: (p) — primérna hloubka hladiny podzemni vody ve vrchovisti v organozemi, (m) — mi-
nimalni hloubka hladiny podzemni vody ve vrchovisti v organozemi

Hodnoty z povodi jsou rozdéleny podle hladiny podzemni vody. Pii vypo-
¢tu hodnot ,,P prium.“ se uvazuje primérna namérena hloubka hladiny podzem-
ni vody, u dat ,,P max.“ potom minimalni namérena hloubka hladiny podzemni
vody. Celkové mnozstvi potencialné zadrzené vody (mm) je zobrazeno v tabul-
ce 4. Hladina podzemni vody v organozemi hraje zasadni dlohu v reten¢nim
potencialu povodi. Rozdil minimalni a primérné hladiny podzemni vody vytvori
zasobu kolem 30 % z celého reten¢niho potencialu povodi. Vzhledem k vyznam-
né citlivosti dynamiky hladiny podzemni vody na pri¢inny thrn srazek jsou
i hodnoty retence vody v pidé znacné proménlivé v case a zavislé na srazkach.

Mapy na obrazku 3 zobrazuji vysledky zadrzeni srazek pri aplikaci jednotli-
vych interpola¢nich metod. Pti vyuziti metody IDW a Kriging se dobte projevil
vliv vrchovisté a podzemni vody v ném. Pti nejmensi dosud namérené hladiny
podzemni vody se retence celého povodi zvysi témér dvojnasobné oproti jejimu
primérnému stavu. Pii primeérné hladiné tvori vrchovisté jednu z nejmensich
retencnich ploch v povodi Rokytky. Hodnoty retence primo ovliviiuje poérovitost,
skeletovitost a hloubka ptdniho profilu. Nejlepsi kombinaci je tedy hluboka
ptuda s mocnym A horizontem bez hrubého skeletu. Tyto parametry nejlépe
spliiuje organozem, ovSsem bez hladiny podzemni vody. Druhou nejlepsi retenci
v povodi vykazuje kryptopodzol ve zdravém jehlicnatém lese s mocnym nad-
loznim humusem a A horizontem s vyraznou pedoturbaci. Nejmensi reten¢ni
schopnost maji (pokud nebudeme uvazovat plné zatopenou organozem nebo
glej) rankery nebo ptidni typy na rozvodi s holinami nebo v mistech s velkym
sklonem. Tyto pady maji obvykle tenky nadlozni humus a A horizont a jsou
velmi skeletovité.

Hranice vyskytu organozemi byla stanovena terénnim prizkumem na zakla-
dé vyskytu borovice raselinné — nékdy kle¢ (sapricka/humolinova), suchopyru
(fibricka) a v mistech nékdejsi akumulacni nadrze (tzv. klauzy; RN/ORh). Rov-
néz lze jednotlivé vegetaci priradit i riznou primérnou hladinu podzemni vody,
protoze citlivé reaguje na jeji dlouhodobou hloubku (Whittington et al. 2007).
metodou metoda Kriging. Ta nejlépe vystihuje rozloZeni retence vody v povodi
1 presto, ze byly sondy nepravidelné rozmisténé. Nejméné vhodnou metodou
se jevi metoda Spline. NejenZe ma nejvétsi rozptyl v hodnotach, ale hodnoty
jsou rovnéz nelogicky rozmisténé. Metoda pomoci Thiessenovych polygont je
pouze orientacni a graficky nepresna. Ma nejjednodussi vypocet a lze ji pouzit
pouze k porovnani s ostatnimi metodami. Pii aplikaci vSech interpolac¢nich
metod bylo pouzito stejné hodnotové méritko potencialni retence srazek, ¢cimz
se jednotlivé interpolacni techniky daji srovnat. Nevyhodou je maly vizualni
rozdil v hodnotach u metod IDW a Kriging.
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Obr. 3 — Mapy retence srazek pidou v povodi Rokytky s vyuzitim interpola¢ni metody Kriging
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Tab. 5 — Retence srazek organozemi (bez aktualni vlhkosti)

Typ pady Typ vegetace Pporam. (mm) Prax. (mm)
ORf travnik 101 359
ORf/m kleé 100 354
ORs/h (ORh) ruzné 96 341

Pozn.: Pyrim. — pramérna plna vodni kapacita, Pm.. — maximéalni plna vodni kapacita

Retencni potencial studovaného povodi je oproti béZnym krajinnym typim
v Cesku dosti riiznorody. Literatura uvadi, Ze krajina v nasich podminkéach je
schopna pojmout az 400 mm vody, praimérné 40-90 mm (Tesa¥t, Sir, Zelenkova
2004; Lichner, Sir, Tesair 2004). Fyzikalni vysvétleni potencialni retence je
uvadéno v metodé CN krivek (NRCS 1972). Méreni byla ale ¢asto provadeé-
na v hospodarsky vyuzivanych lesich v podhtii nebo na loukach a polich.
Bohuzel se ale v literaturre neuvadi, zdali je v tomto ¢isle zahrnuta hodnota
pudni vlhkosti. U maximalni hodnoty 400 mm ziejmé nikoliv. Vstupni data
pro povodi Rokytky byla reprezentovana dvéma skupinami s odliSnou hladinou
podzemni vody v organozemi. Pti pouziti primérné hladiny podzemni vody tvoii
vrchovisté (organozem) plochu s nejmensim retenénim potencidlem, hodnoty
retence jsou podobné tém, které se vyskytuji u mélkych ptd. Primérné hodnoty
retence v povodi se vyskytovaly kolem 140 mm bez zapocteni aktualni vihkosti.
retencni potencial v ramci celého povodi. Pramérna hodnota se pohybuje mezi
230 a 267 mm, coZ je o témér 40 % vétsi hodnota nez u povodi s primérnym
stavem, pri Y4 ploSe organozemé z celého tizemi Rokytky. Jelikoz se ale hladi-
na podzemni vody pohybuje % vegetacni doby vyse nez je primérna hodnota,
predstavuje organozem nejméné retenéni plochu v celém povodi. Pii pripocteni
aktualni vlhkosti (kolem 80 %) se organozem v téchto podminkach prezentuje
jako ,prechod mezi pidou a pevnym povrchem®.

Pro praktické vyjadieni je nutné od hodnoty retence odecist hodnotu ak-
tualni vlhkosti. Je diskutabilni, zdali bylo méreni aktualni vlhkosti v povodi
dostatecné. Jeji hodnoty se pri odbérech pohybovaly od 60 do 97 %, primérné
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¢ini hodnota reten¢niho potencialu povodi pri primérné hladiné podzemni vody
208 000 m3, pfi minimalni hladiné podzemni vody pak 403 000 m3. Dvojnasob-
nou hodnotu retence ma organozem pouze v dobé beze srazek. Tu ovsem muze
ztratit béhem jednoho az dvou dn.

4.6. Povrchovy odtok z vrchovisté

Predchozi vyzkum spocivajici mimo jiné v podrobnych analyzach vzestupnych
a sestupnych fazi povrchového odtoku béhem extrémnich odtokovych epizod
potvrdil velmi vyznamnou frekvenci kulminacnich pratoka v zavérovém profilu
studovaného povodi a kratkou reakci odtoku na pri¢inny uhrn srazek. Variabili-
ta pritoka v tomto profilu byla takto popsana jako znac¢na a retencéni potencial
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na podkladé dostupnych dat jako nevyznamny (Jansky, Kocum 2008; Curda,
Jansky, Kocum 2011). Pro korektni prezentaci vystupt byl hydrologicky mo-
nitoring doplnén o hydrochemicky a geochemicky pristup za dcelem zpresnéni
separace odtokovych fazi pomoci aniontové deficience. Vysledky tohoto Setreni
potvrdily vyse uvedené poznatky, a sice Ze existence raseliniStnich komplext
v povodi toku predstavuje negativni prvek pro jeho odtokové poméry. Na za-
kladé bilance izotopt kysliku bylo zjisténo, ze dotace povrchovych tokt vodou
z horskych vrchovist je témér zanedbatelna, pohybujici se maximalné okolo
10 % mimo zimni sezénu. V zimnich mésicich je prispévek vody z vrchovisté nu-
lovy a odtok je tvoren vyhradné pritoky, potazmo podzemni vodou. Raselinistni
plochy v povodi tedy vyznamné hydraulicky nekomunikuji s povrchovymi toky
a jejich hydrologicka funkce je v konkrétnim tizemi pramenné oblasti Otavy
nevyznamna (Kocum, Jansky 2009). S hydrografickou siti zacinaji tyto plochy
vyznamné komunikovat az po svém plném nasyceni v pripadech extrémnich
srazek.

Detailni popis hydrologické bilance horského vrchovisté byl proveden na
zakladé dat o vysce hladiny Rokytky v zavérovém profilu studovaného povodi,
ziskanych kontinualnim monitoringem béhem vegetacniho obdobi roku 2010.
Porovnanim hodinovych ¢asovych rad dhrnu srazek, hladiny podzemni vody
v jednotlivych castech vrchovisté (flark, travnik, vrchovisté) a vysky hladiny
toku v zavérovém profilu zajmového povodi byla rovnéz zjisténa a popsana
hydraulicka komunikace vrchovisté s povrchovym odtokem. Mira zavislosti
dynamiky povrchového odtoku z vrchovisté na hladiné podzemni vody pouka-
zuje rovnéz na schopnost raselinného loziska v tomto povodi pojmout srazkové
uhrny. Touto analyzou byly opét potvrzeny vyse uvedené poznatky.
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Obr. 4 — Vyvoj hladiny podzemni vody v rtuznych éastech vrchovisté a hladiny povrchové-
ho odtoku v zavislosti na pri¢éinném uhrnu srazek. Zdroj: Kucerova, Kucera, Hajek (2009)
a PrF UK v Praze.
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Na obrazku 4 je znazornéno porovnani vyvoje hladiny podzemni vody ve
vrchovisti a hladiny povrchového odtoku z néj v zavislosti na pri¢inném dhrnu
srazek. Graf jednoznacné poukazuje vzhledem k minimalnimu ¢asovému po-
sunu odpovidajicich si hodnot na velmi zanedbatelnou schopnost vrchovistniho
komplexu pojmout vyznamné dhrny srazek. Hladina podzemni vody ve vrcho-
visti pritom logicky vykazuje mnohem mensi rozkolisanost nez vyska hladiny
v zavérovém profilu povodi. BEehem bezesrazkového obdobi hladina podzemni
vody v rasSelinisti postupné klesa a pri pricinné srazce velmi vyrazné stoupne.
Reakce povrchového odtoku je ale samoziejmé jesté vyraznéjsi. Z obrazku 5 je
pak zretelna velmi tésna zavislost povrchového odtoku z vrchovisté, resp. vysky
hladiny Rokytky v zavérovém profilu studovaného povodi, na HPV v raznych
castech vrchovisteé.

5. Diskuze a zavéry

Organozemé maji z hlediska pedologického zcela zasadni vliv na retenc¢ni
potencidl v krajiné. Toto zjiSténi vyplyva mimo jiné z vyzkumu v rdmci experi-
mentalniho povodi Rokytky v pramenné oblasti Otavy na Sumaveé, kde je vliv
padniho pokryvu typu organozemi na celkovou retenci tizemi velmi patrny.
Uvedené poznatky byly zjistény na podkladé nékolikaletého vyzkumu s vyuzi-
tim hydrologického, hydrochemického a pedohydrologického pristupu. Vyskyt
organozemi vyrazné podporuje rozkolisanost pratoku v tocich, které jednotliva
vrchovisté drénuji. V obdobich s nizkou hladinou podzemni vody ve vrchovisti
predstavuje jejich existence v povodi znaény retenc¢ni potencial krajiny. Ovsem
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Obr. 5 — Zavislost vysky hladiny povrchového odtoku na hladiné podzemni vody v riznych
¢astech vrchovisté. Zdroj: Kucerova, Kucera, Hajek (2009) a PrF UK v Praze.
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uz primérné a nejcastéjsi hodnoty hladiny podzemni vody vytvaii z vrchovisté
plochu s nejmensi retenéni schopnosti v povodi.

Retencéni kapacitu povodi je mozné mérit nékolika zpasoby. Hlavni dtraz
kladou hydropedologové zpravidla na vypocet pomoci retenc¢nich kiivek. Tato
metoda vSak vyzaduje patri¢cnou laboratorni vybavu a finan¢ni moznosti. I proto
je stale celkem hojné vyuzivana tzv. gravimetricka metoda. Jeji aplikaci neni
sice mozné popsat procesy v pudeé stejné detailné, jako to umi moderni metody,
ale pri porovnani vysledkd dosazenych v ramci naseho vyzkumu s vysledky
zjisténymi modernimi pristupy bylo dosazeno obdobnych zaveéri.

Pirimé faktory, které ovliviiuji celkovou retenci vody, jsou méritelné. Jedna se
o hloubku ptdy, pérovitost nebo plnou vodni kapacitu a skeletovitost. Ostatni
faktory tvori komplex rtzné velkych sil, které vice ¢i méné ovliviiuji zminéné
parametry. V pripadé faktord jako je vegetace nebo sklon nelze jednoznacéné
prokazat primy vliv, protoze obé tyto slozky se vzajemné ovliviiuji. Vliv vegetace
a sklonu na retenci vody je nesporny, ale nelze jednoznacné konstatovat, Ze ¢cim
vétsi je sklon, tim mensi je retence, a vegetacni kryt je nutno zhodnotit u kazdé
sondy zvlast. Obé slozky se navic mohou vzajemneé rusit. Faktord ovliviiujicich
retenci vody v krajiné je ale celda rada. Rovnéz byly vytvoreny metodiky na
zatiidéni pad podle retencnich vlastnosti (Schmocker-Fackel, Naef, Scherrer
2007).

Negativni retenc¢ni vlastnost organozemi se teoreticky mize zménit. V li-
terature lze dohledat fadu pozitivnich i negativnich priklada vlivu existence
tohoto typu pid na hydrologicky rezim (Vléek 2008). Tyto proti sobé jdouci
pozorovani se vSak daji sjednotit. Kdyz bylo vrchovisté odvodnéno, snizila se
podle zjisténi rozkolisanost pritokii, ovsem sukcesi vrchovisté za urcitou dobu
zaniklo. Pokud by byla hladina podzemni vody cilené regulovana a snizovana
v dobé potieby, mohl by byt retencni potencial vrchovisté vyuzit, aniz by byla
ohroZena samotna jeho existence. Pravidelné vykyvy hladiny podzemni vody
ve vrchovisti jsou prirozenymi soucastmi jeho vyvoje.

Detailnim porovnanim vystupu z hladinomérnych zaiizeni ve vrchovisti s od-
povidajicimi daty o vyvoji pratokd v zavérovém profilu povodi byl zjistén jejich
minimalni éasovy posun. Tento fakt poukazuje na zanedbatelnou schopnost
vrchovistniho komplexu pojmout vyznamné thrny srazek a minimalni hyd-
raulickou komunikaci mezi vrchovistnim komplexem a drénujicim tokem.
Negativni charakter vrchovisteé je z tohoto hlediska ziejmy. Hladina podzemni
vody ve vSech c¢astech studovaného vrchovisté vykazuje mnohem mensi va-
riabilitu nez vyska hladiny v zavérovém profilu povodi, priéemz byl sledovan
pozvolny pokles hladiny podzemni vody béhem obdobi bez srazek. Bohuzel
nebyla vzhledem k nefunkénosti méricich sestav v zimnim obdobi k dispozici
data z piezometrt po cely rok, a proto nebyl detailné studovan vliv snéhové
pokryvky na hydrologicky rezim ve vrchovisti. Vzestup hladiny podzemni vody
v zavislosti na pri¢inné srazce je velmi markantni, ale reakce povrchového
odtoku je samoziejmé jesté vyraznéjsi. Porovnanim dat o hladiné podzemni
vody a vySce hladiny v povrchovém toku byla zjisténa velmi tésna zavislost po-
vrchového odtoku z vrchovisté, resp. vysky hladiny Rokytky v zavérovém profilu
studovaného povodi, na hladinu podzemni vody v riznych ¢astech vrchovisté.
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Summary

RETENTION POTENTIAL AND HYDROLOGICAL BALANCE
OF A PEAT BOG: CASE STUDY OF ROKYTKA MOORS, OTAVA RIVER
HEADWATERS, SW. CZECHIA

From a pedological perspective, organogenous soils have a decisive influence on the wa-
ter retention potential of the landscape. This assertion results, among other sources, from
research carried out in the catchment of the Rokytka Brook in the source location of the
Otava River in Sumava Mts., where the influence of organogenous soils on the overall water
retention capacity of the Whole area is readily apparent. The presented findings come from a
long-term research utilizing hydrobiological, hydrochemical a pedohydrological approaches.

The presence of organogenous soils induces discharge fluctuations in streams, which drain
the involved peat bogs. During periods with low levels of underground water under the peat
bogs, their existence represents a significant potential for water retention. However, average
and most frequent levels of underground water already turn the peat bogs into areas with the
lowest water retention capacity in the basin. There are several ways to measure the water
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retention capacity of a drainage basin. Hydropedologists put most emphasis on calculations
based on retention curves. This method, however, requires adequate lab equipment and
financial resources. These are some of the reasons for the prevalent popularity of the so
called “Gravimetrical method“. Its application cannot provide such detailed descriptions of
the soil processes as modern methods can, but through comparison of our results with the
data obtained through these modern methods, it became apparent that both approaches
yielded similar results.

Factors affecting the overall retention of water most directly are quantifiable. These are
soil depth, porousnes/permeability or fullness of water capacity and characteristics of the
soil skeleton. Other factors are composed of variably powerful forces, which to a greater or
smaller degree influence the aforementioned parameters.

In the case of factors such as vegetation or slope angle, it is impossible to assert direct
causation, because these components mutually influence each other. The impact of slope
angle and vegetation on water retention is undeniable, but it is impossible to claim that
greater angle implies smaller retention capacity and the vegetation cover must be judged
case by case. In addition, each component can also distort the influence of the other. There
is in fact a whole range of factors influencing the retention of water in a landscape. Subse-
quently, methodologies have been developed, which categorize soil types according to their
water retention attributes (Schmocker-Fackel, Naef, Scherrer 2007). The negative character
of organo-grounds in terms of water retention is theoretically subject to possible changes.
Literature provides ample examples of both positive and negative influences of this soil type on
the hydrological regime in an area (Vléek 2008). These seemingly contradictory observations
can, however, be reconciled. When a peat bog had been drained the discharge fluctuations
of local streams stabilised, but the bog eventually disappeared through succession. If the
underground water levels were purposefully regulated and lowered at appropriate times,
the water retention potential of a peat bog could be utilised without a threat to its continued
existence. Regular fluctuations of underground water levels in a peat bog are a natural part
of its normal evolution. A detailed observation of outputs from water-level sensors in a bog,
together with appropriate data of water discharge at the final course of a catchment system
revealed only a minimal time delay. This fact points towards a negligible capacity of peat
bogs to contain significant quantities of rainfall and a minimal hydrological communication
between a peat bog complex and the draining outflow. This makes the essentially nega-
tive character of peat bog rather apparent. The underground water levels in all parts of
the examined bog exhibit a much smaller variability than surface water levels at the final
course of its catchment, while gradual decrease in the underground water levels could be
observed during periods without precipitation. Unfortunately, due to technical difficulties of
the measuring equipment, the data from piezometers is not available for the winter season,
wherefore the impact of snow cover on the hydrological regime of a peat bog could not be
properly studied. The rise in underground water levels brought by significant rainfall is easily
noticeable, the reaction of the surface outflow is even more pronounced. The comparison of
data on underground water levels and water levels of the surface outflow revealed a strong
contingency of the surface outflow from the peat bog, specifically, water levels of the Rokytka
Brook in the final course of the studied catchment area, on the underground water levels in
different parts of the peat bog.

Fig. 1 — Vydra and Kiemelna River basins with the localization of CHMI measurement pro-
files and of automatic water level and precipitation gauges of Charles University in
Prague, Faculty of Science. Closing profile represented by Otava River — Rejstejn.
Accentuated is Rokytka Brook catchment. In legend: gauging station CHMU, water
level gauge Faculty of Science, Charles University in Prague, precipitation gauge
Faculty of Science, Charles University in Prague, Cardinal water stream, ulterior
stream, Vydra — Modrava catchment area, partial catchment area, experimental
catchment area. Source: Kocum, Jansky 2009.

Fig. 2 — Groundwater table and precipitation amount in 2010. Left — X Axis: underground
water levels (cm), right: precipitation (mm). In legend: precipitation, flark, lawn,
scrub. Source: Kuéerova, Kucera, Hajek (2009) and Charles University in Prague,
Faculty of Science.
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Fig. 3 — Maps of retention potential of the Rokytka Brook catchment using Kriging inter-
polation method. Minimal underground water table in organogenous soil. Average
underground water table in the organogenous soil.

Fig. 4 — Course of groundwater table in different parts of an upland bog and of draining
stream water level in relation to causal precipitation amount. Left — X axis: under-
ground water table (cm), right: precipitation (mm). In legend: precipitation, flark,
lawn, scrub, surface outflow. Source: Kucerova, Kucera, Hajek (2009) and Charles
University in Prague, Faculty of Science.

Fig. 5 — Relation of draining stream water level to groundwater table in different parts of
an upland bog. X axis: underground water table (cm), Y axis: surface table (dm).
Source: Kucerova, Kucera, Hajek (2009) and Charles University in Prague, Faculty
of Science.
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Clanek 1l: Hodnoceni odtoku z povodi s rozdilnou plohou
zraSelinélych pad
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ABSTRACT This paper summarizes findings from the hydrological research in the Vydra River
headwaters, the Sumava Mts., s-w Czechia, dealing with the hydrological function of local peat
soils and their effect on the outflow from the basin. This study represents a part of a long-term
research carried out at the Faculty of Science, Charles University in Prague. The paper shows
how important it is to study the groundwater level in peat soils and its area in a catchment
as well as to predict the outflow in distinct weather conditions. There were chosen four small
experimental catchments with different peat and waterlogged forest coverage. Rainfall events
were selected in various periods within a year with a varying groundwater level (maximum and
minimum) in the peat bog. Within these situations flood wave volumes were calculated and all
of them were compared regarding the peat bog extension. The presented research also compares
various sources of data about peat soils areas and areas of waterlogged forest.

KEY WORDS peat soils - Vydra River headwaters - soil saturation - groundwater level -
Sumava Mts.

VLCEK, L., KOCUM, J., JANSKY, B., SEFRNA, L., BLAZKOVA, $. (2016): Influence of peat soils on runoff
process: case study of Vydra River headwaters, Czechia. Geografie, 121, 2, 235-253.
Received August 2014, accepted December 2015.

© Cesk4 geografickd spole¢nost, z. s., 2016



236 GEOGRAFIE 121/2 (2016) / L. VLCEK, J. KOCUM, B. JANSKY, L. SEFRNA, S. BLAZKOVA

1. Introduction

Hydrological extremes occurring during last years have resulted in an increased
discussion in professional spheres and they have been related to an urgent need
to gradually solve them. The question of the influence of a peat and waterlogged
soils on the hydrological regime of streams in Sumava Mts. has not been success-
fully answered yet, regardless a number of projects and numerous arguments
conducted in the professional spheres (Jansky, Kocum 2008).

The headwaters of Otava River, Sumava Mts., and its source Vydra River are
characterized by the occurrence of vast areas of mountain peat soils supplied
predominantly by rain water. The phenomenon of presence of a particular type
of a peat bog and peat soils in a particular area greatly influences the outflow
forming. Therefore, the objective of a long-term research in the area logically has
to be a detailed monitoring of rainfall - runoff processes and of processes occur-
ring in the soil environment, for the purpose of understanding the complicated
mechanism of outflow transformation.

The first hydrological survey in this area was done by Ferda et al. (1971), who was
followed by Vlas4k (2008) and Kocum (2012). These papers compared Vydra and
Kremelnd River catchments in terms of the runoff process and their differences
were attributed into a role of a peat coverage. A more precise answer to the peat
bog influence of the outflow in Vydra River catchment was given by Curda, Jansky,
Kocum (2011), who described the effects of physical-geographical factors on a flood
episode extremity in Vydra River basin. He compared two main sources of Vydra
River - Modravsky and Roklansky Brooks and confirmed the adverse effect of a
peat bog. Also Hruska et al. (1996) focused on peat and its effect on the chemi-
cal parameters of stream water in Czechia. However, none of them studied the
distinct influence of saturated and unsaturated peat bogs in detail, everything was
considered as a whole, mostly covering the area of 100 km?. This study analyses
basins of about 4 km? in area and focuses on runoff description in periods of the
maximal and thr potentially lowest saturation of waterlogged areas.

Sumava Mts. have the largest peat bog areas not only in Czechia but in Central
Europe as well, mostly due to its specific geology and morphology. All necessary
conditions for upland peat bogs development can rather be found in Scotland or
Scandinavia. Waterlogged areas in Central Europe are formed mostly in flat areas
or valleys, for example in Biebrza in Poland (Wasser 1995) or in Western Slovakia
(Jurdkové 2003), where hydrological and climatic conditions are different from
the mountainous peat bogs. Therefore, hydrological processes in the peat bog areas
in Sumava Mts. are rather to be compared with the Scotland or the Scandinavian
peaty areas.

The dynamics of groundwater level in a peat and its interaction with the out-
flow system has already been analyzed by other authors. Evans et al. (1999), who
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studied blanked peat in the United Kingdom, says that the rapid generation of
runoff occurs when water table levels at the monitoring side are within 5 cm of the
surface and that the storm flow is generated above saturated catotelm. However,
the whole catchment was covered just by blanked peat. Peat covers also the whole
Scottish experimental catchment presented by Bragg (2002), where he focused
on how local mires contribute to the outflow.

Many waterlogged areas in Europe have been drained for various agriculture
purposes. The artificial impact has a distinct influence on water table fluctua-
tion and on outflow from the catchment (Burke 1967; Holden, Wallage, McDonald
2001). Peat bogs in Vydra River basin were drained rarely and just unaffected
catchments were used for the purpose of this study.

The hydrological behavior of a catchment has been described by several au-
thors such as by Conway, Millar (1960). Such studies were carried out mainly in
a blanked peat area with a specific hydrological regime. Similar type of catchment
analysis in Sumava Mts. is still missing.

Therefore, this paper follows previous research in this area and focuses more in
detail on the answers of the runoff behavior during rainfall events by using peat bog
coverage or groundwater level data. The main aim of this study is to describe the be-
havior of the outflow in diversely saturated conditions considering a different peat
soils area. An emphasis is put on hydrological extreme periods, either extremely
wet or extremely dry. The question of the hydrological function of present peat soils
and waterlogged areas is essential to answer in order to correctly evaluate water
retention possibilities in Sumava Mts. Several classifications and characteristics
of a peat has been presented by a number of scientists (Néme&ek 2011, Bridges,
Batjes, Nachergale 2006). In this study, the data of peat deposits coverage from the
Research Institute for Soil and Water Conservation (RISWC) were used.

Various rainfall events in different peat saturation conditions were selected and
four experimental basins within Vydra River basin were chosen as well to evaluate
the influence of peat soils on hydrological environment: Pta¢i Brook, Roklansky
Brook, Rokytka Brook and Tmavy Brook. Within the scope of the research, avail-
able data of groundwater level in peat bogs and data from automatic water stage
recorders of the Faculty of Science, Charles University in Prague, in the profile
under studied peat bog complex in 2008-2013 period, were used. The paper is also
focused on a detailed monitoring of soil moisture and groundwater level in one
of the chosen catchments.

2. Description of the experimental basins

The basins are situated in various parts of Vydra River headwaters. It is the basin
of Pta¢i Brook (A), Roklansky Brook (B), Rokytka Brook (C), and Tmavy Brook (D),
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Fig. 1 - Experimental catchment areas within the Vydra River basin

see Figure 1. From the geological point of view, according to the tectonic zoning,
the basins belong both to the area of Moldau-Danube elevation (moldanubikum,
Svoboda et al. 1964). The bedrock consists of weathered metamorphic rock such
as gneisses and of igneous rocks, represented mostly by granit. Quaternary sedi-
ments can be found in valleys.

The basins are located at an elevation of approximately 1,100-1,300 meters
above sea level. Their area and slope are similar with the exception of the Rokytka
basin which is slightly flatter, see Table 1. The basins have similar soil and vegeta-
tive conditions and most of the area was influenced by a bark beetle infestation.
The biggest difference is the extent of peat soils.

2.1. Soil Conditions

Soils of experimental basins are typical examples of Sumava Mts. soils where a
vertical sequence of several types of soil with Histosols on the ridges and basins
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Tab. 1 - The basic description of the experimental catchments

Catchment Area (km?) Mean slope (°) Mean annual disch. (m*/s)
Ptadi (A) 4.09 5.59 0.15
Roklansky (B) 3.39 5.36 0.19
Rokytka (C) 3.82 3.58 0.18
Tmavy (D) 4.77 5.79 0.20

is typical. The basin is mostly covered by entic Podzol and organic soils. In certain
lower parts of the basin, bogged Gley can be found. In the basin of Pta&{ brook (A),
even haplic Podzol is present. The area of waterlogged areas or other types of soils
that are periodically saturated by water is an important variable in these parts of
Sumava Mts. (as in other mountains in Czechia). These types of soils are mainly
organic soils and their subtypes or their varieties.

2.2. Climatic Conditions

Climate in the area is variable, influenced both by the oceanic and the continental
effect. The highest rainfall has been documented in the central part of Sumava
Mts. (Bfeznik 1,486-1,552 mm average during the last thirty years) and it is dis-
tinctively different at the windward and the leeward side of the mountains due
to the orographic effect (NP Sumava 2011). At the point of outlet of the Rokytka
Brook basin, a climatic station has been established. In this article, the data about
precipitation from 2008 to 2013 were used. The year of 2013 was drier than the
others with daily precipitation about 3.4 mm, see Figure 2.
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Fig. 2 - Daily precipitation and mean temperature in the year of 2013 in Modrava village. The gauging
station is heated so snow precipitation is also included during winter time.
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2.3. Vegetative Conditions

Basins are situated within Sumava National Park, more precisely they almost
entirely belong to the park’s 1°* zone of protection (NP Sumava 2011). The vegeta-
tion can be divided into peat bog and forest (other). In the peat bog vegetation,
mountain type of peat bogs are easily distinguishable. They are surrounded by wa-
terlogged spruce forest and minerotrophic sedge peat soils. In the central parts of
peat bogs, naturally non-forested areas are preserved. Their vegetation is formed
by moss, cotton grass, mud sedge, or pod grass. Towards the edge of a peat bog,
there are pine covers occuring on almost one third of peat bog areas. At the edge of
peat bogs, smaller areas of waterlogged spruce forest are situated (Bufkova 2009).
The rest of the forest vegetation is mainly composed of spruce with the admixture
of fir and beech, which is presented predominantly at the south-facing slopes. The
forest is influenced by bark beetle. Due to keeping wood for decomposition, a “dead
forest” is being slowly filled mainly by spruce self-seeding seedlings and grasses.
The role of bark beetle calamity on the outflow is not confirmed.

3. Material and methods
3.1. Data Sources

Groundwater level data were recorded hourly in three most common types of
saturated areas namely waterlogged spruce forest, peat covered with pine and peat
covered with moss. The groundwater levels were measured by probes of Faculty of
Science, Charles University in Prague (waterlogged forest, pine) and probe of Botany
institute, AS Czechia (moss). These probes were installed in Rokytka Brook basin in
the local peat bog. Discharges were measured by ultrasound probes installed at each
outlet of the profile. Monitoring of water levels at the outlet of experimental basins
is based on a system of automatic measuring stations by the company Fiedler-Magr.
The set comprises of control and registering units of the type M4016 and an ultra-
sound or a pressure transducer with the connection to an appropriate measuring
channel (Cesdk et al. 2008). The stations measure water levels every 10 minutes with
an accuracy of 1 mm. Precipitation data were taken from four precipitation gauges
in 10-min step, which were installed in various parts of the Vydra River catchment.

3.2. Applied Methods

Mapping of Waterlogged Areas: A determination of the spatial extent of water-
logged areas is very complicated. A detailed field investigation yields the most
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accurate results. Such investigations were reported for Rokytka Brook in Sumava
Mts. (Vl¢ek et al. 2012) and the same fieldwork was done in Pta¢i Brook catchment.
Due to the time demand, indirect methods need to be applied. In this case, data
from the Research Institute for Soil and Water Conservation - VUMOP database
of peat deposits were used. Data from the Typological Classification System of the
Forest Management Institut - UHUL (Pliva 1987) were used for comparison only. A
peat deposit (VUMOP data) is defined as having minimal depth of 30 cm. From the
typological classification (UHUL data), waterlogged and peat bog ecological ranges
were selected (T, G, R from Typological Classification) because they correlate with
pedological studies of peat soils in the best way. Data from VUMOP were compared
with field survey and they were well comparable, almost identical, so it is possible
to use it as a data source of peat soil coverage.

Selection of Rainfall Events during Maximal and Minimal Saturation: Rainfall
events were selected since year 2008 where all monitoring stations were installed.
Continuous measuring of groundwater level (GWL) is only being performed in
peat bogs in the Rokytka Brook basin, but the same occurrence of minima and
maxima is anticipated in other basins. During the years of 2010, 2012 and 2013, the
events were chosen easily due to the knowledge of GWL. During the years of 2008,
2009 and 2011 there was no GWL measuring, but the situation was solvable. The
maximum catchment saturation was estimated from previous precipitation when
there were events in a long-term rainfall period or after snow melting in spring.
The estimation of minimal saturation was slightly complicated but it was solvable
from GWL behavior as well. The events were chosen on the basis of duration for
more than five days from the previous event, because between May and October it
takes less than five days to empty a peat bog due to the evapotranspiration process.
A problem occurs only with the upper small part of the peat bog where GWL may
reach the bottom of the retention part only once a year and sometimes even not.
However, ten events were selected during maximum saturation of the peat soil
and nine during minimal saturation. Consquently, it was satisfying enough to
find a trend.

4. Results
4.1. Mapping of Peat Soil Areas

In the basins of Pta¢f (A) and Rokytka Brooks (C), a pedological study has been
performed and the resulting retention potential of particular soil profiles was then
interpolated onto the whole basin (Vl¢ek et al. 2012). These results served as a basis
for a selection of waterlogged areas from particular databases. The percentage
representation is shown in Figure 3. Logically, the differences arise from the used
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Fig. 3 - Percentage of peat soil areas in experimental basins. OR means Organosol within the Re-
search Institute for Soil and Water Conservation (VUMOP) database, R, G, T are ecological ranges
taken from Typological Classification System of the Forest Management Institut (UHUL) database.

methods of area mapping. The basin of Rokytka Brook (C) has potentially the big-
gest peat soils area; the basin of Tmavy Brook (D) potok has the smallest one. Only
within the VUMOP data Pta¢i Brook (A) has the smallest area of a peat (Fig. 3).

The disposition of peat soil areas is better visible in Figure 4. Particular cat-
egories correlate the best way in the basin of Roklansky Brook (B); the biggest
difference in peat soil coverage is then in the basin of Pta¢i Brook (A). It has been
already mentioned, that the data from VUMOP were used for analysis. The basins
are graphically zoomed together but their relative sizes are preserved.

4.2. Rainfall Events during Minimal Saturation

All rainfall events during minimal saturation and flood waves are shown in
Figure 5. The chart describes flood wave volumes which occurred after a rainfall
event in four experimental basins. In Sumava Mts., an event up to 10 mm is quite
common in the whole area but it is very hard to find rainfall which covers all the
catchments in the same time and starts after a long period without any rain. It
occurs usually during summer like a storm event. Storms are mostly local covering
only two catchments or there are some differences in the amount of precipitation.
In that case, the precipitation gauge net helps. However, in the Figure 5 a different
trend is shown: small areas covered with peat soils (basins A, D) result in higher
flood wave (volume) than basins with peat soils coverage about 30%. The outflow
is more or less similar up to 10-15 mm but at about 40 mm precipitation Roklansky
(B) and Rokytka Brooks (C) produce higher flood wave volumes than Ptaéi (A) and
Tmavy Brooks (D).
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Fig. 4 - Waterlogged areas from VUMOP and UHUL databases

Asan example of the minimal groundwater level, an event in August 2012, when
the evapotranspiration is the highest, was chosen. For more detailed analysis, an
event from the 21** August 2012 was chosen, when the GWL in the probe reached
about 15 cm below the surface before the rain began and it had been 14 days since
the last rainfall occurred. The whole monthly situation can be seen in Figure 6. For
a better illustration, only the data from Rokytka (C) and Tmavy Brooks (D), which
are examples of the largest and of the smallest waterlogged areas, are shown. At
the first sight, the difference is obvious; Tmavy Brook (D) creates a wave but in
the case of Rokytka Brook (C) the wave is almost unnoticeable (Fig. 6).

A more detailed analysis of the situation is presented in Figure 7. During this
event, the rainfall amount was approximately 17 mm in total in about 6 hours
after 14 days of drought. It is visible that the basins of Pta&i (A) and Tmavy
Brooks (D) create a flood wave, where the specific discharge at the peak flow rate
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Fig. 6 - Specific discharge of Rokytka (C) and Tmavy Brooks (D) in August 2012

is considerably higher than before the beginning. On the contrary, the basins of
Rokytka (C) and Roklansky Brooks (B) barely create a flood wave.

4.3. Rainfall Events during Maximal Saturation
Differences in flood wave volume during maximum saturation are visible in

Figure 8. It is easy to see that the retention ability begins to vary from 15-20 mm
of a rainfall amount but quite early the difference is doubled.
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A selection of a period with maximum wetting is somewhat easier. All the pos-
sibly potential waterlogged areas stay saturated for a longer period of time in
spring due to snow melting. The spring of 2013 was even more favourable in this
regard, when the studied peat bog in Rokytka Brook (C) basin was fully saturated
for more than a month. Thanks to a bigger source of snow and frequent rainfall
from March to June, particular peat bog lakes were overflowing as well as the total
studied surface runoff during the whole period of the study (May). The situation
also added to the floods in the beginning of June 2013.

Precipitation and specific discharge in May 2013 is described in Figure 9. Again,
for a better illustration, only the basins of Rokytka Brook (C) and Tmavy Brook (D)
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Fig. 7 - Specific discharge progress during rainfall event on the 20t"-21%* August 2012 in experi-
mental catchments
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Fig. 10 - Specific discharge progress during rainfall event on the 10®"-11*" May 2013 in experimental
catchments

are shown. A totally different behavior of specific discharge is visible and Rokytka
Brook (C), the basin with the most waterlogged areas, exhibits the greatest change
(Fig. 9).

For more detailed analysis, an event from the 10™ May 2013 was chosen (see
Fig. 10). Snow has melted approximately a week before this event. The total pre-
cipitation was about 16 mm. Even here, different behavior is seen compared to the
period of drought. In regard of the volume, both Roklansky (B) and Rokytka Brooks
(C) show a bigger increase of the specific discharge, while Tmavy and Pta&{ Brooks
show similar discharges as in the period of drought. For better imagination, the
difference between the basins, the volumes of the flood wave are shown in Table 2,
where Vd means flood wave volume during dry event and Vsa during maximal
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Fig. 11 - The scheme of Rokytka
Brook catchment with installed
measuring devices

N
@

"-f:."-‘IIII.
i
@
w

"

dl‘

+
L]
o
»
[}
o
L]
»
]
-
»
-,

";’,u

4 Tensiometer
1® GwL measurement, probe 1
O Discharge measurement
Stream

= = Peatsoil area

saturation. Moreover, there are specific volumes (m®/km?) as well. The volume of
the rainfall was estimated to be 17 mm and multiplied by the area of each basin
(events 20.8.2012 and 10.5.2013).

To confirm the influence of peat bog in small catchment, three groundwater
level probes in peat bog and two tensiometers in two depths (20 and 60 cm) in
terrestrial soil were installed in the Rokytka Brook (C) catchment, see Figure 11.
In this basin, the groundwater level and soil moisture are measured.

Results from the Rokytka Brook (C) catchment are shown below in Figure 12.
The relationship of groundwater level in a peat bog (Fig. 12-1, 2, 3) and soil moisture
(Fig. 12-4) with discharge from the Rokytka Brook (C) catchment, is shown there.
GWL probes are installed in the peat bog in three sites with different land-cover.
Probe 1 (Fig. 12-1) is situated in the upper part of the peat bog covered with moss
and cotton grass, middle part 2 (Fig. 12-2) with pine, and lower part 3 (Fig. 12-3)
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Tab. 2 - Flood wave volumes during 2 different events regarding maximal and minimal level of peat
saturation

Catchment Area V prec. vd Vd Vsa Vsa
(km?) (m?) (m?) (m*/km?) (m?) (m*/km?)
Ptaci (A) 4.09 71,606 12,467 3,048 24,595 6,014
Roklansky (B) 3.38 59,267 984 258 31,935 9,448
Rokytka (C) 3.81 66,770 1,676 496 35,649 9,357
Tmavy (D) 4.76 83,466 5,224 1,098 23,304 4,896

Note: Vd -flood wave volume during dry event, Vsa - flood wave volume during maximal saturation.

with spruce waterlogged forest. The effect of different vegetation on GWL (or vice
versa) was studied by Kuéerov4, Kucera, Hjek (2009) but only in upper part 1, and
with the focuse on evapotranspiration. It is possible to see, that the relationship of
the outflow with groundwater level is closer than with soil moisture. Each of the
peat bog’s part has its own value (border) of GWL, when it causes volatility of the
outflow. The most direct border line is presented in the upper part 1. If we focus
on the soil moisture, it gives us more varied response. Moreover, from laboratory
pF curves measurement, Os (saturated moisture) was 0.675 in average and many
high discharges occured in non-saturated period.

5. Discussion

Waterlogged areas in Central Europe are mostly formed in valleys or in flat areas
generally, e.g. in Biebrza locality in Poland (Wasser 1995) or in Western Slovakia
(Jurdkovd, Klementovd 2003). However, climatic and hydrological conditions are
very different from the mountainous peat bog localities. Moreover, they worked
only at one catchment. Outcomes from different studies within a literature must
be comparable in order to discuss the topic properly. From a narrow comparable
literature review, diverse opinions on the influence of peat bogs and waterlogged
areas on the formation of runoff are apparent (Ferda et al. 1971). From the older
articles (Spirhanzl 1951, Ferda 1960), the reason seems to be the ignorance of dy-
namics of groundwater level within the peat bogs, which determines significantly
the behavior of flood waves or water supply during a period of drought. Results
in this paper confirm unfavourable impact of waterlogged areas on discharge in
this area.

This paper gives a comparison of two “extreme” periods in terms of a ground-
water level. It proves that when the level of groundwater is low, a peat bog is
able to hold a great amount of water and thus to reduce the development of a
flood wave. This fact confirms Ferda’s theory which states that bogs reduce the
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Fig. 12 - Effect of GWL (1-3) and of soil moisture (4) on discharge in the Rokytka Brook basin -
(1) moss (data AS CR), (2) pine, (3) waterlogged forest.

variability of discharge (Ferda 1960). However, recent short-term measurements
of groundwater level in a peat bog within the Rokytka Brook catchment show that
for the most of the vegetation period, the peat bog is fully saturated (Kuéerova,
Kudera, Hajek 2009). At this point, it is not able to retain and slow down the flood
wave and it thus becomes an unfavorable factor in the runoft formation process.

The importance of knowledge of a groundwater dynamics is, for example, con-
firmed by Evans et al. (1999) or Holden, Wallage, McDonald (2011). Their results
presented that local peaty catchment produces higher outflow after 10-15 mm of
precipitation. Their result agrees with our findings. During rainfall event catch-
ments, the increased run-off after the groundwater reaches its maximum. How-
ever, catchments with negligible waterlogged areas are not compared. In general,
catchments with low peatbog coverage create overland flow rarely (Schrerrer, Naef
2003). This fact seems to be the main reason for a different behavior of outflow in
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our catchments during rainfall event. Soil moisture does not create such a strong
linkage with the outflow as groundwater level in a peatbog.

6. Conclusion

This approach in the area of Vydra River headwaters mainly consists of a detailed
assessment of hydrological response of streams draining peat soils. This paper
follows the previous research carried out in this area and gives more accurate
results within the study of ongoing extreme rainfall-runoff processes. Mainly, it
shows directly how large could volatility of runoff response on precipitation in
the Vydra River headwaters be in different causal conditions. Waterlogged areas
have distinct impact on the discharge behavior. During the maximal saturation
and a rainfall event with the amount of 40 mm, basins with a peat bog cover-
age about 30% in proportion in this part of Sumava Mts. can create three times
higher discharge and corresponding flood wave volume than basins with a peat
bog coverage around 10%.

Results not only bring the confirmation of previous researches mentioned
above. Mainly, it shows that the role of peat bogs in rainfall-runoff process starts
to be registered and observed from about 15 mm of a rainfall event during drought
and from about 20 mm during the maximal saturation. What is more, groundwater
level measurement shows, that peat bog creates rapidly higher outflow just in the
case when it is saturated. Soil moisture versus GWL varied more.

The understanding and insights into the mechanism of a runoff generation
process in this area will certainly contribute to an improvement of prediction of
a hydrological extremity. Its outcomes will undoubtedly help to adapt to increas-
ing frequency of hydrological extremes with respect to the use of unforceable
measures realized within the basin.
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SHRNUTI
Vliv raselinnych piid na odtokovy process: pfipadova studie pramenna oblast Vydry, Cesko

Studium hydrologickych extrému se stalo jednim z prioritnich témat svétové hydrologie, ze-
jména v poslednich dvaceti letech, kdy identifikujeme zmény odtokového procesu jako jeden
z disledkt zmény klimatu. Extremita odtoku vyrazné narasta i v podminkach stredni Evropy,
a to v pripadé Cetnéjsich povodiiovy udalosti i ¢astéjsich a hlubsich obdobi hydrologického su-
cha. U¢inn4 ochrana pred témito jevy spo¢ivé predevsim ve spravném pochopeni mechanismu
srazko-odtokového procesu v daném regionu. Pramennd oblast Otavy reprezentuje zdrojové
uzemi formovani extrémnich odtokovych udalosti a izemi s vysokou heterogenitou ve smyslu
fyzickogeografickych a socioekonomickych aspektti. Dlouhodob4 izolace této oblasti podminila
soucasny stav nasich poznatk, kdy zde nemohl byt proveden podrobny vyzkum tohoto typu.
Ten byl v minulosti zaméren pouze na posouzeni hydrologické funkce raselinist, které pred-
stavuji vyznamny fenomén predevsim v povodi horni Vydry. Prispévek potvrzuje fakt, Ze pro
pochopeni a objasnéni procesu tvorby odtoku je klicové detailné sledovat také hladinu podzemni
vody v raselinistnich ptdach ¢i podil tohoto typu pid v povodi, jakoZz i predikovat odtokovou
odezvu pfri raznych pri¢innych situacich.

Hlavnim cilem prace je porovnat, jakym zptsobem dochézi v povodich s rtiznou plochou
raSelinist k formovani odtoku béhem minimalnfho a maximalniho nasyceni vrchovist. V ramci
studie byla vybrana ¢tyti mald experimentalnf povodi s riznou rozlohou raselini$tnich pad
a zamoktenych ploch lesa. Srdzkové udélosti byly vytipovany v rtiiznych ¢astech roku pfi rtizné
vysce hladiny podzemni vody ve vrchovisti. BEhem téchto situaci byly vypoéteny objemy povod-
novych vln a ty byly porovnany ve vztahu k rozloze vrchovist vdaném povodi.

Vystupy dokazuji, Ze pri nizké hladiné podzemni vody je vrchovisté schopno pojmout velké
mnozstvi vody a redukovat tak vyvoj povodnové viny. Dile pak poukazuji na to, jak velkd mtize
byt extremita odtokové odezvy na srazkovy tthrn ve studované oblasti béhem rtznych pricin-
nych podminek. Ziskané poznatky potvrzuji a podporuji vysledky neddvnych studii (Jansky,
Kocum 2008; Curda, Jansky, Kocum 2011 a Kocum 2012). Zamok#ené plochy maji vyrazny dopad
na chovani odtoku. Méfeni hladiny podzemni vody ukazuje, Ze existence vrchovisté rapidné
navysuje odtok pouze v pripadé, kdyz je nasyceno. Pfi maximalnim nasycenf a thrnu srazek ve
vy$i kolem 40 mm mohou povodi s podilem vrchovist 30 % a vice v této ¢4sti Sumavy generovat
i 3krat vyssi pritok a odpovidajici objem povodriové viny nez povodi s 10% pokrytim raselinisti.
Ze soucasnych relativné kratkodobych méreni hladiny podzemni vody ve vrchovisti v povodi
Rokytky vyplyva, ze po vétsinu vegetacniho obdobi jsou ovSem vrchovistni komplexy plné
nasyceny (Kucerové, Kucera, Hajek 2009). V tom piipadé neni vrchovisté schopno pojmout
a zpomalit vyvoj povodriové viny a proto se tak stdva nepriznivym faktorem v procesu tvorby
odtoku. Dalsi diileZitd proménnd je reprezentovina charakteristikami daného vrchovisté, pre-
deviim stupném jeho vyvoje a zdsobovanim vodou (Bragg 2002). V povodi horni Vydry lze ve
vétsiné pripadd nalézt raselinisté plnéné srazkovou vodou. Prispévek rovnéz zdluraziuje, Ze
rozloha zamokrenych ploch v povodi je dilezitéjsi nez jejich morfometrické parametry, jako
jsou napt. svahové charakteristiky.

Pochopeni a objasnéni mechanismu tvorby odtoku v této oblasti dokaZe zcela urcité pomoci
ke zlepseni predikce a ochrany pred témito extrémnimi jevy. Vysledky takového vyzkumu pred-
stavuji kli¢ovy faktor jejich G¢inné eliminace v souvislosti s vyuZitim nenésilnych opatfent,
kterd se daji v povodi realizovat.
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Obr.1 Lokalizace experimentalnich povodi v ramci povodi Vydry.

Obr.2 Dennf thrny srazek a primérné denni teploty vzduchu v roce 2013 v obci Modrava.
Vzhledem k vytapéni srazkomeéru jsou registrovany rovnéz snéhové thrny v zimnim
obdobi.

Obr.3 Procentudlni podil vrchovist v jednotlivych experimentalnich povodich. OR - organosol
(databaze VUMOP); R, G, T - ekologické stupné (databaze UHUL).

Obr.4 Vyskyt zamoktenych ploch na zdkladé databazi VUMOP a UHUL.

Obr.5 Objemy povodiiovych vln béhem rtznych srdzkovych udalosti a minimalni saturaci
vrchovist. Horizontalni osa predstavuje Ghrn srazek.

Obr. 6 Specificky odtok v profilech na Rokytce (C) a na Tmavém potoce (D) v srpnu 2012.

Obr.7 Vyvoj specifického odtoku béhem srazkové udalosti ve dnech 20.-21. 8. 2012 v jednot-
livych experimentélnich povodich.

Obr.8 Objemy povodiiovych vin béhem rtznych srazkovych udalosti a maximalni saturaci
vrchovist. Horizontalni osa predstavuje Ghrn srazek.

Obr.9 Specificky odtok v profilech na Rokytce (C) a na Tmavém potoce (D) v kvétnu 2013.

Obr. 10 Vyvoj specifického odtoku béhem srazkové udalosti ve dnech 10.-11. 5. 2013 v jednotli-
vych experimentalnich povodich.

Obr.11 Schéma povodi Rokytky s instalovanymi méricimi pristroji.

Obr. 12 Vliv hladiny podzemni vody (1-3) a pidni vlhkosti (4) na odtok v profilu Rokytka. 1 -
raselinik (data AS CR), 2 - kle¢, 3 - podmééeny les.
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ABSTRACT

A geochemical approach using stable oxygen isotopes was used to understand streamflow generation
processes in the highly peaty catchment of the Rokytka Brook in the headwaters of the Vitava River,
Czech Republic. The contribution of water from peat bog areas to the total surface runoff was assessed
using a hydrological time series, as well as geochemical, hydrochemical and isotope-hydrological
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approaches for unit hydrogram separation by means of anion deficiency. Using data from the hydro-

logical year 2008, the role of an existing peat bog in the runoff formation dynamics of the Rokytka
Brook catchment was determined, and the hydrological cycle was described and assessed using stable
'80/'%0 isotopes. The research findings strongly support the fact that peatland areas within the studied
catchment do not significantly communicate hydraulically with surface streams, and their hydrological

function in this region is insignificant.

1 Introduction

There are several obstacles to defining the environment in which
hydrological processes take place. The surface runoff concept is
insufficient, and determination of basic hydrological processes
using information about the qualitative composition of water is
inadequate. Hydrochemical and geochemical approaches may be
used to explain the mechanisms of water retention and runoff
formation in headstream areas. Solving the question of runoff
formation in river headstream areas requires detailed information
on the basic elements of runoff mechanisms. Since the theory of
so-called “effective precipitation” (Horton 1933) was accepted, the
hydrological responses of runoff to causal rainfall have been
extensively studied. Despite this, the real mechanisms of water
behaviour underground have not been so clearly described
(McDonnell 2003). The absence of detailed measurements results
in simplified assumptions and insufficient description of compli-
cated processes such as the causal aspects of runoff formation.
Rainfall-runoff transformation requires additional data, which
can be obtained using a natural tracer. This information can be
provided by a combination of isotope and geochemical
approaches (Hoeg et al. 2000, Sanda 2010). This new dimension
to hydrological studies has proven extremely simple and superior
to previous methods (McDonnell 2003, Klaus and McDonnell
2013).

Using information about isotope concentrations in the soil
and subsurface water, as well as in the causal precipitation, it
is possible to determine the proportions of these phases in
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extreme runoff, based on the isotope concentration in the
outflow. However, the processes causing this exchange are
not completely known (Kendall and McDonnell 1999, Sanda
2010). Water can often move through different isotopically
and geochemically specified spaces and channels, or be
retained (Kirchner 2003). These spaces are not space-homo-
genous and their contribution over time to the proportion of
runoff is not necessarily constant (Sanda et al. 2009).

The hydrological function of peat bogs remains a matter of
debate; so far, no-one has fully solved this problem, despite a
number of research projects in different countries. Opinions on
the function of peat bogs vary, and it is evident in the literature
that questions raised in the second half of the 20th century will
not be easy to answer. A detailed analysis of the various
approaches to these questions was made by Ferda (1960) for the
Sumava Mountains. The so-called “theory of sponge”, evident in
the literature from the late 1960s, suggested that peatland was
important for (a) its significant water retention and discharge
regulating capability during high rainfall totals, and (b) its dis-
charge heightening and runoff balancing ability in dry periods.
From the late 1970s, studies appeared that confirmed the reten-
tion capacity of peat bogs. Authors asserted that the only possible
way to increase the retention capacity was to lower groundwater
levels by means of drainage. Since that time, the problem of
hydraulic communication between peat bog complexes and
draining streams, including the procedures of drainage, such as
diking of former drainage channels, has become a field of broad
debate within the literature (e.g. Conway and Millar 1960, Burke
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© 2016 IAHS
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1967, McDonald 1973, Moklyak et al. 1975, Baird 1997, Holden
et al. 2001). An interesting and detailed review of the literature
covering opinions on both sides can be found in Holden et al.
(2004). Conflicting results were presented in the papers men-
tioned, depending on the different physical-geographical condi-
tions. However, in general, the results proved that water courses
draining areas of peatland show significant discharge variability,
and that the influence of peatland on runoff regime balance had
been overestimated in the past.

The same result - a significantly negative influence of peatland
on the runoff process from the runoff variability point of view —
was reached in a study area in the Upper Vltava River basin
(Jansky and Kocum 2008, Kocum et al. 2010, Curda et al. 2011,
Kocum 2012, VI¢ek et al. 2012). Peatland represents a very sig-
nificant component of the hydrological regime in central parts of
the Sumava Mountains. The existence of large peat bogs in this
area is due to a humid climate and optimal relief configuration
(Posta 2004). The influence of peatland on water quality in water
courses has been assessed as unambiguously negative, while the
intensity of the effect is related to the area and volume in a
catchment.

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 (Novak 1955, 1959, Onderikov4 and Stérbova 1956,
Freeman et al. 2001, Worrall et al. 2003). In dry periods, runoff
from peat bogs decreases or becomes almost intermittent. This
results in improvement in the quality of the water in streams
draining the peat bog. This was confirmed by studies carried out
by Ferda et al. (1971) and others (Hruska et al. 1996, 1999,
Oulehle and Jansky 2003). However, during summer rainfall
periods and spring snowmelt, there is a decline in water quality
as peat bog complexes are fully saturated and water flows over
the stream bed. In the case of water release during dry periods,
this would be expected to result in decreased water quality.

A geochemical approach, as a complement to hydrological
approaches, can be used to assess the contribution of the peat
bog water to total runoff formation through determination of
the intensity of hydraulic communication between the hydro-
logical conditions of a peat bog complex and surface runoftf.
With respect to the significant proportion of peatland areas
within the Vltava River headwaters (southwestern Czech
Republic), the local retention potential and runoff formation,
in relation to the existence of highly peaty areas, could be
assessed. Limited hydraulic connectivity between peat bogs
and surface streams is related to specific geomorphological
conditions in the Vltava River headwaters.

The Sumava Mountains have the largest peat bog areas in
the Czech Republic, as well as in Central Europe, due to their
specific geology and morphology. Similar conditions for
upland peat bog development can also be found in Scotland
and Scandinavia. Waterlogged areas in Central Europe are
formed mostly in flat areas or valleys, for example in Biebrza,
Poland (Wassen 1995), or in western Slovakia (Jurdkova and
Klementova 2003), where hydrological and climatic condi-
tions are different from those of mountainous peat bogs.
Therefore, it is better to compare hydrological processes
within the Sumava Mountains peat bogs to those in Scottish
or Scandinavian peaty areas.

Based on hydrological time series analysis carried out
within the Vltava River headstream area, Kocum (2012)
determined the significant dependence of runoff variability
on peatland proportion. Continual records of water level and
the corresponding discharge values offer an extraordinary
database for detailed analyses of the ascending and descend-
ing phases of flood waves, and for assessment of peat bogs
and the influence of peat-forming soils on hydrological pro-
cesses during dry periods. Through detailed statistical analysis
of daily, monthly and yearly time series, slightly higher runoff
variability was identified in the Vydra River basin (represent-
ing a quite peaty area) compared to the non-peaty Kiemelnd
River basin. Runoff variability in experimental sub-catch-
ments (including the Rokytka Brook catchment) was assessed
by means of peak flow frequency analysis with respect to the
different rates of discharge of the two compared streams, and
by analysis of runoff reaction to causal rainfall during several
rainfall events. The analyses of extreme runoff phases showed
a higher frequency of peak flows and their shorter reaction to
causal rainfall (lower water retention potency) in the case of
highly peaty areas (Rokytka Brook catchment in particular);
therefore, there is more distinct runoff variability of streams
draining peatlands and peat-forming soils (Kocum and Jansky
2009, Kocum 2012).

Stable oxygen isotopes are among the elements that occur in
the natural hydrological cycle in various concentrations. Their
concentrations can be used to give us unique information about
water that enters a catchment in the form of precipitation, is
retained in the catchment (e.g. in soil and underground water,
saturated areas, rivers, lakes) and is released from the catchment
in the form of runoff (Kendall and McDonnell 1999). Due to the
uniqueness of the proportion of "*0/'°O isotopes in each source
over time (precipitation, subsurface water, surface water), the
principle of "*0/'°0 fractionation is used for runoff formation
modelling through the unit hydrogram separation method by
means of anion deficiency.

The main goals of this study were:

a. to assess the hydrological cycle in a highly peaty catch-
ment using stable '0/'°0 isotopes and to determine
the role of an existing peat bog in the runoff formation
dynamics;

b. to evaluate the correlation between the surface water
chemistry and instantaneous discharge in the highly
peaty catchment; and

c. to determine the total balance of ecologically significant
elements (N, C, S, Ca, Mg, K) in the highly peaty catchment.

To achieve these goals, the experimental catchment of the
Rokytka Brook, situated in the headstream area of the Vltava
River and representing a highly peaty watershed, was chosen.

2 Study area

The upper Vltava River basin, including the area where our
experimental research was undertaken, the Rokytka Brook
catchment (see Fig. 1), represents an area with a highly sig-
nificant proportion of peatland. The catchment of interest is
located in the most exposed part of the Sumava Mountains.
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Figure 1. Location of the studied catchment including the CHMI (Czech Hydrometeorological Institute) and FS CU (Faculty of Science, Charles University in Prague)
water stage recorders and automatic water level and precipitation gauges within the Vitava River headwaters (Vydra-Modrava closing profile). (a) Vydra River
headwaters and location of the Rokytka Brook experimental catchment; (b) location of sampling profiles and the main peat bogs. Sampling profiles, 1: stream water

at the outflow; 2: the largest peat bog lake in the catchment; 3: tributary.

The Rokytka Brook is the left tributary of the Roklansky
Brook, one of two sources of the Vydra River, which becomes
the Otava River. The experimental catchment, down to the
closing profile with installed water level gauge, has an area of
3.86 km”. According to the ZABAGED (the basic platform for
geographical data of the Czech Republic: digital terrain model
of the Czech Republic area) underlayer of bogs and marshes,
and to the water streams and basins of the TGM Water
Research Institute DIBAVOD (digital basis for water manage-
ment data: thematic water management upgrade of
ZABAGED layer) layers, bogs make up 0.892 km? which
corresponds to about 23.1% of the total area.

Although the studied catchment is mountainous, its expo-
sure in the plateau part of the Sumava Mountains gives it flat
watershed characteristics favourable for the existence of high
moorland. The catchment is formed of a typical old-aligned
surface with an average slope of about 6° and an altitude
varying between 1090 and 1230 m a.s.l. The bedrock is com-
posed of weathered rocks, mainly granite. Soil conditions in
the studied area include the features of on-site Organosols, as
described by Sefrna (2004). Local soils represent typical exam-
ples of Sumava Mountain soils, where a vertical sequence of
several types of soil, with Histosols on the ridges and basins,
is typical. The basin is mostly covered by entic Podzol. The
second most common type of soil is Histosol, which covers
about 26% of the catchment area. In the lower part of the
catchment, close to the closing profile, a relatively broad peat
bog complex, with significant cubic capacity (up to 7.2 m

depth), and several peat bog lakes can be found (see Fig. 1
(b)). In certain lower parts of the basin, Gleysols are distrib-
uted. From a runoff conditions point of view, water-saturated
Organosols represent extreme runoff accelerators. Even if
Organosols have a broad capacity for retention of water,
which is successively delivered to streams, their retention
effect does not dominate in the state of full water saturation.

The vegetation can be divided between peat bog and forest
(other). Within the peat bog vegetation, bogs of mountainous
type are easily distinguishable. They are surrounded by water-
logged spruce forest and minerotrophic sedge peat soils
(Bufkova 2009). 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.

3 Methods
3.1 Hydro-climatic monitoring

The existing systems of automatic ultrasound and hydrostatic
pressure water-stage recorders (with data transmission
through the GPRS network using a GSM module), climatic
stations and shuttle precipitation gauges (Fig. 1(a); located in
the closing profile of the Rokytka Brook catchment) and
other modern equipment and methods were used in the
chosen experimental catchments to assess the landscape
retention potential and to determine rainfall-runoff relations
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in this area. The experimental profiles chosen also contained
sensors for observation of physical-chemical parameters. This
network, together with state profiles within the Czech
Hydrometeorological Institute (CHMI) limnographic sta-
tions, produced a very good basis for analysis of the head-
water runoff regime. In the profiles given, periodic discharge
measurements using a hydrometric propeller were carried out
in order to construct accurate consumption curves with high
confidence coefficients. Using the above measurements, a
detailed analysis of peatland hydrological function was car-
ried out. The influence of peat bogs on runoff conditions was
assessed by thorough comparison of runoff regimes in sub-
catchments with different peatland proportions and other
physical-geographical conditions. Processes of streamflow
generation and present peat bog revitalization activities were
studied primarily using hydrological statistics, and then by
means of ion, carbon and oxygen isotope balance analyses,
with particular attention to periods of high or low discharge
rates.

3.2 Precipitation sampling

Precipitation sampling for isotope analyses was carried out
once a month initially, and then twice a month after 3
months, in the study catchment. The precipitation amount
and its isotopic composition (8'0-H,0) were measured
(Fig. 2). Precipitation chemistry and deposition were mea-
sured at monthly intervals in the adjacent catchments of Roh
and Doup¢, which have very similar characteristics and are
close to the study area.

3.3 Surface water sampling

Surface water sampling was carried out to determine chem-
istry and isotopic composition in monthly and two-weekly
time steps, respectively, in three different sampling profiles:

outflow profile (water level gauge, 1), bog profile (organogen-
ous lake, 2) and inflow profile (tributary, 3) (see Fig. 1(b)).
The sampling profile represented the study locality (sites)
where water was sampled. The study catchment was closed
by the automatic ultrasound hydrological gauge for continual
water level and discharge monitoring. Instantaneous dis-
charge in the studied profiles during water sampling for
laboratory analyses is shown in Figure 3. Sampling episodes
were chosen with respect to the whole discharge range in
order to obtain data from extreme episodes such as thaw,
snowmelt, rainfall and drought.

3.4 Chemical analyses

Samples were kept in the dark and cold (4°C) and analysed
in accredited laboratories of the Czech Geological Survey
(ISO 9001). The pH values and concentrations of the follow-
ing species were stated: NO5~, SO,>", Cl~ determined by ion
exchange chromatography, F~ potentiometrically by ion-
selective electrode, and NH," by Indofenol blue colorimetry;
Ca, Mg, Na, K, Al, Fe and Si measured by flame atomic
absorption spectrometry (FAAS); alkalinity measured by
titratably strong acid (0.1 M HCI); dissolved organic carbon
(DOC) and total nitrogen (TN) obtained by high-tempera-
ture oxidation-catalysed platinum, as for CO, and NO,; total
organic nitrogen (TON) calculated as the difference between
TN and N-NO; + N-NH,; and 8'®0-H,O determined using
standard methods with an analysis error +0.1% (Buzek
1984).

3.5 Water body apportionment using 20

In nature, oxygen (O) occurs as three stable isotopes '*0, 7O
and '°0. The H,'°O molecule is lighter and needs less energy
to evaporate than the H,'*0O molecule. During condensation
it behaves in the opposite way. The tracing method uses the
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Figure 2. Precipitation amount (bars) and the §'®0-H,0 profile (line) in precipitation for the Rokytka Brook catchment for the hydrological year 2008.
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Figure 3. Demonstration of actual values of discharge during each sampling episode in the closing profile of the experimental Rokytka Brook catchment.

fact that the proportion of heavier and lighter isotopes
changes at a phase interface (usually between liquid and
vapour phases). The extra energy needed to transfer mole-
cules with heavier isotopes to the vapour phase results in a
relative deficiency of molecules with heavier isotopes in water
vapour than in liquid water (Kendall and McDonnell 1999).
Because this process (fractionation) is temperature related
(Craig and Gordon 1965), precipitation in colder areas and
during colder periods has a lower *0/*°O ratio compared to
warmer areas and warmer periods. Due to the uniqueness of
the '®0/'°O isotope ratio of each source (precipitation, sub-
surface water, surface water) at a particular time, the principle
of "®*0/'°0 fractionation could be used for runoff formation
modelling. The symbol “delta” is used to express the "*0/'°0

-2 mmmm Bog contribution == Precipitation

5180-H,0 (%s)

Nov-07
Dec-07 -
Jan-08 -
Feb-08 -
Mar-08 -
Apr-08
May-08

isotope ratio. It represents the relative proportion of mea-
sured '®0/'°O to a standardized '®0/'°O proportion (in this
case SMOW - Standard Mean Ocean Water) (Hoeg et al.
2000, Klaus and McDonnell 2013).

To calculate the contribution of the bog to the Rokytka
Brook runoff, a simple model, including the inputs from the
bog and from the tributary, was used. It was not possible to
assess the input of direct precipitation separately due to the
similar signals of §'®0-H,0 in the bog and the precipitation
(see Fig. 4). The water balance of the Rokytka Brook experi-
mental catchment stems from the mass balance (Btizek 1984).
The contribution of the bog to the Rokytka Brook runoff
was therefore calculated on the basis of the following
equations:
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Figure 4. Profile of §'80-H,0 in surface water and precipitation in the Rokytka Brook catchment for the hydrological year 2008; the y-axis shows the relative balance

contribution of bog water to the total runoff from the watershed.
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Q06" 00 = 2Qid; = Qd"*0p + Q8"°Or (1)
p=Qs/Qo (2)
p= (81800 — (SISOT)/((SISOB — 5180"[) x 100 (3)

where 8'®Q, is the outflow isotopic composition, §'*Or is
the tributary isotopic composition, 8'*Oy is the bog iso-
topic composition, p is the relative contribution of bog
water (%) and Q is the discharge in observed profiles.

4 Results
4.1 Precipitation chemistry and deposition

The total amount of precipitation in the Rokytka Brook
catchment in the hydrological year 2008 was 1485 mm.
Deposition of each element in the nearby Roh and Doupé
catchments is presented in Table 1. Precipitation amounts
and §"®0-H,0 profile are visualized in Figure 2. The seasonal
course of §'*0-H,0 was very consistent.

4.2 Hydrological analyses

The Rokytka Brook represents typical hydrological behaviour
of streams in the central Sumava Mountains, with peak flows
occurring in April and May during snowmelt (Fig. 5). The
annual discharge was 0.18 m® s™', so the studied year, 2008,
showed a slightly below-average value (Fig. 6).

Potential evapotranspiration was calculated using the
Penman-Monteith equation (Penman 1948) 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 7. The precipitation amount did not
include water from snow during winter, so it seems quite
low compared to the discharge.

The 2008 hydrological year analysed in the Rokytka Brook
profile was, from a runoff and precipitation point of view,
quite average and typical for a region with such physical-
geographic conditions (see Fig. 6). Data from the 2008 hydro-
logical year were homogenized and deemed representative

Table 1. Deposition (kg ha™' year”) and precipitation amount (mm) in the Roh
and Doupé experimental catchments of the Czech Geological Survey, located
very close to the Rokytka Brook catchment.

Catchment Doupé Roh
Altitude (m a.s.l.) 1197-1330 1216-1270
Precipitation amount (mm) 1178 1269
Deposition (kg ha™' year™)

Na 2.0 13
K 1.0 0.5
Mg 0.4 0.4
Ca 25 2.2
NH, 4.4 7.2
F 0.1 0.1
cl 0.9 13
NO; 9.4 13.1
SO, 74 9.9
TOC 21.8 20.9
S 25 33
N 55 8.6
pH 5.01 523
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Figure 5. Mean monthly discharge in the outflow from the Rokytka Brook
catchment (FS CU 2007-2014 dataset).
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Figure 6. Annual discharge in the outflow from the Rokytka Brook catchment
(FS CU 2007-2014 dataset). Dashed line represents mean annual discharge.
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Figure 7. Monthly mean precipitation, specific discharge and potential evapo-
transpiration (pot. ET).

and sufficient for detailed analyses. The mean daily and
monthly discharges were calculated and the average discharge
for 2008 was determined in order to assess general features of
the runoff regime in the studied year (Fig. 3). The time series
showed a typical course except for the first week of December
2007, when a strong thaw occurred. The actual discharge
values during each sampling term are shown in Figure 3.
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Sampling of precipitation and of surface water was focused on
different levels of discharge (especially on periods of low or
high surface runoff) and thus provided sufficient data for
partial analyses. Results from hydrological analyses had to
be verified using other approaches including geochemical
methods (see Section 4.3).

Total runoff (1437 mm) was comparable to the measured
amount of precipitation (1485 mm). Such low evapotran-
spiration is improbable; thus, the input of atmospheric
water is apparently undervalued. Horizontal precipitation
such as fog or frost probably contributed to the higher rate
of total precipitation. The contribution of horizontal deposi-
tion in the Sumava Mountains could be estimated at a mini-
mum of 10%. Most elevated locations, including the Rokytka
Brook catchment, had a higher horizontal deposition of
around 15% (Elids et al. 1995, Tesai et al. 1995, Pavlasek
et al. 2010).

4.3 Runoff chemistry and balance

4.3.1 Bog

Water in the Rokytka peat bog had low concentrations of
dissolved solids and a seasonal 8'®0-H,O profile (Fig. 4)
similar to that for precipitation, which represents the main
source of water in the bog. Hydrogen ion concentration (pH)
in the bog water is regulated largely by the total organic
carbon (TOC) concentration (Fig. 8). TOC showed a strong
seasonal profile related to evaporation and organic matter
production (low TOC concentration in winter and high con-
centration in summer). Inherently higher contents of organic
acids together with low total mineralization result in low pH
and low water alkalinity. Nitrates occur in the bog solely
during the winter period, while their source is represented
by winter precipitation.

4.3.2 Rokytka Brook tributary

The Rokytka Brook catchment is fed by many tributaries;
however, two of them are the most significant. Due to the
fact that both affluents showed very similar chemistry, data
from the one with higher discharge were analysed. Total
mineralization of the Rokytka Brook was higher than that of
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profile).

a bog and its 8'"*0-H,0 profile was more balanced (Fig. 4).
The §'®0-H,O balance is a consequence of the prevailing
supply from groundwater. The Rokytka Brook can contain
water from shallow soil horizons with a higher TOC content,
but only during periods of higher precipitation (Fig. 9). The
hydrogen ion concentration (pH) of the Rokytka Brook was
significantly dependent on discharge (Figs 10 and 11) and the
profile of affluent discharge was very similar to that of the
brook itself. Increased TOC concentration was related to the
production of organic matter during the summer period. No
significant correlation between TOC and pH occurred.

4.3.3 Rokytka Brook outflow

The chemistry of the Rokytka Brook in the closing profile is
similar to the chemistry of the main tributary. As mentioned
previously, the pH of the Rokytka Brook is dependent on
actual discharge (Fig. 11).

From the results (Fig. 4), it is evident that the contribution
of bog water to the Rokytka Brook runoff was insignificant,
moving at the most only around 10% of total runoff outside
the winter period. During winter months the bog contribu-
tion was negligible and the runoff was formed solely by the
tributaries, thus by groundwater. The general character of
Rokytka Brook chemistry is derived primarily from sources
of water that have been in contact with mineral soils, also
during the period of increased runoff (see stable §'%0-H,0,
Fig. 4). A strong argument for the claim that the main sources
of Rokytka Brook runoff are represented by its tributaries,
supplied mainly by groundwater, is that there was also a high
concentration of cations in the brook compared to the bog
(Fig. 12). Periodically increased TOC concentrations most
likely originated from the riparian zone, from where TOC is
washed away in periods of increased runoff. Production of
seasonal organic matter would also have had some influence.

5 Discussion

The Sumava Mountains encompass the largest peat bog area
in not only the Czech Republic, but in Central Europe, largely
due to the specific geology and morphology. However, it is
quite complicated to compare data acquired from this type of
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peat bog with those situated in other parts of Europe, or the
rest of the world. Although some of the requirements needed
for peat bog development are present in Central Europe, all
the necessary conditions for upland peat bog formation are
found in Scotland and Scandinavia. Waterlogged areas in
Central Europe are found mostly in flat areas or valleys, for
example in Biebrza in Poland (Wassen 1995) or in western
Slovakia (Jurdkovd and Klementovd 2003). However, the
hydrological and climatic conditions in these regions are
different from those in mountainous bog regions. This
paper presented new and unique findings about the role of
peat bogs in the specific conditions typical of Central Europe.
It is crucial to be aware of this fact and to take it into
consideration.

Opinions on the role of peat bogs in rainfall-runoff pro-
cesses in the Sumava Mountains have changed dramatically
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Figure 12. Cation concentration (Na + K+ Mg + Ca) in surface water of the Rokytka Brook catchment, hydrological year 2008.
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during the last 150 years. A general consensus has appeared
in the last five decades. The first hydrological survey on this
topic was carried out by Ferda et al. (1971) and followed by
Jansky and Kocum (2008). Curda et al. (2011) then provided
more accurate results comparing two sources of the Vydra
River with different peat proportions in their catchments,
confirming previous research. Importantly, they showed that
the role of peat bogs in rainfall-runoff processes starts to be
observed from about 15 mm rainfall during drought and
about 20 mm during maximum saturation. What is more,
groundwater level measurements showed that peat bogs gen-
erate high outflow in the case of full saturation, as VI¢ek et al.
(2012) claimed.

On the basis of the current observations of surface runoff,
we have undertaken detailed analyses of ascending and des-
cending phases of extreme runoff, and minimum discharges
in profiles closing several sub-catchments with different phy-
sical-geographic conditions, including the Rokytka Brook
catchment. In general, our studies showed higher peak flow
frequency and shorter reaction to causal amounts of precipi-
tation in the highly peaty areas. In other words, the studies
showed greater runoff variability of streams draining peatland
localities (Jansky and Kocum 2008, Curda et al. 2011, Vi¢ek
et al. 2012). The Rokytka Brook experimental catchment
represents a highly peaty area with a runoff regime of sig-
nificant variability compared to other watersheds. Data from
the 2008 hydrological year proved it to be a representative
year, with sufficient information for detailed analyses.

The exactness of the hydrological balance calculation in
such a small experimental catchment can be affected by some
possible errors. On the basis of the acquired data, the input
data presented by precipitation could be undervalued, the
outflow data could be overvalued due to an inaccurate con-
sumption curve, or there is an underground inflow, which is
not probable. Amounts of total runoff and measured precipi-
tation (see Section 4.2; 1437 mm) point to the fact that the
input of atmospheric water is apparently undervalued.
Although it represents a less important component of wet
deposition, from the quantitative point of view, horizontal
precipitation (fog and frost) probably contributes to a higher
rate of total precipitation. Tesaf et al. (1995) stated that the
contribution of horizontal deposition in the Sumava
Mountains could be estimated as at least 10%. Most elevated
areas, including the Rokytka Brook catchment, accounted for
even higher horizontal deposition of around 15% (Elia$ et al.
1995, Pavlasek et al. 2010).

On the basis of the findings using a hydrological approach,
a more detailed hydrochemical and geochemical analysis was
undertaken. Geochemical data showed no significant hydrau-
lic connection of the studied bog to the Rokytka Brook bed.
The contribution to surface runoff by water from the bog was
very insignificant, moving a maximum of around 10% outside
the winter period. The predominance of underground water
(forced out due to the pressure gradient) in total runoft was
also confirmed by separation of each runoff component
according to geochemical parameters. Several experts
(Conway and Millar 1960, Burke 1967, McDonald 1973,
Moklyak et al. 1975, Baird 1997, Holden et al. 2001) have
undertaken detailed studies of peatland hydrological function,

including drainage procedures such as diking of former drai-
nage channels, in various regions with different physical-
geographic backgrounds. The findings are often very discre-
pant. Accordingly, the problem of hydraulic communication
between peat bog complexes and draining streams needs to be
solved strictly with respect to local physical-geographic
conditions.

From a hydrological point of view, in these physical-geo-
graphic conditions peatland acts as a negative element for
runoft transformation and its hydrological features are not
favourable. Findings from our geochemical analyses therefore
confirmed our primary hydrological assumption of a negative
and insignificant impact of peatland on runoff dynamics,
especially during flood and drought episodes. The weak influ-
ence of the peat bog is also demonstrated by a high concen-
tration of cations in the surface runoff compared to the bog.
Groundwater from the catchment is a much greater contri-
butor to the surface runoff of the Rokytka Brook. In general, a
very close correlation between pH and actual discharge in the
experimental profiles located on the Vltava River headwaters
was found, corresponding to Worrall et al. (2003). A reason-
ably close relationship was also observed in the closing profile
of the Rokytka Brook catchment.

Detection of natural tracers is a useful method to provide
key information in hydrological observation studies of catch-
ment runoff formation. Studies of water dynamics by means
of natural tracers typically use oxygen (**0) and hydrogen
(*H) isotopes (Kendall and McDonnell 1999). This approach
is very favourable for the study of the hydrological balance
under Central European conditions. Stable oxygen and
hydrogen isotopes are elements that occur naturally, in vari-
able concentrations, in the hydrological cycle. The isotope
ratio provides unique information about the water that enters
a catchment in the form of precipitation, the water that is
retained in the catchment and the water that flows out in the
form of runoff. The approaches of Hoeg et al. (2000) and
Klaus and McDonnell (2013) showed the potential of using
natural tracers, such as oxygen isotopes, to give good insight
into the mechanism of runoff creation, especially in the
studied area. Subsequent analyses need to be carried out in
a field laboratory such as the Rokytka Brook catchment.

6 Conclusions

Using a combination of modern hydrochemical and geo-
chemical methods it is now possible to investigate hydro-
logical processes in experimental catchments in much
more detail. These methods complement classical hydro-
logical statistics and open up new opportunities to perform
detailed studies of the “big picture” of streamflow genera-
tion processes under specific conditions. Statistical analysis
of a hydrological time series, specifically the rate of varia-
bility of the runoff regime, for the catchment chosen in
this study, correlated with results carried out using ion,
carbon and oxygen isotope balance observations.
Hydrological function in the study area appeared to be
insignificant. Considerable runoff variability in highly
peaty areas, together with the minimum hydraulic connec-
tivity of peat bog complexes with water stream beds, is of
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fundamental importance for our understanding of the
behaviour of peatland areas in the highly exposed Vltava
River headwaters. It is even more crucial that the area of
the Vydra River headwaters is being monitored in terms of
flood protection, drought prevention, and use as a poten-
tial reserve of freshwater. Proper understanding of the
mechanisms of runoff generation processes in this area
would certainly improve prediction of extreme hydrologi-
cal episodes.
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Abstract. Subsurface flow in peat bog areas and its role in
the hydrologic cycle has garnered increased attention as wa-
ter scarcity and floods have increased due to a changing cli-
mate. In order to further probe the mechanisms in peat bog
areas and contextualize them at the catchment scale, this ex-
perimental study identifies runoff formation at two opposite
hillslopes in a peaty mountain headwater; a slope with or-
ganic peat soils and a shallow phreatic zone (0.5 m below sur-
face), and a slope with mineral Podzol soils and no detectable
groundwater (>2m below surface). Similarities and differ-
ences in infiltration, percolation and preferential flow paths
between both hillslopes could be identified by sprinkling ex-
periments with Brilliant Blue and Fluorescein sodium. To our
knowledge, this is the first time these two dyes have been
compared in their ability to stain preferential flow paths in
soils. Dye-stained soil profiles within and downstream of the
sprinkling areas were excavated parallel (lateral profiles) and
perpendicular (frontal profiles) to the slopes’ gradients. That
way preferential flow patterns in the soil could be clearly
identified. The results show that biomat flow, shallow sub-
surface flow in the organic topsoil layer, occurred at both
hillslopes; however, at the peat bog hillslope it was signifi-
cantly more prominent. The dye solutions infiltrated into the
soil and continued either as lateral subsurface pipe flow in
the case of the peat bog, or percolated vertically towards
the bedrock in the case of the Podzol. This study provides
evidence that subsurface pipe flow, lateral preferential flow
along decomposed tree roots or logs in the unsaturated zone,
is a major runoff formation process at the peat bog hillslope
and in the adjacent riparian zone.

1 Introduction

Hydrologic extremes in central Europe during recent decades
have stimulated debates over sustainable solutions and suit-
able, cost-efficient strategies to prevent or mitigate the im-
pacts of droughts and floods. Floods on the Vltava and Elbe
River are documented back to Middle Ages (Brazdil et al.,
2015; Faist, 1967) as having had devastating impacts on in-
frastructure and the economy. However, a system of dams
and reservoirs, which was built in the Vltava catchment — the
main drainage of the Sumava Mts. in the 1960s — failed to
prevent major floods in 2002 (Hladny et al., 2005; Hladny,
2009) or 2013. These floods were mainly caused by heavy
rainfall in summer or by rain on snow events. As the Su-
mava Mts. and the Vltava catchment are promising water re-
sources, research efforts have focused on this area.

Peat bogs (PB) are prominent in the Sumava Mts., which
affects water quality and storm discharge (Ferda et al., 1971,
Jansky and Kocum, 2008; Vicek et al., 2016). Streamflow in
peaty catchments is characterized by its quick rise and fall,
and huge volatility: very low baseflows during dry periods
and spiky storm hydrographs caused by heavy rainfall events
(Evans et al., 1999; Holden et al., 2001; Holden, 2005). How-
ever, most of these studies have focused on pure peat areas
only. In the Sumava Mts., peat bog covers approx. 35 % of the
catchments in this region, but the larger proportion of these
catchments is covered by mineral soils. Although peat bogs
are not dominating the catchment area, their hydrology de-
termines the runoff processes (VIcek et al., 2012). In order to
establish the relative roles of peat bog and Podzol in this type
of catchment, this study focused on a comparison of runoff
formation on contrasting soil types — namely a mountain His-
tosol/peat bog and a Podzol (PZ) on opposite hillslopes of the
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headwater — representing organic and mineral soil properties,
respectively.

Sprinkling experiments with sorptive dye tracers have
been successfully applied at the plot and hillslope scale in
many different environments (Bachmair et al., 2009, 2012;
Hiimann et al., 2011; Flury and Fliihler, 1995; Schneider et
al., 2014; Weiler and Fliihler, 2004; Weiler, 2011; Wienhofer
et al., 2009) and are an established method to identify in-
teractions between infiltration, preferential flow, matrix flow
and percolation. The sorptive dye Brilliant Blue (BB) FCF, is
probably the most widely used dye tracer in such sprinkling
experiments (Flury and Fliihler, 1995). Successful experi-
ments using BB at mineral soil test sites identified significant
processes during the formation of storm runoff such as infil-
tration and initiation of vertical preferential flow in macrop-
ores (Weiler and Fliihler, 2004), infiltration and vertical pref-
erential flow dependence on soil structures, soil type and land
use (Bachmair et al., 2009; Weiler and Fliihler, 2004), lat-
eral preferential flow in a soil pipe network (Anderson et al.,
2009; Wienhofer et al., 2009) and lateral preferential flow in
organic topsoil layer/biomat flow (Schneider et al., 2014).

Almost all headwaters of the Sumava Mits., including
the Rokytka catchment, have been affected by bark beetle
calamity and by storm activity; e.g., the storm Kyrill in 2007
uprooted many trees. These disturbances have been shown
to have a long-term impact on runoff formation in headwa-
ter systems (Langhammer et al., 2015). However, it is unclear
how these disturbances modify specific runoff formation pro-
cesses like infiltration, lateral drainage (soil piping) or perco-
lation in riparian soils.

However, runoff formation at hillslopes, particularly sub-
surface stormflow (SSF), is highly variable and complex
(Bachmair and Weiler, 2012). To evaluate both vertical and
lateral preferential subsurface flow in the Rokytka headwa-
ter, we conducted two separate sprinkling experiments on
each soil type with two different dye tracers with different
properties. The experiments in this study were conducted in
the vicinity of a headwater stream where the riparian zone
connects to the two hillslopes. The test site was selected for
several reasons:

1. Runoff formation control — the riparian zone represents
a potential buffer in hydrologic connectivity between
hillslopes and a stream (Von Freyberg et al., 2014; Seib-
ert et al., 2009).

2. Representativeness — the two slopes are covered by pre-
vailing soil types in the Sumava Mts. (Podzol, Histosol).

3. Tracer detection in a stream — hydrologic connectivity
of a hillslope and a stream can be detected and poten-
tially quantitatively described by conservative tracers
such as Fluorescein sodium (FLC, also Uranine). There-
fore, proximity of a stream is favorable in terms of time-
saving and lesser dilution of a tracer.
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Table 1. Selected dye-sprinkling experiments sorted by land use and
scale of dye application.

Land use Plot studies Hillslope studies

L Forest Bachmair et al. (2009); Anderson et al. (2009);
E studies Wienhofer et al. (2009) Wienhofer et al. (2009)
=
é’ Grassland ~ Weiler and Fliihler (2004); -
& studies Bachmair et al. (2009);

Schneider et al. (2014)
g Forest Gerke et al. (2008, Wienhofer et al. (2009);
'"zg studies 2013, 2015) Weiler and Naef (2003)
g Grassland - Weiler and Naef (2003);
% studies Schneider (2007);
15} i .
: Schneider et al. (2014)
[

The sorptive tracer BB was used mainly to detect vertical
flow, and the conservative tracer FLC was used to detect ver-
tical and lateral flow at two opposite hillslopes with different
soil types (peat bog and Podzol). Furthermore, based on other
studies in dark-colored organic soils (Markus Weiler, per-
sonal communication, 2014), we considered that BB-stained
soil patterns may be difficult or impossible to identify in
the peat bog. Thus, we adapted a successful dye tracer soil
staining experiment applied in organic forest soils using FLC
(Gerke et al., 2008). FLC can be used to identify preferential
flow patterns by staining soil particles (Gerke et al., 2015),
and as a tracer detecting lateral subsurface flow and thus
hydrologic connectivity and potentially tracer breakthrough
into a stream or a spring equipped with automated water sam-
plers or field fluorometers. Thus, FLC provides two func-
tions in parallel: vertical and lateral soil staining of prefer-
ential flow structures and lateral connectivity between the
sprinkling plots (lower, convex part of the hillslopes) and
the stream or springs. In theory, such a combined FLC ex-
periment could link plot and hillslope experiments and thus
provide additional insights into the mechanical understand-
ing of the entire hillslope-riparian zone-stream system and
thus providing an estimate where (flow paths), when (tim-
ing, delay) and possibly how much hillslopes with different
soils contribute to discharge in headwaters. Examples of ap-
plications of the dyes BB and FLC are shown in Table 1. To
summarize, the objectives of this study are to identify runoff
formation at both prevailing soil types (Histosol/Peat, entic
Podzol) with emphasis on the following aspects:

— Identify infiltration and vertical preferential flow in the
unsaturated zone in soil profiles — as well as possible
infiltration barriers causing lateral flow on the plot scale.

— Identify soil horizons and/or structures, where verti-
cal flow translates into lateral preferential flow, e.g.,
whether lateral preferential flow occurs in partially sat-
urated parts in the unsaturated zone, or expanding fully
saturated horizons promote transmissivity feedback.

www.hydrol-earth-syst-sci.net/21/3025/2017/
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— Identify vertical percolation in the saturated zone; de-
termine whether infiltrated water percolates deep into
the bedrock and thus a “secondary” (strongly delayed)
drainage system is recharged during storms — plot scale.

— Identify lateral preferential flow paths and possibly esti-
mate lateral flow velocities in the soil — hillslope scale.

2 Materials and methods
2.1 Study site

The 3.8 km? Rokytka headwater is a tributary to the Otava
River, located in the central part of Sumava Mts. The second-
order stream drains 0.6 km? of the Rokytka headwater cover-
ing an altitude range between 1100 and 1260 m a.s.1. The test
site can be divided into two parts — two opposite hillslopes —
with different soils and vegetation cover (Fig. 1). The min-
eral soil hillslope consists of a Podzol (PZ hillslope) and is
covered by beech stands at the upper hillslope zone PZ1 and
dead spruce stands with healthy seedlings at the lower hill-
slope zone PZ2. The soil profiles are similar throughout the
slope without a clear gradient towards the stream. The soil
type has been identified as an entic Podzol with a shallow or-
ganic top layer (<5 cm) and similar soil texture (Table 2) to
a depth of 1 m. Some small parts of the mineral soil hillslope
PZ are covered by haplic Podzol, but these areas are hardly
identifiable without excavation. Neither there was a sharp
transition between the mineral soil and the bedrock (well-
weathered gneiss or granite) perceptible with ERT measure-
ments, nor could a persistent groundwater level be detected.
The organic soil hillslope is covered by a well-developed
mountain peat bog (PB hillslope). The entire PB 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. Vegetation and soil depth vary ac-
cording to the position along the hillslope forming a catena.
The upper organic soil hillslope zone is covered mostly by
cotton grass (Eriophorum sp. L.) or moss (Sphagnum sp. L.;
PB1 in Fig. 1). This zone has the highest water table fluctua-
tions and the depth of the PB is 4-5 m. The vegetation cover
at the lower hillslope zone (PB2 in Fig. 1) consists of pine
(Pinus mungo), blueberry (Vaccinium myrtillus) and moss.
The riparian zone (PB3 in Fig. 1) forms the bottom of the
valley, which is covered by a waterlogged spruce forest with
blueberry and moss. The depth of the PB varies from 1 m in
the riparian zone PB3 up to 5m in the upper hillslope zone
PB1 (Fig. 1).

Despite the differences between an organic and a mineral
soil at the two hillslopes, the basic soil properties — which
have a strong impact on infiltration and subsurface stormflow
— are rather similar (Table 1). Vertical hydraulic conductivity
(HC,) was measured on-site with a single-ring infiltrometer
(Flow-Group Comp.). Low values of HC, are contrasted by
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the high effective porosity. This contrast is caused by rela-
tively few macropores compared to other soils and a high
percentage of small pores, which are mostly not active dur-
ing the infiltration process. A low HC, in the topsoil is sup-
posed to generate surface flow — likely saturation overland
flow (SOF) and possibly Hortonian overland flow (HOF) to
a minor extent — or near-surface biomat flow (BMF; Sidle et
al., 2007) during high intensity storms. However, at the min-
eral soil hillslope PZ no surface flow has been observed even
during large storms with daily precipitation sums of up to
80 mm. At the organic soil hillslope PB, surface flow can be
observed at times when the peat bog is saturated.

In general, the dominant runoff formation process in most
forested mountain headwater catchments can be described as
SSF (Weiler et al., 2006). However, site-specific soil types
and their properties, such as those at our test site, peat bog
(PB3) and entic Podzol (PZ2), may result in a characteristic
and possibly unique combination of runoff formation pro-
cesses. Based on our field surveys and soil mapping using
the Hydrology of Soil Types classification (HOST, Boorman
etal., 1995), the Podzol at the mineral soil hillslope PZ2 was
classified as hydrological soil class 4, meaning it is a “min-
eral soil, aquifer >2 m depths, no impermeable layer, consol-
idated substrate” and conceptual runoff formation model A.
The latter model implies “The dominant water movement is
downwards through the vadose zone to an aquifer at least two
meters below the surface. Lateral movement is largely con-
fined to the saturated zone, with the hydrological response
being controlled by the flow mechanisms of the substrate.
Where the rock is more coherent but deeply weathered or fis-
sured, the dominant flow is via the fissures as the bulk of the
rock is only slightly porous at best. Aquifers or groundwater
are more rarely found in this group” (Boorman et al., 1995).
The peat bog at the organic soil hillslope PB3 was classified
as hydrological soil class 12 meaning organic soils, no sig-
nificant aquifer, raw peaty topsoil, substrate raw peat, upper
soil layers remain saturated for much of the year and con-
ceptual model K, which implies “Where there is deep peat,
the flow is dominated by surface and immediate subsurface
flow, with the underlying substrate having little influence on
the hydrological response” (Boorman et al., 1995).

2.2 Hydrologic conditions of the Rokytka headwater

In these 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 mi-
nor role (VIcek et al., 2012). 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, i.e., storm events exceeding a threshold of
10-15mm (Vicek et al., 2016). According to a geochemi-
cal study based on 2 years of monthly stream water sampling
(Kocum et al., 2016), peat bogs contribute only 10 % to base-
flow at the outlet of the entire Rokytka catchment (3.8 km?).

Hydrol. Earth Syst. Sci., 21, 3025-3040, 2017
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Figure 1. (a) Overview of the Rokytka headwater test site (0.6 km?) in the Sumava Mits. in southwestern (SW) Czech Republic; Sp = spring;
* Water-level proportional water sampler (Schneider et al., 2013). (b) The yellow arrows at the experimental Podzol plot PZ2 and the peat
bog plot PB3 represent simplified conceptual models of assumed runoff formation during stormflow according to the Hydrology of Soil Types
classification (HOST; Boorman et al., 1995): The soil type entic Podzol at plot PZ2 matches HOST soil class 4 with conceptual model A;
the soil type peat bog at plot PB3 matches HOST soil class 12 with conceptual model K (Fig. 8). (¢) Cross section of the Rokytka headwater
and its two opposite hillslopes. The mineral soil hillslope Podzol (PZ) consists of entic or at least haplic Podzol and is covered by beech and
spruce stands. The organic soil hillslope (PB1-PB3) represents a typical peat bog (PB) of the Sumava Mts. The upper hillslope zone PB1
(cotton grass), the lower hillslope zone PB2 (pine) and the riparian zone PB3 (waterlogged spruce forest) represent zones of the PB catena

with different vegetation cover, groundwater and peat soil depths.

However, some zones of a peat bog area, such as springs or
soil pipe systems connected to the stream, exhibit high fluc-
tuations in discharge (Holden and Burt, 2002). This could
explain the observed spiky storm hydrographs at the entire
Rokytka catchment outlet (3.8 km?) and at the Rokytka head-
water test site (0.6 km?). Pronounced discharge fluctuations
from Peat areas could be caused by surface flow (field obser-
vation at the Rokytka peat bog), near-surface (Holden et al.,
2001; Holden, 2005) or subsurface stormflow in soil pipes
(Rizzuti et al., 2004; Holden, 2005; Gerke et al., 2015). Re-
sults of Holden and Burt (2003) at a blanket Peat site showed
that near-surface flow (Biomat flow, BMF) up to the depth
of 10cm can contribute more than 90 % to the plot’s out-
flow. BMF is defined as lateral stormflow in the organic litter

Hydrol. Earth Syst. Sci., 21, 3025-3040, 2017

layer with high porosity and high hydraulic conductivity in
the topsoil (Gerke et al., 2015).

Storm hydrographs at the Rokytka 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 (Fig. 2). The average annual mean flow Mq
at the Rokytka headwater outlet is about 0.098 mmh~!
(860mma~!); yet at 330 days of the year (>90%) the dis-
charge is lower. Compared to the average, the hydrologic
year 2015 (1 November—31 October) was a rather dry year
with total annual precipitation of 840 mm (long-term aver-
age 1220mm) and total runoff of 580 mm or 0.07 mmh~!
(long-term average 860 mm). Mean annual maximum flow
MHgq is 2.24 mmh~! and mean annual minimum flow MNq
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Figure 2. Hydro-meteorological data of the water year 2015 (1 November 2014-31 October 2015). (a) P: precipitation [mm d—11. (b) vWC:
volumetric water content at hillslope PZ in 0.2 m depth [-]. (¢) Depth to groundwater level at slope PB3. (d) Q (0.6 kmz): discharge [mmh™ B

of Rokytka headwater. (e) Q (3.8 kmz): discharge [mm h~! ] of Rokytka catchment (3.

8 kmz). (f) Ty: air temperature [°C] (dashed gray line),

Tw: stream water temperature [°C] (solid black line). The gray bars mark a 10-day period starting with dye tracer sprinkling in the evening

of 29 June (day 240 of the water year) and 8 July (day 249 of the water year).
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Table 2. Soil characteristics at the two experimental plots PZ and PB in the Rokytka headwater. PZ is Podzol (mineral soil), PB is peat bog
(organic soil); RH is coverage of a selected soil type at the Rokytka Headwater; OR is coverage of a selected soil type at the Otava River
Headwater; * peat in general is Histosol according to IUSS Working Group WRB (2006); ** depth at hillslope PB3; SL is sandy loam; L is

loam.
Slope  Soil type  Soil area [%] Soil depth [m] Depth to [m] Slope  Soil Eff. [%] Hydrol. [mm h_l] Soil
RH/OR RH/OR  groundwater [%] layer porosity cond. texture
PZ entic 51/45 0.7/0.4-0.7 >2.0 4-6 A/B 80.0 0.50 SL-L
Podzol
B 53.5 0.38 SL
PB Histosol* 44/20 2.1/1.2** 0.35 3-5 T 89.2 030 -

Figure 3. Pictures of the application plots of the dye-sprinkling ex-
periments at the Rokytka headwater, Sumava Mts., Czech Republic.
(a, b) Sprinkling plots at the mineral soil hillslope Podzol (PZ2).
(a) Brilliant Blue plot (BB); (b) Fluorescein sodium plot (FLC).
(¢, d) Sprinkling plots at the organic soil hillslope peat bog (PB3).
(c) Brilliant Blue plot (BB); (d) Fluorescein sodium plot (FLC).

is 0.04mm h~!. The peak discharge Hgp in 2015 reached
3.5mmh~! (Fig. 2); thus, the ratio Hq : Mq & 50 is relatively
high. From June to October 2015 daily precipitation rarely
exceeded 10mm d~! and thus storm-flow events were unfre-
quent and small. Yet, the Rokytka creek did not fall dry due
to two persistent springs at the mineral soil hillslope PZ. In
contrast, springs at the organic soil hillslope PB are suscep-
tible to desiccation.

2.3 Dye tracer experiments

The dye tracer experiments were carried out at both hill-
slopes (mineral soil slope PZ2 and organic soil slope PB3)
of the Rokytka headwater during baseflow conditions in late
June 2015. At each hillslope two 1.5m x 1.5m plots were
sprinkled with both dyes (Brilliant Blue, CAS no. 3844-45-
9, concentration 5 g L~!; Fluorescein sodium, CAS no. 518-
47-8, concentration 2 g L"), All sprinkling plots are located
at the transition between the concave, lower part of the hills-
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lope and riparian zone in the vicinity of the stream (distance
to stream ~ 10 m; Fig. 3).

First, all plots were pre-sprinkled with 45 L (=20 mm) of
local stream water to raise soil moisture and connect the path-
ways for water percolation, and then the plots were sprinkled
with 45 L (=20 mm) of dye solution. The overall sprinkling
time at each plot was ~2h in order to simulate a rainfall
intensity of 20 mmh~!. These amounts and intensities repre-
sent a heavy rainfall storm in the Sumava Mts. Due to pre-
vious rainfall events, the soil moisture ranged between 0.40
and 0.45 VWC; 40 mm rainfall usually causes significant
stormflow and also represents frequently occurring amounts
of daily precipitation in central Europe low mountain ranges
(Hiimann et al., 2011). Storms of this magnitude occur 2-3
times in an average year in the Sumava Mts. (Fig. 2). The
groundwater level in the peat bog was initially about 0.35 m
below the terrain surface (Fig. 2), which represents average
peat bogs summer groundwater levels at the near-riparian or-
ganic soil hillslope.

pH is an important parameter when using FLC as a soil
staining dye for preferential flow identification (Gerke et al.,
2008, 2013). The soils in the Sumava Mts. are characterized
by low pH values ranging from extremely acidic pH 3.8 for
peat bogs to moderately acidic pH 6.0 for Cambisols. In the
Rokytka headwater soil pH is very strongly acidic pH 4.8 at
the peat bog plot PB3 and strongly acidic pH 5.4 at the min-
eral soil plot PZ2. Therefore, a NaOH solution was added
during the initial pre-sprinkling with dye-free water (pH 12)
to raise and buffer the soil pH to reduce fluorescence suppres-
sion of FLC caused by a very strongly acidic environment.

The experiment continued with excavation of the FLC-
sprinkling plots. The excavation of soil profiles and the
photography of FLC-stained soil structures were performed
under short-time ultraviolet (UV) illumination (410nm) at
night, approx. 4 h after sprinkling, as FLC is strongly light
sensitive (Kiss, 1998).

In the following we describe the soil profile excavation and
photo documentation procedure performed after the sprin-
kling step by step. First, we visually surveyed the terrain sur-
face and all micro-depressions downslope of the sprinkling
plots along the primary topographic gradient (thalweg) to-
wards the stream to identify potential preferential flow pat-
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Figure 4. Sketch of the dye tracer experiment excavation directed along the flow lines. (a) Scheme of excavation and photography of
lateral soil profiles (gray) parallel to the lateral-horizontal preferential flow paths (rows G-L). Blue areas show the dye-sprinkling plots,
where “platform” images where taken of horizontal layers of the soil (these layers have the same orientation as the soil layer boundaries).
(b) Scheme of excavation and photography of frontal soil profiles (orange and yellow sections) up the slope (“columns” A-F). The yellow
inclined part (columns D-F) was only excavated and photographed at plot PB3 to capture the dominant lateral-horizontal preferential flow

paths.

terns near or at the surface. In case of visible dye patterns
at the surface, exploratory frontal soil pits, perpendicular to
the horizontal/lateral flow, would start at the stained sur-
faces nearest to the stream. Second, the systematic frontal
profile excavation started 1.5 m downslope from the sprin-
kling plots outside of the sprinkling area along the projected
flow direction along the thalweg (Fig. 4). Third, the pre-
planned systematic excavation was extended along possi-
ble secondary gradients using additional exploratory frontal
profiles at local terrain depressions. These were excavated
up to 10 m down the slope to find potential secondary flow
directions and to identify the maximum distance of dye-
stained flow structures. Fourth, lateral profiles, oriented par-
allel to the flow, were excavated in a systematic way at all
places where the dyes were detected outside of the sprin-
kling area. Fifth, the sprinkling area was excavated in a pre-
defined systematic way (Fig. 4). The pictures of soil profiles
were taken from two sides in frontal and lateral orientation.
Frontal images were taken towards the slope (perpendicular
to the direction of horizontal-lateral flow), whereas lateral
images were taken along the slope (parallel to the direction of
horizontal-lateral flow). The size of each image (photograph)
was 50cm x 50 cm.; lateral pictures (Fig. 4a) were taken in
soil pit profile lines every 0.5 m (G-L), frontal pictures in soil
pit profile rows at every 0.25 m (Fig. 4b). A similar system
of excavation was used by Schneider et al. (2014) and Gerke
et al. (2015).

Pictures of the soil profiles were taken during the excava-
tion with a digital Micro Four Third camera with a crop fac-
tor of 2.0 (Panasonic Lumix DMC-G1 with a 12 MP MOS
sensor, 13 mm x 17.3 mm sensor area and a 1445 mm zoom
lens, mostly at a focal length of 14 mm, equivalent to 28 mm
in full format/35 mm film) under daylight conditions beneath
a shading tarp to avoid direct sunlight and shadow effects
in case of the BB plots. White balance, white point and
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black point reference were calibrated using a Datacolor Spi-
der Cube, which was placed in every image. Pictures at the
FLC plot were taken at night with the same camera. Each
FLC soil profile was illuminated separately with two light
sources:

1. a 500 W Halogen lamp (approx. light temperature
5500 K in the visible spectra with maximum 550 nm) to
document the natural soil profile color with its horizons;

2. a27W UV LED lamp (9 x 3W UV LEDs, Highlite In-
ternational BV Comp.) producing UV light 410 nm with
a 120° beam angle to visualize fluorescent FLC-stained
soil structures similar to Gerke et al. (2013).

The dye-stained flow patterns for both dyes BB and FLC
at all soil profiles were analyzed according to a method
and with an analytical tool described by Weiler and Fliih-
ler (2004). This method was originally developed for ana-
lyzing BB. Therefore, the color space of the photographs is
converted from the red—green—blue (RGB) color space taken
by the camera sensor into the hue—saturation—value (HSV)
color space and then classified and spatially analyzed with
an algorithm written in IDL code (Weiler and Naef, 2003).
For the Rokytka experiments, this procedure was applied for
both dyes, BB and FLC, thus for two different groups of pho-
tographs. To detect and analyze FLC in the soil profile pho-
tographs similarly to the BB photographs, the dye detection
routine in the original IDL code was adapted for optimal FLC
identification.

2.4 Headwater stream and spring sensing and
sampling

All sprinkling plots were located approx. 10 m away from the
headwater stream in the lower concave part of the hillslope.
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Rainfall runoff data at the Rokytka catchment indicate that
10-15 mm of precipitation produce a noticeable response in
the stream when the peat bog is in moist, near-saturated con-
ditions (VIcek et al., 2016). Hence, the amount of sprinkling
water (40 mm per plot) simulated a rainfall that connects
the hillslopes to the riparian zone and the headwater stream.
Thus, the tracer FLC could potentially appear in the stream.
During early summer conditions, similar to the conditions
of the experiments with comparable antecedent soil moisture
and groundwater levels, 40 mm of daily rainfall (on the entire
catchment) rises the discharge from baseflow to peak flows
on the order of 1.5mm h™!. To detect whether and when the
hillslopes connect to the stream, we installed two automated
water samplers (ISCO 6700) in the vicinity of the sprinkling
area in the stream and one at the catchment outflow to sam-
ple stream water for future analysis (Fig. 1). Each sampler
detected one hillslope. A field fluorometer (Albilia GGUN-
FL30, detection limit 2 x 10~ 1 gmL’l) was installed in the
stream at the Rokytka headwater gauge in order to detect hy-
drologic connectivity, to capture the travel time of FLC from
the sprinkling plots to the stream, and to possibly monitor the
FLC break-through curve. The sampling interval was 15 min,
allowing for continuous operation of the field fluorometer for
2 weeks. Moreover, water-level proportional water samplers
WLPWS (Schneider et al., 2013) were installed at the same
places as the ISCO samplers (two springs and at the gauge).

3 Results
3.1 Mineral soil hillslope, Podzol (PZ2)

Visible BB dye-stained patterns of lateral preferential flow
in the soil profiles were observed up to a distance of 0.5m
outside the BB-sprinkling plot in the downslope direction (%
along the thalweg). Additional exploratory trenches were ex-
cavated 2 and 3 m downslope from the plot to detect further
dye-stained patterns of lateral subsurface flow in the soil,
but no traces of BB were found. Thus, the systematic ex-
cavation started 1.5 m downslope of the BB-sprinkling plot
(Fig. 4). Figure 5a shows a selected lateral soil pit profile
(ILT), which is mostly within the BB-sprinkling plot at the
mineral soil hillslope. BB infiltrated rather homogeneously
into the upper soil horizon (O+ A) and percolated rather
heterogeneously deeper into the soil. Thus, BB-stained pat-
terns are placed irregularly at lower soil horizons, some of
which reached down to the B/C horizon without continuous
connection to the topsoil in the excavation plain. The frontal
soil profile (Fig. 5b) located outside the sprinkling plot con-
firms the prominence of BB-stained lateral-horizontal flow
paths in the shallow subsurface, namely in the uppermost soil
horizons (O + A, A/B). Some BB-stained patterns were ob-
served at deeper soil horizons of the profile indicating pref-
erential infiltration independent of specific soil horizon or
depth. Stones and roots occur rarely and thus do not sig-
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nificantly modify lateral or vertical dye-stained flow struc-
tures. BB was transported vertically along patches in the soil
matrix, typically at locations where the higher soil horizons
O + A and/or A/B were stained. These vertical preferential
flows were rather created by slight differences in texture and
porosity of the soil matrix than by vertical macropore struc-
tures such as root networks or burrows. There were no visible
vertical macropores. The root systems of the spruce stands
are mostly limited to a depth of 0.2 m (O + A and A/B hori-
zons) and traces of edaphone are very limited. The local soil
at profile ACO0.5 (Fig. 5b) was not pre-sprinkled and thus
likely less saturated when compared with the lateral profile
located within the sprinkling plot (Fig. 5a). This may explain
the more pronounced dye-stained vertical flow structures in
the ACO0.5 frontal profile compared to the pre-sprinkled IL1
lateral profile.

The dye FLC was not visible at the soil surface outside
of the sprinkling plot. First exploratory trenches were ex-
cavated at a distance of 2m downslope of the sprinkling
plot; none of them showed any dye-stained patterns in the
soil profiles. The systematic excavation started 1.5 m downs-
lope from the sprinkling plot similar to the BB plot at hill-
slope PZ2 (Fig. 1). FLC dye-stained patterns are located
without any visible link to the soil horizons, roots or stones
(Fig. 6a and b). FLC dye was sparsely distributed in the top-
soil horizons (O 4+ A, A/B). Almost no dye-stained patterns
were found in the lateral soil profiles, especially in the lower
soil horizons, within the sprinkling plot area (e.g., Fig. 6a).
The largest occurrence of FLC dye-stained soil patterns were
found at frontal profile ACO0.5 in the Bh soil horizon - horizon
enriched with humus substances (Fig. 6b).

The smallest stained spots (< 1 cm?) were likely caused
by UV light reflected from small grains of quartz from the
weathered gneiss. The adopted version of the FLC dye clas-
sification algorithm could not distinguish these pixel-scale
patches from truly FLC dye-stained features. However, this
analytical bias has a negligible impact on the main findings
concerning the FLC dye-staining in the mineral soil profiles
(PZ2).

3.2 Organic soil hillslope, peat bog (PB3)

The visual survey of the soil surface in the vicinity of the BB-
sprinkling plot revealed near-surface flow in the northwest-
ern (NW) direction towards the stream. BB was detected in
a small, water-filled depression 10.5 m downslope from the
sprinkling plot. A few excavations were performed from this
point uphill towards the dye-sprinkling plot; systematic exca-
vation and profile photographic documentation started 1.5 m
downslope of the plot with a spacing of 0.25 m (Fig. 4a, yel-
low section). The BB-stained flow paths did not strictly fol-
low the terrain gradient but went from the NW side of the
sprinkling plot and followed mostly lateral preferential flow
structures formed by decomposed trees or roots. This lat-
eral preferential flow path was later identified as the main
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Figure 5. (a) Lateral profile IL1 and (b) frontal profile AC0.5 at the Brilliant Blue (BB)-sprinkling plot PZ2 at the mineral soil hillslope
(Podzol). The position of the profile is indicated in bottom right corner. Blue: BB dye; gray: stones, roots; green: vegetation; black: un-
classified shadows, roots; red-dotted line: soil horizon divide. The charts on the right represent the distribution of the volume density of
BB in different soil depths. Ep is elusive podzol horizon; Bh is podzol horizon enriched with humus substances; Bs is podzol horizon with

significant sesquioxide content.

direction of the subsurface flow. Relatively smaller and less
stained flow paths were observed downslope from the sprin-
kling plot (Fig. 4a, orange section), with BB disappearing
2 m from the sprinkling plot. The BB excavation started the
day after the sprinkling, yet dye stored in large macropore
pockets started flowing down the trench walls when these soil
structures were truncated. BB followed lateral soil pipes that
were formed by decomposed roots or fallen trees. Healthy
trees and undecomposed timber did not create such effec-
tive lateral preferential flow paths; therefore, they had no sig-
nificant impact on dye-stained patterns (Fig. 7). BB created
clearly detectable dye-stained patterns on the dark peat parti-
cles as well, so the major flow paths of BB could be detected
even several days after the dye application. The excavation
of BB-stained soil patterns at the organic soil hillslope PB3
proceeded from two directions (NW and SW, Fig. 4a) fol-
lowing the stained flow paths 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 (Fig. 7).
About 2.0 m downslope from the BB-sprinkling plot at hills-
lope PB3 (Fig. 1), the dye-stained patterns diminished in the
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acrotelm and were observed mainly in and around macro-
pores in the catotelm. The excavation caused problems at
location FDO0.25/profile D 0 — 1 as dye-filled macroporous
pockets in the soil drained BB when disturbed during exca-
vation and thus secondarily stained these soil profiles. Such
secondary patterns were cleaned to minimize falsely detected
BB along the excavation front.

The excavation of the FLC-sprinkling plot at PB3 at the or-
ganic soil hillslope (peat bog) started 3 h after sprinkling after
dark. Repeated visual surveys of the terrain surface and of the
excavated soil trenches downslope of the sprinkling plot us-
ing the UV lamp (410 nm) and UV torches (385 nm) did not
detect any traces of FLC at the surface or in the soil pits. Even
in the soil horizons within the sprinkling plot, no FLC dye-
stained flow patterns were identified. Only parts of the vege-
tation at the surface of the sprinkling plot itself were visibly
stained with FLC. FLC was later detected in a small water-
filled depression about 2.5 m downslope from the sprinkling
plot PB3.

Traces of FLC were not detected in the headwater stream,
neither in any water samples taken by automated water sam-

Hydrol. Earth Syst. Sci., 21, 3025-3040, 2017
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black: unclassified shadows; dark-blue dotted lines: soil horizon divide.

below the soil surface.

plers (ISCO 6700) or water-level proportional water sam-
plers WLPWS, nor with the field fluorometer during the 14-
day monitoring period following the dye application.

4 Discussion

Hillslope hydrology is concerned with the partition of precip-
itation as it passes through the vegetation and soil between
overland flow and subsurface flow (Kirkby, 1988). Runoff
formation at hillslopes (zero-order basin response) and in ri-
parian zones (first- and second-order stream response) are
the main controls defining the hydrologic response of moun-
tainous headwaters in humid climates. Vertical processes and
lateral connectivities are strongly dependent on soil proper-
ties, thus soil types are a major regulator of the interplay of
these processes. Soil types can be classified in hydrologically
meaningful terms, e.g., according to HOST (Boorman et al.,
1995).

Hillslope processes define how small catchments respond
to rainfall (Anderson and Burt, 1990). Specifically, hills-
lope processes control how long water is stored in soil or
bedrock, which determines how quickly small catchments
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The charts on the right represent the dye volume in different depths

respond to rainfall (Uhlenbrook et al., 2008). Our experi-
ments in the Sumava Mts. showed that the peat bog hillslope
connected much more quickly to the stream and contributed
considerably more to the runoff response of the headwa-
ter than the Podzol hillslope. The larger Rokytka catchment
(3.8 km?, third-order stream) showed similar hydrologic be-
havior (Fig. 2) — low baseflow and flashy storm hydrographs
— to the smaller Rokytka headwater (0.6 km?, second-order
stream). This is noteworthy since the proportion of the peat
bog ranges from 60 % at the second-order stream headwa-
ter to less than 30 % at the third-order stream catchment; the
remaining areas are covered by Podzol. This illustrates that
the hydrologic response of the catchment is dominated by the
runoff formation at the peat bog, whereas we speculate that a
deep groundwater system is fed by percolation in the Podzol
that is rather disconnected from the second- and third-order
streams.

4.1 Mineral soil hillslope, Podzol (PZ2)
Based on the properties of Podzol, surface flow (SOF or

HOF) at the mineral soil hillslope PZ was not expected. This
hypothesis was supported by the results of the BB staining

www.hydrol-earth-syst-sci.net/21/3025/2017/
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Figure 8. Conceptual models of runoff formation and (subsurface)
stormflow for the organic soil hillslope (peat bog PB3) and the min-
eral soil hillslope PZ (Podzol) derived by parallel plot sprinkling
experiments with the conservative dye Fluorescein sodium (FLC)
and the sportive dye Brilliant Blue (BB) at the Rokytka headwater.
Detected subsurface-flow components at the PZ hillslope (a) biomat
flow, shallow lateral subsurface flow and mostly deep percolation
(vertical), and at the organic soil hillslope PB (peat bog) (b) biomat
flow at short distances and mostly lateral pipe flow following de-
cayed tree-root systems with long lateral subsurface-flow distances.
The dashed arrows represent surface flow (saturation overland flow,
SOF), which could not be detected during the experiments but has
been observed on-site during natural storm events. Black arrows:
hypothesized runoff formation processes according to the Hydrol-
ogy of Soil Types classification (HOST; Boorman et al., 1995); Red
arrows: results of the Sumava experiments.

patterns in the soil profiles at PZ2. However, the dye did not
identify a hydrologic active soil horizon as clearly as with the
Gleysol hillslope study (Schneider et al., 2014). The most
abundantly stained soil structures (volume density of up to
85 %, Fig. 5b) were found within the uppermost soil horizon
O + A, up to a depth of 0.1 m below the surface. The shape of
the BB depth distribution was similar at the plot; however, the
volume density of max. 50 % is significantly lower (Fig. 5a).
Based on the soil properties at the mineral soil hillslope PZ2,
such as porosity and hydraulic conductivity, infiltration was
expected to be rather stable and homogeneous. However, BB
infiltrated heterogeneously. Parts of the topsoil created condi-
tions for the occurrence of fingering (DiCarlo et al., 2013) or
similar types of matrix preferential flow (Weiler and Fliihler,
2004; Anderson et al., 2009; Wienhofer et al., 2009). Similar
to previous work, we attribute the heterogeneous infiltration
to the corrugated transition between the dark organic topsoil
horizons (O, A) and the lower mineral horizons (A/B, B).
However, Weiler and Fliihler (2004), Anderson et al. (2009)
and Wienhofer et al. (2009) conducted their studies at steeper
slopes and on different soil types compared to the Sumava
experiments. A sharp interface between an upper organic and
a lower “organo-mineral” layer like in the Sumava sprinkling
experiments can initiate significant biomat flow (Gerke et al.,
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2015) that can be attributed to water repellency (Doerr et
al., 2000). Water repellency of the soil surface was observed
in the organic topsoils at the Rokytka headwater during dry
periods. However, due to rainfall events prior to our exper-
iments, the antecedent soils moisture conditions (0.45-0.5)
likely did not support water repellency in the topsoil (Fig. 2).
AtPZ2, BB was clearly visible at deeper soil horizons, where
it created seemingly detached stained patterns. These stained
patterns represent vertical preferential flow paths (Nobles et
al., 2010; Gerke et al., 2015; Uchida et al., 2005), but the
excavation spacing (0.25-0.5 m) was probably too coarse to
detect connected stained flow paths in full detail. Horizontal—
lateral preferential flow paths dominated at the topsoil layers
(O+ A), whereas vertical flow directions (percolation) dom-
inated at the lower soil horizons. These differences in the di-
rection of stained pathways are consistent with the results of
Schneider et al. (2014) or Gerke et al. (2015).

FLC stained significantly fewer soil structures or pathways
compared to BB at both hillslopes. FLC was almost absent
with few exceptions in the near-surface organic topsoil lay-
ers. This could be because of the relatively small amount
of dyed water (20mm dyed sprinkling water and 20 mm
undyed pre-sprinkling water). Previous FLC soil staining ex-
periments used simulated rainfalls of 50-100 mm (Gerke et
al., 2015). The size of the irrigation plots (1.5m x 1.5m)
does not appear to be a factor, as previous work used irri-
gation plots that were 1 m x 1 m, and successfully detected
FLC (Gerke et al., 2015). The FLC dye solution could have
bypassed the topsoil horizons via macropores and soil pipes
without visibly staining these preferential flow structures due
to various causes, e.g., local hydrophobicity (Doerr et al.,
2000) or strong acidity. On the other hand, FLC-stained pat-
terns in the lower soil horizons at the Podzol plots are similar
to the BB-stained patterns. This indicates, that the organic
topsoils at the Sumava test sites may suppress the fluores-
cence of FLC in addition to the well-known pH induced flu-
orescence elimination. At the Podzol hillslope PZ2 the FLC-
stained soil patterns suggest rather a subsurface lateral pipe-
flow network as described in Uchida et al. (2005) than biomat
flow as identified by Gerke et al. (2015).

4.2 Organic soil hillslope, peat bog (PB3)

BB at the peat bog hillslope PB3 did not detect surface
flow SOF or significant vertical deep percolation. BB pat-
terns in the soil profiles supported the hypothesis of near-
surface biomat flow, which can be attributed to lateral pref-
erential flow in the acrotelm. Differences in porosity and hy-
draulic conductivity between acrotelm and catotelm create
similar stained patterns when compared to the Gleysol hills-
lope studied in the experiment of Schneider et al. (2014). The
infiltration process at the hillslope PB3 matches fairly well
the definition of lateral subsurface stormflow (Wienhofer et
al., 2009). Lateral preferential flow was detected with BB
at PB3; however, it was limited mostly to few, but well-
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connected pipe networks with high drainage capacity. These
soil pipe networks are created by decomposed dead trees or
dead roots in the Acro- and catotelm. Such lateral soil pipe
networks are an important runoff formation process at peaty
catchments (Jones, 1997; Holden and Burt, 2002). Holden
and Burt (2003) identified the dominant lateral stormflow as
shallow subsurface flow (SSF) down to the depth of 0.1 m.
However, BB at the organic soil hillslope PB3 showed that
lateral soil pipes were connected both in Acro- and catotelm
(depth 0.1-0.4 m) to jointly form the major preferential flow
paths through the peat bog. Hence, during the BB excava-
tion soil pipes were only observed in the catotelm. BB dye-
stained flow paths in the soil appeared prominently further
downslope (outside of the dye-sprinkling plot) and connected
mostly laterally via soil pipes rather than vertically penetrat-
ing the acrotelm. However, most soil profiles — both frontal
and lateral — document that the BB dye-stained flow paths
are rather limited to macropore structures and rarely to ma-
trix flow. Deep percolation at the organic soil hillslope PB3
was not detected. The assumption, that BB may be difficult
to optically detected in such dark soils as peat bog, was not
confirmed. It could be shown that BB can be successfully
applied in peat bogs to stain vertical flow structures in soil
profiles and has the potential to trace rather long-distance lat-
eral preferential flow paths (distances > 10 m) in waterlogged
areas with shallow groundwater (~ 0.5 m below surface).
The critical role of pH affecting Fluorescein’s fluores-
cence and thus its on-site optical detection is well known
(Gerke et al., 2013; Kiss, 1998). Therefore, the FLC solu-
tion was buffered with NaOH to compensate for the strong
acidity of the organic soil, similar to the approach success-
fully applied in FLC staining experiments in organic topsoils
in Japan (Gerke et al., 2015). The rarely detected FLC at the
peat bog hillslope does not necessarily indicate that no dye
infiltrated into the upper organic layer as the dye’s fluores-
cence could not be optically detected in situ. The FLC so-
lution could have bypassed the organic topsoil horizons via
macropores and soil pipes at the peat bog plot PB3 as well
as at the Podzol plot PZ2. The very low soil pH in the peat
bog might be the reason why FLC fluorescence was not ob-
served. Although we attempted to increase the soil water pH
by pre-sprinkling the plots with NaOH-enriched water, and
similarly buffered the FLC solution, these countermeasures
at the sprinkling plots were probably not enough to signifi-
cantly change the pH conditions in the soil at both hillslopes,
but especially at PB3. FLC was mostly visible on organic sur-
faces such as plants (moss, grass) on the surface but not in the
peat itself. This might be attributed to the tendency of FLC
to attach to organic matter, which significantly counteracts its
conservative behavior in mineral soils, especially in thick or-
ganic soils such as peat bogs. Furthermore, the “very strong
acidity” in the peat bog soil, the phreatic zone and the capil-
lary fringe together may have diluted any buffering effect of
the NaOH-enriched sprinkling water. However, FLC dye was
visible the next day during daylight in a small, water-filled
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depression approximately 3.0 m downslope from the FLC-
sprinkling plot. This indicates that the dye had been trans-
ferred via preferential flow in lateral soil pipes in the vadose
zone and had not been completely (ab)sorbed by organic soil
particles.

4.3 Plots—stream hydrologic connectivity with
Fluorescein

Limitation and possible causes of failure of FLC staining and
tracing experiments have been well described for organic and
mineral soils by Gerke et al. (2008) and for groundwater and
surface-water applications by Késs (1998). The most com-
mon problems were addressed for the Sumava experiments
by

— pre-sprinkling of the plot with NaOH buffered water
(pH 12);

— addition of NaOH to the FLC solution to create a sec-
ondary pH buffer;

— avoiding bright sunlight as FLC is light sensitive and
decays quickly, by performing the FLC sprinkling and
excavation work at night with controlled short-time ex-
posure to UV and visual spectra light.

Despite our advanced and dense FLC monitoring network in
all tributaries and springs draining the hillslopes field fluo-
rometer, automated water samplers and water-level propor-
tional water samplers (Schneider et al., 2013), FLC was not
detected in the stream or at the springs. As a result, we could
neither measure a tracer breakthrough nor could we delin-
eate a transit time or prove hydrologic connectivity from the
sprinkling plots to the drainage system. The following ex-
planations may explain why FLC did not reach the drainage
system:

— small sprinkling water volume and limited area of the
sprinkling plots (1.5m x 1.5m) compared to the dis-
tance from the plots to the stream or springs (10 m);

— masking of the FLC fluorescence by very low back-
ground pH values (Kiss, 1998);

— fluorescence reduction and masking of FLC by organic
substances (Késs, 1998);

— sorption of FLC to vegetation and topsoil organic mat-
ter.

As the sprinkling solution mixed with soil and shallow
groundwater, its pH probably dropped back to low back-
ground pH values. Another reason for null detection of FLC
might be the relatively small amount of water sprinkled at
the plot compared to the soil and groundwater volume. The
influence of the capillary fringe and the soil matrix to dilute
the pH-enriched sprinkling water might be significant, but the
presented data cannot confirm or disprove this possibility.

Hydrol. Earth Syst. Sci., 21, 3025-3040, 2017



3038

4.4 Dominant runoff formation

In extension to our hypothesis, which was based on the con-
ceptual runoff formation model, HOST model A, (Boorman
et al., 1995; Figs. 1 and 8) we found that additional lat-
eral subsurface flow in deeper soil horizons occurred at the
mineral hillslope PZ2 (Podzol). As predicted, a near-surface
runoff formation process occurred in parallel to deep perco-
lation (Fig. 8). Biomat flow, a shallow subsurface flow in
the topmost soil horizon O+ A (Sidle et al., 2007; Gerke
et al., 2015) is thus a relevant runoff formation process at
the mineral hillslope PZ2 (Podzol). The absence of a shal-
low groundwater body and percolation-restricting soil layers
buffers the lateral stormflow at the hillslope PZ2, as a large
portion of precipitation infiltrates into the soil and percolates
into the underlying bedrock. These findings are supported
by the lack of temporary or fully saturated zones, perched
aquifers or a groundwater body rising into the soil (trans-
missivity feedback), which may connect the hillslope to the
stream and thus effectively drained the Podzol (Fig. 8). Ac-
cording to the runoff formation decision scheme by Scherrer
and Nae (2003), the dominant runoff formation process at
the Podzol hillslope can be classified as a combination of de-
layed HOF and delayed subsurface stormflow (SSF2). The
sprinkling experiments with the dyes (BB and FLC) showed
the existence of vertical and lateral preferential pathways in
the topsoil and indicated that delayed subsurface-flow SSF
occurs also.

At the organic soil hillslope PB3, the hypothesized HOST
model K (Boorman et al., 1995) was supported by our re-
sults. Biomat flow and lateral preferential flow in soil pipe
networks formed by decaying fallen trees and roots in the
acrotelm and — in addition to our prediction also in the
catotelm — are the primary runoff formation processes at
the peat bog hillslope (Fig. 8). Our hypothesis of HOF was
confirmed for the peat bog hillslope PB3 by the results of
the sprinkling experiments with Brilliant Blue. It is neces-
sary to notice that the results should be interpreted with
respect to the relatively small size of the sprinkling plots
(1.5m x 1.5m) compared to the entire hillslopes, which
were not sprinkled.

5 Conclusions

In this study runoff formation during stormflow was inves-
tigated at two opposite hillslopes with different soil types
(Histosol/Peat, Podzol) in a second-order mountain headwa-
ter catchment in the Czech Republic. Two dye tracers with
different attributes — the sorptive dye Brilliant Blue (BB),
and the conservative dye Fluorescein sodium (FLC) — were
applied to stain preferential flow paths in the soil and at its
surface.

At the peat bog hillslope, BB staining identified a quickly
activated and effective shallow lateral subsurface drainage
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system in the acrotelm. Preferential flow structures con-
nected the hillslope with the not-sprinkled riparian zone via
lateral pipe flow along decayed roots and fallen trees in the
acrotelm, and the upper catotelm. Healthy roots did not cre-
ate similar drainage-effective, well-connected lateral prefer-
ential flow structures as decomposed roots or dead trees at
the peat bog site. In contrast, subsurface flow at the Podzol
hillslope was created only near surface in the organic top-
soil (biomat flow). The lateral subsurface transport in the un-
saturated zone at the organic soil hillslope (peat bog) was
about an order of magnitude higher (10 m lateral flow) than
at the mineral soil hillslope (Podzol, 1 m lateral flow). At
the mineral soil hillslope (Podzol) both dye tracers worked
well in the subsoil and delivered similar results. Percolation
in the soil and deep percolation into the bedrock dominated,
as expected; lateral preferential drainage was rather limited.
Compared to the organic soil hillslope (peat bog), the lateral
subsurface-flow distance is reduced by an order of magni-
tude (1 m vs 10 m). The findings at the Podzol hillslope with
prevailing vertical flow agree with the facts that groundwater
influenced soil horizons could not be detected in soil profiles.

We were more easily able to detect hydrologic connectiv-
ity from the hillslope to the riparian zone with BB than with
FLC at the peat bog hillslope. This is surprising, as BB is
considered to be more sorptive (less conservative) than FLC.
Moreover, the dark-blue BB is often difficult to optically de-
tect in dark organic soils like Peat. We attribute this finding to
the fact that BB is less affected than FLC by the very strongly
acidic soil and groundwater (pH < 5) found in peaty environ-
ments such as the Sumava headwaters.
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EVALUATION OF SOIL WATER RETENTION IN FOREST AND NON-FOREST ENVIRONMENT
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ABSTRACT

This paper deals with the evaluation of soil water retention in two small catchments, which are used in different ways. Both catchments are
located in the headwater area of the Blanice River (Sumava Mts., Czech Republic). The experimental catchments of the Zbytinsky Brook and
the Tetiiv¢i Brook are the matter of a comparative paired catchment research aimed to runoff response monitoring in prevailing forest and
meadow habitats. The evaluation of soil components is based on a detailed hydropedological research and on laboratory analyses with the use
of the soil classification HOST and a dominant direction of water flow according to the DHF system. Then, potential and current retention
for each soil type in both catchments were calculated. The calculations were compared with the antecedent precipitation index (API) and
with runoft response. A higher retention capacity was discovered in the non-forest Zbytinsky Brook catchment with the correlation of causal
conditions of about 30-40 mm. The diverse conditions of both catchments and different soil water retention of disadvantageous forested
catchment are connected with historic changes in a land use and drainage arrangements. The study proves that forest should be assessed as
a complex of interactive factors when only a mere land cover does not have any direct impact on the runoff in the catchment.

Kli¢ova slova: parovéa povodi, experimentalni vyzkum, krajinny a ptiidni pokryv, objemova ptidni vlhkost, retenéni kapacita ptid, Sumava,

Cesk4 republika
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Czech Republic

uvoD

Les predstavuje velmi specifické prostfedi pro formovani odtoku.
Vétsina studif se o vlivu lesa na odtok vyjadfuje v dosti $irokém roz-
mezi od velmi vyrazné pozitivniho az po tézko prokazatelny. Studie
pojednavajici o negativnim vlivu lesa na transformaci odtoku z povo-
di jsou pomérné vzacné (MALY 2009). Prvni systematické vyzkumy
v malych lesnich povodich byly provddény v alpské oblasti (ENGLER
1919). V nasich podminkach se dlouhodobému vyzkumu ve dvo-
jici povodi v oblasti Javornikidi vénoval VALEK (1962). Nezalesnéné
povodi Zdéchovky vykazovalo oproti zalesnénému povodi Kychové
vyrazné vy$$i hodnoty kulmina¢nich pritok, strméjsi vzestup a po-
kles pritokti béhem odtokové epizody. V obdobi nizkych pratoki
lesni povodi nadlep$ovalo odtok. BiBa et al. (2001) hodnotili dopady
vegetaénich zmén na odtokové poméry dvou zalesnénych horskych
povodi Cervik a Mala Raztoka v Beskydech. Béhem porostnich ob-
nov doslo predev$im k nartstu odtoku u nizkych pritokd, zvyseni
u kulminac¢nich pratokd nebylo prokdzano. ROTHACHER (1973) pti
studiu dvojice horskych povodi v Oregonu prokazal, Ze v situacich
s vysokym indexem predchoziho nasyceni byly kulminace vyssi v za-
lesnéném povodi.

paired catchments, experimental research, land and soil cover, volumetric soil moisture, soil water retention, Sumava Mts.,

Les je potfeba vnimat jako komplex pusobicich faktorti, v némz ve-
dle samotného porostu hraje vyznamnou roli charakter a variabilita
pudni pokryvky. Interakce mezi lesy a ptidami ztstava Sedou oblasti
v hydrologickém poznani. Vét§ina vyzkumnych poznani predpokla-
da, Ze lesy obecné maji tendenci snizovat odtok z povodi. Evapo-
transpirace lesti zptsobuje ubytek piidni vlhkosti. Nicméné je tieba
zvazit, Ze intercepce a transpirace lest jsou daleko niz$i nez mnoz-
stvi srdzek béhem boufek odpovédnych za privalové povodné. HU-
MANN et al. (2011) uvadi, ze transpirace lesnich porostt (4-10 mm/
den) zvy$uje ubytek ptdni vlhkosti a spolu s ni zvySuje i retencni
kapacitu pidy. Podobné hodnoty (5 mm/den pfi bezesrazkovém,
slunném priabehu pocasi) uvadi pro lesni porost i KRECMER et al.
(2003). Transpirace hustého travniho porostu (az 8 mm/den) je ale
s lesnimi porosty srovnatelnd. Vydej vody porostem (transpirace) ¢ini
u lesniho porostu az 60 % srazkového thrnu, u lu¢nich ekosystémi
50 % a v polnich ekosystémech az 40 % (STREDA et al. 2008). Vlhkost
pudy na stanovisti ovliviiuje také typ vegetace a jeho vlastnosti (dru-
hové slozeni, vék, stav kofenového systému atd.). STREDA et al. (2008)
zjistili, Ze vzrostly luzni les je oproti jinym stanovistim pomérné znac-
nym konzumentem pudni vlahy, pficemz zna¢nd ¢ést jeho spotieby je
kryta zdroji podzemni vody. Po odlesnéni dochdzi ke zvy$eni ptidnich
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vlhkosti, které se udrzuji na pomérné vysokych hodnotach i ve vege-
ta¢nim obdobi. Hydrologickou odezvu ptid na srazky studovali pod
riiznymi typy krajinného pokryvu ve Spanélsku JOorDAN et al. (2008).
Vyuziti ptidy urcuje prostorové rozlozeni dynamiky ptidni vody tim,
Ze ovliviiuje infiltraci a miru odtoku nebo evapotranspiraci, zejména
béhem vegeta¢niho obdobi. Mozaika rtiznych druht hydrologickych
reakci na srazky, jako je tvorba odtoku nebo infiltrace, se fidi prostoro-
vym rozloZenim vegetace a jeho vlivu na ptidni povrch. Nejvétsi odtok
byl naméfen na viesovisti a zatravnéné ¢asti svahu. Lesni ptidy korko-
vého dubu a olivovniku naopak vykazovaly nejmensi hodnoty odtoku.
TESAR et al. (2004) sledovali vliv vegeta¢niho porostu (kle¢, smrkovy
les, louka) a jeho zmén na vodni rezim ptid v pramennych oblastech
Krkono$. Konstatovali, Ze v podminkach, kdy se neméni plocha
transpirujici vegetace, se neméni ani vodni rezim povodi (mimo su-
ché podminky, extrémni z hlediska ruistu rostlin), a to vcelku nezavisle
na druhovém slozeni vegetace.

Stiidavé plnéni piidy srazkami, prazdnéni transpiraci a obcasnym
vytokem do podloznich vrstev vytvari déj, ktery se oznacuje jako
vodni rezim pud. Piida se chova jako pérovitd prito¢nd nadrz. Jeji
hlavni hydrologickou charakteristikou je retenéni kapacita, tj. schop-
nost zadrzovat vodu (TESAR et al. 2000), ktera je povazovana za hlav-
ni reguldtor odtoku vody z lesnich povodi (KRECMER et al. 2003).
Hodnota retence se vSak v ¢ase méni, hlavné diky ptdni vlhkos-
ti, a u zamokfenych ploch také diky vy$ce hladiny podzemni vody.
Kazdy pudni typ vytvari svymi pedologickymi vlastnostmi (textura,
struktura aj.) specifické prostredi, které urcuje smér proudéni a dobu
zdrzeni infiltrované vody. Diky tomu je mozné kategorizovat chovani
pudni vody béhem srazkovych udalosti, a tim i zpfesnit predikeci cho-
vani odtoku béhem téchto udélosti (BOORMAN et al. 1995). U hyd-
romorfnich pid mize hladina podzemni vody hrat dilezitou tlohu
predevs$im v mistech, kdy se témét po cely rok drzi blizko povrchu
a vytvari tim minimdlni prostor pro retenci (BOORMAN et al. 1995;
Evans et al. 1999; VLCEK et al. 2012).

Specifické mistni a ptidni podminky maji vétsi vliv na tvorbu odtoku
a retenci vody nez riizny typ lesa. Fyzikalni vlastnosti piid jsou jednim
z rozhodujicich faktord pro zmirnéni rychlého odtoku. Ptidni slozka
tvori dulezity parametr v hodnoceni srazko-odtokového procesu. Ur-
¢uje nejen mnozstvi infiltrované vody, ale také dobu jejitho zadrzeni
v pudé. Byly nalezeny nejméné dva mechanismy rychlého transportu
vody ptidou. Jedna se o perkola¢ni proudéni v hrubozrnné pude, pri-
padné v jemnozrnné pudé s obsahem hydrofobnich latek, nebo prou-
déni v makropérech pudy. Oba mechanismy se uplatiiuji pfi tvorbé
destového odtoku v horskych podminkach v CR (TEsaR et al. 2004).
Hydropedologické metody byly stéZejni strankou vyzkumu vodniho
rezimu smrkového a bukového porostu v experimentalnim objektu
Destenskd strait v Orlickych horach (Svinra et al. 2007). Do ptdy
s velkou reten¢ni kapacitou dynamickou (objem gravitaénich porit)
srazkova voda snadno infiltruje a prosakuje do puidnich horizontd.
Velka reten¢ni kapacita statickd znamend velkou zadrznost vody pu-
dou pro vodu kapilarni. Stejnou metodu vypoctu retencni kapacity
lesnich ptid pouzili SviHLA et al. (2006) rovnéZ v experimentlnim
lesnim povodi ,,U Dvou lou¢ek® v Orlickych horach pti dvou stu-
dovanych povodnovych situacich. Celkovd retence byla stanovena
na 29,4mm a 31,1 mm, coZ predstavovalo cca 75 %, resp. 67 % spad-
lych srazek a priblizné 22 % celkové reten¢ni kapacity pud. Retence
dynamicka regulovala 89 %, resp. 69 % objemu odtoku velkych vod.
O celém procesu transformace srazko-odtokového vztahu rozhoduje
pociate¢ni vlhkost pudy. Pfi prvni viné byla lesni piida plné nasycena
kapilarni vodou, retence statickd se neuplatnila a transformacni pro-
ces probéhl jen v zoné makropéri. Odteklo proto 85 % ovzdus$né sraz-
ky. Ve druhé vIné se uplatnila i retence statickd, coz vedlo k odtoku
jen 41 % ovzdu$né srazky. Vyssi nez primérnou reten¢ni kapacitu piid
na povodi ,,U Dvou loucek* konstatovali pozdéji SviHLA et al. (2014).
S pouzitim hydropedologickych metod se v rtiznych obménach
a v riznych stanovistnich pomérech lze setkat v pracich autorti LEE
(1980), PrAX, RAEV (1985) nebo TESAR, Sir (2005).
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PredloZend studie se zaméfuje na vyzkum srazko-odtokového pro-
cesu ve dvou parovych horskych experimentalnich povodich Zbytin-
ského a Tettivéiho potoka. Obé povodi maji téméf stejné pudotvorné
faktory, ¢imz se u nich daji oc¢ekavat velmi podobné hydropedolo-
gické vlastnosti. Jedinym rozdilnym faktorem je antropogenni ovliv-
néni, kdy se projevila nejen zména lesniho porostu na pole, louky
a pastviny, ale hlavné meliora¢ni zasahy béhem poslednich sta let.
Pravé meliora¢ni opatfeni zpusobila zmen$eni zamokfenych ploch,
transformaci ptidnich horizontt, s ¢imz souvisi i zména infiltra¢nich
tras a rychlosti. Zatimco v zalesnéném povodi Tetfiv¢iho potoka se
budovala sit povrchovych odvodiiovacich kanélt, v lu¢nim povodi
Zbytinského potoka doslo k instalaci podpovrchové trubkové drendz-
ni sité a zaordni mezi a malych struzek.

Primérnim cilem této prace je zhodnotit a porovnat retenci povodi
s riznym typem vegetace. Druhotnym cilem je zjistit, jak se vysledna
retence pudy lisi v souvislosti s pfedchozimi srdzkami a zaroven ovliv-
nuje vysledny odtok z povodi.

MATERIAL A METODIKA

Charakteristika povodi

Parova povodi Zbytinského (ZBY) a Tettiv¢iho potoka (TET) se na-
1ézaji v pramenné oblasti Blanice ve vychodni ¢4sti Sumavy pobliz
obce Zbytiny (obr. 1). Reprezentuji plosné mala, navzajem sousedici
povodi s podobnymi fyzickogeografickymi a hydrografickymi poméry
ve vy$kovém rozpéti 785-946 m n. m. Vybrané zakladni charakteristi-
ky obou povodi jsou uvedeny v tab. 1.

Povodi Tettiv¢iho potoka je charakteristické vét$im zastoupenim glejit
a organozemi (cca 1/3 plochy povodi), které prechdzi v jiné piidni typy
s riznym stupném ogelejeni (pseudoglej, stagnoglej) a nésledné v nej-
Castéji se vyskytujici typ kambizem modalni (obr. 2). Jeji zastoupeni
je dominantni v povodi Zbytinského potoka (44 % plochy, viz tab. 2).
Ve vyssich partiich obou povodi prevazuje kryptopodzol.

Zkoumana povodi prezentuji soucasnost a historii zptisobu hospodar-
ského vyuziti tzemi typického pro pramennou oblast Sumavy a $u-
mavského podhufi. Odlisuji se zejména zptisobem hospodateni v kra-
jiné, ktery se projevuje rozdilnym zastoupenim vegeta¢niho pokryvu
a ptdnich typt. Povodi Zbytinského potoka predstavuje prevazné lu¢-
ni prostredi (cca 2/3 plochy povodi zaujimaji louky, 1/3 hospodarsky
les s prevahou smrku). V povodi Tetfiv¢iho potoka je pomér opaény
ve prospéch lesa, pficemz hlavni ¢ast tvoi{ smrkovy les s pfimési buku
nebo borovice. V obou povodich doslo v pribéhu poslednich 60 let
k vyraznym zméndm ve vyuZiti a struktufe krajiny. Dfivéjsi intenzivni
zemédélské hospodareni v povodi Zbytinského potoka doklada vyskyt
podpovrchové trubkové drendzni sité. Odvodnéna plocha pivodné
zaujimala 27 % plochy experimentalniho povodi. V soucasnosti je od-
vodnéna plocha pokryta se¢enou loukou a drendZni systém je na né-
kolika mistech narusen. Ve stfedni a spodni ¢asti experimentélniho
povodi Tetfivéiho potoka se naproti tomu nachazi hustd sit povrcho-
vych, uméle vytvorenych odvodnovacich ptikopu.

Monitoring a datové zdroje

Zékladem experimentalniho vyzkumu je monitorovaci sit vybudovana
na jate 2006, kterd umoznuje kontinualni monitoring hydrologickych
a meteorologickych veli¢in. Skldd4 se ze dvou hladinomérti osazenych
v zavérovych profilech obou experimentalnich povodi, meteorologic-
ké stanice a dalsich tfi srazkomérti. V roce 2011 byla na vybranych lo-
kalitach instalovana zaiizeni pro kontinudlni méfeni objemové pidni
vlhkosti a teploty ptdy. Pro stanoveni potencialni a aktudlni retence
povodi byla pouzita data z pravidelnych odbérnych kampani vzorka
pudy a udaje z vrtt sledujicich vysku hladinu podzemni vody v hyd-
romorfnich pidach.
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Obr. 1.

Poloha a vymezeni parovych povodi
Fig. 1.

Location and area of study catchments

Tab. 1.

Vybrané fyzicko-geografické a hydrografické charakteristiky experimentalnich povodi

Selected physical geographic and hydrographic characteristics of the experimental catchments

Vybrané charakteristiky povodi/Characteristics of the catchment

Zbytinsky potok/Brook (ZBY)  Tetfivei potok/Brook (TET)

Plocha povodi/Catchment area (km?) 1,55 1,62
Nejvyssi bod v povodi/The highest point (m a.s.l.) 906 946
Nejnizsi bod v povodi/The lowest point (m a.s.l.) 785 824
Stfedni nadmorska vySka povodi/Mean altitude (m a.s.l.) 811 851
Délka udolnice/Thalweg (m) 1933 2158
Gravellitiv koeficient/Gravelli coefficient 1,15 1,19
Charakteristika povodi/Catchment shape index a 0,42 0,42
Sklon povodi/Slope (%) 9,71 9,59
Hustota fi¢ni sité/Density of river network (km.km-2) 1,25 1,33

Tab. 2.
Procentudlni zastoupeni ptidnich typt v obou povodich
Percentage distribution of soil types in both catchments

Pudni typ/Soil type

Zbytinsky potok/Brook (ZBY) [%]

Tetfivei potok/Brook (TET) [%]

Kambizem modalni (KAm)/Cambisol 43,9 26,7
Kambizem oglejena (KAg)/gleyic Cambisol 8,7 3,6
Kryptopodzol modalni (KPm)/entic Podzol 16,5 29,8
Pseudoglej modalni (PGm)/aquic Stagnosol 0,5 4,3
Stagnoglej modalni (SGm)/gleyic Stagnosol 17,4 3,7
Glej modalni (GLm)/Gleysol 13,0 30,3
Glej histicky (GLh)/histic Gleysol 0,0 1,5

0,0 0,2

Organozem mesicka (ORm)/Histosol
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Pouzité metody

Pedologicky priizkum a modely stanoveni piidnich typii dle proudéni
vody v pidé

Pavodni pedologicky podklad komplexniho prizkumu pud (KPP)
a lesnickd typologickd klasifikace, které mély pomoci zhodnotit
hydropedologické vlastnosti povodi, se ukdzaly pro mald experi-
mentalni povodi jako nedostacujici. Proto bylo provedeno nékolik
pedologickych kampani, které mély zpresnit dostupné pedologické
podklady (nékteré ptidni typy se zcela zamitly, nékteré naopak prida-
ly) a detailné vymezit jednotlivé pidni arealy. Celkem bylo vytipova-
no $est ptidnich typd (organozem mesicka, glej modalni, kambizem
modalni, kryptopodzol modélni, pseudoglej modalni a stagnoglej
modalni) a k nim navic dva subtypy (glej histicky, kambizem ogle-
jena). Vysledkem bylo vytvoreni osmi typt ploch ptidniho pokryvu,
kterym byly piidéleny specifické hydropedologické vlastnosti a byly
zafazeny do kategorizace pudnich typt dle hydrologickych vlastnosti
HOST (Hydrology of soil types; BOORMAN et al. 1995). Zaroven k nim
byla také prifazena kategorie dominantniho sméru prutoku vody
ptidou DHF (Dominant hydrological flow; SCHRERRER, NAEF 2003).

Stanoveni potencidlni a aktudlni retencni kapacity

Z celkové plochy povodi a jednotlivych hloubek pidnich sond byl vy-
pocten objem celého ptidniho pokryvu bez C horizontu, tedy objem
A horizontu (pfipadné Oh +A) a B horizontu (pfipadné E + B, B/C).
Hodnoty téchto objemi byly upraveny pomoci skeletovitosti a efek-
tivni pérovitosti (BEAR 1972). Tim byl vypocten objem potencidlnich
volnych pért v celém vyzkumném povodi. Nejprve byla vypoctena
hodnota retence jednotlivych ptidnich horizontd R, [mm], jejichz
soucet pak ¢inil potencidlni retenci pidniho segmentu daného ptd-
niho typu:

Ry=HxPx(1-S5), (1)
kde
H hloubka ptidniho horizontu [mm],
P efektivni pérovitost [%],
S skeletovitost [%].

Do vypoctu potencialni retence nebyl zapocten vliv aktudlni obje-
mové vlhkosti ani vysky hladiny podzemni vody. Jednalo se o vyja-
dreni teoretického mnozstvi vody, které povodi dokdze maximalné
pojmout.

Zékladem pro stanoveni aktualni reten¢ni kapacity povodi byl zminé-
ny podrobny pedologicky prizkum, jehoz vysledkem byla mapa piid-
nich typt. K vy$e uvedenym ptidnim typtim byly vybrany referen¢ni
lokality pro odbér pudnich vzorka Kopeckého vélecky, z nichz byla
stanovena okamzitd objemova vlhkost (6). Kromé toho byly provede-
ny zhruba dvé desitky odbérnych kampani, jejichz cilem bylo zjistit
aktudlni objemovou vlhkost povodi. Zaroven byly v hydromorfnich
pudach vytipovany lokality pro pravidelné méfeni vysky hladiny pod-
zemni vody. Hodnota aktudlni retence byla zpfesnéna dle aktualni
nasycenosti povodi a vy$ky hladiny podzemni vody v hydromorfnich
pudach. Aktualni retence povodi byla vypoctena pro vechny prove-
dené odbérné kampané, u kterych byl zaroven definovéan stav pri¢in-
nych podminek v povodi (suché, pramérné, vlhké). Pro prehlednéjsi
interpretaci byly pouzity primérné hodnoty reten¢ni kapacity odpo-
vidajici jednotlivym staviim pfi¢innych podminek.

Vztah retencni kapacity a srdzkovych a odtokovych charakteristik
Vyslednou reten¢ni kapacitu jsme nasledné vyuzili jako:

a) zavislou proménnou pfi porovnani vztahu s desetidennim in-
dexem predchozich srazek API(10):

API(10) = ¥1=1°0,93! x P, , ()
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kde
API (10) ukazatel pfedchozich srazek za obdobi 10 dnd,

n=10 celkovy pocet dni pfed vyskytem pri¢inné srazky,

i poradi dne pocitané nazpét ode dne, ke kterému je API ur-
covan,
P, denni srazkovy uhrn v i-tém dni pred vyskytem pri¢inné

srazky [mm)].

b) pfi¢innou proménnou pii porovnani s odtokovou vyskou povodi
Vzhledem k sousedni poloze obou povodi se predpokladala téméf
stejna srazkova dotace za urcité obdobi pfed stanovenim retence po-
vodi. Nasledné se rovnéZ definoval vztah mezi reten¢ni kapacitou a je-
jim vlivem na odtok vody z povodi. Oba vztahy byl zndzornény pomo-
ci bodovych grafti. Priibéh a tésnost byly vyjadieny pomoci regresni
krivky, resp. koeficientu determinace.

VYSLEDKY

Modely stanoveni pudnich typu dle proudéni vody v pudé

Ptifazeni kategorii HOST a DHF jednotlivym pidnim typim v po-
vodi je zobrazeno v tab. 3. Dle HOST je vétsina ploch zarazena do ka-
tegorif silné ovlivnénych podzemni vodou (E, E G). Zbylé plochy (H,
I) maji pak spole¢nou nizkou hydraulickou vodivost, oviem bez zte-
kategorie dominantniho proudéni podzemni vody. U fady puid téchto
povodi nedochazi k hloubkové infiltraci a proudéni probiha bud po-
vrchové s riiznym zpozdénim, nebo mélce podpovrchové do 30 cm:
kategorie THOF, HOF1, HOF2 (SCHRERRER, NAEF 2003). U katego-
rie SOF2 muize dojit ke zpozdénému povrchovému proudéni pouze
zfidka a jen pri plném nasyceni pidnich pért. Padni typy KA a KP
jsou pro retenci vody v piidé nejvhodnéjsi, mélo by u nich dochézet
k hloubkové infiltraci.

Plochy ORm se vyznacuji nizkou hydraulickou vodivosti, voda poma-
lu infiltruje, ale také redistribuje do hlubsich horizonti. Hladina vody
je prevaznou ¢ast roku vysoko. V pribéhu srazko-odtokovych epizod
prevazuje povrchovy nebo mélky laterdlni odtok. Béhem suchého ob-
dobi se sucha organicka vrstva miize stat hydrofébni, coz znaéné ovliv-
ni infiltraci a priitok vody ptudou.

Plochy GLo se chovaji podobné jako plochy ORm. V téchto pudach
ale nedochazi k tak velkym vykyvim hladiny podzemni vody. Pida
pak neni tolik nachylnd na vyschnuti a nedochdzi ke zméné na hyd-
rofébni.

Plochy GL maji na rozdil od GLo organomineralni horizont, ktery je
zfidka ovlivnén hladinou podzemni vody. MiiZe lépe infiltrovat sraz-
kovou vodu a plného nasyceni a nasledného povrchového odtoku
dosahuje se zpozdénim.

Plochy KA a KP maji podobné chovani. Infiltra¢ni rychlosti jsou
v ramci povodi vy$si. Voda perkoluje do podlozi bez vyraznéjsi barié-
ry, kterou muiZe tvofit pouze zvy$ené mnozstvi skeletu.

Plochy KAg a PG maji infiltra¢ni rychlosti podobné jako KA a KP.
Proudéni podzemni vody je v§ak ovlivnéné hladinou podzemni vody,
ktera zabranuje nebo zpomaluje infiltraci do podlozi.

Plochy SG mohou vytvaret zpozdény povrchovy odtok v dobé plného
nasyceni nebo béhem silnych srazek. V dobé nizkého nasyceni muze
voda infiltrovat do hlubsich vrstev.

Stanoveni potencialni a aktualni reten¢ni kapacity
Mista s nejvys$si potencidlni reten¢ni kapacitou se lokalné vyskytu-
ji v plochych panvich u zavérového profilu Tettivéiho potoka. Jedna



HODNOCENi RETENCE VODY V PUDE V LESNiM A NELESNiM PROSTREDI

Obr. 2. Obr. 3.

Prostorové rozlozeni ptidnich typii Potencidlni retence vody ptidou v obou povodich

Fig. 2. Fig. 3.

Spatial distribution of soil types Potential soil water retention in both catchments

Obr. 4. Obr. 5.

Reten¢ni kapacita obou povodi ve vlIhkém obdobi (6. 6. 2013) Reten¢ni kapacita obou povodi v suchém obdobi (1. 8. 2015)

Fig. 4. Fig. 5.

Soil water retention in both catchments during wet conditions Soil water retention in both catchments during dry conditions
(6.6.2013) (1.8.2015)

Tab. 3.

Zatazeni ploch do systému HOST (Hydrologie ptidnich typt1) a DHF (Dominantniho sméru pratoku vody v pudé¢)
Inclusion of areas in the system HOST (Hydrology of soil types) and DHF (Dominant hydrological flow)

Plocha pudniho typu/Soil type area HOST - model HOST - tfida/class DHF
Kambizem modalini (KA)/Cambisol H 16 DP

Kambizem oglejena (KAg)/gleyic Cambisol E 6 SOF2
Kryptopodzol modalni (KP)/entic Podzol H 16 DP

Pseudoglej modalni (PG)/aquic Stagnosol E 6 SOF2
Stagnoglej modalni (SG)/gleyic Stagnosol | 18 HOF2
Glej modalni (GL)/Gleysol F 25 HOF2
Glej histicky (GLo)/histic Gleysol G 25 HOF1
Organozem mesicka (ORm)/Histosol G 12 THOF

Vysvétlivky/Explanations: DP - hloubkova infiltrace/deep percolation; SOF2 - zpozdény povrchovy odtok v piipadé plného
nasyceni/delayed saturation overland flow; HOF2 - zpozdény povrchovy odtok/delayed Hortonian overland flow; HOF1 -
okamZity povrchovy odtok/immediate Hortonian overland flow; THOF - raelinny okamzity povrchovy odtok/temporary

Hortonian overland flow
ZLV, 61, 2016 (3): 181-189 m
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se o pomérné mocné pudy bez skeletu, obsahujici vyznamné mnoz-
stvi organogenniho materidlu. Kromé toho se z pohledu reten¢niho
potencidlu pozitivné jevi i relativné hluboké kambizemé modalni
na plochych rozvodich, vétsinou vyuzivané jako louky nebo pastviny.
nejvyssich vrcholt, kde prevazuji mélké skeletovité pudy (obr. 3).
Hodnota potencidlni retence je v povodi Tetfiv¢iho potoka 281,4 mm.
Nepatrné vyssi retencni potencial byl zjistén v povodi Zbytinského po-
toka (302,4 mm).

tence povodi. Tab. 4 souhrnné ukazuje vypoctenou aktudlni retenci
povodi a souvisejici srazkové a odtokové charakteristiky v ramci jed-
notlivych odbérnych kampani. Bez ohledu na stav pri¢innych podmi-
nek byla vys$si reten¢ni kapacita zjisténa v povodi Zbytinského potoka
(v zévislosti na pfi¢innych podminkach o cca 30-40 mm). Lze vysle-
dovat, Ze s nartistem sucha se rozdily v reten¢ni kapacité mirné zvétsu-

Tab. 4.

ji ve prospéch Zbytinského potoka (tab. 5), coz znamena, Ze se povodi
Zbytinského potoka vysusuje o néco rychleji.

Nize jsou pro porovnani zobrazeny hodnoty aktudlni reten¢ni kapaci-
ty povodi béhem dvou extrémnich situaci. Obr. 4 ukazuje stav povodi
pti vlhké situaci z 6. 6. 2013. Hodnota celkové reten¢ni kapacity obou
povodi se pohybovala mezi 80-109 mm. Je zfetelné vidét, které oblasti
byly schopny pojmout jesté dalsi srdzkovou dotaci a které jiz byly té-
méf nasyceny. Obr. 5 naopak znazoriuje stav povodi béhem dlouhé-
ho obdobi sucha v srpnu 2015. V téchto tropickych dnech se aktualni
retencni kapacita zvy$ila na 155-190 mm, tedy téméf na dvojnasobek.
Procentudlné se kvili poklesu hladiny podzemni vody nejvice zvétsil
reten¢ni prostor u glejiL.

Vztah aktuélni reten¢ni kapacity a odtokovych charakteristik
Kromé porovnani samotné reten¢ni kapacity v obou povodich nas
rovnéZ zajimalo, jaka zavislost existuje mezi aktudlni reten¢ni ka-

Aktudlni reten¢ni kapacita, odtokova vyska a API(10) béhem jednotlivych kampani v letech 2013-2015
Current soil water retention, runoft depth and API(10) during the field campaigns in 2013-2015

PFicinné podminky (podle Aktudini retence povodi/

Absolutni rozdil retence/ Odtokova vyska/Runoff

Datum/Date odtokozir:/g/iil;)r/])éCausal Current Smi:ﬂf rretention Soil water retention depth (mm) API(10)
(by runoff depth) ZBY TET difierence (mm) ZBY TET ZBY TET
29.4.2013 primérné/average 123,3 91,4 31,9 68,7 36,0 8,1 79
22.5.2013 primérné/average 132,6 91,8 40,8 65,7 33,0 9,9 9,4
6.6.2013 vlhké/wet 108,7 80,1 28,6 3121 170,7 120,1 1191
15.7.2013 pramérné/average 138,6 96,4 421 35,0 34,3 8,2 9,4
24.9.2013 suché/dry 134,2 100,5 33,7 21,8 19,0 10,3 10,7
31.10.2013 suché/dry 141,2 107,9 33,3 33,2 18,8 2,6 2,3
26.3.2014 pradmérné/average 117,5 89,9 27,6 27,8 21,8 21,5 21,5
15.6.2014 suché/dry 172,3 120,7 51,6 24,5 15,6 0,5 0,1
23.8.2014 suché/dry 140,3 101,9 38,4 35,4 19,2 8,1 7,8
14.9.2014 vihké/wet 113,3 83,3 30,0 214,3 139,3 34,2 33,4
28.10.2014 pramérné/average 130,1 98,0 32,1 58,3 40,2 29,7 32,5
24.4.2015 pramérné/average 128,8 89,7 39,1 62,8 53,8 26,4 27,3
18.5.2015 suché/dry 150,0 106,2 43,8 34,6 21,8 1,7 1,8
30.6.2015 suché/dry 141,1 100,5 40,6 251 19,5 6,8 8,4
1.8.2015 suché/dry 190,2 155,3 35,0 19,4 14,6 11,8 11,7
18.8.2015 suché/dry 184,9 147,4 37,5 22,7 16,7 19,8 20,5

Tab. 5.

Srovnani aktudlni reten¢ni kapacity v riiznych pti¢innych podminkach

Comparison of current soil water retention during different causal conditions

PFic¢inné podminky (podle
odtokové vysky)/Causal

Aktualni retence povodi/Current
soil water retention (mm)

Absolutni rozdil retence/
Soil water retention

conditions (by runoff depth) ZBY TET difference (mm)
vihké/wet 111,0 81,7 29,3
pradmérné/average 128,5 92,9 35,6
suché/dry 156,8 117,5 39,2

ZLV, 61, 2016 (3): 181-189
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pacitou a srazkami (reprezentovanymi desetidennim ukazatelem
predchozich srazek — API(10)) a zda se mezi sebou obé povodi néja-
kym zptisobem li$i. Obr. 6 prokdzal nas predpoklad, Ze mezi obéma
veli¢inami existuje tésnd negativni zavislost. Sila zavislosti se mezi
obéma povodimi v podstaté neli$i. Rozdil je v§ak patrny v prabéhu
regresni krivky, kdy je zfejmy vétsi rozptyl hodnot aktudlni reten¢ni
kapacity v povodi Zbytinského potoka.

V nésledném kroku bylo nasim cilem prozkoumat, jak aktudlni re-
ten¢ni kapacita souvisi s odtokem vody z povodi a ptipadné identifi-
kovat néjaké odchylky v chovani obou povodi. Na obr. 7 je vidét, Ze se
vzristajici aktualni retenci se snizuje odtokova vyska, coz plati obecné
pro obé povodi. Sila zavislosti je jiz niz$i, nez byla v pfipadé vztahu
s API10, coz doklada, Ze se na formovéani odtoku budou kromé aktu-
alni retenc¢ni kapacity povodi podilet i jiné faktory. Tésnéjsi zavislost
je mozné pozorovat v povodi Tettivéiho potoka, coz znadi, ze je zde
odtok vice determinovan ptidnim prosttedim.

DISKUSE

Pro porovnani tvorby odtoku nebo reten¢nich vlastnosti dvou povodi
s riznym vegetaénim krytem se obvykle vyhledavaji povodi se stej-
nymi vlastnostmi, napt. geologickymi, klimatickymi, pidnimi atd.
(TEsAR et al. 2004; MALY 2009). V piipadé posumavskych povodi
je v8ak hledani dvou ,,stejnych® povodi obtizné, pokud ma byt jedi-
nym rozdilnym parametrem vegetaéni pokryv. Obecnéj$im a realis-
ti¢téj$im predpokladem je hledani rozdilti zptsobenych rozdilnym
vyuzivinim tzemi. V pifipadé, ze bychom se chtéli divat na experi-
mentalni povodi z perspektivy ptidotvornych parametrd, jevi se vy-
bér obou povodi jako zcela vhodny. V3ichni hlavni padotvorni ¢ini-
telé jsou zde zastoupeni ve stejné mife. Lze tedy prepoklddat, Ze bez
antropogenniho ovlivnéni by se zde vyskytovaly stejné pudni typy.
To, co dokdzalo zménit nékteré pidni typy a subtypy béhem nékolika
staleti, je pravé zména hospodaiského vyuziti krajiny, hlavné pak me-
liora¢ni zdsahy snizujici hladinu podzemni vody nebo ovliviiujici roz-
sah zamokienych ploch. Uvedené transformace v krajiné mély za na-
sledek zménu piidotvornych procest v riiznych ¢astech povodi. Vliv
antropogennich zdsahti na tyto procesy je pak pozorovatelny pfimo

® ZBY
TET
- - -Regresni kfivka / Regression curve (ZBY)
- - -Regresni kfivka / Regression curve (TET)

140,0
120,0 L ]
2 =
100,0 R2=0,8342 .
1
— 80,0 \
P \ \ R2=0,8527
60,0 v \
\ \
\ A}
40,0 ) o ’
20,0 \ o]
) o ®
0,0 —R g V-
50,0 80,0 110,0 140,0 170,0 200,0
Retence povodi/Soil water retention [mm]
Obr. 6.
Vztah mezi reten¢ni kapacitou povodi a API(10)
Fig. 6.

Relationship between the soil water retention and API(10)

v ptidnich profilech. Pfeménou ptidnich horizont samoziejmé do-
chazi i ke zméné vodniho rezimu, textury a hlavné pérového systému
urcujiciho dominantni smér proudéni pidni vody.

Reten¢ni potencidl obou povodi je ovliviiovan zejména ptdnim ty-
pem, konfiguraci terénu (sklonitosti) a krajinnym pokryvem. V real-
nych podminkach se viak retence povodi vyznamné méni. Nejméné
vhodné pudy pro zadrzeni vody byvaji zpravidla hydromorfni ptdy.
Tyto pudy jsou po vétsinu roku nasyceny vodou, a tudiz jsou nevhod-
né pro infiltraci a zdrzeni vétsich srazek. Do této kategorie spadaji
i stagnogleje a pseudogleje. Tyto piidy se vSak v povodi Zbytinského
potoka neprojevily z hlediska aktualni retence prili§ negativné. Diivo-
dem muze byt meliora¢ni systém, ktery muze zménit stagno(pseudo)-
-glejovy ptidotvorny proces a nastartovat proces jiny.

Vypoctené hodnoty reten¢ni kapacity povodi jsou vyznamné vétsi nez
hodnoty uvddéné v podobné zamétenych studiich (Svinva et al. 2006,
2007). Jako vysvétleni se nabizi pouziti jiné metody vypoctu, pfipadné
riizna velikost disponibilniho prostoru v ptidé pro infiltraci srazkové
vody dana hloubkou ptdniho profilu.

Z vysledku vSeobecné vyplyvd, ze vétsi aktudlni retencéni schopnost
ma povodi Zbytinského potoka. Tento fakt Ize, kromé vyse zminéné-
ho podpovrchového odvodnéni, pficist vétsimu zastoupeni padnich
ploch, kde dochédzi k hloubkové infiltraci (BOORMAN et al. 1995),
v tomto pripadé kambizemi modalnich na plochych rozvodich. Niz-
$i reten¢ni schopnost povodi Tettiv¢iho potoka se naopak projevuje
diky vétsimu mnozstvi zamokftenych ploch. Tyto plochy jsou nachylné
k rychlému povrchovému odtoku (SCHRERRER, NAEF 2003). Prove-
dend analyza potvrdila negativni vliv hydromorfnich ptid na retenci
povodi a prokdzala potencidlné vétsi riziko lesniho povodi pfi vzniku
vyznamné odtokové udalosti.

Obecné se béhem srazkovych epizod mize voda v povodi zadrzovat
bud v mikrodepresich na povrchu, nebo v ptdé ¢i hlubsich zvodnich.
Pravé vlastnosti ptidy a jejtho povrchu urcuji rychlost infiltrace a smér
proudéni ptidni vody. I kdyz jsou srazky rozhodujicim faktorem pro
odtokovou odezvu obou povodi, jejich transformace na odtok v ¢ase je
zévisla na prostredi, kterym se pohybuji. V povodi Tetfiv¢iho potoka
bylo prokazano, Ze je odtok z povodi vice determinovan zasobou vody

v pudé, kterd byva zpravidla vétsi nez u Zbytinského potoka.
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Vztah mezi reten¢ni kapacitou povodi a odtokovou vyskou
Fig. 7.
Relationship between the soil water retention and runoff depth
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ZAVER

Sledovani a zkoumdni experimentdlnich povodi Zbytiny probihd
nepretrzité jiz 9 let. Hlavni naplni vyzkumu je zjistit, jak jednotlivé
klimatické, pedologické nebo krajinotvorné faktory pisobi na odtok
vody z povodi. Vzhledem ke komplexité prirodniho prostredi je té-
méf nemozné pozorovat vechny faktory najednou, ale je potieba se
zaméFit na konkrétni vliv a jeho projevy. Tento pfispévek se primarné
zaméfuje na roli pudniho prosttedi pti formovani odtoku a porovnava
rozdily mezi rznymi ptirodnimi ekosystémy (les a louka).

Vétsi retenéni kapacita byla zjisténa v nezalesnéném povodi Zbytin-
ského potoka. Jeji pricinou miZze byt predevsim jiné zastoupeni ptid-
nich typu se zcela odlisnymi retenénimi vlastnostmi. Rozdilna chova-
ni obou povodi pti formovani odtoku a rozdilnd retence vody pidou
v neprospéch lesniho povodi je davana do souvislosti s historickymi
zménami ve zpusobu vyuziti krajiny a rdznymi antropogennimi vlivy
(meliora¢ni opatfeni). Z tohoto pohledu mé samotny vegetaéni po-
kryv neptimy vliv na odtok vody z povodi.

Podékovani:

Ptedlozeny vyzkum byl proveden za podpory Grantové agentury Ces-
ké republiky, projekt ¢. 13-32133S ,Retencni potencial pramennych
oblasti ve vztahu k hydrologickym extrémim® a za podpory MSMT,
projekt ¢. LD15130 ,,Vliv disturbanci krajiny na konektivitu toki a po-
vodi®. Clanek je publikovan na zékladé ptispévku prezentovaného
na konferenci Lesnické hydrologie — véda a praxe pofadané VULHM
Strnady v Ostravici-Sepetnd 21.-23. 9. 2015.
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HODNOCENi RETENCE VODY V PUDE V LESNiM A NELESNiM PROSTREDI

EVALUATION OF SOIL WATER RETENTION IN FOREST AND NON-FOREST ENVIRONMENT
SUMMARY

The study deals with the evaluation of two experimental paired catchments of the Zbytinsky Brook and the Tetfiv¢i Brook in the headwater
area of the Blanice River in the Sumava Mts. (Czech Republic) from the perspective of their retention and runoff response to precipitations.
The catchments were chosen on the basis of the same morphological character but different land cover. The same soil cover was also one of the
conditions, but due to the different farming (changes in land use and land cover), the catchments have become diverse in their pedology. The
soil conditions there proved to be ones of the key differences between the catchments.

The catchments are typical examples of the landscape at the foothills of the Sumava Mountains. In the Zbytinsky Brook catchment, there are
predominant meadows with partially flow in the pipe drainage system. A lot of areas have been used as arable land for hundreds of years.
This fact has become evident in the soil character. The Tetfiv¢i Brook catchment is covered mostly by spruce forests. The catchment has been
significantly affected by surface drainage system with open ditches. Despite this fact, there are lots of waterlogged areas, which consist of gleysols
and histosols.

The aim of this study is the calculation of potential retention in both catchments and the comparison of retention character during the dry and
wet period. Then, the runoff response was examined during the two periods. Both catchments were also evaluated by a detailed soil mapping
and a description of dominant flows of soil water.

The paper is based on a detailed hydropedological research and on hydrological data from the Faculty of Science of Charles University in Prague.
The catchments have been divided into 8 categories, each of them of different soil type (Fig. 2). Each category has been given a model and a class
according to the soil classification HOST (BOORMAN et al. 1995) and a dominant direction of flow according to the DHF system (SCHRERRER,
NAEF 2003). Next, potential and current soil water retention of each soil type in chosen catchments was worked out (Tab. 4). These calculations
were compared with the antecedent precipitation index and with runoff response (Fig. 6 and 7).

The study has proved different character of both catchments on the basis of hydrological response to the causal precipitation. No direct impact of
different land cover was confirmed. The diverse distribution of soil types with completely different retention character could be the main cause
of dissimilar runoft. Providing that there are the same pedological processes and morphological characters in both catchments, we can say that
the distinction of soil cover in both catchments is caused by different farming and other anthropogenic impacts (e.g. drainage). From this point
of view, the land cover has an indirect impact on the runoff from the catchment.
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VLIV PUDNI SLOZKY A ROZDILNEHO VYUZITI UZEMI
NA ODTOKOVY PROCES V EXPERIMENTALNICH POVODICH ZBYTINY

Vaclav Kralovec, Zdenék Kliment, Lukas VIéek

Studie se zaméfuje na hodnoceni odtokové odezvy ve dvou parovych experimentalnich povodich v pramenné oblasti
Sumavské Blanice, které se primarné odlisuji krajinnym a pidnim pokryvem. Srazko-odtokové vztahy a odchylky
v odtokové odezvé jsou hodnoceny ze tii hledisek: i/ na zakladé primérnych bilanénich charakteristik a miry variability
odtoku, ii/ na zakladé analyzy vybranych srazko-odtokovych epizod, iii/ podle hydropedologickych charakteristik a re-
tencni kapacity povodi. Obecné se povodi lisi predev§im v dlouhodobych odtokovych charakteristikach, béhem srazko-
odtokovych epizod se rozdily snizuji. Pidni pokryv je v obou povodich pomé&rmné heterogenni a retence povodi je z velké
miry zavisla na hydropedologickych vlastnostech jednotlivych pldnich typt a horizonti a aktudlni vySce hladiny
podzemni vody.

KEUCOVE SLOVA: parovy experimentalni vyzkum, hydrologicka bilance, srazko-odtokovy proces, krajinny a piidni pokryv,
retence vody

INFLUENCE OF SOIL MATRIX AND DIFFERENT LAND USE ON THE RUNOFF PROCESS IN THE
EXPERIMENTAL CATCHMENTS ZBYTINY. The study deals with the evaluation of runoff response in two paired
experimental catchments in headwater area of Blanice river in the Sumava Mts., which differ primarily in land and soil
cover. Rainfall-runoff relationships and differences in runoff responses of both catchments were observed from three
points of view: i/ on the basis of average balance characteristics and the rate of runoff variability, ii/ on the analysis of
chosen rainfall-runoff events, iii/ according to the hydropedological characteristics and retention capacity of catchment.
Generally, catchments differ mainly in long-term runoff characteristics, during rainfall-runoff events the differences
decrease. Soil cover is in both catchments rather heterogeneous and water retention of catchment is largely dependent on

hydropedological properties of individual soil types and horizons and actual groundwater level.

KEY WORDS: paired catchment research, hydrological balance, rainfall-runoff process, land and soil cover, water retention

Uvod

Zmény v hydrologickém rezimu jsou ¢asto diskutovany
v souvislosti se zménami piirodniho prostiedi a krajiny.
Vedle vlivu globalnich (klimatickych) zmén na srazko-
odtokovy proces je na nizSich prostorovych urovnich
zkouman zejména dopad zmén ve vyuziti krajiny a kra-
jinném pokryvu. Zmény se projevuji ve vodni bilanci,
extremité odtoku, vlhkosti piidy a evapotranspiraci.

Vlivu zmén ve vyuziti izemi na hydrologické procesy
se vénovalo velké mnozstvi praci, napt. Hibbert (1967),
Bosh a Hewlett (1982), Camorani et al. (2005), Oudin et
al. (2008) nebo Maly (2009). Hibbert (1967) dospél ve

své studii k zavéru, ze odtokova odezva povodi na
zmény ve vyuZiti Uzemi je vysoce variabilni a vétSinou
neptedvidatelnd. O vice nez 30 let pozdeji Kokkonen
a Jakeman (2001) uvedli, Zze stale neexistuji zadné
spolehlivé a divéryhodné modely, které by dokazaly
predpovédét vliv zmeény vyuziti izemi na hydrologickou
odezvu v métenych povodich.

Podobné neurcité se hovoii i o vlivu lesa na odtokové
poméry v povodi. Dlouhodobému systematickému
vyzkumu ve dvojici povodi (cca 4 km?®) v oblasti
Javornikd se vénoval od konce 20. let 20. stoleti Valek
(1962). Nezalesnéné povodi Zdéchovky vykazovalo
oproti zalesnénému povodi Kychové vyrazné vyssi
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hodnoty kulminacnich pritokd, strmé&jsi vzestup
a pokles pritokd béhem odtokové epizody. Biba et al.
(2001) hodnotil dopady vegetacnich zmén na odtokové
poméry dvou zalesnénych horskych povodi Cervik
a Mald Raztoka (cca 2 km?) v Beskydech v pribéhu
témet 50letého monitoringu. Vétsina studii se o vlivu
lesa vyjadtuje v dosti Sirokém rozmezi od velmi vyrazné
pozitivniho az po tézko prokazatelny. Studie pojedna-
vajici o negativnim vlivu lesa na transformaci odtoku
z povodi jsou pomérné vzacné (Maly, 2009).

Pro detailni vyzkum srazko-odtokového procesu jsou
vhodné studie v malych experimentalnich povodich
(0,1-10 km?). Vzajemné odlidnosti v charakteristice stu-
dovanych povodi umoziuji sledovat vliv jednotlivych
faktort na odtokovy proces (Pavlasek et al., 2006).
V malych homogennich plochach lze 1épe pozorovat
vybrany problém bez intervence rusivych vlivii a na
zakladé hydrologické analogie pak interpretovat vysled-
ky pro vétsi tzemi (Ktiz, 1978; Bosch a Hewlett, 1982).
Jednou z nejcastéji pouzivanych metod pro srovnani
povodi je metoda parového vyzkumu (McCulloch
a Robinson, 1993). Zakladnim ptedpokladem parového
vyzkumu je, aby si navzdjem porovnavana povodi byla
z hlediska prostoru a fyzickogeografickych podminek
co nejpodobnéjsi. Podstatné je, aby se vyrazné odli-
Sovala ve zkoumaném atributu. Obvykle jsou vybrana
sousedni povodi, u nichZz lze vzhledem k jejich blizké
poloze a malé velikosti studované plochy uvazovat
stejné pri¢inné podminky pro vznik srazko-odtokové
udalosti. V parovém srovnavacim vyzkumu se sleduji
jak zmény v dlouhodobych bilan¢nich charakteristikach,
napi. Bosh a Hewlett (1982), Brown et al. (2005) nebo
Robinson a Dupeyrat (2005), tak rozdily v pribéhu
vybranych srazko-odtokovych epizod, napt. Iroumé et
al. (2005), Pavlasek et al. (2006) nebo Silveira a Alonso
(2009).

Pudni slozka tvofi dulezity parametr v hodnoceni
srazko-odtokového procesu. Urcuje nejen mnozstvi
infiltrované vody, ale také dobu jejiho zadrzeni v pudé.
Hodnota retence se vSak v ¢ase méni, hlavné diky ptdni
vlhkosti a u zamokfenych ploch také diky vysce hladiny
podzemni vody. U hydromorfnich pid mutze hladina
podzemni vody hrat dulezitou ulohu ptredevsim
v mistech, kdy se témér po cely rok drzi blizko povrchu
a vytvaii tim minimalni prostor pro retenci (Evans et al.,
1999, Vigek et al., 2012).

Cilem predkladané studie je zhodnotit odezvy odtoku na
spadlé srazky v morfologicky a hydrograficky iden-
tickych, ale rozdilné vyuzivanych horskych povodich
Zbytinského a Tetfivéiho potoka v pramenné oblasti
Blanice v jiznich Cechach. Piestoze se jedna o pfirods
blizké zalesnéné Ci zatravnéné prostiedi, krajina doznala
v prubéhu posledniho stoleti vyznamnych zmén (Kli-
ment a Matouskova, 2009). Zmény a rozdily v chovani
hydrologickych systémi z hlediska primérnych dlouho-
dobych charakteristik, jednotlivych srazko-odtokovych
epizod ¢i retencni kapacity povodi, jsou hodnoceny na
zakladé parového srovnavaciho vyzkumu.

Material a metody
Charakteristika povodi

Parova povodi Zbytinského (ZBY) a Tetfivciho potoka
(TET) se nalézaji v pramenné oblasti Blanice ve vy-
chodni ¢asti Sumavy pobliz obce Zbytiny. Reprezentuji
plosné mala, navzajem sousedici povodi s podobnymi
fyzickogeografickymi a hydrografickymi poméry ve
vySkovém rozpéti 785 az 946 m n. m. Povodi Tettivéiho
potoka je charakteristické vétsim zastoupenim gleji
a organozemi (cca 1/3 plochy povodi), které prechazi
v jiné pidni typy s riznym stupném ogelejeni (pseudo-
gleje, stagnogleje) a nasledné v nejcastéji se vyskytujici
typ kambizem modalni. Jeji zastoupeni je dominantni
v povodi Zbytinského potoka (44 % plochy). Ve vyssich
partiich obou povodi pfevazuje kryptopodzol. Zkouma-
na povodi se lisi kromé rozloZeni pidnich typu i krajin-
nym pokryvem. Povodi Zbytinského potoka predstavuje
prevazné luéni prostiedi (cca 2/3 plochy povodi zauji-
maji louky, 1/3 lesy s pievahou smrku). V povodi
Tettivéiho potoka je pomér opaény ve prospéch lesa.
V obou povodich doslo v pribéhu poslednich 60 let
k vyraznym zménam ve vyuziti a struktufe krajiny.
Diivéjsi intenzivni zemé&délské hospodafeni v povodi
Zbytinského potoka doklada vyskyt podpovrchové
trubkové drenaZni sit€¢. Odvodnénd plocha plivodné
zaujimala 27 % plochy experimentalniho povodi.
V soucasnosti je odvodnéna plocha pokryta seCenou
loukou a drendZzni systém je na nékolika mistech
narusen. Ve stfedni a spodni ¢asti experimentalniho
povodi Tetiivéiho potoka se naproti tomu nachdzi husta
sit¢ povrchovych, uméle vytvofenych odvodiovacich
ptikopt.

Monitoring a datové zdroje

Zékladem experimentalniho vyzkumu je monitorovaci
sit’ vybudovana na jate 2006, ktera umoziuje kontinual-
ni monitoring hydrologickych a meteorologickych veli-
¢in. Sklada se ze dvou hladinomérti osazenych v zavéro-
vych profilech obou experimentalnich povodi, meteoro-
logické stanice a dalSich tfi sraZkoméri. Monitoring
vodnich stavii je doplnén systematickym hydrometric-
kym méfenim pratokd pro odvozeni relevantni kon-
sump¢ni kiivky. V roce 2011 byla na vybranych lokali-
tach instalovana zafizeni pro kontinualni méfeni obje-
mové pudni vlhkosti a teploty pudy. Pro stanoveni
potencialni a aktualni retence povodi se pouzivaji data
z pravidelnych odbérnych kampani vzorku pudy a udaje
z vrtl sledujicich hladinu podzemni vody v hydro-
morfnich ptdach.

PouZité metody
Hydrologicka bilance a variabilita odtoku

Ke stanoveni hydrologické bilance bylo potieba provést
vypocet mésicnich, rocnich a dlouhodobych odtokovych
a srazkovych parametri a odtokového koeficientu
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s vyuzitim vlastnich naméfenych homogenizovanych
Casovych fad a odvozenych konsumpcnich kiivek.
Z pohledu srazek se uvazovaly uhrny plosnych srazek
zptesnéné pro kazdé povodi pomoci interpolacni
metody IDW vztazené k jejich centroidu.

Variabilita odtoku byla posuzovdna kromé klasicky
pouzivanych metod (kfivka M -dennich prutokil) také
pomoci analyzy hydrologické disturbance (Archer,
2007). Analyza hydrologické disturbance je zaloZena na
zkoumani frekvence a doby trvani tzv. pulzd, tj. stavi,
pii nichz dojde k dosazeni nebo prekroceni urcité
prahové hodnoty prutoku. Prahové hodnoty predstavuji
nasobky medianu pritoku v uréitém casovém kroku.
Doba trvani jednoho pulzu je urcena jako doba mezi
prekrocenim konkrétni prahové hodnoty a naslednym
poklesem pod tutéz prahovou hodnotu prutoku.

Analyza srazko-odtokovych epizod

Hodnoceni srazko-odtokovych epizod bylo zalozeno na

podrobné analyze hyetogramu a hydrogramu vybranych

srazko-odtokovych epizod (Maly, 2009; Pavlasek et al.,

2006). Vybéru hodnocenych srazko-odtokovych uda-

losti pfedchazel nutny pre-processing casovych fad

zahrnujici analyzu a nasledny vybér srazkovych epizod.

Hodnoceny byly pouze epizody vyskytujici se v obdobi

teplého pulroku. K identifikaci hodnocenych srazko-

odtokovych udalosti byla dale pouzita nasledujici

kritéria:

e srazkova epizoda zpusobila pouze jednoduchou
povodiovou vinu,

e v obou povodich byl zaznamenan stejny nebo velmi
podobny thrn a ¢asové rozdéleni srazek,

e k dispozici byly kompletni udaje o srazkach a prito-
cich po celou dobu trvani epizody,

e hodnoceny byly epizody, pro néz byly spolehlivé
odvozeny pritoky na zakladé konsumpéni kiivky.

Celkem bylo podle vyse uvedenych kritérii vybrano 47
srazko-odtokovych epizod. Pro kazdou znich byla
vypoctena sada pri¢innych a zavislych proménnych.
Z pohledu pri¢innych proménnych se jednalo pfedevsim
o vlastnosti srazek: doba trvani srazky Ty (min), vyska
srazkového tthrnu Hy (mm), primérnd intenzita srazky I,
(mm.h™) a nasycenost povodi (index ptedchozich srazek
API30). Na zakladé téchto parametr byly odvozeny
nejcastéji se vyskytujici typy pfi¢innych podminek, pfi
kterych dochazi v obou povodich ke vzniku vyznamné
odtokové situace.

Ze sady disponibilnich zavislych proménnych bylo
vybrano pét ukazatelt, které dostatecné vystihuji chova-
ni daného hydrologického systému. T je doba trvani
vzestupné vétve hydrogramu, Ty je doba trvani sestup-
né vétve hydrogramu do ukonceni piimého odtoku
(inflexni bod na sestupné vétvi). T vyjadiuje celkovou
dobu trvani srazko-odtokové udalosti od pocatku srazky
do ukonceni pfimého odtoku. T, je doba prodleni
(doba mezi kulminaci srazky a kulminaci odtoku), qmax
je velikost specifického kulmina¢niho pritoku odtokové

viny. Hodnoty sledovanych zavislych proménnych byly
nasledné vzajemné porovnavany a testovany dle jed-
notlivych typu pfic¢innych podminek (dvouvybérovy t-
test, Mann-Whitneytv test) mezi obéma povodimi.

Hodnoceni potencialni a aktudlni retence povodi

Z celkové plochy povodi a jednotlivych hloubek puad-
nich sond byl vypocten objem celého ptidniho pokryvu
bez C horizontu, tedy objem A horizontu (pfipadné¢ Oh
+A) a B horizontu (pfipadn¢ E + B, B/C). Hodnoty
téchto objeml byly upraveny pomoci skeletovitosti
a efektivni porovitosti. Tim byl vypoéten objem poten-
cidlnich volnych poért vcelém vyzkumném povodi.
Nejprve byla vypoctena hodnota retence jednotlivych
pidnich horizonti R, (cm), jejichz souéet pak Cinil
potencialni retenci ptidniho segmentu daného pudniho
typu:

Ry=HXPXx(1-25) €))
kde

H — hloubka ptidniho horizontu [cm],

P — efektivni pérovitost [%],

S — skeletovitost [%].

Do vypoctu potencidlni retence nebyl zapolten vliv
vlhkosti ani vy$ky hladiny podzemni vody. Jednalo se
o vyjadreni teoretického mnozstvi vody, které povodi
dokaze maximalné pojmout.

Pfi vypoctu aktualni nasycenosti povodi a stanoveni
aktualni retence se vychazelo z podrobného pedolo-
gického prizkumu, jehoz vysledkem byla mapa piidnich
typt. V obou povodich je zastoupeno Sest dominantnich
pudnich typi a dva subtypy (ORm - organozem
mesicka, GLo — glej histicky, GL — glej modalni, KA —
kambizem modalni, KAg — kambizem oglejend, KP —
kryptopodzol modalni, PG — pseudoglej modalni a SG —
stagnoglej modalni). Ke zminénym pidnim typim byly
vybrany referencni lokality pro odbér plidnich vzorka
Kopeckého valecky, z nichz byla stanovena okamzita
objemové vlhkost (0). Zarovenl byly v hydromorfnich
pudach vytipovany lokality pro méfeni hladiny pod-
zemni vody. Hodnota aktualni retence byla zpfesnéna
dle aktualni nasycenosti povodi a vysky hladiny pod-
zemni vody v hydromorfnich pidach. Aktualni retence
povodi byla pro porovnani vypocétena pro rizné
vlhkostni podminky (suché obdobi, vlhké obdobi,
obdobi pted a po srazce).

Vysledky
Hpydrologicka bilance a variabilita odtoku

Pro obé& povodi byly stanoveny prvni odhady hydrolo-
gické bilance (obdobi 2007-2014). Podle piedpokladi
byl odtokovy koeficient v zalesnéném povodi Tetiiv¢iho
potoka vyrazn€ niZsi nez v zatravnéném povodi Zbytin-
ského potoka, a to jak za celé hodnocené obdobi, tak
v ramci jednotlivych let. V priméru odteklo z povodi
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Tettivciho potoka roc¢né o 13 % objemu vody ze spad-
lych srazek méné. Hodnota odtokového koeficientu
kolisala v zavislosti na vodnosti a ro¢nim obdobi,
pfiCemz vétsi variabilita mezi chladnym a teplym
pulrokem byla identifikovana v povodi Zbytinského
potoka. Nejvétsi rozdily v hodnoté odtokového koefi-
cientu mezi obéma povodimi byly v zimnim a jarnim
byly naopak zjistény v letnich mésicich, ve kterych se
soustiedilo nejvice srazko-odtokovych epizod.
Cary piekroéeni M-dennich pritoki obou sledovanych
tokli maji na prvni pohled podobny pribch. Po vétsinu
roku zalesnéné povodi Tetfivéiho potoka vykazovalo
nizsi odtokové hodnoty nez povodi Zbytinského potoka.
Vyznamnéjsi rozdily se projevily:
e i/ v oblasti nizkych pratokt, kdy zalesnéné povodi
zejména v malo vodnych letech vyraznéji nadlepso-
valo pritok,

—e— Zbytinsky potok
1510 ytinsky pt

Tetfivéi potok

e i/ v oblasti vyssich prutoki, kdy zalesnéné povodi
zejména ve vodnych letech vykazovalo vyrazngjsi
odtokové odezvy.

Zajimavé vysledky pfinesla i analyza hydrologické
disturbance. Vztah mezi poftem pulzi a danym
velikostnim prahem odtoku ukazuje Obr. 2. Nejvétsi
pocet pulzii byl zjistén ve velikostni kategorii 1M (tj.
median Qp,q). U prutokd mensich nez 1M naopak
dochazi k poklesu poctu pulzii vlivem nartstu doby
trvani a koagulaci (,,spojovanim”) jednotlivych pulza.
Pocéet pulzi do hodnoty 2M (dvojnasobku medianu
Qnoa) je vyrazné vétsi pro luéni povodi Zbytinského
potoka, v intervalu od 3M do 10M vcetné je naopak
zaznamenan nepatrné veétsi pocet pulzt u lesniho povodi
Tettiv¢iho potoka. Nad prahovou hodnotou 10M je jiz
pocet pulzil pro ob€ povodi velmi podobny.
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Obr. 1.  Primerné mésicni hodnoty odtokového koeficientu (2007-2014).
Fig. 1. Average monthly values of the runoff coefficient (2007-2014).
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Fig. 2. Number of pulses for the chosen values of flow threshold (2007-2014).
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Analyza sraZko-odtokovych epizod

Podle analyzy pric¢innych faktortt pro 47 hodnocenych

epizod byly urCeny Ctyfi typy ptic¢innych situaci (PS):

e PS1 — kratkodoby dést’ primérné intenzity pii niz-
$im nasyceni povodi
nasyceni povodi

e PS3 — stfednédoby dést’ niz8i intenzity pii vySSim
nasyceni povodi

e PS4 — kratkodoby intenzivni dést’ pii vys$im nasy-
ceni povodi

Rozdily v odtokové odezvé byly identifikovany a kvan-

tifikovany podle velikosti odchylky mezi standardizo-

vanymi stfednimi hodnotami parametri hydrogramu.

Srovnani odtokovych odezev obou povodi pro dany typ

pric¢inné situace ukazuje Tabulka. 1.

Pro jednotlivé sledované parametry hydrogramu byly

zjistény nasledujici poznatky:

e T, Tyq — doba trvani sestupné vétve odtokové viny
azaroven 1 celé srazko-odtokové epizody je pfi
vsech pricinnych situacich u TET vyrazné delsi.

e T, — doba trvani vzestupné vétve odtokové viny je
pfi vSech typech pficinnych situaci srovnatelna
a nejsou mezi povodimi zaznamenané zadné rozdily.

e Ty, — s poklesem nasycenosti povodi vzriistd rozdil
v dob¢ prodleni ve prospéch TET. Nejvétsi rozdil je
zaznamenan u srazek malé vydatnosti pii nizkém
nasyceni povodi, pfi vyS$i nasycenosti povodi
a déletrvajicich regionalnich destich jsou rozdily
zanedbatelné.

®  (max — velikost kulminaéniho pratoku se lisi podle
typu pficinné situace, pfiCemz dulezitou roli hraje
nasycenost povodi. Pfi niz§i nasycenosti povodi,
zejména pii déletrvajicich srazkach, byly sledovany
vyss$i kulminacni priutoky u TET. Pouze b&hem
kratkodobych intenzivnich srazek pfi vyss§i nasyce-
nosti povodi byly kulminacni pritoky vyrazné veétsi
uZBY.

Rozdily ve vybranych parametrech hydrogramu pro
kazdou pfic¢innou situaci byly podrobeny testovani
statistickych hypotéz. U vSech ukazateli se potvrdila
nulova hypotéza, coz znamenalo, Ze v odtokové odezvé
obou sledovanych povodi na zikladé hodnocenych
epizod nebyl prokazan statisticky vyznamny rozdil.

Hodnoceni potencidalni a aktudlni retence povodi

Retencni potencial obou povodi je ovliviiovan zejména
pidnim typem, konfiguraci terénu (sklonitosti) a krajin-
nym pokryvem. Nejvyssi potencialni reten¢ni kapacita
se vyskytuje v plochych panvich u zavérového profilu
Tettivéiho potoka. Nachazi se zde pomé&rné mocné pidy
bez skeletu obsahujici vyznamné mnozstvi organogen-
niho materialu. Kromé toho se z pohledu retencniho
potencialu pozitivné jevi i relativné hluboké kambizemé
modalni na plochych rozvodich vétSinou vyuzivané jako
louky nebo pastviny. Nejnizs§i hodnoty potencialni
retence byly naopak nalezeny na svazich nejvyssich
vrcholt, kde prevazuji mélké skeletovité pudy.

V realnych podminkach se vSak retence povodi vy-
znamné méni. Nejméné vhodné pldy pro zadrzeni vody
byvaji zpravidla hydromorfni pudy. Tyto ptudy jsou po
vétsinu roku nasyceny vodou, a tudiz jsou nevhodné pro
infiltraci a zdrZeni vétSich srazek. Do této kategorie
spadaji i stagnogleje a pseudogleje. Tyto pudy se vSak
v povodi Zbytinského potoku neprojevily z hlediska
aktualni retence pfili§ negativné. Divodem mize byt
melioracni systém, ktery mtize zménit stagno(pseudo)-
glejovy ptudotvorny proces a nastartovat proces jiny.
Hodnota potencialni retence se v obou povodich pohy-
buje kolem 30 cm, pfi¢emz nepatrné vyssi retencni
potencial byl zjistén v povodi Zbytinského potoka (cca
porovnani aktudlni retence povodi. Bez ohledu na
pfi¢inné podminky je vyssi retence v povodi Zbytinské-
ho potoka (Tabulka 2.). Lze vysledovat, Ze se v sussich
periodach rozdil mezi povodimi ve prospéch ZBY
oproti vlh¢im periodam trochu zvétsuje.

Tabulka 1. Rozdily v odtokové odezvé podle typu pric¢inné situace

Table 1. Differences in the runoff response according to the type of causal situation
PS1 /BY < TET ZBY = TET ZBY < TET ZBY « TET ZBY < TET
PS2 ZBY < TET ZBY = TET ZBY « TET ZBY = TET ZBY <« TET
PS3 ZBY < TET ZBY = TET ZBY « TET ZBY > TET ZBY = TET
PS4 /ZBY < TET ZBY = TET ZBY < TET ZBY = TET ZBY >» TET

Vysvétlivky: do 5 % - shodné (=); 5-15 % - nepatrny rozdil (<); 15-30 % - vyrazny rozdil (<); nad 30 % - velmi vyrazny

rozdil (K)
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Tabulka 2. Potenciilni a aktualni retence povodi (cm) béhem vybranych epizod
Table 2. Potential and actual retention of catchment (cm) during the selected events
. Potencialni Suche’ Obdobi pred Obd?P ' po Vlhke’
Povodi retence obdobi srazkou (23.8.2014) srazce obdobi
(15.6.2014) o (14.9.2014) (24.4.2015)
ZBY 30,20 17,10 14,00 11,30 12,90
TET 28,10 12,00 10,10 8,30 8,90

Zavér a diskuse

Hodnoceni srazko-odtokového procesu je zalozeno na
pristupu black box, tedy zatim bez detailnéjsiho vyhod-
noceni jednotlivych odtok ovlivilyjicich faktorti. Analy-
zy Casovych ftad vychazeji z vlastnich kontinualné
meéfenych dat z 8letého obdobi pozorovani. Doposud
relativné kratka fada pozorovani nemusi byt, ve srovna-
ni s podobn¢ zamétenymi vyzkumy, vzhledem k poctu
analyzovanych srazko-odtokovych epizod dostatecné
reprezentativni pro jejich hodnocent a typizaci. I ptesto,
ze data prosla precizni kontrolou, stale ztistava problé-
mem odvozeni hodnot pratokti nad mez zjisténou
hydrometrovanim. Pravé data o vy$Sich pratocich je
potfeba nadale zptesiiovat. Z tohoto divodu nebyly
prozatim podrobné¢ hodnoceny extrémni odtokové
situace.

Provedené analyzy poukazaly u sledovanych parovych
povodi na odliSnosti ve srazko-odtokovém procesu.
Nejveétsi rozdily vykazuji primémé bilanéni charakte-
ristiky, kde ve shodé s poznatky Brown et al. (2005),
nebo Robinson a Dupeyrat (2005) odtéka ze zalesnéné-
ho povodi Tetfivéiho potoka méné vody, nez z pfevazné
lu¢niho povodi Zbytinského potoka. Rozdily se projevu-
ji zejména v zimnim a jarnim obdobi. Ve shodé s Brown
et al. (2005) Ize tento jev pfisuzovat vyssi mife intercep-
ce a evapotranspirace lesniho, zejména jehli¢natého,
porostu ve spojeni s rozdily v akumulaci a tani snéhové
pokryvky (Holko a Kostka, 2008).

V letnim obdobi, kdy nastava nejveétsi frekvence srazko-
odtokovych epizod, nejsou rozdily z dlouhodobého hle-
diska tak signifikantni, popfipadé k rozdiliim nedochazi
viibec. Analyza odtokovych Car prokazala, Ze zalesnéné
povodi, zejména vmalo vodnych letech, vyrazné
nadlepSuje nizké prutoky. Ve vodnych letech naproti
tomu vykazuje vyraznéj$i odtokové odezvy rostouci
s vyznamnosti epizod. Pravé vyraznéjsi odtokové odez-
vy ze zalesnéného povodi Tetfivéiho potoka jsou patrné
hlavni pfi¢innou jeho vyssi odtokové variability. Pozna-
tek o vyskytu vyraznéjsich odtokovych odezev ze zales-
néného povodi potvrdily i analyzy vybranych srazko-
odtokovych epizod. Pfestoze nebyly statisticky prokaza-
ny rozdily v parametrech odtokovych epizod obou
povodi, podrobné analyzy hyetogramu a hydrogramu
upozornily na n€které odliSnosti: i) doba trvani sestupné
vétve odtokové viny a tedy i celé srazko-odtokové

epizody byla delsi u Tetfiv¢iho potoka, ii) pfi srazkach
malych Ghrnt pfi nizké nasycenosti povodi byla u za-
lesnéného povodi identifikovana delsi doba prodleni, iii)
velikost kulmina¢niho pritoku byly zpravidla vétsi
u zalesnéné¢ho povodi, pouze u kratkodobych desti
velké intenzity pfi vySSim nasyceni povodi byly zazna-
menany vétsi kulminace u luéniho povodi.

Z literatury je znamo, ze se vzrustajici extremitou
srazko-odtokovych udalosti se snizuje vliv vegetace na
pribéh odtoku a vyraznéji se mohou uplatiovat i jiné
faktory. Vliv rozdilného vegeta¢niho krytu pro vybrané
srazko-odtokové situace podobné neprokazala studie
z experimentalnich povodi Modrava na Sumavé (Pavla-
sek et al., 2006). Kulmina¢ni pritoky v dobé analyzo-
vanych epizod byly vice zavislé na celkovém objemu
pri¢innych srdzek nez na pribchu intenzity srazek.
Znacna ¢ast odtoku byla spojena s pomalejsi odezvou
povodi na srazkovou udalost, pfitomnost plosného
povrchového byla vyjimecna. Na vyznamny vliv typu
vegetacniho pokryvu na retenci vody pii extrémnich
srazkach (srazkovy thrn nad 60 mm), které zptsobuji
povrchovy odtok, naopak upozornily studie Czelise
a Spitze (2003), Kutika (2000) a Tesafe et al. (2004).
Podle Hiimanna et al. (2011) zavisi tvorba odtoku
a retence vody v uzemi hlavné na specifickych mistnich
a plidnich podminkach. Tyto podminky maji vétsi vliv
na tvorbu odtoku nez rizny typ lesa. Pfinos lesa pro
zmirnéni odtoku a sniZzeni kulminacnich pratoku je
nejvyrazngjsi v piipad€ malych Castych povodni.

Pro¢ vsak vykazuje nami sledované lesni povodi vyssi
variabilitu odtoku nez pievazné luéni prostiedi? Vysveét-
leni bychom mohli hledat vprvni fadé¢ v pidnim
prostiedi, v jeho prostorové i casové heterogenité,
v rozdilnych pudnich vlastnostech ovliviiujicich infiltra-
ci, retenci a transport vody v pidé€. Rlizné mechanismy
transportu vody ptdou mohou po dosazeni plného
nasyceni pudniho profilu vyvolat rychly odtok, ktery
muze vést k extrémnimu prazdnéni celého systému i pfi
malych srazkach (ganda et al., 2006; Cislerova, 2003).
Pti tvorbé odtoku se v zavislosti na okamzité nasyce-
nosti povodi mtze uplatiiovat vedle vétsiho zastoupeni
pid snizkou hydraulickou vodivosti 1 vétSi rozsah
zamokienych ploch s vysokou hladinou podzemni vody
v lesnim povodi. Analyza potvrdila negativni vliv
hydromorfnich ptid na retenci povodi a prokazala
potencidlné vétsi riziko lesniho povodi pfi vzniku
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vyznamné odtokové udalosti. Tento poznatek je
v souladu s rozborem srazko-odtokovych epizod a vy-
skytem vétsich kulminaci v lesnim povodi pii nizsi
nasycenosti. Hydropedologické podminky tedy maji pti
vzniku kratkodobych odtokovych epizod zasadni vliv na
formovani odtoku a pribéh odtokové udalosti. Z tohoto
pohledu se pak projevuji jako vhodné&jsi pady pro
retenci vody v krajin€ mocné piscitohlinité pady
s minimem skeletu, v tomto pfipad¢ kambizem¢ modal-
ni na plochych rozvodich.
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INFLUENCE OF SOIL MATRIX AND DIFFERENT LAND USE
ON THE RUNOFF PROCESS IN THE EXPERIMENTAL CATCHMENTS ZBYTINY

In the Czech Republic is most headwater areas cover by
forest and there are regularly formed a significant runoff
events. This is one of the main reasons why is paid to
the research of the influence of land cover or forest on
runoff great attention. Upper Blanice basin in Sumava
Mts. was one of source areas of huge floods in 2002.
Together, in this border area significant changes in land
use have occurred during last century.

For these reasons, in May 2006 was founded in
cadastral area of Zbytiny (district Prachatice) an
experimental catchment specialized on research how
can different land cover influence runoff process. We
talk about two adjoining small catchments with similar
physical-geographical and hydrographical conditions
that differ by land and soil cover. Incatchment of
Zbytinsky brook predominate cultural meadows, on the
other hand in catchment of Tetiiv¢i brook is forest.

The aim of the submitted research is to evaluate changes
and differences in hydrological systems from the point
of view of average long-term characteristics, individual
rainfall-runoff events or retention capacity of
catchment, on the basis of the comparative paired
catchment research.

The first estimations of hydrological balance show, that
the runoff coefficient in Tetfivéi Brook catchment was
significantly lower than in the Zbytinsky Brook
catchment. From the point of view of runoff variability,
more significant differences became evident: i/ in the
period of low flows when the forested catchment,
especially in years with lower discharge, significantly
improved its discharge, ii/ in the period of high flows
when the forested catchment, especially in years with
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higher discharge,
responses.

By the analysis of rainfall-runoff events was not proved
any significant difference in the runoff response in the
both monitored catchments. However, some interesting
variations were detected. Duration time of the recession
limb of hydrograph and at the same time of the
complete rainfall-runoff event is in all causal situations
in the Tetfivci Brook longer. With the decrease of the
catchment saturation, the difference in the lag time
increases in favour of forested Tetfivéi Brook. The
greatest difference is recorded for the precipitation of
small intensity at the low saturation of the catchment.
Specific peak discharge differs according to the type of
causal situation, where the important thing is the
saturation of the catchment. Higher peak discharges
were observed in the Tetfivéi Brook at the lower
catchment saturation, especially during long-term
precipitations. Peak discharges were significantly higher
in the Zbytinsky Brook only during short term heavy
precipitations at the higher saturation of the catchment.
The potential retention in both catchments is around 30
mm, while slightly higher retention potential was found
out in the Zbytinsky brook catchment (about 2 mm).
From a hydrological point of view is more importantly
actual retention of catchment. Regardless of the causal
conditions is the water retention higher in the Zbytinsky
brook catchment. Analysis of retention potential
confirmed the negative influence of hydromorphic soils
on water retention and showed a potentially higher risk
of forest catchment in the formation of significant
runoff events.

showed more significant runoff
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