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Abstrakt

Horska povodi jsou dulezita pro tvorbu a ochranu vodnich zdroju, ale i z hlediska krajinné
ekologie a zachovani biodiverzity. Chranéna pramenna oblast Jizerskych hor byla v minulém
stoleti zasazena extrémni kyselou atmosférickou depozici a naslednou acidifikaci prostredi
aintenzivni lesni tézbou stavajicich smrkovych porostd. V soucasné dobé se snizenim
depozice siry (a kyselé zatéze) zde probiha revitalizace pudné-vegetacniho pokryvu
a povrchovych vod, ale sou€asné se projevuiji vlivy globalni klimatické zmény, jejiz budouci

projevy zavisi na vyvoji emisi sklenikovych plynu.

Cilem této disertace je prispévek k objasnéni moznosti bioindikace k detekci zmén povodi
a jejich dopadu na hydrologické prvky, rutinni stani€ni observace v uzavérovych profilech
povodi, pfipadné stanoveni jejich Casové prodlevy. Pro popis vodniho prostfedi je uvazovan
makrozoobentos jako vhodny ukazatel kvality vody a proudéni vody v roku. Stav povodi byl
popsan pomoci Ellenbergovych indikacnich hodnot, vychazejicich z zZivotniho optima

cévnatych rostlin.

Oba indikatory (makrozoobentos i Ellenbergovy indikacni hodnoty) se ukazaly jako vhodné
pro popis zmén v povodi, ale u obou byla zaznamenana €asova prodleva oproti méfenym
veli€inam. V porovnani s vyvojem evapotranspirace byl vyvoj Ellenbergovy indikaéni hodnoty
vlhkosti zpoZdén o zhruba 14 let. U makrozoobentosu byla pozorovana ¢asova prodleva
zotaveni populace oproti zlepSeni kyselosti prostfedi asi o 5 let. Pfi pouZiti téchto
bioindika¢nich metod v podminkach sledovaného povodi je nutné zmény sledovat v Sir§im
kontextu, jelikoz se zde mohou projevovat i jiné zmény prostfedi (v pfipadé makrozoobentosu
napfiklad extrémni povodfiové situace a v pfipadé vegetacniho pokryvu radikalni lesnické

zasahy).

Abstract

Mountain catchments are very important for their high biodiversity and water resources
recharge. The protected headwater region of the Jizera Mountains has been struggling
in the last century with the extreme acid atmospheric deposition, acidification of both
terrestrial and aquatic ecosystems and commercial forestry practices (intensive harvest

of damaged spruce plantations). Contemporary, this region is affected by the global climate



future with future prognoses related to the expected progress in the emissions of greenhouse

gases.

The aim of this study was a contribution to the exploration of bioindication methods
in the detection of changes in hydrological characteristics observed in outlets of investigated
catchments. Macrozoobenthos was considered as a suitable indicator to describe water
quality and the aquatic environment. The soil-vegetation complex of catchments was

analysed by the Ellenberg's indicator values based on the life optimum of vascular plants.

Both indicators (macrozoobenthos and Ellenberg's indicator values) proved to be suitable
for describing changes in the catchment, but a time delay compared to the measured values
was recorded for both. Compared to the evolution of evapotranspiration, the evolution
of the Ellenberg moisture indicator value was delayed by about 14 years.
For macrozoobenthos, a time delay of about 5 years was observed in the recovery
of the population compared to the improvement in environmental acidity. However,
the evaluated changes in bioindicators need to be considered in a broader context:
for example, in the case of macrozoobenthos, extreme flood events can dramatically change

the data, and the vegetation cover can be affected also by the forestry practices.
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Uvod

Horska povodi jsou vyznamna pro tvorbu a ochranu vodnich zdroji (Messerli et al., 2004).
V podminkach CR byl k podpofe tvorby a ochrany vodnich zdrojii vyhlaSen zakonem
o vodach 254/2001 Sb. (Turecek et al., 2002) institut CHOPAYV (Chranéné oblasti pfirozené
akumulace vody), ktery zahrnuje uc€elovou regulaci hospodafeni v horskych povodich
vybranych pramennych oblasti. V téchto povodich je zakazano zmenSovat rozsah lesnich
pozemku, odvodriovat lesni & zemeédélské pozemky, provadét lesni tézbu holosedi
nad limitnim ploSnym rozsahem, tézit raSelinu, a dalSi (Vladni nafizeni 40/1978,
Turecek et al., 2002).

Horska povodi se vyznaCuji znanou prostorovou a vySkovou nehomogenitou
a s tim spojenou variabilitou meteorologickych a hydrologickych charakteristik (Shaw, 1994).
Prostorova interpolace a extrapolace bodovych meteorologickych dat v horskych povodich
je komplikovana  vlivem  proménlivosti  podminek  mezo- a  mikro-klimatu
(KfeCek a Punéochaf, 2012). V takovych podminkach je zapotfebi husta sit pozorovani
k dosazeni vérohodnych dat. WMO (1994) doporucuje v horskych oblastech hustotu
meteorologickych stanic 25 km? na stanici. Ve skute¢nosti je tomu pravé naopak, horské
oblasti maji pomeérné Fidkou sit pozorovani a to z nékolika divodu. Jsou to mista pomérné
Spatné dostupna, s narotnymi podminkami jak pro pozorovatele, tak pro pfistrojovou
techniku. Husta observacni sit’ je z finan¢niho hlediska nakladna. Horské oblasti jsou vétSinou
oblasti malo husté osidlené, takZe ze strany vefejnosti neni velka poptavka po méfeni
meteorologickych veli€in. Navic méfena data jsou €asto zatizena chybami nebo fady dat
obsahuji mezery méfeni. Proto se jako vhodny nastroj pro zjiStovani podminek povodi jevi
bioindikace, ktera nam je schopna poskytnou informace o stavu a zméné stanovisté

na zakladé fauny a flory vyskytujici se v daném misté.

Horské oblasti v posledni dobé Celi celé fadé zmén, at uz se jedna o zatizeni kyselou
atmosférickou depozici, intenzivnimu lesnimu hospodarstvi & zménam klimatickych
podminek zplsobenych oteplovanim. VétSinou se jedna o lokality se specifickymi
morfologickymi, topografickymi i hydrologickymi podminkami a vySe pospané zmény

¢i zasahy mohou mit dalekosahlé disledky. Vzhledem k tomu, Ze horska povodi jsou velmi



podstatna pro zasobovani obyvatelstva pithou vodou, Messerli et al. (2004) uvadi,
7€ 40-80 % vody zhorskych oblasti zasobuje niZze polozené lokality pitnou vodu
a jejich vyznam bude narlstat se zvySujici se populaci a zménami klimatu (UNEP, 2007;
Viviroli et al., 2007), méla by byt témto oblastem vénovana znacna pozornost. Ve stfedni
Evropé je vétSina horskych povodi zalesnéna (FAO, 2008). Forman (1995) uvadi, ze les
ma schopnost chranit kvalitu pidy a vodnich zdrojl, proto je nezbytné dodrzovani dobrych

lesnickych zasad.

Cilem této studie je zhodnoceni moznosti popisu horského povodi, jeho hydrologického
rezZimu a predevSim zmeén zpusobenych vlivem kyselé atmosférické depozice, lesnické
¢innosti a klimatické zmény pomoci metod bioindikace. Pro popis zmén vodniho prostiedi
povrchovych vod zajmovych povodi v Jizerskych horach byla zvolena indikace pomoci
makrozoobentosu. Na zakladé vyskytu jednotlivych druhl a jejich citlivosti na jednotlivé
faktory se prfedpoklada moznost posouzeni zmény kvality vody s ohledem na trvalou, sezénni
a episodickou formu zatéZze kyselou atmosférickou depozici (Rashid & Pandit, 2014;
Guerold et al., 2000). Bentické organismy jsou v takovémto prostfedi vystavovany stresu
jednak ze samotné acidifikace prostfedi, nasledné pfi zlepSeni stavu jsou vystavovani
narazovému snizeni pH pfi sezonni a epizodické acidifikaci (v pribéhu povodné), ktera

je doprovazena zvySenymi rychlostmi, coz je dalSi limitujici prvek vyskytu (Brookes, 1988).

Pro popsani stavu povodi je uvazovano pouziti Ellenbergovych indika¢ni hodnot. Jednotlivé
indikacni hodnoty v sobé& zahrnuji vice faktorl prostfedi, napfiklad indikator vihkosti
je kombinaci faktori urovné hladiny podzemni vody, rezimu atmosférickych srazek, slune¢ni
radiace, teploty a vihkosti vzduchu (Ellenberg, 1974, 1988; Ellenberg et al, 1992). Dale se da
usuzovat, ze jednotlivé indikacni hodnoty maji ¢asovou prodlevu vzhledem k charakteru
vyskytu vegetace (pfi vyskytu neodpovidajicich podminek pro stavajici vegetaci potrva

néjakou dobu, nez tyto druhy vymizi a zaroven néjaky ¢as zabere rozsiteni novych druhu).

Studie bude zahrnovat vzajemné vztahy meteorologickych a hydrologickych veli€in, a stav
zalesnéného horského povodi, které je mozné detekovat pomoci metod bioindikace (detekci
makrozoobentosu a Ellenbergovych indikator( travni vegetace).

Prace je ¢lenéna do ¢tyr dil€ich kapitol, které popisuji mozné negativni vlivy ovliviujici stav

horskych povodi a uvadéji je do souvislosti s moznosti zapojeni bioindikace.
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1. Strucny prehled problematiky

1.1. Bioindikace

Ekosystém je podle Ceskeé legislativy chapan jako funkéni soustava Zivych a nezivych slozek
zivotniho prostfedi, jez jsou navzajem spojeny vyménou latek, tokem energie a pfedavanim
informaci a které se vzajemné ovliviuji v ur€itém prostoru a €ase (Zakon o zivotnim prostiedi,
§ 3 zakona C. 17/1992 Sb., 1992). Je tedy tvoren Zivou slozkou, coz jsou organismy,
a neZivou slozkou, kterou chapeme jako prostfedi nebo stanovisté. Obé tyto slozky
se vzajemné ovliviuji. Vlastnosti prostfedi, at’ uz chemické ¢i fyzikalni, formuji Zivou slozku
vyskytujici se v daném prostfedi a naopak organismy nam poskytuji informace o prostfedi.
Pro tento jev se ustalil pojem bioindikace, coZ je metoda, kdy se na zakladé vlastnosti
biologickych systém( odhaduji viastnosti prostfedi, neboli vyskyt a stav ur€itého druhu

organismu signalizuje urcité podminky prostfedi (Andél, 2011).

Bioindikator je organismus i soubor organismu, kterym je sledovana dana vlastnost
prostfedi. Vhodné druhy pouzivané pro bioindikaci maji Uzkou ekologickou valenci (rozsah
hodnot, které je organismus schopny snaset je maly). Podle pfirozeného vyskytu organism
muzZeme usuzovat, jaké podminky na stanovisti panuiji, ale je také mozné diky bioindikatoram
zaznamenat zmény v prostiedi. To je vyuzivano pro detekci znecisténi prosttedi, kdy dojde
k vymizeni urcitého druhu, ktery je citlivy na dané znecisténi, nebo jsou u né&j zaznamenany
chemické, fyziologické €i behavioralni zmény a naopak je mozné pozorovat i zotavovani
habitatu ze znecisténi, v sou€asnosti je pro tento proces pouzivan nazev biomonitoring
(Markert et al, 2003).

Rozlisujeme nékolik druht indikatort znecisténi (Kulich a kol., 2002):

e Sentinel (strazny) je citlivy druh, ktery je umysIné pfidan do zkoumaného prostredi

a okamZité reaguje na nepfiznivou zménu v prostfedi.

e Detektor je druh, vyskytuji se pfirozené ve zkoumané oblasti, ktery méfitelnym
zpUsobem reaguje na zmény prostfedi (mortalitou, vékovym rozvrstvenim populace,

zménou chovani).

e Exploiter (vykofistovatel) je druh, jehoz pfitomnost znaci naruSeni prostredi.
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e Akumulator je druh, ktery pfijima a hromadi chemické latky z prostfedi v méfitelnych

mnozstvich.

e Biossay organism (organismus pro biologickou kvantitativni zkousku) je vybrany
druh, ktery se pouziva v laboratofi ke zjiSténi pfitomnosti nebo koncentrace

Skodlivych latek.

Pro zajmovou lokalitu je mozné také stanovit index druhové pestrosti (diverzity),
ktery vyjadfuje informaci o celkovém poctu nalezenych druh(. Jde o vahovy vztah
absolutniho poctu pfitomnych druhl v lokalité k velikosti vzorku (poctu kustl), obecné tyto
indexy nejsou vhodné, jelikoz odrazi spiSe proces vzorkovani spoleCenstva nez jeho

biodiverzitu (Opafilova & Horky).

Meinhinickdv index druhové pestrosti (Menhinick, 1964):

D= (1)

Margalefliv index druhové pestrosti (Margalef, 1951):

_ c_ 1
D=s-t @

S ... pocet taxonti
N ... celkovy pocet jedincti

PouZivaji se bioindikatory rostlinné i ZivoCisné, napfiklad pro vodni prostfedi se jako indikaéni
skupina organisml pouziva fytobentos, makrofyta, pobfezni vegetace, makrozoobentos

a ryby, ale timto zplsobem se da studovat jakykoli ekosystém.

1.2. Bioindikace povrchovych vod

U povrchovych vod se za pomoci bioindikace stanovuje jakost povrchovych vod. Ta pokud
jde o organické znecisténi povrchovych vod, se hodnoti saprobnim systémem, ktery vychazi
na rozkladnych procesech. Organismy, ktefi indikuji organické znecisténi, se nazyvaji
saprobionty. Pro stanoveni stupné zneciSténi vod je nutné provest biologicky rozbor,
jelikoz raznému stupni saprobity odpovidaji rizné biocendzy tvofené rozliSné odolnymi

Zivo€ichy. V druhové skladbé se organické znecisténi obecné projevuje poklesem, tedy nizsi
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diverzitou biotopu, ale narGstem poctu organismu (Tagliapietra et al, 2012; Sladecek, 1973;
Raodlova, 2012).

U povrchovych tekoucich vod se obecné jako indikacni skupiny uvazuji fytobentos,

makrofyta, pobfezni vegetace, makrozoobentos a ryby, pro stanoveni saprobity je to zejména

makrozoobentos a narosty. Pro stojaté vody jsou indikaéni skupiny fytoplankton, fytobentos,

makrofyta, zooplankton, makrozoobentos a ryby, jako saprobionty se pouziva nejvice
plankton (Rédlova, 2012).

Zakladni stupné saprobity stanovili Kolkwitz & Marsson (1909):

Kataprobita — nejCistSi vody, slabé oziveni, druhy podzemnich vod (prameny,

podzemni vody).

Oligosaprobita — vody pstruhového a lipanového pasma s nepatrnym organickym

zatizenim, nadbytek kysliku a silné aerobni procesy, druhova diverzita mala.

B-mezosaprobita — stfedni Casti vodnich tokd (dolni Casti lipanového a dale
parmového pasma), které jsou pfirozené zatizené organickymi latkami
nebo mendim sekundarnim znecisténim toku, voda je dostateCné okysliena,
samocisténi probiha predevsim na urovni oxidacnich pochodU (aerobni procesy),

vysoka druhova skladba.

a-mezosaprobita — stfedni a dolni ¢asti vodnich tokd (cejnové pasmo a dale
se vyskytujici uz jenom kaprovité ryby), znecisténi organickymi latkami je vysoké,
kysliku je zde malo, aerobni a anaerobni procesy jsou vyrovnané, nastupuje méné

odolné&jSich druhd, které vytvari siiné populace, druhova skladba se snizuje.

Polysaprobita — silné znecisténé vody, je zde minimum kysliku, pfevladaji anaerobni
procesy, bez rybich populaci a vétsiny dalSich organismu, na samocisténi se podili
pouze narostové bakterie, nékteré fasy, niténky a pakomafi, druhova diverzita

je velmi nizka, avSak populace téchto druhd dosahuiji velké hustoty.

Systém dale rozsifil Sladecek pro stojaté a tekouci vody (Sladecek, 1973):

Kataprobitu (K) — nejcistSi vody se slabym ozivenim, druhy podzemnich vod.
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¢ Limnosaprobita (L)- povrchové i podzemni vody rizné znecisténé, odliSna struktura

spoleCenstev.
e Eusaprobita (E) - odpadni vody se znacné zvySenym obsahem organickych latek.

e Transsaprobita (T) — zvlastni odpadni vody s nehnilobnymi latkami (nebo faktorem,

ktery je brzdi — ropné, toxické latky, vysoka teplota, radioaktivita).
Saprobni index je metoda umoznujici kvantitativni vyjadfeni a srovnani s jinymi ukazateli.
Stanoveni podle Pantle & Buck (1955):

X(h-S;
S = —;h ) 3)

S ... Saprobni index celého spoleenstva
Si ... Individualni saprobni index druhu

h ... abundance (pocetnost jedinct jednoho druhu na urcitém misté — populace, pocet
organismti na mil)
Stanoveni podle Sladecka (1973):

0Zpx+1Zpo+2Epp+3Zpg+
Zp

S =

S ... Saprobni index celého spoleenstva
2hiomg ... SOUCet hodnot abundance xenosaprobnich/oligotropnict/... indikatort
2h ... suma v8ech bioindikatort

Saprobni index ma hodnoty od -1 (katarobita — nej€istSi vody prakticky bez znecisténi, vody
podzemni a pramenné) do 8 (ultrasaprobita — koncentrované primyslové vody,

které bez zfedéni nelze Cistit).

Saprobni index se obecné pouziva k detekci antropogenniho znecisténi vétsich vodnich toku
(Sladecek, 1973), u malych horskych tok( postizenych acidifikaci postrada smysl. V tomto
pfipadé je ucelné pouzit Ellenbergovy indikacni hodnoty pro stav povodi a analyzu

makrozoobentosu pro vodni prostfedi.
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1.3. Makrozoobentos

Jsou to organismy viditelné pouhym okem, které Ziji na dné nebo v tésné blizkosti dna.
Podle raznych klasifikacnich systémua je velikost makrozoobentosu vétSi jak 1 mm
nebo 0,5 mm. Vyskyt makrozoobentosu ovliviiuje fada faktor(: rychlost proudu, teplota,
substrat, vegetace, dostupnost potravy, zastinéni, mezidruhova kompetice i nachylnost
na vysychani toku a povodné (Brookes, 1988). Bentické organismy se adaptovaly na Zivot
v proudici vodé (tvar téla snizujici tfeni, drapky, hacky, pfilnavé vyrastky, zatézovani téla
pomoci schranek z kaminkl atd.), ale makrozoobentos, ktery Zije v pomalu proudici vodé
tyto morfologické adaptace k obsazeni a pohybu na stanovistich s rychlym proudem nema
v mezerach dna nebo si pfimo tvofi schranky z malych kamink( a jiného materialu
vyskytujiciho se na dné je jejich pohyblivost omezena. Zpusob jakym se bentos presouva
na delSi vzdalenost, se nazyva drift a mlize byt chtény &i nechtény. Zavisi na velikosti proudu
(rychlosti), svételnych podminkach, teploté, hustoté osidleni, vyskytu predatort a Zivotnim
cyklu jednotlivych jedincl. Brittain & Eikeland (1988) uvadeéji nékolik druht driftu: katastroficky
drift, behavioralni drift, aktivni drift, distribuCni drift a konstantni drift. Katastroficky drift
je spojen zejména s povodniovymi udalostmi, kdy je naruSseno dno a makrozoobentos
se nedobrovolné dostava do proudu. Behavioralni drift je pohyb, kdy se bentos pfesouva
pfi hledani potravy a dobrovolné nebo nedobrovolné se necha unaset proudem. DalSim
ddvodem je unik pfed predatorem, kdy bentos do proudu vstupuje aktivng, proto je Casto
oznaCovan za aktivni drift. Distribucni drift je uvazovan pfi rozptyleni Zivo€ichl po vylihnuti
a konstantni drift (nebo drift na pozadi) je povazovan za nahodny proces, kdy se do proudu

dostavaiji nizké pocty zivocichli bez ohledu na jakoukoli denni periodicitu.

Do skupiny makrozoobentosu patii napfiklad Cervi, pijavky, mizi, plzi, rozto€i, korysi a larvaini
stadia vodniho hmyzu. Tito Zivo€ichové maiji rizné pozadavky na prostfedi i riznou citlivost
na vné&jsi vlivy. Rashid & Pandit (2014) povaZzuji benthos za velmi ucinny indikator stavu
vodniho prostfedi kvdli jejich omezené pohyblivosti, relativné dlouhému Zivotnimu cyklu
arbzné citlivosti na rozlicné druhy znecisténi. | z téchto divodl je makrozoobentos
povazovan jako dobry bioindikator vodniho prostfedi. Fritz et al. (2013) uvadi, ze chemismus
vody a vyskyt makrozoobentosu patfi mezi nejdulezitéjSi ukazatele environmentalniho stavu

hornich ¢&asti tokl. Jestlize ma byt makrozoobentos pouzit jako indikator stavu prostredi

15



je nutné provadét terénni méreni, které urCi vyskytujici se taxony a jejich poCet a mélo
by reflektovat stav zajmového Useku toku. Nejprve je nutné stanovit charakteristicky Usek
toku, ktery odrazi fyzikalni a ekologické charakteristiky dané lokality, délka Useku by méla byt
Ctrnactinasobek Sitky toku, maximalné v8ak 100 m. V tomto uUseku toku si stanovime
odbérovy usek, ktery by mél charakterizovat vSechny habitaty nachazejici se v toku,
aje nutné zaznamenat polohu pro moznost opakovani odbéru v budoucnu. Vytipuji
se jednotlivé habitaty napfiklad mista s riznou rychlosti proudu, rizné vzdalena od brehu,
trsy trav splyvajici u biehu do vody, vétve nebo kmeny lezici po urcitou dobu ve vodé, kofeny,
rizné typy dna (piscité, kamenité, hlinité), vodni rostliny atd. Postupuje se proti proudu,
hydrobiologicky cednik nebo bentosové sité se umisti spodnim okrajem na dno a misto
pred cednikem/siti se rozrusi nohou ¢i rukou do hloubky péti az deseti centimetrq,
tim se uvolni organismy do proudu a jsou odneseny do cedniku/sité. Do cedniku/sité je také
nutné oplachnout ponofené rostliny, kofeny, vétve, kameny a jiné predméty, abychom ziskali

i pfisedlé organismy. Ziskany vzorek je pretfidén do taxonomickych skupin a pak dale

Jako zakladni charakteristiky z vyhodnoceni vzorku se pak stanovuje pocet druht, pocet
jedincli daného druhu, pocet EPT taxonl (Ephemeroptera - jepice, Plecoptera - poSvatky
a Trichoptera - chrostici) a pfipadné dalSi charakteristiky. Dalezitou informaci je pocet jedincu

daného druhl neboli abundance, jelikoz popisuje, o jak vyznamnou populaci se jedna.

1.4. Ellenbergovy indikacni hodnoty

Stav povodi Ize popsat tfemi systémy: plida, vegetace, povrchové vody. Mezi témito slozkami
probiha neustala interakce. Ke zkoumani stavu pudniho prostfedi je mozné vyuzit
jako bioindikatory edafon (padni organismy). Zkoumani pldniho prostfedi nam da pouze
omezenou informaci o vegetaci (Ellenberg, 1988). Proto naopak je doporu¢ovano
(Ellenberg, 1974, 1988) vyuZziti bylinné vegetace jako indikatoru, ktery umoznuje odhadnout

i charakteristiky pady (vihkostni rezim, salinitu, padni reakci, dostupnost Zivin aj.).

Myslenka indikacnich hodnot vychazi z pfedpokladu, Ze jednotlivé druhy rostlin se vyskytuji
predevsim tam, kde jsou pro né vyhovujici vlastnosti daného stanovisté. Pokud tedy zname
naroky jednotlivych druht rostlin, pak dokazeme odhadnout a popsat viastnosti stanovisté

podle vyskytujicich se druh rostlin.
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U druhd cévnatych rostlin byl stanoven soubor hodnot, které vystihuji Zivotni optima
jednotlivych druht (2726 pro stfedni Evropu) na zakladé terénnich pozorovani pfipadné
experimentem. Pro oblast Némecka a pfilehlych statll soubor indikacnich hodnot stanovil
Heinz Ellenberg, ale pouzivaji se i jiné indikani hodnoty napfiklad Borhidiho pro oblast
Madarska (vyuzitelna i pro uzemi Moravy vzhledem k podobnosti druht) ¢&i Zarzyckiho

stanovené pro Uzemi Polska (Zeleny, 2012).

Ellenbergliv soubor indikacnich hodnot je sestaven pro svétlo (L) viz Tab. 1, teplotu (T)
viz Tab. 2, kontinentalitu (K), vihkost (F) viz Tab. 3, Ziviny (obsah dusiku N) viz Tab. 5, padni
reakci neboli pH (R) viz Tab. 4 a salinitu. Faktory svétla, tepla a kontinentalita popisuiji klima
stanovisté, faktory vihkosti, pudni reakce a zasobeni stanovisté dusikem zase popisuji pudni
podminky stanovisté. VySe jmenovanym vlastnostem stanovisté jsou pfisouzeny hodnoty
od jedné do deviti na ordinalni Skale, vyjimkou je vihkost, ktera ma $kalu od jedné do dvanacti,
pficemz posledni tfi stupné jsou pro druhy néjakou mérou Zijici ve vodnim prostfedi
(Zeleny, 2012; Ellenberg, 1974, 1988; Ellenberg et al, 1992).

Tab. 1: Skéla Ellenbergovych indikaénich hodnot pro svétlo (Ellenberg, 1974, 1988).

Hodnota Indikované prostredi Tolerance relativnich

1 rostliny hlubokého stinu stale se vyskytujici pfi <1%,
zfidka >10%

2 mezi1a3

3 rostliny stinomilné vétSinou <5%

4 mezi3ad

5 rostliny polostinu vétsinou pfi >10%,
vyjimeéné v plném

6 mezi5a7

7 rostliny castecné svétlomilné

8 mezi7a9 vyjimecné pfi <40%

9 rostliny zcela svétlomilné zfidka pfi <60%
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Tab. 2: Skéla Ellenbergovych indikacnich hodnot pro teplotu (Zeleny, 2012, Ellenberg, 1974, 1988).

Hodnota Indikované prostredi

1 rostliny indikujici nizké teploty, rostouci pouze ve
vysokych horskych oblastech, v alpinském nebo v borealné-
arktickych oblastech

2 mezi 1 a 3, vysokohorské druhy Casto sestupuijici na uroven
subalpinského stupné
rostliny chladného podnebi, vétSinou subalpinského stupné
mezi 3 a 5, zejména na chladnych mistech
rostliny pomérné teplého podnebi, vyskytujici se od nizin do hor,
pfedevsim v submontannim stupni

6 mezi5a7

7 rostliny teplého podnebi v niZinach a kolinnim stupni

8 mezi7a9

9 rostliny extrémné teplého podnebi, z Mediteranu zasahuje jen do

nejteplejsich oblasti horniho Poryni

Tab. 3: Skéla Ellenbergovych indikacnich hodnot pro vihkost (Ellenberg, 1974, 1988).

Hodnota Indikované prostredi

1 rostliny indikujici extrémni sucho, omezeno na puldy, které Casto
na néjakou dobu vyschnou

2 mezi1a3

3 rostliny indikujici suché misto, Castgji se vyskytuji na suchych
mistech neZ na vihkych

4 mezi3ab
rostliny indikujici vihka mista, zejména na Cerstvych piadach
pramérné vihkosti

6 mezi5a7
rostliny indikujici vinkost, vyskytujici se na vihkych nikoli mokrych
pudach

8 mezi7a9

18



rostliny indikujici velmi vihké pudy, ¢asto saturované a Spatné
provzdusnéné pudy

10 rostliny indikujici mista s mélkou vodou, které po delSi dobu
mohou byt bez stojaté vody

11 zakorenéné rostliny pod vodou, ale alespor po néjakou dobu
nad ni, nebo rostliny plovouci na povrchu

12 ponorené rostliny, trvale nebo témér trvale pod vodou

Tab. 4: Skéla Ellenbergovych indikaénich hodnot pro reakci piidy (Ellenberg, 1974, 1988).

Hodnota Indikované prostredi

1 rostliny indikujici extrémni kyselost, nevyskytujici se na slabé
kyselych nebo zasaditych ptidach

2 mezi1a3
rostliny indikujici kyselost, vyskytujici se zejména na kyselych
pudach, vyjimecné také na témér neutralnich pldach

4 mezi3ad
rostliny indikujici mirné kyselé pady, jen pfilezitostné se vyskytuji
na velmi kyselych nebo neutralnich az zasaditych pidach
mezi5a7

7 rostliny indikujici slabé kyselé az slabé zasadité pudy, nikdy se
nevyskytuji na velmi kyselych pudach
mezi7a9

9 rostliny indikujici bazické prostfedi, vzdy nalezeny na vapenatych

pudach nebo jinych pldach s vysokym pH

Tab. 5: Skéla Ellenbergovych indikacnich hodnot pro obsah dusiku (Ellenberg, 1974, 1988).

Hodnota Indikované prostredi

1 indikator extrémné neplodnych mist

2 mezi1a3

3 indikator vice ¢ méné neplodnych mist
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mezi3ab

indikator mist stfedni plodnosti

mezi5a7

indikator bohaté urodnych mist

mezi7a9

© 00 N o O &

indikator extrémné urodnych mist, mista odpocinku skotu nebo
mista v blizkosti znecisténych fek

P¥i botanickém prizkumu se u fytosociologickych snimkU stanovuje pokryvnost, zastoupeni
jednotlivych druhl a vyvojové formy na ploSe 4 x 4 m. Hodnota Ellenbergova indexu
se stanovi jako vazeny prumér zastoupenych druhu. Indikaéni hodnota uritého druhu

se stanovi podle rovnice 5:

Bij = Ni;/N; (7)

IND; ... indikacni hodnota urcitého druhu

M; ... pramémé zastoupeni druhu i v z6né j (abundance — velikost populace)
M; ... primérné zastoupeni druhu i ve vSech zénach

Nj ... pocet stanovist'v zo6né j, kde se druh i vyskytuje (frekvence)

Ni; ... pocet stanovist'v zoné j.

Indikacni hodnoty neodrazeji okamzity stav prostfedi, ale jeho integraci v Case. Jednotlivé
indikacni hodnoty odrazeji komplex faktord prostfedi, napfiklad vihkost v sobé& zahrnuje
kombinaci urovné hladiny podzemni vody, rezim atmosférickych srazek, slunecni radiaci,
teplotu a vihkost vzduchu. Schmidtlein (2005) uvadi, Zze se pomoci Ellenbergovych indexu

da odhadovat doplfiovani zasob podzemnich vod.
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1.5. Kysela atmosféricka depozice

Acidifikace je jednim zvyraznych problému ovlivijici Zivotni prostfedi, jak v minulosti,
tak i v souCasnosti a jeji vliv na ekosystémy se da pfedpokladat i v budoucnosti, proto
je potfeba zkoumat vliv kyselé atmosférické depozice na suchozemské a vodni ekosystémy
(Reuss & Johnson, 1986).

1.5.1.  Vznik a pfi€iny

Obecné je kysela atmosférické depozice (acidifikace) proces, pfi kterém dochazi
k okyselovani prostfedi. PFi€in vzniku je hned nékolik, v minulosti se na acidifikaci prostfedi
nejvice podilel oxid sifiCity (SO-), ktery se na Zemi sice vyskytuje pfirozené (produkovan
sopecnou €innosti a oxidaci sulfanu pfi rozkladu odumfelé biomasy), ale antropogenni
¢innosti se v minulém stoleti koncentrace siry v atmosfére vyrazné zvysila. Pfispélo k tomu
spalovani fosilnich paliv (obsah siry v éerném uhli je pfiblizné 1%, v ropé 1-3%, v palivovém
drevu 0,1% a v hnédém uhli 1-8%) a sirny pramysl. Znecisténi oxidem sifi€itym se projevuje
na velké vzdalenosti od zdroje, jelikoz prenos latky ovzduSim muaze byt v fadech stovek
kilometr( za den a v atmosfére setrva i nékolik dni. Od nejvétSiho znecisténi v 80. letech
minulého stoleti se koncentrace siry snizuji diky odsifovacim zafizenim a spalovanim uhli
s redukovanym obsahem siry (HruSka & Kopacek, 2005, 2009; Reuss & Johnson, 1986).
Prechtel et al. (2001) uvadi, Ze i pfes sniZzeny pfisunu depozice siry nékteré lokality reaguiji
na toto snizeni opozdéné a da se u nich oéekavat, ze acidifikace povodi bude pokracovat

Ubytkem bazickych kationtll z plidy a okyselovanim pudy i vodniho prostiedi.

V soucasnosti emise siry nahrazuji zejména oxidy dusiku, které se rovnéz vyskytuji pfirozené
(vznikaji pfi lesnich a stepnich pozarech, pfi mikrobialnich pochodech a pfi elektrickych
vybojich v atmosféfe), ale antropogenni €innosti se jejich koncentrace mnohonasobné
zvysila. Mohou za to spalovaci procesy, pficemz znecistovatelem neni dusik obsazeny
ve spalované latce, ale vzdusny dusik (N) oxidovany za vysokych teplot. Takto vzniklé emise
zalezi na mnozstvi spotfebovaného paliva, zpusobu jeho spaleni (teploté a prebytku
vzduchu) a typu zdroje, jestli se jedna o stacionarni zdroj (paleni uhli v bézném stacionarnim
zdroji vyprodukuje 2-4 g emisi dusiku na jeden kilogram paliva) nebo mobilni zdroj (pfi jizdé
v osobnim automobilu vznikd zhruba 10-25 g emisi dusiku na kilogram paliva).

U stacionarnich zdroju se znec€isténi dafi sniZzovat, ale vzhledem ke vzrustajici automobilové
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dopravé celkové znecisténi dusikem neklesa (Hruska & Kopacek, 2005, 2009;
Reuss & Johnson, 1986; Schopp et al., 2003).

Z atmosféry se na zemsky povrch dostavaji i soli siry a dusiky (zejména siran a dusi¢nan
amonny), vznikajici reakci kyselin s plynnym amoniakem (NHs), ktery v atmosféfe snizuje
kyselost srazek, jelikoz na sebe vaze H*, ¢imz vznika amonny iont (HN4*). Po dopadu
na zemsky povrch amonny iont vyrazné zvysSuje acidifikaci pudy, jelikoz se zu€astni procesu
nitrifikace (rostliny odebiraji z pldy amonné ionty, které biochemickou pfeménou nahradi
za H"). Tudiz dal$imi zdroji zplUsobujicimi okyselovani prostfedi je nadmémé pouzivani
dusikatych hnojiv a zvySené mnozstvi amoniaku vyprodukované v dusledku chovu skotu
(Hruska & Kopacek, 2005, 2009; Reuss & Johnson, 1986; Schépp et al., 2003).

Acidifikace prostfedi plsobi na pudu, vodu i na faunu a fléru. V pudé se kyseliny neutralizuji
s bazickymi kationty az do vyCerpani pufracni kapacity, pak se pudni prostfedi stava kyselym,
coz muUze vést k uhynu vegetace a nahrazeni stavajici vegetace jinymi méné sensitivnimi
druhy (Prechtel et al., 2001). Nasledné se okyseluji i povrchové vody a dochazi k mobilizaci
toxickych forem hliniku, coz muze vést k uhynu vodni fauny (Bache, 1985). Acidifikace vod
je limitujici pro mnoho druht vodnich organisma (NIVA, 2013), ktefi vymizi a mohou byt
nahrazeny méné citlivymi druhy. Guerold et al. (2000) doporuCuje bezobratlé vodni

organismy jako nejlepSi indikator negativniho vlivu acidifikace na Zivotni prostredi.
1.5.2. Atmosféricka depozice

Atmosféricka depozice je proces, pfi kterém se latky z ovzdudi prenaseji k zemskému
povrchu (hmotnost sledované latky na jednotku plochy za urcité ¢asové obdobi). Jedna
se o proces samocisténi atmosféry, ovSem slouCeniny, prach a jiné Castice se timto
zpUsobem dostavaji na zemsky povrch, do pudy a vody a do pfimého kontaktu s faunou

a flérou a tim mize dochazet k jejich znecisténi jako je tomu i u kyselé atmosférické depozice.

Podle charakteru délime depozici na suchou a mokrou. Mokra depozice je zplUsobena
vertikalnimi a horizontalnimi srazkami, kdy dochazi k tzv. vymyvani atmosféry. Hruska
& Kopacek (2005, 2009) uvadeji, ze atmosférické srazky bez antropogennich vliva jsou velmi
slabé kyselé s hodnotou pH 5-6, hodnota kyselych destu se pohybuje v rozmezi pH 3,5-4,5,
jelikoz je pH logaritmicka veliCina, pak pokles o dvé jednotky znamena zvySeni Kyselosti

asi stonasobné. Navic horizontalni srazky vyskytujici se zejména v horskych oblastech
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pusobi na vegetaci a prostfedi po delsi dobu a s vy$Simi koncentracemi, tudiz mohou

prostfedi znacné ovlivnit (Kfecek et al., 2019).

Sucha depozice je proces, kdy se plyny a aerosol z atmosféry zachycuji na povrchu rostlin
a ty jsou nasledné oplachnuty destém do pldy tzv. podkorunova depozice. Pfi tomto déji
zalezi na typu vegetace, jelikoz jehli¢naté stromy maiji vétsi specificky povrch oproti listnatym
stromUm a maji jehli¢i po cely rok (az na vyjimky), lépe zachytavaji emisni znecisténi (Kfecek
& Horicka, 2006; Hruska & Kopacek 2005, 2009).

1.5.3. Sezodnni a epizodicka acidifikace

V regionech zasazenych kyselou atmosférickou depozici mize hodnota pH ve vodnim
prostfedi klesat v dlisledku sezénni a epizodické acidifikace. Epizodicka acidifikace vznika
v dusledku srazkovych udalosti a sezonni acidifikace je zpusobena jarnim tanim snéhu
(Falkenmark & Allard, 2015). Pfiobou typech udalosti dochazi k do€asnému, nékdy
i vyraznému snizeni hodnoty pH vodniho prostfedi, coz mGze negativné ovlivnit vodni
organismy a zpUsobit mobilizaci toxickych forem hliniku (Bache, 1985). RGzi¢kova a kol.
(2004) uvadeiji, ze sezénni acidifikaci Ize povazovat za hlavni faktor determinujici vyskyt bioty
v tocich. Stejné tak je tomu u epizodické. Horecky a kol. (2005, 2013) tvrdi, ze jiz relativné
maly rozdil v pH, stejné jako silné acidifikovany tok, mohou ovlivnit biologické spolecenstvo.

U kyselych toku je patrny pokles v biodiverzité zejména vymizenim jepic, mékkysu a korysu

v v

1.6. Intenzivni lesni hospodarstvi

Intenzivni lesni hospodarstvi chape funkci lesa pouze jako produkéni (vyroba dfevni hmoty).
Funkce lesa ovSem muze byt pfi spravném hospodareni i mimoprodukéni (krajinna, pado
ochranna, Uprava vodniho rezimu, vytvareni cennych ekosystému, klimaticka, atd.).
Hospodareni v lesich zplsobem, které vyzaduje intenzivni technologie, mize zapficinit
podstatné zmeény v biologické rozmanitosti, struktufe a funkci ekosystému, nevratné
poskozovat pldni povrch, pouzivanim chemickych latek ¢i rozsahlymi mechanickymi zasahy
narusovat ekologickou rovnovahu a ménit vodni rezim Uzemi (Moucha & Pelc, 2008;
FAO 2010; Cizek a kol., 2007).

Les obhospodarovany intenzivnim zpisobem ma €asto jedno-druhovy neboli monokulturni

charakter a stromy jsou stejné vékové kategorie, vysazované do Ctvercové sité s rliznym
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rozpétim vzdalenosti podle druhu. Po uplynuti doby obmyti je les vykacen za pomoci tézké
techniky a cely kolobéh se opakuje. Negativni UCinky této praktiky jsou nachylnost
ke Skidcum (snadné Sifeni) a k pfirodnim pohromam kvuli jedno-druhové skladbé
a stejnoveékosti porostu. V takovychto lesich chybi rozmanitost typt prostredi, tudiz se snizuje
celkova biodiverzita ekosystému. Obhospodarovani téZkou technikou zplsobi udusani pady,
jenz vede k poklesu infiltrace, k zvySeni povrchového odtoku a tim zintenzivnéni eroze,
ktera je navic podpofena ztratou ochrany korun stromi pfed pfimym plsobenim

mechanického rozrusovani povrchu srazkami (Moucha & Pelc, 2008; Hédl a kol., 2011)

Dal$im problémem intenzivniho zpusobu lesniho hospodareni je vybér druhu pro danou
lokaci. Lesnici od nedavné minulosti do soucasnosti davali pfednost pomérné rychle a rovné
rostoucimu smrku pred listnatymi stromy, které do doby obmyti rostou podstatné déle.
TakZe se smrkové (pfipadné borovicové) monokultury staly dominantni na celém naSem

Uzemi i na mistech, ktera pro smrk nejsou viibec vhodna (Moucha & Pelc, 2008).

1.7. Globalni zména klimatu

Globalni zména klimatu je v posledni dobé velmi diskutované téma, které sebou pfinasi
mnoho otaznikd. V pribéhu historie dochazelo vzdy ke zménam klimatu a neexistoval zadny
vyvazeny stav (Arnell, 1999). OvSem zmeény klimatu, které pozorujeme v dnedni dobé,
jsou podle mnohych védcu velmi rychlé a jejich dopad je velice rozsahly. IPCC (2014) uvadi,
Ze mezi hlavnimi indikatory klimatickych zmén patfi rostouci teplota, ktera koresponduje
s rostouci koncentraci sklenikovych plynt v atmosfére, tyto plyny jsou €asto oznaCovany
vlivem €innosti ¢lovéka jsou oxid uhliCity (CO2), metan (CH4), oxid dusny (N20) a fluorované

uhlovodiky (obsahujici brom, fluor a chlor).

Zména klimatu se promitne vzrlstajici teplotou vzduchu, ktera souvisi s klimatickymi,
hydrologickymi a meteorologickymi procesy (evapotranspirace, tani snéhu, zahfivani
oceanu, atd.), redistribuci srazek a narGstem extrémi. Dusledky zmén klimatu nejsou
rovnomérné distribuované ani v prostoru ani v ¢ase, coz znamena, ze na nékterych mistech
bude zména vyraznéjSi nez na jinych. Pro Evropu se klimatické modely viceméné shoduji,
ze k poklesu srazek dojde ve stfedomofi a v letnich mésicich, narlst srazek by pak mél byt

na severu a v zimnim obdobi. Hranice mezi naristem a poklesem srazkovych uhrnu
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je pro letni sezénu mezi 45 a 50 rovnobéZkou severni Sifky, pro zimni obdobi se posouva
na jih sttedomofi (Rajczak & Schar, 2017; Knist et al, 2018; IPCC 2013; Bléschl et al, 2019).

K predikci slouzi globalni a regionalni klimatické modely, které jsou schopny popsat
matematicky popis déji probihajicich v klimatickém systému Zemé podle riznych scénari
vyvoje koncentraci sklenikovych plynl. Globalni klimatické modely (GCM) v sobé zahrnuiji
kombinaci modelu atmosféry, oceanu, kryosféry a zemského povrchu. Jsou schopny zachytit
zakladni charakteristiky klimatu na velkych GUzemich (rozliseni byva vétSinou nékolik stovek
km horizontalng, vertikalné je roz¢€lenén na nékolik desitek vrstev). Regionalni klimatické
modely (RCM) se pouzivaji pro podrobngjSi pfiblizeni a je do nich mozné promitnout

okolnosti ovlivAujici klima na regionalni urovni (Hanel et al, 2011).

Vyvoj obsahu sklenikovych plynd v atmosfére je ovlivnén socio-ekonomickym vlivy a je tézké
urcit pfesné mnoZstvi, proto jsou vytvafeny emisni scénare. V minulosti se pouZivaly 4 emisni
scénafe SRES (A1, A2, B1 a B2) zohledriujici pouze ekonomicky vyvoj nebo lokalni vyvoj
spole¢nosti zohledriujici ekologickou udrzitelnost a jejich kombinace. Nyni se pfechazi k RCP
(representative concentration pathways) scénarfim, jez popisuji pouze reprezentativni sméry
vyvoje koncentraci (Hanel et al, 2011; IPCC, 2014).

Predikce klimatickych modell jsou zatizeny velkou nejistotou, ktera se jeSté zvySuje
v horskych oblastech, vzhledem k rozliSeni modelu a prostorové a vySkové nehomogenité
horskych povodi.

meésicich muze dojit k poklesu srazkového uhrnu a tim snizeni vodnosti tokd i pod hranici
minimalniho zlstatkového (ekologického) pritoku, coz se mize promitnout do biodiverzity
fléry (napfiklad vysychani raselinist) i fauny (pokles druh ve vodnim prostfedi). Naopak
v zimnim obdobi se srazkovy uhrn mize zvysit a to zejména ve formé desté na ukor snéhu.
Doba vyskytu snéhové pokryvky se zkrati kvali vysSSi teploté. | v horskych oblastech se da
ocekavat narlist extrémnich udalosti a to po cely rok napfiklad obdobi sucha, povodni

z privalovych destl a s tim souvisejici sesuvy pldy atd. (Trnka a kol., IPCC, 2013).
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2. Metodika
2.1. Lokalita

V ramci studie byly zkoumany dvé experimentalni povodi v Jizerskych horach.

2.1.1. Povodi Sklarskeho potoka

Experimentalni povodi Sklafského potoka (Jizerka, 50°48°21” - 50°48'59”N, 15°19'34“
15°20'48“ E, Cislo hydrologického porfadi: 1-05-01-004) reprezentuje nahorni plochu

Jizerskych hor, charakterizovanou podnebim Severniho mirného pasu a subartického okrsku

Dfc Képpenovy klasifikace. Na zakladé udaja klimatického normalu (1961 — 1990) vyplyvaiji

pro toto povodi: dlouhodoby priimérny roéni ihrnem srazek 1400 mm, dlouhodoba primérna

ro¢ni teplotou vzduchu 4 °C, primeérné roéni maximum snéhoveé pokryvky 120 cm a primérné

trvani snéhové pokryvky od zacatku listopadu do konce dubna (Tolasz, 2007). Morfologické

charakteristiky povodi jsou uvedeny v Tab. 6.

Tab. 6: Morfologie povodi Sklarského potoka (Jizerka).

Plocha (km2) 1.03
Nadmorska vyska (m) 927 (862-994)
Sklon (%) 7.52 (0.02-24.33)
Index tvaru povodi index (-) 0.69
Celkova délka vodoteci (m) 1490
Intenzita drenazni sité (km/km2) 1.45
Délka hlavniho toku (m) 657

Sklon hlavniho toku (%) 5.98
Strahlerovo poradi toku (-) 2
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Obr. 1: Experimentalni povodi Sklafského potoka (Jizerka).

V osmdesatych létech 20. stoleti bylo toto povodi ovlivnéno intenzivni kyselou atmosférickou
depozici (zejména spadem siry a dusiku), vedouci k defoliaci a poSkozeni smrkovych porostu
(Picea abies). V létech 1984 — 1988 byla vétsina plochy povodi smycena holou sedi
astavajici dospélé smrkové porosty byly nahrazeny spoleCenstvim  Junco
effusi-Calamagrostietum villosae s dominanci travni vegetace (zejména titiny chloupkaté
Calamagrostis villosa), KfeCek a Novakova (2009). S obnovou lesa (byly pouzity pfevazné
jehlicnaté dreviny Picea abies, Picea pungens, a Pinus mugo) se zac¢alo do jednoho roku
po tézbé, ale vysoka umrtnost vysazovanych jedincd (v priméru 60%) vlivem nepfiznivého
prostfedi vyrazné prodlouZila proces obnovy a vysadba musela byt v obdobi 1991 — 2000
nékolikrat opakovana. Vysledkem obnovy lesa je druhové zastoupeni dfevin Pinus
mugo (80%) a Picea abies (20%) v dolni €asti povodi, zatimco v horni ¢asti pfevliada druhové
pestiejSi porost Picea pungens (50%), Picea mariana (14%), Sorbus aucuparia (7%), Picea
abies (5%) a Betula alba (2%).

Hydrometeorologicka observace na povodi Sklarského potoka zapolala v roce 1981.
V uzavérovém profilu povodi byl vybudovan trojuhelnikovy (120°) ostrohranny mérny preliv,
kde hladina pfepadajiciho paprsku je evidovana kombinovanym tlakovym &idlem ALA 4020:
v desetiminutovém intervalu jsou tak automaticky evidovany prutok a teplota vody.

Meteorologicka pozorovani zahrnuji automatickou staniéni observaci v nadmorskych

27



vySkach 875 a 975 m, 12 manualnich kolektori mizné vody podél hypsometrického transektu

A a 10 srazkomeéru umisténych pod korunami dospélého smrkového porostu viz Obr. 1.

Depozice atmosférickych srazek je evidovana v mésicnich intervalech a povrchova voda
v uzavérovém profilu povodi odebirana v tydennich intervalech. In situ monitoring zahrnuje
méreni teploty, pH, a vodivosti pfenosnym multimetrem WTW- 350i, vzorky pro laboratorni
analyzu jsou filtrovany (40 ym) a analyzovany v akreditované laboratofi Hydrobiologické
stanice Velky Palenec (UK Praha). Chemické analyzy jsou provadény podle metodiky
Stuchlik et al. (2006). Jsou méfeny koncentrace hlavnich iontll (Ca2+, Mg2+, Na+, K+, NH4+,
Cl-,NO3-, a S042-). V pfipadé vzork( srazkoveé vody je evidentni, Ze bakterialni aktivita muze
ovlivnit chemické slozeni (hlavné dusik) s dobou uchovani, v pfipadé chladné subarktické
oblasti pfedpokladame, Ze bakterialni aktivita je kontrolovana relativné chladnym prostfedim,
relativné vysokymi koncentracemi dusiku a nizkymi hodnotami pH i rozpusténého
organického uhliku (Cape et al., 2001). Sou€asné potencialni narlst fas je zde redukovan
pouzivanim tmavych vzorkovacich nadob a ochranné clony u kolektord srazkovych vod.
Makrozoobentos je vzorkovan v kvétnu (po jarnim tani snéhu), Cervenci/srpnu (vrcholné 1éto)
a zfiffijnu  (relativné suché obdobi) s pouzitim techniky “kick-net sampling”
(Rosenberg & Resh, 1993) a sita 500 um. Nasbirany material je dale prosivan (300 um)
a uchovavan v 80% roztoku etanolu. Druhové zastoupeni organismu je uréovano v laboratofi
s pouzitim binokularniho mikroskopu zvétSeni 12-16x. Fytocenologické snimky (relevés
4 x4 m) byly analyzovany v obdobi vrcholného léta (Eervenec — srpen) ve 12 bodech
transektu A (smycena Cast povodi s obnovou lesa) ve vzdalenosti po 100 m a 8 bodech

pretrvavajiciho dospélého smrkového porostu, Obr. 1.
2.1.2. Povodi Holubiho potoka

Experimentalni povodi Holubiho potoka (Oldfichov v Hajich, 50°52,45- 50°52,49'N,
15°6.18 - 15°6.51°E, Cislo hydrologického poradi: 2-04-10-014) reprezentuje oblast Narodni
pfirodni rezervace Jizerskohorské buciny (soucast prvni zény Chranéné krajinné oblasti

Jizerské hory).

Tab. 7: Morfologie povodi Holubiho potoka (Oldfichov).

Plocha (km?) 2.58
Nadmoiska vyska (m) 312-712
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Sklon (%) 28.11 (0.00-83.60)

Index tvaru povodi index (-) 0.002
Celkova délka vodoteci (m) 4979
Intenzita drenazni sité (km/km?) 1.9
Délka hlavniho toku (m) 2071
Sklon hlavniho toku (%) 6.50
Strahlerovo poradi toku (-) 3

A - Region of the Jizera Mts. B - Outlet gauging station
[J - Catchment contour map O - Meteo-station
~ — Watercourse O - Research plots

Obr. 2: Experimentalni povodi Holubiho potoka.

Povodi Holubiho potoka se rozklada v rozsahu nadmorské vysky 312 az 712 m, celkova
plocha povodi je 2,58 km?, pramérny sklon 28 %. Morfologické charakteristiky povodi
jsou uvedeny v Tab. 7. Zalesnéni je 100 % semi-pfirozenymi dospélymi porosty buku
(Fagus sylvatica), které nevykazovaly béhem ,imisni kalamity* v pribéhu osmdesatych
adevadesatych let 20. stoleti vyraznéjSi  poSkozeni listoveho  aparatu
(KreCek a Hoficka, 2006).

Koryto vodniho toku je zfetelné vyvinuté s vyznamnym stoupanim hladiny pfi povodnich

a kamenitym az balvanitym dnem.

V uzavérovém profilu povodi je instalovan mérny objekt s ostrohrannym kombinovanym
prelivem (Thomson trojuhelnikovy preliv a Poncelet obdelnikovy pfeliv). Vodni hladina
je méfena kombinovanym tlakovym cidlem ALA 4020: v desetiminutovém intervalu

jsou automaticky evidovany prutok a teplota vody. Standardni meteorologicka observace
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(ALA monitorovaci systém) je umisténa v nadmoiské vySce 498 m a zaznamenava srazkovy
uhrn, solarni radiaci, teplotu a vihkost vzduchu, rychlost vétru, padni vihkost kazdou hodinu.

Na povodi jsou vytvoreny 2 experimentalni plochy (velikosti 30 x 30 m) v nadmorské vysce

409 a 507 m k pozorovani geneze odtoku v mladém a uz vzrostlém bukovém lese, viz Obr.
2.

Obr. 3: Sirsi okoli povodi Holubiho potoka (zvyraznéno) s vyznadenym zkoumanym tizemim O1, 02 a O3.

V zajmovém transektu vodniho toku O1, 02, O3, viz Obr. 3, byly indikovany stromy s cilem
detekce mozného poskozeni v prubéhu povodni. Sledovany byly stromy, které se nachazeji
v tésné blizkosti koryta. Sledovana byla prfedevsim viditelna poskozeni v dolnich Castech
Pro odbér vzorku byly nasledné vybrany jen ty stromy, u kterych byla zjisténa jizva
orientovana smérem k vodoteci. Stromy, u kterych mohl byt plvod jizvy zplsoben jinou
udalosti (pad sousedniho stromu, lesnicka cinnost) nebyly do tohoto vybéru zahrnuty
(Vrtiska a kol., 2016).
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3. Vysledky a diskuze

3.1.  Moznosti indikace stavu povodi a tvorby vodnich zdroju
v horském povodi

Ellenbergova indikacni hodnota pro vihkost byla pouzita pro popsani zmén povodi

Sklarského potoka v Jizerskych horach v rozmezi let 1982 — 2018. Oblast Jizerskych hor,

kde se povodi nachazi, byla v80. létech minulého stoleti siiné zasazena kyselou

atmosférickou depozici, coz vedlo k poskozeni smrkového porostu. Po jeho smyceni

se hlavni vegetaci na povodi stal travni porost (Junco effusi-Calamagrostietum villosae).

Pro popsani zmén ve vyvoji vegetace byl vletech 1991, 2002, 2005 a 2018 proveden
na Uzemi povodi botanicky priizkum. Fytocenologické snimky o velikosti 4 x 4 m byly uréeny
na 12 mistech transektu A, ktery charakterizuje smycenou oblast s hlavnim sklonem povodi
a déle v 8 bodech transektu B, jenz sousedi s vzrostlym smrkovym porostem. Uréena mista
na transektu jsou od sebe vzdalena 100 m a v kazdém snimku byla elektrodou méfena
vihkost pudy v hloubce 15 cm v mésiénim intervalu (v 10 nahodnych bodech kazdého

snimku).

Pramérna hodnota Ellenbergovy indikacni hodnoty vihkosti pro povodi Sklarského potoka
byla stanovena 6.45 pro rok 1991, 6.97 pro rok 2005 a 6.33 pro rok 2018, Obr. 4. Podle téchto
hodnot je mozné povodi zafadit jako vihké. Pfi porovnani indikaénich hodnot s vyvojem
vegetace a evapotranspirace je mozné lépe porozumét vyvoji hodnot. Po smyceni
poskozeného lesniho porostu se stala dominantni vegetaci travni spolecenstvi, které v roce
1991 zaujimalo 62%, v 2005 22% a vroce 2018 zaujimalo jesté 13% plochy povodi.
Se zménou vegetace se snizila i hodnota evapotranspirace, pficemz nejnizsi hodnota
evapotranspirace byla v roce 1991. Je patrné, Ze vyvoj indika¢ni hodnoty vihkosti (maximalni
hodnota 6.97 byla stanovena vroce 2005) v porovnani s vyvojem evapotranspirace
je opozdén o zhruba 14 let, viz Obr. 5. Toto zjisténi potvrzuje tvrzeni, Ze Ellenbergovy
indika&ni hodnoty indikuji zejména dlouhodobé podminky prostfedi
(Ter Braak & Gremmen, 1987).
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Obr. 4: Ellenbergtiv index vihkosti v povodi Sklarského potoka (Jizerka) pro roky 1991, 2005 a 2018.
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Obr. 5: Evapotranspirace (Cervené) a Ellenbergtv index vihkosti (modra) v povodi Sklafského potoka v priabéhu let
1982-2018.

32



Blize je cela problematika popsana v nize pfilozeném ¢&lanku: Bioindication of water

resources recharge in a small mountain catchment.
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ABSTRACT

Ellenberg’s indicator values (simple ordinal classes of plants with a similar realized
ecological niche) were developed to characterize ecological status of the soil-vegetation
complex. The indicator of soil moisture (IF) was employed to describe changing
environment and water resources recharge in a small forest catchment at the Jizera
Mountains (Czech Republic) during the period 1982 — 2018. In the 1980s, the extreme
acid atmospheric deposition has leaded to the decline of spruce plantations ( Picea abies)
particularly in the upper plateau of the Jizera Mountains. After the forest dieback and
clear-cut of damaged forests, Junco effissi-Calamagrostietum villosae became a new
dominant community there. In the investigated catchment of 1.03 km?, detailed
botanical survey was carried out in vegetation seasons of 1991, 2002, 2005, 2008 and
2018. These data were compared with hydrological parameters: soil water content and
evapotranspiration loss. The Ellenberg’s indicator of soil moisture IF describes well
the plant succession related to microclimate and water balance at clear-cut sites. After
the clear-cut (1984-1988), the average IF value has increased from original 5.76 (1982)
to 6.45 (1991), reaching maximum 6.97 (2005). With the forest regrowth (reforestation
started within one year after the clear-cut), the IF indicator was decreasing back to 6.33
(2018). These data correspond with observed changes in the evapotranspiration loss
(and water yield), but, with a lag period of more than ten years.

Keywords: Mountain catchment, forestry practices, Ellenberg’s indicators, soil
moisture, evapotranspiration loss.

INTRODUCTION

Mountain catchments provide between 40 and 80 % of the water resources available to
lowland settlements [1]. In central Europe, mountain regions are predominantly covered
by forests; thus, forestry practices are critical for the recharge of water resources there
[2]. Unfortunately, hydrological studies in mountain terrains often face problems with
the lack of available data and limited density in ground observation networks [3]. For
many years, there has been an urgent call for the improvement of climatological inputs
(atmospheric precipitation, solar radiation, air temperature, humidity and wind speed)
used by catchment hydrological models [4].
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Ellenberg [5] summarized environmental characteristics of vascular plants in Central
Europe, by assigning to each species indicator values for light regime, soil moisture,
nitrogen status, soil reaction, temperature, continentality, and salinity. These indicators
have been widely used as indirect metrics of environmental conditions within Europe
[6]. [7]; and are also considered to identify processes in landscape ecology and
catchment hydrology [8], particularly, how can quantitative landscape ecology support
predictions in ungauged basins.

The aim of this paper was to assess the effectiveness of the Ellenberg’s indicator of soil
moisture (IF) to identify changes in the environmental status and water resources
recharge at a small forest catchment affected by the acid rain impact, forest dieback,
clear-cut harvest and reforestation in the Jizera Mountains (Czech Republic) during the
period 1982 —2018.

MATERIAL AND METHODS

The study was performed in the Jizerka experimental catchment (50°48°21” - 50°48°59”
N, 15°19°34* - 15°20°48" E, the Elbe river district 1-05-01-004,) operating since 1982.
This basin extends in the upper plain of the Jizera Mountains (Northern Bohemia, Czech
Republic), Figure 1. This area belongs to the North Temperate Zone; Koppen Dfc - sub-
arctic spot, with mean annual precipitation 1,400 mm, and mean air temperature 4 °C,
and the average maximum snowpack of 120 cm (the snow cover usually lasts from
the beginning of November to the end of April), [9].

o~ Europe

A — The Jizera Mountains

A B - Investigatedtransects

GS — Gaugingstation at the outlet
O - Meteorological observations

Figure 1. The experimental catchment Jizerka with observation units.

The catchment area is 1.03 km?, elevation ranges between 862 and 994 m, and slope
between 0.02 and 24.33 %. Low-base-status soils (sandy-loamy Podzols) developed on
porphyritic granite reach the depth between 0.5 and 1.2 m. The root system dominates
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in the topsoil occurring up to the depth of 15 cm. The topsoil is created by litter (Ol,
depth of 0-2 cm), humus layer (Of + Oh, 2-10 c¢m), and leached horizon (Ah, 10-15 cm).
Moor is the most common humus (2-5 cm). In this basin, climax forests include Norway
spruce (Picea abies) and Common beech (Fagus sylvatica), [10], but spruce plantations
dominate there since the end of the 18th century. In 1984 — 1988, mature spruce stands
(showing ca 30 percent defoliation) were harvested by clear-cutting followed by
reforestation with coniferous stands again.

In the 1980s, the Jizera Mountains region was affected by the extreme acid atmospheric
deposition, and defoliation and die-back of mature spruce forests (Picea abies). After
the clear-cut (1984 — 1988), grass dominated Junco effusi-Calamagrostietum villosae
became a new dominant community there [7]. The reforestation was complicated by
the relatively high level of air pollutants (SO: and NOx), and extreme climate conditions
at clear-cut sites.

Detailed botanical investigations were carried out at two parallel transects (A and B) in
vegetation seasons of 1991, 2002, 2005, 2008 and 2018. Phytosociological releveés (4 x
4 m) were taken at each of the twelve-point transect A (clear-cut, main slope of the
Jizerka basin), and at the eight-point transect B (neighbouring fragments of mature
spruce stands); the focused points at both transects are located in step of 100 m. The
additional supporting information included both ground and space forest inventory. The
standard parameters (tree species, age, basal area, tree height, timber volume, horizontal
canopy density, vitality of trees) were estimated on plots 20 x 20 m; and the supervised
classification of multiband raster images (Landsat 4,5) was used to classify the images
by the image analyst [11]. At each spot of the investigated transects A and B, near
surface soil moisture (volumetric water content up to the depth of 15 cm) was measured
in situ by a sensitive electrode in monthly intervals (observed at 10 random points at
each spot). The catchment outlet (Figure 1) 1s equipped by the sharp-crested V-notch
weir with the automatic water pressure recorder ALA 4020, meteorological
observations were made along transect A (established for hypsometric studies) at 875
and 975m elevation.

THEORY

In a hydrological year (1st November — 31st October), the annual water budget of the
mvestigated catchment can be considered by the equation (1):

ET=P-R Y

Where, ET — evapotranspiration loss, P — aerial precipitation calculated from readings of
4 rain-gauges by inverse distance weighting [3], R — run-off observed at the catchment
outlet.

Daily fluctuations in water content at the topsoil were approximated by the antecedent
precipitation index API [12], (2):

APL=P:+ Ki APL, (2)

Where, API; — antecedent precipitation index on the day ‘t* (mm), APL | — antecedent
precipitation index on the day ‘t-1" (mm), Pt — precipitation on the day ‘t’ (mm), and
K: — recession constant given by the equation (3), [13].
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Kt = EXP(-PET/AWCy) (3)

Where, PET; — the Penman evaporation potential of the day ‘t’ (mm), calculated from
the observed meteorological data [12], and AWC; — soil water content available to
vegetation at the day ‘t” (mm) according to the equation (4).

AWC, = SWC;—PWP (4)

Where, SWC; — the soil water content at the day “t’ (mm), and PWP — the water content
adequate to the permanent wilting point (mm).

For each botanical relevé, the Ellenberg’s indicator values of soil moisture (IF) were
calculated as the weighted average of all recognized species [5]. To include the impact
of all species abundance, the data were transformed from the Braun-Blanquet’s scale to
a nine-point scale according to the approach of Van der Maarel [14], Table 1.

Table 1. Classification of species abundance.

Braun-Blanquet’s scale r + 1 2 3 4 5
van der Maarel’s transformation 1 2 3 5 7 8 9
RESULTS

After the harvest of mature spruce stands (1984-1988), the regrowth of the Jizerka
catchment is documented in Figure 2. After the harvest of mature spruce forests
(1984-1988), the percentage of grass dominating areas was aftected by relatively slow

Legend

- clear-cut
- water surface

herbaceous vegetation
- reforested - canopy density < 0.3
I reforested - canopy density > 0.3

- mature stands

Figure 2. Vegetation canopy at Jizerka in 1984, 1991 and 2005.
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regrowth of trees, reaching still 62% in 1991, 22% in 2005, and 13% in 2018.
Corresponding values of Ellenberg’s soil moisture indicator IF are shown in Figure 3.
In these consecutive years; average IF values within the basin are 6.45, 6.97 and 6.33.
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Figure 3. Ellenberg’s soil moisture indicator IF at Jizerka in 1991, 2005 and 2018.

600 8
500 . = 7
-
E 400 6 T
= B
-
= 30 5
200 T T T T T T 1 T 4
1982 1986 1990 1994 199§ 2002 2006 2010 2014 2018
Year

Figure 4. Evapotranspiration loss ET (red) and Ellenberg’s soil moisture
indicator IF (blue) in the Jizerka catchment, 1982 — 2018.

38



19 International Multidisciplinary Scientific GeoConference SGEM 2019 — Extended Sessions

After the clear-cut; evapotranspiration loss has been reduced by the lack of trees (tall
vegetation), indicated by higher IF values with the delay of 14 years (water yield
culminated in 1991 while IF indices in 2005), Figure 4. Consequently, in the vegetation
period, daily values of the antecedent precipitation index API increased by 11 — 13 mm
at the harvested area (transect A) against the mature stand (transect B), Figure 3.
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Figure 5. Mean daily API values (grass — green, forest — brown)
related to precipitation sums Pyeg in summer seasons.

DISCUSSION AND CONCLUSIONS

In the Jizerka catchment, herbaceous vegetation has developed in mature spruce stands
with the defoliation of trees initiated by the ‘acid rain’ impact during the 1980s. After
the forest clear-cut; Calamagrostis sp. (namely, C. villosa) have spread widely with
rising soil moisture and light income. Increases in soil moisture corresponded with the
drop in evapotranspiration by the removal of trees, [2]. In the mountain landscape,
significant correlations between the Ellenberg’s indices for soil moisture (IF) and light
(L), and geomorphologic parameters, particularly, the elevation (increasing precipitation
incomes and decreasing air temperatures) and the canopy density were already reported
by [7]. This study also confirmed the high indication potential of the Ellenberg’s soil
moisture indicator in mountain regions.

After the harvest of mature spruce stands (1984-1988), catchment spots with dominating
herbaceous cover reached 62% in 1991, 22% in 2005, and 13% in 2018. This situation
corresponds to the relatively slow reforestation in rather hard climate and environmental
conditions [7], [9], [10]. In the consecutive years; average catchment values of the
Ellenberg’s indicator IF were 6.45, 6.97 and 6.33. There is an evident delay between the
canopy development and it’s indication by the Ellenberg’s soil moisture values. Thus,
the maximum water yield (by the drop in evapotranspiration) is detected there with the
delay of 14 years. This fact confirms the statement that the Ellenberg’s IF values
indicate, namely, the long-term environmental conditions, [15].
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In the vegetation period, the Ellenberg’s soil moisture values indicate also changes
m the daily antecedent precipitation index API (related to the soil moisture content):
increasing values by 11 — 13 mm on the harvested sites with herbaceous canopy in
comparison with the remaining mature spruce stand. These rising API values indicate
lower retention capacity of the catchment by a response to rainfall events.

We did not confirm a significant direct correlation between the Fllenberg’s soil
moisture indicator and annual parameters of the water budget (water yield,
evapotranspiration loss) reported by [16]. However, the recognized processes and trends
in Ellenberg’s IF values follow well the changes in water yield (found by the drop in
evaporation loss). Therefore, the Ellenberg’s soil moisture indices provide us with
valuable information on changing environmental conditions upon the required water
resources control, [17].
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Pro popsani stavu povodi byly z botanického prizkumu stanoveny i Ellenbergova indikaéni
hodnota pfisunu svétla a obsahu dusiku pro roky 1991 a 2018.

0 200 400 600 800 m

Hodnoty indikace prisunu svétla

Bl 317 B 5581 WM 5856 W 6021 1706273
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Obr. 6: Ellenbergtiv index pfisunu svétla v povodi Sklarského potoka (Jizerka) pro roky 1991 a 2018.

Pro rok 1991 byla zjisténa primérna hodnota Ellenbergovy indikace pfisunu svétla za celé
povodi 6.08, minimalni hodnota na povodi byla 5.32 a maximalni 6.32. Pro rok 2018 byla
priimérna hodnota za povodi 5.80, minimalni 5.32 a maximalni 6.02, viz Obr. 6. Minimalni
hodnota se nezménila pro pozorovana obdobi a byla pozorovana v oblasti dospélého lesniho
porostu, ktery nebyl smycen. Kdezto u maximalni je zfejmy posun z 6.32 pro rok 1991 na 6.02
pro rok 2018, tento posun je zpusobeny vyvojem vegetace z pouze bylinné (po smyceni lesa)
na obnovuijici se lesni porost. Podle indika¢ni hodnoty Ize zarfadit vegetaci jako rostliny
polostinu, pfi¢emz vyssi hodnota znaci vice svétlomilné rostliny. Na priimérnych hodnotach
z povodi Ize tedy pozorovat vyvoj z rostlin vyskytujicich se vice na svétle k rostlinam spiSe

ve stinu, coz indikuje obnovujici se les.
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Obr. 7: Ellenberglv index obsahu dusiku v povodi Sklafského potoka (Jizerka) pro roky 1991 a 2018.

Pramérna hodnota Ellenbergova indexu obsahu dusiku za rok 1991 byla 3.24, minimaini 2.78
a maximalni 3.73, pro rok 2018 se primérna hodnota snizila na 3.04, minimalni na 2.58
a maximalni na 3.53, viz Obr. 7. Podle indika¢nich hodnot obsahu dusiku Ize prostfedi zafadit
jako vice ¢i méné neplodné. Posun hodnot v prabéhu let Ize vysvétlit zménou vegetace,
kdy vzristajici stromy mohly ¢ast dusiku od€erpat. Kiecek et al. (2010) uvadéji obdobna
zjisténi, Ze Ellenbergovy indikatory vihkosti a pfisunu svétla velmi dobfe popisuji sukcesi
rostlin v souvislosti s mikroklimatem a hydrologii na odlesnénych lokalitach, u Ellenbergova

indikatoru obsahu dusiku zjistili, Ze sleduje trend atmosférické depozice, ale s nizSi citlivosti.

3.2. Indikace kvality vody vlesnim povodi ovlivnéném
kyselou atmosférickou depozici a tézbou dreva

Setfeni vyskytu bentickych organismd bylo provedeno v letech 1994 a 2004-2005 v blizkosti

uzaveéroveho profilu v obdobi kvétna (po jarnim tani), na pfelomu Cervence a srpna (vrchol
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léta) a v obdobi zafiffijna (charakterizujici suché podzimni obdobi). Pro vzorkovani

organismu byla pouzita metoda kick-net (Rosenberg and Resh 1993).

Z Setfeni vyplyva, Ze oproti roku 1994 se vyskyt makrozoobentosu vroce 2005 zvysil
z 36 jedincti na 68. V roce 1994 byl pocet taxonomickych druhti 7 s nejvy$Si abundanci u taxy
Plecoptera (12 jedincu) nasledovanou Diptera excl. Chironomidae (11 jedinct). V roce 2005
bylo pozorovano 10 taxonomickych druhll s nejvy$§im zastoupenim u Plecoptera
(20 jedincu) a druhou v poradi Trichoptera (17 jedincd). Z narustu poctu tfid i jedincl
Ize usuzovat zlepSeni kvality prostfedi a tento vyvoj doklada i provedeny vyzkum chemismu

povrchové vody.

V osmdesatych letech minulého stoleti bylo v blizkosti uzavérového profilu namérena
pramérna ro¢ni hodnota pH 4.0 (1982-1985), ktera znaci silné acidifikované prostfedi
(pH < 4.2, Vesely a Majer 1996), coz je v souladu s pozorovanym vyskytem bentickych
organismu. Také Hall, Likens & Hendrey (1980) pozorovaly obdobny stav, kdy v povodi
Hubbard Brook v sedmdesatych letech minulého stoleti experimentalné okyselovali pratok,
po snizeni pH v toku na hodnotu 4, byla vyznamné snizena biodiverzita a to jiz po prvnim
tydnu pozorovani. V devadesatych letech minulého stoleti se pfi Setfeni na povodi primérna
rocni hodnota pH zvysila na 5.3 (1990-1994), coz umoznilo dlouhodoby vyvoj pfirozené
revitalizace toku. Tento fakt doklada i provedeny prizkum bentickych organismu v roce 2005,
kdy pocet jedincli a zastoupenych tfid odpovida spiSe stfedné acidifikovanému prostiedi
(pH = 5.0-6.3, Horecky et al. 2013), navic se objevili i druhy sensitivni na kyselé prostredi
(Crustacea, Ephemeroptera). ZlepSeni chemismu vody (zvySeni pH) bylo pozorovano
jiz zhruba po 5 letech, v disledku kombinace snizovani emisi SO, a redukci smrkovych
lesnich porostl na rozsahlém uzemi. OvSem obnoveni vodniho spole¢enstva Ize pozorovat

az s delSim ¢asovym odstupem.

Vodni organismy jsou i nadale stresovany do€asnym snizenim pH pfi epizodické acidifikaci
(jarni tani snéhové pokryvky), kdy hodnoty pH klesaji pod 5.3, pod touto hodnotou navic

zatne dochazet k mobilizaci toxickych forem hliniku (Bache 1985; Vesely a Majer 1996).

Hodnota pH se v podminkach lokalit zatizenych atmosférickou depozici jevi jako velice

vhodna pro separaci pfimého odtoku. Vykazuje nejvySSi hodnotu zavislosti s velikosti
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pratoku. Koeficient korelace (R) mezi pratokem a pH je 0.91, konduktivitou 0.78, Ca -0.24,
Mg -0.19, Na -0.21, SO4 0.35 a NO3 -0.29 (kriticka hodnota R je 0.361 pfin =50 a a = 0.01).

Vice je cela problematika popsana v nize pfilozeném c¢&lanku: Water-quality genesis

in a mountain catchment affected by acidification and forestry practices.
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CITIZEN SCIENCE

Water-quality genesis in a mountain catchment affected

by acidification and forestry practices

Josef Kietek!-?, Ladislav Palin'*, Eva Pazourkova'®, and Evien Stuchlik?®®

'Department of Hydrology, Czech Technical University in Prague, Thikurova 7, CZ-166 29 Prague
“Institute of Hydrobiology, Biology Centre CAS, Na Sadkach 7, CZ-37005 Ceské Budéjovice

Abstract: Effects of changes in air pollution and forest cover on the acid atmospheric deposition and runoff were
studied in the Jizerka experimental catchment (Czech Republic), a sensitive mountain environment of low buffer-
ing capacity. From 1982 to 2015, resident scientists and volunteers measured water quality of precipitation, fog,
and stream samples at the watershed level. Archived LANDSAT imagery was used to reconstruct changes in forest
composition in the watershed based on a detailed ground inventory done in 2010 to 2012. Spatial interpolation was
used to approximate atmospheric deposition of water and $0,>7,NO;~, and NH," over the watershed area. The
open-field load of § peaked in 1987 to 1988 and dropped substantially in the 1990s, but inorganic N did not show a
significant trend. The N : § deposition ratio increased from 0.37 to 2.83. Mean annual stream-water pH increased
from 4.2 to 5.9, and concentrations of SO‘]Z* and NOj3  decreased by 55 and 53%, respectively. Seasonal acidifi-
cation of stream water was observed during snowmelt (March, April) and episedic summer rainstorms. The rel-
atively rapid response of stream-water quality to reduced deposition corresponded with subsurface runoff gener-
ated in a shallow podzolic soil. Relatively high leaching of NO5 ~ in the 1980s followed limited N uptake in damaged
spruce stands and clear-cut areas. Recovery of stream-water chemistry followed the drop in the acid atmospheric
deposition by ~5 y, and stream biota revived after 10 to 15 y. Removal of spruce forest and reduced air pollution
caused faster recovery from acidification than expected from pure air-quality improvement. Reduced atmospheric
deposition and fog-drip interactions caused by lower canopy area suggest that modified forestry practices can affect
deposition rates and stream-water quality. Deciduous or mixed forests could decrease the acidic atmospheric load
by reducing leaf area and surface roughness.

Key words: mountain catchment, acid atmospheric deposition, forestry practices, runoff genesis, citizen science

Mountainous parts of many river basins provide 40 to 80%
of the water that is available to lowland users (Messerli et al.
2004). The importance of mountain catchments as water
resources will increase with population pressure (UNEP
2007, Viviroli et al. 2007) and effects of expected climate
change (Christensen 2005). Leopold (2006) emphasized the
role of headwater mountain streams in river system devel-
opment, and Kérner and Ohsawa (2005) considered the re-
charge of water resources as the most important environ-
mental benefit of mountain regions. Mountain watersheds
in central Europe are mostly forested, and their sustainable
environmental benefits are guaranteed by forestry practices
(FAO 2008).

Biswas et al. (2014) suggested that water-quality deteri-
oration at the global scale is attributable mainly to poor

management of water resources. The European Commis-
sion (2012) recommended application of a multidisciplin-
ary approach to watershed management and revision of
stream water-quality regulations. In populated regions, the
quality of natural fresh waters is degraded mostly by point-
source pollution, whereas distant mountain catchments
are particularly affected by large-scale air pollution (emis-
sions of S04, NO,, NH, ") and atmospheric acid deposition
(Reuss and Johnson 1986, Baldigo and Lawrence 2001,
Schopp et al. 2003, Kopacek et al. 2016).

Anthropogenic emissions of acidic precursors have been
increasing since the industrial revolution and peaked in the
late 1980s. International cooperation to reduce atmospheric
emissions (the 1985 Helsinki Protocol on the Reduction of
Sulphur Emissions or their Transboundary Fluxes by >30%)
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has led to signs of recovery in acidified European headwater
regions (Krecek and Hofickd 2001, Holen et al. 2013). Fal-
kenmark and Allard (2015) called for a detailed analysis of
natural waters from a dynamic perspective, but too many
studies in headwater catchments have investigated only base-
flow conditions. Thus, studies are needed of water movement
through the surface and subsurface environments combined
with chemical reactions taking place along their pathways
(Bolstad and Swank 1997, Takagi 2015).

Lumb et al. (2011) reviewed methods of indexing with a
numerical value based on physical, chemical, and biolog-
ical indicators, including especially pH and NO, loading.
For larger-scale investigations, Rapport et al. (1998) em-
phasized the important role of citizens in monitoring in-
dicators to assess water quality, and the USEPA (1997) de-
veloped detailed methods of volunteer water monitoring.
Since the 1970, several nonprofit organizations have been
founded to promote participation of lay volunteers in envi-
ronmentally sound field research (Hand 2010). Irwin (1995)
and Silvertown (2009) see involvement of volunteers in col-
lecting and processing the field data as an important part of
scientific inquiry and environmental education.

Czech Republic was graded above average relative to
147 countries based on the Water Poverty Index (Law-
rence et al. 2002). However, the Czech Republic received
lower values for environmental indicators associated with
the risk of water pollution. In the headwaters of the Jizera

Mountains (northern Bohemia, Czech Republic), water
acidification began to be visible in the 1950s and peaked
in the mid-1980s (Kre¢ek and Hoficka 2006). Its conse-
quences were a large-scale (40-80%) die-back of spruce
stands and their subsequent removal particularly in head-
water catchments, a decrease in water pH, and degradation
of life in streams and water reservoirs (Stuchlik et al. 1997).
The number of species in planktonic and benthic commu-
nities was significantly reduced, and fish became extinct in
the late 1950s.

Our objective was to analyze long-term (1982-2015)
changes in water quality in the Jizerka experimental catch-
ment and link these data to changes in atmospheric acid
deposition and forest cover. We hypothesized that on a
catchment scale, the acid atmospheric load and stream-
water quality in mountain regions could be ameliorated
by forestry practices.

METHODS
Study site

The study was performed in the upper plain of the Jizera
Mountains (Fig. 1). In the 1980s, this area was strongly
affected by acidic atmospheric deposition and die-back
of spruce plantations (Picea abies). After the clear-cut
of damaged spruce stands, grass-dominated Jinco effusi—
Calamagrostietum villosae became a new dominant commu-

A - Region of the Jizera Mountains

A - Investigated transect
GS - Outlet gauging station
O - Meteo-station

W - Mature spruce stand

Figure 1. The Jizerka experimental basin in Europe.
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nity (Krecek et al. 2010). The Jizerka experimental catchment
(lat 50°48'21”-50°48'59""N, long 15°19'34''~15°20'48"'E, Elbe
river district 1-05-01-004; Table 1) has operated since 1981.
Characteristics of the recent climate (1961-1990) are:
north temperate zone, Képpen Dfc subarctic region, mean
annual precipitation = 1400 mm, air temperature = 4°C,
average maximum snowpack = 120 cm (snow cover usu-
ally lasts from the beginning of November to the end of
April; Tolasz 2007). Here, low-base-status soils (sandy—
loamy podzols) between 0.5- and 1.2-m depth have devel-
oped above porphyritic granite bedrock. Topsoils are
dominated by grass root systems to depths of 15 cm. The
topsoil is composed of litter (O, depth = 0-2 cm), humus
layer (O + O, = 2-10 e¢m), and leached horizon (A= 10—
15 em). Mor is the most common humus (2-5 e¢m). The
area is characterized by rapid subsurface runoff where the
ground is restricted to shallow, weathered rock formations.
In this basin, climax forests include Norway spruce (Picea
abies) and common beech (Fagus sylvatica), but, since the
end of the 18" century, spruce plantations have dominated
thelandscape. In 19841988, mature spruce stands (showing
~30% defoliation) were harvested by clear-cutting followed
by reforestation with coniferous stands.

Instrumented catchment

The experimental basin (Fig. 1) was instrumented in
1982. The outlet is equipped with a sharp-crested v-notch
weir with an automatic water pressure and temperature re-
corder ALA 4020 (ALA, Budovice, Czech Republic) log-
ging every 10 min. In situ monitoring of stream waters,
including temperature, pH, and conductivity, was done
with the field multimeter WTW-350i (WTW, Weilheim,
Germany). Meteorological observations were made along
transect A (established for hypsometric studies) at 875
and 975 m asl. Two Czech Hydrometeorological Institute
climate stations (Kofenov-Jizerka and Desna-Sous, eleva-
tion = 772 and 850 m asl) are ~2500 and 300 m from
the catchment boundary.

Table 1. Geomorphology of the Jizerka catchment.

Variable Value (range)

Area (km?) 1.03

Elevation (m) 927 (862-994)

Slape (%) 7.52 (0.02-24.33)
Shape index 0.69
Length of streams (m) 1490
Drainage density (km/km?) 1.45
Length of the main stream (m) 657

Slope of the main stream (%) 5.98
Strahler stream order 2
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Figure 2. Locations of rainfall collectors (1-10) and the hori-
zontal canopy projection of the mature spruce stand.

Along the vertical transect A (harvested in 1984), an ad-
ditional 3 modified Hellmann rain gauges (area = 200 cm?,
plastic collectors with a shield against bird contamination,
1-L sampling bottles) were placed at elevations of 862, 899,
and 975 m asl in 1991. In the mature spruce stand (plot
area = 30 x 30 m, elevation = 975 m), through-fall under
the canopy (Fig. 2) was sampled with 10 rainfall storage
gauges (200 cm?®), and stemflow was collected at 2 average
trees. This method of through-fall observation is recom-
mended as the most appropriate approach to identify fog
and cloud water deposition (Lovett 1988). Sets of modified
storage gauges (200 cm”) were installed in the soil to collect
through-fall under the ground vegetation in 2 harvested
(and reforested) sites at elevations of 862 and 975 m asl
To identify the evidence of fog drip, 12 passive fog collec-
tors were installed along transect A (862-994 m). At each
collector, the fog drip was generated by 400 m of Teflon
line (diameter = 0.25 mm, surface area index [SAI] = 5)
exposed at the height of 1.7 m above the ground. Sample
bottles were protected against direct rainfall access by a
wide-brimmed cover that overlapped the fog collector at
an angle of 34°.

Water and biota sampling, analytical methods

Stream waters at the catchment outlet were sampled
weekly with more frequent sampling during flood events,
and deposited rain/fog drip was sampled monthly with
more frequent sampling (weekly or after individual rain
events) during the field expeditions. Samples (rain/fog drip,
through-fall, stemflow, stream water) were filtered through
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40-pum inert mesh, stored in the refrigerator, and analyzed
in the laboratory at the Hydrobiological Station Velky Pa-
lenec (Charles University, Prague). Concentrations of all
ions were determined by ion chromatography with con-
ductometric detection; pH was measured with radiometer
combination electrodes, and conductivity determined by
radiometer conductometric sensor (Stuchlik et al. 2006).

The chemical composition (especially N) of the rain/fog
drip samples can be altered by bacterial activity at the time
of collection. However, in our study area, bacterial activity
is greatly reduced by a combination of the relatively cold
mountain climate (subarctic region), relatively high con-
centrations of N, and low values of pH and dissolved or-
ganic C (Cape et al. 2001). The potential growth of algae
was reduced by the dark sampling bottles and shelters.

Benthic macroinvertebrates were sampled near the out-
let of the Jizerka catchment (a low-gradient stream channel
with only sand and gravel substrate types, depth <0.5 m) in
May (after snowmelt), July/August (high summer), and in
September/October (a relatively dry period). In 2004—
2005, this sampling was done in the framework of a Czech
regional campaign (Horecky et al. 2013). A kick-net sam-
pling technique was used (Rosenberg and Resh 1993).
The invertebrates were collected with a hand-net (mesh
size = 500 pm) then sieved through a 300-pm net and pre-
served with an 80% ethanol solution. Accurate counts of
each taxon were undertaken in the laboratory (by eye and
under a binocular microscope at 12-16 x magnification)
by trained professional staff.

Catchment inventory

The archive of LANDSAT imagery (NASA 2014) was
used to detect development of the vegetative cover (1984,
1992, and 2010). This imagery has a resolution of 30 m.
Only data from clear-sky summer seasons (June—August)
were used. The normalized difference vegetation index
(NDVI) was calculated for the spectral reflectance regis-
tered in the visible (red) and near-infrared bands according
to Weier and Herring (2000):

NDVI = (NIR — VIS)/(NIR + VIS), (Eq. 1)

where NIR is near-infrared radiation (0.7-1.1 pm), and VIS
is visible radiation (0.4-0.7 pm).

Supervised classifications of multiband raster images
(Landsat 4 and 5) were used simultaneously, and images
representing distinct sampling areas of the different cano-
pies were classified with the image analyst tool in ArcGIS
(version 10.2; Environmental Systems Research Institute,
Redlands, California; Nagi 2011).

Since 1991, detailed forest inventories have been con-
ducted during field surveys of 12 (20- % 20-m) fixed quad-
rats situated at 100-m incremental altitudinal steps along
transect A. Basic forestry variables (tree species, age, basal
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area, tree height, timber volume, and horizontal canopy
density) were evaluated by standard techniques (Watts
and Tolland 2005). Complementary detailed botanical in-
vestigations included phytosociological relevés (4 x 4 m)
and seasonal development of herbaceous canopy (height,
canopy area). The assimilating area of grass was measured
with a portable leaf area meter LI-3100C (LI-COR, Lin-
coln, Nebraska). In 2012, the leaf area of spruce stands was
estimated by direct ground-based measurements (Breda
2003). The definition of leaf area index (LAI) was interpreted
as '4(total green leaf/needle area per unit surface area), as rec-
ommended by Chen and Black (1992).

Five canopy classes were identified from the multiband
raster images in the years 1983, 1985, 1992, 2002, and
2010. These 5 classes were: 1) mature spruce forests,
2) stands with crown closure >0.3, 3) reforested plots with
crown closure < 0.3, 4) areas covered by herbaceous com-
munities only, and 5) clear-cut (Kiecek and Kréméi 2015).
These classes correspond with definitions of forest used
by the United Nations Framework Convention on Climate
Change (crown closure > 0.3, height >2—5 m at maturity;
Sasaki and Putz 2009}.

Atmospheric deposition and runoff genesis

According to the findings of Kre¢mer et al. (1979),
Wrzesinsky and Klemm (2000), and Krecek et al. (2017),
atmospheric precipitation is affected by both elevation
and vegetative canopy. The hypsometric method was used
to assess the effect of elevation on precipitation, canopy
throughfall, and deposition of 3042_, NO; ™, and NH, " un-
der the canopy (Kiecek etal. 2017) using the same 5 canopy
classes used by Krecek and Krémdf (2015). Seasonal atmo-
spheric loads were estimated as (Krecek et al. 2017):

(Eq. 2)

where m = seasonal load (summer and winter), b and b, =
empirical hypsometric coefficients, E = elevation, A, = ef-
fective receptor area, and F, = fog-drip coefficient.

Methods of spatial interpolation (ArcGIS) were used to
approximate the catchment deposition of water and acid-
ifying substances (SO,>~, NO;~, and NH, "), and their
runoff was estimated from concentrations and discharge
(Q) measured at the catchment outlet. Mean annual con-
centrations were calculated by weighted averages, and mean
pH values were recalculated from converted values of H'.
The method of local minima in the hydrograph separation
was applied to detect fast (direct) runoff in the catchment
(Sloto and Crouse 1996).

Standard descriptive statistics and 1-way analysis of var-
iance (ANOVA) was applied to analyze the data sets and to
identify relationships between the groups of data (Motulsky
and Searle 1998). Trends in the time series data (and a
change in trends) were detected by the Change and Trend
Problem Analysis (CTPA) programme (WMO 2001).

m = (bE + bo)Fe/Aer



Participation of citizen scientists

From 1991 to 2012, voluntary citizen scientists partic-
ipated in ground observations. This participation made
possible extra and time-sensitive sample collection during
critical hydrological events. Each year, 4 to 5 teams each
involving 4 to 8 volunteer participants spent 2 wk engaged
in supervised field surveys organized by the Earthwatch
environmental program (Earthwatch Institute 2012). After
the standard preliminary selection done by Earthwatch,
volunteers were instructed and trained in the field. The ac-
curacy of their results was assessed daily. This project also
was focused on the environmental education of volunteers,
so after the 2-wk field activities and thematic discussions,
their knowledge and skills were evaluated by specific tests.

According to findings of Robson et al. (1993) or Hodg-
son and Evans (1997), stream-water observations in upland
watersheds require sampling at hourly or shorter intervals
to provide good temporal resolution. Therefore, volunteers
also gathered more detailed information on stream-water
characteristics (temperature, pH, and conductivity) and
collected water samples during some snowmelt and rain
events. Data measured by volunteers in situ were con-
trolled under laboratory conditions.

RESULTS
Changes of the canopy

The Jizerka catchment was covered by mature spruce
stands. In 1984, 62% of the catchment area was harvested
by clear-cutting, and ~88% was harvested by the end of the
1980s. Reforestation was complicated by establishment of
invasive grass communities (Calamagrostis sp., predomi-
nantly Calamagrostis villosae) that spread over the basin
area. Characteristics of the monitored reforested stands
along transect A (A1-A12) and the mature stand (Fig. 1)
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Figure 3. Seasonal changes in the living canopy of grass as
leaf area index (LAI) along the A transect in 2012. Days are for-
matted dd/mm.

are presented in Table 2. In the reforested area (2012 in-
ventory), blue spruce (Picea pungens) and Norway spruce
(Picea abies) predominated with areal coverage of 48 and
32%, whereas the areal percentage of deciduous species,
mountain-ash (Sorbus aucuparia) and silver birch (Betula
penduda), was only 10%.

In 2012, 25 y after the clear-cut, LAI of reintroduced
trees was 0.11 to 2.76 (mean = 1.31 + 0.26). In addition,
the seasonal assimilating surface of the herbaceous canopy
(Fig. 3) reached maximum LAIT values between 2.1 and 3.2
in high summer. The corresponding values of NDVI varied
from 0.66 to 0.76 (mean of 0.72 + 0.1) and were relatively
insensitive to changes in the canopy when LAI was >2.
Thus, the supervised classification of multiband raster im-
ages (Landsat 4, 5) was a more efficient indicator of canopy
classes according to the crown closure of trees. In 1982 to

Table 2. Characteristics of the monitored stands in 2012. N, = number of trees, CD = canopy density (crown closure},
H = average tree height, LAI = leaf area index of trees, NDVI = normalized difference vegetation index.

Stand Elevation (m) N, CD (m*/m?) H (m) LAI (m®/m?) NDVI
Al 862 107 0.38 3.62 19 0.68
A2 870 416 0.62 233 263 0.66
A3 878 317 0.55 261 207 0.69
Ad 885 192 0.28 274 1.28 0.68
A5 891 324 0.59 3.96 276 0.70
A6 899 99 0.31 542 1.56 0.71
A7 907 72 0.06 0.50 0.11 075
A8 918 56 0.16 1.48 0.37 0.76
A9 930 102 0.21 261 1.06 0.75
AlD 942 49 0.20 3.86 1.08 0.75
All 961 146 0.15 239 05 0.75
Al2 975 90 0.17 241 0.42 0.75
Mature stand 975 68 0.78 23.0 6.7 0.90
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Figure 4. Canopy crown closure of trees (CD) in the Jizerka
catchment from 1983 to 2010.

2015, canopy changes were reconstructed from the multi-
band imagery (Fig. 4). The areal percentage of the 5 canopy
classes is presented in Table 3.

Acidic atmospheric deposition

In 1982 to 2015, open-field deposition of SO,*-S and
N (NO,; -N and NH, " -N) recorded in most of the Jizerka
catchment correspond with content of SO, and NO, in
the air (r = 0.87 and r = 0.48, respectively; r.;, = 0.32,
n = 34, p = 0.05; moving averages of order 3 are presented

Table 3. Areal percentage of the canopy classes in the Jizerka
basin (1982-2010). CD = canopy density (crown closure).

Stands 1983 1985 1992 2002 2010
Mature forests 71 9 2 7 16
Reforested CD > 0.3 14 14 38 58 65
Reforested CD < 0.3 11 11 38 22 18
Grass 4 4 16 11 0
Clear-cut 0 62 6 2 1
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in Fig. 5). Atmospheric concentrations of SO, and NO,
were retrieved from the standard observation network of
CHMI (2016): AIM (Ambient lon Monitor) stations Desna-
Sous (LSOU-1022) and Kofenov-Jizerka (LJIZ-1047). SO,
was measured by UV fluorescence over 10 min, and NO,
was measured by chemiluminescence in hourly intervals.

In 1982 to 1992, mean annual concentrations of SO,
exceeded the threshold for forests (20 pg SO,/m?; Posch
et al. 2001), whereas concentrations of NO, were below
the critical value (30 ug NO,/m®). The deposition of S
showed a decreasing trend with gradient of —0.12 (¢t =
20.3, b= 2.1, p = 0.05; WMO 2001). However, the trend
in the deposition of N was not quite significant (£ = 0.69).
In 1982 to 2015, mean annual pH of precipitation in-
creased from 4.2 to 5.3, and a pH-relevant annual open-
field flux of H' in precipitation decreased from 90 to 5 mg
m % y '. However, based on the deposition of SO,
NO,~, and CI~ (Yang et al. 2010), the open-field H™ flux
decreased from 265 to 86 mg m *y ', and the total H"
flux in the Jizerka catchment decreased from 325 to 93 mg
m 2y . The annual open-field flux of buffering basic cat-
ions (Ca®", Mg?", K, and Na ") fluctuated between 1.67
and 3.35 (mean = 2.86) gm vy ', and did not show any
significant trend.

Interception loss of spruce stands was modified by the
deposition of fog water on the canopy. The observed can-
opy storage capacity in the 975-m” study stand (Figs 1, 2)
was 2.3 mm. Given a seasonal rainfall of 683 mm and ~100
rainy days saturating the storage capacity, the total inter-
ception loss of the spruce canopy (not affected by fog)
was ~230 mm (34% of the gross precipitation). Therefore,
the interception loss of 112 mm (16% of gross precipi-
tation) was evidently caused by additional deposition of
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Figure 5. Concentrations of SO, and NO, in the air and the
open-field load of § (S0,> -S) and inorganic N (NO; -N and
NH,"-N): moving averages of order 3 in the Jizerka catchment
from 1982 to 2015.



Table 4. Seasonal coefficients & and &, for summer (May—October)
and winter (November—April) loads of acidifying substances.

Summer Winter
Chemicals b bo b by
5042 -5 0.0766 —56.1069 0.1126 —81.7721
NO; -N 0.0270 —19.8859 0.0362 —26.2902
NH**-N 0.0754 —55.5671 0.0940 —68.6638

fog water. The volume of stem-flow was negligible. Along
transect A (Fig. 1), measurable volumes of fog water were
collected by passive collectors at elevations >900 m (col-
lectors 7-12). Mean monthly fog drip and elevation were
significantly correlated in summer (May—October) and
winter (November—April) (» = 0.93 and 0.98, respectively;
Feqt = 0.75, n = 5, p = 0.05). These relationships have
slopes significantly different from 0 (p = 0.0082 and
0.0033, respectively) and no significant departure from
linearity (F = 39.3 and 73.75, respectively; Fu; = 9.78).
The load of fog drip was greater in winter than in summer
by 23 to 50%.

The empirical coefficients b and b, (Eq. 2) based on field
observations in 2010 to 2012 are given in Table 4. Fog-drip
coefficients F, were calculated as 1 (dense mature stand),
0.33 (stand of crown closure >0.3), and 0.18 (area over-
grown by grass).

The atmospheric load of water and acidifying substances
(504%7, NOy~, and NH,") in the Jizerka catchment was
estimated by spatial interpolation based on the canopy
classes and elevation (Eq. 2) in 1982 to 2015. Annual values
of fog drip, open-field deposition, and an additional canopy
load (total loads are sums of the open-field and the extra
canopy values) are shown in Fig. 6A—C. These data recon-
struct the atmospheric load at a catchment scale. In 1982 to
2015 (34 y), the mean annual runoff of S (296 gm *y )
exceeded the open-field deposition (2.14 g m 2 y ') by
38%, but not the total deposition (3.31 g m y ', 89%)
(Fig. 6B). The mean annual runoff of N (0.95 g m 2 yfl)
was less than the total (243 g m * y ', 39%) and the
open-field (1.68 gm *y ', 56%) loads (Fig. 6C).

The decreasing trends in the output (runoff) of S and N
(slopes = —0.163 and —0.025, respectively; t = 2249 and
11.2, tee = 2.1, p = 0.05) exceeded that found in the open-
field deposition (—0.12 and 0.002; Fig. 5). Comparing data
from 1982 to 1984 (before the forest clear-cut) with 2001—
2015 (after the drop in emissions and forest regrowth),
mean total annual deposition of S decreased from 8.7 to
1.6 g m 2y ! (the extra loading on the canopy decreased
from 60 to 40%, Fig. 6B), whereas N did not change sig-
nificantly (from 262 to 2.74 g m ™2 y~! with decreasing
canopy effect from 45 to 27%; Fig. 6C). Annual fog-drip
amounts corresponded to the % forest area covered by
stands with crown closure >=0.3 (r = 0.79, r.; = 0.32,
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n = 34, p = 0.05; Fig. 6A). From 1982 to 2015, atmospheric
N deposition consisted of 72% NH,-N and 28% NO;-N.
The ratio between the total N and S loads increased from
0.35 (1982-1988) to 2.0 (2011-2015).

Runoff genesis

Significant correlations were found between mean an-
nual stream-water characteristics (pH, contents of SO, ",
and NO; ) and the air pollution (AP; concentrations of
SO, and NO, combined) and mean canopy density (CD)
of the Jizerka catchment (Table 5). These characteristics

Forest area (%)

)

1982 1986 1990 1994 1998 2002 2006 2010 2014
Year

——Fogdrip ----- Forest

Tfosz 1986 1990 1994 1003 2002 2006 2010 2014
Year

— —Openfield ---- Canapy

Runoff

N flux (g m2y)

1982 1986 1990 1994 1998 2002 2006 2010 2014
Year

---- Openfield — —Canopy ——Runoff

Figure 6. Fog drip (A), the balance of § (B), and the balance
of N (C) in the Jizerka catchment (1982-2015).
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Table 5. The correlation matrix between mean annual stream-
water pH, $O,%7, and NO; ", air pollution (AP; SO, and NO,

combined), and canopy density (CD) in 1982-2015
(e = 028, 1 = 33, p = 0.05).

Variable CD AD S0, NO; pH
CD 1 055 0.62 038 —0.49
AP 0.55 1 0.84 0.23 -0.61
50,7 0.62 0.84 1 053 —0.94
NO; 0.38 0.23 0.53 1 —-0.63
pH —0.49 —0.61 —0.94 —-0.63 1

were not well correlated with annual precipitation or run-
off (r = 0.04-0.06) because of high annual precipitation
(mean + SD, 1398 + 143 mm). Thus, in the 1990s, the re-
covery of stream waters from acidification resulted from
a synergy of the drop in SO, emissions and reduction of
the surface area of spruce forests. Later, open-field deposi-
tion rates for both elements stabilized, and their atmo-
spheric loads and stream-water chemistry were controlled
by regrowth of forest stands (Fig. 7, Table 3).

Fast (direct) flow, estimated from observed hydrographs
by local minimum separation (Sloto and Crouse 1996)
ranged between 54 and 61% of the annual runoff. Differ-
ences in the hydrograph formation are determined by an-
nual snow water volume and frequency of rainstorms and
are not affected by changes in forest canopy (Krecek and
Hofickd 2001). Relationships between stream-water vari-
ables (pH, electrical conductivity, concentrations of 50,2,
NO; ) and instantaneous discharge are shown in Table 6.
pH was the most effective single variable distinguishing
the occurrence of fast direct runoff at the Jizerka catchment
outlet.

The recovery of stream-water chemistry (Fig. 8) followed
the drop in the atmospheric acid deposition by ~5 y, but a
revival of stream biota reflects these changes with a lag pe-
riod of 10-15 y (Table 7). In 1994, the number of taxa of
benthic organisms (36) corresponded to a strongly acidified
environment (pH < 4.2; Vesely and Majer 1996), whereas
by 2005, the number of taxa had increased to 68, which is
more typical of a moderately acidified environment (pH =
5.0-6.3; Horecky et al. 2013). By 2005, several acid-sensitive
taxa either had reappeared (Crustacea, Ephemeroptera)
or increased significantly in the number of species present
(Plecoptera, Trichoptera). The stream investigated at Ji-
zerka was devoid of fish in the 1980s and remained without
fish in 1990-2015.

Seasonal and episodic acidification

Annual distributions of mean monthly pH in 1982 (be-
fore the forest harvest), 1992, 2002, and 2012 (progressed
forest regrowth) are shown in Fig. 8. Monthly pH increased,
but seasonal pH minima continued to drop <5.3, which is
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considered a threshold for the rapid mobilization of toxic
Al (Kfecek and Horickd 2001). Streamflow Al content de-
creased from 1 to 2 (1980s) to 0.2 to 0.5 (1990s) and 0.1 to
0.2 mg/L (2010s). Seasonal acidification was driven mainly
by direct (fast) runoff from spring snowmelt (Fig. 9A). In
summer, stream-water pH decreased during rainstorms
(Fig. 9B).

DISCUSSION

In the Jizerka catchment, the open-field deposition of
S0O,* -8 peaked in the late 1980s and showed a decreasing
trend with the drop in atmospheric emissions of SO, dur-
ing the 1990s (Fig. 5) in response to the 1985 Helsinki Sul-
phur Protocol (Holen et al. 2013). However, the open-field
load of NO; ~-N and NH, "N did not change significantly.
Between 1982 and 2015, the N : S deposition ratio in-
creased from 0.37 to 2.83. NH, " and NO,~ presented 72
and 28% of the long-term load of inorganic N, respectively.
Ground observations confirmed linear hypsometric rela-
tionships between precipitation, the number of foggy days,
and fog drip with atmospheric deposition. Rapidly decreas-
ing trends in catchment runoff of both S and N (Fig. 6B, C)
correspond with clear-cutting of spruce stands (1984—
1988) and reduction of canopy area. Reforestation (mainly
with spruce stands) of the Jizerka basin started only a year
after the harvest, but regrowth of forests was relatively
slow. Field surveys in 1992, 2002, and 2010 showed that
the area dominated by grass (crown closure <0.3) was 62,
37, and 19%, respectively. The invasive grass community
(Calamagrostis sp.) spread across the catchment with the
defoliation of mature spruce stands (Krecek et al. 2010).
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Figure 7. Changes of mean annual pH, 5042 ,and NO;  in
stream water as the forest regrew in the Jizerka catchment
(1982-2015).



Table 6. The correlation matrix between stream-water dis-
charge (Q), pH, electrical conductivity (EC), and concentrations
of $O,° and NO5~ in 20102012 (o = 0.20, # = 102,
p=0.05).

Variable @ pH EC 50,2 NO;
Q 1 -0.67 —0.46 0.35 -0.29
pH —0.67 1 0.51 —0.40 —-0.33
EC —0.46 0.51 1 0.31 0.24
5042 0.35 —0.40 0.31 1 0.30
NO; =29 -0.33 0.24 0.30 1

The Landsat imagery analysis was an effective tool for
identifying changes in the canopy and atmospheric deposi-
tions in the Jizerka catchment. However, NDVI values were
relatively insensitive when canopy LAI was >2, as found pre-
viously by Kfedek and Krémdf (2015). In contrast, super-
vised classification of multiband raster images (Landsat 4,
5) was more efficient in detecting differences in crown clo-
sure of trees (Fig. 4).

Proskovd and Hanovd (2006) regarded an elevation of
800 m as the threshold for significant fog/cloud occur-
rence in the Czech Republic. In the upper plain of the Ji-
zera Mountains, Krecek et al. (2017) reported significantly
modified interception processes by fog deposition at ele-
vations =700 m. In our study stand (elevation = 975 m),
interception storage not affected by fog (34% of the gross
precipitation) corresponded with the interception loss
(30—40%) found in similar spruce forests by Krecmer et al.
(1979). The observed interception loss (112 mm; 16% of
gross precipitation) was affected by the additional deposi-
tion of fog water. The volume of stem-flow was negligible,
consistent with findings by Kre¢mer et al. (1979) and Lovett
and Reiners (1986). Compared to an open-field load, the
reconstructed estimates of fog drip and additional canopy
deposition (Fig. 6A—C) provided more realistic information
on the atmospheric load within a mountain catchment and
a better view of where this deposition exceeded critical
levels of S and inorganic N. In the Jizerka catchment, the
critical load of § (75 meqm ™2y~ !, according to the regional
mapping; Schwarz et al. 2009) was exceeded from 1982
(beginning of the study) until 2002 (75-247 meq m™ 2y )
in the open-field (herbaceous vegetation), and continues
to be exceeded in forest stands (79-553 meq m *y ').
The critical load of N (55 meq m 2y ') also continues to
be exceeded in both (99-149 meq m * y ') and spruce
stands (142-206 meq m > y '). Bobbink and Roelofs
(1995) consider 1 gm %y ' (71 meqm %y ') as an em-
pirical critical deposition of N in forests of central Europe.
This threshold has been exceeded by a factor of 2 to 3
throughout the period from 1982 to 2015 in the Jizerka
catchment. This greater deposition of nutrient N is par-
ticularly important considering the evidence of increased
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environmental sensitivity and changes in biodiversity (Matz-
ner and Murach 1995).

Prechtel et al. (2001) reported a significant decline of
SO,* concentrations in European headwater streams in
the 1990s (relative to in the 1980s), but less than the de-
cline in input fluxes. The response in runoff increases as
soil storage capacity decreases. In the Jizerka catchment,
the fast response of SO,>  runoff relative to the drop in
the deposition during the 1990s, reflects the clear-cut of
spruce forests (1984—1988) and prevailing fast subsurface
runoff generated by relatively shallow podzolic soils of a
low SO,*” storage capacity. The open-field load of N did
not change significantly in 1982-2015, but NO;~ concen-
trations in stream water decreased by 12% in the 1990s and
by 53% after 2010 (relative to in the 1980s). The relatively
high leaching of NO,~ before the forest harvest (1982—
1984) corresponds with high atmospheric loads of N and
limited N uptake by already damaged spruce stands (defo-
liation of 30%). Grenon at al. (2004) reported higher NO,
leaching from forest floor with forest decline caused by the
decreased uptake of N by vegetation and increased microbial
release of N. Decreased N uptake by spruce trees contributes
to increasing availability of mineral N in the summer, whereas
enhanced microbial N release takes place over the whole year.
Tahovska et al. (2010) reported increased in situ availability
of NO; before the defoliation peaked, and Huber (2005)
found a positive correlation between herbaceous ground veg-
etaionand NO;  concentration in soil water during the first
2 to 5 y after forest die-back.

Low pH (Figs 7, 8), low hardness (<10 mg/L Ca’~ and
Mg*"), and high Al contents (0.2 mg/L) were observed
in surface waters of the Jizera Mountains in the 1980s
(Krecek and Horicka 2006). With the recovery of the water
environment in the 1990s, pH values increased from 3.3—
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Figure 8. Mean monthly pH of stream water at the outflow
of the Jizerka catchment.
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Table 7. The number of identified taxa of ben-
thic organisms at the Jizerka outlet.

Taxa 1994 2005
Nematoda - 1
Oligochaeta 2 4
Hydracarina - 1
Crustacea - 1
Ephemeroptera - 3
Plecoptera 12 20
Megaloptera 1 -
Trichoptera 4 17
Diptera excl. Chironomidae 11 10
Chironomidae 4 5
Coleoptera 2 6
Total 36 68

5.2 to 4.4-5.7, Al content dropped to 0.1-0.2 mg/L and
fish (Brook Char and Brown Trout extinct since the 1980s)
were reintroduced in selected streams (Kieéek and Horicka
2001). No health-based guideline value has been proposed
for pH of water, but pH is one of the most important oper-
ational water-quality variables (WHO 2004). Without pol-
lution or acidic rain, most lakes and streams would have a
pH level near 6.5 (Merilehto et al. 1988). Decreased pH is
particularly associated with increased mobility of Al and
heavy metals in the podzolic soil layer and has a negative
impact on the drinking-water supply and survival of aquatic
biota (Krecek and Hotickd 2006, Horecky et al. 2013). Mean
annual pH at the Jizerka outlet increased from 4.0 (1982
1985) to 5.3 (1990-1994), but repetitive episodic acidifi-
cation still affects the recovery of the biota, particularly
acid-sensitive species. Seasonal pH minima during snow-
melt (Fig. 8) are <5.3, a threshold associated with a rapid
mobilization of toxic Al (Bache 1985, Vesely and Majer
1996). Water pH seems to be an effective variable of the
hydrograph separation (Fig. 9A, B, Table 6) and is more
powerful than conductivity recommended by Caissie et al.
(1996).

Guerold et al. (2000) considered aquatic invertebrate
communities as the best indicator for assessing the nega-
tive environmental effect of acidification. Skjelkvale et al.
(2003) found large-scale evidence of chemical recovery
from surface-water acidification in Europe, but little evi-
dence of biological recovery. Recovery of stream-water
chemistry at the Jizerka outlet (Fig. 7) occurred ~5 y after
drop in the acid atmospheric deposition, but recovery of
stream biota appeared after a lag of 10-15 y (Table 7).

Acidification of sensitive ecosystems has been a seri-
ous environmental problem in Europe in recent decades.
Schopp et al. (2003) estimated the amounts of SO,, NO,,
and NH; emissions in Europe from 1880 to 2030, and
Kopicek et al. (2016) modeled the chemistry of precipita-
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tion affected by industrial dust in Central Europe since the
1850s. Spruce forests contributed to acidification of head-
water catchments in Central Europe by increasing acidic
atmospheric deposition. Data from the Jizerka catchment
(1982-2015) document that the acidic atmospheric de-
position and stream-water quality can be modified at the
catchment scale by forestry practices. In comparison with
mature spruce stands, the herbaceous canopy that devel-
oped on harvested areas decreased the atmospheric acid
load by ~40% and mitigated acidification of surface waters.
Deciduous or mixed forests could decrease the acidic atmo-
spheric load because of their lower leaf area and surface
roughness (Lovett and Reiners 1986), particularly in the
dormant season. In the Jizera Mountains, mixed forests
of near-native composition can increase the soil buffering
capacity (Matzner and Murach 1995) and support ecologi-
cal stability (Rapport et al. 1998) by a deeper root system
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Figure 9. pH and discharge (Q) of snowmelt runoff in the
Jizerka basin from March—May 2010 (A) and of summer runoff
episode of a frequency > 1 (B) in the Jizerka basin from June 8—
9 2010. Dates are formatted dd/mm/yy.



and a higher resistance to air pollution. UNEP (2007) calls
for a reduction of the acidic atmospheric deposition in
headwater catchments to mitigate the progressive down-
stream acidification of rivers and the ocean. However, the
regrowth of coniferous stands following a reduction in at-
mospheric emissions could slow the recovery of surface
waters (Fig. 7). Uncertainties in predictions of the future
of recovery from acidification still depend on rates of pro-
duction of atmospheric emissions, global climate change,
and the long-term behavior of N in forest ecosystems.

Citizen scientists

Citizen scientists of the Earthwatch Institute played an
important role in gathering extensive field data. Hodgson
and Evans (1997) warned of reduced accuracy and increased
response time when measuring pH in waters with naturally
low ionic strength. The in situ data (pH, conductivity) col-
lected by volunteers showed a relatively good agreement
with values obtained under the laboratory conditions (20
readings tested/expedition, r = 0.79-0.93 (1o = 0.16, 11 =
100, p = 0.05) in the years of field expeditions. Rosenberg
and Resh (1993) considered the primary role of nonspecialist
volunteers to be sampling benthic macroinvertebrates, but
their participation in water monitoring and the forest inven-
tory were controlled by the professional project staff in our
study. In addition, the volunteers enabled greater temporal
resolution in the sampling campaigns and were a source of
essential data. The motivation of citizen participants played
an important role in their education as evaluated by the
Earthwatch Institute (2012).
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Pfirozena druhova skladba lesniho porostu povodi Sklaifského potoka je kombinace smrku
(Picea abies) a buku (Fagus sylvatica), ovdem od poloviny 18. stoleti pfeviada smrkova
monokultura, ktera pokryvala vétSinu Uzemi povodi. Rozsahly uhyn smrkové monokultury,
zpUsobeny kyselou atmosférickou depozici, defoliaci a naslednym napadenim hmyzu, ved|
klesni kalamité. Vroce 1984 bylo vykaceno 62% plochy povodi metodou holoseCe
a do konce osmdesatych let bylo vykaceno 88% plochy. Pohyb tézarské techniky zpusobil
vytvofeni 10.3 km eroznich ryh, pfiemz 6.1 km ryh hlubSich nez 25 cm se napqjilo
na existujici ficni sit. Hustota fi¢ni sité¢ vzrostla z 1.45 km™ (pfed téZbou) na 7.55 km'
(po t&zbé). Zmény na povodi zapficinéné lesni tézbou zvysily erozi pldy 19 krat. Po pfirozené
obnoveé bylo v roce 2003 stale aktivnich 1.5 km hlubSich ryh spojenych s ficni siti a 1 km

mélkych ryh a tato situace se nezmeénila do roku 2015.

Pro analyzu vyvoje bylinného patra po smyceni lesa bylo vybrano 156 fytosociologickych
snimku (velikosti 4 x 4m), které zahrnovaly hluboké erozni ryhy (53 snimk), stfedni erozni
ryhy (33 snimkud), mélké erozni ryhy (38 snimku), plochy s mrtvym smrkovym porostem
(15 snimkul) a vytéZena stanovisté (17 snimku). Pro kazdy snimek byly uréeny vSechny druhy

i s jejich pocetnim zastoupenim.

Pomérné nizka rozmanitost byla pozorovana v bylinném pasmu pfi botanickém priizkumu,
pficemz pomérné dominantni roli po smyceni pfevzalo travni spoleCenstvi, konkrétné
Calamagrotis villosa. Ve zkoumanych fytosociologickych snimcich bylo nalezeno pouze
48 druhl. Ve zkoumanych oblastech s mrtvym lesnim porostem byla pokryvnost bylinnym
patrem 100%, ale maximalni mnozstvi druh(l na snimek byl 6. V oblastech po smyceni byla
pokryvnost 95-100% a pozorovany pocet druhd byl vrozmezi 5 — 10. V oblastech
se stfednimi ryhami (hloubka ryhy 25-50 cm) rostliny pokryvaly 20-75% plochy, druhové
zastoupeni 4-9, zatimco v hlubokych ryhach (hloubka vétsi jak 50 cm) byla pokryvnost pouze
1-30% a pozorované druhové zastoupeni bylo 1-9 druhl. Bylo zaznamenano, Ze nékteré
druhy se vyskytovaly velmi zfidka ve stfednich a hlubokych ryhach oproti ostatnim
stanovistim (napf. Calamagrostis villosa, Galium harcynicum, Vaccinium myrtillus). Pomérné
rychld obnova byla pozorovana u mélkych ryh, 15% jejich povrchu bylo pokryto za tfi roky
apo 10 letech od té&Zby to jiz bylo 80%. Ve srovnani s mélkymi ryhami bylo v hlubokych
ryhach nalezeno vice stres toleruijicich rostlin (zhruba 45%), coz souvisi s pozorovanou erozi

vrchni vrstvy pady a tim snizenym pfisunem Zivin.

59



Podrobnéji je cela problematika popsana v nize pfilozeném c¢lanku: Soil conservation

in a forested mountain catchment.
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Abstract

In 1982-2015, environmental impacts of commercial forestry practices were
studied in the Jizerka experimental catchment (the Jizera Mountains, Czech
Republic). Skidding the timber by wheelled tractors caused 10.3 km™ of skid trails
and the drainage density increased from 1.45 to 7.55 km™. On the harvested runoff
plots, not affected by skid trails, the loss of soil 0.007 - 0.014 mm year'1 was
comparable with undisturbed forests. But, the eroded soil in skid trails reached 6.17
mm (61.73 m® ha') by harvesting 23,882 m’ of timber (i.e. 0.25 m’ per 1 m® of
harvested timber). At the catchment outlet, sediment yield reached 25% of the soil
eroded. Natural regeneration of erosion rills was supported particularly by the
development of herbaceous vegetation. In 2003, twelve years after the logging,
only 1.5 km (15 %) of active deeper rills were still identified.

Keywords: mountain catchment, acid rain, forestry practices, soil erosion, natural
recovery.

Introduction

Topsoil erosion has been supposed as the most ultimately destructive process of
soil degradation (Hillel, 2008). It results in the loss of soil productivity and off-site
effects by mobilisation of agricultural chemicals and deposition of sediments. In
the landscape-scale, Forman (1995) articled the role of forests as benefits on
reducing drainage network connectivity, stabilisation of slopes, and protection of
soil and water quality. In Europe, approx. 70 percent of forests are confrolled by
management plans, and 25 percent are registered as forests of non-wood services
with priorities in soil and water conservation (FOREST EUROPE, 2015). Effects
of commercial forest practices on soil erosion are reported by O’Loughlin and
Pearce (1984), Akbarimehr and Naghdi (2012), but, there are still uncertainties in
their broader environmental consequences. In the 1980s, in central Europe, the acid
rain calamity lead to large-scale forest dieback and extensive timber harvest. The
aim of this study is to analyze effects of forest clear cutting on drainage
connectivity, soil erosion and sedimentation, and the natural recovery of a small
headwater catchment in the Jizera Mts. (Czech Republic), 1982-2015.
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Material and methods

Study area

The study was performed in the upper plain of the Jizera Mts. (Fig. 1): the Jizerka
experimental catchment (50°48°21” - 50°48°59™N, 15°19°34™ - 15°20°48" E, Elbe
river district 1-05-01-004) operating since 1981.

- L Figure 1

o e N Jizera Mts. Region and the
“\JI' e 2 Y Jizerka experimental
L% S catchment.
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‘/' /._
i
\n
\u
@ - Region ofthe Jizera Mountains ¥
|
[0 - Contour map of the exp. catchment \ |
)
GS - Outlet gauging station \,‘ 1'
— { ] 1
TR - Investigated transect \\_\ 5
O - RunoffplotsAand B \l—"“--ﬁ_.r/

This area belongs to the North temperate climate zone (K&ppen Dfc - sub-arctic
region) with mean annual precipitation 1,400 mm, and mean annual air temperature
4°C (Tolasz, 2007). Low-base-status soils (sandy-loamy Podzols) developed on
porphyritic granite achieves the depth from 0.5 to 1.2 m. Native forests include
namely Norway spruce (Picea abies) and Common beech (Fagus sylvatica), but
spruce plantations dominate since the second half of the 18™ century. In the 1980s,
the acid atmospheric deposition, followed by insect epidemics, defoliation and
large-scale die-back of spruce plantations leaded to a forest calamity. After the
clear-cut (1984-1988), grass commumities Junco effusi-Calamagrostietum villosae
became dominant, and has prolonged the forest regrowth (Kfecek et al., 2010).

Catchment monitoring

In 1982, the Jizerka catchment was instrumented by the sharp-crested V-notch weir
with the automatic water level recorder at the stream-outlet. The volume of
sediment has been estimated annually by changing bathymetry of the sedimentation
pond (Fig. 2): the depth was measured manually in one-meter step using rubber
boat moving in fixed cross sections. Along the basin transect TR standard
meteorological observations were carried out in elevations 875 and 975 m.

Two elementary runoff plots (not affected by skid-trails), 30x30 m area,
homogeneous slopes of approx. 10° (Plot A) and 20° (Plot B) were established to
collect soil loss by 30 m long trenches covered with geotextile filter fabric (Fig. 1).
Within the catchment area, inventory of erosion rills in skid trails was
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accomplished in summer months of 1983 (before the harvest), 1985, 1990, 1995,
2003 and 2015.

Figure 2

The Jizerka
catchment afier
the forest
harvest (1999).

FR - Forest timber truck road
GS - Cutlet gauging station with sedimentatios pond

The volume of erosion rills V (m3) was calculated by the volumetric equation [1]

V=Y 0.5 (Ai-1 + Ai) D [1]

where: Ai — area of crossection i (m2), Ai-1 — area of crossection i-1 (m2), D —
distance between crossections (m).

Renard et al. (1997) proposed the empirical concept of revised universal soil loss
equation (RUSLE) to predict the loss of soil by water erosion [2]

A=EI30K (L/72.6)m (asin ® +b) C P [2]

where: A —average annual soil loss (tons acre-1 year-1), E — storm rainfall energy
(102 foot-tons acre-1), 130 — maximum rainfall intensity in a 30 minute period
within a storm (inch hour-1), K — soil erodibility factor (-), I — slope length (feet),
m — slope length exponent, ® — slope angle (degrees), a, b — coefficients in function
making up slope term — values depend on slope (-), C — cropping management
factor (-), P — conservation practice factor (-).

The size of eroded soil in the skidding lines was compared with the extent of
harvested areas and volumes of harvested timber. On the whole, 156
phytosociological relevés (squares of 4 x 4metres) were investigated to analyse the
herb layer development: this monitoring included 53 deep, 33 medium and 38
shallow rills, 15 plots with dead spruce stands, and 17 clear-cut spots. In the
implemented phytosociological releveés, all species abundance was estimated, and
the data transformed from Braun-Blanquet scale to 9-point scale of Van der Maarel
(1979). Using the information on higher plants only, following characteristics were
evaluated: percentage cover of herb layer; species richness (total species number
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per releve); life form categories of Raunkiaer (1934) according to Ellenberg et al.
(1992). ANOVA statistics was used to test differences in the vegetation features
among particular stands and age groups. The archive of LANDSAT imagery
(NASA, 2014) was used to identify changes in the vegetative cover in the studied
catchments (resolution of 30 m) in 1983-2016. Only clear-sky images collected in
the high summer (June-August) were taken into account. From the mulfi-band
raster images, five canopy classes were identified in the consecutive years 1983 —
2015 (Kiecek and Krémat, 2015). These classes (mature spruce forests, stands of
the crown closure above 0.3, reforested plots with the crown closure below 0.3,
areas covered only by grass communities, and clear-cut) correspond with the
definition of “forest” used by the United Nations Framework Convention on
Climate Change: crown closure > 0.3, and height >2—5 m at maturity), Sasaki and
Putz (2009).

Results

Canopy changes

Initially, the Jizerka catchment was covered by mature spruce stands. In 1984, 62
% of the catchment area was harvested by clear-cutting, and about 88 % was
harvested at the end of the 1980s. Canopy changes in 1982-2015 were
reconstructed from the multi-band imagery (Fig. 3).

Figure 3
Canopy in the
Jizerka
catchment,
1983-2010

(CD — crown
closure of trees).

B tsture forest

I Reforesten CD =03

I Rerorested CD <03
Herbaceous vegelation

I tierested siands

Drainage network development

In the Jizerka catchment, before the forest harvest (Fig. 4), the drainage network
was formed by 1,490 m of stream channels, the drainage density was 1.45 km'*
exceeding five times the value of 0.26 km'" considered by Pallard et al. (2009) as
critical for the risk of flooding. In 1984-1990, 10.3 km of skidding trails originated
with the timber harvest; 6.1 km of rills deeper than 25 cm were directly connected
with the existing drainage system. Thus, the drainage density increased from 1.45
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to 7.55 km''. With the natural regeneration, in 2003, only 1.5 km of active deeper
rills (connected with the drainage network) and 1 km of shallow rills were
identified (Fig. 4), and this situation did not change in 2015.

= \ Figure 4
X— T | Drainage
| b network and

\ erosion rills in
) the Jizerka

\ ’
\\ s \\ J catchment
3 E = before (1983)
1983 \a__// 1990 \R_d/ 2003 \\H and after the
Stream channel network Jforest harvest

~=——=—Erosion rills (depth above 25 cm) o o2 o5 (1990, 2003).
Erosion rills (depth below 25 cm) -

Soil erosion loss and sedimentation

Considering RUSLE parameters in the Jizerka catchment (Fig. 1), the maximum 30
minute rainstorm intensity I3 = 39 mm, soil erodibility factor X = 0.26, and
alternative values of the cropping management factor C (0.002 — coniferous forests,
0.09 — grassland, and, 0.325 - disturbed forest land, according to Panagos et al.,
2015). The predicted loss of soil achieves maximum values 0.0239 t ha™ year’
(spruce stands), 1.38 t ha™ year” (grassland) and 5.01 t ha™ year™ (disturbed forest).
Thus, for the scenario of clear-cut disturbances at Jizerka, predicted loss of soil
might reach maximum 30 mm per year in extreme hill sites. Annual values of the
soil loss observed in harvested runoff plots A and B are relatively small at both
slopes (10° and 20°): 0.007 and 0.014 mm year' corresponding with those of
undisturbed forests (Elliot et al., 1996). These plots were not damaged by skid
trails, thus, the litter cover and herbaceous understory protected well the soil
surface.

APlotA e FPlot B

30 Figure 5
= " Soil loss and annual
§ 25 precipitation in the
£ 20 B runoff plots A and B.
£ P
@ 15 P
= - -
= 10 o _— o
& Aif:_——‘—i—-——*‘%"'_‘
85 0 A R1 =0.2842
@ 0

1000 1100 1200 1300 1400 1500 1600

Annual precipitation (mm)
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The washed soil included particles of raw humus (65%) and fine sand (35%). In the
higher slope (plot B), there is a significant correlation of the annual loss of soil
with annual precipitation (R = 0.79, Ry = 0.71, p = 0.05, n = 8), contrary to the
lower slope (plot A), Fig. 5.

The development of erosion rills and volume of eroded soil with the harvest of
timber (and reduce in the area of mature stands) is given in Fig. 6. After the timber
harvest, in 1990, the total length of 10.3 km significant skid trails represented
volume of 8,122 m’ erosion rills. From ten detailed skid trail profiles on slopes 5 —

15°, there was found in average 24% of that volume lost by crushing out and soil
compaction.

Figure 6

—IForest — Length of rills - s

—— Soil eroded cevvnes Timber harvest Cumulative growth of
R— - rills and eroded volume
£ \ of soil with forest
£ +20000. 9 harvest: the Jizerka
5 15000 @ catchment (1982-1990).

i m
E 10000 - I
= <}
o 5000 L
[ ]
- a A
1082 1984 1986 1988 1990

Year

Therefore, in 1984 — 1990, the total transport of soil from the network of erosion
rills was approx. 6,173 m’ (ie. 61.73 m” ha™, or 6.17 mm). By the harvest of
23,882 m’ of timber (i.e. 238.82 m’ ha'l), the loss of soil was 0.25 m’ pereach 1 m’
of harvested timber. Annual values of sediment yield observed at the catchment
outlet are in Fig. 7.

Sedimentyleld  --oer Length of active rills Figure 7 ) )
300 12.0 Annual sediment yield
= o 11
—~ 250 b g and I_enor{’.i ofacm._e
£ o erosion rills: the Jizerka
3 20 80 E catchment (1980-2015).
o =
= 150 60 B
L =
- 100 40 é
@ 50 L 20 %
—
0 0.0

1980 1985 1990 1995 2000 2006 2010 2015

Year

Before the harvest (1982-1983), the annual sediment yield was 0.01 mm year:
while in the harvest period (1984-1990), the total yield of sediment was 1.34 mm
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(ie. 0.19 mm year'}). Thus, in the harvest period, sediment yield increased 19
times, and accomplished 22% of the volume of soil (6.17 mm) transported from the
network of erosion rills (skid trails). In 1991-2015, the length of active erosion rills
has decreased from 10.3 to 2.5 km by natural regeneration (Fig. 7); the total
volume of sediment yield 1,525 m’ represents 25% of the eroded soil in the skid
trails (6,156 m’).

Natural recovery of skid-trails

In the Jizerka catchment, a long-term defoliation of spruce stands and the extended
clear-cut led to relatively low species richness in herb layers with dominating
Calamagrostis villosa. In all investigated relevés, only 48 plant species were
identified; the stand characterization included: dead forests with the herb layer
covering 100% of the area and low number of species (maximum 6 per releve),
forest clearings with the herb cover 95-100% and number of species 5-10, middle
erosion rills (between 25 and 50 cm) with plant cover 20-75%, and species richness
4-9, and deep erosion rills (depth above 50 cm) with plant cover only 1-30% and
variable species richness (1-9). The species composition in forest clearings is
associated with the harvested forest type and former composition of the herb layer
(Novakova and Kiecek, 2006). Plant cover was affected particularly by the depth
of erosion rills (R> = 0.42), few species were present noticeably rarely in the
middle and deep rills in comparison with the other stands (e.g. Calamagrostis
villosa, Galium harcynicum, Vaccinium myrtillus). Considering growth forms, the
percentage of plants forming tillers decline gradually from clearings and dead
forests (almost 40%) to shallow (33%) and deep rills (29%), in the same direction,
the proportion of plants forming clusters increased from 60 to 71%. Within the life
forms, hemicryptophytes dominate, they form 70-80% of species present in rills
and dead forest stands against only 60% present in clear-cut areas. Only a weak
positive correlation (R =0.21, p = 0.091) was found between the species richness
and slope. After the forest harvest, a relatively fast natural rehabilitation of shallow
rills (depth below 25 cm) was observed: about 15% of their surface has been
covered by grass (mainly hemicryptophytes) in 3 years, and 80% in 10 years after
timber skidding. In deep rills, there is slightly higher proportion of stress-tolerant
plants (45%) in comparison with shallow rills.

Discussion and conclusions

Before the timber harvest, in the Jizerka catchment, the annual sediment yield (0.01
mm year) is below the approximate annual soil genesis (0.036 mm year”, given
for a mountain environment in the humid temperate climate by Vladychenskiy,
2009); but, the clear-cut (1984-1990) led to exceeding the rate of soil genesis by
four times in 12 consecutive years of 1984-1995. In 1996-2015, the sediment yield
(0.021 mm year'k) is back below the rate of soil formation. However, still in 1996-
2015, the mean annual sediment yield (0.021 mm year™) is higher in comparison
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with values (0.01 mm year'l) before the harvest (1982-1984). After the forest
harvest, a relatively fast natural rehabilitation of shallow rills (depth below 25 cm)
was observed: about 15 % of their surface has been covered by grass (mainly
hemicryptophytes) in 3 years, and 80 % in 10 years after timber skidding. The rate
of erosion in skid trails is driven particularly by their depth and slope (Elliot et al.,
1996); but, the depth of rills depends also on the frequency of timber skidding and
hydrological conditions (Nearing et al., 1997). In deep rills at Jizerka was found a
higher proportion of stress-tolerant plants (45%) in comparison with shallow rills;
it confirms the low nutrient availability at the places where the top soil horizon was
removed (Urbanska and Fattorini, 2000). In Central Europe, 250 years tradition of
sustainable forest management has respected the ecosystem approach on multiple
functions as well as conservation of soil and water (Spathelf, 2010). However,
exogenic calamities (like the large scale acid rain impact) could affect this
approach for a relatively longer period. In the Jizerka catchment, the signs of
higher sediment runoff are remarkable from 1984 to 2015. There are several
management practices used in forestry operations to mitigate the impact of logging,
forest road and skid trail construction on stream water quality (Wallbrink and
Croke, 2002, Spathelf, 2010): these practices are designed to control erosion and to
minimize the delivery of sediments to drainage lines. Theoretically, with respect of
those regulations in the forest clear-cut at Jizerka, it was possible to avoid the
significant loss of soil by keeping the benefit of reducing the acid atmospheric load
(Kiecek et al., 2017).
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CONSERVATION DES SOLS EN BASIN DE MONTAGNE FORESTIER

Résumé

De 1982 a 2015, les impacts environnementaux des pratiques forestiéres commerciales ont été
analysées dans le basssin experimental Jiserka situé dans les montagnes Jizera en République tchéque.
Le débusquage d’arbres par les tracteurs A roues ont causé ’envasement des sentiers sur 10.3 knr! et
I’augmentation de la densité de drainage passant de 1.45 to 7.55 kml. Sur les parcelles de
ruissellements récoltées non affecté par I’'envasement des sentiers, la perte annuelle des sols de 0.007 a
0.014 mm 0.007 - 0.014 mm™ était comparable avec les foréts ot il n'y a pas de pratiques forestiéres
commerciales. Mais le sol érodé dans les sentiers envasés a atteint 6.17 (61.73 m’ ha) par la
récolte de 23,882 m’ de bois (c-a-d. 0.25 m® par 1 m® de bois récolté). A la sortie de captage, le
rendement sédimentaire du sol érodé a atteint 25%. La regénération naturelle de I’érosion des
ruissellements etait compensée par la vegétation herbacée. In 2003, douze années plus tard, seulement
1.5 km (15 %) des zones de ruissellements actifs étaient toujours repertorices.

Mots-clés: bassin de montagne; pliuie acide; prafiques forestiéres; érosion du sol; récupération

naturelle.

CONSERVAZIONE DEL SUOLO IN UN BACINO MONTANO BOSCATO

Riassunto

Gli impatti ambientali delle utilizzazioni forestali sono stati studiati fra i1 1982 ed il 2015 nel bacino
sperimentale di Jizerka (Jizera Mountains, Repubblica Ceca). Il trascinamento dei tronchi per mezzo
di trattori forestali ha causato la formazione di 10.3 kmi! di piste di esbosco ed un aumento della
densita di drenaggio da 1.45 to 7.55 km'. In partelle sperimentali sottoposte a taglio ma non
interessate da piste di esbosco la perdita di suolo variava fra 0.007 - 0.014 mm year, risultando
confrontabile con quella della foresta indisturbata. L’erosione del suolo lungo le piste di esbosco, al
contrario, raggiungeva 6.17 mm (61.73 m’ ha"l) rispetto all’asportazione di 23,882 m’ di legname
(0.25 m® per 1 m*® of legname). Alla sezione di chiusura del bacino la produzione di sedimento
risultava pari al 25% del suolo eroso. La rigenerazione naturale dei solchi di erosione & stata
determinata principalmente dallo sviluppo di vegetazione erbacea. In 2003, dodici anni pit tardi, solo
1.5 km (15 %o) dei solchi di erosione attivi pit profondi potevano ancora essere identificati.

Parole chiave: bacino montano; piogge acide, prafiche forestali; erosione del suolo; ripristino
naturale
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3.3. Vliv extrémnich hydrologickych jevl na bioindikaci
kvality vody
V tydnu 3. - 9. srpna 2010 byla na povodi Holubiho potoka zaznamenana extrémni suma
srazkového uhrnu 434 mm, pfic¢emz 313 mm/den spadlo pfi bourkové udalosti 7. srpna 2010.
Na uzavérovém profilu povodi je mérny objekt s kombinovanym prelivem — ostrohranny
trojuhelnikovy Thomson a obdelnikovy Poncelet. Kapacita mérného objektu je 0.39 m®/s
(odpovida zhruba dobé opakovani 12 let), povodné s vy$Sim pritokem musi byt odhadovany
z terénniho Setfeni povodnovych stop. Z povodriovych stop byl odhadnut pratok srpnové

udalosti na 2.25 m?/s.

Tato udalost byla modelovana v programu HEC-HMS 4.4, kde byl modelovan maximalni
pritok 2.38 m®s. Hodnota takovéhoto pritoku je tésné pod dobou opakovani 1 000 let
(Qioc0= 2.46 md/s, Zjisténo interpolaci ro¢nim maxim Log-normalnim rozdélenim).
Po tfi hodiny intenzita desSté prekracovala infiltrani kapacitu pady, takze dominoval
povrchovy odtok. Primérné ro€ni mnozstvi sedimentu pozorované v mérném objektu
je 0.46 m3rok, po této extrémni udalosti bylo mnoZstvi sedimentu v mérném objektu 2.7 m3.
OvSem zanedbatelna pudni eroze byla zjiSténa na dvou experimentalnich plochach (velikosti
30 x 30 m) pro zjisténi geneze odtoku umisténych v mladém a vzrostiém bukovém porostu.
Eroze tedy velkou mérou pochazela z toku, zakladni morfologie toku se nezménil (tvofena

velkymi zulovymi kameny), ale zménila se distribuce ¢asti dna z jemného na stfedni Stérk.

Béhem let 2010-2012 bylo v toku provedeno vzorkovani makrozoobentosu pfed povodni
i po ni vobdobi jarniho tani, vIété a na podzim. Vzorkovani bylo provedeno standardni
metodou kick-net sampling v Useku zhruba 100 m od uzavérového profilu v 6 typech habitatt
charakterizujicich tok. Povoderi méla okamzity devastujici efekt na bentické organismy
a negativné ovlivnila druhové i pocetni zastoupeni na nékolik mésicl. Zhruba 9 mésicu
po povodni byl zaznamenam vrchol v po¢tu zastoupenych druhl a jedincl, zpusobeny
neuspésnou kolonizaci cizich druh(, které nebyly pozorovany pfed povodni. Z Setfeni navic
vyplyva, Ze druhy, které ke svému Zivotu potfebuji jemny Stérk, mechovy porost ¢i mékky
substrat (jenz podlehl erozi pfi povodni) nedosahly poctu pred povodni nebo zcela vymizely,
z ¢ehoZ mUzZeme usuzovat, Ze dno toku se stale nevratilo do pavodni podoby. Ani dva roky

po povodni nebyla pozorovana celkova obnova makrozoobentosu.
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Podle méfenych chemickych veli€in by se pfed povodni dalo vodni prostfedi specifikovat
jako mirné antropogenné okyselené. Po povodni byl pozorovan statisticky vyznamny pokles
v mérné vodivosti, obsahu siran(, fluoridd, chloridi a hof¢iku. Obsah vapniku a dusi¢nant
se rovnéz snizily, zatimco hodnoty pH a alkalita se zvysSily, ale tyto zmény nebyly statisticky
vyznamné. Zjisténé hodnoty i jejich vyvoj naznaluji dlouhodobé zotavovani toku
z acidifikace, tento trend Ize vidét i na zvySujici se hodnoté pH srazek i vody v toku
pozorovany Vv letech 1995-2015. Povoden ¢astecné pfispéla k zotaveni toku z antropogenni
acidifikace poklesem obsahu siranl (vyCerpani zasob sirant v pudé), v dlouhodobém

hledisku vSak celkovy pribéh zotaveni prostfedi neovlivnila.

Blize je cela problematika popsana v nize pfilozeném ¢&lanku: Impact of an extreme flood

on the ecosystem of a headwater stream.
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ABSTRACT

Headwater streams are the smallest parts of rivers but make up the majority of river miles. The chemistry and macroinvertebrate
composition of such streams are among the most important indicators of their environmental health. Macroinvertebrates are affected
namely by runoff genesis and. in many regions of the world, also by acid atmospheric deposition and its consequences. The aim of this
paper is to evaluate the impacts of an extreme summer flash flood on the physical environment, chemistry and macroinvertebrates in a
small headwater stream located in the Beech-woods National Nature Reserve of the Jizera Mts. (Northern Bohemia, Czech Republic).
The studied stream is characterized by a pluvial hydrologic regime with perennial streamflow uniformly distributed within the year,
with peak-flows originating mainly from summer rainstorms, and moderate current anthropogenic acidification. During the observed
summer flash flood of the return period near 1,000 years, high currents (1-2.5 m s7') flushed out 2.7 m* of sand and gravel from the
streambed, resulting in a devastating effect on macroinvertebrates. Both number of species/taxa and diversity were reduced by about
50% while the abundance of surviving taxa was reduced to about 10% compared with before the flood. The following spring after the
event, both number of species/taxa, diversity and abundance increased. partially due to the temporary unsuccessful colonization of the
site by several alien species creating a peak of biological diversity, but complete recovery of the original macroinvertebrate assemblages
was not observed even during the subsequent two years. On the other hand, a significant drop in sulphate contents and rising alkalinity
observed in stream waters during base flow conditions afier the flood indicate positive effects on recovery of the aquatic environment
by depleting the catchment sulphur pool. Thus, the flood did not significantly alter the long-term recovery of the studied headwater
stream from acidification.

mental health of headwater streams (Fritz et al., 2013),

INTRODUCTION while floods (overflows of stream water beyond normal

Headwater streams are the smallest part of rivers but
make up the majority of river miles, providing habitats
that are unique compared to other freshwater environ-
ments and used by a specialized subset of aquatic species
(Richardson, 2019). Chemistry and macroinvertebrates
are among the most important indicators of the environ-
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limits) are among the most important natural hazards
(Hickey and Salas, 1995). Extreme floods, defined by a
return period exceeding 50 years (i.e. a 2% chance of in-
cidence (Davis, 2007)), have huge destructive power, dev-
astating landscapes and settlements but also aquatic
environments (Knox and Kundzewicz, 1997). Macroin-
vertebrate assemblages of stream bottoms respond to the
structure and functions of fluvial ecosystems (Allan and
Castillo, 2007), and benthic macroinvertebrates are con-
sidered a very effective indicator of environmental health
because of their limited mobility, relatively long life cy-
cles and varied sensitivity to different types of pollution
(Rashid and Pandit, 2014). Therefore, macroinvertebrate
studies have been used for water quality assessments by
several environmental monitoring programmes (Rosen-
berg and Resh, 1993; Dar and Ganai, 2017). While bio-
logical diversity in rivers is usually influenced by a
combination of pressures from various anthropogenic im-
pacts (Adamek et «l., 2010), communities in headwater
streams are affected namely by water velocity and asso-
ciated physical forces (Allan and Castillo, 2007). Thus, in
mountain streams an adequate dynamic approach reflect-
ing rapidly changing currents and discharge needs to be
considered in analysing their water environment. Most
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studies, however, concentrate primarily on base-flow con-
ditions (Falkenmark and Allard, 2015).

In Central Europe, the biota in many mountain streams
has been affected by acid atmospheric deposition and its
consequences (Horeeky et al., 2013). Anthropogenic emis-
sions of acidie precursors (sulphur and nitrogen oxides, and
ammonia) increased from the industrial revolution of the
19th century and culminated in the late 1980s (Schopp et
al., 2003). In the Czech Republic, mountain waters of low
mineralization (and acid-neutralizing capacity) were
stressed by strong acidification, with natural acidity (based
on humic substances) overwhelmed by anthropogenic acid-
ity (Vesely and Majer, 1996; Stuchlik et a/., 2006). This re-
sulted in the rapidly decreasing pH of mountain streams
and a dramatic decline in water quality including increased
contents of heavy metals and toxic forms of aluminium
(Kiecek and Hoficka, 2001, Kiecek et al., 2019).

Since the early 1990s, with international cooperation
to reduce atmospheric emissions (namely, the 1985
Helsinki Protocol on the Reduction of Sulphur Emissions
or their Transboundary Fluxes by at least 30 percent;
Holen er al., 2013), signs of recovery in acidified head-
water catchments were seen in Central Europe (Stuchlik
et al., 1997; Kietek and Hoficka, 2006), as well as in
other parts of Europe and North America (Godbold and
Hiittermann, 1994). However, ongoing recovery could be
affected by changing physical forces. The aim of this
paper is to evaluate the impacts of an extreme summer
flash flood on the physical environment, chemistry and
benthic macroinvertebrates in a small mountain stream in
the context of atmospheric acid loads and recovery from
acidification.

METHODS

This study was performed in the Jizera Mountains
(Northern Bohemia, Czech Republic): in the experimental
catchment of the Holubi Potok stream, near the Oldfichov
settlement (HPO catchment, 50°52°147- 50°52°30"N,
15°67117- 15°6°217E, Odra river district 2-04-10-014,
Fig. 1, Tab. 1). The site is located in the National Nature
Reserve “Beech-woods of the Jizera Mts.” covered by
semi-native forest stands with Common beech (Fagus syi-
vatica) dominating. This area has a humid continental cli-
mate (Koppen's Dfb) with mean annual precipitation 940
mm, mean air temperature 8.3°C, and an average of 86
days with snow cover (Tolasz et al., 2007). Low-base-sta-
tus soils (sand-loamy brown forest soils) developed on
porphyritic granite reach depths 0f0.7-1.3 m. The stream
channel is characterized by steep gradients with step-
pools (Palucis and Lamb, 2017) and a water depth below
0.5 m at bankfull discharge. The bed is covered by non-
uniform sediments (sand, gravel and boulders) with a pre-
dominantly gravel substrate. Mean annual water

temperature is 9.3°C with a monthly minimum of 1.6°C
in January and maximum of 16.4°C in July.

In the 1980s, the Jizera Mts. region (part of the so-
called Black Triangle) was strongly affected by acid at-
mospheric loads. Plantations of Norway spruce (Picea
abies) in the upper mountain ridges were heavy damaged
and subsequently harvested by clearcutting, but only mod-
erate defoliation (up to 20%) was observed in beech
stands of the investigated catchment (Kiecek and Horicka,
2006), reflecting the fact that common beech trees show
an intermediate tolerance to atmospheric emissions
(Vacek et al., 2007).

The experimental catchment was instrumented in
1982 (and re-instrumented in 1995). The outlet is
equipped with a composite sharp-crested weir (Thomson
V-notch and Poncelet weirs) and water level is measured
by an ALA 4020 compound water pressure and tempera-
ture recorder, logging every ten minutes. The capacity of
the gauging station (0.39 m*s ') corresponds to a 12 years
return period (see Tab. 4 in the results section). Thus, peak
discharges above this limit were estimated by terrain foot-
prints (Herget et al., 2014), with the empirical Manning

Tab. 1. Morphology of the HPO catchment (for elevation and
slope, arithmetic means with range values are given).

Area (km*) 0.23

Elevation (m) 518 (409 — 620)
Slope (%) 345(00-832)
Shape index (-) 1.56

Length of streams (m) 405

Drainage duns.ily (km'i) 1.76

Slope of the stream (%) 11.2 (10.1 —=15.3)
Strahler stream order =) 1

A — Region of the Jizera Mts.

m - Outlet gauging station
O - Meteo-station

~ - Watercourse 0 - Research plots
Fig. 1. The HPO experimental catchment.

[0 - Catchment contour map

74



E. Pazourkovd et al.

equation (Venutelli, 2005) for mean flow velocity v into
the continuity equation describing discharge O as a prod-
uct of cross-section area A and flow velocity v:
Q=AR¥SVp~! (eq. 1)
where: O - the discharge (m*s™), A - the cross-section area
(m?) for the specific flood level, R - the hydraulic radius
(m) for the flood level determined as a quotient of the
cross-section area A4 (m?) and the wetted perimeter P (m),
S - the energy line slope (m m™), and # - the hydraulic
roughness coefficient (-).

Flood waves were constructed by HEC — HMS 4.4
(USACE, 2000). The HEC - RAS 5.0.3 package
(USACE, 2016) was used to simulate flow velocities and
water depth in the HPO stream channel during the ex-
treme event, with two dimensional unsteady flow caleu-
lations performed using the observed discharge at the
catchment outlet as boundary conditions. The cross sec-
tion geometry was measured along the stream channel
every 10 m from the gauging station to the channel head,
and the values of Manning’s roughness coefficient n were
estimated from the channel configuration using Cowan’s
composite approach (Wibowo ef a/., 2015):
n=(nytn;+nytn;tn)m (eq.2)
where: n, represents surface roughness (caused by larger
or smaller grain size of the sediments at the channel bot-
tom up to minor submerged obstacles); », is the value in-
cluding the effect of surface irregularities; n, represents
variations in the shape and size of the channel cross-sec-
tion; n; for barriers: i, for vegetation: and m is a correc-
tion factor for channel meandering.

A digital terrain model of the catchment was created
in ArcGIS 10.2 from the contour lines of 5 m resolution
and the stream channel layers.

Standard meteorological observations (precipitation,
solar radiation, air temperature and moisture, wind speed,
soll moisture, registered every hour by the ALA monitor-
ing system) were carried out in a forest opening (relatively
well-sheltered from wind effects; Shaw, 2011), located in
the centre of the catchment (elevation of 498 m, Fig. 1).
Additional observations in two forest plots (30 x 30 m
area, elevations of 409 and 507 m) addressed runoff gen-
esis in young and mature beech stands.

Although stream water chemistry at HPO is the subject
of long-term monitoring (Kfecek and Hoficka, 2001), this
study of the extreme flood is based on ten samplings of
stream water for detailed chemical analyses from 2009-
2012 and eight samplings of macroinvertebrates over three
years (2010-2012) during comparable base-flow regimes
(Tab. 2). Stream water was sampled by a plastic jar near
the catchment outlet, filtered through 40-pm polyamide

75

mesh in site, kept in prewashed 0.5 L PET bottle, stored in
the refrigerator, and analysed in the laboratory of the Hy-
drobiological Station Velky Palenec (Charles University,
Prague), which regularly participated in the UNECE ICP
Waters international chemical and biological inter-compar-
isons. Concentrations of major ions were identified by ion
chromatography with conductometric detection, pH meas-
ured with combination electrodes at the beginning of the
determination of alkalinity by Gran titration on a TIM 900
automatic titrator (Radiometer Analytical), and specific
conductivity was identified by a conductometric sensor
(Radiometer Analytical) at the reference temperature 25°C
(Stuchlik ef al., 2006), Benthic macroinvertebrates were
sampled by a kick net, mesh-size 500 um (Rosenberg and
Resh, 1993) at 6 different microhabitats reflecting the range
of stream bed types along a 100 m stretch near the catch-
ment outlet. The sampling dates included periods of
snowmelt (March- May), summer (July-August), and the
relatively dry autumn period (September-October). Quan-
tification of samples was achieved by using a standard sam-
pling time of 3 min at each microhabitat. Collected animals
were preserved in 80% ethanol; determination of organisms
and enumeration of each taxon were performed by special-
ists in the co-authors’ team (usually to species level when
allowed by the developmental stage). Evaluations of
macroinvertebrate assemblages were based on the number
of individuals and the number of species/taxa; biological
diversity was characterised by indexes of Shannon entropy
Dy and Simpson concentration Dy, equations (3) and (4),
as they translate indexes of species diversity into effective
numbers of species (Jost, 2006; Velle et al., 2013).

Dsy = exp(— X3 piinp;) (eq.3)

Dse = I/Ei p? (eq.4)
where: §, total number of taxa; p,, relative number of in-
dividuals of taxon i; /n, natural logarithm; exp, based on
the Euler number (2.718).

Tab. 2. Macroinvertebrate sampling dates and physical
properties of the stream water.

18-Mar-10

27-Apr-10 0.73 8.2
28-Jul-10 1.68 12.6
5-Sep-10 2.04 9.7
16-Oct-10 1.65 7.5
4-May-11 0.62 6.2
13-Oct-11 1.73 7.1
21-Oct-12 211 5.9
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GraphPad InStat 3.1 (Motulski, 2007) was employed
to analyse basic statistics of the collected data; the non-
parametric Mann Whitney two-tailed test was used to
identify the statistical significance of changes in both
means and standard deviations for chemical and biologi-
cal characteristics before and after the flood, and trends
in time series were tested by Spearman’s correlation co-
efficient. Statistical significance was considered at the
0.05 probability level.

RESULTS
Stream flow dynamics

The studied HPO catchment is characterized by a
pluvial hydrologic regime (Shaw, 2011) with perennial
streamflow uniformly distributed within the year, and
peak-flows originating mainly from summer rainstorms.
Based on daily flow frequencies observed at the outlet
from 1982-2018, the 90% frequency discharge (Q;3 =
0.53 10° m*s *, reached or exceeded for 330 days a year)
is the ‘minimum residual discharge’ needed to protect
the aquatic environment, as interpreted by the Water Act
254/2001 Coll. (Turecek, 2002). Peak flow and return
periods, interpolated by the Log-normal distribution of
the annual discharge maxima (Shaw, 2011), are pre-
sented in Tab. 3.

The mean annual discharge was Q,= 2.5 10~ m*s !, and
the bank-full discharge of Q, = 0.1 m*s corresponded to
a retumn period between one and two years. In the investi-
gated stream transect (Fig. 1), the bed particle distribution
(dyy=4.5, dsy = 9 and dy, = 18 mm) was fine gravel, and
the threshold discharge (Olsen, [993) to initiate transport
of the 16th percentile particle diameter (d,,= 5 mm) at an
11% stream gradient was Q. = 5.4 10" m's™'. However, in
non-uniform stream channels such as at HPO, smaller par-
ticles are sheltered behind larger grains and stones and re-
quire a higher flow to set them into motion (Palucis and
Lamb, 2017). Considering the empirical channel stability
approach (Olsen, 1993), the critical bottom velocity for fine
gravel deposits was v,; =0.85 m s (i.e. mean cross-section
velocity v = 1.2 m s'); and, the corresponding discharge
Q.= 0.76 m*s™! (close to the 50 years return period, Tab.
3). Thus, the relative bed stability of RBS = Q_;/Qs=3.3
can be considered ‘highly stable’ (USDA, 2007) (Qs is the
peak flow with five-year retum probability).

Flash flood of 7 August 2010: Physical environment

During the week 3-9 August 2010, a total precipitation
amount of 434 mm was recorded in the HPO catchment,
with a particularly heavy rainstorm (313 mm day ') on 7
August (Fig. 2). This daily rainfall did not exceed the re-
gional historical record (345 mm day ') of 29 July 1897
(Munzar and Ondracek, 2010), but that record was ob-

served in the upper plain of the Jizera Mts. that has 1.5
times higher annual precipitation on average.

The HEC- HMS 4.4 catchment modelling system re-
constructed the flood wave (Fig. 3) with a peak discharge
0f Qe = 2.38 m?s !, verified by flood footprints (2.25 m?

Tab. 3. Peak discharge frequency at the HPO outlet.

2 0.13
5 0.23
10 0.34
20 0.49
50 0.65
100 1.02
1000 246

80 - 50
o S Rainfall intensity
= 0 ]
2 ----Soil moisture 45
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Eowl s pao 2
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Fig. 2. Rainfall intensity (mm hour') and soil moisture (%) at
the 15 em depth on 7 August 2010.

25 3
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Fig. 3. Stream discharge Q (m’s ') and mean cross-section ve-

locity v (m s7') near the catchment outlet on 7 August 2010,
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s 'witha Manning’s roughness coefficient n= 0.065). The
return period of this event is close to 1,000 years (Tab. 3),
though the unit peak discharge (10.35 m*s™' km™) is below
the European probable maximum given for the EuroMed-
¢FF database (Amponsah e/ /., 2020). For three hours,
rainfall intensities (culminating at 72 mm hour') ex-
ceeded the soil infiltration capacity of 12 mm hour ! (mea-
sured by a double ring infiltrometer) and surface flow
dominated (documented by the relatively low increase in
soil moisture, Fig. 2). The lag time of discharge to rainfall
was about 30 minutes (Figs. 2 and 3). and the event runoff
coefficient was 0.77. During this flood, the drainage net-
work expanded into two additional ephemeral branches
and moved the channel head 30 meters higher. As simu-
lated by HEC-RAS 5.0.3, during the peak flow (2.38 m?
s7!) the discharge travel time in the main channel was 2.8
minutes; detailed currents and depth are given in Fig. 4.
After the flood, the basic step-pool morphology (created
by big granite blocks) did not change, but, the bed particle
distribution in the investigated stream transect was altered
from fine to medium gravel.

On 7 August 2010, the HPO stream had discharge
above the threshold of stream bed stability (Q;, = 0.76 m’
s7') for approximately two hours (Fig. 3). While the aver-
age annual volume of sediment collected at the HPO
gauging station from 1996-2009 was 0.46 m® year !, this
extreme event resulted in 2.7 m® of sand and gravel being
eroded in the stream channel. There was negligible soil
erosion at the two forest plots sheltered by the forest
canopy and litter.

Annual streamflow extremes of the HPO outlet from
2002-2012 are given in Tab. 4. The observed minima are
consistent with only a limited impact on stream biota, and
except for the 2010 event, the maxima reached return pe-
riods of only 1-8 years.

Tab. 4. Annual streamflow extremes in the HPO basin, 2002-2012.

Year

2002 0.42

Changes in stream water chemistry
and macroinvertebrate assemblages

Basic characteristics of the HPO stream during a
macroinvertebrate survey from 2010 up to 2012 are given
in Tab. 2; sampling was performed during base-flow con-
ditions, with discharges of mean daily duration between
150 and 330 days. Values of specific conductivity (71.6-
80.3 pS em™y and calcium content (5.4-7.2 mg L") reflect
low mineral contents; pH values (around 6), relatively high
contents of sulphate (19.1-25.3 mg L™') and nitrate (1.9-
3.7 mg L) and depleted alkalinity (18.2-55.9 peq L)

100m

Fig. 4. Currents and depth in the schematized stream channel,
from the branch junction (left) to the gauging station (right) dur-
ing the peak discharge on 7 August 2010.

summer rain 7-8
2003 0.35 43 snowmelt <1
2004 0.33 124 summer rain 2
2005 044 145 summer rain 2-3
2006 0.51 272 summer rain 6-7
2007 0.33 100 snowmelt 1-2
2008 0.32 125 snowmelt 2
2009 0.38 78 snowmelt <1
2010 035 2280 summer rain 900 — 1000
2011 0.36 141 summer rain 2-3
snowmelt 1-2

2012 0.34 120
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(Tab. 5, Fig. 5) are consistent with a moderately anthro-
pogenically-acidified aquatic environment (Vesely and
Majer, 1996, Horecky et al., 2013).

Changes in stream water chemistry after the flash
flood of 7 August 2010 are given in Tab. 5. There were
statistically significant declines in specific conductivity
(4.8 uS em!, 6%) and contents of sulphate (3.9 mg L,

16%), fluoride (0.1 mg LY, 33%), chloride (0.3 mg L,
19%) and magnesium (0.2 mg L, 13%). Contents of cal-
cium and nitrate also decreased, while values of pH and
alkalinity increased, but these changes were not statisti-
cally significant. Consequently, there was an increasing
trend in alkalinity and decreasing trend in conductivity in
2009-2012 (Fig. 5); these trends were statistically signif-

oAlkalinity @ Conductivity K25
100
. Flood y=-0.0132x+ 610.93
i ¥ -GCLLITTTrrr (]
80 ‘: ‘@ ~ ..................'......-.'..........,___ o [ ]
° REELr P
{ 60 - o
[Te} & L]
Q 40 o%- _%_ -
80.--—-4—0- e e GER R TSNS -
20 =] [+] 8
" y = 0.0069x- 249.24
2009 2010 2011 2012 2013
Year

Fig. 5. Stream water conductivity (K25, uS em ') and alkalinity (Alk, peq L"), (HPO catchment, 2009-2012).

Tab. 5. Changes of chemical elements in the stream water during comparable base flow at the HPO outlet, before and after the flood.

Mg Ca* :

uSem! - neq L mglL-! mgL-! mgL! mglL-! mgL! mgL! mgL! mgL-!
10-Jun-09 79.4 6.0 28.6 2.7 04 1.5 7.0 03 1.3 24 247
17-Jul-09 78.0 6.0 27.9 2.7 04 1: 7.1 03 i 7 25 25.0
18-Mar-10 79.3 5.9 27.6 2.6 0.5 1.5 T2 03 1.6 3.0 253
27-Apr-10 803 5.9 234 24 0.5 1.6 6.7 03 1.6 37 243
28-Jul-10 779 6.0 243 25 04 1.3 57 03 1.6 38 230
5-Sep-10 73.0 5.9 18.2 23 0.5 1.3 5.6 03 1.4 37 20.9
16-Oct-10 76.1 6.1 29.4 23 0.5 1.3 6.8 03 14 31 22.1
4-May-11 716 6.2 29.6 23 0.5 1.2 54 02 1.2 2.7 20.0
13-Oct-11 738 6.4 48.5 2.6 0.7 1.3 58 0.2 1.3 1.9 20.5
21-Oct-12 76.5 6.0 55.9 3.0 0.6 1.4 6.9 02 1.2 2.5 19.1
Before
Mean 79.0 6.0 26.4 2.6 04 1.5 6.7 03 1.6 3.0 244
SD 0.91 0.05 2.08 0.12 0.05 0.08 0.55 0.01 0.04 047 0.79
After
Mean 742 6.2 36.3 23 0.6 1:5 6.1 02 1,5 28 205
SD 1.86 0.17 13.80 0.30 0.08 0.08 0.60 0.02 0.11 0.62 0.99
Means diff.  -4.8 0.2 9.9 -0.1 0.2 -02 -0.6 -0.1 -0.3 -0.2 -39
(%) -6 3 38 -4 50 -13 -9 .33 .19 -7 .16
P 0,01 0.21 025 0.72 0.06 0.01 0.19 0.02 0.01 072 0.01
Significant Yes - - - - Yes - Yes Yes - Yes

S, standard deviation; P, Mann Whitney two-tailed P-value.
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icant, with Spearman’s correlation coefficient R values
of 0.62 and 0.51, respectively, exceeding the critical value
R = 0.35 at the 0.05 probability level. These results cor-
respond with the long-term recovery of stream water from
acidification, as reflected by the statistically significant
rising trend in annual pH values of both precipitation and
stream water from 1995-2015 (Fig. 6; Spearman’s corre-
lation coefficient Rgof 0.82 and 0.84, respectively, ex-
ceeding the critical value Rg,; = 0.41 at the 0.05
probability level).

Macroinvertebrate assemblages of the HPO stream
were composed of 82 taxa (distinct taxonomical units)
that belong to 7 orders of aquatic insects (included larvae,
pupae and adults) and the subclass Oligochaeta. A com-
plete list of taxa collected in eight sampling dates from
18 March 2010 to 29 October 2012 along with numbers
of individuals of each taxon is given in Appendix 1. Ple-
coptera was the most abundant group (17 taxa and a max-
imum number of individuals of 743 on 27 April 2010)
followed by Diptera (36 taxa and max. 507 individuals on
28 July 2010) dominated by families Simuliidae and Chi-
ronomidae. Trichoptera (14 species and max 229 individ-
uals on 13 October 2011) and Coleoptera (9 species and
max. 43 individuals on 28 July 2010) were also abundant,
while Ephemeroptera were very rare (4 species, max 11
individuals on 29 October 2012). Oligochaetes were not
determined to species level, and their numbers reached a
maximum of 10 individuals on 13 October 2011. Het-
eroptera and Odonata were only found a total of three
times, and we identified only a single taxon in each of
these orders (Appendix 1, Tab. 6, Fig. 7).

The flood had an immediate devastating effect on
macroinvertebrate assemblages and negatively influenced
both the number of species/taxa and the number of indi-

® pH stream
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viduals of each taxonomical group as well as their total
values (Tab. 6, Fig. 7). For the whole period following
this event changes in individual groups were statistically
significant only for “other Diptera”, the total number of
individuals (N) and taxa (S) that declined significantly
after the flood (Tab. 6). On the other hand, there was a
long-term drop in the number of taxa in all groups except
Oligochaetes and particularly mayflies, where the number
of taxa temporarily increased. Both calculated indexes of
diversity followed the same trend, as they reached the
highest value ever 9 months after the flood: this resulted
in a statistically nonsignificant effect of the flood on their
values (Tab. 6).

The dominant species (occurring on all eight sampling
dates) were Leuctra nigra with mean number of individ-
uals (mni) 96, Plectroenemia conspersa (mni 17), and Ne-
murella pictetii (mni 11). Slightly less dominant species
(present on seven sampling dates but in relatively low
numbers) were Heterotanytarsus apicalis (mni. 6), Dicra-
nota sp. (mni. 5), Agabus sp. (mni 3), and Odeles mar-
ginata (mni 3). All those species were also present on at
least one sampling date after the flood (7 August 2010)
when the macroinvertebrate assemblages were signifi-
cantly reduced (Tab. 6, Fig. 7), indicating their resistance
to extraordinary high currents and streambed changes.
Further frequent species were found in six samples:
Siphonoperla torrentium (mni 22), Leuctra pseudosig-
nifera (mni 26), Protonemura auberti (mni 43), Sericos-
toma cf. personatum (mni. 6), Trissopelopia longimana
(m.n.i. 90, the second most numerous species), and
Eloeophila sp. (mni 1). After the flood, the abundance of
the all these species gradually returned to their original
numbers (Appendix 1). Two wider taxonomical groups in
this category were not identified to species level: family
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Fig. 6. Mean annual pH values of rain and stream water (HPO catchment, 1995-2012).
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Simuliidae (mni 119), one of the most numerous organ- like Protonemura sp. juv. (mni. 144) and Plectrocnemia
isms in the study that did not re-establish their original sp. juv. (mni. 29), but the lack of precise identification
abundance after the flood, and the rare but regularly pres- makes this information difficult to interpret.

ent Oligochaetes (mni. 3). There were also high numbers In addition, there was a group of species that occurred
of'individuals belonging to taxa with multiple carly instars only one to three times but reached noticeable numbers

Tab. 6. Number of species/taxa in all collected groups of macroinverterbrates and population characteristics before and after the flood.

OLI ODO EPH PLE TRI CHR ODI COL HET N S Dy Dy
18-Mar-10 1 0 1 13 7 13 9 2 0 1048 46 13 7
27-Apr-10 1 a 0 11 10 13 6 6 0 1327 47 10 5
28-Jul-10 0 0 0 7 ) 12 8 4 1 891 39 11 7
5-Sep-10 1 ] 0 5 3 3 3 3 0 86 18 6 3
16-Oct-10 1 0 0 7 3 2 3 1 1 128 18 8 6
4-May-11 1 0 2 8 6 17 6 1 0 563 41 17 11
13-Oct-11 1 1 2 8 8§ 10 5 3 0 830 38 11 8
29-Oct-12 0 0 1 6 ) 12 3 3 0 839 30 8 g
Before
Mean 0.7 0 03 103 80 127 77 40 03 108 44 113 63
SD 058 0 058 306 173 058 153 200 058 221 436 153 115
After
Mean 0.8 02 1.0 6.8 5.0 88 4.0 22 0.2 489 290 100 6.6
SD 045 045 100 130 212 630 141 110 045 366 1082 430 3.5
Means diff. 01 02 07 35 30 -39 37 -L8 0.1 -600 -150 -13 03
(%) 14 B 233 -3¢ 37 -31 48 45 33 -55 34 -12 s
B 082 041 034 020 013 029 004 029 081 003 004 045 088
Significant - - - - - - Yes - - Yes Yes - -

OLI, Oligochaeta; ODO, Odonata; EPH, Ephemeroptera; PLE, Plecoptera; TRI, Trichoptera; CHR, Chironomidae; OD{, other Diptera; COL,
Coleoptera; HET, Heteroptera); N, total mumber of individuals, S, total number of taxa: Dy, Shannon entropy; Dy, Simpson concentration: SD, standard
deviation; F, Mann-Whitney two-tailed P-valie.
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Fig. 7. Number of individuals in the most abundant groups of macroinvertebrates (stacked-bars) and the total number of taxa in all
present taxonomical groups (line) in the HPO stream, 2010-2012. PLE, Plecoptera; TRI, Trichoptera; CHR, Chironomidae; ODIL, other
Diptera; COL, Coleoptera.
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per sample. Some of them were present before the flood
only, such as Lewctra aurita (mni 64), Levctra prima (mni
12), Leuctra major (mni. 6), Divra bicaudata (mni 2),
Crunoecia irrorata (mni 2), Philopotamus ludificatus
(mni 2), Potamophylax cf. cingulatus (mni 6), Ibisia mar-
ginata (mni 3) and Limnius sp. (mni 9). Other species ap-
peared only after the flood, such as Baetis rhodani,
Siphlonurus aestivalis, Nemoura cinerea (mni 110), Pseu-
dodiamesa branickii (mni 24), and Chaetocladius piger
group (mni 10) - all found on 4 May 2011, the third sam-
pling after the flood and the first with significant signs of
recovery (Tab. 6, Fig. 7). There were also chironomid
species that did not belong to any of the above categories:
Micropsectra cf. aristata (mni 34) and Heterotrissocla-
dius marcidus (mni 25) that were abundant before the
flood but did not reach their original numbers after the
flood. Other species were present at too low abundances
to support any conclusions. Notable, however, was the
finding of the very rare Georthocladius sp. (mni 1) that
was present only during two samplings following the
flood, when all macroinvertebrate assemblages were sig-
nificantly reduced.

DISCUSSION

Annual peak flows in the HPO are generated mainly by
summer rainstorms, producing flash floods of relatively
short duration (Tab. 4, Fig. 2, Fig. 3). The peak discharge
0f2.38 m’s! observed on 7 August 2010 was estimated to
have a return period of 1,000 years (Tab. 4). This extreme
event eroded and transported 2.7 m? of sand and gravel (6
times more than the mean annual sediment outflow) from
this relatively short first order headwater stream, while neg-
ligible soil erosion was found on slopes covered by beech
forests, likely reflecting their canopy interception, leaf litter
deposits and deep rooting (Chang, 2012).

For several decades, water chemistry in the HPO
stream has been influenced by the acid atmospheric dep-
osition of sulphur and nitrogen compounds (Kie¢ek and
Hoticka, 2001). In comparison with the upper plain of the
Jizera Mts., acidification of the HPO catchment was lim-
ited by the lower (65%) annual precipitation and the
stands of semi-native beech (Fagus svivatica), which have
lower winter deposition and leaf litter decomposition
{Godbold and Hiittermann, 1994). Thus, since 1994, pH
values in HPO stream waters did not decrease below 5.3,
despite precipitation having a much lower pH (Fig. 6),
and consequently reactive aluminium and its labile (toxic)
forms were not found.

The chemical impacts of the extreme summer flood of
2010 include statistically significant declines in specific
conductivity and contents of sulphate, fluoride, chloride
and magnesium. Together with decreased concentrations
of other chemical compounds (except nitrate, which in-
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creased), this was evidently the result of the dilution of
stream discharge by the high volume of rain (Fig. 2, Tab.
5). Accompanied by rising values of pH and alkalinity,
this indicates a depletion of the sulphur pool in soils re-
lated to catchment runoff genesis. During intense rain-
storms, streamflow in forested catchments is generated
primarily through the organic and upper mineral soil hori-
zons along streams (Chang, 2012), and these areas simul-
taneously contribute the majority of storm-associated
sulphate to streams. Thus, after the August 2010 flood,
the contents of sulphate in the HPO stream decreased by
16% (Tab. 5). However, changes in stream water chem-
istry during the following two years after the flood (Tab.
5, Fig. 3, Fig. 6) reflect the continued recovery of the HPO
basin from acidification, evidenced also by the long-term
trend in pH values in both precipitation and stream waters
(Fig. 6). Thus, it is clear that the recorded flood did not
significantly alter the recovery of the HPO surface waters
from acidification.

The macroinvertebrate composition in HPO is con-
sistent with a small headwater mountain stream with a
heterogeneous bed, relatively low regular flow (mean
annual discharge of 2.5 10° m’s™') and slightly de-
creased pH values due to anthropogenic acidification
(Tabs. 3 and 5; Fig. 6), being similar to other first-order
headwater streams of the European Black Triangle as
well as other mountain streams affected by anthro-
pogenic acidification (Horecky et al., 2013; Stockdale
et al., 2014). While such streams are very susceptible to
hydrological extremes (floods and droughts), the most
dominant species, such as the omnivorous stoneflies
Leuctra nigra and Nemurella pictetii and the predatory
caddisfly Plectrocnemia conspersa, are well adapted to
such conditions (Horecky et al., 2006, 2013) and so sur-
vived the flood of 2010 (Appendix 1).

Before the flood, the water chemistry of HPO (char-
acterized by moderate acidity was not limiting for the
presence of even less acid-tolerant species such as the
mayfly Leptophlebia marginata, stoneflies Siphonoperla
torrentium and Diura bicaudata, caddisfly Rhyacophila
cf. polonica, Simuliidae and many species of the family
Chironomidae. These species do not inhabit strongly acid-
ified streams with pH below 5 (Horecky ef el. 2006; Hard-
ekopf et al, 2008). Continuing recovery from
acidification during the two years after the flood brought
a further improvement in water chemistry (Fig. 5), and
the abundance of both dominant and less acid-tolerant
species increased, as reported also from other acidified
headwater catchments in the Czech Republic (Horecky et
al. 2013; Benes et al., 2017) and abroad (Edwards, 1998;
Garmo et al., 2014; Stockdale et al., 2014).

The flood had a devastating effect on the stream
macroinvertebrates that was particularly pronounced for
several months afterwards. Total number of species/taxa
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(S), Shannon entropy (Dg;) and Simpson concentration
(Dgc) were reduced by about 50%, while the abundance
of taxa was reduced by about 10% compared with be-
fore the flood (Tab. 6, Fig. 7). These changes cannot be
explained by natural seasonal variability that for domi-
nant taxonomical groups (stoneflies, true flies, caddis-
flies and beetles) is much lower according to Bene§ et
al. (2017).

Moreover, because of the larger regional extent of
the flood, there were likely limited local resources of
adult insects for stream recolonization. By the end of the
first year after the flood, both the number of taxa and
number of individuals increased, but they remained sig-
nificantly lower (Tab. 6). Complete recovery of macroin-
vertebrate assemblages was still not observed even two
years after the flood, similarly as found by Smith et al.
(2019). Simuliidae and other filter feeding taxa such as
Micropsectra aristata and Philopotamus ludificatus, but
also species inhabiting moss-grown or soft substratum
such as Trissopelopia longimana and 1bisia marginata,
did not reach their numbers before the flood or even to-
tally disappeared. This may indicate a continued lack of
fine particulate organic matter or organic substratum. In-
terestingly, sampling in May 2011 demonstrated an un-
successful colonization of the HPO stream by alien
species that had not been present before the flood (Baetis
rhodani, Siphlonurus aestivalis, Nemoura cinerea, Di-
amesa dampfi / permacra, Chaetocladius piger group,
Pseudodiamesa branickii). These species temporarily in-
habited the stream but then later disappeared, resulting
in a distinet but ephemeral peak of biological diversity
(Tab. 6, Appendix 1). Similar results were found by
Stubbington et al. (2009), who described declines in in-
vertebrate abundance as an impact of flooding in peren-
nial streams, as well as Snyder and Johnson (2006), who
reported prolonged such effects over several consecutive
years.

CONCLUSIONS

The extreme summer flash flood (with a return period
close to 1,000 years) resulted in a devastating effect on
stream macroinvertebrates in the studied catchment. Both
the number of species/taxa and the total number of indi-
viduals were significantly reduced for the two years fol-
lowing the flood. A temporary peak in the total number
of species/taxa and species diversity nine months after the
flood was the result of unsuccessful colonization by alien
species. On the other hand, the flood event partly con-
tributed to the recovery of the stream from anthropogenic
acidification, particularly through a decline in sulphur
contents in the stream water (associated with a depletion
of the sulphur pool of soils). The overall course of long-
term recovery was not altered, however.
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A complete list of macroinvertebrate data from 8 samples from the HPO stream, 2010 — 2012
(the double line splits the sampling to the period before and after the studied flood, numbers
indicate total number of individuals in each species/taxon: OLI — Oligochaeta, ODO —
Odonata, EPH — Ephemeroptera, PLE — Plecoptera, TRI — Trichoptera, DIP — Diptera,
families Athericidae, Cecidomyiidae, Ceratopogonidae, Chironomidae, Dixidae, Empididae,
Limoniidae, Pediciidae, Simuliidae, COL — Coleoptera, HET — Heteroptera, families and
species are sorted in alphabetic order, N — total number of individuals, S — total number of
taxa, Dsg — Shannon entropy, Dsc — Simpson concentration).
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Sampling date
Group Species/Taxon 16-Mar-10 27-Apre10 26-Tul-10 5-Sep-10 16-0ct-10 4May-11 13-Ogt-11 29-Oct-12
OLI 3 1 1 1 2 10
ODO Zspjur 1
EFH Baetidae Baetis rhodant 2
EFH Leptophlebiidae Leptophlebia marginata 2 1 1
EPH Siphlomuridae Siphlomms aestivalis g
EPH Siphlomuidae Siphlonurus spjuv 1
PLE Chloroperlidae Sipharnaperla torrentiunt 30 28 1 ° 47 17
PLE Leuctridae Lenictra nigra 36 33 201 35 e 73 299
PLE Leuctridae Lenictra pseudesignifera 8 6 2 10 3 125
PLE Lenctridae Leuctra major 6
FLE Leuctridae Lenctra prima 12
FLE Leuctridae Lenictra aurita 64
PLE Leuctridae Leuctra autummnalis 1
FLE Leuctridae Leuema sp. 13 39 13 57 74 1
PLE Nemouridae Nennella picterii 9 4 5 3 9 37 20 3
FLE Nemouridae Nemorira uncinata 43 12
FLE Nemouridae Nemorira marginata 30 8 1
FLE Nemouridae Nemorira cambrica s 20
PLE Nemouridae Nemorira cinerea 110
PLE Nemouridae Protanemura auberti 85 105 10 1 38 1
PLE Nemouridas Protenemura sp juv. 180 439 28 1 it
FLE Nemouridae Zapjur. 3 9 g 12 30 1901 43
FLE Perlodidae Diura bicaudata 2
TRI Lepidostematidae Crunoecia iirgrata 3 1
TRI Limnephilidae Chaetopieryx villosa 1
TRI Limnephilidas Drusus anmulams 1 3
TRI Limnephilidae Poramophylax cf. cingulatus g 4
TRI Limnephilidae Potamophylax nigricornis 10 1
TRI L ilid L hilinae gspjur 4 32 6 1 14 19 2 2
TRI Odontocendae Odontocerum albicorne 1 1
TR Philop Indificatus 2 1
TRI Polycentropodidas Plectrocnentia conspersa 7 12 5 2 1 17 20 70
™ Polycentropodidas Plecmocnemia of geniculata 1 2
TRI Polycentropodidas Plecmocnentia sp.juv, 10 4 3 4 1 170 9
TRI Rhyacophilidae Rhyacaphila of. polonica 2 1 1
TR Rhyacophilid Rhseiéciabala i s 5
TRI Seric d: Sericostoma cf. persenatum 7 7 2 1 2 13
DIP Athericidae Tbisia marginata 4 5 1
DIP Cecidomyiidae 1
DIP Ceratopogonidae 10 14 2 2
DIP Chironomidas Brilia bifida 3 2 1
DIP Chironomidae Corynanenra cf lobata 3 4 1 2 3
DIP Chironomidae Carynoneura scutellata group 1
DIP Chironomidae Diamesa dampfi / pamacra 5 1
DIP Chironomidae Diamesa zem)i group 1 3
DIP Chironomidae Endachironomus sp. 1 1
DIP Chironcmidae Eukigfferiella cf. brevicalcar 2 9 1
DIP Chironomidae Georthacladius sp 1 1
DIP Chironomidae Heleniella sp. 1 2
DIP Cl d: wtarsus apicalis 10 11 1 4 11 2 2
DIP Chironomidae Heterotrissocladius marcicus 2 1 9% 2
DIP Chironomidae Hydrobaenus Tugubris group 1 6 2
DIP Chironomidae Chastacladius piger group 10
DIP Chironomidae Linmoplyes sp. 1
DIP Chironomidae Macropelopia . 5 i
DIP Chironomidae Metriocnemus sp 1
DIP id; op L aristata 46 7 103 6 6
DIP Chironomidae Micropsectra sp. 1 1
DIP Chironomidae Pararichocladius skirwithensis 1 6 1
DIP Chironomidas Polpedilum sp. A 2 1 1
DIP Chironomidae Pohpedifum sp B 1 1
DIP Chironomidae Prodiamesa olivacen 1 3
DIP Chironomidae Psectrocladius Inmbatellus group 1 3 2 2%
DIP Chi id; dod branickii 24
DIP Chironomidae Stempellinella sp 7 1 1 1
DIP Chi id: Th fa of. partita 12 5
DIP Ct d: Trizssopelopia longn 11 34 206 21 89 156
DIP Chironomidae Tuetenia bavarica group 1 1 1
DIP Chironomidae Zavrelimia sp. 6 20 62 10
DIP Dixidae 1 1
DIP Empididae Chalifera sp 6 1 1 1 2
DIP Limeniidae Euphylidarea sp+Philidorea sp 1 1
DIP Limomidas Eloeophila sp. 1 2 1 1 1 2
DIP I 4 Rinpholophis sp 2
DIP Pediciidae Pedicia (P.) sp. 2 2 3 6
DIP Pediciidae Dicranata sp. 1 2 2 1 1 2 2




Sampling date

GNIIE ﬂ' SEieﬂlxml 16-Mar-10 27-Apr-10 26-Tul-LO 3-Sep-10 16-0ct-10 4-May-11 13-Oct-11 29-Oct-12
DIP pupae 9

DIP Simmiliidae 330 347 25 1 10 3

COL Diytiscidas gabus sp. (larva) T T 7 T 1 ) 3
coL Dytiscidae Agabus sp. (imagc) 1 4

coL Dytiscidae Hhdroporus sp. (larva) 1
coL Eimidae Limmius sp. (larva) 9

COL Elmidas Limmiinis perrist (imago) 1

coL Elmidae Linmius volckmari (imago) 1

coL Hydraenidae Hydraena cf gracilis (imago) 2

coL Hydrophilidae Limnebius sp. (imago) 1 1

COL Scirtidae Odeles marginaia (larva) 2 12 33 3 1 10 6
HET Veliidae Velia caprai 2 1

N 1048 1327 891 86 128 563 830 839
S 46 47 38 18 17 41 38 30
Dsg 3 10 11 6 8 17 11 8
Dsc 7 5 7 3 6 11 8 5
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3.4. Vlivzmén klimatu na bioindikaci hydrologickych procesu
v horském povodi
Funkce lesa jsou rtizné (produkéni, rekreacni, krajinnou, pado ochranou, atd.) a v pribéhu
Casu se i jejich chapani méni. Dfive prfevladalo chapani funkce lesa pouze jako produkéni
a bohuzel tento nazor nékdy stale pretrvava. V minulosti vSak byly pozorovany problémy
spojené se Spatnym stavem lesa, které vedly k zakonim a deklaracim na ochranu lesa
(Pilli & Pase 2018; Magnein 1937). Zejména v horskych povodich by méla lesnicka praxe
respektovat vodni rezim Uzemi, ochranu kvality vod a pudy v&etné bioty (Willis 2002).
Vzhledem k ménicim se podminkam zpusobenych klimatickou zménou se i horska
zalesnéna povodi mohou potykat napfiklad se zménou hydrologického rezimu
(Kohler & Maselli 2009), proto FAO (2007) vola po v&asnych adaptivnich praktikach

v lesnické praxi, jelikoz vliv zasaht a rozhodnuti v lesnictvi se projevi az po dlouhé dobé.

Data denni primérné teploty vzduchu a srazek byly stazeny z mezinarodniho projektu
PRUDENCE (http:/prudence.dmi.dk, Christensen & Christensen, 2007) pro obdobi
1961-1990 (kontrolni obdobi) a 2071-2100 (budouci vyhled). Data byla generovana
regionalnim klimatickym modelem RegCM pro vystupy z globalnich klimatickych modelu
HadAM3H A2 a HadAM2H B2 - jsou uvazovany dva scénare IPCC: A2 (trvaly rust emisi)
a B2 (kontrolovany narlst emisi béhem tohoto stoleti). Srazkové uhrny byly stazeny
z databazi s nazvy precip.ICTP.A2.nc a precip.ICTP.B2.nc, uvedené jednotky (kg/m2*den)
odpovidaji (mm/den). Teplotni data byla stazena z databazi s nazvy t2m.ICTP.A2.nc
at2m.ICTP.B2.nc (teplota vzduchu ve 2 m nad povrchem), teplotni data v databazi
jsou v jednotkach absolutni teploty (K). Vlastni analyza dat byla provedena pomoci programu

Intel® Array Viewer Version 3.3 s naslednym zpracovanim v programu Microsoft Excel.

Stazena data primérnych dennich teplot a srazkovych uhrni odpovidaji pramérnym
nadmorskym vyskam rozliSovacich &tverc (50x50 km). Pro stanoveni vstupnich dat
do modelu HBV (dennich teplot a srazek) byl pro studovana povodi proveden pfepocet
pomoci teplotniho (-0,6°C/100m) a srazkového gradientu (+50mm/100m). Pramérny denni
pratok byl stanoven hydrologickym modelem HBV pro obdobi kalibrace (1991-2010),
validace (2011-2016) a simulace (2071-2100).
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Budouci vyvoj pfedpoklada narust teploty vzduchu v rozmezi 2.2-4.5°C, pfi¢emz vySSi narlst
se predpoklada v obdobi léta 4-8.3°C. Celkové mnozstvi srazek by se zménit nemélo,
ale mélo by dojit kredistribuci s vétSim podilem vzimnich mésicich a se shizenim
srazkovych uhrnd v letnich mésicich. Modelovany odtok zpovodi by mél klesnout
0 123-65 mm (respektive 0 14% pro scénai A2 a 0 7% pro scénar B2) v porovnani s obdobim
1991-2006. Také by mélo dojit ke zméné odtoku béhem roku, v letnich mésicich k poklesu
z47% na 29-33% a v obdobi od fijna do dubna by mélo dojit k nartstu z 53% na 70-67%.
Obdobi jarniho tani by se mélo posunout zobdobi dubna na bfezen. Hodnota
evapotranspirace by se méla zvysit z nynéjSich 434 mm na 557-499 mm. OvSem velikost
vyparu je ovlivnéna i vegetaci, takze muze byt v budoucnu modifikovana druhem vegetace.
Da se oc¢ekavat i zména ve frekvenci extrému, u povodriovych pratoku je modelovana zména
pro 10-ti lety pratok ze soucasnych 2.5 m3/s/km? na 3.3-3.0 m%s/km? a pro 100 lety prutok
z 5.2 m¥/s/km? na 6.8-6.3 m*/s/lkm?. U minimalniho zUstatkového pratoku je predpokladany

pokles 0 61% ze sou¢asné hodnoty 7.52 I/s na 2.9 I/s.

Vyvoj kyselé atmosférické depozice neni snadné predvidat, jelikoz z minulych let je patrné,
Ze zatizeni sirany je do jisté miry ovlivnéno i vegetaci. Na povodi Jizerky je patrné,
Ze po smyceni lesa doslo ke sniZzeni depozice sirany, ovdem pro slouceniny dusiky
tento trend neni patrny. Pomér zatiZzeni dusiku a siry se zménil z 0.35 (1982-1988) na 2
(po roce 2011) a tento trend je pfedpovidan i v tomto stoleti (IPCC, 2013a, 2013b). Ve vodnim
prostfedi vzhledem ke snizeni vodnosti se daji predpokladat vySSi primeérmné rocni
koncentrace siranli v rozmezi 3.4-3.1 mg/l u dusiku 2.2-2.0 mg/l a u hlinik( 0.12-0.11 mgl/l.
Tato zména by vSak neméla mit vyznamny vliv na biotu, ovSem nar(st teploty vody by mohl
umoznit kolonizaci toku i jinymi druhy. Pro vodni biotu bude pravdépodobné nejvétsi vyzvou
snizeni minimalnich pritokd (u Qgo ze souc¢asné hodnoty 7.52 I/s na 2.9 I/s) a pfedpovidana
vysSi frekvence povodriovych prutokd, které mohou erozivni innosti ovlivnit slozeni dna toku
a tim i vyskytujici bentické organismy. Doering & Robinson (2010) uvadi, ze pfi povodni
v roce 2002 v alpskych vodnich tocich do$lo k redukci bentickych organismu az na &tvrtinu

puvodniho zastoupeni.

Podrobnéji je tato problematika popsana v nize pfilozeném ¢lanku: Role of forest

in headwater control with changing enviromental and society.
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Obdobné zmény v povodiovém rezimu vlivem klimatické zmény se daji oCekavat
i v ostatnich pramennych oblastech CR, blize popsano v nize piilozeném &lanku Accessing

Insurance Flood Losses Using a Catastrophe Model and Climate Change Scenarios.
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Forest practices in headwater catchments are related to environmental and social contexts. The aim of
this study is to analyse the changing protective functions of forests in the upper plain of the Jizera Mts.
(North Bohemia, Czech Republic) since the second half of the 19th century. With time, forests have
gradually changed from native stands to spruce plantations (Picea abies), introducing exotic conifers
(more resistant to air pollution), and, recently, back to more diverse mixed stands. The priority in pro-
tective forest functions there shifted from flood protection to integrated control of water resources
(quantity and quality). In the 1980s, forest — water interactions were degraded by consequences of
extreme acid atmospheric deposition, forest die-back, and extensive clear-cut. In the Jizerka catchment,
first signs of recovery were observed in the early 1990s, but, stream waters there are still affected by
prolonged acidification. While reconstruction of stream water chemistry at Jizerka follows the drop of the
acid deposition in some 5 years, the revival of stream biota takes 10—15 years. In 2071-2100, the pro-
jected climate change shows rising annual air temperatures by 3.0—-4.6 °C, decreasing water yield by 65
—123 mm, 60% drop in ‘'minimum residual discharge’, and 20—30% rise in peak-flows. However, these
projected environmental changes cannot substantially decline the high potential in water resource
recharge, or, start reverse processes in recent recovery from acidification and radically affect the exis-
tence of planned mixed forests in the upper plain of the Jizera Mts.
© 2020 International Research and Training Center on Erosion and Sedimentation, China Water & Power
Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license {http://creativecommons.org/licenses/by-nc-nd/4.0[).

Keywords:

Headwater catchment
Forest functions

‘Water resource recharge
Acid atmospheric deposition
Climate change

effects of the forest on human health and wellbeing).
In the history of the human civilisation, deforestation was one of

1. Introduction

Forest functions are strictly related to environmental and social
contexts, reflecting knowledge, technical capabilities, economic
interests, levels of human pressure, and also human emotions (for
example fear from forest wildlife and environment), Corbin (1998),
Klvae (2006), Woitsch (2006), Leggewie and Mauelshagen (2018).
Three groups of forest functions have generally been considered
(Krott, 2005): (1) the productive function (focusing on the economic
utilization of timber), (ii) the protective function (including phys-
ical, chemical, and biological effects within the scope of the natural
environment), and (iii) the recreation function (focusing on the

* Corresponding author.
E-mail addresses: joselkrecek@fsv.ovutez (J. Kiecek), navrcholu@gmail.com
(J. Novdkovd), ladislav.palan@gmail.com (L Paldn), evapazourkova@fsv.cvut.cz
(E. Pazourkova), evzen.stuchlik@yandex.com (E. Stuchlik).

https:j/doi.org/10.1016/j.iswcr.2020.11.002

2095-6339/© 2020 International Research and Training Center on Erosion and Sedimentation, Chi

the key processes in the decline of soil and water environments:
already in 1530, a specific law of the Venetian Senate limited the
harvest of forests to prevent possible landslides and water erosion
phenomena in the Pre-Alpine territory (Pilli & Pase, 2018). The poor
state of mountain forests in Europe by the end of the 19th century
was given to the context of catastrophic floods frequency (Magnein,
1937), and initiated declarations of the soil improvement and the
safe diversion of mountain waters. From that time, the steady
growth in timber demand and the spread of new silvicultural
practices resulted in the sustainable timber production and grad-
ually reduced deforestation in Europe. Later, due to the increasing
complexity of the social needs, the forest functions have been
related with more recent environmental services and resulted in
the multiresource forestry; particularly, in the headwater catch-
ments, forestry practices should respect possible regulations of

Water & Power Press. Publishing services by Elsevier BV. on behalf of

KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd /4.0/).
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water yield, runoff timing, frequency of extreme events, and water
quality including the biota (Willis, 2002). Agnoleti et al. (2002)
claim the importance of rising science in ‘modern forestry’, to
emphasize ecological and social sustainability.

After the UN (1992) statement, particularly, the vital role of
forest in biodiversity protection and carbon storage gained atten-
tion. Land cover changes (deforestation mainly) in the past have
contributed almost 20 ppm to today's elevated atmosphere CO;
concentrations (McGrath et al, 2015). In Europe, headwater
catchments are mostly forested, thus, forestry strategies and
practices are among the most important factors of their environ-
mental services (FAOQ, 2008). At present, the share of untouched
forest or forest with minimal human intervention is probably
below 5% only (Schnitzler, 2014, in McGrath et al., 2015).

Considering water security in the future, the participation of
water users in the management of headwaters should be practiced
(Trottier & Slack, 2004), and a multi-functional view of forests
respected due to the competitive interaction between forest ser-
vices. Viviroli et al. (2007} considers the headwater catchments of
mountain regions as ‘water towers' with high potential by sup-
plying lowland users. Priorities of forest protective functions in
headwater ecosystem services are recently claimed by Krecek et al.
(2017). Their importance for human society is rising with the
population pressure (UNEP, 2007) and the global climate change
(IPCC, 2015); the elevation-rising sensitivity to warming (Kohler &
Maselli, 2009) can even accelerate changes in mountain forests and
affect the hydrological cycle of headwater catchments. FAC (2007)
calls particularly for timely adaptive practices, because, decisions
on the forest management might remain irreversible for decades or
even centuries.

The aim of this paper is to evaluate impacts of changing envi-
ronment and society on the forest functions in a headwater
catchment of the Jizera Mts. (Czech Republic) during the period
1850-2100.

2. Material and methods
2.1. Study site

The study was performed in the Jizerka experimental catchment
(50°48'21" — 50°48'59”N, 15°19'34" — 15°20'48"E) located in the
upper plain of the Jizera Mountains (Northern Bohemia, Czech
Republic, Fig. 1), morphological characteristics are in Table 1. This
catchment belongs to the Elbe river district 1-05-01-004 and to the
‘high contributing potential to water resources' (relative water

GS
Ms20, \

100 m

A — The Jizera Mountains A, B - Investigatedtransects
GS - Gauging station atthe outlet

MS — Meteorological observations

Fig. 1. The Jizerka experimental catchment.
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Table 1

Geomorphology of the Jizerka catchment.
Area (km?) 1.03
Elevation (m) 927 (862-994)
Slape (%) 7.52 (0.02-24.33)
Shape index {-) 0.69
Length of streams (m) 1490
Drainage density (km/km?) 145
Length of the mainstream (m) 657
Slope of the mainstream (%) 5.98
Strahler stream order (=) 2

yield RWY = 4.69 exceeds the critical value 1.25, according to
Viviroli et al., 2007).

Climate characteristics of that unitare assigned from Tolasz et al.
(2007): North temperate zone, Képpen Dfc sub-arctic region, mean
annual precipitation 1,400 mm, mean annual air temperature 4 °C,
and the average maximum snowpack of 120 cm (snow cover usu-
ally lasts from the beginning of November to the end of April).
Sandy-loamy podsols developed on porphyritic granite show the
depth between 0.7 and 1.2 m. The root system dominates in the
topsoil occurring up to the depth of 15 cm. The topsoil is created by
litter (0, depth of 0—2 cm), humus layer (O + Oy, 2—10 ¢m), and
leached horizon (A, 1015 cm); mor is the most common humus
(2—5 c¢m) there. In the runoff genesis, surface and fast subsurface
forms (direct runoff) dominate, and, groundwater bodies occur in
the shallow subsurface layer only; the soil-bedrock complex shows
a relatively low buffering capacity to acidification (Krecek &
Horicka, 2006).

According to the classification of Zlatnik (1976), the climax for-
est there belongs to the belts of “Picea abies” and “Picea abies - Fagus
sylvatica”. By the end of the 19th century, the native forests were
harvested (timber for constructions, charcoal, and, namely, for the
nearby Jizerka glass manufacture) and converted to even-aged
plantations of Norway spruce (Picea abies). In the 1970s and
1980s, these stands were defoliated by the ‘acid rain’ impact, and in
19841988 harvested by clear-cutting. The subsequent reforesta-
tion (mainly Norway spruce and introduced exotic conifers) was
complicated by the acid environment, a relatively large open space,
and competition of the herbaceous vegetation (namely, Calama-
grostis sp.), Fig. 2.

22. Field observations

The experimental catchment (Fig. 1) was instrumented in 1982.
The outlet is equipped by the sharp-crested V-notch weir with the
automatic water pressure and temperature recorder ALA 4020

Fig. 2. Forest regrowth of the Jizerka catchment in 2008 (20 years after the clear-cut).
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(ALA, Bucovice, Czech Republic) operating in ten minutes. In situ
monitoring of stream waters included temperature, pH and con-
ductivity measured by the portable sensor WTW-350i (WTW,
Weilheim, Germany). Standard meteorological observations (air
temperature and humidity, global radiation, wind speed, atmo-
spheric precipitation, soil moisture) were carried out in elevations
of 875 and 975 m. Additionally, twelve passive fog collectors were
installed along the catchment transect between elevations 862 and
994 m: At each collector, fog drip is generated by 400 m of Teflon
line (diameter = 0.25 mm, surface area index SAI = 5) exposed at
the height of 1.7 m above the ground. Detailed under-canopy ob-
servations were accomplished in the stand of mature spruce (area
of 30 x 30 m, 975 m a.s.l, 80—100 years old): the canopy through-
fall sampled by ten bulk collectors (200 cm? area), randomly
distributed, and stemflow collected at two average trees. Next three
observed forest plots are located outside from the catchment;
including a comparable mature spruce stand in lower elevation
(745 m as.l.) and two beech stands (Fagus sylvatica, 160 and 40
years old) in elevations of 420 and 690 m.

Collected rain/fog waters were sampled in monthly intervals
and stream waters weekly; chemical analyses were performed in
the laboratory of the Hydrobiological Station Velky Pdlenec
(Charles University in Prague) by the standard techniques devel-
oped for soft water studies in mountain environment (Stuchlik
et al., 2006), concerned on pH, conductivity, and acidifying sub-
stances (SO3 , NO3 and NH4). The potential growth of algae inrain/
fog collectors was reduced by the dark sampling bottles and
installed shelters, also, the bacterial activity in our field is
controlled by relatively cold mountain climate (and also by rela-
tively high concentrations of nitrogen, low pH values and dissolved
organic carbon), Cape et al. (2001). Benthic macroinvertebrates
were sampled in the stream channel near the catchment outlet in
May (after snowmelt), July/August (high summer period), and in
September/October (relatively dry period) in 1994, 2004—2005 (by
the Czech regional campaign, Horecky et al., 2013) and 2015. The
kick-net sampling technique (Rosenberg & Resh, 1993) with a hand
net (500 pm) was used, the collected material sieved by a 300 um
net, and, counting of each taxa performed in the laboratory (by eye
and under a binocular microscope at 12—16x power).

Detailed botanical investigations were carried out in vegetation
seasons of 1991, 2002, 2005, 2008 and 2018. Phytosociological
releves (4 x 4 m) were taken at each of the twelve-point transect
along the main slope of the catchment, and eight-point transect of
the fragmented mature spruce stand. For each botanical releve, the
Ellenberg's indicator of soil moisture was calculated as the
weighted average of all recognized species (Ellenberg, 1974). To
include the impact of all species abundance, the data were trans-
formed from the Braun-Blanquet's scale to a nine-point scale ac-
cording to the approach of Van der Maarel (1979). The monitoring
of forest stands corresponds to standard forest inventory tech-
niques (Kohl et al., 2006); tree species, age, basal area, height,
timber volume, horizontal canopy density, vitality of trees, and leaf
area, were estimated. For the aerial extrapolation of ground ob-
servations, the free available satellite imagery of Landsat (4,5) and
Sentinel (2) was employed (Palan et al., 2018).

Standard methods of historical research (Gunn, 2011) were used
to identify the relationship between landscape and the built envi-
ronment in the Jizera Mts. region with particular attention to the
experimental catchment area. This activity included both the
documentary evidence of archives and related historical writings.

2.3. Theory and calculations

In hydrological years (1st November — 31st October), the annual
water budget of the investigated catchment can be considered by
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equation (1), Shaw (2011).

ET=P-R (1)
Where, ET is the evapotranspiration loss, P precipitation input, and
R runoff observed at the catchment outlet (water yield), [mm].

According to Arora (2001), components of potential evaporation
(available energy) and precipitation determine annual runoff
regime in a region. Grismer et al. (2002) reported about fifty
empirical methods to estimate potential evapotranspiration; their
worth depend namely on quality and extent of meteorelogical in-
puts. Based on the Penman — Monteith combination approach
(Dingman, 2002), Allen et al. (1998) suggested the reference crop
evapotranspiration RET (FAO-56) representing a hypothetical grass
reference cover with specific characteristics (cool-season grass,
height of 0.12 m, albedo 0.23, surface resistance 70 s m ! not short
of water) calculated in daily steps by the equation (2).

0.408xAxRT’yXT%{%%xux(em[—Egn)
A+v(1+034 xu)

RET = (2)

Where, RET is the reference evapotranspiration [mm day~'], R, net
radiation [M] m~2 day~'], T air temperature at 2 m height [°C]), u
wind speed at 2 m height [m s~ ], es saturation vapour pressure
[kPa], e, actual vapour pressure [kPa], 4 slope vapour pressure
curve [kPa °C™ '), y psychrometric constant [kPa °C™'].

In mountain coniferous forests, canopy interception is consid-
ered as the dominant component of the total evapotranspiration
loss (FAO, 2008; Palan & Krecek, 2018; Ringgaard et al, 2014.).
Interception loss (I) from tall canopies has been estimated by
abserving the net precipitation (P') reaching the soil surface under
the canopy, and the gross precipitation in an adjacent ‘open field’
(P¢), equation (3):
1= Pg+ Pg— P' = Pg+ Pg— (Pr+ Ps) (3)
Where, P’ is the net precipitation, P; open field (gross) precipita-
tion, Pr fog drip, Pr throughfall under the canopy, and Ps stemflow
(in spruce stands supposed to be negligible), [mm].

The analytical model of Gash is the storm-based approach using
the mean evaporation and rainfall rates, and the detailed rainfall
pattern (Gash et al. (1995). This model considers rainfall to occur as
a series of discrete events, each comprising a period of wetting,
when the rainfall (Pg), is less than the threshold value necessary to
saturate the canopy (Pg'), a period of saturation, and a period of
drying out after rainfall ceases. The forest structure is described in
terms of a canopy storage capacity (S), which is defined as the
amount of water left on the canopy in zero evaporation conditions
when rainfall and throughfall have ceased, a free throughfall co-
efficient (p), which determines the amount of rain which falls
directly to the forest floor without touching the canopy, and the
proportion of rainfall diverted to stemflow (ps). The mean evapo-
ration rate during rainfall (E) and the mean rainfall rate (R) are
required to evaluate the loss from a saturated canopy until rainfall
ceases. The separate components of the interception loss (I, I, I3, 14)
are calculated as the interception of m relatively small storm
insufficient to saturate the canopy (I;):

h=(1-p-ps)3_Pg (4)

i=1

The loss (I2) by wetting the canopy, for n storms that saturate the
canopy (Pg > P5'):
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Iy=n(1-p—pgPe —nS (5)
Evaporation from saturation until rainfall ceases (I3):
E n
I3= i;(PG._PG‘) (6)
And, evaporation after rainfall ceases (l):
I;=nS (7N

Then, the total amount of intercepted rainwater (I) in a certain
period is:
I'= f},'l'b%* f}} '4 [8)

Atmospheric precipitation inputs are affected by both elevation
and vegetative canopy (Gash et al,, 1995; Palan & Krecek, 2018).
Thus, the hypsometric method was used to extrapolate point ob-
servations of gross precipitation and canopy throughfall, as well as
the deposition of sulphate, nitrate and ammonia. Seasonal atmo-
spheric loads of studied elements were estimated by equation (9):

m=(b E+bg) Az F: (9)
Where, m is the seasonalload (summer and winter) [kg km 2], b, by
empirical hypsometric coefficients [ -], E elevation [m], A effective
receptor area [m 2], and F is the fog drip coefficient [].

Methods of spatial interpolation (ArcGIS 10.2) were used to
approximate the catchment deposition of water and acidifying
substances (SO7, NO3 and NHj); and their runoff was estimated
from concentrations and discharge measured at the catchment
outlet. Mean annual concentrations were calculated by weighted
averages, and mean pH values recalculated by converted values of
hydrogen ions. The method of local minima in the hydrograph
separation (Sloto and Crouse 1996) was used to detect fast (direct)
runoff forms.

Meteorological observations at Jizerka (1982-2016) were
extrapolated with the data of two neighbouring climatological
stations operated by the Czech Hydrometeorological Institute
(Desna-Sous, P2DESNO1, 772 m a.s.l,, 19512016, and, Jablonec n.N.,
U2JANIOJ, 495 m a.s.l, rainfall registered since 1898), and trends in
the time series detected according to WMO (2001). Concerning the
future climate projection, simulated air temperatures (at 2 m
height) and precipitation amounts were downloaded from the
PRUDENCE archive (http://prudence.dmidk, Christensen &
Christensen, 2007). These data are generated by the regional
climate model RegCM driven for outputs of two global climate
models HadAM3H A2 and HadAM2H B2 respect two emission
scenarios (IPCC, 2013a, 2013b): a permanent growth of emissions
(A2) and an effective emission control during this century (B2).
Downloaded files of daily precipitation (precip.ICTP.A2.nc, precip.-
ICTP.B2.nc) and mean daily temperatures (t2m.ICTP.A2.nc,
t2m.ICTP.B2.nc) were transformed with Intel® Array Viewer
Version 3.3 to standard MS Excel base; these data are available for
periods 1961-1990 (control) and 2071-2100 (forecast). The
elevation gradients (—0.6 °C per 100 m) for temperature and
(+50 mm per 100 m) for precipitation (Krecek and Puntochar 2012)
were used to transform the downloaded data (corresponding with
the average elevation of the 50 = 50 km square) to the catchment
elevation. Daily catchment runoff was calculated by HBV concep-
tual model (Seibert, 2005) respecting periods of calibration
(1991-2010), validation (2011-2016) and simulation (2071-2100).

The standard descriptive statistics and one-way ANOVA were
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applied to analyse the collected data sets and to identify relation-
ships between the groups of data (Motulski & Searle, 1998). Trends
in the time series were detected by the CTPA programme (WMO,
2001).

3. Results
3.1. Changes in the vegetative canopy

According to the 2016 inventory in the Jizerka catchment, four
recognized canopy groups (mature spruce stands, middle age
stands, young stands with grass, and areas with dominating grass)
are introduced in Table 2; and, the canopy structure reconstructed
back to 1880 and projected to 2100 is given in Fig. 4, By the end of
the 19th century, forests of the studied area were harvested (mainly
providing the timber for local glassworks, Fig. 3) and converted to
even-age plantations of Norway spruce (Rabstejnek, 1969). In the
period 1983—2016, these stands were damaged by the acid rain
impact and harvested, the clear-cut and forest regeneration were
documented by the supervised classification of multiband raster
images (Landsat 4,5, Sentinel 2).

Nowadays, coniferous stands (P. abies and introduced exotic
species, P. pungens mainly) still dominate in the studied catchment
with 90%; while deciduous species, mountain-ash (Sorbus aucu-
paria) and silver birch (Betula pendula) represent only 10%. It is
evident, that the regrowth of forests was complicated by the
extended clear-cut, acid environment and grass competition.
Future forest projections respect the recommended adaptation
strategies of IPCC (2015) and MZP (2017). Thus, by the end of the
21st century, the forest cover of the upper plain of the Jizera Mts.
considers both existing stands of Norway spruce and deciduous
species (Fagus sylvatica, Sorbus aucuparia, Betula pendula) replacing
the recently introduced exotic confers.

32. Changing climate

3.2.1. Trends in air temperature and precipitation

Relatively high correlations between annual air temperatures
and precipitation sums observed at Jizerka and neighbouring sta-
tions Desnd — Sous and Jablonec n.N. (R = 0.96 and 0.83, respec-
tively, by Rerir = 0.33, n = 34, p = 0.05) allowed to extrapolate/
interpolate data representing the studied catchment (Fig. 5, Fig. 6).

Both time series correspond to normal distribution and show an
increasing tendency (2.2 °C and 90 mm per 100 years), but, the
statistically significant linear trend was found only for tempera-
tures: correlation coefficientR = 0.54 (R¢sc = 0.24, n = 66, p = 0.05),
the two-tailed P value is below 0.0001 (extremely significant cor-
relation), and not a significant departure from linearity (P value
0.09). The most intensive warming per a decade was identified in
the winter season (months XII, I and 1I) 0.26 °C (R = 0.36) and
lowest in the autumn (IX, X and XI) 0.09 °C (R = 0.22, not a sig-
nificant trend at p = 0.05). Statistically significant was found the
rising trend of annual extreme values: daily temperature maxima
by 0.22 °C (R = 0.37) and annual daily rainfall maxima by 4.5 mm
(R = 0.25) per decade, Fig. 7 and Fig. 8.

3.2.2. Warming projections in 2071-2100

In the climate normal period 1961-1990, there was found a
relatively strong correlation between the simulated and observed
mean monthly temperatures (R = 0.86, Ry = 0.19, p = 0.05), but
not significant for precipitation data (R = 0.11). In 2071-2100, the
model shows an increase in the mean annual temperature of 2.2 °C
(B2 scenario) to 4.5 °C (A2 scenario). Seasonal distribution of mean
monthly temperatures (Fig. 9) shows higher increases in the high
summer: maxima 4 °C(B2)and 8.3 °C(A2), in July—August. We can
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Table 2
Vegetative canopy in the Jizerka catchment, 2016.
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Group Canopy Area Mean height (m) Leaf area index (—)
(10° m?*) (%)

1 Mature spruce stands 45 4 23 6.8

2 Middle age stands 150 15 17 47

3 Young stands with grass 484 48 3.9 35

4 Grass dominating 332 33 0.5 22

Fig. 3. Forest harvest in the Jizera Mts. by the end of the 19th century.
Source: Museum of glass production, Kristianov, Czech Republic

expect minor changes in annual amounts of precipitation, but,
higher precipitation income during the winter (December—March)
and lower in the summer (June—September), by 20—35%. These
changes might lead to the shift in climax forest zones with the
dominance of beech (Fagus sylvatica).

Generally, predictions of air temperatures and precipitation
sums by global and regional climate models show a relatively high
uncertainty, concerned particularly in the precipitation data, Prein
and Gobiet (2017), Rajczak and Schar (2017). In mountain regions,
these uncertainties accelerate namely with a lack of observation
points (Krecek and Puncochar, 2012) and complicated orography in
mountain catchments (Ban et al, 2015). However, the climate

projections in the Jizerka catchment correspond with outcomes of
the recent world climate studies (IPCC, 2015).

3.3. Water budget

3.3.1. Application of the conceptual catchment model

The HBV hydrological model was calibrated for the period
1991-2010, and simulated daily runoff showed a good agreement
with the observed data in the validation period of 2011-2016
(Nash-Sutcliffe efficiency NSE = 0.82, Nash & Sutcliffe, 1970). In
2071-2100, water yield (mean annual outflow from the Jizerka
catchment) decreases by 123 mm (i.e. 14%, A2) and 65 mm (7%, B2)
in comparison with the period 1991—-2016, Table 3. By comparable
precipitation inputs, the annual water loss by evapotranspiration
increases from 434 mm (recent) to 557 mm (A2) or 499 mm (B2).

Seasonal runoff in 2071-2100 (Fig. 10) has significantly shifted
against 1991-2100: during four summer months (VI — IX), the
runoff percentage (to the annual outflow) decreases from 47% to
29% (A2) and 33% (B2), while in the dormant season (X—IV), that
percentage increases from 53% to 70% (A2) and 67% (B2). While in
1991-2016, the monthly runoff volume culminated by melting
snowpack in April (14% of the annual flow), in 20712100, with the
reduced snow pack volume and duration, that culmination is ex-
pected already in March.

1 - Mature spruce stands

2 - Middle age spruce stands

3 - Young stands with grass

4 - Young stands, grass dominating

5 - Harvested stands

6 - Middle age mixed stands,
decideous trees dominating

0 200 400 Meters
S

Fig. 4. Changing canopy in the Jizerka catchment: 1880-2090.
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Fig. 6. Mean annual temperature at Jizerka: 19502016,
3.3.2. Evapotranspiration potential

Mean annual sums of reference evapotranspiration RET (FAO-
56) calculated in daily steps (eq. (2), (Allen et al, 1998) are
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presented in Table 4. For the period 2071—-2100, increases of RET by
128 mm (A2) and 65 mm (B2), correspond with results of the HBV
catchment model: drop in water yield by 117 mm (A2) and 65 mm
(B2).

Forest canopy can intensify evaporation loss by the interception
process (eqgs. (4)—(8)). In the warm season of 2016, interception loss
abserved in the mature stand of Norway spruce is given in Table 5.
With climate change, in 2071-2100, can be expected rising values
of wet canopy vaporization (E from 0.21 to 0.26 mm hour-1), but,on
the other hand, with predicted forest cover (Fig. 4), changing values
of the canopy storage capacity S (from 1.7 to 1.4 mm), the threshold
rainfall saturating the canopy P’ (from 2.8 to 2.0 mm), throughfall
coefficient p (from 0.22 to 0.3), and stemflow coefficient ps evi-
dence at deciduous trees (from 0 to 0.24). Thus, the rising potential
of evaporation can be still modified by changes in forest canopy: by
identical rainfall patterns (Table 5), in 2071-2100, the interception
loss can change from 271 mm (current state) to 292 mm (A2) and
246 mm (B2).

However, relatively higher evapotranspiration of spruce stands
in the investigated catchment has been affected by an additional
precipitation income by the canopy fog drip. For the recent canopy
structure (Fig. 4, Table 2), the annual income from fog drip is 81 mm
(i.e., 10—12% of the annual runoff). In 2071-2100, by comparable
atmospheric patterns and expected changes in forest stands (Fig. 2),
the fog drip income might decrease to 61 mm (i.e. 75 % of the recent
fog drip).

3.3.3. Moisture status

Perhumid environment of the Jizerka catchment is identified by
the relatively high value of Lang's moisture factor, ratio between
mean annual precipitation and mean average air temperature
(Shaw, 2011) LMF = 350. Correspondingly, the moisture status of
the Jizerka catchment is characterized by high values of Ellenberg's
soil moisture index IF (Fig. 11) and relatively small differences be-
tween potential and actual evapotranspiration. However, after
clear-cut of mature spruce stands (1984—1990), the average IF value
has increased from original 5.76 (identified before the forest har-
vest in 1982) to 6.45 (1991), reaching maximum 6.97 (2005), and,
decreasing back to 6.33 (2018) with forest regrowth. These changes
are related to a temporary lower evapotranspiration after the forest
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Fig. 7. Maximum daily temperature at Jizerka: 1960-2016.
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Table 3
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Fig. 9. Projected mean monthly temperatures at Jizerka (873 m a.s.l.): 2071-100.

Month Monthly runoff Ry, (mm)
1991-2016 2071 - 2100

A2 B2
1 50 F it 68
2 46 93 86
3 95 107 105
4 125 48 66
5 78 49 60
6 79 49 52
7 88 50 57
8 96 39 48
9 73 36 54
10 61 59 72
1 62 72 76
12 34 86 77
R, (mm) 886 763 21
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harvest with the delay of a couple of years.

34. Floods and draughts

Frequency of peak flows in the Jizerka catchment is driven
namely by probability of summer rainstorms causing flash floods.
Annual maxima of daily rainfalls for the continuous observation
period (1961—-2019) show an extreme asymmetry (asymmetry co-
efficient Cs= 1.92 by variation Cy = 045). Using the Type 1 Gumbel
extreme value distribution (Shaw, 2011), maxima of daily rainfall
Pamax (mm day Y of return period 1, 10, 20, 50, 100 and 1000 years
re given in Table 6.

Historical records in the Jizera Mts (Munzar & Ondracek, 2010).
identified the maximum daily rainfall of 300 mm observed at
Jizerka (and 345 mm at the nearby Nova Louka station ) on the 29th
July 1897. According to the frequency distribution (Table 5), this
rainstorm (and related flood) might return in 600—700 years.
During such an extreme event the role of forests (with retention
capacity in an order of magnitude lower) is restricted only to a
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Fig. 10. Projected changes in mean monthly runoff Ry, (mm per month). at the outlet of the Jizerka catchment.

Table 4

Mean annual reference evapotrans piration RET at Jizerka (873 m a.s.l.) by the climate change scenarios A2 and B2.

RET (mm year ')

19912016 2071 - 2100

, AZ B2

397 509 462
Table 5 During 1982—2019, there were not registered any hydrological

Results of the Gash storm-based interception model applied in the mature spruce
stand at the Jizerka catchment, 20161, I, I3, [; — interception components (eqs.
(4}-(8)), m, n — number of rainfalls (not enough, and saturating the canopy,
respectively).

Month v Vi vl il X X Sum
m 22 27 26 6 19 21 121
n 6 20 24 8 1 11 80

L 159 161 313 34 123 151 94
L 29 97 116 38 53 52 38
Iy 02 05 07 06 04 1 3

Iy 102 340 408 136 187 187 136
I 292 60.3 844 214 36.7 40 271

slope stabilisation and runoff retardation.

The set of annual peak flows observed at the Jizerka outlet
(1982—-2019) was extrapolated with the Log-Pearson Type 111 dis-
tribution (Shaw, 2011), Table 7. Discharge values with return pe-
riods of 10 and 100 years are Qg = 2.5 and Qpo = 5.2 m3s 'km ™2,
With rising temperatures, according to the climate change sce-
narios A2 and B2, these values might increase up to Qg = 3.3 (3.0)
and Qoo = 6.8 (6.3) m’s 'km 2 respectively; based on the hy-
pothesis of intensifying rainstorm intensities by ca 7% per "K (Knist
et al.,, 2018).

Frequencies of observed daily flows at the Jizerka outlet in
1982-2019 and modelled in 2071-2100 are given in Table 8. The
90% frequency discharge (value reached or exceeded during 330
days ayear) is interpreted by the Water Act 254/2001 Coll (Turecek,
2002). as the ‘minimum residual discharge’ necessary to preserve
the aquatic environment; in 2071-2100, there is the significant
change in Qgpy from 752 to 29 1 s 1 (decreasing to 39% of its
original value).
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draught (manifesting an abnormally low streamflow according to
Van Loon, 2015). Significant summer drops (ca 50%) were identified
in the soil moisture record (Fig. 12) at the top of the Jizerka
catchment in years 2017—2019 with the lack of precipitation
(reaching only 72% of the normal year), but not registered in lower
parts of the catchment.

3.5. Acid atmospheric deposition

During the period of integrated environmental monitoring in
the Jizerka catchment (since 1982), mean annual pH of precipita-
tion moved up from 4.2 to 5.3, and a pH-adequate annual open field
flux of H* in precipitation decreased from 90 to 5 mg m~2 year .
The annual open field flux of buffering basic cations (Ca2 e Mgz' e
and Na') fluctuates between 1.67 and 3.35 (mean 2.86) g m 2
year™!, not showing a significant trend in the investigated period.
Based on the observed data (1982—2019), historical approximates
(Kopacek et al., 2016) and future projections of IPCC (2013a, 2013b),
the course of ‘open field" acid load 0f S—S07, N—NO3 and N—NHj at
Jizerka during 1850—-2090 is given in Fig. 13.

Considering the effect of vegetative canopy, the atmospheric
load of acidifying substances (SOF~, NO3 and NHZ) in the investi-
gated catchment (Figs. 14-16) was estimated by the spatial inter-
polation according to the canopy classes and elevation (eq. (9)) for
observed data in twelve stands of the catchment transect (from 862
to 975 m as.l.). Then, the total catchment deposition of sulphur
(S—S07) and nitrogen (N—NO3 and N—NHj) in the period of
1850-2090 is shown in Fig. 17. Considering the periods of
1982-1984 (before the forest clear-cut) and 2001-15 (drop in
emissions and forest regrowth), the mean total annual deposition
of sulphur has decreased from 8.7 to 1.6 g m 2 year ' (an extra load
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2018

Fig. 11. Ellenberg's soil moisture indicator IF in the Jizerka catchment: 1991, 2005 and 2018.

Table 6
Frequency of maximum daily rainfall at Jizerka, 1961-2010.

Return period N (years) Rainfall maximum Pypa (mm day ')

1 56

10 115

20 158

50 2m

100 262

1000 604
Table 7

Peak discharge Qy (Nis return period in years) at the Jizerka outlet, 19822016 and
2071-2100.

Period Que(ls ™)
Q Qio Qsq Qo
1982-2016 09 25 4.3 52
2071-2100 (A2) 12 33 56 6.8
2071-2100 (B2) 11 30 52 6.3
Table 8
Daily discharge frequencies at the outlet of the Jizerka catchment in periods
19822019 and 20712100 (Q, 1s mean annual discharge).
Period Discharge (1s ')
Qa Qaox Qasy Qs Qaox.
19912010 28 7.52 6.10 5.04 313
2071-2100 (A2) 24 2.90 2.06 150 0.58
2071-2100 (B2) 26 294 218 155 0,59

of the canopy decreased from 60 to 40%) while nitrogen did not
change significantly (from 2.62 to 2.74 g m2 year ' with
decreasing canopy effect from 45 to 27%).
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Fig. 12. Volumetric soil moisture at the top of the Jizerka catchment, 2010-2019.

In the period of observation (1982—2019), the ratio between the
total load of nitrogen and sulphur in the Jizerka catchment has
increased from 0.35 (1982—1988) to 2.0 (after 2011), and this trend
is predicted also for the end of the 21st century (IPCC, 2013a,
2013b).

3.6. Water quality and biota

In the Jizerka catchment, stream water acidification culminated
in the 1980s with the peak in atmospheric deposition of sulphur
and nitrogen (Fig. 17), Table 9. In the 1990s, the recovery resulted
from a synergy of the drop in SO, emissions (following the 1985
Sulphur protocol, Holen et al., 2013) and the decline of the forest
canopy (reducing the surface area as well as the air mass turbulence
above the canopy). Later, open field deposition of sulphur and ni-
trogen have been stabilised, and stream water chemistry became
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Fig. 14. The atmospheric load of sulphur (5-50%") estimated under the canopy. in the Jizerka experimental catchment, 18802090,

controlled mainly by the regrowth of forest stands (Fig. 4).
Considering water resources recharge, no health-based guide-
line value has been proposed for the pH of water, but, WHO (2004)
suggest that optimum pH for drinking water quality between 6.5
and 8.5. Low pH values observed in the Jizerka stream indicate also
low hardness (up to 10 mg of calcium and magnesium per litre} and
particularly higher contents of aluminium (Table 9). The limit of
aluminium in drinking-water is 0.1 mg 1! for large treatment fa-
cilities, and 0.2 mg 1! for small facilities (WHO, 2004). In
2071-2100, the expected drop in annual catchment outflow
(Table 3) can cause higher mean annual concentrations of sulphate:

1

3.4 mg 1"! (A2 scenario) and 3.1 mg 1! (B2 scenario), nitrate:
2.2mgl ' (A2)and 2.0 mg 1! (B2) and aluminium: 012 mg |~ ! (A2)
and 0.11 mg "' (B2).

The investigated stream at Jizerka was found fishless in the
1980s, and remained without any fish evidence also in 1990—2016.
In 1994 (six years after the peak in acid load), the number of
identified benthic taxa (36) there still indicated a ‘strongly acidified
environment’, and, in 2005, the number of taxa increased to 68
detecting a ‘moderately acidified environment’ (with pH between
5.0 and 6.3), Table 9.
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Fig.15. The atmospheric load of nitrogen (N—NO3z) estimated under the canopy in the Jizerka experimental catchment, 18802090,
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Fig. 16. The atmospheric load of nitrogen (N-NH4 ) estimated under the canopy in the Jizerka experimental catchment, 1880-2090.
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Fig. 17. The total atmospheric load of sulphur (5—S037) and nitrogen (N—-NO3 and N—NH4} in the Jizerka catchment {estimated under the canopy), 1880-2090.

Table 9
Timber harvest and selected parameters of streamwater quality at the outlet of the
Jizerka catchment, 1982-2016.

1982 1994 2005 2016

Mature spruce stands (%) 76.3 45 4.5 45

Mean annual pH () 4.1 52 5.8 6.0
Sulphate content (mg 17') 121 78 44 29
Nitrate content (mg 1 ') 50 3.9 25 1.9
Aluminium content (mg ") 1.2 0.5 0.1 01
Benthic taxa {-) - 36 68 -
Environmental status () “strongly acidified” “moderately acidified”

3.7. Historical context of forest functions in the Jizera Mts

Since the first human interventions, priorities of forest man-
agement in the Jizera Mts. have gradually changed from early
protection of forests (to secure the state border and big game
hunting), to sustainable timber harvesting and recent multi-
resource forestry (Rabstejnek, 1969; Krecmer & Krecek, 1986).
Particularly, with industrialisation in the 19th century, the occur-
rence of more frequent floods with intensive timber harvest in the
Jizera Mts (Fig. 3). was documented by Dlask in Kutnar (1941). This
situation initiated the declaration of soil and water protection
(Austro-Hungarian Acts 116 and 117/1884 Coll.). Particularly, the
catastrophic flood of 1897 commenced there the complex of pro-
tection activities including construction of retention dams, torrent
control works, and reforestation activities, based on Surell's prin-
ciple (1841, in Magnein, 1937); “The presence of forest prevents the
formation of torrents”. Anyway, by the relatively fast reforestation,
the original forests of native tree species (Fagus sylvatica L., Picea
abies, and Abies alba Mill.) were converted to the plantations of
Norway spruce (Picea abies) with lower ecological stability,
mentioned already by Gayer (1886).

In 1956, the Protected Landscape Region of the Jizera Mts. was
claimed by the Czech government to preserve the unique natural
elements of the region (Nature Protection Act 40/1956 Coll.); and,
after the UN (1992) statement, the vital role of forest there was
supported by Nature and Landscape Protection Act 114/1992 Coll.
Later, with rising demand on drinking water supply, the Protected
Headwater Area of the Jizera Mts. was declared by the Decree 40/
1978 of the Czech government (according to the Water Act 138/
1973, 254/2001 Coll.) to support the regional recharge of water
resources (quantity and quality) by controlling the reduction of
forests and drainage development.
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However, the traditional forest benefits in protecting water
quality were declined by the acid rain phenomena, when the acid
atmospheric deposition (namely by the airborne emissions of
sulphur and nitrogen) was rising with the canopy area and
roughness (Krecek & Horickd, 2006). Acid rain affects the ecosys-
tems of the Jizera Mts. (part of the European ‘Black Triangle') since
the 1850s (Figs. 13 and 17); culminating in the 1980s when the
widespread acidification of freshwaters with damage to drinking
water quality and populations of fish and other aquatic organisms
became critical (Table 9). First signs of recovery occurred in early
1990s with both, the 1985 Helsinki Protocol on the Reduction of
Sulphur Emissions or their Transboundary Fluxes (with loads of
sulphur decreased to approx. 40% of those in 1987, Holen et al.,
2013, Fig. 13), and the extensive dieback and clear-cut of spruce
plantations (Figs. 4 and 17).

By reforestation, in the 1990s, several exotic species (blue spruce
- Picea Pungens, black spruce — Picea Mariana, etc.) were introduced
to produce stands more resistant to air pollution (Spulak et al.,
2019). These exotic conifers show comparable performance
(nutrient pools, topsoil chemistry, and growth) with stands of
Norway spruce in the Jizera Mts, Nowadays, conversion projects to
produce forests near the native composition are motivated by the
need for higher ecosystem stability, the danger of biotic agents (e.g.
high damage caused by cloven-hoofed game to stands of P. pungens)
and global climate change. While impacts of air pollution and
acidification on forest functions was the most discussed topic in
Central Europe in the 1980s and 1990s, nowadays, the global
climate change and weather extremes are considered as the most
important driving factor of mountain forests {Braun et al., 2015).

4. Discussion

While at the end of the 19th century, the protective role of
forests in the Jizera Mts. concentrated on flood control, nowadays,
water resources recharge and biodiversity became the focus. With
the expected status of society, climate, and water resources by the
end of the 21st century (FAO, 2008; IPCC, 2015), these priorities in
headwater catchments might be still emphasized.

By the end of the 20th century, in the Jizera Mts., widespread
acidification, forest dieback, and extensive clear-cut changed pri-
orities in forestry for environmental reconstruction and assisted
regeneration (Perrow & Davy, 2002). While emissions of sulphur
are controlled effectively since the end of the 1980s (Protocol on the
Reduction of Sulphur Emissions, Holen et al,, 2013), nitrogen is still
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considered as a future problem. Hunova et al. (2020) reported a
significant trend in reducing emissions of NOy in big industrial
cities of the Czech Republic since 1994, but not in mountain regions.
Since 1982, the ratio between the total load of nitrogen and sulphur
in the Jizerka catchment has gradually increased from 0.35 to 2.0.
Contrary to the statement of UNEP (2007) that the historical decline
in temperate forests has been reversed between 1990 and 2005,
forest ecosystems in the Jizera Mts. are still threatened by
acidification.

Besides atmospheric emissions, the acid atmosphericload in the
studied catchment is controlled also by the vegetative canopy
(Figs. 13 and 17). Contrary to conclusions of Neary et al. (2009) that
the most sustainable and best quality freshwater sources in the
world originate in forest ecosystems, in sensitive headwater
catchment, forest regrowth leads to decreasing the base status of
the soil and rendering soils and surface waters more sensitive to
acid deposition (Jenkins et al, 1990). The critical loads of sulphur
and nitrogen (75 and 55 meq m™? year”, respectively; Schwarz,
2009) in the Jizerka catchment are still exceeded by the load of
sulphur in forest stands (79—553 meq m™ year™') and nitrogen in
both ‘open field’ (99-149 meq m™ year') and forest stands
(142206 meq m~? year'). During the whole observation period
(1982-2019) deposition of nitrogen exceeds by 2-—3 times the
empirical threshold 1 gm2year™ (i.e. 71 meq m™ year ') suggested
for forests of central Europe by Bobbink and Roelofs (1995); the
load of N—NHj presented 72% and N—NO3 28% of the atmospheric
nitrogen deposition. Fangmeier et al. (1994) warned namely of the
atmospheric ammonia impact on large scale nitrogen eutrophica-
tion and acidification of ecosystems, and, thus, higher susceptibility
to abiotic (drought, frost) and biotic (pests) stress in mountain
environments, The atmospheric input of nitrogen, together with
rising air temperatures, is associated with increasing radial growth
and the total number of cells in the tree rings by ca 10% detected in
mature spruce trees at Jizerka by Vrtiska et al. (2018).

First signs of stream water recovery from acidification were
observed at Jizerka in the early 1990s as results of both the 1985
Helsinki Protocol on the Reduction of Sulphur Emissions (Holen
et al, 2013) and reduced canopy area by forest clear-cut (Figs. 4
and 17, Table 9). Thirty years after, forest — water interactions in
the Jizerka catchment are still affected by the prolonged acid at-
mospheric deposition and lack of environmental forestry practices.
Without acid rain impact, streams in the Jizera Mts. would show a
mean pH level close to 6.5 (Krecel & Horicka, 2006). According to
Jenkins et al. (1990), besides the significant reduction in atmo-
spheric emissions, stream water recovery requires also the control
of forest canopy and treatment of forest soils by the addition of base
cations; forests contribute to historical acidification of soils and
surface waters by the nutrient demand. Thus, regrowth of conif-
erous stands can still slow down the recovery of surface waters in
the Jizerka catchment (Krecek et al, 2019). Invertebrate commu-
nities are considered the best indicator to assess the environmental
impact of stream water acidification (Guerold et al,, 2000), strongly
correlated with water pH (Horecky et al., 2006). During the inves-
tigated period 1982—2019, the number of identified benthic taxa at
Jizerka (Table 9) manifested the change from ‘strongly acidified’ to
‘moderately acidified’ environment. While recovery of stream wa-
ter chemistry there follows the drop of the atmospheric load in
some five years, the revival of stream biota takes evidently a longer
lag period (about ten to fifteen years).

The analysed instrumental time-series at Jizerka show a signif-
icantly rising trend in both annual mean air temperatures and
annual maxima of daily temperatures (0.22 °C per decade) with
more intensive warming in the winter (December—February,
0.26 °C per decade), and in annual daily rainfall maxima (4.5 mm
per decade), but elevated annual precipitation (9 mm per decade)
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was recognized as not statistically significant. In comparison with
19611990, the projected mean annual temperature for 2071-2100
rises by 4.6 "C (A2 scenario) and 3.0 °C (B2 scenario); mean
monthly temperatures rise particularly in the high summer by 9 °C
(A2)and 4 °C (B2). Generally, climate change predictions are linked
to relatively high uncertainties (an IPCC outcome refers to the
likelihood greater than 66% probable, Latif, 2011). In mountain re-
gions, particularly, uncertainties in precipitation accelerate namely
with the lack in observation points (Krecek and Puncochdr, 2012,
Prein & Gobiet, 2017) and complicated orography (Ban et al,, 2015).
However, the climate projections in the Jizerka catchment corre-
spond well with recent trends in instrumental data. The projected
warming can lead to the shift in climax zones to those with
dominating beech forests, more diverse mixed stands with higher
ecological stability, and lower acceleration of the acid atmospheric
load. However, the projection of future forests considers the sur-
vival of existing spruce stands and conversion of recently intro-
duced exotic conifers to deciduous species. Such a scenario
corresponds with the findings of Vacek and Balcar (2004) and
Spulalk et al.(2019). The survival of native spruce (Picea abies) in the
changing mountain environment can be still supported by planting
its more resistant forms (Frydl et al., 2011).

In 2071-2100, annual water yield of the Jizerka catchment is
expected to decrease by 123 mm (i.e. 14%, A2) and 65 mm (ie. 7%,
B2), Table 3, with the seasonal shift from April to March (according
to changes in snow accumulation and melting). The increase in
vaporizing intensity (Table 4) can be still modified by forest canopy:
the annual canopy interception can change from recent 271 mm to
292 mm (A2) or 246 mm (B2), Table 5. Moreover, the annual fog
drip income might decrease from the recent 81 mm (ca. 10% of the
annual runeff) to 61 mm (ie. 75 % of the recent fog drip). Despite
these changes in water balance, the water supply potential of this
headwater catchment will not be significantly declined: the
contemporary high ‘relative water yield' RWY = 4.69 (long-term
runoff ratio between the catchment cell and the whole lowland
area, Viviroli et al., 2007) might still rise with expected more rapid
drops in lowland mean annual discharge (reported by Trnka et al.,
2016). The study of IPCC (2013a, 2013b) highlighted namely the
problem of increasing draught episodes as a serious limiting factor
of water supply facilities and biodiversity conservation. During
19822019, there were still not registered hydrological draughts at
the outlet of the Jizerka catchment. Similarly, Hisdal et al. (2001)
reported that it is still not possible to conclude when hydrological
draughts in Europe at the end of the 19th century have become
more severe or frequent. In 2071-2100, the 90% - frequency
discharge Qgpy (‘minimum residual flow’ to preserve aquatic life) is
considered to drop from 7.52 to 2.9 1 57! (i.e. to 39% of recent value),
Table 8, while the peak flow of 100 year return period Qjpp could
increase from original Qoo = 5.2 m’s ' t06.8(6.3)m’s ™! for A2 (B2)
scenarios, respectively, Table 7. This shift in peak flow frequencies
can significantly affect the flood control design, for example, the
design flow of Qg will shift to Qsp (B2) or Qqq (A2).

The expected drop in annual runoff can cause higher mean
annual concentrations of sulphate: 3.4 mg I"! (A2) and 3.1 mg I”!
(B2); nitrate: 2.2 mg I"! (A2) and 2.0 mg I”! (B2), and, aluminium:
0.12mg I'' {A2) and 0.11 mg1™! (B2), Table 9. These values might still
rise by episodic runoff events (Krecek & Hoficka, 2006), but, they
cannot affect the drinking water standard or the biodiversity con-
servation. Generally, the decline of stream water quality is associ-
ated with lower stream flows and higher contents of nutrients
(Strayer & Dudgeon, 2010). On the other hand, climate warming can
positively influence biogeochemical weathering associated with
higher alkalinity of mountain waters (Catalan et al., 2014), and,
thus, stimulate their chemical and biological recovery from acidi-
fication (Kopacek et al., 2019). In addition, rising water temperature
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might allow colonization of stream waters by less stenothermic
species from lower parts of the watercourse, and, thus to avoid a
sharp change of the original (pre-acidification) biodiversity of the
aquatic environment. Stream biota reflects also the stream bed
structure (Rosenberg & Resh, 1993), thus, a higher frequency of
peak-flows (Table 7) might intensify changes in stream bed with a
higher potential for colonization by alien species. The drop in
minimum flows (Table 8) is still not causing an intermittent flow
regime, but, decreasing Q90% can significantly affect stream water
biota.

5. Conclusions

During the last two hundred years, forests in the Jizera Mts.
gradually changed from native stands to spruce plantations,
introducing exotic conifers resistant to the air pollution, and back to
the preference of stands near the native composition. While at the
end of the 19th century, the protective role of forests concentrated
mainly on flood control, nowadays, protection of water resources
and biodiversity became the focus.

The study in the Jizerka experimental catchment, 1982—-2019,
shows that the acid atmospheric deposition (and stream water
quality) can be modified by forestry practices, and, the recent re-
covery from acidification there is the result of both the drop in
sulphur emissions and the clear-cut of mature spruce stands.

The projected environmental changes in 2071-2100 will not
substantially decline the high potential in water resource recharge,
water quality and aquatic biodiversity, or, start reverse processes in
recent recovery from acidification in the upper plain of the Jizera
Mts.
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Abstract: Impact Forecasting has developed a catastrophe flood model for Czechia to estimate
insurance losses. The model is built on a dataset of 12,066 years of daily rainfall and temperature data
for the European area, representing the current climate (LAERTES-EU). This dataset was used as input
to the rainfall-runoff model, resulting in a series of daily river channel discharges. Using analyses
of global and regional climate models dealing with the impacts of climate change, this dataset was
adjusted for the individual RCP climate scenarios in Europe. The river channel discharges were then
re-derived using the already calibrated rainfall-runoff models. Based on the changed discharges,
alternative versions of the standard catastrophe flood model for the Czechia were created for the
various climate scenarios. In outputs, differences in severity, intensity, and number of events might
be observed, as well as the size of storms. The effect on the losses might be investigated by probable
maximum losses (PML) curves and average annual loss (AAL) values. For return period 1 in 5 years
for the worst-case scenario, the differences can be up to +125 percent increase in insurance losses,
while for the return period 1 in 100 years it is a —40 percent decrease. There is no significant effect of
adaptation measures for the return period 1 in 100 years, but there is a — 20 percent decrease in the
return period 1in 5 years.

Keywords: catastrophe modelling in insurance; hydrological modelling; flood frequency under
climate change; insurance losses; Czechia

1. Introduction

Climate change is likely to be the most discussed factor in future risk due to its direct
impacts on atmospheric perils and its indirect impacts on weather-driven perils, such as
riverine and rainfall flooding. These trends were described by the IPCC in 2012 report [1].
Within Europe, climate change will alter the hydrologic cycle due to the expected shift in
average temperatures and seasonal rainfall. This will lead to a change in flood frequencies;
however, the frequency of specific flood events in different regions and year seasons might
increase or decrease based on the related river segment locations and their specific climate
regions in Europe. Although the main purpose of this article is to investigate changes in
floods in terms of frequency and discharge, climate change should be taken to count as a
whole process. As Sys et al. [2] peints out, change in the hydrological cycle is complex and
will have consequences in water supply process, retention volume solutions, and in many
other areas, such as integrated rescue system [3].

While predictions of the impacts of climate change on flood frequency are highly
uncertain [4,5], we assume that it is possible to apply global and regional simulations
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to catastrophic loss models to predict the possible impacts on modelled financial insur-
ance loss. In the insurance sector, since the long-term observation and experience is not
good enough to estimate possible insurance flood losses, catastrophe models have been
developed. Catastrophe modelling allows insurers and reinsurers to evaluate and manage
natural catastrophe risk and create financial preparation according to every regulatory
demand. The main outputs of probabilistic catastrophe models are probable maximum
losses (PML) curves and average annual loss (AAL) values. A different view on losses can
be provided by two types of PML curves: Aggregate Exceedance Probability (AEP) and
Occurrence Exceedance Probability (OEP).

The nature of climate change in European regions is captured by Global Climate
Models (GCMs). As Kay et al. mentioned in his study [4], the GCM is the main source
of uncertainty in future flood frequency estimation. GCM simulation is downscaled via
Regional Climate Models (RCMs) based on designed scenarios referred to as Represen-
tative Concentration Pathways (RCPs). Its trajectory is adopted by the IPCC for its fifth
Assessment Report (AR5) [6]. Four pathways have been selected for climate modelling
and research. They describe different climate futures depending on how much greenhouse
gases are emitted in future years. The four RCPs, namely RCP 2.6, RCP 4.5, RCP 6, and
RCP 8.5, are labelled after a possible range of radiative forcing values in the year 2100
(2.6,4.5, 6.0, and 8.5 W/m2, respectively). Those pathways are widely used in common
studies [5,7-9]. The study by Rajczek et al. [?] examines the influence of future precipitation
extremes. Based on their study, which investigates precipitation effected by RCP scenarios,
changes in extremes do not scale proportionally to changes in mean. Basically, there is
expected intensification of extrema and change in frequency of events. Single-day events
intensify more than multiday precipitation. In the context of Czechia, recent changes are
also examined in the research of the Czech Academy of Sciences in [10].

Floods across Europe are caused by numerous triggers. The largest and costliest
floods have occurred during different seasons, in different regions, and in various regional
patterns. In Czechia, flooding often occurs during the summer season, with most of the
recent serious floods (e.g., 1997, 2002, and 2013) occurring during this time. Major flooding
can also occur in the spring (e.g., 2006), which is induced by rain or by melting of the
accumulated snowpack. There are several studies from Brazdil et al. which describe
the synoptic causes of floods on the Morava River [11] and investigate past floods in
Czechia [12]. The documentary evidence of past floods and their utility in flood frequency
estimation is discussed in another article [13].

Considering the change in precipitation patterns during this region’s annual cycle,
a change can also be anticipated in the flood regime and flood magnitudes. As changes
of flood frequency curves are a long-term reflection of atmosphere conditions and soil
moisture together with snow, there is strong emphasis on regional climate and runoff
generation processes. Bloschl et al. [14] mentioned that there is need for a large-scale
continental study. Wider studies easily demonstrate the pattern of both increase and
decrease of observed discharges. Based on his results, increasing autumn and winter
rainfalls resulted in increasing floods in northwest Europe. On the other hand, decreasing
precipitation and increasing evaporation caused a decrease of flood events in southern
Europe. Additionally, decreasing snow cover and snowmelt results in decreased flooding
in Eastern Europe. The redistribution must be considered from two connected perspectives:
geographically and seasonally. Such redistribution will increase the number of flood events
in winter and decrease the number of events in spring, mainly due to the changes in
temperature and the amount of water accumulated in the snow cover.

There are many factors which modulate the flood response, so an increase in pre-
cipitation does not necessarily mean increasing floods. Trambley et al. [15] investigates
Mediterranean basins, where decreasing soil moisture caused lower floods, even though
rainfall increased. Initial saturation of the soil has a strong impact, together with future
changes in evaporation caused by climate change.
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The reduced precipitation amount (but with increased rainfall intensities) during the
original flood season might cause a slight decrease in design flows. Still, causing an increase
in the average temperature might induce floods during otherwise calm winters.

Snow storage and snowmelt are factors that modulate flood response. The effects of
changing snowmelt process on flood frequency curves depend on flood-generating process
in the region. For Central Europe, the most relevant process is rain-on-snow [16]. The
shape of flood-frequency curve is likely to flatten out at large return periods [17]. This is
caused by the reduction of lying snow cover and upper energy limit for melt.

The effect of changes in a hydrological regime that yields to the altered design flows
might be incorporated directly into a catastrophic flood model. To evaluate the view of risk
from the climate change scenarios, a view taken from those scenarios can be deployed in
the current flood model by using the same vulnerability, exposure, and flood mitigation
measures. Evaluation of the direct impacts on losses from future climate effects can be
made for each scenario using the current socio-economic (and other) conditions.

Réadler [18] pointed that the reinsurance view of risk is not necessarily the same as the
scientific view. The main aim is on the extrema, while the mean values of distribution play
only a minor role in the risk. The Impact Forecasting Flood Model for Czechia [19] with
climate change scenarios is designed to evaluate financial losses caused by riverine (fluvial)
and rainfall-driven (pluvial) flooding, as well as any related groundwater (off-floodplain)
flooding. This model, including climate change scenarios, is found to be well suited for
investigating financial losses of the possible effects of the changed hydrelogical regime
in Europe.

2. Materials and Methods
2.1. Meteorological Inputs
2.1.1. Current Climate

The event set used for the current climate and for the development of the Impact
Forecasting Flood Model for Czechia [19] is based on a long-term (12,066 years) time series
of simulated daily precipitation and temperature fields over Europe. It was generated by
Karlsruhe Institute of Technology [20] from the Max Planck Institute Earth System Model
(MPI-ESM /ECHAMP®6) global climate model (GCM) using a resolution of approximately
100 km. It was dynamically downscaled to approximately 25 km by use of a regional climate
model (RCM) COnsortium for Small Scale MOdelling-Climate Limited-area Modelling
Community (COSMO-CLM) CCLMS5 [21].

The daily precipitation amount and daily mean temperature from two meters fields
located above-ground are used as an input for the Impact Forecasting rainfall-runoff (IFRR)
model (based on Hydrologiska Byrans Vattenbalansavdelning model-HBV [22]) to calculate
the time series of discharges and identify flood events. Discharges from the COSMO-
CLM precipitation datasets were calculated using the historical datasets (reanalysis) as the
boundary condition, instead of the GCM. There are three different reanalyzes used for the
boundary data: ERA-Interim [23], ERA-20C [24], and NCEP 20CR [25].

The simulated precipitation and temperature fields are corrected for bias so that they
statistically match with the observed values in the period of 1950 to 2016. We performed
a thorough analysis of the various bias correction methods and their effect on simulated
discharges. These were then compared to the observed discharges at gauging stations.

The final stochastic meteorological dataset, the LArge Ensemble of Regional climaTE
model Simulations for EUrope (LARTES-EU) dataset [21,26], serves as a consistent source
of precipitation for the entirety of Europe; however, the hydrological models require a
higher resolution. The precipitation and temperature fields are interpolated to a higher
resolution using various statistical or machine learning algorithms. The exact methods
and final resolutions vary by basin. Bilinear interpolation was used in the Danube, for
example, to produce a final resolution of up to 10 km. Machine learning was used in other
basins, such as the Elbe and the Oder. For the machine learning method, we used adaptable
random forests, as described in He et al. [27]. Prec-DWARF (Precipitation Downscaling
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With Adaptable Random Forests) is a method which can outperform bilinear interpolation
in precision of downscaled spatial and temporal patterns (tradeoff being significantly longer
run time and the necessity to build and train the machine learning algorithm). As advised
in He et al. [27], we used a double random forest approach to avoid underestimation
of extreme rainfalls and also followed the advice to consider mainly adjacent cells and
distance to dry cell as covariates in training the algorithm. Some other covariates (e.g.,
altitude, slope, temperature) were tested for significance, but did not improve the method
significantly. The final algorithm trained to downscale 24.5 km grid to 6.125 km grid over
the Czech basins used random forest with 10 trees to predict smaller (thus less influential)
precipitation values and another independent random forest using 100 trees to predict
more extreme precipitation values. The meteorological inputs with their higher resolutions
provide the additional spatial variability (due to orographic effects) required for the detailed
rainfall-runoff modelling.

2.1.2. Climate Scenarios

There are many climate simulations in the conditions outlined by the various time
frames and scenarios [28]. To build a climate change version of the flood model, we
extracted the differences between the current climate state and the temperature and precip-
itation in the scenarios. Those differences (on a monthly basis) were used to adjust the days
in the 12,066 years of meteorological inputs for the IFRR model, which itself was used for
the development of the Impact Forecasting Flood Model for Czechia [19].

The source of the key climate variables for scenarios and the reference period was
chosen using [29]. The historical data covering the period of 1901 to 2020 in this dataset
is based on the CRU-TS 4.05 dataset [30]. ClimateEU uses the climate data for the typical
time period of 1961 to 1990 as a baseline (or reference) dataset. Preparing a complete
dataset [29] included numerous sources and methods (including the PRISM methodology-
Parameter-elevation Regressions on Independent Slopes Model) to cover the rain shadows
and orographic precipitation in the mountainous terrain and to allow adjustments to any
anomalies. The 1961 to 1990 time period represents the climate conditions at the start
of the major anthropogenic changes in climate. Only a small anthropogenic warming
signal, due to particulate and sulfur pollution, is seen in this period [31]. This period has
been used as a reference period for long-term climate change assessments by the World
Meteorological Organization.

Future climate projections consist of 15 representative GCMs (CanESM2, ACCESS1.0,
IPSL-CM5A-MR, MIROC5, MPI-ESM-LR, CCSM4, HadGEM2-ES, CNRM-CM5, CSIRO Mk
3.6, GFDL-CM3, INM-CM4, MRI-CGCM3, MIROC-ESM, CESM1-CAMS5, GISS-E2R) of the
CMIP5 dataset corresponding to the IPCC Assessment Report 5 (IPCC 2014) [6]. Each of
these models include two emissions scenarios (RCP 4.5 and RCP 8.5). Two time periods
are considered: the 2050s (2041 to 2070) and the 2080s (2071 to 2100). In this study, due to
combining various sources, we redefine the 2050s as (2050 to 2075) and the 2080s as (2075
to 2100). The average projected global warming increase for RCP 4.5 is +1.4 °C (£0.5) by
the 2050s and +1.8 °C (4=0.7) by the 2080s. For RCP 8.5, itis +2.0 °C (0.6) by the 2050s and
+3.7 °C (£0.9) by the 2080s.

The current LARTES-EU climate data in the Impact Forecasting dataset was shifted in
daily steps that were in line with the scenario deltas of the temperature and precipitation
variables. This was accomplished while keeping the differences between each scenario
and the reference period in line with [29]. An example of an average change of seasonal
precipitation over Europe for scenario RCP 8.5 in the 2080s (2075 to 2100) time period, in
comparison with the reference period of 1961 to 1990, can be seen in Figure 1. Such an
adjustment was made for all combinations of scenarios.
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Figure 1. The derived average change of monthly precipitation (ratio) over Europe for scenario RCP.

There are a varying number of seasonal wet days in the scenario simulations. The
number of wet days in each month was adjusted based on the information pertaining to the
number of days that achieved the threshold of precipitation, and by changing the frequency
of events available in [9,10]. For the purpose of the IFRR model, evapotranspiration was
also recalculated.

Strong precipitation intensifications appear (in particular for extreme rainfall events)
and most are consistent in cold seasons occurring in northern Europe, according to [9].
Decreases in the total precipitation amount and frequency appear in the summer season in
some areas of Europe. The largest and most significant increases in extremes are projected
for the autumn and winter seasons across all regions. Median estimates of precipitation
increases are often larger than +20 percent. In summer, and to some extent in the transitional
seasons of spring and autumn, changes in precipitation are more complex. Reductions in
the event occurrences are opposed by a concurrent intensification of those events. For the
changing frequency of wet days, we used [9] and the research of the Czech Academy of
Sciences in [10]. The current climate development is so far most consistent with the RCP
8.5 emissions scenario, and in some parameters, this most dramatic scenario is already
being exceeded, so this scenario was used by [10] for the assessment. However, they
did work with other scenarios and state that until next turn of the century, the choice
of an emission scenario does not play a significant role. Apart from winter, a decrease
in precipitation can be expected, especially in spring and summer, and a decrease in
precipitation combined with a higher air temperature (and thus higher evaporation) will
lead to longer episodes of drought. The smallest increase or even decrease in precipitation
will occur in southern Moravia, Czechia. However, in terms of flood genesis, the important
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information is the number of days with precipitation (1, 10, 20, and 50 mm or more). These
will increase as compared to the present, but the number of days with precipitation above
1 mm will not see a major change. The number of days with more than 10 and 20 mm of
precipitation will continue to increase in the future, especially in winter. An increase in
the number of days with greater than 50 mm of precipitation was already detected in the
mid-twentieth century.

Since there are large differences between the models, we are considering the results
from the medium model for the purpose of this study. The number of days with precipita-
tion (1 mm or more) does not change much in the present or in the future, but the number
of days with at least 10, 20, and 50 mm of precipitation is already changing. For the number
of days with atleast 10 mm in Czechia, the number increases for the near future (2021-2060)
for RCP 8.5, especially in winter. Meanwhile, the number of wet days for summer months
in all cases (1, 10, 20, 50 mm, and more) decreases. Overall, for the time period of 2021 to
2060, the consensus of the models is that the smallest increase in these days should occur in
southern Moravia and western Bohemia, but there is a great dispersion in all model results.
Alternatively, according to [10], most days with 10 mm or more of precipitation will occur
in northern Moravia, the area including Prague, and southern Bohemia.

2.2. Ramfall Runoff Model

The hydrology mode in the IFRR model is a simulation used to analyze river discharge
and is comprised of the following routines: a snow routine, a soil moisture routine, a
response function, and a routing routine. Each of these routines needs several parameters
in addition to input precipitation, temperature, and evapotranspiration. These parameters
are estimated by calibration either directly, or by meta-parameters, which are the function
of the various spatial datasets (soil types, altitude, and so on). Calibration of parameters is
based first on the generation of 10,000 random combinations of all parameters and selection
of the best option by referencing the Nash-Sutcliff coefficient. However, this approach puts
too much emphasis on the daily hydrological flows, while for IF models (or any reinsurance
models) only the top flood events are important, and most daily flows are discarded. To
improve the usefulness for event set preparation, different weights are introduced to prefer
the match in flood events over the baseline flow. This can be further improved by additional
changes in parameters to provide a better fit for the seasonality of floods, duration of flood
events, and volume of the flood waves. The combination of all these calibration approaches
usually leads to a good resimulation of historical discharges (Figure 2), with an example of
the setting of one basin in Figure 3.

Passau Thebnestral

Nate

Figure 2. Example of the R-R model calibration—observation vs. model discharges.
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Figure 3. Example of the settings of the hydrological model for Elbe basin. Left—river network iden-
tification, basin definition, collecting hydrological data for calibration; Right—model grid definition
(consistent with climate model), river network schematization for discharge routing, definition of
subbasements for calibration. Additional spatial datasets needed identified: field soil capacity, water
capacity at wilting point, digital terrain model, flow direction raster, and soil type.

The daily time series of temperatures and precipitation was used as the input of the
IFRR spatially distributed rainfall-runoff model based on the HBV model [22] and cali-
brated for individual catchments using historical discharge data in the frame of European
basins (Figure 4). The calibrated rainfall-runoff model is then forced by precipitation
and temperature fields from LAERTES-EU to simulate discharges in a daily time step.
The uncertainties in the simulated discharges were analyzed by testing multiple sets of
rainfall-runoff model parameters.

The output of the rainfall-runoff model serves as an input to the frequency analysis
for each river segment. Output discharges are used for identifying the individual events in
the frame of a processed country and producing an event set at completion. Despite careful
calibration of the rainfall-runoff model, we do not directly use the values of simulated
discharges, but instead convert them into a frequency domain. We then define the events
as the maximum return period for those river segments within a specific time period
(usually about 21 days due to the insurance practice). The final footprint of each event
is the composition (patching) of flood extents for individual river segments. However,
the partial flood extents for the selected predefined return periods are calculated using
discharges from the design flow curves, which are usually derived from long term records
or provided by the local authorities, and are considered more robust than the estimates
from our rainfall-runoff model.

The calibrated model parameters and the model itself were used to calculate the mag-
nitude of flows under the changing values of precipitation, temperature, and evaporation
for each climate change scenario. In this case, the model output produces discharges
comparable to the current climate.
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Figure 4. Impact Forecasting European Flood Model: the actual basin coverage delineation.

There is only one difference in using the rainfall-runoff model output for the current
climate and climate scenarios. The resulting flows for the climate scenarios were labeled
with the values of the return periods for individual river discharges from the frequency
analysis performed on the current climate. Therefore, the return periods are produced using
“current climate discharges and return periods”. This is due to the simulated flood maps
being produced by deriving the design flows and 2D hydrodynamic modelling for the
current climate, yet still using them for directly implementing the climate change scenarios
and without the need to resimulate the flood maps.

2.3. Scenario Definition in the Loss Model

For the assessment of climate change impacts on floods in Czechia, two RCP scenarios
(RCP 4.5 and RCP 8.5) and two time horizons, the 2050s (2050 to 2075) and the 2080s
(2075 to 2100), were selected. These scenarios were used to evaluate the outcome when
the climate conditions in the scenarios are transferred to the current world conditions.
Everything is assumed to remain the same, including the level of flood protection, the type,
composition and distribution of property, and loss ratio of flooded buildings, with only the
events themselves behaving differently in terms of spatial extent and the intensity of the
precipitation and discharges. It is important to note that this view calculates losses using
the current price level and with no consideration of inflation. This pure hazard view allows
for the identification of the flood types that are key in terms of the need to implement
mitigation and adaptation measures. This view serves as a basis for stakeholders to initiate
any necessary actions or even a chance for insurers to change their underwriting strategy.

Additionally, the four primary scenario models have been further adjusted for a basic
assessment of the impact of adaptive measures. The baseline reference model within the
2D hydrodynamic simulations/ flood maps already incorporates flood protection measures.
However, each river segment keeps the information about the level of protection, right up
to ‘no loss” generated by the given peril. These protection levels can be adjusted to higher
protection and additionally safeguard selected segments/locations. The assumptions about
dike strengthening vary in the literature, for example, the EU Report Peseta V [32] works
with the assumed levee strengthening for different climate scenarios by looking at a loss
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reduction. It indicates up to 50 percent positive impact on losses by strengthening dikes. For
the climate change scenarios with adaptation for the flood model for Czechia, the following
assumptions were made. Flood barrier constructions (fixed dikes, mobile barriers, polders,
dams, construction of a sewerage system, and other flood protection) are a function of
time and are spatially highly variable. In light of this, a simplification is necessary for the
flood protection implementation in the flood model for the purpose of estimating losses in
climate change scenarios.

For the 2050s (2050 to 2075) and 2080s (2075 to 2100) time periods, we assume
levee strengthening (relative to the return period of flood) for riverine floods of around
+25 percent and +50 percent, respectively. For pluvial floods, we assume protection strength-
ening of around +10 percent and +20 percent, respectively. The assumption incorporates
the individual house protection by using local mobile door barriers. The assumption is
applicable for estimating losses on the whole portfolio but will not be valid for a local study
on individual locations.

The event set with and without an adjusted level of flood protection can be further
implemented using the same procedure as the default model for the current model. It
can be used in the loss calculation platform ELEMENTS, to directly estimate the risk as
a baseline reference for the Impact Forecasting Flood Model for Czechia [19]. This view,
with the inclusion of adaptation changes, can serve as a basis for stakeholders to determine
the effectiveness of measures against the flood types that drive the losses in the climate
scenarios. It can help them decide whether to initiate other measures necessary for the
landscape and society.

2.4. Risk Analysis
2.4.1. Event Identification and Event Set Generation

The event set developed for the baseline reference Impact Forecasting Flood Model
for Czechia is defined using 12,066 years of daily discharges, originally defined on a grid.
Each river segment is controlled by the corresponding European grid cell for Czechia. The
discharges come from the IFRR model that works using meteorological inputs.

Here, a flood event is defined as an overflow or inundation that comes from a river or
other body of water, whether caused by rainfall, waterway operation, dam break, water
runoff or other means, that causes or threatens damage. In terms of the Impact Forecasting
Flood model for the Czechia, there is a need to define the additional losses caused by
rainfall that complements riverine flooding.

An event, in the framework of a catastrophic flood model, is a set of individual
hydrological situations reaching a specified minimum return period and arriving ata given
area in a river network (fluvial flood) or catchment (pluvial flood) at the specified window
of time. It is then a prescription or list of segments and catchments and a prescription for
the return period of discharges of the flood or rain in that location. The event set is a list
of individual events; in the case of the reference baseline flood model for Czechia within
the pan-European event set, having 63,888 events within 12,066 years. An example of one
event can be a situation where half of Czechia is affected by some level of flood in a given
time window, with the Vltava River in Prague reaching a return period of 1 in 300 years,
the Elbe River in Dé¢in reaching 1 in 150 years, the Ohte River in Zatec reaching a return
period of 1 in 30 years, and so on. Another event may only affect a few catchments in the
Jizera Mountains where only a return period of 1in 45 years is reached.

Each river segment of the river network of Czechia is controlled by the respective grid
cell from which the rainfall-runoff model is calculated. The grid is a 3D matrix containing
the daily step of the discharges, where the X and Y axes define the space while the Z axis
defines the time (in days and years). Events are defined in a way that is consistent with
re/insurance market conditions: anything falling within a predefined window of time is
declared to be the event. The market uses the “hours clause” (HC) approach, where a
window of three weeks (21 days) is used to identify the event. The discharges for each cell
on each day are ranked and the return period of discharge is assigned.
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Identification of events in a daily time step of 12,066 years is a non-trivial optimization
problem where a maximum in time and space is sought. Events are identified by an iterative
approach starting from the most severe event. Each event is assumed to last 21 days. The
severity of events is measured by ground-up (GU) market losses, i.e., losses prior to the
application of insurance terms and conditions, and thus includes not only the hydrological
situation but also the exposure distribution and vulnerability. Measuring severity using
only discharges would overestimate the importance of large, unexposed mountain and
foothill areas and underestimate highly exposed urban areas.

As the intensity and distribution (both spatial and temporal) of the precipitation
changes, there are also changes in climate scenarios and the temporal and spatial distri-
bution of river channel discharges. Consequently, a different number of events can be
expected in each climate scenario because each event will be unique to that specific scenario.
As the heavy rains driving the most substantial flood events intensify, but become shorter,
the climate change scenarios will tend towards a slightly larger number of events.

The identification of events is done using the same method as that of the reference
model. The only difference is that the discharges on the grid from the rainfall-runoff model
are labelled by the return period, based on the frequency analysis from the original model.
This solution ensures that the modified scenario-based design flows can be translated
directly into the modelled hazard language of the baseline reference model. Thus, there is
no need to resimulate flood extents based on the new design flows. It is important to note
that in the Impact Forecasting methodology, the river discharges are simulated for river
segments at specified return periods of 1 in 5, 20, 50, 100, 200, 500, 1000, and 10,000 years.
For the intermediate return periods, interpolation of depths is performed during the loss
calculation in the ELEMENTS.

2.4.2. Demand Surge

Demand surge is a phenomenon defined as “a sudden and usually temporary increase
in the cost of materials, services, and labor due to the increased demand for them following
a catastrophe” [33]. This usually occurs after exceedingly large disasters such as severe
earthquakes, cyclones, or flooding. Some well-known examples of such events are the 2011
Christchurch earthquake in New Zealand, or Hurricane Katrina in the U.S.A. in 2005 [34]. A
similarly strong effect was observed in the case of the 2002 floods in Czechia [35]. How and
Hasson [35] noted that insurance companies incurred additional expenses to import claims
adjusters because there was an insufficient number of local adjusters after each event.

There is a direct dependence of the intensity of the demand surge on the intensity of
the natural disaster. Moreover, the disaster usually comes in a highly concentrated area.
During reconstruction or even just removal of damaged constructions, the demand for
labor and building materials, such as steel, cement, and timber, increases dramatically and
quickly outstrips the supply, thereby pushing pricing increases. Oil and gas prices can also
be affected. Demand surge can be quite substantial: commercial disaster modelers estimate
arange of 20-50 percent, but it can be even greater [35,36].

The Impact Forecasting Flood model for Czechia incorporates the principle of demand
surge. When sorting events by their size, the first event where there is some additional loss
due to the demand surge starts to be applied for an event of return period 1 in 50-years
loss (close to the 1997 historical event) calculated on the market portfolio. The maximum
demand surge is considered +25 percent.

The application of demand surge is a simple operation. Losses per event are de-
termined as if no material shortage has occurred. These losses are then multiplied by a
coefficient derived from Czech historical claims and loss experience. At this point, the EP
curve and the AAL value are calculated by standard formulas (the advantage is that it is
possible to compare losses with and without the inclusion of demand surge).

For the purposes of implementing the demand surge concept in the climate scenarios,
it is not possible to consider stronger demand increases in the future because such assump-
tions would be too uncertain. As the frequency and intensity of scenario events change
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in comparison to the reference model, the same values of the increase in loss need to be
applied by linking the absolute losses to the market portfolio. In practice, this means that in
the reference model, the range of the individual demand surge values has been determined
based on the GU loss. These absolute amounts are used to map the demand surge values
in the scenario models (before the demand surge is applied). For example, the loss in
the EP curve from a market portfolio of between €1.3 to €1.5 billion produces a demand
surge of +20 percent, and any loss for a specific one-time event from the climate scenarios
in the same market portfolio will have the same demand surge value. This is regardless
of whether it is determined to be at a higher or lower return period of loss. Using this
approach ensures full consistency with the reference model and the ability to compare the
absolute loss among models. This mapping needs to be done for each individual scenario
as listed in the previous section, because the events and the losses they produce are unique
among the scenarios.

2.4.3. Frequency Analysis

Due to changes of key meteorological variables in the climate scenarios that serve as
the input to the rainfall-runoff model, changes can be expected in design flows in river
channels and, by extension, changes in the direct flood risk in specific locations.

The major heavy rain events that generate large and severe floods are expected to
become more intense, though they may occur for shorter periods of time or be more
localized. This may result in moderate discharges on large rivers decreasing, but the largest
discharges intensify on rivers with smaller catchment sizes.

In the reference event set, the largest floods that happen during the year usually
occur (in Czechia’s case) during the summer season. However, the data show that sum-
mer rainfall decreases on average in the climate scenarios, but the number of wet days
varies. Additionally, much less water is stored in snow during the winter season in the
climate scenarios, so there will be less flooding from snowmelt during the early spring
season. The IFRR model includes a snow routine so that, based on a precipitation and
temperature dataset, it can detect precipitation state of matter and calculate the correct
amount of snowpack or snowmelt for a particular day according to the specific climate
change scenario.

To explain the effects resulting from the different climate scenarios, a frequency analy-
sis was performed on the discharges of selected large and small catchments to compare the
reference model to the climate scenario models. A comparison was also made of the flood
seasonality and wave duration. Additionally, the total number of events identified within
the event set was compared between the reference model and the climate scenario models.

3. Results

Under the most pessimistic climate scenario, meteorological changes result in an
increase in the number of small or moderate floods, in terms of the magnitude of financial
losses. This is caused by either a relatively low flood intensity over a large area or a high
flood intensity over a smaller area. However, the area of the largest intense floods decreases,
as compared to the reference scenario. This observation may result in a different view of
risk: lower return periods of losses on the EP curve and a sharp increase of the AAL, while
the largest loss actually decreases due to the absence of the largest area-intensive events.
Combined with the decrease in direct flood risk on large rivers, strengthening dikes on
these rivers will not have a substantial effect on the loss. Alternatively, strengthening dikes
on smaller rivers or building flood defenses where no flood protection measures currently
exist (or building defenses against pluvial flooding) might have a more substantial effect.
The effect of the increasing number of smaller events during the year can be observed from
the difference between the aggregate exceedance probability (AEP) curve, which is based
on the sum of losses within a year, and the occurrence exceedance probability (OEP) curve,
which is based on the maximum of loss within a year.
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3.1. Change in Discharges

Due to the increased temperature during the cold season in the climate scenario, more
of the precipitation is expected to occur as rain, rather than snow, and less water is held
in the snowpack. Thus, a different runoff within the catchment can be observed. In the
reference model, when the warming happens, the runoff occurs both later and suddenly,
as a flood wave. In the climate scenario, the warming runoff from the basin may occur
gradually and in several lower waves.

Alternately, higher flows in small catchments are observed in the climate scenario
during the summer months. Although less total precipitation occurs during the summer,
relatively intense but short floods occur due to the high rainfall intensity or several intense
events in a row.

An example of the changing rainfall-runoff relationship within a watershed is shown
in Figure 5. These changes are driven by the changing meteorological conditions and
spatiotemporal changes in the distribution of precipitation, combined with changes in
the amount of water retained in the snowpack. In large catchments, decreasing design
flows can be expected under the climate scenario. For smaller catchments, the trend is the
opposite and there is an increased risk of more severe flooding. It can be expected that
the risk of flooding, including the risk of flooding from heavy rainfall, will be significantly
increased for small catchments. For small to medium sized catchments, the magnitude of
design flows increases for lower return periods but decreases for higher return periods.

Figure 5. Example of the changed design flows per scenarios in comparison with the reference period
for rivers within Elbe basin: Catchment size: left—451 km?, middle—1157 km?, right—41,831 km?2.

The proportion of flood events for the Czech river basins in the reference period shows
that most floods greater than the return period of 1 in 20 years occur in the spring months
(due to snow melting and heavy rainfall), followed by summer floods. This is illustrated by
the graph in Figure 6 for the three basin sizes that were demonstrated in Figure 5. However,
the largest flood peaks in the reference period occur during the summer months when
the most frequent and heaviest rainfall is observed. This is also due to the given climate
scenario having less rain overall in the summer months (in Czechia/Central Europe),
despite the fact that there is a redistribution of wet and dry days. This redistribution then
has a major effect on flood peaks in small catchments.

The change in the proportion of floods greater than a return period of 1 in 20 years
is shown for each climate scenario (Figure 7). Due to warming over Central Europe and
less water being retained in snow, there is an increase in the number of winter flood events
(which are generally less damaging, but more frequent), especially in the 2080s (2075 to
2100) period and in the most pessimistic emission scenario. The number of summer floods
is decreasing, but their proportion and magnitude remain significant, especially for rivers
with smaller catchments.
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reference period
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®Spring  ® Summer ® Autumn ® Winter

Figure 6. Example of number of peak months over return period 1 in 20 years per scenario—rivers within
Elbe basin; catchment size: inner circle—451 km?, middle circle—1157 km?2, outer circle—41,831 km?.

repd.5 2050-2075 rcp4.5 2075-2100
= Spring = Summer ®Autumn = Winter ® Spring = Summer = Autumn = Winter
rcp8.5 2050-2075 rcp8.5 2075-2100
= Spring = Summer ® Autumn = Winter = Spring = Summer = Autumn = Winter

Figure 7. Example of the number of peak months over the return period 1 in 20 years per scenario-
rivers within Elbe basin; catchment size: inner circle—451 km?2, middle circle—1157 km?2, outer
circle—41,831 km?.
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Considering the stronger but more localized storms and rainfall events, the impact of
summer floods for large catchments is limited. This is due to the need to combine several
events into one using a single window. In general, floods on large catchments are generated
by leng lasting precipitation over a substantial area of the catchment. Consequently, the
overall decrease in rainfall during the wettest period (related to the reference period) leads
to an overall decrease of maximum peaks in the large catchment. Conversely, increases
in rainfall in drier periods have a substantial effect on the generation of floods in the
small catchments.

3.2. Number of Events

Due to the changes in the spatial and temporal distribution of precipitation and
temperature (shorter periods of more intense precipitation, more water in the springtime,
and so on), the response in the river network changes, as does the definition of events
according to Section 2.4 (where the HC component is used). Therefore, although the number
of 12,066 years of daily precipitation and temperature is constant, there is still a change
in the number of events within one year. Many smaller events break down into several
independent events, with the overall effect of a different ranking of events in terms of
frequency. This has consequences for the calculation of the OEP and AAP loss. The number
of events per scenario before flood protection applications (i.e., events defined purely in
hydrological terms) is listed in Table 1. The final number of events that drive the loss is
smaller and depends both on the setting of local flood defenses, as well as the distribution
of exposure within the portfolios.

Table 1. Number of events per scenario: two time periods and two scenarios.

Scenario Number of Events
Reference period 63,888
RCP 4.5 2050-2075 69,116
RCP 4.5 2075-2100 73,811
RCP 8.5 2050-2075 72,243
RCP 8.5 2075-2100 77,883

3.3. Effect on Losses
3.3.1. Loss Change in a Multiperil Perspective

Following the definition of events in previous sections, the impact of changing climatic
conditions on losses in the different climate scenarios can be demonstrated in distinct
ways. The largest events for the highest emission scenarios are spatially smaller and
less intense, relevant to the reference period. This is the same for the 40th—42nd largest
events (which affect the return period 1 in 250-year loss), 41st shown in Figure 8. In the
following sections, the relative comparison of loss magnitudes between the scenarios and
the reference period can be observed. Another perspective may be to compare the first few
losses. A representation of the sum of the first five to fifty losses (on the market portfolio)
is shown in Figure 9. One can see that the largest (spatially) fluvial flood events are less
prone to loss in the individual scenarios. This is for the reasons previously discussed.
Alternatively, there are an increasing number of smaller events (locally concentrated but
intense, or events less intense but (spatially) larger. A limitation of the model is that it does
not necessarily capture the impact of extremely short but intense rainfall events (within
the pluvial component) that may be more dominant in losses when produced from a flood
model considering climate scenarios.
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Figure 8. Example of the 41st largest market events: reference period, right—RCP 8.5 2075-2100
scenario without adaptation and expressed in the return period valid for reference period (lines—
Figure 9). Relative comparison of the sum of the top losses on the market portfolio per climate scenario
without adaptation, in comparison with the reference period: left—GU loss, right—Gross loss.
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Figure 9. Relative comparison of the sum of the top losses on the market portfolio per climate scenario
without adaptation, in comparison with the reference period: left—GU loss, right—Gross loss.

Loss analyses result not only in losses per event but also in an AAL and PML curve
for each selected client portfolio. The analysis was performed using the portfolios of the
seven largest Czech insurance companies and the Czech market portfolio. The PML was
calculated for each scenario and period of interest for both the GU loss and the gross loss
view (OEP and AEP).

By its very definition, an event set is a year-based model and the calculation of the
PML is relatively straightforward. The comparison of the OEP (maximum) versus the AEP
(sum of damages) is particularly interesting in terms of the frequency of the losses in the
return period’s lower end of losses. The maximum return period shown on the graphs is 1
in 1000 years, but in terms of an even higher return period, the tail curve continues with an
increasing trend. However, it has considerable uncertainty, and so it is not displayed.

A comparison of the PML values relative to the model results of the reference period
for the variants with and without adaptation is shown in the graphs (Figures 10 and 11).
There is a noticeable increase in the AAL values and in the lower return periods for
all scenarios and a decrease in the tail losses, with this effect being more noticeable for
AEP damages than for OEP losses. At the same time, this trend is stronger for the most
pessimistic emissions scenario, and the smallest changes relative to the reference period
are seen in the most optimistic emissions scenario. The impact of adaptation measures
(by strengthening dikes) is mainly at the tail losses. The impact on lower return periods is
relatively small and caused by losses that may occur more often as a result of heavy rainfall.
This is mainly owing to locations where strong protection measures cannot be expected, or
small rivers with flood discharges significantly amplified will not have access to the large
flood protection measures (Figures 10 and 11).
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Period: 2075-2100 Period: 2050 2075

Scenario
RCP4.5
RCP 8.5
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Return Period Return Period
Figure 10. Percentual change of GU (OEP) for the two periods and RCP scenarios. The solid line with
a filled area is the mean value with a 95 percent confidence interval based on the portfolios of the
seven largest insurers. The dashed line indicates the aggregated market portfolio (postal code level
only) comparison.

Period: 2075-2100 with adaptation Period: 2050 - 2075 with adaptation
", Scenario
i~ " RCP4.5
\"“—.. e RCPB.5
e .
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Figure 11. Percentual change of GU (OEP) for the two periods (including an adaptation) and RCP
scenarios. The solid line with a filled area represents the mean value with a 95 percent confidence
interval based on the portfolios of the seven largest insurers: the dashed line is the aggregated market
portfolio (postal code level only) comparison.

3.3.2. Loss Change—Without Adaptation

This scenario assumed that key climate variables based on a specific scenario and
time period are taken and transferred into the present-day climate condition. One can
imagine it as if future conditions suddenly appeared in the present but everything else
remained unchanged, such as the level of flood protection, spatial distribution of the
exposure, loss ratio for buildings, and so on. Only the natural climate condition changed
and only for the purposes of estimating the direct impact of the changes. This allows for
the investigation of which hazard component and which condition will be more frequent or
more important from the risk point of view. Stakeholders can then request greater details
and at a more significant scale. They can also initiate real adaptation measures that are
specifically targeted at the risk.
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3.3.3. Loss Change—With Adaptation

As opposed to the model version, which considers climate change but from only
the natural conditions, there was a developed version that includes a view of the partial
adaptation measures. The original flood model for Czechia included a number of flood
protections related to the river segment and the pluvial component.

Based on the table of projected strengthening of dikes in (Section 2.3), model versions
with climate change scenarios and time periods have been updated with the projected
levels of flood protection. The strengthening of dikes has been applied to all areas in the
same ratio, so we can assume that the model can over/under-estimate the effect in more
specific areas. However, other adaptation measures have not been taken into account, so
we can assume that the uncertainty also covers other measures, such as the individual
mobile flood barriers for doors or location-specific polders.

4. Discussion and Conclusions

This study assessed the change in risk under projected climate change scenarios,
particularly in terms of their financial implications. This includes scenarios of simple
climate change and scenarios with strengthened flood protection measures (to simplify,
this also includes landscape measures). No additional financial implications arising from
the need for levee construction or other adaptation measures are discussed in this study,
nor is any loss from weather-driven perils such as windstorms, hail, or drought.

The pluvial component is considered in terms of a 24-h rainfall, for consistency with
GCMs. Further research needs to be undertaken to better capture the impact of very intense
but short duration torrential rainfall events on small areas and to account specifically for
the impact of these storms. In terms of the rainfall-runoff model, there is a clear difference
in the response of the landscape between a volume of rain that falls in six hours from a
slow-moving cloud versus 24+ hours of precipitation.

Considerable uncertainty remains in the GCM outputs about changes in precipitation
totals. RCMs agree with some GCM outputs, but there are other GCMs that show no
change in precipitation. According to the RCMs, precipitation will increase by an average
of 10 percent by the end of the century for RCP 4.5, and even by 13 percent under RCP 8.5,
as compared to the reference period (in absolute terms, this means an increase in the annual
average of 90 mm for RCP 8.5 and 60 mm for RCP 4.5 by the end of this century, while the
national average in the reference period is 703 mm).

Decreasing precipitation amounts are expected in the northern regions and increasing
amounts in the southern regions, with the transition located across Central Europe in
the summer and the southern Mediterranean in the winter. A prominent intensification
of precipitation extremes is present in all seasons and nearly all regions of Europe. In
the continental and northern regions, the entire set of simulations shows an increase in
total precipitation around +20 percent with the largest values in winter and autumn. In
southern regions, changes are more complex and particularly uncertain in warmer seasons.
In those regions, the significant reduction in the number of wet days might influence the
occurrence of heavy flood events in summer. Knutti, Masson, and Gettelman 2013 [37]
suggest this is in line with recent observations of the European precipitation regime, such
as the intensification of heavy events that particularly appears in the winter season [38,39],
which is projected to amplify in a future climate. It has been reported [40] that annual
average precipitation will increase in northern and North-Central Europe, while it will
decrease in Southern Europe.

In Central Europe, a smaller change in precipitation is expected. However, annual
precipitation patterns will change. Southern Europe will experience lower rainfall year-
round. There will be less precipitation during the summer season in Atlantic and continental
Europe, but more winter precipitation. It has been reported [40] that decreases in annual
average precipitation in Southern and Central Europe can be as high as 30-45 percent,
and up to 70 percent in the summer in some regions. Due to this and warmer summer
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temperatures, the risk of summer drought is likely to increase in Central Europe and in the
Mediterranean area.

On the other hand, Kundzewicz et al. 2005 [41] suggested that the potential for intense
precipitation is likely to increase in a warmer climate. According to the Clausius—Clapeyron
Law, the atmosphere’s capacity to absorb moisture should increase with temperature. With
a higher amount of precipitable water, the potential for intensive precipitation should
increase. It seems likely that for broad parts of the investigation area the mean summer
precipitation will decrease, corroborating the general projection of enhanced summer
drying over continental interiors, while the amount of precipitation related to extreme
events will increase [41]. However, the spatial size of extreme precipitation events will
probably be reduced. We have observed intensification of extreme rainfall in our results,
but with a reduced spatial size of storms.

Our study shows that there is very little change in total precipitation for Czechia, but
the distribution of precipitation changes during the year and the number of wet and dry
days also changes. This has a clear effect on runoff and flood genesis. Fewer floods are
seen during spring seasons, due to the reduction of snowpack, which is consistent with
predictions [9,10]. This led to a clear effect in our calibrated rainfall-runoff model for flood
magnitude as well as on the superposition of flood waves. The amplification of less intense
precipitation led to an amplification of flood waves on small and medium-sized catchments,
while large catchments were affected by a decrease in design flows due to the stacking of
flood waves. The distribution of events within the year is also changing, with an increasing
number of winter floods.

Within the loss calculation where there is an increase in the loss of the lower part of the
PML curve (more frequent small floods, or the splitting of a large event into several smaller
ones) and a decrease in tail losses due to the reduction in the number of the largest flood
events. In all climate scenarios considered, losses on the lower return periods increase and
losses on the higher return periods decrease compared to the reference model. Only the
magnitude of these changes differs.

The study contains several uncertainties: uncertainties in climate models, uncertain-
ties in changing precipitation-runoff relationships in the landscape, and uncertainties in
adaptation measures and in population development. To provide the most straightforward
view of the estimation of the risk, the model is accordingly separated into two parts, with a
portion using only the change in climate conditions for the current world and a portion
using the assumption of adaptation.

This study is intended to highlight the possible trend in flood losses (without consid-
ering the price trends) and to provide a basis for further development and decision-making
by the relevant institutions, the state or insurance companies. Floods over Europe are
caused by various triggers. The largest and costliest floods happen in different seasons,
in different regions and in different regional patterns. In Czechia, the majority of serious
floods (e.g., 1997, 2002, 2013) currently happen during the summer season, but different
types of flooding might dominate in the climate scenarios. Further work may target specific
types of storms that do not occur in the current climate, which may play a significant role in
climate scenarios. While the results of this study suggest this may be the case, the current
model cannot capture this completely and without uncertainties. To evaluate the view of
risk from climate change scenarios, it is possible to take a view of climate change scenarios
and convey it to the current model. Using the same vulnerability, exposure, and flood
mitigation measures, the evaluation of the direct impact on the losses can be achieved
for each scenario of the future climate happening under current socio-economic and
other conditions.

Subsequently, the effect of mankind’s efforts protecting themselves, reflected in flood
mitigation, should be added to evaluate such effect. The third step in our future work
is to evaluate the change in exposure (development of new residential, commercial, and
industrial areas with different spatial distribution and sensitivity against flood losses) under
current conditions of current costs associated with flooding.
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One limitation of this study might be underestimation of the future frequency and
magnitude of flash floods on small catchments due to the daily precipitation used for
deriving event set and 24-h simulation of pluvial events. That might even intensify losses
of lower return periods and AAL. However, hydrodynamic simulation based on derived
design flows is based on a frequency analysis of extracted peaks directly from gauging
stations. The output of the rainfall-runoff simulation is used only to evaluate the relative
magnitude of discharge event and real flood hazard is modelled through 2-dimensional
hydrodynamic simulation whose input parameters (hydrological data) are taken from
intensity-duration-frequency (IDF) functions (for pluvial hazard simulations) and design
flows, derived from daily maximum data. Therefore, the rainfall-runoff outputs are used
only to describe the spatial patterns and relative severity magnitude of model’s stochastic
events. That is why the described number of events in climate change scenarios might be
considered to be comparable to the reference period.

In the studied climate scenario flood model for Czechia, for a return period 1 in
5 years for the worst-case scenario, the differences between scenario results and reference
model can be up to +125 percent increase, while for the return period 1 in 100 years it is a
—40 percent decrease. There is no significant effect of adaptation measures for the return
period 1in 100 years, but there is a —20 percent decrease in the return period 1 in 5 years.
The study also considers exposure redistribution in addition to adaptation measures and
brings attention to the significant risk of increasing tail loss in the PML curve when
compared to the reference model (up to +30 percent). It also investigated pluvial flooding
increases by about 10-20 percent (OEP) and 2040 percent (AEP), respectively, in the model.

Another aim of this study was to provide a basis for the decision-making processes,
which may lead to better targeting of adaptation measures in the landscape or construction
of flood control measures, which may result in a significant reduction in losses from large
floods of the “classic” type, as well as flood control measures in small catchments from
heavy rainfall events. This may result in very different flood losses than the model projects.
Stakeholders will likely wish to investigate this further, using this data to initiate processes
of adaptation precisely targeted to their risk. While Impact Forecasting will continue to
refine climate change scenarios in flood models to reflect new knowledge, the climate
change scenarios for the Impact Forecasting Flood model for Czechia [19] considered here
have been implemented into ELEMENTS so users can perform their own analyses using
their portfolio data, and can make their own assumptions about exposure redistribution
or price.
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Zaver
Ve sledovaném povodi Sklafského potoka (Jizerka, Jizerské hory) byla nejviditeln&jSim
dopadem defoliace a poskozeni stavajiciho smrkového porostu vedouci k celkové holoseci.
Nasledoval vyvoj a dominance bylinné travni vegetace Junco effusi-Calamagrostietum
villosae a obtiZzna obnova lesa. Na tyto zmény vegetaéniho povrchu reagovaly vyznamné
testované Ellenbergovy indikatory prostiedi (nejtésnéjSi korelace byla popsana indikatorem
vlhkosti) a vyznamné korespondovaly se zménami hydrologického rezimu v uzavérovém

profilu povodi (jak kvantity, tak i kvality vody).

Naopak v povodi Holubiho potoka s pfirozenym bukovym porostem a nizSi kyselou
atmosférickou zatézi doslo pouze k mirnym zménam (do 20% plochy vegetacniho krytu),
které nebylo mozné postihnout vyznamnou zménou Ellenbergovych indexu; vyznamné
zmény v makrozoobentosu uzavérového profilu povodi byly vyvolany povodrfiovou situaci
a erozi koryta toku. ZvySovani povodriového rizika souvisi s globalni klimatickou zménou,
proto ve vyhledovém obdobi je nutno uvazovat rostouci ovliviiovani makrozoobentosu

v horskych povodich v zavislosti na zvySovani emisi sklenikovych plyn(.

Indika¢ni potencial makrozoobentosu je schopen postihnout jevy sezénni a epizodni
acidifikace v obou sledovanych povodich. V sou€asné dobé doSlo k poklesu emisi siry
do atmosféry a poklesu celkové kyselé depozice, ale mozny narlst emisi dusiku muaze
udrzovat aktualnost problému acidifikace vodniho prostfedi pramennych oblasti
a zde se muze projevit vliv klimatické zmény na zesilovani epizodni acidifikace vodniho toku

a slozeni makrozoobentosu.
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