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Abstrakt

Horizontélni atmosférické srazky z mlhy a nizké oblac¢nosti jsou vyznam-
nou soucasti thrni atmosférickych srazek a vodni bilance horskych po-
vodi. V prostfedi zatizeném vyznamnymi zdroji atmosférickych emisi
(zejména oxidy siry a dusiku) mize dochazet ke zvysovani kyselé atmo-
sférické depozice a jejich environmentdlnich dopadi pravé prostrednic-
tvim ptsobeni horizontalnich srazek, které v bézné lesnické a vodohos-
podarské praxi nejsou respektovany. V oblasti Jizerskych hor dochézi po
fadu let k acidifikaci terestrialnich a vodnich ekosystémi vlivem kyselé
atmosférické zatéze, zhorsovani kvality vody ve vodarenskych nadrzich a
zvysovani nakladi na ipravu pitné vody. Byly zde pozorovany extrémné
nizké hodnoty pH vodniho prostiedi, které vedou ke snizovani obsahu
vapniku a hotéiku (tvrdosti vody) a uvolnovani toxickych forem hliniku.
Tyto zmény v kvalité vodniho prostfedi adekvatné zvysuji i zdravotni
rizika ptidné-vegetacniho komplexu povodi i zdravi obyvatelstva v prileh-
lych aglomeracich. Dominantnim typem porostu v Jizerskych horach je
smrk ztepily (Picea abies), ktery byl s imisni kalamitou nahrazovan spo-
leCenstvim Junco-Calamagrostietum villosae s fragmentovanymi porosty
smrku a dominanci travnich druhu (zejména calamagrostis sp.). Vyzkum
zameéreny na vyskyt a kvantifikaci horizontalnich srazek byl realizovan
v experimentalnim povodi Sklaiského potoka (Jizerka, J-1) a v povodich
vodarenskych nadrzi Sous (S) a Josefav Dul (JD). V téchto zajmovych
povodich byl vegetaéni porost kategorizovan a stanoveny hodnoty in-
dexu listové plochy (LAI) jednak pomoci pozemniho Setfeni a jednak
pomoci nepfimych metod. Pro rekognoskaci historického stavu porostu
byla pouzita data mise Landsat. Detailni pozorovani horizontalnich sra-
zek probihalo v obdobi 2010-2012 a 2015-2017 pomoci kombinovaného
sledovani podkorunovych srazek (na monitorovacich plochach 30x30 m)
a observace okapu mlzné vody na 12 pasivnich kolektorech v transektu
povodi J-1 (rozsahu nadmoiské vysky 862-994 m). Cilem této prace je
(i) detekce intervalu nadmotské vysky s vyznamnym vyskytem horizon-
talnich srézek v zajmovych povodich Jizerskych hor, (ii) analyza listové



plochy porosti, (iii) analyza thrnu horizontalnich srazek pti specific-
kych podminkach fragmentovanych lesnich porostt (véetné vlivi okraje
lesa), (iv) porovnani vysledku ruznych metodickych pfistupt pro sta-
noveni thrnt horizontalnich srazek na plose povodi a (v) kvantifikace
velikosti tthrnu horizontélnich srézek v zavislosti na lesni skladbé (pro
historicky stav a scénéfe lesnickych hospodarskych zdsahu). Byl stano-
ven thrn horizontalnich srazek na jednotlivych stanovistich a odvozen
praumérny ro¢ni thrn v rdmci experimentilniho povodi. Pro tcely de-
monstrace efektu porostu na thrny horizontalnich srazek byla v ramci
experimentalniho povodi rekonstruovana historickd depozice vody for-
mou horizontalnich srazek a depozice forem siry a dusiku. Pro povodi
JD a S byly diskutovidny mozné scénére vegetacniho pokryvu (A - plné
znovuzalesnéni smrkem ztepilym, B - zény respektujici sklony svahu,
ochranu vodnich tokt a mista s negativnim efektem horizontalnich sra-
zek), pro néz byla modelovana depozice horizontalnich srazek, dusiku
a siry. Bylo prokazéano, ze thrn horizontalnich sréazek roste s nadmor-
skou vyskou a vegetac¢nim povrchem. V oblasti Jizerskych hor depozice
vody z mlhy a nizké oblacnosti snizuje intercep¢ni ztratu smrkového
porostu v nadmotskych vyskach nad 700 m, vyznamné pak az od 900
m vyse. Stanovené thrny horizontalnich srazek v zdjmovych povodich
tvori 6 az 8 % srazek evidovanych na "volné plose'. Byla potvrzena sta-
tisticky vyznamna shoda mezi metodami bilance podkorunovych srazek
a aplikace Slinnova depozi¢niho modelu. Bylo pozorovano pouze statis-
ticky nevyznamné navysSeni ihrnu horizontalnich srazek v podminkach
okraje lesa (do 10 %). Dlouhodobé pozorovani srazko-odtokového vztahu
v experimentdlnim povodi J-1 potvrdilo vyznamny vliv smyceni dospé-
1ého smrkového porostu na snizeni acidifikace povrchovych vod (zlepseni
kvality vodniho prostfedi véetné jeho oziveni), proto revize soucasnych
lesnickych postupt a zejména zména struktury lesa muaze vést k pozitiv-
nimu ovlivnéni kyselé atmosférické depozice a kvality povrchovych vod
v zdjmovych horskych povodich.

Klicova slova:

Jizerské hory, vodni bilance horského povodi, intercepce porostu,
horizontalni atmosférické srazky, kysela atmosféricka depozice, fragmen-
tovany lesni porost, index listové plochy, lesni hospodatstvi.
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Abstract

Fog precipitation is a significant part of the atmospheric precipitation
and water balance of mountain watersheds. In an environment affected
by significant sources of atmospheric emissions (especially sulphur and
nitrogen), acid atmospheric deposition and its environmental impacts
can be increased by the effect of fog precipitation that is not respected
in forestry and water management practices. In the Jizera Mountains,
acidification of the terrestrial and aquatic ecosystem has been happe-
ning for many years due to acid atmospheric loads that led to a deterio-
ration of water quality in water reservoirs and increasing drinking water
treatment costs. Extremely low pH values of the aquatic environment
leading to a decrease in calcium and magnesium (water hardness) and
the release of toxic aluminium forms have been observed in the Jizera
Mountains. These changes in the quality of the aquatic environment
increase the health hazards of the soil-vegetation complex of the river
basin and the health of the population in adjacent agglomerations. The
dominating type of stand in the Jizera Mountains is spruce (Picea abies)
that has been replaced with the immission calamity by the community
Junco-Calamagrostietum villosae with fragmented spruce stands and the
dominance of grass species (especially calamagrostis sp.). The research
focusing on an occurrence and a quantification of fog precipitation was
carried out in the experimental catchment Sklarsky potok (Jizerka, J-1)
and in the catchments of the drinking water reservoirs Sous (S) and Jo-
sefav D1l (JD). The vegetation was categorized and the leaf area index
(LAI) was determined using ground research and indirect methods in the
investigated catchments. Historical status of the vegetation was determi-
ned using Landsat data. A detailed observation of fog precipitation was
performed during the periods 2010-2012 and 2015-2017 by combining ob-
servation precipitation under canopy (on plots of 30x30 meters) with the
observation of fog drip using 12 passive fog collectors in a transect in the
catchments J-1 (in a range of elevation 862-994 m a.s.l.). The aim of this
study is (i) to detect the altitude interval of a significant occurrence of
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fog precipitation in the investigated catchments of the Jizera Mountains,
(ii) to analyze the leaf area index, (iii) to analyze quantity of fog preci-
pitation under specific conditions of fragmented forest stands (including
forest edge effects), (iv) to compare different methodological approaches
for determining the amount of fog precipitation, and (v) investigation
of a relation the fog precipitation amount and a forest composition (for
historical status and scenarios of forest management). The amount of
fog precipitation was determined at the individual sites and the average
annual amount of fog precipitation in the experimental catchment was
derived. For demonstrating the effect of vegetation, the historical de-
position of fog water, sulphur and nitrogen were reconstructed in the
experimental catchment. For the JD and S catchments, possible scena-
rios of the vegetation cover (A - full reforestation with spruce, B - zones
respecting slope, protection of watercourses and stands of a negative
effect of fog precipitation) were shown and the deposition of fog preci-
pitation, nitrogen and sulfur was modelled. It has been shown that the
amount of fog precipitation increases with altitude and vegetation. In
the Jizera Mountains area, the fog drip reduces interception losses of
spruce stands at altitudes above 700 m, but significantly above 900 m
a.s.l. The amount of fog drip in investigated catchments varied from 6 to
8% of the open field precipitation. A statistically significant consistency
between the under-canopy water balance method and the application
of Slinn’s deposition model has been confirmed. Only a statistically in-
significant increase in the amount of fog drip in the forest edge (up to
10%) was observed. Long-term observation of the precipitation-runoff
relationship in the J-1 experimental catchment confirmed the significant
effect of a spruce harvesting on the reduction of acidification of surface
waters (improving the quality of the aquatic environment including its
recovery). Therefore, revision of current forestry practices and especially
a forest structure change, can lead to a positive effect on acid atmosphe-
ric deposition and surface water quality in the investigated mountain
catchments.

Keywords:

Jizera Mountains, water balance of mountain watershed, intercep-
tion, fog precipitation, acid atmospheric deposition, fragmented forest
stand, leaf area index, forest management.
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Uvod

Atmosférické srazky jsou slozkou vodni bilance, a prestoze nedilnou sou-
casti téchto srézek jsou i srazky horizontdlni, jejich vyznam stale neni
patfi¢né docenén. Vyzkum horizontalnich srazek probihé celosvétové jiz
od pocatku druhé poloviny 20. stoleti. Bylo prokézano, ze prostrednic-
tvim horizontalnich srazek je deponovano minimalné stejné mmnozstvi
kyselé atmosférické depozice jako prostiednictvim srazek vertikalnich.
V bézném lesnim hospodéistvi ovSem nejsou environmentéalni dopady
horizontalnich srazek prilis uvazovany navzdory faktu, Zze v prostredi
silné zatizenym emisnimi zdroji miize velikost mlzné kyselé depozice do-
konce dominovat. Nejen v literatufe se mluvi hlavné o tzv. kyselych des-
tich, ale v takovychto lokalitdch by se mélo hovotit i o kyselych mlhach
nebo horizontalnich srazkach.

Prestoze v nékterych regionech svéta jsou horizontalni srazky co do
mnozstvi naprosto klicové, ve stfedoevropskych podminkéch je velikost
jejich thrnu v celkovém mnozstvi atmosférickych srazek mala. Z hlediska
vlahové bilance vegetace, zejména v suchych obdobich roku, by ale ho-
rizontalni srazky nemély byt zanedbavany. V relativné malém mnozstvi
vody je deponovano stejné mnozstvi kyselych latek jako ve srazkach ver-
tikalnich. Vegetace je tak stresovana extrémneé kyselymi roztoky z hori-
zontalnich srazek. Vzhledem k tomu, Ze se ithrny srazek z mlhy bézné
nedetekuji, tyto srazky pak predstavuji zna¢nou nejistotu v mmnozstvi
celkového zatiZeni povodi polutanty. Ackoli se v poslednich desetiletich
situace ponékud stabilizovala z pohledu emisi siry, kterd byla vyznam-
nym puvodcem acidifikace, rostouci prispévek ke kyselosti srdazek lze
zaznamenat u emisi oxidu dusiku.

Zajmova povodi, kterymi se zabyva tato prace, se nachazi v Jizer-
skych horach v oblasti silné zasazené acidifikaci. V této oblasti se nachéazi
vodarenské nadrze slouzici jako zdroj pitné vody. Acidifikace, nejen pro-
strednictvim horizontalnich srazek, snizuje pH, snizuje obsah vapniku a
hot¢iku a uvolnuje do vody z pudy toxicky hlinik. Zména kvality vody
v povodi ovliviiuje kvalitu a zdravi porostu, ohrozuje vodni ekosystémy,
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ale projevuje se nejen lokalné, ale i ekonomicky, kdy jsou nutné vyssi
investice do Upravy pitné vody.

Vzhledem k environmentalnimu vlivu horizontalnich srazek muze byt
jejich vliv kontrolovan zménou vyuziti tizemi a zménou postupu lesniho
hospodarstvi v povodi. Studium vlivu riznych druhii vegetace na vstup
horizontalnich srazek do povodi muze slouzit jako podklad pro zménu
skladby lesniho porostu i s ohledem na kvalitu vody v povodi. Pro-
ces tvorby a velikost skute¢nych environmentalnich dopadu horizontal-
nich srazek je velmi zavisly na lokalnich podminkéach, zejména klima-
tickych, morfologickych a vegetacnich. Znalost procesu v jedné lokalité
nelze snadno zobecnit a aplikovat v lokalité jiné, coz je pravdépodobné
jeden z duvodu, proc¢ jsou horizontalni srazky z hlediska environmental-
nich dopadi stéle zanedbavany. Proto jen detailni vyzkum v dostatec-
ném mnozstvi jednotlivych lokalit mtize napomoci porozuméni procesum
tvorby horizontalnich srazek natolik, aby se bylo mozné pokusit kvanti-
fikovat jejich thrn obecné, véetné zatizeni povodich kyselou depozici.

Stav lesntho porostu v zajmovych povodich Jizerskych hor je velmi
specificky. Plosny tthyn lesa a jeho vytézeni v 80. letech 20. stoleti, pro-
blémy se znovuzalesnénim, vznik fragmentovaného porostu a intenzivni
vyskyt travnich spolecenstvi vytvorili specifickou lokalitu, kde 1ze stu-
dovat horizontalni srazky v Sirokém spektru podminek.

Cilem diserta¢ni prace bude prispét k porozumeéni environmentalnich
dopadt horizontalnich atmosférickych srazek v horském povodi v pod-
minkéch kyselé atmosférické depozice. Na zdkladé detailniho dlouhodo-
bého pozorovani bude stanovena velikost depozice horizontdlnich srazek
riaznymi metodami na plose zadjmovych povodi — véetné odhadu histo-
rickych thrnt za predchoziho stavu vegetace a odhadu kyselé depozice
prostfednictvim horizontalnich srdzek z mlhy a nizké obla¢nosti. Vliv
vegetacni skladby na velikost kyselé depozice bude demonstrovan pro-
stfednictvim riznych vegetac¢nich scénaiti. Proces tvorby horizontéalnich
srazek v danych podminkach Jizerskych hor bude uvazovat vliv okraji
porostu a muze slouzit pro pripadné budouci porovnani s dalsimi loka-
litami.



KAPITOLA

Strucny prehled problematiky

1.1 Definice horizontalnich srazek

Srazky jsou vysledkem kondenzace nebo sublimace vodnich par v ovzdusi
nebo na povrchu predméti a rostlin. Vyskytuji se ve formé kapalné (dést,
mrholeni, mlha, rosa) a pevné (snih, kroupy, ndmraza, jinovatka), Mu-
nzar (1989). Horizontalni srazky jsou hlavné turbulentni proces, kterym
jsou mlzné kapky usazovany na vegetacni povrch (Hildebrandt a Elta-
hir 2008). Mezi horizontalni srazky se radi mlha, ndmraza, rosa, jini,
ledovka a jinovatka (Munzar 1989). Obecné je voda pochézejici okapem
z mlhy nebo nizké oblac¢nosti dillezitym vstupem vody do povodi, ktery
neni registrovan standardni srazkomeérnou siti. V tradié¢nim srazkomeéru
se horizontalni srazky objevuji v blize nespecifikovatelnych a nepredvi-
datelnych objemech (Proskova a Hunova 2006), proto je lze jen tézko
uvazovat v bilan¢nich vypoctech.

Horizontalni srazky se v ¢eském a slovenském prostiredi oznacuji jako
srazky usazené, ovsem jak uvadi Bednar (1989), tento pojem patii k ces-
koslovenskym terminologickym specifikiim a obecné se v mezinarodni
terminologii nepouziva. Na druhou stranu, rozliSovani horizontalnich sra-
zek neni v literature jednotné. Napiiklad Brechtel (1990) déli horizon-
taln{ srazky na ,deposited“ (rosa, jini a jinovatka) a ,collected“ (mlha,
obla¢nd voda a namraza), Bednar (2003) rozdéluje horizontalni srazky
na kapalné a tuhé. Dalsi autori zase nepokladaji za horizontalni srdzku
ledovku, nebot ta se tvori mrznutim kapek desté ¢i mrholeni na zem-
ském povrchu a predmétech (Tesaf et al. 2005). Rozdélovani horizont4l-
nich srazek na jednotlivé druhy je uzitecné hlavné kvili jejich studiu,
celkovy uhrn téchto srazek je ale dan jako celkova suma zkondenzované
vody. V pripadé, ze zadrzend voda na povrchu vegetace a zemé prekroci
intercepcni kapacitu, voda odkapava na pudu propadem mezi vegetaci
nebo stokem po kmeni stromil, tento jev je pak znamy jako horizontalni
srazky (Dawson 1998), v angli¢tiné horizontal precipitation, fog precipi-
tation nebo okrajové occult precipitation.
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1. STRUCNY PREHLED PROBLEMATIKY

Hlavni ¢initelé kondenzace vody z mlhy jsou: teplota a vlhkost vzdu-
chu a z nich vychézejici teplota rosného bodu, rychlost vétru, kapalny
obsah vody v mlze, velikost kapek a vlastnosti predmétu, na které se usa-
zuji (Bruijnzeel et al. 2006). Predpokladem pro kondenzaci vody z mlhy
je stav, kdy se teplota sty¢ného povrchu priblizi teploté rosného bodu.
Podminkou kondenzace ¢i desublimace vodni pary je pritomnost hygro-
skopickych ¢astecek v atmosfére, tzv. kondenzacnich jader. Nejuc¢innéjsi
kondenzaéni jadra jsou bud ¢astecky hygroskopickych latek, nebo ionty.

Mlha je atmosféricky aerosol sestavajici se z velmi malych vodnich ka-
picek (nebo vzacné drobnych ledovych krystalki) rozptylenych ve vzdu-
chu, které snizuji horizontdlni viditelnost pod 1 km. Mlha vznika, jestlize
teplota vzduchu poklesne pod teplotu rosného bodu, nebo se mu pii do-
state¢ném vyskytu kondenzac¢nich jader priblizi (Parker 2003). Viditel-
nost v mlze je zavisla na velikosti ¢astic tvorici mlhu a obsahu vody —
tedy mnozstvi kondenzované vody na jednotku objemu, nebo také ka-
palny obsah vody v mlze (LWC — liquid water content). Polomér kapek
v mlze miize byt 1-60 um. Obsah vody v mlze obvykle nepresahuje 0,05—
0,1 g.m~3, ale ojedinéle u velmi silnych mlh mtze dosdhnout 1-1,5 g.m =3
(Prokhorov, A. M. 1979).

1.2 Vodni bilance

Vodni bilanci obecné rozumime porovnani prirtistkfi, ubytkid a zménu
zasob vody v daném tzemi za Casovy interval. Porovnavame tedy mnoz-
stvi spadlych srazek s vyparem a odtokem vody. Mnozstvi srazek spad-
Iych na povodi se sklada ze srazek vertikdlnich a horizontalnich. Bézné
se vychazi z mérenych dat ziskanych klasickymi srazkomeéry, kde jsou
horizontalni srazky zachytavany v zanedbatelném a blize nezjistitelném
mnozstvi. Snadno pak muze dochazet k podhodnoceni celkového tthrnu
srazek. Hadas (2007) upozornuje, ze doposud také neni uspokojivé vy-
feSen vyznam horizontalnich srédzek ve vlahové bilanci rostlin.

V Ceské republice byly dosud horizontélni srazky sledovany v hor-
skych a podhorskych oblastech Sumavy, Krkonos, Jizerskych hor a Krus-
nych hor (Tesaf et al. 1995, 2004, 2005, Bridges et al. 2002), v némec-
kych Krusnych horach (Zimmermann a Zimmermann 2002, Lange et al.
2003), v Orlickych hordch (Kreémer et al. 1979), na jizni Moravé v ob-
lasti Rajec-Néméice (Hadas 2007). V Ceskych podminkich byl uréen
thrn horizontalnich srazek pro oblast Sumavy, Jizerskych hor, Krkonos,
Krusnych hor a Orlickych hor od 10 do 20 % tdhrnu srazek volné plo-
chy. Stejny rozsah hodnot byl reportovan pro blizka pohoti v Némecku
— Fichtelgebirge (Verhoeven et al. 1987, Wrzesinsky a Klemm 2000) a
Kleiner Feldberg (Pahl et al. 1994).

Ze svétovych studii 1ze uvést vyzkumy: v oblasti Great Dun Fell v An-
glii (Pahl et al. 1997), Vosges Montains ve Francii (Herckes et al. 2001),
kde byl dhrn stanoven jako zanedbatelny. Naopak v Dhofaru v Oménu
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1.3. Vliv vyskytu mlhy na snizovani intercepéni ztraty

Hildebrandt a Eltahir (2008) namérili pétindsobny ihrn horizontalnich
srazek ve srovnani se srdzkami vertikdlnimi. V pohori Tanzawa v Ja-
ponsku Igawa et al. (2002) urcil dvojndsobny pomér. V semi-aridnich
pobfeznich oblastech Saudské Arabie (Katata et al. 2010), v sekvojo-
vych a pobfeznich lesich v Kalifornii (Dawson 1998, Avila et al. 2000),
v subalpinskych jehli¢natych lesech severovychodu USA (Lovett 1984,
Lovett a Reiners 1986) nebo v pohoti Sierra de las Minas ve vychodni
Guatemale (Holder 2003) thrn horizontélnich sréazek dosahuje 19-46 %
srazek volné plochy.

Horizontalni srazky z mlhy a nizké oblacnosti ve formé odkapavané
vody jsou absorbovany kofenovym systémem a mohou prispivat k od-
toku — pfimo nebo nepiimo (geneze horizontélnich srazek na povrchu
vegetace sycenim intercepéni kapacity snizuje intercepéni ztrétu). Do-
konce studie, které pouzivaly stabilni isotopové stopovace, prokazaly, ze
horizontalni srazky mohou byt zdrojem obnovy zisob podzemni vody
(Scholl et al. 2002). Proto je tento vliv nutné sledovat v oblastech ohro-
zenych zvysenou acidifikaci.

Studie horizontalnich srazek naznacuji, ze jejich ithrn mize ve velmi
suchych oblastech nékolikrat prevysit ihrn destovych srazek a horizon-
talni srazky mohou byt vyznamnym zdrojem vody. Obzvlasté pokud pii
bézné srazkové udalosti spadne vétsina ro¢niho priaméru (Katata et al.
2010), kdy vétsina vody okamzité odtece, a nemuze tak byt zdrojem
vldhy pro vegetaci. Na druhou stranu i vyzkumy v oblastech na srazky
bohatych pobfeznich hiebent zépadniho pobiezi USA (severni Kalifor-
nie a jizni Oregon) prokazaly, ze znacna ¢ast vody vstupujici do téchto
regionit pochazi pravé z mlhy (Dawson 1998).

I pres relativné nizky pomér thrnu horizontalnich srazek ke srazkam
volné plochy v stfedoevropskych podminkach je tfeba vliv horizontalnich
srazek zapocitavat z hlediska presnych bilanénich vypocta v jehlicna-
tych porostech. Velikost jejich tthrnu je ale zavislad na zdjmové lokalité a
stavu porostu a stupni zalesnéni a pripadnych hospodarskych opatrenich
(Krec¢mer et al. 1979).

1.3 Viliv vyskytu mlhy na snizovani intercep¢€ni ztraty

Intercepce je jednou ze slozek, se kterou je nutno pocitat ve vypoctech
vodni bilance zejména u lesnich porosti, kdy je jednim z procesi, kte-
rym je snizovano mnozstvi disponibilni vody v krajiné. Intercepce je
mnozstvi vody zadrzené na lesnim porostu, které nikdy nedopadne na
povrch pidy a ani na ni nestece (Shaw et al. 2011). Voda z mlhy v ko-
runédch stromu tak snizuje ztraty srazkové vody. Vodni Castice mlhy se
usazuji na povrchu rostlin, ktery se nasyti skropnou vodou, a umozni tak
nasledny okap nevazané vody. Tim jsou zajistény porostni srazky i v ji-
nak bezesrdzkovych obdobich. Rovnéz nasycenim vegeta¢niho povrchu
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1. STRUCNY PREHLED PROBLEMATIKY

se usnadnuje prunik pfipadnych vertikalnich srdzek k pudé (Kreé¢mer
1968).

Je-li namérend hodnota srazek na povrchu pidy mensi, nez je mnoz-
stvi srazek nad vegetaci, mluvime o intercep¢ni ztraté. Tato ztrata diky
vyskytu horizontalnich srazek z mlhy miize byt vyznamné umensovana.
Pokud predchéazelo srazkové udélosti suché obdobi a intercepce je za-
pornd, lze usuzovat na dotaci z horizontalnich srézek.

Intercepéni proces lze rozdélit do nékolika fazi (Kre¢mer et al. 1981):
(1) VSechna srazkova voda zachycend vegetaci je spotfebovana na smé-
¢eni zéchytného povrchu az po hodnotu skropné kapacity korun; (2) sy-
ceni intercep¢ni kapacity korun, ¢ast srazkové vody zacina odkapavat a
stékat po kmeni a (3) nasyceni intercep¢ni kapacity, vSechny srazky beze
ztrat pronikaji skrz korunovou vrstvu. Kre¢mer et al. (1981) uvazuje, ze
vyskyt a kvalita mlhy je pravdépodobné jednim z urcujicich faktora,
pro¢ dochéazi ke kolisani intercepéni ztraty béhem roku. Maximélni pte-
bytky porostnich srazek se objevuji v mésicich se zna¢nym vyskytem
poc¢tu dni s mlhou, nejvétsi ztraty vody pak nastavaji v mésicich s mi-
nimalnim vyskytem dntt s mlhou. Plat{ ovSem, ze mlhy radia¢ni oproti
frontdlnim mlhdm maji mnohem mensi kapalny obsah vody v mlze a
tudiz nizsi schopnost snizovat intercepc¢ni ztratu (Shaw et al. 2011).

V béznych vodohospodarskych bilancénich vypoctech se vliv syceni
intercep¢ni kapacity vodou z mlhy neuvazuje. Duvodem je nedostatek
primych méreni, nicméné jejich zanedbani vede ke zkresleni bilance vody
v povodi (véetné odhadu evapotranspirace).

1.4 Podminky kyselé atmosférické depozice

Atmosférickd depozice je proces transportu latek v plynném, kapalném
a tuhém skupenstvi na zemsky povrch, jde o vyznamny déj, pii némz
probihd samocisténi atmosféry. V pripadé horizontalnich srazek ptisobi
polutanty bud jako kondenzacni jadra, nebo se do vody dostavaji az pri
nasledném smyvu z povrchu listi. Velikost depozice se vyjadiuje obvykle
v jednotkéch latkového toku, nejéastéji kg.km?.rok—! (Elias et al. 1995).

Vlivem exhalaci klesd pH srazkovych vod az k hodnotdm < 4, zejména
u podkorunovych srazek smrku. Fisdk (2004) uvadi, ze smrkové porosty
jsou schopny zachytit z ovzdusi vyssi mnozstvi kyselych latek nez lesy
smisené ¢i listnaté. Nékteré druhy pad maji relativné velkou schopnost
neutralizacni kapacity, a zdrzi tak ucinek kyselych destt na povrchové
vody (Fisdk 2004). Vzhledem k vlivu zastoupeni smrku ve vegetaci na
depozici ionti siry doslo ke snizeni koncentraci sirant v povrchovych
vodach nasledkem thynu lesnich porosti (Fisdk 2004). Kromé slouce-
nin siry jsou hlavnim zdrojem okyseleni prostredi slouceniny dusiku.
Nadbytek dusiku vede k priliSnému okyseleni prostiedi, ve vodnich eko-
systémech snizuje kvalitu vody a vede k rozvoji eutrofizace vod. Zdroje
NO, a NH, se na rozdil od SO, S$patné eliminuji, protoze nepocha-
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1.4. Podminky kyselé atmosférické depozice

zeji z jednoho bodového zdroje, jako jsou typicky uhelné elektrarny, ale
z plosnych zdroju, jako je doprava nebo zemédélstvi (Schemenauer et al.
1995).

Samotnou depozici lze rozdélit na mokrou a suchou, v pripadé vyso-
kych koncentraci latek podstatné snizujicich pH se hovoti o depozici ky-
selé. Suché depozice se déje usazovanim tuhych ¢astic z atmosféry a ab-
sorpci plynnych slozek vegetaci (Bednar 2003). Mokra depozice se usku-
tecnuje pomoci vertikalnich nebo horizontalnich srazek. Prestoze thrn
horizontalnich srazek ve stiedoevropském regionu neprevysuje tthrn ver-
tikalnich srazek, kyseld depozice formou horizontdlnich srazek je podle
Tesafe et al. (2004) vyznamnéjsi. Koncentrace iont v mlzné vodé mohou
byt az o fad vyssi nez u vertikalnich srazek.

Proskova a Hunova (2006) uvadi, ze pri¢inu vyssich koncentraci po-
lutant v mlzné vodé lze hledat ve vyskytu mlhy v blizkosti zemského
povrchu, kde se nalézd vétsina emisnich zdroju. Pahl et al. (1997) uvadi
vzdéalenost od kondenzacni zdkladny oblaku - vys$i mnozstvi rozpus-
ténych latek lze nalézt s vysSsi vzdalenosti od zakladny. To implikuje
rostouci zatizeni polutanty s rostouci nadmoiskou vyskou. V piipadé
existence uzavienych porostu lze podle Weatherse et al. (1995) oceké-
vat, ze stromy na okraji porostu zadrzi 3-15 krat vice iontd nez stromy
uvnitl uzavieného porostu.

Nizké pH v povrchovych tocich vlivem kyselych sréazek zptisobuje
uvolniovani toxického hliniku (Holen et al. 2013), coz redukuje biotop ve
vodnich tocich a nadrzich. Kromé negativniho vlivu na povrchové vody
pusobi horizontalni srazky piimo i na vegetaci, a to daleko komplexnéji
a déle nez srazky vertikalni (Fisdk 2004). Zimmermann a Zimmermann
(2002) to oduvodnuji faktem, Ze velmi nizké pH muze poskodit epikuldrni
vrstvy listd, obzvldsté pokud odpafovanim usazenych srazek se stava
roztok jesté kyselejsim. Tesar et al. (2005) dopliuje, ze negativni G¢inky
kyselé depozice formou mlhy jsou pro lesni ekosystém jesté citelnéjsi,
protoze voda po odkapani mlhy prechazi piimo ke kofenovému systému.
Pahl et al. (1994) pozoroval, ze kapky mlzné vody se mohou na listu
udrzet az ctyrikrat déle. Igawa (2002) zase velky vliv spatfuje v tom,
ze voda z mlhy se muze zachytavat i na spodni strané listu na rozdil
od vody vertikalnich srazek. Lange et al. (2003) v nékterych vzorcich
mlzné vody v némecké ¢asti Krusnych hor nalezl tak vysoké koncentrace
kyselych latek, ze prekracovaly hodnoty limitni pro zdravi lesa. Prestoze
tyto koncentrace od 80. let klesly, stile jsou velmi vyznamné a mnoho
vzorki zustavd ve phytotoxickém rozsahu pH pod 3,5.

V regionech v podminkach kyselé atmosférické depozice, zejména
z antropogennich zdroji, se miize vyznamné zhorsit kvalita vodniho
prostiedi (Verhoeven et al. 1987, Igawa et al. 2003, Holen et al. 2013),
nicméné vétsina autori sice popisuje negativni efekt acidifikované vody
z mlhy, ale snazi se ho pouze kvantifikovat. Navrhy na opatifeni ¢i vy-
zkum zkoumajici vliv ndpravnych opatfeni na omezeni negativniho vlivu
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1. STRUCNY PREHLED PROBLEMATIKY

horizontalnich srazek dosud nebyl plné proveden. Napiiklad Lange et al.
(2003) pouze navrhuje dalsi sledovani polutanti mlznou depozici za tce-
lem ochrany lesti pred poskozenim kyselymi roztoky z mlhy, ale uz neu-
vadi konkrétni opatfeni. Na druhou stranu, Kiecek a Hoticka (2010) se
zabyvaji moznostmi jiného vyuziti zemi a hospodafeni v povodi. Rov-
néz uvadéji scénare dalsiho okyselovani povrchovych vod a pudy, coz
by vedlo k omezeni obsahu vapniku a horc¢iku a znovu vyssimu obsahu
hliniku.

Katata et al. (2010) zminuje, ze pro dalsi vyzkum je tieba dokona-
lejsich modelti, které budou verifikoviny a budou vyuzivat presnéjsich
dat s mensimi nejistotami, coz by mohlo vést k lepsimu pochopeni vlivu
budouciho vyuziti tizemi a klimatické zmény na mlzné lesy. Bruijnzeel et
al. (2006) upozornuje, ze kvuli globalni zméné klimatu mohou byt v po-
tencidlnim ohrozeni nové i lesy vyssich hrebenu kvili zvedani zakladny
mlznych oblaki.

Bruijnzeel et al. (2006) upozortiuje, ze prestoze v nékterych ekosysté-
mech (sekvojové lesy v Kalifornii) porozuméni vyznamu horizontélnich
srazek vzrostlo, stdle neni mnoho znamo o fyziologickém vyznamu ho-
rizontalnich srazek v dalsich ekosystémech. V podminkach stiedni Ev-
ropy je diky vyzkumum v ¢eskych a némeckych pohotich (Kre¢mer et
al. 1979, Elias et al. 1995, Pahl et al. 1997, Wrzesinsky a Klemm 2000,
Tesar et al. 2005) o procesu tvorby horizontalnich srazek zndmo mnoho,
ale stéle je treba dalsich vyzkumt pro kvantifikaci jejich vlivu v konkrét-
nich regionech kvuli rozdilnému druhu, stavu, stari a rozlozeni porostu
a rozdilnym zdrojim emisi v ovzdusi.

1.5 Faktory vyskytu horizontalnich srazek

Vyznam thrnu horizontalnich srazek z mlhy a nizké oblac¢nosti lze obecné
posuzovat v zavislosti na nadmotské vysce, druhu a mnozstvi vegetac-
niho pokryvu v oblasti a dle sezdny.

1.5.1 Nadmorska vyska

Na zakladé dlouhodobého pozorovani uvadi Kre¢mer et al. (1968, 1979),
ze srazky z mlhy mizeme dle mistnich podminek ve stredoevropském
regionu povazovat za vodohospodarsky podstatné od nadmorské vysky
600 m az 1000 m. Pro klimatické podminky stfedni Evropy Brechtel
(1989) uvadi jako limitni nadmotskou vysku 700 m. Wrzesinsky a Klemm
(2000) hovori o vyznamné roli horizontélnich srézek z mlhy pro vodni
bilanci na zalesnénych plochach az od nadmotské vysky 800 m. V klima-
tickych podminkach nizin mirného pdsma pokladd Krec¢mer et al. (1979)
vliv mlhy a srazek z mlhy za mensi, nicméné nasledny vyzkum v luznich
lesich na Moravé prisuzuje horizontalnim srazkam rovnéz nezanedba-
telny podil ve vldhové bilanci rostlin (Hadas 2006). Frekvence vyskytu
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1.5. Faktory vyskytu horizontalnich srazek

mlhy roste s nadmotskou vyskou. Horské oblasti jsou mnohem vice ovliv-
nény atmosférickou depozici z mlhy nez nize poloZend mista, obzvlasté
ve stfedni Evropé (Lange et al. 2003). Fojt a Kreémer (1979) vysvétluji,
ze na rozdil od poloh nizinnych se pravé ve vyssich polohéch spise objevi
podminky pro vyskyt vodnych mlh, které jsou schopny se stat v ramci
intercepéniho procesu kladnou slozkou porostni vodni bilance.

1.5.2 Vegetace a listova plocha

Fojt a Kreé¢mer (1975) uvadi, ze mimo nadmoiské vysky je neméné
dilezitym parametrem tvorby horizontalnich sréazek vegetacni pokryv.
V hustych porostech lze oéekévat vyssi ihrny nez v fidkych a nejmensi
tihrn horizontalnich srazek v travé na volné ploge. Kantor a Sach (2007)
upozornuji, ze zvlastni zfetel je treba brat nejen na hustotu zakmenéni
v plose, ale i na stav listové plochy. Husty lesni porost bude po rozsdhlém
zimnim polomu v korunich stromu vykazovat vyrazné nizsi schopnost
zachytu vody z mlhy, stejné tak i listova plocha silné poskozend zne-
¢isténim v atmosfére. Goodman (1985) specifikuje, Ze nejvyssi poten-
cidl zachytu mlzné vody lze hledat na smrkovych porostech vzhledem
k celkové plose jehli¢i. Moznost zachytu horizontalnich srazek v zimnim
obdobi opadavymi listnatymi stromy je rapidné omezena.

Schopnost porostu k zéachytu vody z mlhy 1ze do urcité miry kvantifi-
kovat pomoci indexu listové plochy (leaf area index) — LAIL, ktery se déle
vyuziva v depoziénich modelech pro stanoveni velikosti depozice mlzné
vody (Hildebrandt a Eltahir 2008, Wrzesinsky a Klemm 2000, Lange
et al. 2003). Index listové plochy byl definovin Watsonem (1947) jako
jednostranny index, ktery vyjadruje, kolik metra ¢tvere¢nich zaujima
plocha vsech listd, nachézejici se nad 1 m? ptudniho povrchu. Hodnota
LAI nabyva hodnot podle druhu porostu, ktery se na dané plose nachazi.
Na loukach hodnoty LAI typicky dosahuji hodnoty 2, maximélné 3 (Ra-
miréz Garcia et al. 2012), v porostech kulturnich rostlin mohou tyto
hodnoty byt jesté vyssi. Gosa et al. (2007) zkoumal mnoho druht trav a
bylin a dospél k zavéru, ze hodnoty LAI mohou velmi variovat — od 0,7
do 4,5 pro travu, od 1,5 do 5,7 pro kefe a od 5,2 do 5,3 pro stromy. Po-
rovnanim ruznych metod stanoveni LAT ale zjistil az 100% rozdily mezi
jednotlivymi metodami. Breda (2003) uvadi LAI pro jehli¢naté porosty
3,5 (borovice) az 7,5 (smrk).

1.5.3 Okraje a stfed porostu

Existuji dva hlavni procesy (Hildebrandt a Eltahir 2008), kterymi do-
chazi k zachytu a usazeni horizontélnich srazek: (i) ze strany, z okraje
porostu (tzv. edge effect) nebo (ii) z vrchu (turbulentni depozice). Plati,
ze depozice procesem ze strany, tedy vétrem hnanou oblacnosti, je vy-
znamna zejména pro okraje porostli a se vzdalenosti od kraje se stava
zanedbatelnou (Weathers et al. 2005). Proto pro uzavienéjsi porosty je
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vvvvv

chézi z vrchu ze vzduchu, depozice je nezavisla na horizontalni pozici a
zavisi pouze na zachytné plose porostu, pripadné vertikalnim rozlozeni
koruny. Nékteré vyzkumy vyuzivajici mikrometeorologické depozi¢ni mo-
dely (Lovett 1984, Weathers et al. 1995) uvazuji vliv okraju porostu.
Lovett a Reiners odvodil (1986), Ze depozice blizko okraje muze byt az
pétindsobnd proti depozici uvniti porostu. Weathers et al. (1995) ve smr-
kovém lese ve staté New York ocekava depozici na okrajich 3-15x vyssi
nez uvnitt uzavieného porostu. Kre¢mer et al. (1979) ovSsem uvadi, ze
pro fragmentovany porost v pasu do sitky 10-20 m Ize ocekavat navyseni
depozice pouze o 10 %. Hildebrand a Eltahir (2008) predpokladd nej-
vyssi vliv okraji praveé v porostu, ktery se déli na vice uzavienych celki,
s proridlym nebo zadnym porostem mezi shluky stromil vlivem velké
zachytné plochy ve srovnani se zakladni plochou vrcholkt. Klemm et
al. (2005) odvodil, Ze Lovettiv model muze depozici z mlhy vyznamné
precenovat az o 32 %, takze velikost depozice na okrajich odhadnuté
modelem miuze byt zatizena rovnéz vyznamnou chybou.

1.6 Metody stanoveni depozice z mlhy

Vzhledem k tomu, ze proces depozice horizontélnich srazek je velmi zé-
visly na mistnich podminkéach, je stanoveni thrnu horizontalnich srazek
del depozice horizontélnich srédzek vytvoril Shuttleworth (1977), z jehoz
konceptu pak vychazeli dalsi autori. Obecné lze metody stanoveni veli-
kosti thrnu horizontalnich srazek rozdélit do nékolika kategorii:

Model chemického slozeni protékajici vody (Lovett 1984)— Tento
model aplikuje nékolik predpoklad ohledné chemie a hydrologie v po-
vodi. Jedinymi vstupy jsou vertikalni srazky, horizontalni srazky a sucha
depozice. Jediné vystupy jsou evapotranspirace a stok po kmeni. Sledo-
vany iont musi mit minimélni zdroje ¢i ztraty ve sledovaném povodi ve
SOZ_, protoze zdroj je vétsinou mimo horské povodi a aniont primo
neinteraguje s povrchem vegetace.

Metoda bilance podkorunovych srazek (Lovett 1988) — Tato me-
toda vychazi z predpokladu, ze horizontalni srazky jsou zachyceny stromy
a jejich objem je soucéasti podkorunovych srédzek. Porovnanim s inter-
cepci a vertikalnimi srazkami lze stanovit pridavek v podkorunovych
srazkach, ktery je pivodem z mlhy.

Meéreni pres nahradni plochu (Lovett a Reiners 1983) — Metoda
vychézi ze zachytu horizontalnich srdzek na ndhradni plose umélého

yolisténi® ¢i dratového kolektoru. V rtznych modifikacich zachytnych
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kolektort je tato metoda Siroce uzivand pro odbér vzorki mlzné vody
pro chemické rozbory, stanoveni aktualniho thrnu horizontalnich srazek
¢isté touto metodou je vSak slozité. Joslin et al. (1990) uvadi, ze voda
zachycena kolektorem nutné nereprezentuje mnozstvi vody zachycenou
stromy, nicméné lze najit dobry vztah mezi zachycenym mnozstvim v pa-
sivnich kolektorech a podkorunovymi srazkami v lokalnich podminkéch
zkoumaného povodi (Joslin et al. 1990). Proto je vhodné sledovani hori-
zontalnich srazek pasivnimi kolektory mlhy doplnit o sledovani podko-
runovych srazek.

Depozic¢ni modely — Do této kategorie mimo jinych spadd mikrome-
teorologicky model odvozeny Lovettem (1984) nebo jednodussi analy-
ticky model odvozeny v podobné dobé Slinnem (1982). Oba modely do
rizné miry operuji s gradientem proudéni vzduchu, turbulentnim prou-
dénim, meteorologickymi velicinami a znalosti LWC. Lovettiv model byl
puvodné odvozen pro odhad prispévku horizontdlnich srazek do vodni
bilance v subalpinskych jedlovych lesich Apalacskych hor. Nasledné byl
pouzit v dalsich lokalitach a byl rizné modifikovan. Mueller et al. (1991)
modifikoval Lovettiv model tak, Zze uvazuje zachyt horizontalnich sra-
zek prevazné na listech a ne na ostatnich castech stromu. Miller et al.
(1993) prizpusobil Lovettiv model pro pouziti ve smisenych lesich pohoti
Mount Whiteface v. New Hampshire. Pahl et al. (1994) aplikoval model
v porostu smrku (Picea abies) v Némecku. Model je velmi naroény na
detailni méreni meteorologickych veli¢in a detailni znalosti distribuce
porostu. To omezuje jeho pouzitelnost pouze pro mala tizemi a kazda
nejistota vstupu zvysuje rapidné nejistotu vystupu.

Slinntv model (Slinn 1982) byl na zékladé pfimych méreni v horskych
povodich aplikovan dalsimi autory (Hildebrandt a Eltahir 2008). Be-
swick et al. (1991) experimentalné zjistil, Ze Slinntiv model (Slinn 1982),
ac je jednodussi, produkuje lepsi vysledky nez Lovettiv model. I bez

vvvvv

pro odhad mlzné depozice.

1.7 Pristrojové vybaveni a jeho uziti

Pristrojové vybaveni pro méfeni vertikalnich srazek volné plochy i pod
korunami je v literatufe detailné popsano (¢lunkovy srazkomeér, vadhovy
srazkomeér, Hellmanuv srdzkomeér), stejné tak ¢idla, ktera jsou standard-
nim vybavenim meteorologickych stanic (méreni teploty, relativni vlh-
kosti, rychlosti vétru). Specifickymi ptistroji jsou pristroje zalozené na
spektrometrické analyze velikosti a poctu kapicek v mlze a pristroje pro
stanoveni viditelnosti (VIS), pricemz obé skupiny lze vyuzit pro stano-
veni obsahu kapalné vody v mlze (LWC). Dalsi skupinou pfistroju jsou
vzorkovaci pristroje, aktivni a pasivni kolektory mlhy. Jejich primarni
ucel je odbér vzorku pro chemickou analyzu, ale je rovnéz mozné je oba
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pouzit pro odhad LWC. V pripadé pasivniho kolektoru lze zachyceny
objem pouzit v kombinaci s méfenim podkorunovych srazek a srazek
volné plochy pro kvantifikaci prostorové depozice horizontalnich srazek
z mlhy.

1.7.1 Spektrometrické méreni kapek a méreni viditelnosti

Pro pfimé méreni LWC, respektive méteni velikosti ¢astic v mlze byly
vyvinuty spektrometry, v literature se nejcastéji vyskytuji dva pristroje:
PVM-100 (Gerber 1984) a FSSP-100 (Knollenberg 1981), ¢i jejich ak-
tudlnéjsi verze. Pristroje je nicméné nutno kalibrovat a béhem uziti
v terénu pravidelné kalibraci kontrolovat (Arends et al. 1992). Skutec¢na
presnost méreni pristroju je ale nejasnd. Gerber et al. (1999) uvadi, ze
v nékterych pripadech byly detekovany rozdily v méreni mezi témito
pristroji az 200 %, ale dokonce i 650 %, coz vyrazné vybocuje z udavané
presnosti pro jednotlivé piistroje (30-50 % pro FSSP, 5-10 % pro PVM).
Udévané nepresnosti spektrometrickych pristroju lze povazovat za vy-
znamné. Prestoze teoretickd presnost pristroje typu PVM-100 je velmi
vysokd. Nutnost pribézné kalibrace ¢i spravné provedeni méfeni v te-
rénu nejistoty zcela logicky zvysuji a mohou se dostat na stejnou troven
nepresnosti jako odvozeni LWC pomoci kolektorti mlhy, kde udavana
presnost je mensi nez 50 % (Arends et al. 1992).

mezi viditelnosti v mlze a LWC (Pahl et al. 1994, Wrzesinsky a Klemm
2000, Klemm et al. 2005, Yamaguchi et al. 2015). Nevyhodou je, ze je
potfeba provést soubézné méreni viditelnosti a spektrometrické méreni
kapek v mlze pro ziskani empirickych vztahii platnych v dané lokalité.
Yamaguchi et al. (2015) navic zjistil, ze je tfeba pro ruzna obdobi roku
uzit jiny vztah. To je dano jinou distribuci velikosti kapek v mlze béhem
jednotlivych sezén. Wrzesinsky a Klemm (2000) pro mérfeni viditelnosti
a hustoty v mlze uzili pristroj Vaisala PWD11 (PWD - Present Weather
Detector), které pri testovani svého aktivniho kolektoru vyuzil i Michna
et al. (2013).

Nevyhodou uzivani spektrometrickych pristoji nebo pristroju pro
urcovani viditelnosti je omezeni ve vybéru vyzkumné lokality. Lokalita
musi byt vybrana s ohledem na pristup k elektrickému napéajeni a in-
ternetovému piipojeni (Wrzesinsky a Klemm 2000). To muze ovlivnit
kvalitu méfreni ve vyzkumné lokalité, pripadné kvalitu kalibrace, pokud
zavislé veli¢iny nejsou urcovany na jednom misté, obzvlasté u tak hyp-
sometricky silné zavislého jevu, jako je mlha.

1.7.2 Kolektory mihy

Kolektory mlhy slouzi zejména pro odbér vzorktt mlhy pro chemickou
analyzu, ale lze jimi odhadovat i hodnotu LWC ¢i sledovat hypsomet-
rickou zavislost mlhy. Podle typu méfeni se déli na aktivni a pasivni -
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v zavislosti na tom, zda je mlha aktivné pristrojem nucena proudit a
depozice je aktivné vybuzena, nebo zda k depozici dochazi pouze na na-
hradni umélé plose stejnymi procesy jako na povrchu vegetace. U obou
typu pristroju je nutné pro odbér vzorkid pro chemickou analyzu dodrzo-
vat oplach destilovanou vodou jako standardni proceduru, a to i v dobé
bez mlznych udalosti kvuli moznému ovlivnéni suchou depozici (Ali et
al. 2004, Klemm et al. 2005, Michna et al. 2013).

Aktivni kolektory — Aktivni kolektory mohou byt ruznych konstrukei
a velikosti, spojuje je ale tunelova konstrukce z chemicky inertniho mate-
ridlu (Elias et al. 1995), se vstupem pro vzduchovou hmotu, s vétrackem
a anemometrem a zachytnou plochou uvniti piistroje, na které dochazi
ke kondenzaci vody z mlhy, ktera je déle zachytavana ve sbérné nddobé.
Wrzesinsky a Klemm (2000) upozornuje, ze velké aktivni kolektory jsou
v odbéru vzorki limitovany velkou spotiebou elektrické energie. Michna
et al. (2013) se pokusil nevyhodu velkych aktivnich kolektoru spociva-
jici v nutnosti elektrického napdjeni kompenzovat vyvojem aktivniho
kolektoru, ktery by byl schopen fungovat na baterie alespon jeden az
dva tydny. Novy typ pristroje je modifikovana verze uzivaného pristroje
CASCC (Caltech Active Strand Cloudwater Collector) — pojmenovana
MiniCASCC. Aktivni kolektory umoznuji provadét ryze vzorkovaci pri-
stup bez ohledu na délku trvani mlzné udalosti. Na takto ziskaném
vzorku lze ale provadét jen chemickou analyzu bez mozného odhadu
LWC. Pii respektovani doby trvani mlhy lze z poméru proteklého mnoz-
stvi vzduchové hmoty a zachyceného mnozstvi odhadnout LWC (Elias
et al. 1995, Michna et al. 2013).

Pasivni kolektory — Pasivni kolektory mohou byt rovnéz ruaznych
konstrukei. Zachyt vody z mlhy probihd nevynucené a muize simulovat
prirozeny proces v krajiné. Pristroje jsou nezavislé na elektrické ener-
gii, mohou tak operovat i v nepristupnéjsich podminkach. Frumau et
al. (2011) hovofi o pasivnich kolektorech mlhy jako o jednoduchém a
univerzalnim prostfedku pro srovnéani lokalit, kdy zachyceny objem ho-
rizontalnich srazek muze slouzit i jako vstup do rtiznych modelt. Uvadi
nékolik dalsich typu pasivnich kolektort, které byly vyuzivany v raznych
vyzkumech: (i) dratova sif, na niz dochézi ke kondenzaci vody z mlhy;
(ii) valcovy Juvikiav kolektor a (iii) tunelovy pasivni kolektor.

Frumau et al. (2011) testoval vykonnost jednotlivych typt ve vétr-
nych a vlhkych podminkach. Jako problém panelovych kolektor, napti-
klad dratové sité, uvadi fixni orientaci ¢i nemoznost snadného zptisobu
sbéru zachycenych horizontalnich srazek. Juvikiv kolektor byl na dru-
hou stranu ohodnocen jako nejefektivnéjsi a na sméru vétru nezavisly
kolektor. Kolektor je valcové konstrukce s hlinikovou zaluzii. Konden-
zovand voda okapéva do sbérné nadoby, pristroj je chranény pred vni-
kem vertikalnich srazek. Schemenauer a Cereceda (1994) ale oponuji,
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ze ploché kolektory maji velmi velkou zachytnou plochu, vétsi nez val-
cové typy, takze mohou mérit i pri slabych mlhach. Otazkou ovSem je,
zda namérené mnozstvi horizontalnich srazek muze byt relevantni a zda
v pripadé nizkych koncentraci iontd suchd depozice vyrazné neprevazi
depozici mokrou.

Walmsley et al. (1996) pouzil pasivni pristroj (AES/ASRC — At-
mospheric Environment Service/Atmospheric Sciences Research Cen-
ter) kanadské konstrukce, ktery byl pouzit i v dalsich projektech (napf.
Mueller a Imhoff 1989). Pristroj je umistén 1 m nad terénem, sestava se
z cca 185 m teflonového vlakna o praiméru 0,53 mm, na kterém dochazi
k depozici horizontalnich srazek, ty dale okapéavaji do vnitini polyethyle-
nové nadoby. Mueller a Imhof (1989) pouzili variantu piistroje s dratem
o prumeéru 0,4 mm. Dratovy vyplet simuluje tvar a velikost jehli¢i smrku,
majoritni typ stroma daného vegetacniho stupné, umoznuje dobfe simu-
lovat depoziéni procesy a vysetrovat vztah mezi depozici horizontélnich
srazek odvozenych bilanci podkorunovych srazek a zachycenym mnoz-
stvi vody v pasivnim kolektoru.
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KAPITOLA

Vychodiska a cile prace

2.1 Vegetacni povrch

Schopnost porostu k zachytu vody z mlhy lze do urcité miry kvantifiko-
vat pomoci indexu listové plochy (leaf area index, Watson 1947) — LAI,
alespon jako relativni index slouzici pro srovnani riznych druha porostu.
Tento index se necha déle uzivat v depoziénich modelech (Wrzesinsky
a Klemm 2000, Lange et al. 2003, Hildebrandt a Eltahir 2008). Gosa
et al. (2007) zjistil velmi vyznamné rozdily ve stanoveni hodnoty LAI
v zavislosti na pouzité metodé.

Hodnotu LAI je mozno stanovit pfimymi i nepfimymi metodami.
Primé metody jsou nejpresnéjsi, nicméné jsou velmi pracné a spocivaji
v destruktivnim sbéru listti a jejich nasledné analyze. Nepiimé metody
se déli na kontaktni a bezkontaktni. Faktem je, Ze vSechny nepifimé me-
tody jsou zatizeny celou radou nejistot odvijejicich se od konkrétniho
druhu vegetace, ndhodnosti usporddani listi az po zptusob provedeni
dané analyzy (Breda 2003). Breda (2003) upozornuje, ze nepfimé me-
tody stanoveni LAI ve skuteCnosti neméri LAI, protoze veskera césti
zapoje (vétve, kmeny, plody, listy nebo jehli¢i), které odréazi zareni, jsou
ve skutecnosti zahrnuty do méreni. Pokud nedojde k dodateéné korekci,
vhodnéjsi oznaceni je PAI (plant area index) nebo SAI (surface area
indez). Ackoli mnoho vyzkumu vyuziva hodnotu LAI (viz vyse), v né-
kterych se pro kvantifikaci depozice horizontalnich srazek skuteéné spise
uzivd hodnota SAI (Lovett a Reiners 1986, Tesal et al. 2004). Vétsina
praci avSak neuvadi pouzitou metodu stanoveni LAI nebo SAT a ani neu-
vazuje nejistoty v jejich stanoveni, coz znesnadnuje mimo jiné porovnani
vysledki z riiznych lokalit.

Tato prace se zaméii na stanoveni hodnoty indexu listové plochy,
ktera se uplatni v navazujicich vypocétech. Cilem této préace je rovnéz
ovérit pouzitou primou metodu stanoveni LAI na zdjmovych plochach
pomoci srovnani s metodami nepfimymi.
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2.2 Stanoveni depozice v obnovujicim se porostu
horského povodi

Existuje nékolik ptistupt k méfeni tthrnii horizontalnich srazek. V rtz-
nych vyzkumech se hojné uplatiiovaly ruzné depoziéni modely (Slinn
1982, Lovett 1984), nicméné Lovett (1988) oznacil metodu bilance pod-
korunovych srazek za nejvhodnéjsi metodu stanoveni depozice horizon-
talnich srazek z mlhy a nizké oblacnosti pro ucely ekologickych studii.
Prestoze se jedna o relativné nejlevnéjsi a nejsnadnéjsi metodu, neni vy-
uzivana prilis ¢asto. Jednim z nejrozsitenéjsich modelu je pravé model
Lovetta (1984), ktery je ovSem zatiZen zna¢nymi nejistotami. Rovnéz né-
které veli¢iny mohou byt v odlehlych, ale ekologicky citlivych zajmovych
oblastech velmi obtizné méritelné s ohledem na naroky na pripojeni ke
zdroji elektfiny. Bilanci podkorunovych srazek ale vyuzil napiiklad Jo-
slin et al. (1990), Weathers et al. (1995), Lange et al. (2003) nebo Prada
et al. (2009). Joslin et al. (1990) ji vhodné kombinoval s mérenim mlhy
na nahradni plose. Metoda bilance podkorunovych srazek a srazek volné
plochy je zalozZena na predpokladu, ze horizontalni srazky jsou zachyceny
stromy a jsou soucasti podkorunovych srazek.

Depozice horizontdlnich srazek se déje procesem ze strany, vétrem
hnanou obla¢nosti nebo turbulentni depozici z vrchu. Oba procesy se déji
soubézné a je nutné je uvazit pri experimentalnim méreni. V otevieném
nebo proridlém porostu pti uziti metody bilance podkorunovych srazek
je jejich spoleény vliv zachycen. V ramci uzavienych porostt pii méreni
srazek pod korunami mtize ovSem dojit k zanedbani thrnu horizontal-
nich sréazek vlivem okraji. Pro vyzkumnou lokalitu je treba stanovit
vyznam téchto okraji v celkovém thrnu vzhledem k proudéni vzduchu
a velikosti téchto ploch a pripadné o thrn srazek na okrajich navysit
celkovou depozici horizontalnich srazek na zdjmové plose. Obecné neni
kvantifikovdno, pro jaky druh a rozsah uzavienych porostd nelze vliv
okraju zanedbéavat, a zda skutecné Ize alespon polooteviené az oteviené
porosty uvazovat jako homogenni.

V klimaticky si blizkych oblastech se dosavadni vysledky vyzkumi re-
lativné shoduji, nicméné kazda oblast mé ziejma specifika, kdy je nutné
na zakladé lokalniho detailniho vyzkumu stanovit vyskovou hranici pro
vyznamny thrn horizontalnich srdzek z mlhy v zajmovych povodich
spolu s jejich vodohospodarskym vyznamem. Rovnéz je tieba uvazovat
i druh porostu, na kterém se horizontalni srazky zachytavaji, a pti srov-
navani lokalit je tfeba zohlednit i skladbu porostu. Cilem této prace je
ovérit v literatufe predpokladanou tiroven nadmorské vysky (600-1000 m
n.m.) pro vyznamnou depozici horizontélnich srazek pro stredoevropska
pohoti a zpftesnit ji pro Jizerské hory.

Pro urcovani depozice na plose povodi s velkym vyskovym gradien-
tem je treba uvazit fakt, ze mikrometeorologické nebo analytické depo-
ziéni modely vychézi z hodnoty obsahu kapalné vody v mlze (LWC),
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ktera je ale ¢asto méfena pouze na jednom stanovisti. Proto se nabizi
kombinace méreni podkorunovych srazek na vice vyskovych trovnich,
piipadné ziskani hypsometrického vztahu vhodnou kombinaci méfeni
pomoci podkorunovych srazkomért a méreni pasivnimi kolektory mlhy.
Vzhledem k tomu, ze mlhy jsou v horskych povodich silné orograficky
z&vislé (Bruijnzeel et al. 2006), ndhradni zdchytna plocha kolektoru vy-
cesava z mlhy vodu a koresponduje s obsahem vody v mlze, pripadné
vyskytem mlhy v dané vyskové trovni. A¢koli Juvik et al. (1990) upozor-
nuje, ze zachycené mnozstvi vody v kolektoru plné neodpovidd mnozstvi
vody zachycené porostem, lze i tak najit dobrou zavislost v lokalnich
podminkach dané zajmové lokality. Mueller a Imhof (1989) uvadi, ze
v pripadé dobrého vztahu mezi pozorovanymi podkorunovymi srazkami
a zachycenym mnozstvim vody v pasivnim kolektoru miize byt mnohem
podkorunovych srazkoméru.

Ziskanim hypsometrického vztahu pro depozi¢ni tok muze byt pro-
storové distribuovano meéreni podkorunovych srazek ve specifické nad-
motské vysce. S prostorovou znalosti druhu a stavu porostu lze kvanti-
fikovat i schopnost porostu na nemeérenych ¢astech zajmové lokality za-
chytavat horizontalni srazky z mlhy. Vysledny depozi¢ni tok v zajmové
lokalité je tak urcen jako prameér prostorové distribuce depozi¢niho toku
v celém zajmovém povodi. Walmsley et al. (1996) reportuje hypsome-
trickou zévislost depozi¢niho toku horizontdlnich srazek jako dusledek
rostouci hodnoty LWC a rychlosti vétru. Proto neuvazeni hypsometrické
zévislosti vyskytu mlhy (i hodnoty LWC) i na relativné malé plose muze
vést k dalsim vstupnim nejistotdm a byt jednim z divodu precenéni
velikosti depozice Lovettova modelu (1984), které na zakladé primych
mereni depozi¢niho toku udavad Klemm et al. (2005).

Pro pripadné stanoveni depozice v dlouhodobém méritku muze byt
vhodné i uziti analytického depozi¢niho modelu za predpokladu mé-
feni potfebnych meteorologickych veli¢in. Je ale nutné ovérit shodu
s primymi metodami méreni horizontalnich srazek.

Tato prace si dava za cil na zdkladé méreni na zajmovych plochéich
(podkorunovych srazek, srazek volné plochy, métreni pasivnimi kolektory
mlhy v rizné nadmorské vysce, méfeni meteorologickych velic¢in) sta-
novit hypsometrickou zavislost thrnu horizontéalnich srazek s uvazenim
parametru vegetace a ovérit shodu riznych metod stanoveni priameérné
hodnoty depozice horizontalnich srazek na celé plose zadjmového povodi.

2.3 Vyuziti azemi

V regionech v podminkéch kyselé atmosférické depozice, zejména z an-
tropogennich zdroji, se muze vyznamné zhorsit kvalita vodniho pro-
stfedi (Verhoeven et al. 1987, Igawa et al. 2003, Holen et al. 2013).
Vétsina autoru popisuje negativni efekt kyselé vody z mlhy a snazi se ho
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pouze kvantifikovat. Navrhy na opatteni ¢i vyzkum zkoumajici vliv na-
pravnych opatfeni na omezeni negativniho vlivu horizontalnich srazek
byl proveden pouze ¢astecné. Napiiklad Lange et al. (2003) navrhuje
sledovani polutanti mlZznou depozici za tucelem ochrany lesi pred po-
skozenim kyselymi roztoky z mlhy, ale uz neuvadi konkrétni opatteni.
Na druhou stranu, K¥ecek a Hoticka (2010) se zabyvaji moznostmi jiného
vyuziti tizemi a hospodareni v povodi. Rovnéz uvadéji scénare dalsiho
okyselovani povrchovych vod a pidy, coz by vedlo k snizeni obsahu vap-
niku a horéiku a zvyseni obsahu hliniku.

7 hlediska ochrany pid a vod je zadouci zkoumat moznost zmény
vyuziti izemi ¢i zménit lesnické postupy — naptiklad nahrazeni smrkové
monokultury porostem, ktery je blizky prirozené a ptivodni skladbé lesa
(napr. v oblasti Jizerskych hor jde o smiSené porosty buku, jedle, smrku,
jilmu a jefdbu). Listnaté stromy jsou mnohem odolnéjsi vuci kyselym
destiim a nemaji tak vysokou schopnost zachytu suché depozice siry a
dusiku i zachytu horizontalnich srdzek s obsahem kyselych iontd. V pii-
padé plné obnovy lesa v podobé smrkové monokultury navrhuje Lange et
al. (2003) alespon monitoring velikosti kyselé depozice prostfednictvim
horizontalnich srazek pro ziskani véasného varovani ohledné mozného
ovlivnéni zdravi lesniho porostu.

Tato prace si dava za cil na zédkladé dlouhodobého pozorovani a his-
torickych dat stanovit plosnou depozici horizontalnich srazek a stanovit
historické thrny horizontalnich sréazek s vyuzitim znalosti historického
stavu vegetace. Na zakladé znalosti procesu kyselé depozice ve smrkové
monokultufe a znalosti vyznamné hranice pro depozici vody z mlhy bu-
dou stanoveny scénaie velikosti kyselé depozice pro rizné skladby vege-
tacniho povrchu.

2.4 Srovnani lokalit

Co se tycCe porovnani jednotlivych lokalit z hlediska velikosti thrnu ho-
rizontélnich srazek z mlhy a nizké oblac¢nosti a velikosti kyselé depozice
v soucasnosti jakékoli koncepéni tvahy ztézuje fakt, ze namétrené vy-
sledky jsou ve skutecnosti tézko porovnatelné. V .CR (i EU) dosud nee-
xistuje zavazné doporuceni ani metodika pro vyjadreni zachytné plochy
u odbérovych zarizeni (Fisdk 2004). Proto nelze snadno pocitat kyselou
depozici z horizontalnich srazek do celkové mokré depozice, ani nelze po-
rovnavat jednotlivé lokality mezi sebou vzhledem k nejistotam stanoveni
depozice jinou metodikou a jinymi odbérovymi néstroji. Breda (2003)
uvadi, ze nejistoty mohou plynout i z rozdilnych metod urceni indexu
listové plochy. Proskova a Hunové (2006) pripomind, ze nelze ihrn depo-
zice horizontédlnich srazek prilis extrapolovat mimo vyzkumnou lokalitu
vzhledem k tomu, Ze horizontalni srazky jsou velmi zavislé na mistnich
podminkach. Stejny problém, jak uvadi Bruijnzeel et al. (2006), existuje
napri¢ vyzkumnymi lokalitami po celém svété, nejen v regionu stredni
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Evropy. Je tak obtizné obecné kvantifikovat nebezpeci pro lesni eko-
systémy v mistech s castym vyskytem velmi vodnych mlh s vysokymi
koncentracemi nepriznivych chemickych sloucenin.

2.5 Shrnuti a cile

Dosavadni vyzkum horizontdlnich srazek se zaméroval na kvantifikaci
thrnu téchto srazek i na velikost kyselé depozice. Vzhledem k tomu,
ze vyskyt horizontdlnich srazek je velmi specificky v kazdé jednotlivé
lokalité, je cilem této priace na zadkladé vyzkumu a provedenych ex-
perimenttt v Jizerskych horach v Ceské republice piispét k vSeobecné
znalosti a porozuméni procesim tvorby, vyskytu a environmentalnich
dopadi horizontdlnich srazek v horském povodi v podminkach kyselé
atmosférické depozice. Cilem této préce je: (i) zpresnit interval nadmot-
ské vysky s vyznamnym vyskytem horizontalnich srdzek pro zajmové
lokality Jizerskych hor, (ii) analyza listové plochy porostu jakozto dile-
zitého parametru velikosti depozice horizontélnich srazek, (iii) analyza
thrnu horizontalnich srazek na experimentalni plose ve specifickych pod-
minkéch fragmentovaného okraje lesa, (iv) porovnat stanoveni depozice
na plose experimentalniho povodi pomoci riznych metod, pricemz za-
kladni metoda bude metoda bilance podkorunovych srazek. Na zakladé
znalosti procesu depozice vody z mlhy déle (i) kvantifikovat historické
thrny horizontélnich srédzek a kyselé depozice prostirednictvim téchto
srazek v experimentalnim povodi pred odlesnénim a v obnovujicim se
lese, (ii) analyzovat rizné scénéfe lesniho hospodateni v povodi z hle-
diska dopadu na velikost thrnu horizontalnich srazek a kyselé atmosfé-
rické depozice prostrednictvim téchto srazek.
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KAPITOLA

Experiment

3.1 Uvod

Vzhledem ke vhodnym morfologickym charakteristikdm a klimatu pro-
biha piimé sledovani horizontélnich srazek v Jizerskych horach (50°40/-
50°52' N, 15°08'-15°24' E') dlouhodobé. Jizerské hory maji vlhké mirné
klima (K6ppenova klimatickd zéna Dfc). Prumérné ro¢ni srdzky jsou
v rozsahu 1290 — 1400 mm, prumeérna teplota vzduchu 4 — 5°C'. Vétsinu
lesniho porostu (90 %) Jizerskych hor tvoii smrk ztepily (Picea abis),
ktery se stal dominantnim béhem 19. stoleti a témér vytlacil dalsi dva
puvodni druhy — buk lesni (Fagus sylvatica) a jedli bélokorou (Abies
alba).

Jizerské hory se nachézi v oblasti tzv. ¢erného trojuhelniku (hra-
ni¢n{ tizemi mezi CR, Némeckem a Polskem). Jedna se o oblast, ktera
byla nejvice zasazena silnou priimyslovou ¢innosti od 70. let 20. stoleti.
Nejvétsiho okyseleni dosdhla v 80. letech, kdy zacalo dochézet k ithynu
stromt kvili acidifikaci. To v kombinaci s napadenim ktrovcem (Sco-
lytinae) a néaslednou lesni tézbou vyustilo v odlesnéni vétsiny pohoti.
Smrkovy porost zustal zachovan pouze na ¢asti Jizerskych hor. Déle pre-
zil dospély bukovy porost v severni ¢asti Jizerskych hor. Dominujicim
porostem se stalo travni spolecenstvi Junco-Calamagrostietum villosae.
Snizenim emisi v nasledujicich letech acidifikace postupné klesla, coz
umoznilo obnovu lesniho porostu. Vyznamny pokles acidifikace nastal
ovsem az po roce 1989 (Hruska et al. 2006). Zapletal (2006) uvadi, ze po-
kles prumérné rocni hodnoty celkové depozice sirant a dusi¢nant o 70 %
mezi roky 1991 a 2000 byl zptisoben omezovanim emisi v celém regionu
stredni a zapadni Evropy. OvSem v severoceskych pohotich je emisni si-
tuace silné ovliviiovana energetikou, napriklad blizkymi hnédouhelnymi
elektrarnami. V Polsku se vyrobi vyznamné mnozstvi elektrické energie
z hnédého uhli a blizka elektrarna Turéw je dale rozsirovana. Nelze tedy
predpokladat, ze situace z hlediska emisi iontt siry do ovzdusi muze
byt za soucasnych podminek dlouhodobé stabilizovdna. Z hlediska ros-

21



3. EXPERIMENT

touci intenzity dopravy se v zavislosti na meteorologickych podminkéch
do ovzdus$i rovnéz dostdva vyznamné mnozstvi iontu dusiku. Na dru-
hou stranu, soucasné pokracujici zalesniovani nabizi moznost studovat
horizontalni srazky v ruznych specifickych podminkach.

3.2 Metodika, vysledky a diskuse

3.2.1 Lokalita

Experimentalni vyzkum horizontalnich srédzek, pozemni pozorovani a od-
bért vzorki byl soustfedén na nahorni plose Jizerskych hor v experimen-
talnim povodi Sklérského potoka (J-1, profil Jizerka, ¢islo hydrologic-
kého potadi 1-10-78-000, velikost povodi 1,03 km?, gradient nadmoiské
vysky 862-994 m). Dalsi pozorovani byla realizovana v povodich voda-
renskych nadrzi Sous (S) a Josefav Dil (JD), viz Obr.

J-1

kn | ® fog collectors @ forestplot © open field gauges

Y
Altitude
- High: 1110 m

- Low : 700 m ® climate station

Obrazek 3.1: Povodi vodéarenskych nadrzi (Josefuv Dul - JD, Sous - S)
a experimentdlni povodi (J-1).

3.2.2 Analyza vegetacniho povrchu

Pro tucely hydrologického modelovani byl porost v téchto tii povodich
detailné vySetfovan a klasifikovan. Charakteristiky stromu (vék, zakme-
néni, horizontalni hustota korun) byly vymezeny standardnim vyzku-
mem (Ktecek a Horickd 2010), dale byla vegetace analyzovana terénnim
SetFenim a pomoci analyzy leteckych a satelitnich snimku (mise Landsat
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Austria

Obrazek 3.2: Povodi Jizerskych hor s plochami ur¢eni LAI pomoci riz-
nych metod.

a Sentinel-2). Pro stav porostu v roce 2012-2017 byly hodnoty znovu ové-
feny. Pro zjisténi historického stavu porostu byly pouzity snimky z mise
Landsat.

K indexu zakmenéni a hustoté zapoje byl stanoven index listové plo-
chy (LAI) na zadjmovych plochach. LAI je spolu s dal$imi vegeta¢nimi
charakteristikami dulezitym vstupem do modelu depozice horizontdlnich
srazek, protoze neprimo popisuje schopnost porostu zachytavat na svém
povrchu vodu z mlhy a nizké oblac¢nosti.

Hodnoty LAI byly porovnavany na experimentalni plose dospélého
smrkového porostu v povodi Josefova Dolu (JD), dvou plochach dospé-
1ého porostu a na travni plose v experimentalnim povodi (J-1) a na plose
dospélého bukového porostu v povodi Oldfichov (0), viz Obr.

Pro urceni LAI byly pouzity rtzné techniky, avSsak pouze hodnoty
urc¢ené piimou pozemni metodou (predpoklad nejpresnéjsiho stanoveni)
byly uzity jako vstupy do depozi¢niho modelu. Pro rok 2012 byla apli-
kovana priméa pozemni destruktivni i nedestruktivni metoda a rovnéz
i nepfima pozemni metoda. Dodatecné pro dalsi srovnani byla pro rok
2016 aplikovana metoda dalkového pruzkumu Zemeé (DPZ).

3.2.2.1 PFfima pozemni metoda

Na trech reprezentativnich plochéch o rozméru 30 x 30 m ve tiech po-
vodich (Obr. a pro plochy travy bylo ur¢eno LAI pfimou pozemni
metodou. Jehliénaty porost (J-1-A, JD-A) byl métfen destruktivni meto-
dou, kdy bylo jehli¢i o¢esano z vétvi, sbirano, méreno a vazeno. Podobny
postup byl aplikovan pro travni vegetaci (J-1-C), kde kombinace listi,
jehli¢i a travy byla sbirdna a rovnéz mérena. Pro stanovisté opadavého
buku byla aplikovana nedestruktivni metoda, kdy byly méreny listy sbi-
rané béhem obdobi opadu. Pro minimalizaci ztrat v disledku pocasi a
rozkladu listd byl sbér provadén kazdé dva tydny, opadané listy byly
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Obrézek 3.3: Horizontélni projekce korun na plochéch (30 x 30 m) v za-
jmovych povodich — smrku (J-1-A,JD-A) a buku (O-A) spolu s lokacemi
podkorunovych srazkomeéru.

shroméazdény, suseny a vazeny a nasledné byla stanovena primeérna plo-
cha listt a LAL

3.2.2.2 Nepfima pozemni metoda

Obecné plati, ze neptimé pozemni metody jsou zaloZeny na nedestruk-
tivni analyze ¢dsti korun (nebo frakce mezer) pomoci vysetfovani jejich
statistické a pravdépodobnosti distribuci (Jones 1992). Metoda zalozena
na analyze mezer v koruné miize byt reprezentovana pomoci hemisfé-
rickych fotografii. Na hemisférickych fotografiich lze rozeznat svételné
vzory v koruné. Na zakladé analyze téchto vzoru lze koruny a olisténi
kvantifikovat a frakce mezer mohou byt klasifikovany v ruznych zeni-
tovych a azimutovych tdhlech (Chen et al. 1991). Uziti hemisférickych
fotografii pro stanoveni LAI predpokladd uniformni oblohu — typicky
pred vychodem a zdpadem slunce nebo pri zatazené obloze.

Pro plochy J-1-A, JD-A a O-A bylo LAI uré¢ovano pomoci hemisféric-
kych fotografii, které byly porizeny nad kazdym srazkomérem (Obr.|3.3)).
Pro jejich analyzu byl pouzit volné dostupny software Gap Light Analy-
ser (GLA), Frazer (1999). S ohledem na zjisténi Promise (2011), ktery
porovnaval ruzné pristupy analyzy hemisférickych fotografii, nebyl apli-
kovan zadny dalsi software.

3.2.2.3 Metoda dalkového prizkumu Zemé

Metody DPZ lze uzivat pro urceni riznych indext v hrubém rozliseni.
Mise Evropské vesmirné agentury (ESA) Sentinel 2 pfinesla moznost
zkoumat zajmova tizemi ve vysokém rozliseni 10 m (ESA 2017). Protoze
uréeni LAI je silné nelinedrné zavislé na odrazivosti, uréeni LAI je silné
z&vislé na rozliseni (Garrigues et al. 2006). Proto uziti 10 m rozliSeni mise
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Sentinel 2 vede k presnéjsim vysledktiim ve srovnani s 30 m rozliSenim
mise Landsat.

Pro roky 2016 byl uzit soubor dat Level 1C (L1C, celkem 12 pdsem
0,43 pm —2,28 pwm ) mise Sentinel 2 (ESA 2017). Kazdé misto na svété
je zachyceno satelity Sentinelu 2 kazdych 5-6 dni. Pro zdjmové plochy
(Obr. Jizerskych hor (J-1-A, J-1-B, J-1-C, JD-A, O-A) byla prove-
dena analyza se zamérenim pouze na teplé obdobi od zacdtku dubna do
konce tijna. Data L1C predstavujici odrazivost vrchni Casti atmosféry
byla dale zpracovana podle procedury navrzené Mueller-Wilmem et al.
(2016). Vypocet LAI je zaloZen na trénované neuronové siti popsané
Weissem a Baretem (2016), zalozené na praci Weisse et al. (2000).

25



3. EXPERIMENT

DOI: 10.15201/hungeobull.67.1.1 Hungarian Geographical Bulletin 67 2018 (1)

Leaf area index in a forested mountain catchment

LapisLav PALAN?, Joser KRECEK! and Yosuinosu SATO?

Abstract

Leaf area index (LAI) belongs among the catchment characteristics widely used in hydrological models but
still associated with great uncertainties. In a mountain forest catchment, the leaf area affects retention and
evapotranspiration loss, and it could be significantly modified by forestry practices. In this study, LAI in ma-
ture stands of Norway spruce (Picea abies) and European beech (Fagus sylvatica) was analysed in headwater
catchments of the Jizera Mountains (Czech Republic) between 2012 and 2016. A comparison evaluation of LAI
in harvested site with dominant herbaceous vegetation was taken into account by applying direct ground
investigation what was compared with hemispherical canopy photography (Gap light analyser GLA-V2)
and satellite remote sensing (Sentinel-2 mission). While the direct ground measurement includes only the
foliage (leaves or needles), the Gap light analysis is affected by trunks and branches, and the remote sensing
techniques by herbaceous understory. The results of the Gap light analyser underestimated the ground based
LAI values by 52-76 per cent, and satellite interpretations by 29-73 per cent. The remote sensing is capable to
provide effective information on the distribution of LAI within the time and space. However, in a catchment
scale, the satellite detection underestimated average LAI values approx. by 42-62 per cent. Changes in the
observed rainfall interception reflected well the LAI variation.

Keywords: mountain watershed, forest canopy, leaf area index, gap light analyser, satellite remote sensing

Introduction

Leaf area index (LAI) belongs to the canopy
characteristics often used in hydrological
and environmental studies (Jones, H.G. 1992;
CowLing, S.A. and FieLp, C.B. 2003). Leaf area
affects the canopy storage capacity (amount
of water retained in the canopy), an impor-
tant parameter of many interception models
(Gash, J.H.C. et al. 1980). In practical forestry,
density of a forest stand is quantified by the
number of stems per hectare, the basal area
per hectare, eventually, by the crown closure
percentage identified at aerial photographs
(Wartrs, S.B. and Torranp, L. 2005). In hy-
drological models, LAI is used to estimate
water budget of the vegetative canopy by
calculating the deposited precipitation (rain,
snow, fog etc.) (FEDERER, A. 1993; ALLEN, R.G.

et al. 2005; PUNCOCHAR, P. et al. 2012; KRECEK,
J. et al. 2017). Wartson, D.]. (1947) considered
the leaf area index as the total one-side area
of leaves per unit ground surface. To esti-
mate LAI both direct and indirect methods
were developed (CowLring, S.A. and FIELD,
C.B. 2003). The direct methods are more ac-
curate but laborious and destructive, and
representing a patch scale; while indirect
methods based on the transmission of solar
radiation through the canopy can provide
approximates over large areas (ANDERSON,
M.C. 1971). In the last years, several remote
sensing algorithms of LAl have been evolved
(WEiss, M. and Barer, F. 2016); the European
Space Agency (ESA 2017) has developed an
algorithm to calculate LAI based on the data
of the satellite mission Sentinel 2 and direct
ground measurements.

! Department of Hydrology, Czech Technical University in Prague, Thakurova 7. CZ-166 29 Prague 6, Czech
Republic. E-mail: josef.krecek@fsv.cvut.cz (Correspondent author.)

? Department of Science and Technology for Biological Resources and Environment, Ehime University, 10-13,
Dogo-Himata, Matsuyama, Ehime 790-8577, Japan.
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Across the large amount of observed data,
LAI estimates correlate with the vegetation
type, geography and environmental circum-
stances. Concerning the herbaceous vegeta-
tion, Gosa, A.G. ef al. (2007) reported LAI
between 0.7 and 4.5, while RaAMIREZ-GARCIA,
J. et al. (2012) summarized LAI of meadows
between 2 and 3. For higher vegetation, LAI
between 1.5 and 5.7 is reported for shrubs
and between 4.5 and 10.6 for forests (Gosa,
A.G. et al. 2007). Lovert, G.M. and REINERS,
W.A. (1986) found in spruce stands the sur-
face area index between 5 and 6, Brepa, N.J.J.
(2003) reported LAI variations in forests be-
tween 3.5 (pine) and 7.5 (spruce). However,
the specific LAI estimates show relatively
high divergences (up to 100%), BRENNER, A.J.
et al. (1995). Therefore, it is evident that the
extrapolation of the reported LAI data is lim-
ited and for a specific research field it is nec-
essary to estimate the LAI parameter by the
existing methodology. The aim of this paper
is to compare the direct and indirect methods
to estimate LAI values for environmental in-
vestigations of the acid atmospheric deposi-
tion in headwater catchments of the Jizera
Mountains, Czech Republic (KRECEK, ]. and
HorickaA, Z. 2010; KReCEK, J. et al. 2010). This
study focused on stands of Norway spruce
(Picea abie) and European beech (Fagus syl-
vatica), as well as on the herbaceous vegeta-
tion growing at clear-cut areas.

Material and methods

This study was performed in the upper plain
of the Jizera Mountains located in a humid
temperate climate (subarctic region Dfc of
the K&ppen climate zonation; Torasz, R.
2007). The analysis of LAI was performed in
headwater catchments Jizerka (J-1), Joseftv
Dl (JD) and Oldfichov (O) in 2012 (Figure 1).

In five forest plots (J-1-A, J-1-B, ]-1-C, ]D-A,
O-A, squares of 30x30 metres), LAI was esti-
mated by both direct and indirect methods.
These studied forest stands are even-aged and
single-storied with negligible herb layer, the
plot J-1-C represents a harvested area (clear-

0-4 ¢~0 0 5km
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Fig. 1. Investigated headwater catchments of the

Jizera Mountains with marked plots of LAI ground

observations. — J-1 = Jizerka; JD = Josefuv Dul;
O = Oldfichov

cutting) with the forest regrowth retarded by
a rapid development of herbaceous under-
story. Common characteristics of the stands
were estimated by standard forest inventory
according to SHIVER, B.D. and Borpers, B.E.
(1996). The allometric relationship between
stem diameter (DBH, measured in the breast
height of 1.3 m) and foliage area was used in
spruce stands (JD-A, J-1-A, J-1-B, J-1-C) by a
destructive sampling of needles at harvested
trees (Brepa, N.J.J. 2003; FEarmann, L. and
Kremn, C. 2006). The leaf area was measured
on a sub-sample of leaves to calculate the spe-
cific leaf area (SLA, m? g) in ratio to its dry
mass. Finally, the total dry mass of leaves col-
lected within a known ground-surface area
is converted into LAI by multiplying by the
SLA. According to WaTtson, D.J. (1947), LAl is
understood here as a one-sided area of photo-
synthetically active canopy surface per unit of
horizontal ground area.

In the beech forest (O-A), the non-destruc-
tive method of collecting leaves below the
canopy was applied during the autumn leaf
fall (Brepa, N.J.J. 2003). Collected litter was
dried at 60-80 °C for 48 hours) and weighed
to calculate compute the dry mass. The leaf
area of herbaceous understory was estimated
by harvesting ten 0.25x0.25 m squares per
each stand. The surface area of sampled
leaves was measured by the portable leaf
area meter ELE 470-010/01.

Simultaneously, two indirect methods were
applied: the hemispherical canopy photogra-
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phy (Gap light analyser GLA-V2, Frazer, G.W.
et al. 1999) and remote sensing (Sentinel-2
mission, ESA 2017). The gap fraction — based
methods depend on the leaf-angle distribu-
tion. According to CampBeLL, G.S. (1986), LAI
may be express by the equation (1):

LAI=% In (P(6)) cos(0), 1)
where LAI = leaf area index, 6 = zenith an-
gle of the view, P(0) = gap fraction, G(0) =
G-function corresponding to the fraction of
foliage projected on the plane normal to the
zenith direction.

Digital hemispherical photographs were
collected under different sky brightness con-
ditions. In July 2012, a camera Nikon CoolPix
4500 with FC-E8 fish-eye lens was employed
and ten photos were managed in each inves-
tigated forest plot (corresponding with the
spots of rain collectors installed under the
canopy). Photographs were taken skyward
from the forest floor with a 180°hemispheri-
cal lens to record the size, shape, and loca-
tion of gaps in the forest overstory. The free
imaging software GLA Version 2.0 (FRAZER,
G.W. 1999) was used to analyse the canopy
(to extract the canopy structure and gap light
transmission indices from true-colour fisheye
photographs), and to estimate LAI values by
the zenith angle 0-60° (LAI 4), (Figure 2).

For an aerial extrapolation of the ground
observations, data of the European Space
Agency satellite mission Sentinel 2 with a
10 m resolution (ESA, 2017) were employed.
These data might lead to a better result in
comparison with the 30 m resolution of the
Landsat imagery archive (KRECEK, . et al.
2017), particularly, by the strongly non-linear
relationship of LAI and reflectance, reported
by GARRIGUES, S. et al. (2006). However, the
data of Sentinel 2 mission could be easily
compared to Landsat mission; Sentinel 2 con-
tains 12 bands (0.43 pm - 2.28 um). The data
of Sentinel 2 — L1C (Level 1C, representing
a top of the atmosphere reflectance in carto-
graphic geometry, MueLLER-WILM, U. et al.
2016) were collected in the vegetation period
2016 (April-October) and post-processed into
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L2A (Level 2A, representing atmospheric cor-
rected product and the ‘bottom of atmosphere
reflectance in cartographic geometry’) fol-
lowing procedure of MueLLER-WILM, U. et al.
(2016) to ensure a correct computation of LAIL
However, in this period, only 23 images (with
less than 50% cloudiness) were acceptable.
Then, the LAI calculation was performed by
the Biophysical Processor (S2ToolBox Level
2: estimation of biophysical variables) based
on a trained neural network (Wgiss, M. et al.
2000; WErss, M. and Bagrer, F. 2016).

Based on an analysis of a maximal physical
range of inputs and outputs, each calculation
enables to indicate potentially invalid values
of determined LAI (due to the water surface,
cloud contamination, poor atmospheric cor-
rection, shadow, etc.). To avoid uncertainties
in a single point analysis, grids of 5x5 m cells
were created in the GIS application on the in-
vestigated plots (see Figure 1). All gathered LAI
values were processed by standard statistical
methods, only valid values were kept. Possible
changes of the canopy between 2012 and 2016
were controlled by the Landsat imagery ac-
cording to KRECEK, J. and KrREMAR, V. (2015).

Additionally, in three two-week periods
(June-August, 2012), rainfall penetration
within the canopy of investigated stands
were registered in daily intervals. Only rain
events enough to saturate the canopy stor-
age in days without any significant fog or
low cloud occurrence were included in the
calculation of canopy interception according
to KReCEK, J. et al. (2017):

1=y P—(i P+y st, )

where I = interception storage in mm, P =
open field (gross) precipitation in mm, P,=
through-fall under the canopy in mm, P_=
steam-flow, interception loss of the canopy
(1), n =number of rainy days.

Three forest stands (J-1-A, JD-A, O-A) were
instrumented by ten modified Hellmann rain
gauges and stem-flow was collected by plas-
tic tubing (fixed around the stem circumfer-
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Fig. 2. An example of digital hemispherical photographs taken in investigated plots: Norway spruce (Picea
abies) — top, and European beech (Fagus sylvatica) — bottom. Images registered — left, and processed — right.

ence) at two random tree trunks per each
plot (Figure 3). The gross precipitation was
observed in nearby forest openings (distance
between 50 and 200 metres).

Results and discussion

Basic characteristics of the investigated forest
stands are given in Table 1. From the analysis
of sampled trees, the values of specific leaf
area (SAI) were found: 17.2, 7.8 and 3.4 m*/kg
for beech, spruce and grass, in a good agree-
ment with data reported by HornTvEDT, R.
(1993), BreEpA, N.J.J. (2003), and Liu, Ca. and
WEestMmaN, C.J. (2009). Regressions between
the leaf area LA (m?) and DBH (cm) in inves-
tigated spruce stands were found by a=0.74,
b =22.8 (correlation coefficient R =0.82, R_,
=0.75, p = 0.05, n = 5). On the harvested plot

(J-1-C), there is a seasonal change in the leaf
area described in Figure 4. The foliage and
LAI values are included in Table 2.

Alternatively, LAI values detected by the
Gap light analyser are in Table 3, and, the sea-
sonal course of LAI provided by the satellite
(Sentinel 2) during the vegetation period of
2016 is described in Figure 5. Evidently, appli-
cations of the Gap light analyser underestimat-
ed the ground based LAI of the investigated
spruce and beech canopy by 52-76 per cent.

Similarly, CrEN, .M. et al. (1991) and
BRENNER, A ]. et al. (1995) reported an under-
estimation of LAI by hemispherical photo-
graphs approx. by 50 per cent (in comparison
with the direct destructive methods). ZHANG,
Y. et al. (2005) identified the main LAI errors
in just in the automated camera exposure
leading to underestimating LAI in a rela-
tively dense canopy and overestimating it in
a sparse vegetation cover.
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Fig. 3. Crown projection of trees in investigated stands of spruce (JD-A, J-1-A) and beech (O-A) with installed
rain collectors (numbers 1-10)

Table 1. Forestry characteristics of the investigated plots

Stand Dominant Age class, Elevation, m Number of DBH, cm Mean height,
canopy years trees m
JD-A Spruce 80-100 745 54 27 24.0
J-1-A | Spruce 80-100 975 68 27 23.0
J-1-B Spruce 80-100 945 27 36 23.0
J-1-C* | Grass 1-20 918 72 - 0.5
O-A Beech >141 506 28 37 25.0

*J-1-C plot represents harvested area overgrown by herbaceous vegetation (Calamagrostis sp.); this plot was
reforested, but new seedlings still does not create a significant canopy.

Similarly, the satellite estimates underes-
timated LAI by 29-73 per cent by preferring
the herb layers. It is evident that those remote
sensing observations are more likely sensi-
tive to an ‘effective leaf area index’ by reflect-
ing heterogeneity in the leaf distribution.
These uncertainties can cause the discrepan-
cies in LAI values, particularly, the differ-
ences between the direct ground methodol-
ogy and remote sensing applications. CHEN,
J.M. et al. (2005) suggested quantifying differ-
ences between actual and effective LAl by the
clumping index between 0.5 for a fully closed
canopy, and 1 for a sparse canopy with ran-
domly distributed leaves.

Remote sensing techniques enable an easy
and fast extrapolation of LAl in a catchment
scale. However, the comparison of various
plots can be affected by possible cloud ap-
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pearance. The satellite LAI approximation
within three selected headwater catchments
in the Jizera Mountains is demonstrated in
Figure 6. It is evident that there are relatively

0 15 30 45 60 75 90 105
Day (01/06-15/09/2016)

Fig. 4. Seasonal changes of the herbaceous canopy in
the stand J-1-C.
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Table 2. LAI found by the ground observation (plots of 30 x 30 m)

Stand Basa21 area, Crownoclosure, Dry leaf mass, Fohage2 area, LAI
m*/ha Yo kg m
JD-A 41 92 842 6,570 7.3
J-1-A 46 78 773 6,030 6.7
J-1-B 32 61 417 3,253 3.6
J-1-C - 6 900 2,880 3.2
O-A 41 89 296 5,040 5.6
Table 3. LAI estimated by the Gap Light Analyser (GLA-V2)
Stand LAI
an 1 2 3 4 5 6 7 8 9 10 | Mean
JD-A 1.53 2.39 2.38 1.79 2.77 1.86 2.06 2.08 2.39 2.41 2.17
J-1-A 1.69 1.64 1.75 1.81 1.73 1.34 1.27 1.83 2.14 1.22 1.64
J-1-B 1.84 1.64 1.77 1.84 1.56 1.68 1.62 1.85 1.72 1.64 1.72
O-A 1.59 1.34 1.28 1.54 1.35 1.37 1.55 141 1.34 1.78 1.46
40
35
3.0
T 25
=
% 20
g 15
1.0
0.5 -
i}
0.0 T T T T T T T
21/03/2016 20/04/2016 20/05/2016 19/06/2016 19/07/2016 18/08/2016 17/09/2016 17/10/2016
Date
——— J-1-A (spruce, mature forest) ——— J-1-B (spruce, reforested CD > 0.3)
J-1-C (herbaceous vegetation) JD-A (spruce, mature forest)
——— 0-A (beech, mature forest)

Fig. 5. Satellite estimates of LAI: values provided by the Sentinel 2 mission during the summer months of 2016.

high LAI values in spots of sparse tree oc-
currence just because of a high sensitivity of
the satellite method to the herbaceous can-
opy. Therefore, the remote sensing method
of Sentinel 2 can detect a vegetative surface
but not very well the exact density and a foli-

age area of the canopy. In comparison with
the aerial approximation of the direct ground
LAI measurements and forest stands detect-
ed by LANDSAT imagery (Figure 7), the sat-
ellite remote sensing underestimates mean
catchment LAI values by 42-62 per cent.
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Fig. 6. Satellite LAI values in focused catchments on 25" June 2016. — O = Oldfichov; JD = Josefav Dul;
J-1 =Jizerka

0 0.8 km

0 0.5 km

Fig. 7. LAl interpolation according to results of the direct ground observation and detection of forest stands
by LANDSAT imagery, 2016. — O, JD, J-1 = for explanation see Fig. 6.

In the investigated six-week period of 2012,
16 rainy days without a significant fog oc-
currence and rainfall enough to saturate the
canopy (above the canopy storage capacity)
were registered, and the data are presented
in Table 4.

Both rainfall interception (intercepted per-
centage of rainfall, I) and canopy storage ca-
pacity (C) correspond well with changes in

32

observed LAI values: correlation coefficient R =
097 (R,,=0.95,n=3,p=0.05), and we can con-
sider a linear relationship between the canopy
storage capacity C and leaf area index LAL

C.=0.395 LAI - 0.084, 3)

where C_= canopy storage capacity, LAI =
leaf area index.
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Table 4. Rainfall interception in the studied plots

Indicator JD-A | J-1-A | O-A
Rainfall interception 37.0 34.0 26.0
1), %

Canopy storage capacity | 2.1 1.7 1.4
(C,), mm

Rain to fill canopy stor- 34 2.8 2.5
age (R)), m

Leaf area index (LAI) 73 6.7 5.6

With regard to the relatively limited num-
ber of interception plots, the relationship (3)
has only an informative value, but still can
provide us with possible changes in the can-
opy storage within the extend of investigated
LAI values.

Conclusions

The direct ground LAI measurement in-
cluded the foliage (leaves or needles) of the
forest canopy, while indirect LAI estimated
are affected also by trunks and branches. Re-
mote sensing techniques reflect all the green
parts including the herbaceous understory.
In headwater catchments of the Jizera Moun-
tains, the estimates of the Gap light analyser
underestimate the ground based LAI values
by 52-76 per cent, and satellite interpretations
by 29-73 per cent The remote sensing can
provide fast and inexpensive information on
the distribution of LAI within time and space
in focused headwater catchments, and, ena-
bles a comparison of relative values among
focused plots. However, in a catchment scale,
the analysed satellite data underestimated
average LAI values approx. by 42-62 per
cent. A more valuable output could be con-
sidered by the interpolation of direct ground
LAI measurements with only a detection of
characteristic canopy classes from the both
free available satellite imagery Landsat and
Sentinel 2. In three plots instrumented with
through-fall and stem-flow collectors, there
was confirmed a significant relation between
the canopy storage capacity and LAI values.
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3.2. Metodika, vysledky a diskuse

3.2.3 Pozorovani a analyza horizontalnich srazek
3.2.3.1 Obdobi 2010-2012

Podkorunové srazkomeéry a pasivni kolektory mlhy

Lovett (1988) oznacil metodu bilance podkorunovych srazek za nej-
vhodnéjsi metodu stanoveni depozice horizontalnich srazek z mlhy a
nizké oblac¢nosti pro tucely ekologickych studii. Metoda bilance podko-
runovych srazek a srazek volné plochy je zalozena na predpokladu, ze
horizontalni srazky jsou zachyceny stromy a jsou soucasti podkoruno-
vych srazek. Tato metoda byla ¢dsteéné uzita pro vyzkum horizontdl-
nich srézek v zdjmovém povod{ J-1 a JD (Obr. [3.1). Béhem let 2010~
2012 byly sledovany podkorunové srazky na dvou stanovistich smrku
ztepilého (745 a 975 m n. m.) pomoci modifikovanych Hellmanovych
srazkomérii (200 cm?, plastovy kolektor s ochranou proti vyparu a kon-
taminaci ptaky). V kazdé vyskové drovni bylo nahodile rozmisténo 10
srdzkomeéru na plose 30 x 30 m (Tab. dle metodiky navrzené Krec-
merem a Pavem (1982).

Podkorunové srazky byly porovnavany s mnozstvim srazek zachyce-
nych na volné plose, umisténych 30-50 m od okraje lesa. Velikost inter-
cepce byla odhadnuta a dopocitana na zakladé pozorovani podkoruno-
vych srazek a srazek na volné plose béhem obdobi bez mlhy a verifiko-
vana udaji z pribuznych povodi. Stok po kmeni byl v povodich méfen
plastovou trubkou kolem ¢tyi vybranych kmenti, nicméné jeho mnoz-
stvi bylo shledano zanedbatelné. To se shoduje se zjisténimi Lindberga
a Owense (1993), ktefi pro smrkovy porost indikuji velikost stoku maxi-
malné 2 % podkorunovych srazek. Mnozstvi horizontalnich srézek pod
korunami stromu bylo urc¢eno podle rovnice .

FP=T+1I +S —R, (3.1)

kde T je ithrn podkorunovych srazek, R je tthrn atmosférickych sra-
zek na volné plose, S je stok po kmeni a I je intercepce vertikdlnich
srazek. Velikost intercepce se muze pohybovat od 10 do 37 % srazek
volné plochy (Lange et al. 2003, Krec¢mer et al. 1981), jeji velikost je
ovSsem nutné stanovovat béhem obdobi bez vyskytu mlhy, aby celkova
velikost intercepce nebyla umensovana pravé depozici horizontalnich sré-
zek béhem obdobi s mlhou.

K identifikaci velikosti vlivu nadmotské vysky na potencidlni \thrn
horizontalnich srazek bylo v experimentalnim povodi (J-1, gradient 862—
994 m n. m.) nainstalovdno 12 pasivnich kolektori na vertikalnim od-
lesnéném transektu. V kazdém kolektoru probihala kondenzace vody
z mlhy na teflonovém vldkné o primeéru 0,25 mm o celkové délce 400 m,
ve vysce 1,7 m nad terénem. Kolektory byl chranény pred vnikem verti-
kalnich srazek. Voda v kolektoru stékala do plastové lahve, vzorky byly
odebirany v mési¢nim kroku.
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Tabulka 3.1: Charakteristiky porostu na zajmovych plochach 1 a 2 (30 x

30 m).

Parametr Plocha

1 2
Nadmorska vyska 745 975
Druh Picea abies | Picea abies
Vek 80-100 80-100
Pocet stromu 54 68
Stiredni vyska 24 23
Hustota zapoje (-) 0.92 0.78
LAI (-) 7.3 6.7

Vzorky vody (podkorunové srézky, vzorky mlhy a stok po kmeni)
byly analyzovany standardnimi technikami v hydro-biologické labora-
tori Velky Palenec (Karlova Univerzita) se zfetelem na pH a koncent-
race siranti, dusicnant a amoniaku. Diky relativné chladnému horskému
klimatu subarktického regionu byla moznéd bakteridlni aktivita v ob-
dobi mezi odbéry regulovana nizkou teplotou. Vzorky nebyly tudiz vy-
znamné zatizeny bakteridlni dekompozici, kterd by ovlivnila chemické
slozeni (obzvl4sté dusi¢nany). Potencidlnimu ristu fas bylo branéno ne-
pruhlednou vzorkovaci 1ldhvi.

Data z pozorovani byla analyzovana zvlast pro teplou (V-X) a stu-
denou sezonu (XI-IV). Vyskyt, doba trvani a intenzita mlhy byly po-
zorovany v blizkych meteorologickych stanicich — u nadrze Joseftav D1l
(745 m n. m.), u naddrze Sous (772 m n. m.) a v nejvyssim a nejnizsim
misté experimentalniho povodi (850 a 980 m n. m.) pozorovatelem.

Depozice horizontalnich srazek na plose zajmovych povodi

Na zékladé hustoty zapoje, indexu zakmenéni, LAI smrkového porostu
a travy byl porost kategorizovan do skupin, jimz byl pritazen koeficient
F,, a byla vymezena jeho prostorova distribuce. Koeficient F, vyjadiuje
schopnost porostu zachytavat horizontalni srazky z mlhy svym povrchem
ve srovnani s maximélnim moznym zachytem v daném tzemi zjisténého
v 975 m n. m., koeficient reflektuje efektivnost smrkového porostu za-
chytavat vodu z mlhy s predpokldadanym maximem v plné vzrostlém
uzavieném porostu (F. = 1) a klesd s oteviranim porostu a fidnutim
zépoje. Charakteristiky porostu jsou uvedeny v Tab.

Uhrn horizontalnich srézek roste s nadmoiskou vyskou (Walmsley
et al. 1996, Krec¢mer et al. 1979, Brechtel 1989, Dawson 1998), proto
pro aproximaci horizontalnich sréazek a depozice dusiku, siry a hodnoty
pH na plose povodi byla aplikovana hypsometrickd metoda na zakladé
pozorovani horizontalnich srazek pod korunami stromu v nadmorskych
vyskach 745 a 975 m n. m. a linedrni zavislosti ze zachycenych objemu
v kolektorech mlhy.
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Tabulka 3.2: Zattizeni porostu a pritazeni koeficientu Fr.

Kategorie Vékova trida F. (-)
1 dospély porost 1
2 stfedné stary porost 0,92
3 mlady porost, trava 0,33
4 mlady porost, dominujici trava | 0,18

Prestoze pasivni kolektory maji omezeny potencidl zachytu vody
z mlhy a jejich efektivnost zavisi na velikosti kapek a rychlosti vétru
(Avila et al. 2001, Frumau et al. 2011), zachycené mnozstvi vody v pasiv-
nich kolektorech predstavuje néstroj pro odhad vlivu nadmorské vysky
na Uhrn horizontélnich srazek. V pripadé dobrého vztahu mezi pozorova-
nymi podkorunovymi srazkami a mnozstvim vody zachycené v pasivnim
nez udrzovat komplexni sit podkorunovych srazkomérta (Mueller a Imhof
1989, Joslin et al. 1990).

Na zakladé kombinace vztahu mezi zdchytem vody z mlhy v kolek-
torech a pod korunami byl odvozen obecny vztah pro uhrn hori-
zontalnich srazek na plose zajmovych povodi zohledniujici nadmoiskou
vysku a kategorii porostu:

P =0,001(a-E +ap)- A, - F. (3.2)

Obdobné byl odvozen vztah (3.3]) na zakladé hypsometrické metody pro
kyselou depozici:

m=(b-E+b) A, F.. (3.3)

Mezi pH mlzné vody a nadmorskou vyskou plati jednoduchy linearni

vztah (3.4):

pHpog = c- E + cp. (3.4)

P,, je sezénni thrn horizontélnich srazek (mm), m je velikost sezénni
depozice daného prvku (kg.km=2) a,b, ¢, ag, bo, co jsou koeficienty hyp-
sometrického vztahu pro urcitou sezénu, E je nadmoiskd vyska (m),
Aer je efektivni zachytnd plocha kolektoru (m?) a F. je koeficient po-
rostu. Tyto vztahy umoznily stanovit primérnou depozici na celé za-
jmové plose s uvazenim prostorového rozlozeni vegetace a hypsometrie

povodi.
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Introduction

Acid rain directly affects the chemical and
pH balances of surface and ground waters
in headwater regions of central Europe
(Holen et al. 2013). Low pH values cause
the mobilisation of toxic aluminium, which
reduces the biota in water courses and
reservoirs. Fog and cloud waters have
been recognised as important carriers for
the deposition of water-borne pollutants in
high elevation forests (Kroll & Winkler
1989, Whitman 2000, Wrzesinsky & Klemm
2000). The process of fog condensation on
vegetation foliage and dripping to soil sur-
faces can significantly affect the water bal-
ance in mountain watersheds (Vogelmann
1973, Kre¢mer et al. 1979, Ingwersen 1985,
Lovett & Reiners 1986, Dawson 1998). Re-
cently, fog collection technologies (simple

Acid atmospheric deposition is harmful to both forest and aquatic ecosystems.
In mountain catchments, acidification also leads to difficulties in water re-
source management. In 2010-2012, acid atmospheric deposition was analysed
in a small forest catchment located in the upper plain of the Jizera Mountains
(Czech Republic). Patch observations included monitoring of the canopy inter-
ception in two mature stands of Norway spruce (Picea abies) at elevations of
745 and 975 metres a.s.l., and twelve passive fog collectors situated along an
elevation gradient between 862 and 994 metres a.s.l. In the studied area, fog
(and low cloud) precipitation starts to affect the interception loss of the
spruce canopy at elevations above 700 metres. However, fog drip was found to
also rise with the canopy area. At the catchment scale, methods of spatial
interpolation (ArcGIS 10.2) were used to approximate the aerial atmospheric
deposition of water and acidic substances (sulphate, nitrate and ammonia). In
the watersheds of two adjacent drinking water reservoirs, Joseftv Dal and
Sous, the mean annual fog drip from the canopy was between 88 and 106 mm
(i.e., 7-8% of the mean annual gross precipitation, or 10-12% of the mean
annual runoff). Simultaneously, this load also deposited 658 kg km of sulphur
and 216 kg km of nitrogen (i.e., 55% and 48% of the “open field” bulk
amounts). Therefore, in headwater catchments stressed by acidification, the
additional precipitation (measured under the canopy) can increase the water
yield, but can also contribute to a decline in water quality, particularly in
environments of low buffering capacity.

Keywords: Mountain Watershed, Spruce Forests, Acid Atmospheric Deposition,
Water Resources Recharge

devices based on erected nets facing on-
coming winds and trapping water particles
in the air) have been developed in many
parts of the world to modify the water
cycle and to support local water supplies
(Ruiz 2005). Fog has also been viewed as
an important source of moisture in coastal
ecosystems (Dawson 1998); however, ef-
fective fog/cloud water trapping by vegeta-
tion has been mainly reported in cloud for-
ests (Vogelmann 1973, Holder 2003, Hilde-
brandt & Eltahir 2008). In general, higher
elevation forests show relatively significant
additional water yields due to the occur-
rence of fog (Ingwersen 1985, Walmsley et
al. 1996, Igawa et al. 2002), and Holder
(2003) has called the conservation of high
elevation forests an important tool for wa-
ter supply engineering.
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Considering forests in Central Europe,
Brechtel (1989) reported an elevation of
700 m as the threshold of significant fog
precipitation. Upland watersheds above
700 m are currently covered mainly by co-
niferous forests (Andersson 2005). Fog
drip in short vegetation types (like grass)
has been found to be much smaller than in
forests, with deposition intensities of 0.018
-0.02 mm per hour in grasslands compared
with 0.02-0.4 mm per hour in coniferous
forests (Lovett & Reiners 1986, Hildebrandt
& Eltahir 2008). In addition to canopy
structure, however, a number of variables
such as wind speed, liquid water content
and droplet sizes influence the deposition
of fog/cloud precipitation (Whitman 2000).

In regions affected by polluted air (partic-
ularly emissions of sulphur and nitrogen)
and by consequent acid atmospheric depo-
sition, processes trapping fog from the
atmosphere can intensify the decline of
water environment and water resources
(Verhoeven et al. 1987, Delleur 1989, Sche-
menauer et al. 1995, Igawa et al. 2002,
Schopp et al. 2003, Kim et al. 2006, Krecek
& Hofickd 2006). Therefore, land use and
watershed management practices might
influence the volumes and chemistry of
cloud/fog precipitation as well as the re-
charge, quantity and quality of water re-
sources (Kim et al. 2006, Kre¢ek & Hofickd
2010). Increasing inputs of acid substances
from fog precipitation may result in lower

iForest 10: 680-686
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Fig. 1- Catchments of the drink-
ing water reservoirs (Joseflv
DUl - JD, Sous - S) and the
experimental basin (J-1).

Altitude
High : 1110 m

— Low: 700 m

@ climate station

J-1

@ fog

@ forestplot ©

open field gauges

pH, reduced contents of calcium and mag-
nesium (and water hardness), and the mo-
bilisation of aluminium in water environ-
ments (Merilehto et al. 1988, Mosello et al.
1995, Kre¢ek & Hoficka 2006). pH is one of
the most important operational water
quality parameters, with national guide-
lines for drinking water quality often sug-
gesting an optimum pH in the range 6.5 to
8.5 (WHO 2004). Without air pollution and
subsequent acid rain, most lakes and
streams would have a pH level close to 6.5
(Merilehto et al. 1988). However, in the
headwaters of the European “Black Trian-
gle”, in the late 1980s water pH rose to 4-5
and concentrations of aluminium increased
to 1-2 mg per litre (Kre¢ek & Hofickd 2010).
The limit of aluminium in drinking water is
0.1 mg per litre for large treatment facilities
and 0.2 mg per litre for small facilities
(WHO 2004). Therefore, in some water
treatment plants, the increased acidity of
raw water necessitated several additional
investments (Kre¢ek & Paldn 2015). The
aim of this study was to analyse the gene-
sis of acid atmospheric deposition in for-
ested headwater catchments of the Jizera
Mountains (Czech Republic) with special
attention on the role of fog/low cloud
events, elevation and vegetation canopy.

Material and methods

Study site

This study was performed in the upper
plain of the Jizera Mountains (50° 40’ - 50°
52" N, 15° 08’ - 15° 24’ E), which has a humid
temperate climate (Fig. 1). This 200 km®
headwater area is located above 800 m
(subarctic region of the Képpen climate
zone, Dfc), the supposed threshold for the
occurrence of significant fog/clouds in the
Czech Republic (Proskova & HGnové 2006).
The mean annual precipitation ranges from
1290 to 1400 mm, the mean annual air tem-
perature from 4 to 5 °C, and the average
maximum snowpack depth is about 120 cm
(the snow cover usually lasts from the be-
ginning of November to the end of April -
Tolasz & Bastyrova 2007).

The risk of acidification in the Jizera
Mountains is enhanced by the granite bed-
rock and shallow podzolic soils of a low
buffering capacity. The upper watersheds
are fully forested; however, during the 19*
century, the mixed forest of native tree
species (Common beech - Fagus sylvatica,
Norway spruce - Picea abies, and Common
silver fir - Abies alba) was converted to
spruce plantations (almost 9o% of forest
stands) of lower ecological stability (Kre-
&ek & Hoficka 2006).

Tab. 1- Characteristics of the investigated plots 1and 2 (30 x 30 m).

Plots

Parameter

1 2
Elevation (m) 745 975
Tree species Picea abies Picea abies
Age (years) 80-100 80-100
Number of trees 54 68
Mean height (m) 24 23
Horizontal canopy density (m* m?) 0.92 0.78
Leaf area index (m? m?) 7.3 6.7

681

Precipitation analyses

We analysed precipitation using the wa-
ter balance method under a canopy pro-
posed by Lovett (1988) as the most appro-
priate approach for measuring fog and
cloud water deposition in ecological stud-
ies. During the period 2011-2012, precipita-
tion (including fog-drip) under the canopy
of two mature spruce stands (plots 1and 2,
at elevations of 745 and 975 metres a.s.l. -
Fig. 1) were collected by modified Hell-
mann rain gauges (area of 200 cm’, plastic
collectors with a shield against bird con-
tamination). Sets of ten gauges were ran-
domly installed in plots of 30 x 30 metres
according to forest characteristics (Tab. 1)
and the method proposed by Kre¢mer &
Pav (1982). The amount of fog drip was es-
timated by comparing the volumes of wa-
ter collected by these sets of ten gauges
with a single rain gauge installed in adja-
cent forest openings (i.e., “bulk”, located
30 to 50 metres away from the forest
edge). According to Kre¢mer et al. (1979),
in spruce stands the stemflow of rainwater
can be considered to be negligible. To test
this assumption at our stands, stemflow in
the investigated plots was collected by
plastic tubing installed around the circum-
ference of four selected trunks. Collected
volumes of water were recorded at month-
ly intervals; the interception loss of the
canopy (I) was calculated as (egn. 1):

ORI
1_;m1> (;mPﬁ;mP\

where P is the open field (gross) precipita-
tion (mm), P is the throughfall under the
canopy (mm), P, is the stemflow, n is the
number of months, m is the number of sea-
sons.

To identify the effect of elevation on po-
tential fog drip, twelve passive fog collec-
tors were installed in vertical transect A of

™
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the Jizerka experimental catchment (J-1,
area of 1 km’, elevation gradient from 862
to 994 metres - Fig. 1), where mature
spruce stands were harvested by clear-cut-
ting. For each collector, the fog drip was
generated using 400 metres of Teflon line
(diameter of 0.25 millimetres, i.e., surface
area index = 5) installed at a height of 1.7
metres above the ground, and collected in
one-litre sample bottles at monthly inter-
vals. Sample bottles were protected
against direct rainfall access by a wide-
brimmed cover that overlapped the fog
collector at an angle of 34°.

The collected water samples (fog drip,
throughfall and stemflow) were analysed
by standard techniques in the Hydrobiolog-
ical Laboratory Velky Pélenec (Charles Uni-
versity in Prague), including pH, conductiv-
ity, and contents of elements related to
acid atmospheric deposition - sulphur (S-
S0O,) and nitrogen (N-NO;, N-NH,). Concen-
trations of NO; and SO,* were determined
by ion chromatography, and NH,” by the
rubazoic acid method (Kopéek & Pro-
chazkova 1993). Although bacterial activity
may alter the chemical composition of
water after collection (especially nitrogen
- Golterman 1969), in our case the relative-
ly cold mountain climate (subarctic region),
relatively high concentrations of nitrogen,
and low values of pH and dissolved organic
carbon likely limited bacterial activity (Cape
et al. 2001). The potential growth of algae
was reduced by using dark sampling bot-
tles and keeping samples in the dark during
transport.

Precipitation deposition in watersheds
Findings worldwide (Kre¢mer et al. 1979,
Brechtel 1989, Dawson 1998) have shown
that in mountain watersheds, fog drip de-
position increases with elevation and ca-
nopy density. Therefore, the hypsometric
method with spatial interpolation (using
ArcGlIS 10.2) was employed to approximate
the spatial atmospheric deposition of fog
water (Psw), sulphur (S-SO,) and nitrogen
(N-NO,, N-NH,) in two watersheds contain-
ing drinking water reservoirs in the Jizera
Mountains, Joseftiv Dal and Sous (Fig. 1).
To identify seasonal relationships between
fog drip and elevation, data from the fog
collectors was analysed separately for the
summer (May-October) and winter (No-
vember-April) seasons. The occurrence of
fog was also recorded at four nearby cli-
mate stations: Josefliv DUl (elevation of
745 m a.s.l.), Sous (772 m), and at the high-
est and lowest points in the Jizerka experi-
mental basin (980 and 850 m - Fig. 1).
Several authors (Kre¢mer et al. 1979, Lov-
ett & Reiners 1986, Weathers et al. 1995)
have observed higher fog drip at the edges
of forest stands, sometimes exceeding the
fog deposition in a nearby stand by 3 to 15
times. However, in fragmented forest
stands such as those in the Jizera Mts.
Kre¢mer et al. (1979) found increases of
only up to 10% in border areas 10-20 metres
wide. We therefore neglected the edge
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effect in this study.

The vegetation canopy was analysed by
satellite (Landsat imagery, resolution of 30
x 30 m) and detailed ground investigations
(Krecek & Kré¢mar 2015). Then, the canopy
surface was categorised into groups of
herbaceous plants and forest stands, and
their delineation in watersheds was per-
formed. In the Jizerka experimental catch-
ment, ground-based canopy analyses were
carried out for twenty selected plots (30 x
30 m). Twelve of these were instrumented
by passive fog collectors (along the har-
vested transect A - Fig. 1) and two by sets
of ten rain gauges installed under the
canopy. The forestry characteristics (age,
stocking, horizontal canopy density) were
estimated by a standard inventory (Kre¢ek
& Hoficka 2010). The capacity for fog depo-
sition was approximated by the fog-drip
coefficient F. according to the canopy sur-
face estimates (Kre¢mer et al. 1979). The
value of the coefficient F. ranges from o to
1. Equation 2 was used to calculate the sea-
sonal volume of fog precipitation for a
specified canopy, elevation and season.
The relation is based on a simple linear hyp-
sometric relation between altitude and the
precipitation volume (eqgn. 2).

P, =0.001{(a-E+ay) 4, F, )

where Py is the seasonal amount of fog
drip (mm), a and a, are coefficients of the
hypsometric relation derived for the indi-
vidual season, E is the elevation (m), A is
the effective receptor area (m?), and F. is
the fog drip coefficient.

Similarly, the hypsometric method was
used to assess the water quality of the de-
posited fog. Concentrations of the acidic
substances (sulphate, nitrate and ammo-
nia) from the fog collectors and rain
gauges were used to estimate seasonal
amounts of deposited elements (eqn. 3):

m=(b-E+b,)- A, F, ®3)

where m is the seasonal amount of de-
posited elements (kg km?), b and b, are
coefficients of the hypsometric relation
derived for individual season and element,
E is the elevation (m), A is the effective
receptor area (m?), and F. is the fog drip
coefficient.

Standard descriptive statistics (including
mean, median, maximum and minimum
values, standard deviation — SD, standard

error of mean - SEM, upper and lower 95%
confidence limits), normality test, and one-
way ANOVA were used to analyse the data
and to identify relationships between the
groups of data (Motulsky & Searle 1998).
The paired t-test comparing means of two
groups of a variable was used to test differ-
ences between groups, and the correlation
was tested by the Pearson’s coefficient.

Results and discussion

Effects of elevation and canopy

The correlation matrix of elevation E (m),
sampled volume of fog drip V (ml), water
pH, and contents of N-NO;, N-NH,, S-SO,
(mg I") is presented in Tab. 2. Though pas-
sive string collectors are limited in their
ability to collect cloud/fog water, and their
efficiencies depend on the droplet spectra
and wind speed (Schell et al. 1992, Avila et
al. 2001), these data allow the effects of
elevation to be assessed. It is evident that
the groups of data are inter-correlated.
With rising elevation, there was a signifi-
cant increase of fog drip, followed by
decreasing water pH. Contents of acidic
substances (N-NO;, N-NH,, S-SO,) were not
well correlated with elevation, but in
higher altitudes their deposition did in-
crease with increasing volumes of precipi-
tated water. There was a linear relationship
between mean monthly fog drip and eleva-
tion in both summer and winter seasons
with correlation coefficients r = 0.93 and
0.98, reie = 0.73 (n = 5, a = 0.1), a slope sig-
nificantly different from zero (P = 0.0082
and 0.0033), and a non-significant depar-
ture from linearity (F = 39.3 and 73.75 > Fai
= 9.78). During the winter season (Novem-
ber-April), the load of fog precipitation ex-
ceeded the summer fog drip (May-Octo-
ber) by 23-50%.

In plot 2 during the warm season (May-
October), the observed canopy storage ca-
pacity was 2.3 mm. For the seasonal rainfall
of 683 mm (Tab. 3) and approx. 100 rainy
days saturating the storage capacity, the
total interception loss of rainwater by the
spruce canopy could be estimated at about
230 mm. Therefore, in plot 2 the intercep-
tion losses not affected by the fog drip
could reach 34 % of the gross precipitation.
Similarly, in a dense mature plantation of
Norway spruce (canopy density 0.8-0.9)
not affected by additional precipitation
from fog or low clouds, Kre¢mer et al.
(1979) reported 37 % interception. The vol-

Tab. 2 - The correlation matrix of elevation E (m), sampled volume of fog drip V (ml),
water pH (-), and contents of N-NO;, N-NH,, S-SO, (mg I"); re = 0.19 (n=125, p=0.05).

- E v pH N-NO; N-NH, 5-50,
E 1 0.21 -0.20 0.03 0.03 -0.05
v 0.21 1 -0.72 0.39 0.02 0.07
pH -0.20 -0.72 1 -0.50 -0.29 -0.23
N-NO; 0.03 0.39 -0.50 1 0.08 0.13
N-NH, 0.03 0.02 -0.29 0.08 1 0.82
5-50, -0.05 0.07 -0.23 0.13 0.82 1
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ume of stemflow was found to be negligi-
ble, which is consistent with the findings of
Kre¢mer at al. (1979) and Lovett & Reiners
(1986). One possible explanations include
the centrifugal structure of the spruce ca-
nopy and rough stem-bark.

The observed mean interception loss in
the summer season (May-October) was
196 mm (31% of the gross precipitation) for
plot 1, and 112 mm (16 %) for plot 2. These
differences in the interception loss be-
tween the two spruce stands could be
explained simply by the deposition of fog
droplets: 37 and 120 mm per season (i.e.,
0.2 and 0.7 mm daily).

In the Jizerka experimental catchment
(plot 2), the content of sulphur and nitro-
gen were analysed separately for rain and
fog water (Tab. 3). The passive fog drip col-
lectors at different elevations showed in-

creasing concentrations of sulphur and ni-
trogen with increasing elevation. In com-
parison with rainfall the collected fog pre-
cipitation had lower pH, likely because of
the genesis of fog droplets in an atmos-
phere polluted by emissions of sulphur and
nitrogen. Verhoeven et al. (1987) reported
higher acidity in fog versus rain in the
Fichtelgebirge Mountains (Bavaria, Germa-
ny) due to an excess of strong mineral
acids by anthropogenic emissions into the
atmosphere.

At transect A (899-975 m a.s.l.) during the
period 2010-2012, the average annual value
of pH varied with elevation from 3.6 to 4.2,
and the average annual concentration val-
ues (mg I") of S-SO,, N-NO;, and N-NH, var-
ied with elevation from 7.7 to 7.9, from 2.2
to 2.7, and from 6.2 to 7.2, respectively.
These data correspond to the results of
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e Tab. 3 - Rainfall and fog-drip sampled in the plots 1 and 2, May-October, 2011- 2012. amounts of dissolved chemicals (e.g., SO,)
9 — ~ - at greater distances above the cloud base.
& plot Precipi- Amount __ PH () $-504 (mg I") N-NO; (mg I')) In the watersheds of the drinking water
= tation (mm)  mean sb mean sb mean sb reservoirs (Josefv D@l and Sou$ - Fig. 1),
= 1 Rainfall 630 5.1 0.15 0.40 0.05 0.20 0.04 the estimates of the fog-drip coefficient F.
o Fog drip 27 4.1 0.9 4.60 0.8 1.92 0.69 was consistent with standarfj forestry map-
S 2 Rainfall 68 48 011 043 004 022 014 DM€ it(;)gfeoria;;f; ;’S‘Sr‘:‘c‘g‘sl‘;’:tz'ﬁgiz°z>s'
c . .
2 Fog drip 120 3.8 1.1 7.70 1.3 3.2 1.20 shown in Tab. 4, values of the F. coefficient
g reflected the efficiency of the spruce
v Tab. 4 - Fog drip coefficient F.. canopy to collect fog droplets with a maxi-
bon 4-Fogdrp o mum (Fc = 1) in a close mature stand, and
o— " " decreasing with opening of the canopy.
[} Stand Horizontal Fog-drip i

| category Age classes canopy density coefficient F. On the other hand, fog deposition de-
i 1 Mt and 0.8 1 pends on the frequency that fog occurs.
o ature stan . The meteorological observation of fog
= 2 M?t“’e stand 0.65-0.8 0.92 events at elevations of 745, 772, 850 and
i 3 Middle age stand 0.25-0.65 0.33 980 m a.s.l. (Fig. 1) showed a statistically
4 Young stand, grass <0.25 0.18 significant relation between the number of

foggy days and elevation (correlation coef-
ficient r = 0.99, rei = 0.95, N = 4, @ = 0.05 —
eqn. 4).

D,;=0.2178- E~153.76 (4)

where D is the number of foggy days in the
summer (days), and E is the elevation (m).

In the winter, the number of foggy days
exceeded summer values by 60 %, corre-
sponding to Tolasz & Bastyfova (2007).
During temperatures below zero, the de-
position of fog droplets falls to almost one-
third of the potential, according to Lovett
& Reiners (1986).

Watershed deposition

The observed and approximated loads of
fog water and acidic substances were used
for deriving the coefficients in the hypso-
metrically based regression of eqn. 2 and
eqn. 3 using the effective receptor area of

Fig. 2 - Mean annual fog drip in the inves-
tigated watersheds (2011-2012).
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Fig. 3 - Mean annual load of sulphur by
fog drip (2011-2012).

Acid atmospheric deposition in mountain catchment
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the fog collector A = 0.022 m*and the fog
drip coefficient F. depending on the vege-
tation cover. All relations (Tab. S1, Tab. S2,
and Tab. S3 in Supplementary material)
were statistically significant, with correla-
tion coefficients varying in absolute value
from 0.87 to 0.98 (re: = 0.8114, n = 6, a =
0.05), slope different from zero (P from
0.01 to 0.0015), and a non-significant
departure from linearity (F from 17.34 to
66.66, Foic = 7.39).

In the catchments of Jizerka (J-1), Joseflv
Dal (JD) and Sous (S), approximations of
the data using eqn. 2 and eqn. 3 allowed to
determinate the spatial distribution of val-
ues within catchments respecting local
conditions such as the altitude and vegeta-
tion cover, resulting in spatial maps of the
mean annual load of fog water (Fig. 2), sul-
phur (Fig. 3) and nitrogen (Fig. 4), and
mean annual pH of fog water (Fig. 5).

The annual load of fog water varied from
7% to 8% of the mean annual gross precipi-
tation (1324 mm, estimated by the hypso-
metric interpolation of the standard point

rain gauges). Therefore, the input of fog
precipitation in the annual water budget
increased the water yield from 10% to 12%
(by 867 mm mean annual runoff). On the
other hand, the mean annual loads of sul-
phate and nitrate from fog deposition
were 1975 and 1080 kg km™ in the water-
sheds of Joseftv Dl and Sous, i.e., 55% and
48% of the amounts of sulphur and nitro-
gen, respectively, registered in the bulk.
Likewise, in the Fichtelberg Mountains (Ba-
varia, Germany), Wrzesinsky & Klemm
(2000) reported a significant role of fog
precipitation in the water balance of forest
stands at elevations above 800 ma.s.l. At a
comparable elevation in the White Moun-
tains (New York, USA), Miller et al. (1993)
reported that cloud deposition contributed
32% and 37% of the total atmospheric load
of nitrogen and sulphur.

The spatial maps can also be used to indi-
cate locations in the investigated water-
sheds vulnerable to higher inputs of fog
water, which may in turn affect the trees
and water quality within the watersheds.

Generally, based on the spatial distribution
of pH, nitrogen and sulphur, the higher alti-
tudes of catchments are at higher risk, es-
pecially in combination with the occur-
rence of a mature coniferous forest. From
the spatial distribution of the vegetation
cover, it was possible to estimate the total
inputs of fog water, sulphur and nitrogen,
as well as water pH into the catchments,
providing us with important information
on the acidification of water courses and
reservoirs in the water supply catchments
Josefav Dl and Sous (Fig. 3, Fig. 4, Fig. 5).
Because of the very low buffering capacity
of the soil and bedrock in these catch-
ments, these acid atmospheric loads di-
rectly affect the quality of surface waters
(Kre¢ek & Hoficka 2006), and may require
investments in water treatment (Krecek &
Palan 2015). Those investments could be
reduced, however, using forest manage-
ment practices that respect conditions for
the formation of fog precipitation and its
negative role in mountain catchments
stressed by acidification.

Fig. 4 - Mean annual load of nitrogen by
fog drip (2011-2012).
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Uncertainties in estimates of
atmospheric deposition

The estimated loads of fog water and
acidic substances (sulphate, nitrate, ammo-
nia) to the watersheds investigated here
are affected by several uncertainties. Gen-
erally, in mountainous terrain the accuracy
of measured precipitation amounts de-
creases with increasing wind velocity
(Shaw et al. 2010), with significant errors
(above 5 %) when wind velocities are above
2 m s'. For the rain gauges installed in
spruce stands (plots 1 and 2), the effect of
wind was assumed to be negligible. Gener-
ally, errors in chemical analyses are consid-
ered to be on the order of 10%. The month-
long storage of rain/fog water in gauges
also introduces the risk of error, namely for
nitrogen that can be altered by bacterial
activity. Nevertheless, Cape et al. (2001) re-
ported negligible changes of NO; contents
in longer sampled rainwater in cold moun-
tain environments, finding that significant
errors might occur only in high summer
months (July, August), but not exceeding
20%.

The efficiency of passive fog collectors is
on the order of 10-20% of the actual liquid
water content in a cloud; the collection
efficiency of a single string depends on the
size spectrum of the cloud droplets and
wind velocities (Schell et al. 1992, Avila et
al. 2001). However, our use of passive fog
collectors was intended to just indicate the
effects of elevation in the upper plain of
the Jizera Mountains, assuming compara-
ble wind speeds in the investigated tran-
sect (Fig. 1). The collected volumes of fog
might also have been affected by the input
of surrounding rainfall. However, the pas-
sive collectors at the Jizerka transect were
protected against inputs of rainfall up to
wind speeds of 2 m s™. At higher velocities
(based on hourly means) and rainfall inten-
sities above 5 mm day”, the sampled vol-
umes of fog water were possibly increased
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by rainfall up to 10%. Considering the collec-
tion techniques used, estimates of the ca-
nopy structure, and data interpolation, we
believe the accuracy of the estimated long-
term loads of fog water and acidic sub-
stances presented here to be in the range
of + 20%. Further research is needed to
evaluate the effects of particular meteoro-
logical situations (particularly wind speed
and direction) on episodic loads of fog
drip. However, this study provides initial
data for evaluating the effects of possible
scenarios of forestry practices on atmo-
spheric loads to the water supply catch-
ments of Josefliv DUl and Sous.

Conclusions

In the Jizera Mountains, the fog water
deposition decreases the interception loss
in spruce stands (Picea abies) at elevations
above 700 m. However, measurable vol-
umes of fog water sampled by passive col-
lectors were detected at elevations above
900 m. Fog drip from the forest canopy
was found to increase with elevation and
canopy extent. In two mature spruce
stands, located at elevations of 745 and
975 m, the observed summer interception
losses were 196 mm (31%) and 112 mm
(16%), respectively, and were significantly
affected by fog drip at the higher eleva-
tion. The volumes of fog drip sampled by
the passive collectors demonstrated the
effects of elevation and seasonal varia-
tions. In the winter season (November-
April), the fog deposition exceeded the
summer values (May-October) by 23-50%.

In the catchments of the drinking water
reservoirs Josefiv DAl and Sous, loads of
fog water varied from 88 to 106 mm (i.e.,
from 7% to 8% of gross precipitation).
Therefore, for the mean annual precipita-
tion of 1324 mm (867 mm runoff), the addi-
tional input of fog to the annual water bud-
get could have increased the mean annual
water yield from 10% to 12%. The negative

Fig. 5 - Annual pH values of fog drip (2011-
2012).

effect of fog precipitation on increasing
acid deposition in the investigated water-
sheds was also demonstrated. The mean
annual loads of sulphur and nitrogen from
fog drip were 658 kg km? and 216 kg km?
(i.e., 55% and 48% of the bulk amounts of
sulphur and nitrogen, respectively).
Therefore, in headwater catchments
stressed by acidification, the deposition of
fog water can enhance the water yield and
the recharge of water resources. At the
same time, however, it can also affect the
quality of surface waters, particularly in
environments of a relatively low buffering
capacity. Both these effects are related to
the elevation and canopy structure, and
could therefore be altered by forestry prac-
tices modifying the above-ground canopy.
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Supplementary Material

Tab. S1 - Coefficients a, a, (eqn. 2) and Pearson correlation (r) between the deposited fog water and elevation.

a ay r season
9.0447 -6186.0307 0.76 May-October
10.2680 -6762.2806 0.90 November-April

Tab. S2 - Coefficients b, by (eqn. 3) and Pearson correlation (r) between the deposited acidic substances and

elevation.
Acidic substances b bo r season

S-S0, 0.0766 -56.1069 0.86 May-October

N-NO; 0.0270 -19.8859 0.81 May-October

N-NH,4 0.0754 -55.5671 0.83 May-October
S-S0, 0.1126 -81.7721 0.94 November-April

N-NO; 0.0362 -26.2902 0.92 November-April

N-NH, 0.0940 -68.6638 0.88 November-April

Tab. S3 - Regression coefficients k, q and Pearson correlation (r) between pH of the fog water and elevation.

k q r season
-0.00268 5.9623 0.93 May-October
-0.00485 7.8040 0.95 November-April
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3.2.3.2 Obdobi 2015-2017

Vliv okraju lesa na velikost dhrnu horizontalnich srazek

Nekteri autori (Lovett a Reiners 1986, Weathers et al. 1995) uvadi,
7e depozice vody z mlhy muze v nékterych piipadech na okrajich po-
rostu prevysit depozici uvnitt porostu 3-15x. Ovsem ve fragmentovaném
porostu, jaky se vyskytuje v Jizerskych hordch, uvadi Kre¢mer (1979)
maximalné 10% navySeni depozice v pasu 10-20 m. Pro ovéreni skutec-
ného vlivu okraje lesa v zdjmové lokalité byla proto v obdobi 2015-2017
rozsirena experimentalni plocha v dospélém smrkovém porostu povodi
J-1, na niz byl méfen thrn podkorunovych srazek.

2%

20
L

10
|

A, B, C—interception plots () —crown projection @ —rain collectors X — automatic raingauges

Obrézek 3.4: Horizontélni projekce korun na plochéch (30 x 30 m) v za-
jmovém povodi (J-1).

Dalsi dvé plochy o rozméru 30 x 30 m navazujici na plochu J-1-A
(uzitou v obdobi 2010-2012) byly osazeny 2 x 10 Hellmanovymi srazko-
méry (Obr. [3.4)), modifikové Brechtelem (1989) pro delsi sbérné obdobi
(typ Miinden-200), dle metodiky navrzené Kre¢merem a Pavem (1982).
Vzdalenost srazkomeért od okraje lesa se pohybuje mezi 0-90 m. Zaroven
byla plocha J-1-A osazena 5 automatickymi registracnimi srazkomeéry.
Voda z mlhy byla registrovina standardnim pasivnim kolektorem mlhy,
meteorologické velic¢iny byly sledovany pomoci osazené meteorologické
stanice na volné plose.

Pro odhad intercepce v dobé bez vyskytu vyznamnych mlh v dospé-
lém porostu na zdjmovych plochach byl vyuzit analyticky model Gashe
(1979). Tento model sleduje jednotlivé faze intercepéniho procesu (viz
kapitola . Odhadnuta intercepce byla porovnana s méfenymi pod-
korunovymi srdazkami. Zaroven byla provedena analyza velikosti dhrnu
podkorunovych srazek v zavislosti na vzdalenosti od okraje.

Aplikace depozi¢nich modela
Uhrn horizontélnich srazek na dané zdjmové plose byl odhadnut po-
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moci vypoctu rozdilu mezi pfimo pozorovanou intecepéni ztratou (na
zédkladé méfeni podkorunovych srazek a srdzek volné plochy) a inter-
cepcni ztratou za predpokladu zanedbatelného pridavku mlzné vody dle
Gashova modelu. Soucasné byl v ramci experimentalniho povodi apliko-
van i depozi¢ni model podle Slinna (1982) za tc¢elem kvantifikace jejich
vzajemnych rozdilu (na zékladé pozorovani meteorologickych veli¢in, sle-
dovéani mlhy a zachytu vody pomoci pasivniho kolektoru mlhy). Protoze
jiz v minulosti byly odvozeny zjednodusené depozicni modely nevyza-
dujici mnoho vstupt, za tucelem jejich ohodnoceni v podminkach ma-
lého stredoevropského horského povodi byly aplikovany modely podle
Gallaghera et al. (1992) a Vermeulena et al. (1997). Celkovy thrn hori-
zontalnich srazek stanoveny témito modely v zajmovém povodi byl urcen
jako vazeny prameér zalozeny na plose jednotlivych vegetacnich kategorii
v zadjmovém povodi.
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Abstract

Forest interception is a major loss of water balance in mountain catchments, reducing the
recharge of water resources. Fog precipitation occurring at higher elevations can reduce this
loss by saturating the vegetative surface and dripping down to the soil surface. In 2015-2017,
detailed observations of canopy throughfall and fog drip were performed in the upper plain of
the Jizera Mountains (North Bohemia, Czech Republic). In the warm season (May—October),
the interception loss of 106 mm was found in investigated mature spruce stand at 975 m a.s.L.,
i.e., 16% of the gross precipitation (662 mm). In 51 days a year, the forest interception was
affected by a canopy fog drip. Hypothetically, by a negligible fog drip, the mean seasonal
interception calculated by the Gash analytical model (225 mm) was 34% of the ‘open field’
rainfall. The fog drip volume (119 mm) was confirmed by the Slinn model (128 mm, + 9%),
while the relatively simple models of Gallagher and Vermeulen significantly underestimated
results by —23 and — 38%. Therefore, the Slinn model was employed to calculate daily fog drip
over an annual cycle in heavy fragmented forest stands over 1 km? of an experimental
catchment. We found only slightly increased fog drip (up to 10%) within 30 m of the forest
edge, reflective of the relatively high forest fragmentation (an absence of large homogenous
stands and sharp edges). Four basic canopy classes (from mature spruce stands to herbaceous
cover) were distinguished. The mean annual fog drip was Pr=81 mm (i.e., 7% of the gross
precipitation) and fog drip reached 7-8% of the mean annual gross precipitation, or 10-12% of
the mean annual runoff. In addition, the winter fog drip of up to 60% confirmed previous
findings from this area.
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1 Introduction

Worldwide, forest interception has been found to be a major loss of water balance in
investigated catchments, significantly reducing the recharge of water resources (Gash 1979;
Kiecek 1990; He et al. 2012; Bren 2015). However, at higher elevations fog water conden-
sation on vegetative foliage and its consequent dripping down to the soil surface can
significantly increase water yields (Kre¢mer et al. 1979; Ingwersen 1985; Whitman 2000;
Hildebrandt and Eltahir 2008). On the other hand, in regions significantly affected by acid
atmospheric deposition the processes of trapping fog from the atmosphere can intensify
declines of water environments and water quality (Schemenauer et al. 1995; Igawa et al.
2002; Kiecek et al. 2017; Hinova et al. 2018). In particular, increasing inputs of acid
substances from fog precipitation may result in lower pH, reduced contents of calcium and
magnesium (and water hardness), and the mobilisation of toxic aluminium in water environ-
ments (Merilehto et al. 1988; Kiecek and Hoficka 2001; Stuchlik et al. 2017).

Acid rain (namely by the airborne emissions of sulphur and nitrogen) has probably affected
the ecosystems of highly industrialised regions in Europe since the 1850s (Kopacek et al.
2016). After World War 11, acid atmospheric deposition caused the widespread acidification of
freshwaters, with damage to drinking water quality and populations of fish and other aquatic
organisms, particularly in headwater areas of central Europe (Kiecek and Hoticka 2006). In
headwater catchments of the Jizera Mountains (Czech Republic), impacts of the acid atmo-
spheric deposition has been augmented by interception and fog drip in spruce forests (Picea
abies) (Ktecek et al. 2017). Large-scale forest die-back, extensive clear-cut and problems in
reforestation lead to the landscape fragmentation (Kfecek et al. 2010). The aim of this paper is
to estimate interception loss and fog drip in the upper plain of the Jizera Mountains, where
fragmented forests and extensive invasive grass communities (namely Calamagrostis sp.)
dominate.

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, Fig. 1) located in the upper plain of the Jizera Mountains
(Czech Republic) between 862 and 994 m a.s.l. This catchment belongs to the Elbe river
district (1-05-01-004), and has the following climate characteristics (1961-1990): North
temperate zone, Képpen Dfc - sub-arctic region, mean annual precipitation 1400 mm, mean
annual air temperature 4 °C, 90 foggy days per year, and average maximum snowpack of
120 cm (the snow cover usually lasts from the beginning of November to the end of April)
(Tolasz 2007).

In the investigated catchment (instrumented in 1982), climax forests include Norway spruce
(Picea abies) and Common beech (Fagus sylvatica), but spruce plantations have dominated
Jizerka since the end of the eighteenth century. In 1984—1988, damaged mature spruce stands
were harvested by clear-cutting followed by reforestation and Junco effissi-Calamagrostietum
villosae became a new dominant community there (Ktecek et al. 2010). The vegetation cover was
categorized to four groups according to their canopy, based on both direct ground measurements
and indirect approximation techniques (Kfecek et al. 2017; Palén et al. 2018) (Table 1).
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Fig. 1 The Jizerka experimental catchment, with four recognized vegetation groups (1 — mature spruce stands, 2
— middle aged stands, 3 — young stands with grass, 4 — young stands, grass dominating)

2.2 Assessing Interception Loss and Fog Drip

Interception loss (/) from tall canopies has been estimated by observing the net precipitation (P
") reaching the soil surface under the canopy, and the gross precipitation in an adjacent ‘open
field’ (Pg), e.g., Kre¢mer et al. (1979), Eq. (1):

[ =Pg+Pp—P = Pg+Pr—(Pr+ Ps) (1)

where:

P'  net precipitation (mm),

Ps open field (gross) precipitation (mm),
Pr  fog drip (mm),

Pr  throughfall under the canopy (mm),
Pg  stemflow (mm).

To simulate interception loss in forest stands without significant fog drip, Gash (1979)
proposed a storm-based analytical model, based on the mean evaporation and rainfall rates
and the rainfall pattern. This model considers rainfall to occur as a series of discrete

Table 1 Inventory of vegetation cover (groups 1-4) in the experimental catchment

Group Description Tree age (years) Mean height (m) Area (103 m2)
1 Mature spruce stands 61-100 23 45
2 Middle aged stands 31-60 17 150
3 Young stands with grass 6-30 39 484
4 Young stands, grass dominating 1-5 0.5 342
@ Springer
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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 canopy is assumed to have sufficient time to dry out
between storms. The forest structure is described in terms of a canopy capacity (), 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 coefficient (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 evaporation 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, 1,)
are calculated as the interception of m relatively small storm insufficient to saturate the

canopy (/):
=) E Pa @)

The loss (/) by wetting the canopy for n storms that saturate the canopy (Pg > Pg”) is given
by:

I, = n (1=p=p,)Py—nS (3)
The evaporation from saturation until rainfall ceases (/3) is given by:
E n
13:E Z (PG,fPG’) (4)
i=1

and, the evaporation after rainfall ceases (/) is given by:
Iy=nS (5)

Then, the total amount of intercepted rainwater (/) in a certain period is:

I=hLh+L+1+14 (6)

Muzylo et al. (2009) found that the original model (Gash 1979) and a model for a sparse
canopy (Gash et al. 1995) were the most commonly used interception models, applied in both
coniferous and hardwood forests. In spruce stands, stemflow as well as the evaporation from
trunks can be supposed negligible (Kre¢mer et al. 1979).

Fog collection technology (a simple device based on erected nets facing the oncoming
wind and trapping fog water particles) has been developed worldwide to estimate the fog
drip potential, to modify the water cycle and to support the local water supply (Schell et al.
1992; Dawson 1998; Avila et al. 2001). Models for fog precipitation are similar to particle
deposition models. The first micrometeorological approach in modelling fog drip volumes
was proposed by Shuttleworth (1977), and his concept served as the basis for several other
models (Slinn 1982; Lovett 1984; Lovett and Reiners 1986). These models are based on
the friction velocity and efficiency of a particle collection by the canopy. The Lovett model
has been widely applied to estimate the fog drip in coniferous forests (Lovett and Reiners
1986). However, the Slinn model was found to be easy to use and provided even more
accurate fog drip estimates (Beswick et al. 1991; Zhang et al. 2001). Hildebrandt and
Eltahir (2008) presented the modified Slinn model to calculate the fog drip flux (Py) based
on the flux of cloud droplets:
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P;=3.6LWC vyt (7)

where,

P, fog drip (mm),

LWC  liquid water content (g m™),

\Z settling velocity of droplets (m s71),

t time of the deposition during a day (h).

The models of fog deposition are designed for transport of fog/cloud droplets into the
canopy by means of turbulence, and they do not take into account edge effects. In a watershed
with a clustered canopy (without uniform height and cluster edges), Hildebrandt and Eltahir
(2008) introduced the enhancement factor ¢ in the settling velocity v, given by Eq. (8). The
factor ¢ is greater or equal to one and describes the enhancement of turbulent deposition due to
edge effects:

Va=cCVi+ Vg (8)

where,

v,  turbulent settling velocity,

Ve  gravitational settling velocity.

For spruce stands in the upper catchments in the Jizera Mountains, Kiecek et al. (2017)
used a simple linear hypsometric relation between the fog drip volume () and elevation (H):

P;=0.001 (aH + ay) A, Fc 9)

where,

a, ay seasonal coefficients of hypsometric relation,
A, effective receptor area, and
F, fog drip coefficient (variable between 0.18 and 1.0 with the canopy density).

2.3 Interception and Fog Drip Observations

In 2015-2017, a detailed observation of canopy throughfall and fog drip was performed in the
mature spruce stand J-1 (Fig. 2, elevation of 975 m) to expand on a long-term catchment study
(Ktecek and Horicka 2001; Kiecek et al. 2017).

To access edge effects of forest in fog drip, throughfall was collected in three interception
plots (A, B and C, squares 30 x 30 m, comparable crown density of 0.78 and tree height of
23 m) by sets of rain collectors. In each plot, ten plastic Hellman-size rain collectors, modified
by Brechtel (1989) for longer sampling intervals (type Miinden-200), were randomly installed
under the forest canopy according to the method of Kre¢mer and Pav (1982), and interception
was evaluated by Eq. (1) in monthly intervals. The distance of gauges from the forest edge
varied from 0 to 90 m.

Simultaneously, in plot A five automatic tipping bucket gauges (an ALA monitoring
system) were distributed to assess individual responses of throughfall to gross precipitation.
In spruce stands, stem-flow of rain water was considered negligible according to findings of
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20

10

A, B, C—interception plots ~ (7) — crown projection ~ @ —rain collectors X — automatic raingauges

Fi

g. 2 Forest interception and fog drip observations in the Jizerka catchment

Kre¢mer et al. (1979) and Lovett (1984), and already confirmed in this research catchment by
Kiecek et al. (2017).

Fog drip was registered by the passive collector: a cylinder installed 1.7 m above the
ground, exposing 400 m of Teflon line (diameter of 0.25 mm, i.e., surface area index 5) to the
atmospheric transport of fog and low clouds. This was a modified instrument proposed by
Mueller and Imhoff (1989) and Walmsley et al. (1996).

The condensed droplets were filtered and collected in one-litre plastic bottle protected
against vaporization by a white shelter around and glass beats at the throat (according to
Brechtel 1989). The collector was equipped with a wide brimmed hat overlapping the
horizontal sampling area at an angle of 34° to avoid collection of direct rainfall, and, the
collected fog drip was sampled in monthly intervals.

In the nearby meteorological station (Fig. 1) standard parameters (temperature, humidity,
gross rainfall, and wind speed) were measured by the ALA monitoring system. The standard
descriptive statistics and tests were applied to analyze the collected and estimated data
(Motulski and Searle 1998).

2.4 Fog Drip Estimates

We estimated fog drip by calculating differences between interception loss found for observed
gross precipitation and throughfall (Eq. 1), and interception loss in circumstances of negligible
fog drip given by the Gash analytical model (Egs. 2-6); and, simultaneously, by the Slinn
model (Eq. 7) based on the settling velocity v (Eq. 8), where the gravitational component v, is
expressed by Eq. (10):

2178 Py
=248 lw 10

where,

ry  droplet radius (m),

g  gravitational constant (m s72),

pw  density of water (kg m3), and

n  dynamic viscosity of the air (Pa s).
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The turbulent deposition v, is an inverted sum of the atmospheric resistance r, (s m™') and
the surface resistance rg,r (s m!) given by:

1

= 11
Y rq + Vsurf ( )
In (ﬂ)
Uz 20
e A W A 12
la M; K)uf ( )
1
Fsurf = 3 Mf‘E (13)

where,

d  displacement height (m),

zp roughness length (m),

up  friction velocity (m s™1),

u, wind velocity at the reference height (m s™!), and
k is the von Karman constant.

The fog collection efficiency E is considered to be equal to the impaction efficiency

according to Slinn (1982):
2
E= ( el ) (14)
o+ St

where,

St Stokes number (—) calculated by Eq. (15) according to Jacob et al. (1985), and the
parameter
o  reaching values 0.6—1.0:

St=-*+— (15)
where,

R the characteristic radius of collection obstacles (m).
Simultaneously, two more simple empirical formulas were employed to assess the outputs

of the Slinn model: the empirical formula of Gallagher et al. (1992):

1
va = (-0.011 7+ 0311 1,~1.41) — (16)

ra
and of Vermeulen et al. (1997):
va = 0.195u} (17)

Since it was not possible to observe the droplet spectra in the Jizerka catchment, we accepted
the approach of Walmsley et al. (1996) to determinate the liquid water content LWC by
recording samples of the passive fog drip collector (18):
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0.001 V.
L = 1
we 36A.Etu (18)

where,

V. recorded amount of fog drip (mL),

. cross-section area (m?2) of the obstacle,

fog capture efficiency due to impaction with the obstacle (—),
the real time of deposition during a day (h), and

wind speed (m s71).

S 0~y

Equation (18) was successfully applied by Ritter et al. (2008) and Katata et al. (2010). In
addition, Katata et al. (2010) proposed Eq. (19) based on the logarithmic profile of LWC in the
boundary layer:

17 1
LWC 7m = LWC) In (0.0123h> /I <0.01z3) (19)

where,

LWC; 7, outputs of the Eq. (18), based on observations at 1.7 m above the ground, and
LWC, values revised for mean canopy height 4 (m).

2.5 Catchment Scale Interception

To estimate the interception storage of the Jizerka experimental catchment (Fig. 1), weighted
averages of interception and fog drip volumes were estimated based on the four basic canopy
groups (Table 1). Results of the linear hypsometric Eq. (9) calculating the fog drip volume with
elevation, canopy area and fog drip efficiency (Kfecek et al. 2017) were compared with fog
drip values modelled by Eq. (7), including Egs. (10-19).

3 Results
3.1 Throughfall Analysis

In the mature spruce stand (J-1, Fig. 2), monthly throughfall collected in plots A, B and C
during the summer (May — October) is presented in Table 2. Statistical analysis of monthly
throughfall (Table 3) showed relatively high skewness and kurtosis; however, the Kolmogorov-
Smirnov Test confirmed that all sampled monthly rainfalls had Gaussian distribution: KS test
values (from 0.18 to 0.20, Table 3) were below the critical KS_;;=0.262 (n =18, p=0.05).

Considering the edge effect, a slightly increased fog drip up to 10% was found in the C plot
(30 m from the edge), however, not statistically significant. With the distance of the plots (A,
B, C) from the edge (Fig. 2), the variation among column medians were not significantly
greater than expected by chance: from the Bonferroni Multiple Comparison Test, t-values were
0.06 (Avs B), 0.13 (Avs C) and 0.19 (B vs C), all below the critical value t.; =2.48 (n=18,
p=0.05), and Barlett’s test showed non-significant differences between the A, B, C
throughfalls among the standard deviations (BS=0.012, p =0.99).

@ Springer

95



3. EXPERIMENT

Interception and Fog Drip Estimates in Fragmented Mountain Forests 735

Table 2 Summer interception loss in the investigated mature spruce stand J-1 at Jizerka: plots A, B and C (warm
season, May—October, 2015-2017)

Year J-1 J-1-A J-1-B J-1-C

Gross precipitation Throughfall Throughfall Throughfall

Pg (mm) Pr (mm) (%) Pr (mm) (%) Pr (mm) (%)
2015 437 358 82 349 80 368 84
2016 772 656 85 664 86 673 87
2017 778 654 84 638 82 667 86
Mean 662 556 84 550 83 569 86

For the 30 rain gauges installed in the three observation plots (A, B, C), the Spearman rank
correlation »=-0.1 showed a non-significant (r,=0.35, n=30, p=0.05) relationship of
throughfall-based fog drip with distance from the forest edge (Fig. 3). Similarly, for a linear
regression model, the t-test value 0.117 was below the critical value t. =2.048, not confirming
a trend with gauge distances. For plot C, a decreasing fog drip with gauge distance from the
edge D between 2 and 28 m, according to Pp=111.3-1.24D can be noted, but this was not
significant at p =0.05 (Spearman rank correlation coefficient »=—0.46 <r. = 0.6).

The forest edge effect depends on wind conditions. In this study, gross rainfall and
througfall were observed in monthly intervals (May — October, 2015-2017) where the
mean wind speed and directions were comparable (2.3 m s7!, north-west direction
dominating).

3.2 Interception Loss

Seasonal interception (May — October) in the three investigated plots (A, B, C) of the mature
spruce stand (J-1) at Jizerka is presented in Table 2. The mean summer interception loss in
plots A, B and C varied between 14 and 17% of the gross precipitation. Similarly, in a dense
mature plantation of Norway spruce (canopy density 0.8-0.9) not affected by additional
precipitation from fog or low clouds, Kre¢mer et al. (1979) reported 37% interception.

In plot J-1-A, the alternative interception loss for negligible fog drip was analysed by the
Gash model, Egs. (2-6), Table 4. The free throughfall coefficient p =0.22 is given by the
horizontal canopy coverage (0.78) and stemflow supposed negligible ps = 0. Under the canopy
observation of throughfall by automatic gauges was often hindered by dust and needle fall.
Anyway, for 20 rain events observed in days with zero fog evidence, from the regression

Table 3 Descriptive statistics of monthly collected rain volumes, 2015-2017

Statistical characteristics J-1 J-1-A J-1-B J-1-C
Gross rainfall Throughfall Throughfall Throughfall
Pg (mm) Pr (mm) Pr (mm) Pr (mm)

Arithmetic mean 110.4 92.7 91.8 94.9

SD (standard deviation) 57.9 49.6 49.1 51.4

SEM (standard error of mean) 13.6 11.6 11.5 11.9

C, (coefficient of variation) 0.52 0.54 0.55 0.58

C; (coefficient of skewness) 0.95 0.93 0.94 0.96

Cy (coefficient of kurtosis) 3.21 3.14 3.19 3.17

KS (Kolmogorov-Smirnov) 0.19 0.18 0.19 0.20
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Fig. 3 Mean monthly fog drip Pr (mm) with rain gauge distance D (m) from the edge of the stand J-1: plots A, B
and C, 2015-2017

between gross rainfall Pg and throughfall Py, we estimated the canopy storage capacity S =
1.7 mm and the evaporation rate from the saturated canopy during rainfall E=0.21 mm h™L.
Then, for the mean rainfall rate (R =2.18 mm h™!), we estimated the threshold rainfall to
saturate the canopy P'=2.8 mm. For those 20 rainfalls not affected by fog a good agreement
was found between modelled and observed interception by the Wilcoxon matched-pairs
signed-ranks test (two tailed p value p=0.001, n=12, p=0.05, considered significant).

Table 4 Components of the Gash storm-based analytical model in the J-1-A stand (m, n — numbers of rainfalls
not enough and saturating the canopy; I, I, 15, I — separate components of the interception loss I, Egs. (2-5), V,
VI, ... X — consecutive months of the warm season)

v VI Vil VIII IX X Sum
2015
m 16 17 15 3 16 7 74
n 7 12 9 7 8 4 47
L 15.8 10.8 8.9 4.5 8.5 4.2 53
I, 33 5.8 43 33 3.8 2 23
I 0.2 0.4 0.6 0.2 0.3 0.4 2
Iy 11.9 204 153 11.9 13.6 6.8 80
I 31.2 374 29.1 19.9 26.2 13.4 158
2016
m 22 27 26 6 19 21 121
n 6 20 24 8 11 11 80
L 159 16.1 313 34 123 15.1 94
L 29 9.7 11.6 3.8 53 52 38
I 0.2 0.5 0.7 0.6 0.4 1 3
Iy 10.2 34.0 40.8 13.6 18.7 18.7 136
I 29.2 60.3 84.4 214 36.7 40 271
2017
m 17 15 25 9 28 28 122
n 4 11 15 9 15 15 69
L 18.7 11.7 19.5 7 21.8 21.8 101
I 1.9 2.6 4 22 4.1 6 21
I 0.2 0.5 0.7 0.6 04 1 3
Iy 6.8 18.7 25.5 15.3 25.5 25.5 117
I 27.6 335 49.7 25.1 51.8 54.3 242
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In the summer seasons of 20152017, altogether 513 rain events were captured: m=317
not sufficient to saturate the canopy, and n =196 storms that saturated the canopy. For the
seasonal gross rainfall 437, 772 and 778 mm, interception values reached 158, 271 and
242 mm, i.e., 36, 35 and 31% of the gross precipitation. Thus, in the summers 2015-2017,
fog drip in the mature spruce stand J-1-A was 79, 154 and 117 mm, i.e., 18, 20 and 15% of the
gross precipitation (decreasing the seasonal interception loss to 18, 20 and 15%.

3.3 Fog Drip Modeling

Seasonal (May—October) and annual fog drip estimates provided by the Slinn model,
Egs. (10-15), and observations of the gross precipitation and the canopy throughfall,
Eq. (1), adopting the rainstorm analysis of Gash, Eqs. (2-6), are presented in Table 5.
The two-tailed p value of the Mann-Whitney test was 0.7, thus medians of throughfall
and Slinn series did not differ significantly, contrary to values calculated by models of
Gallagher, Eq. (16), and Vermeulen, Eq. (17). Thus, the Slinn model showed relatively
good agreement with the throughfall based data (9% higher mean summer fog drip),
while the relatively simple models of Gallagher and Vermeulen provided lower mean
seasonal fog drip by 23 and 38%, respectively (Table 6). In our research plot, we found
that the forest edge effect is not significant and could be neglected (Fig. 3), thus, the
coefficient ¢ (Eq. 8) is consider to be equal to one.

3.4 Catchment Scale Fog Drip and Interception

Data on the presence of daily fog and fog drip volume V. sampled by the open field fog
collector (J-1) from 2015 to 2017 are given in Fig. 4.

The liquid water content of the fog (LWC) and the corresponding settling velocities
vq are shown in Fig. 5, and the mean canopy fog drip Py is given in Fig. 6. The
investigated mature spruce stand J-1-A corresponds with the canopy group 1 (Table 1).
In Table 6, the mean annual canopy fog drip is presented comparing estimates by the
models of Slinn (Egs. 10-15), Gallagher (Eq. 16) and Vermeulen (Eq. 17), calculated in
daily steps. In the Jizerka experimental catchment, the total mean annual fog drip was
calculated as the weighted average of the Slinn estimates for the four respected canopy
groups.

To estimate the total fog drip on the catchment area, only the model of Slinn has been
employed because of the lack of direct measurements of the interception capacity and
throughfall for all type of stands. However, based on the previous findings (Puncochéf et al.
2012; Palan et al. 2018), both rainfall interception and canopy storage capacity corresponded
well with changes in observed leaf area index (LAI) values. A linear relationship has been

Table 5 Seasonal and annual fog -
drip estimates in the mature spruce Year Summer fog drip (May—October) Annual fog drip

stand J-1-A, 2015-2017

Throughfall Slinn model Slinn model
2015 79 112 260
2016 154 146 294
2017 117 125 268
Mean 117 128 274
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o8



3.2. Metodika, vysledky a diskuse

738 Palan L., Krecek J.

Table 6 Mean annual fog drip in the Jizerka experimental catchment, 2015-2017

Canopy group Settling velocity v4 Mean annual fog drip Pg

(ms™) (mm)

Slinn Gallagher Vermeulen Slinn Gallagher Vermeulen
1 0.173 0.138 0.084 274 219 177
2 0.117 0.091 0.041 213 167 135
3 0.114 0.078 0.068 66 43 35
4 0.050 0.025 0.024 19 8 6
Weighted average 0.095 0.065 0.050 81 57 46

proved. Thus, for the warm period (May to October), the estimated fog drip in the J-1-A stand
was distributed proportionally for entire catchment, according to an average LAI of each
vegetation group. The estimated mean amount 117 mm for vegetation group 1 (Table 1) was
converted to 103, 28 and 20 mm for vegetation groups 2, 3 and 4, respectively. By vegetation
group representation in the experimental catchment, the weighted average of seasonal mean of
fog drip for the warm season (May to October) was estimated to be 40 mm. Similarly, the
weighted average for entire experimental catchment is considered when using the model of
Slinn (Table 6) and annual mean fog drip Py=81 mm.

In the investigated three years period, the daily calculation of Slinn model was performed.
A strong linear relationship between the friction velocity (1) and the settling velocity (v, the
final output of calculation) has been confirmed (Pearson correlation R=0.9997, n=960).
Thus, we proposed a simple approximation of the model of Slinn:

vy = 0.0926 u; 4 0.0171 (20)
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Fig. 4 Fog occurrence and fog drip at the J-1 meteorological station, 2015-2017
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Fig. 5 Mean daily liquid water content (LWC) in fog and settling velocity v4, 2015-2017
4 Discussion and Conclusions
In the warm season (May—October) 2015-2017, based on the troughfall observation in mature

spruce stand at the elevation of 975 m, the interception loss was 106 mm (i.e., 16% of the gross
precipitation, 662 mm). This observation was affected by the canopy fog drip in 51 foggy days a
1

11 |||”J||“| M] WI n‘“]“l' ll ‘N hl‘\ ‘HN“

2015-04 2015-08 2015-12 2016-04 2016-08 2016-12 2017-04 2017-08 2017-12
date

Pelmm]
N

Mean daily fog drip

Fig. 6 Mean daily canopy fog drip at Jizerka in the catchment scale, 2015-2017
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year. Hypothetically, with a negligible fog occurrence the mean seasonal interception calculated
by the Gash analytical model (225 mm) was 34% of the ‘open field’ rainfall. Thus, the mean
summer fog drip (119 mm) reached 18% of the gross rainfall, reducing the canopy interception
by 54% (from 34 to 16% of the gross rainfall). These results correspond well with findings in
mature spruce stands reported by Kre¢mer et al. (1979) and Kiecek et al. (2017).

The vegetative cover in the studied catchment is strongly fragmented. Considering the edge
effect, a slightly increased fog drip up to 10% was found in the C plot (located up to 30 m from
the edge), but not statistically significant. With the distance of the plots (A, B, C) from the
forest edge (Fig. 2), observed throughfalls followed a decreasing relation of the canopy fog
drip (Pg) with distance (D): Pp=111.3-1.24D up to 30 m (but not significant at p = 0.05).
Similarly, Kre¢mer et al. (1979) found slightly increased fog drip (up to 10%) within 20 m
from the spruce stand edge in the Orlické hory Mountains. In contrast, Lovett and Reiners
(1986) and Weathers et al. (1995) reported a dramatic increase of fog drip at the forest edge,
which could exceed the fog deposition in the forest stand by 3 to 15 times. However,
considering the relatively high variation in canopy throughfall (Table 3), we suggest that
results based on transect gauge observations are rather limited for quantifying this process.
Moreover, in the Jizerka catchment the relatively high forest fragmentation (Fig. 1) means
there is a lack of large homogenous forest stands and sharp edges.

Summer fog drip estimates by the Slinn model (128 mm) correspond better with the canopy
throughfall observations (117 mm, i.e., +9% difference) than the relatively simple models of
Gallagher (—23%) and Vermeulen (—38%). The Slinn model is more general while the models
of Gallagher and Vermeulen are only a relatively simple approximation based on local
measurements. Using the Slinn model to calculate daily fog drip in whole three years 2015—
2017, in the mature spruce stand J-1, the seasonal fog drip contributions were 47% (summer)
and 53% (winter). The Slinn approach was used to estimate fog drip in the Jizerka catchment.
Thus, in the catchment scale, the mean annual fog drip Pr=81 mm (i.e., 7% of the gross
precipitation) corresponded well with a previous study where fog drip reached 7-8% of the
mean annual gross precipitation and 10-12% of the mean annual runoff (Ktecek et al. 2017).
Similarly, respecting the canopy groups, the canopy throughfall fog drip observation was
distributed over the catchment area based on the leaf area index; the estimated mean seasonal
fog drip (May to October) Pr=40 mm (i.e., 6.4% of the gross precipitation). In elevated
headwater catchments significantly affected by the acid atmospheric load, fog drip from forest
canopy can increase water resources recharge but also threaten the water quality. Both aspects
could be controlled by forest practices.
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3.2.4 \Vliv lesni skladby na vyvoj kvality povrchovych vod v pod-
minkach acidifikace

Vodéarenské nadrze Josefuv Dul (JD) a Sous (S) slouzi jako zdsobarna
pitné vody pro prilehlé regiony. Na strané lesniho hospodareni byla apli-
kovana pouze jen vybrana opatreni pro zlepseni kvality povrchovych vod.
Nicméné soucasné pristupy nereflektuji vyznamnou roli lesa na velikost
depozice kyselych iontt z mlhy a nizké oblacnosti, takze zotaveni povodi
vodarenskych nadrzi z acidifikace je neefektivni. Existuje predpoklad, ze
zména lesni skladby muze vyznamné ovlivnit kvalitu povrchovych vod
diky redukci negativniho prispévku kyselé depozice z mlhy.

Aby mohl byt demonstrovan skuteény vliv lesni skladby a vegetac-
niho povrchu na vyvoj kvality povrchovych vod v zdjmovych povodi,
byla pro obdobi 1983-2016 provedena analyza vegetacniho povrchu v ex-
perimentalnim povodi J-1 pomoci snimkt mise Landsat. Porost byl pro
jednotlivé roky kategorizovan do stejnych t¥id jako v obdobi 2010-2012.

|:| Evapotranspiration control Significant fog-drip
B soil protection B Wetiands
Riparian buffer strips Water 0_ 5& 1000 2000 3000 4000

Obrézek 3.5: Vymezeni lesnich zén v povodich nadrzi Josefuv D1l (JD)
a Sous (S).

Na zéakladé dlouhodobych dat o kyselé atmosférické depozici a odvo-
zenych vztaht (rovnice byl stanoven plosny thrn horizontéalnich
srazek a velikost depozice S — S04, N — N03 s N — N Hy. Rekonstrukce
vyvoje historické depozice byla dana do souvislosti s vyvojem pH a kon-
centracemi sfrani a dusi¢nanu ve vodé Sklarského potoka a zalesnénou
plochou v case. Zlomovym rokem pro velikost kyselé depozice byl rok
1984, kdy probéhla lesni tézba. Pro experimentalni povodi byl tak de-
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monstrovan vliv rizné lesni skladby na celkovou kyselou depozici v po-
vodi.

Aby mohl byt demonstrovan efekt konkrétnich opatreni na kvalitu
povrchovych vod, byly ziskané poznatky aplikovany v ramci povodi vo-
darenskych nadrzi. V zajmovych vodarenskych povodich bylo vymezeno
pét zdkladnich zo6n podle jejich role k odtokovému procesu: (1) bre-
hové zény, (2) zény ochrany pudy, (3) zény evapotranspirace, (4) zény
horizontalnich srazek a (5) moktady, viz Obr. Bfehové pasy respek-
pouze selektivni. Plochy se sklony svahu nad 30 % jsou urceny jako zény
ochrany ptdy. V téchto zénach by hlavnim cilem lesnickych praci méla
byt tvorba humusovych vrstev, podpora korenového systému a stabili-
zace svahil. Dospély smrkovy les by mél byt postupné nahrazen priroze-
nou skladbou lesa (smiSeny nebo bukovy les). Plochy se sklonem svahi
mensim nez 30 % zabiraji vétsinu plochy zajmovych povodi (bez zén 1
a 2), lesnické prace by zde mély sméfovat zejména ke kontrole vyparu.

Pro determinaci maximalniho vlivu vegetace na depozici horizon-
talnich srazek byly uvazovany dva scénafe. Scénar A predpokladd plné
obnoveni dospélého smrkového porostu. Scénar B predpokladd plochy
buku kolem biehu a na sklonech vyssich nez 30 %, v nadmorské vysce
nad 900 m pouze travni spolecenstvi a ve zbylych plochach otevieny po-
rost smrku. P1i uvazeni soucasnych hodnot kyselé atmosférické depozice
lIze z rozdilu mezi témito dvéma scénari dopocitat maximalni redukci
kyselé atmosférické depozice v povodich vodarenskych nadrzi.

65



3. EXPERIMENT

CITIZEN SCIENCE

Water-quality genesis in a mountain catchment affected
by acidification and forestry practices

Josef Kietek'>, Ladislav Palin'*, Eva Pazourkova®, and Evzen Stuchlik®®

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

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 SO,*~, NO;~, and NH," over the watershed area. The
open-field load of S peaked in 1987 to 1988 and dropped substantially in the 1990s, but inorganic N did not show a
significant trend. The N : S 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,>~ and NO;~ decreased by 55 and 53%, respectively. Seasonal acidifi-
cation of stream water was observed during snowmelt (March, April) and episodic 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 NO; ™ 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 Korner 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 SO,, 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 Hoficka 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 1970s, 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 (Krecek and Hoftickd 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 Junco effusi—
Calamagrostietum villosae became a new dominant commu-

A — Region of the Jizera Mountains

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

MW - 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 + Oy, = 2—10 c¢m), and leached horizon (A= 10—
15 ¢cm). Mor is the most common humus (2-5 ¢cm). 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
the landscape. In 1984—1988, 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, Bucovice, 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)

Slope (%) 7.52 (0.02-24.33)
Shape index 0.69
Length of streams (m) 1490
Drainage density (km/km?) 145
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-pm inert mesh, stored in the refrigerator, and analyzed
in the laboratory at the Hydrobiological Station Velky Pé-
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 um) 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 pum).

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- x 20-m) fixed quad-
rats situated at 100-m incremental altitudinal steps along
transect A. Basic forestry variables (tree species, age, basal

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 Y(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 (Kfe¢ek and Krémar 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 $0,*7,NO;,and NH," un-
der the canopy (Ktecek et al. 2017) using the same 5 canopy
classes used by Kre¢ek and Kr¢mér (2015). Seasonal atmo-
spheric loads were estimated as (Kiecek 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 (50,27, 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)Ee/Aer,
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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
pendula), 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 LAI 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 1.9 0.68
A2 870 416 0.62 2.33 2.63 0.66
A3 878 317 0.55 2.61 2.07 0.69
A4 885 192 0.28 2.74 1.28 0.68
A5 891 324 0.59 3.96 2.76 0.70
A6 899 29 0.31 5.42 1.56 0.71
A7 907 72 0.06 0.50 0.11 0.75
A8 918 56 0.16 1.48 0.37 0.76
A9 930 102 0.21 2.61 1.06 0.75
Al0 942 49 0.20 3.86 1.08 0.75
All 961 146 0.15 2.39 0.5 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; 7. = 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

in Fig. 5). Atmospheric concentrations of SO, and NO,
were retrieved from the standard observation network of
CHMI (2016): AIM (Ambient Ion 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 g SO,/m?; Posch
et al. 2001), whereas concentrations of NO, were below
the critical value (30 pg NO,/m®). The deposition of S
showed a decreasing trend with gradient of —0.12 (£ =
20.3, terie= 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 2y ', 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 2y ', 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

() IS
=3 3

Load (g m2y-')
8
SOz, NOx, in the air (ug m=3)

=)

0

0 T T T T T T T
1982 1986 1990 1994 1998 2002 2006 2010 2014
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—s N SOz ----NOx

Figure 5. Concentrations of SO, and NO, in the air and the
open-field load of S (SO,°-S) and inorganic N (NO3; -N and
NH,"-N): moving averages of order 3 in the Jizerka catchment
from 1982 to 2015.
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Table 4. Seasonal coefficients b and b, for summer (May—October)
and winter (November—April) loads of acidifying substances.

Summer Winter
Chemicals b by b by
SO,2-S 00766 ~ —56.1069 01126  —81.7721
NO; -N 0.0270  —19.8859  0.0362  —26.2902
NH**-N 0.0754  —555671  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) (r = 0.93 and 0.98, respectively;
Feit = 075, m = 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; F i = 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
(SO4*>7, NO3~, 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 2y ')
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~? yfl)
was less than the total (243 g m 2 y !, 39%) and the
open-field (1.68 g m 2 yfl, 56%) loads (Fig. 6C).

The decreasing trends in the output (runoff) of S and N
(slopes = —0.163 and —0.025, respectively; ¢ = 22.49 and
11.2, terie = 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 gm 2y ! (the extra loading on the canopy decreased
from 60 to 40%, Fig. 6B), whereas N did not change sig-
nificantly (from 2.62 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, re; = 0.32,

Volume 37 December 2018 | 000
n = 34, p = 0.05; Fig. 6A). From 1982 to 2015, atmospheric
N deposition consisted of 72% NH,;-N and 28% NOs;-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 NO3 ) and the air pollution (AP; concentrations of
SO, and NO, combined) and mean canopy density (CD)
of the Jizerka catchment (Table 5). These characteristics
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Figure 6. Fog drip (A), the balance of S (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, SO,*~, and NO; ", air pollution (AP; SO, and NO,
combined), and canopy density (CD) in 1982-2015

(Ferie = 0.28, n = 33, p = 0.05).

Variable ~ CD AP NeX NO;~ pH
CcD 1 0.55 0.62 0.38 —0.49
AP 0.55 1 0.84 0.23 —0.61
NeXn 0.62 0.84 1 0.53 —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
Hoficka 2001). Relationships between stream-water vari-
ables (pH, electrical conductivity, concentrations of S0,
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

considered a threshold for the rapid mobilization of toxic
Al (Kie¢ek and Hotickd 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
SO, -S 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 NO5;~-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;3 ™~ 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 (Kfecek et al. 2010).
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Figure 7. Changes of mean annual pH, SO,*", and NO;~ in
stream water as the forest regrew in the Jizerka catchment
(1982-2015).
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Table 6. The correlation matrix between stream-water dis-
charge (Q), pH, electrical conductivity (EC), and concentrations
of SO, and NO, ™~ in 2010-2012 (s = 0.20, 7 = 102,

p = 005).

Variable  Q pH EC SO,2 NO;~
Q 1 —0.67 —0.46 0.35 —-0.29
pH —0.67 1 051 —0.40 —0.33
EC —0.46 0.51 1 0.31 0.24
NeX 0.35 —0.40 0.31 1 0.30
NO;~  —029 —-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 Krecek and Krémar (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 Htanova (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 Kre¢mer 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 S (75 meqm ™ >y~ !, according to the regional
mapping; Schwarz et al. 2009) was exceeded from 1982
(beginning of the study) until 2002 (75-247 meqm™ 2y ')
in the open-field (herbaceous vegetation), and continues
to be exceeded in forest stands (79-553 meq m 2 yfl).
The critical load of N (55 meq m ™~y ') also continues to
be exceeded in both (99-149 meq m™ % y~ ') and spruce
stands (142-206 meq m 2 y ). Bobbink and Roelofs
(1995) consider 1 gm ™ 2y " (71 meq m 2y ') 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
SO4%~ 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 NO3~ 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;3~ 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 NO3 ™
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.
Tahovskd et al. (2010) reported increased in situ availability
of NO3™ before the defoliation peaked, and Huber (2005)
found a positive correlation between herbaceous ground veg-
etationand NO3 ™~ concentration in soil water during the first
2 to 5y 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
(Ktecek 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.

This content downloaded from 192.236.036.029 on June 18, 2018 08:57:47 AM
All use subject to University of Chicago Press Terms and Conditions (http://www:.journals.uchicago.edu/t-and-c).

74



3.2. Metodika, vysledky a diskuse

000 | Water quality in a mountain catchment J. Kiecek et al.

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 (Kie¢ek 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 (Kie¢ek and Hoficka 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. Skjelkvile 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
Kopécek et al. (2016) modeled the chemistry of precipita-

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.
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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, 7 = 0.79-0.93 (re = 0.16, n =
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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ARTICLE INFO ABSTRACT

Watersheds in mountainous regions provide water resources available to large downstream areas. Acidification
of mountain waters leads to problems in water quality with impacts to drinking water supply and biodiversity
conservation. Effects of the land use policy, air pollution and forest canopy on acidification of headwater
catchments in the Jizera Mountains were studied in the period of 1982-2015. The archive of LANDSAT imagery
and a field inventory was used to reconstruct changes in the vegetative cover. The atmospheric deposition of
acidic substances (sulphate, nitrate, and ammonia) in studied catchments was approximated by a spatial in-
terpolation. The acid atmospheric load culminated in the 1980s. The Helsinki protocol on the reduction of
sulphur emissions lead to a reduced open field deposition of sulphur, but, the atmospheric deposition of sulphur
and nitrogen is also controlled by the vegetative canopy. A drop in the acid load and a recovery of surface waters
from acidification were observed with the harvest of spruce forests. The existing land use policy, institutes of
‘protected headwater area’ and ‘zones of hygienic protection’ (Water Act 138/1973) were ineffective in this
situation. In a catchment scale, the proposed scenario of structured forestry zones (respecting riparian buffers,
stability of steep slopes, significant fog drip areas, peat spots) can decrease the annual load of sulphur and
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nitrogen by approx. 30%.

1. Introduction

The land is one of the key constituents of life on the Earth (Platt,
2004). Watersheds in mountainous regions provide between 40 and
80% of the water resources available to lowland settlements (Messerli
et al., 2004), and a wide range of ecological and human crises result
from incorrect land use, in particular, inadequate access to and the
inappropriate management of freshwater resources (Gleick, 1997).
Korner and Ohsawa (2005) identified a hierarchy of environmental
benefits in mountain catchments including the recharge of water re-
sources (quantity and quality), recreation, timber, habitat, and beau-
tiful scenery. Particular attention has been paid to mountain environ-
ments by religions and pilgrimage traditions. Mountains are considered
a place of guardianship, recovery, and expectancy in biblical poems
throughout Jewish and Christian history (Gillingham, 2017), sacred
places in Japanese religion beliefs (Sugimoto, 2010), or pegs stabilizing
the earth in the Quran (Press and Siever, 1986). In modern societies,
with the decline of traditional beliefs the role of legislature increases
(Inglehart and Baker, 2000). Generally, the concept of environmental
services is based on links between flows of values to human societies as

* Corresponding author.

a result of the state and quantity of natural capital (MEA, 2005).
However, natural ecosystem services lie outside the traditional domain
of commercial markets and are still undervalued (Postel and Thompson,
2005). There have been calls for developing rational land use policies to
reduce watershed-related conflicts (Gleick, 1997), as well as for the
emergence of integrated water resource management based on an
ecosystem approach in a catchment scale (Mitchell, 2005). Davies and
Mazumder (2003) emphasized that drinking water management must
ultimately be based on sound science, strong policy, and effective policy
instrumentation. In sensitive watersheds, Greenberg et al. (2003) pro-
posed a proactive policy option: turning sensitive lands into green
buffers by purchasing it or by permitting the transfer of development
rights to other less sensitive parcels.

Mountain watersheds in central Europe are predominantly covered
by forests; therefore, forestry practices and forest protection strategies
are among the key aspects of their beneficial functions to be considered
in collaborative watershed management (FAO, 2006). Thus, multi-re-
source forestry (seeking the simultaneous production of several inter-
dependent substances and services) has been developed to maintain
forests as biophysical systems (Dudley and Stolton, 2003). Considering
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the priority of water supply, Willis (2002) categorised the main non-
market costs and benefits of forestry practices: (1) abstraction for po-
table water (for drinking and commercial uses), (2) agriculture and
irrigation in downstream areas, (3) hydro-electric power generation, (4)
wildlife (including recreational and commercial fisheries), and (5) other
recreational uses. Unfortunately, the hydrological characteristics
needed for the evaluation of these benefits are still affected by serious
uncertainties due to a lack of long-term field monitoring (Foy et al.,
2015). Additionally, the identification and assessment of environmental
benefits in mountain watersheds are complicated by increased civili-
sation pressures and changes in the global climate (Christensen, 2005).

Acid rain (initiated namely by the airborne emissions of sulphur and
nitrogen) has probably affected the ecosystems of highly industrialised
regions in Europe already since the 1850s (Schéopp et al., 2003; Kopacek
et al., 2016). After World War II, acid atmospheric deposition caused
the widespread acidification of freshwaters, with damage to drinking
water quality and populations of fish and other aquatic organisms,
particularly in headwater areas of central Europe (Kietek and Horicka,
2006). Controlling the acid atmospheric load became an important
issue in the 1970s; however, these aspirations were limited by a broad
spectrum of uncertainties in both the atmospheric loads and impacts
(Kelly-Quinn et al., 2008). In Europe, atmospheric deposition culmi-
nated in the late 1980s, and in the early 1990s first signs of a recovery
in acidified mountain waters followed the 1985 Helsinki Protocol on the
Reduction of Sulphur or their Transboundary Fluxes (with loads
of sulphur decreased to approx. 40% of those in 1987) Kiecek and
Hoficka (2001), Holen et al. (2013). Within a watershed, the presence
of deciduous or mixed forests can decrease the acid atmospheric load
through lower leaf area and surface roughness, particularly in the
dormant season (Lovett and Reiners, 1986). The aim of this paper is to
discuss and evaluate the impacts of existing land use policy on the re-
covery of headwater catchments from acidification in the Jizera
Mountains (Czech Republic). We hypothesize that environmentally
sound forestry practices could significantly regulate the atmospheric
deposition and runoff genesis at the catchment scale.

2. Land use policy in the Jizera Mountains

The history of land use policy in the Jizera Mountains corresponds
namely with interventions in other Bohemian forests noted since the
14th century (Rabstejnek, 1969). The legislature followed changing
priorities in forest functions, from an early protection of forests to se-
cure the state boarders or big game hunting, to sustainable timber
harvesting and recent multi resource forestry. The poor state of
mountain forests in the second half of the 19th century, and occurrence
of several catastrophic floods, initiated the declaration of the soil im-
provement (Act 116/1884 Coll.) and the safe diversion of mountain
waters (Act 117/1884 Coll.) in the former Austro-Hungary (Dvordk and
Novak, 1994). Consequently, a system of retention reservoirs, torrent
control, and forest conservation measures were realized in the Jizera
Mountains in the beginning of the 20th century.

In 1956, the Protected Landscape Region of the Jizera Mountains was
set aside by the Czech government to preserve the unique natural ele-
ments of the region (Nature Protection Act 40/1956, and, Nature and
Landscape Protection Act 114/1992 Coll.). The system of drinking
water supply system in the Jizera Mountains was developed after 1960.
Nowadays, two reservoirs (Josefiv Diil and Sous, Fig. 1) serve as the
main sources of drinking water for neighbouring cities. To support the
water resource recharge, in 1978, the Protected Headwater Area of the
Jizera Mountains was declared by the Decree 40/1978 of the Czech
government (Water Act 138/1973 and 254/2001 Coll.). However, this
law still faces a serious gap in ensuring forestry services (Turecek,
2002), only the reduction of forest areas and the development of
drainage areas are controlled.

Similarly, the Protection Forests (forests at unfavourable sites: high
slopes or peatlands) and Special Purpose Forests (forests in zones of

80

440

Land Use Policy 80 (2019) 439-448

Prague @»

%%
&)
2

Austria

Fig. 1. Investigated catchments in the Jizera Mountains (B — Bedfichov, J - Jizerka, JD —
Josefttv Dil, S - Sou3).

hygienic protection of water resources), declared by the Forestry Act
(289/1995 Coll). Pefina et al. (1977) considered the role of forest
stands in runoff genesis by respecting the buffer strips around water-
courses and reservoirs, the stands controlling soil erosion on steep
slopes, and the stands regulating water yield by controlling evapora-
tion. At present, this concept is adopted by FMI (2015) in regulating
forestry activities in protective zones of water resources on the territory
of the Czech Republic. However, this strategy does not respect a role of
forests in modifying the acid atmospheric load by the vegetative cover,
and, is ineffective in a recovery of headwater environments from
acidification.

3. Material and methods
3.1. The study area

This study was performed in the upper plain of the Jizera Mountains
(North Bohemia, Czech Republic, 50°40’-50°52’ N, 15°08’-15°24’ E,
Fig. 1) characterized by the humid temperate climate: the subarctic
region Dfc of the Képpen climate classification. The mean annual pre-
cipitation range is from 1290 to 1400 mm, and the mean annual air
temperature from 4 to 5 °C. In a normal year, snow cover lasts from the
beginning of November to the end of April, reaching a maximum
snowpack of 120 cm (Tolasz, 2007). Low-base-status soils (sandy-loamy
Podzols), developed on porphyritic granite reach a depth between 0.5
and 1.2m, are extremely sensitive to acidification. The root system
dominates in the topsoil, occurring up to a depth of 15 cm. Mor is the
most common humus (2-5 cm). Fast subsurface run-off dominates, and
groundwater bodies occur only in shallow weathered rock formations.

According to the climate normal of 1961-1990, altitudinal forest
zones (Zlatnik, 1976) in the upper catchments of the Jizera Mountains
include: 1) Spruce — beech (Picea abies—Fagus sylvatica) where beech
dominates (mean annual temperature 4.5-5.5°C; mean annual pre-
cipitation 900-1,050 mm; growing season 115-130 days), 2) Beech —
spruce (Fagus sylvatica-Picea abies) with majority of spruce (mean an-
nual temperature 4.0-4.5°C; mean annual precipitation 1050 to
1200 mm; growing season 100-115 days) and, 3) Spruce (Picea abies,
mean annual temperature 2.5-4.0 °C; mean annual precipitation 1200
to 1500 mm; growing season 60-100 days), Fig. 2.

During the 19th century the mixed forest of native tree species
(Fagus sylvatica L., Picea abies, and Abies alba Mill.) was converted to
spruce plantations (almost 90% of current forest stands) of lower eco-
logical stability (Kiecek and Hotickd, 2006). In the 1980s, this area was
strongly affected by the acid atmospheric deposition, damages and die-
back of spruce forests; after an extended clear-cut, grass dominated and
Junco effusi-Calamagrostietum villosae became the new dominant com-
munity (Kfecek et al., 2010). In the early 1990s, restoration activities
started and environmentally sound forestry practices in headwater
catchments were reconsidered (Chalupa and Krecek, 1995).

3.2. Investigated catchments

The regional water supply system includes two drinking water re-
servoirs (Josefiiv Diil and Sou$) with potential additional storage in
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Fig. 2. Climax zones in the catchments JosefGv Diil (JD) and Sous (S).

Table 1
Characteristics of the Jizerka experimental basin.

Parameter Jizerka exp. basin
Hydrological order® 1-05-01-004
Area (km®) 1.03

Elevation range (m) 862-994

Mean elevation (m) 927

Mean slope (%) 8

Pa (mm) 1359

ETP (mm) 341

Pa - mean annual precipitation.
ETP - mean annual Penman’s evaporation.
2 Hydrological order of streams in the Czech Republic (HMI, 1965).

Table 2
Characteristics of the reservoirs Bedfichov, Josefiiv Diil and Sous.

Parameter Reservoir

Bedfichov Joseftv Dl Sous
Origin (year) 1905 1982 1915
Altitude (m) 774 733 768
Maximum depth (m) 135 38.2 19.3
Total volume (10°m?) 2.1 22.6 7.6
Residence time (days) 76 343 172
Stream Cerné Nisa Kamenice Cerné Desna
Hydrological order” 2-04-07-0160-1 1-05-01-0580 1-05-01-0650-1
Basin area (km?) 4.3 19.6 13.8
Basin elevation (m) 774-886 733-1084 768-1122
Mean slope (%) 12 12 14
Pa (mm) 1232 1268 1324
ETP (mm) 378 373 362

Pa — mean annual precipitation.
ETP - mean annual Penman’s evaporation.
2 Hydrological order of streams in the Czech Republic (HMI, 1965).

Bedfichov (Broza, 1990, Fig. 1). Since 1982, the long-term environ-
mental monitoring included the impact of forest clear-cut on runoff
genesis (the experimental basin Jizerka, Table 1) and catchment - lake
relationships (the water reservoirs Bedfichov, Sou$ and Josefiv Diil,
Table 2).

The experimental basin (Fig. 3) was instrumented in 1982. The
outlet is equipped by the sharp-crested V-notch weir and the water
pressure recorder. Stream waters were sampled weekly (with more
frequent intervals during flood situations) and meteorological ob-
servations were carried out in elevations 875 and 975m (along the
harvested transect A). In two mature spruce stands (30 x 30 m, eleva-
tions 745 and 975m), the canopy throughfall (collected by ten rain
gauges of 200 cm? area) and stemflow (collected by two average trees)
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Fig. 3. The Jizerka experimental basin.

were sampled in two weeks up to monthly intervals. This method is
supposed as the most appropriate approach to identify fog and cloud
water depositions (Lovett, 1988).

In 1991, started long-term monitoring of water quality and biota in
the reservoirs and their inflows. The transparency (Secchi disc), con-
ductivity, pH and content of dissolved oxygen (WTW, Hydrolab) were
measured in situ. The collected samples (rain/fog drip, canopy
throughfall/stemflow, stream/lake waters) were filtered through 40 pm
inert mesh, stored in the fridge and analysed in the accredited labora-
tory of the Hydrobiological Station Velky Pélenec (Charles University in
Prague).

Chemical analyses (were performed by methods developed for soft
water studies of mountain waters (Stuchlik et al., 2006) directly after
sampling. Concentrations of major ions (Ca*, Mg?*, Na*, K*, NH,*,
Cl~, NO;~, and SO427) were determined by ion chromatography, pH
was consistently measured with combination electrodes and con-
ductivity by the conductometric sensor.

4. Theory and calculations
4.1. Canopy classes

The archive of LANDSAT imagery (NASA, 2014) was used to iden-
tify changes in the vegetative cover over the studied catchments (re-
solution of 30 m) in 1983-2016. Only clear-sky images collected in the
high summer (June-August) were taken into account. The normalized
difference vegetation index (NDVI) was calculated for the spectral re-
flectance registered in the visible (red) and near-infrared bands, Eq. (1),
according to Weier and Herring (2000):

NDVI = (NIR — VIS)/(NIR + VIS) )

where: NIR - near infrared radiation (0.7-1.1 um), VIS - visible radia-
tion (0.4-0.7 um).

Simultaneously, the supervised classification of multi-band raster
images (Landsat 4 and 5) was employed. For collected samples (re-
presenting distinct sample areas) images were classified by the image
analyst (Nagi, 2011). Krecek and Krémar (2015) reported relatively
insensitive NDVI changes with leaf area index LAI > 2, therefore, the
supervised classification of multi-band raster images (Landsat 4 and 5)
seems to be more efficient in identification of the forest canopy. From
the multi-band raster images, five canopy classes were identified in the
consecutive years 1983-2015. 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 Na-
tions Framework Convention on Climate Change: crown closure > 0.3, and
height > 2-5m at maturity), Sasaki and Putz (2009).
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and the acid heric d

P

4.2. Precipi p

In a mountain terrain, the atmospheric deposition of water and acid
substances depend on elevation, morphology and vegetative cover
(Kre¢mer et al., 1979; Wrzesinsky and Klemm, 2000). The relationship
between a net precipitation (reaching the soil surface) and an inter-
ception loss (evaporation of water temporally stored on the canopy) can
be described by the Eq. (2), Kre¢mer et al. (1979):

P=P+P-I=P +P )

where: P’ - net precipitation (mm), P — open field (gross) precipitation
(mm), Py - fog drip (mm), I — interception loss (mm), Pt — throughfall
under the canopy (mm), Ps — stemflow (mm).

Krecek and Puncochar (2012) evaluated the hypsometric method as
the most effective in estimating the amounts of gross precipitation
within studied catchments in the Jizera Mountains. Kiecek and Paldn
(2015) approved the Eq. (3) to calculate volumes of fog precipitation
for a specified canopy, elevation and season there.

Py = 0.001-(a-E + ao)-A,"F. 3)

where: Py — seasonal amount of fog drip [mm], a and a,—coefficients of
hypsometric relation derived for individual season, E - elevation [m],
A, — an effective receptor area [m?], and F, is the fog drip coefficient.

Similarly, according to Krecek et al. (2017), seasonal atmospheric
loads of the acidified elements were estimated by the Eq. (4):

m = (bE + by)-A;"-F: @

where: m — seasonal load (summer and winter), b, bp—empirical hyp-
sometric coefficients,
E - elevation, A,, — effective receptor area, F, — fog drip coefficient.
Methods of spatial interpolation (ArcGIS 10.2) were used to ap-
proximate the catchment deposition of water and the main acidifying
substances (SO4, NO3 and NH,).

5. Results
5.1. Canopy changes

Initially, the Jizerka experimental catchment was covered by ma-
ture spruce stands. In 1984-1992, the catchment was harvested by
clearcutting. The regrowth of forest stands was complicated by invasive
grass communities (Calamagrostis sp., with dominant Calamagrostis vil-
losae) spreading fast over the catchment area (Table 3, Fig. 4). The
extent of mature spruce forests decreased to 2% (1992), then, by the
reforestation, the area of stands with crown closure above 0.3 increased
to 65% (2010), Table 3.

In catchments of the drinking water reservoirs Joseftiv Dill and
Sous, the percentage of mature stands increased from 27 to 57%
(21-58%) and reforested stands with crown closure above 0.3 increased
from 16 to 29% (11-31%), during the years 1983 and 2010.

5.2. C

. P
es of the acid spheric dep

In the studied catchments, sulphur was the most acidifying element

Table 3
The development of forest stands after the clear-cut (percentage of the catchment area).

Catchment 1992 2002 2010

MS CC > 0.3 MS CC > 0.3 MS CC > 0.3
Jizerka 2 36 7 57 16 65
Josefiiv Dil 26 31 39 37 57 29
Sous 8 30 20 51 58 31

MS - mature spruce stands, CC > 0.3-reforested stands with crown closure above 0.3.
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Harvested stands
Herbaceous vegetation
Reforested: CC < 0.3
Reforested: CC >0.3
Mature forest

Fig. 4. Canopy classes in the Jizerka catchment, 1984-2010.
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Fig. 5. The open field load of sulphur and inorganic nitrogen, and concentrations of SO,
and NO, in the air (Jizerka, 1982-2015): moving averages of the order 3.

of the atmospheric deposition in the 1980s, decreasing with the drop in
SO, emissions in the 1990s, while the open field deposition of nitrogen
did not change significantly (Fig. 5). Thus, the ratio between the de-
position of sulphur and nitrogen decreased from 2.7 to 0.35 during the
period of observation 1982-2015.

A fog/low cloud occurrence was found significant in elevations
above 700m a.s.l. (Kiecek and Palan, 2015). Changes in annual
amounts of the fog drip by vegetative cover correspond with the canopy
alteration: 176 mm (1982-1983), 42mm (1985-1990) and 83 mm
(2010-2015), i.e. 13%, 3 and 6% of the mean annual precipitation
observed in the Jizerka catchment, Fig. 6. The deposition of sulphur in
the Jizerka cathment decreased from 8.6 gm ™ 2year ! (1983) to 4.35
(51% in 1992, after the clear-cut) and 1.39 (16% in 2010-2015, with
the reduction of SO, emissions), Fig. 7, and the deposition of inorganic
nitrogen dropped from 2.9 gm~%year™ ! (1983) to 2.4 (83% in 1992,
after the clear-cut) and returned back to 2.5gm™?year ' (88% in
2010-2015, with the forest regrowth), Figs. 8 and 9.

In 1982-2015, the mean annual stream water pH increased from 4.2
(strongly acidified) to 5.9 (moderately acidified environment), Fig. 10.
These changes were affected by the drop in SO, emissions after 1988,
and reduction of the canopy (receptor area) by the clear-cut of spruce
stands in 1984.

The studied reservoirs (Bedrichov, Sous and Josefuv Dul) are di-
mictic, with a typical summer stratification of temperature and pH
(Stuchlik et al., 1997), seasonal changes in the water chemistry are
relatively high (Figs. 11 and 12). In the 1980s, the water quality in
reservoirs declined significantly: pH values dropped to 4-5, the content
of aluminium increased to 1-2 mg/1 (with a high level of toxic forms of
aluminium — free AI** as well as inorganic complexes of Al), both
zooplankton and phytoplankton were drastically reduced, and fish
disappeared (Kiecek and Hofickd, 2006). In the 1990s, with the re-
duction of acid inputs, restoration activities included the reintroduction
of brook char (Salvelinus fontinalis) and brown trout (Salmo trutta
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morpha fario) to the reservoirs and their inlets.

Since 1997, seasonal liming (dry application of calcite powder
sprinkled from the air) has been applied in the Sou$ reservoir annually
after the snowmelt to support the process of drinking water treatment.
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Fig. 6. The annual fog drip in the Jizerka experi-
mental basin, 1983-2016.
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5.3. Soil erosion and sedimentation

Due to the increase in airborne emissions and an extensive dieback
of spruce forests in the 1980s, the regulations claimed by Water Act

Fig. 7. The annual load of S-S0, in the Jizerka ex-
perimental basin, 1983-2016.
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Fig. 8. The annual load of N-NO; in the Jizerka ex-
perimental basin, 1983-2016.
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138/1973 (limits in forest harvesting) were not respected by forestry considered) led to an expanse of erosion rills and the drainage network
practices in protected headwaters of the Jizera Mountains. In the (Fig. 13).
Jizerka experimental catchment, commercial harvesting (extensive The total length 10.3 km of rills (skidding paths) originated during

clear-cut, timber skidding by wheeled tractors, and buffer zones not the timber harvest (1984-1990), and 6.1 km of deep rills (depth above

Fig. 9. The annual load of N-NH, in the Jizerka ex-
perimental basin, 1983-2016.
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Fig. 10. Mean annual pH, and contents of sulphate and nitrate in stream water, related to
a reduce in forest canopy (the Jizerka basin, 1982-2015).
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Fig. 12. Seasonal changes of pH in the Bedfichov reservoir, 2010.
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Fig. 13. Stream channels and erosion rills in the Jizerka basin (1990 and 2003).

25 cm) were connected to the drainage network. Thus, the network of
drainage network increased from 1.45 to 7.55kmkm ™2 The erosion
loss of soil increased from 0.01 mm (pre-treatment period) to 1.34 mm
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Fig. 14. The delineation of forestry zones in the watersheds Joseftiv Diil (JD) and Sou3
).

(1984-1990), and sediment runoff reached approx. 30% of the eroded
soil volume. After the harvest, a relatively fast natural rehabilitation of
shallow rills (depth below 25 cm) was observed: about 15% was cov-
ered by grass (mainly hemicryptophytes) in 3 years, and 80% in 10
years. In deep rills, there is slightly higher proportion of stress-tolerant
plants (45%) in comparison with shallow rills. It confirms the low nu-
trient availability at the places where the top soil horizon was removed.
In 2003, only the length 1.5 km of active deep rills and 1 km of shallow
rills was identified (Fig. 13).

5.4. Proposed structured forestry zones in the catchment Josefilv Diil and
Sous

To maintain achievements of the long-term environmental mon-
itoring in headwaters of the Jizera Mountains, a structured forestry in
catchments of drinking water reservoirs should recognize five zones
according to their main role in runoff genesis: (1) riparian buffer zones,
(2) zones of soil protection, (3) zones of evapotranspiration control, (4)
zones of significant fog drip, and (5) wetlands. Their delineation and
extend in the studied catchments (Josefiv Dil and Soug) are given in
Fig. 14 and Table 4.

Riparian buffer strips are allocated with the respect of existing
protection zones of the first-rank (delineated by service roads along the
reservoirs), and second-rank (30-100 m wide), FMI (2015). The forest
harvest should be restricted to a selective cutting only.

Soil protection zones are delineated on slopes above 30%, their
dominant role is to control stability of slopes, surface runoff and soil
erosion (Gray and Sotir, 1996). In this zone, forestry practices should
support the production of humus and litter layers (FAO, 2006), as well
as a deep rooting. The even-age spruce forests should be progressively
replaced with stands of near-native composition (mixed or beech
stands).

At slopes below 30% (excluding the riparian and fog-drip zones),
forestry practices could control particularly the evapotranspiration loss
(and water yield). This zone dominates in the catchments of Joseftiv Diil
and Sous (Fig. 14), covering 64 and 58% of their areas (Table 4). The

Table 4
The extend of forestry zones in the catchments Josefiiv Diil (JD) and Sous (S).

Structural forestry zones JD S

(ha) (%) (ha) (%)
Riparian buffer strips 140 8 50 4
Soil protection 40 2 60 5
Evapotranpiration control 1090 64 770 58
Fog drip 360 21 430 33
Wetlands 70 5 0 0
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evapotranspiration loss in these elevations can be reduced namely by
lower interception of the canopy (Kfecek and Puncochaf, 2012). Thus,
in these zones delineated at Joseftiv Diil and Sous, the interception loss
might be reduced up to 120 mm annually by thinning or a shift to
broadleaves (limited clear-cutting could be accepted).

In the catchments of Joseftiv Diil and Sous, Kiecek and Palan (2015)
analysed fog drip to be an important water budget component of ma-
ture spruce stands in elevations above 900 m (i.e. 21 and 33% of the
catchment area, Fig. 14), increasing the gross precipitation by
200-250 mm annually (i.e. 14-18%). On the other hand, by the acid
rain (pH below 5.6), acid substances in the fog or low clouds lead to
deterioration of water quality: the mean observed annual load of sul-
phur and nitrogen from fog drip reached 55 and 48% of the total sul-
phur and nitrogen load registered in the bulk (Kfecek et al., 2017).
These results correspond well with changes in stream water quality
with the harvest of spruce plantations (Kiecek and Hofickd, 2001,
2006). Therefore, in these elevations, dense coniferous stands could
increase water yield, but, concurrently decline the water quality. At the
current state of acidification, in the fog-drip zones (Fig. 14) the load of
atmospheric sulphur and nitrogen could be decreased approx. by 50%
(S-S0, from 0.8 to 0.4, N-NO;3 from 0.7 to 0.4 and N-NH, from 1.5 to
0.8gm ™ 2year™!) by a shift from the mature spruce stands to grass.

The peat bog Novd Louka of 32 ha in the JD basin is protected by the
Nature Conservation Act (114/1992 Coll.) as an area of natural con-
servation (biodiversity protection and carbon storage) with restricted
human activities. A total area of 70 ha (5% of the catchment area) was
delineated (Fig. 14), also including wetland forests surrounding the
bog.

6. Discussion

Since 2010, the open field deposition of sulphur and nitrogen in
headwaters of the Jizera Mountains did not change rapidly (Fig. 4),
and, this level of air borne pollution is still expected in a near future
(Kopécek et al., 2016). In forests of central Europe, Bobbink and Roelofs
(1995) consider 1 gm_zyear_1 (ie. 71 meqm_zyear_l) as the em-
pirical critical deposition of nitrogen; this value has been permanently
exceeded in studied catchments of the Jizera Mountains, 1982-2016.
Higher depositions of nutrient nitrogen are particularly considered with
the evidence of higher environmental sensitivity and changes in bio-
diversity (Matzner and Murach, 1995). In this situation, the total an-
nual deposition of sulphur and nitrogen can be reduced by the proposed
structured forestry zones. Impacts of two scenarios (A: even aged ma-
ture spruce forests, B: the structured forestry with beech stands in ri-
parian and soil protection zones, spruce stands with reduced crown
closure to 0.5 at the slopes below 30%, and, a grass cover in elevations
above 900 m) on the acid load are estimated in Table 5 and Fig. 15. In
the studied catchments, the structured forestry project can decrease the
annual load of sulphur from 0.9 to 0.25 gm ™~ ?year™ ! (1.16-0.31), and
the load of nitrogen from 1.07 to 0.29 gm ™~ ?year ' (1.39-0.37), e.g. to

Table 5
The modelled annual atmospheric load of sulphur and nitrogen in catchments of Joseftv
Dill and Sous, 2010-2015.

Catchment Annual load (gm~2year ')

Scenario A Scenario B
Josefiiv Dil
$-504 0.90 0.25
N-NO3 0.30 0.08
N-NH, 0.77 0.21
Soud
5-504 1.16 0.31
N-NO; 0.38 0.10
N-NH,4 1.01 0.27
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27-28% of the deposition observed under the canopy of mature spruce
stands. In comparable elevations of the Adirondack Mountains (New
York, US), Miller et al. (1993) reported the role of fog/cloud drip by 32
and 37% of the total atmospheric load of nitrogen and sulphur.

The estimates of the fog-drip coefficient F. (Eq. (3) respect the
standard forest inventory (age classes and crown closure); F. values
reflect the efficiency of vegetative cover to collect fog droplets with
maximum (F. = 1) in close mature stands, decreasing with opening the
canopy, 0.5 for mature beech stands, and 0.18 for a grass vegetation.
Several authors (Lovett and Reiners, 1986; Weathers et al., 1995) ob-
served higher fog drip at the edge of forest stands, exceeding the fog
deposition of a close stand by 3-15 times. However, in the fragmented
forest stands at the Jizerka basin, our findings correspond with Kre¢mer
et al. (1979): increases up to 10% only in a border belt of 10-20 m.
Therefore, in this study, we neglected the edge effect.

Reviewing a large number of experiments, FAO (2006) reported
1.5-2% reductions of water yield per each 10% catchment change from
coniferous to evergreen forests. In a similar climate, Willis (2002) re-
ported increasing water yield (approx. 18-20% of the gross precipita-
tion) by a conversion from coniferous stands to grass. In the studied
catchments, a reduced evapotranspiration by the scenario B are com-
pensated by a lower fog drip under the canopy (Kiecek et al., 2017).
Thus, the structured forestry (scenario B) decreases the annual runoff
by 96 (Josefiv Diil catchment) and 122mm (Sou§ catchment), i.e.
7-9% of the gross precipitation. However, in the Jizera Mountains,
water quality seems to be the most important issue of the regional water
supply system.

The harvest of spruce plantations seems to be the main reason of the
reduced atmospheric load of sulphur and nitrogen in headwater
catchments of the Jizera Mountains in the 1990s (Fig. 10). The rapidly
rising soil erosion could be controlled by skidding the timber by ca-
bleways or horses, delineating the riparian buffer strips and soil pro-
tection zones (slopes above 30%), as well as by a consistent con-
formance with the existing legislative.

7. Conclusions

In the Jizera Mountains, the management of headwater catchments
has been controlled particularly by the Decree 40/1978 of the Czech
government (Water Act 138/1973 and 254,/2001 Coll.). However, the
institutes of ‘protected headwater area’ and ‘zones of the hygienic
protection’ were ineffective in the situation of a significant acid atmo-
spheric deposition.

The 1985 Helsinki Protocol on the Reduction of Sulphur Emissions or
their Transboundary Fluxes initiated the drop in SO, emissions and an
open field deposition of sulphur observed since the 1990s. However, the
atmospheric load of sulphur and nitrogen can be modified by the ve-
getative canopy. The long-term environmental monitoring in headwater
catchments and reservoirs (1982-2015) confirmed the impacts of forest
clear-cut on the drop in the acid deposition and a recovery of surface
waters from acidification documented namely in the 1990s. In
1982-2015, in the studied catchments, the ratio between the deposition
of sulphur and nitrogen decreased from 2.7 to 0.35. Namely, the at-
mospheric load of nutrient nitrogen permanently exceeds the threshold
of 1 gm~2year ™" (an empirical critical deposition of nitrogen in forests
of central Europe).

A fog drip observed under the canopy is an important factor which
can increase the water yield, but, also decline the water quality by an
additional acidification of mountain catchments. In the Jizera
Mountains, we found an important fog drip in elevations above 900 m,
reaching approx. 20% of the gross precipitation. In comparison with
close mature spruce forests, the scenario of five specific zones with
structured forestry practices (beech stands in riparian buffer strips and
soil protection zones, grass cover in elevations above 900 m, and re-
duced crown closure in spruce or mixed forests around) can decrease
the annual load of sulphur and nitrogen by approx. 30%.
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Fig. 15. The annual load of sulphur in the catchments Josefiiv Dil
(JD) and Sous (8), scenarios A and B.
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Zaver

V Jizerskych horach depozice vody z mlhy a nizké oblac¢nosti snizuje in-
tercepc¢ni ztratu smrkového porostu v nadmorskych vyskach nad 700 m.
Nicméné vyznamny vyskyt horizontalnich srazek byl detekovan az v nad-
motské vysce nad 900 m pomoci pasivnich kolektorti mlhy. Bylo proka-
zano, ze uhrn horizontalnich srazek roste s nadmorskou vyskou a vege-
ta¢nim povrchem.

Podstatnym krokem pred samotnou kvantifikaci horizontalnich sra-
zek bylo detailni vysetieni vegetacniho pokryvu a stanoveni indexu lis-
tové plochy (LAI). V zdjmovém povodi byly aplikoviny piimé a nepiimé
postupy. Zatimco prima pozemni metoda v pripadé stromi do LAI za-
hrnovala pouze listy ¢i jehli¢i, nepiimé metody zahrnuji jesté vétve a
kmeny. Metody délkového prizkumu Zemé (DPZ) zase zapoéitavaji i
ostatni zelené ¢asti lesniho patra (mechové, bylinné, kerové). Pro dalsi
vypocty byly uvazovany jako referencni pouze hodnoty stanovené primou
pozemni metodou. Metoda hemisférickych fotografii pro stanovisté do-
spélého smrku a buku podcenovala hodnoty o 52-76 % a DPZ o 29-73 %.
Na druhou stranu, DPZ je relativné levnou a rychlou metodou pro sta-
noveni distribuce LAI v ¢ase a na zéjmové plose a umoznuje alespon rela-
tivni porovnani hodnot mezi zdjmovymi stanovisti. Nicméné v méritku
celého povodi dosahovalo podhodnoceni hodnoty LAT 42-62 % (v zé-
vislosti na sezéné). Na tfech stanovistich vybavenych podkorunovymi
srazkomeéry byla potvrzena zavislost mezi zachytnou kapacitou korun a
hodnotou LAI

V obdobi 2010-2012 byly na dvou stanovistich o plose 30 x 30 m
(nadmotska vyska 745 m a 975 m) sledovany podkorunové srazky. Po-
zorovana intercepéni ztrata v teplém obdobi (kvéten-fijen) byla 196 mm
v nadmotské vysce 975 m a 112 mm v nadmotské vysce 775 m. Uziti
pasivnich kolektorti mlhy v tomto obdobi slouzilo ke zjisténi efektu nad-
morské vysky na depozici mlhy a ke sledovani depozice vody na néa-
hradnim povrchu. Uhrn horizontalnich srézek béhem chladného obdobi
(listopad-duben) prekrocil thrn teplého obdobi (kvéten-fijen) o 23-50 %.
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3. EXPERIMENT

Vypocitany plosny thrn horizontalnich srazek v zajmovych povodich
varioval mezi 88 a 106 mm za rok (7-8 % volné plochy). Zaroven byl
odhadnut negativni vliv horizontdlnich srazek z hlediska zvysovani ky-
selé depozice. Pramérny ro¢ni prispévek siry a dusiku z mlzné vody byl
658 kg.km~2.rok™!, respektive 216 kg.km~2.rok™! (tj. 55 %, respektive
48 % celkové depozice).

V obdobi 2015-2017 probihalo pozorovani pouze v nadmorské vysce
975 m. V teplé sezéné (kvéten-fijen) byla na stanovisti dospélého smrku
v nadmorské vysce 975 m pozorovana intercepéni ztrata 106 mm (16 %
srazek volné plochy). Hypoteticky se zanedbatelnym vyskytem mlhy
by primérna sezénni intercepce vypocitand podle modelu Gashe byla
225 mm (34 % srazek volné plochy). Sezénni depozice vody z mlhy a
nizké obla¢nosti na stanovisti dospélého smrku tak dosdhla 18 % srazek
na volné plose. Se zohlednénim morfologie a vegetacnich skupin v povodi
dosédhl sezénni thrn horizontalnich srazek v praméru 40 mm (6,4 % sra-
zek volné plochy), coz koresponduje s pozorovanim v obdobi 2010-2012.

Zakladni plocha na stanovisti v nadmorské vysce 975 m byla v ob-
dobi 2015-2017 rozsitena o dalsi dvé na sebe navazujici plochy 30 x 30 m
za ucelem zjisténi vlivu specifického okraje lesa v zajmové lokalité na
celkovy Uhrn horizontalnich srazek. Vegetaéni povrch je v této lokalité
silné fragmentovan. Zhruba 10% navySeni thrnu horizontélnich srazek
bylo pozorovédno na stanovisti nejblize okraji lesa (0-30 m) a se vzrusta-
jici vzdalenosti celkovy thrn klesal, nicméné zavislost nebyla statisticky
vyznamna. Kre¢mer (1979) uddval rovnéz mirné navyseni az 10 % do
vzdalenosti 20 m od okraje lesa v oblasti Orlickych hor, zatimco Lovett
a Reiners (1986) a Weathers et al. (1995) udévali vyznamné navyseni ho-
rizontalnich srazek na okraji lesa 3-15 krat. Pii relativné vysoké variaci
thrnu podkorunovych srézek lze spatiovat limitace kvantifikace toho
efektu s pouhym vyuzitim jednoduchého transektu srazkoméru. Navic
v experimentalnim povodi relativné vysokd fragmentace porostu zpiiso-
bila, ze prakticky neexistuje rozsdhly homogenni les nebo ostré okraje.

Pro obdobi 2015-2017 byl rovnéz aplikovan Slinniv depozi¢ni model
a pro porovnani i zjednodusené modely podle Gallaghera a Vermeulena.
Zatimco pro stanovisté dospélého smrku Slinntiv model nadhodnotil se-
zénni thrn horizontalnich srazek proti metodé bilance podkorunovych
srazek o 9 %, modely podle Gallaghera a Vermeulena thrn podhodnotily

0 23 %, respektive o 38 %. V méritku celého povodi byl celkovy thrn
podle Slinnova modelu 81 mm (7 % srézek volné plochy).

Kyseld atmosférickd depozice prostrednictvim vody z mlhy a nizké
oblac¢nosti je vyznamnou soucasti celkové kyselé depozice v experimen-
talnim povodi v Jizerskych horach. Depozice S — SO4 ma od 90. let
klesajici trend, zatimco depozice N — NO3 a N — NH4 se vyrazné
nezmeénila. Pozemni pozorovani potvrdilo hypsometrickou zavislost pro
srazky, horizontalni srazky, pocet dni s mlhou a velikost kyselé depozice
prostiednictvim horizontalnich srazek. S vyuzitim historickych snimkt
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3.2. Metodika, vysledky a diskuse

mise Landsat byl v zdjmovém povodi vysetfen historicky stav vegetac-
niho povrchu, ktery byl dal zatfizen do jednotlivych skupin. S vyuzi-
tim odvozenych vztahii pro tthrn horizontalnich srazek a depozice siry a
dusiku z mlhy a nizké oblac¢nosti byly rekonstruovany historické thrny
srazek a zatizeni sirou a dusikem. Dle modelu thrn horizontalnich sra-
zek po smyceni lesa klesl na 24 % ve srovnani s dobou, kdy v povodi
dominoval dospély porost smrku ztepilého. S pokracujicim zalesnova-
nim prumérny thrn dosahuje 47 % puvodnich hodnot, coz predstavuje
13 %, 3 % a 6 % srazek volné plochy pro obdobi 1982-1983, 1985-1990
a 2010-2015. Celkova depozice siry v experimentalnim povodi klesla po
smyceni lesa z 8,6 g.m~2rok™! (1983) na 4,35 g.m~2.rok~! (1992) a
dale na 1,39 g.m~2.rok—! (2010-2015). Depozice anorganického dusiku
poklesla po smyceni lesa z 2,9 g.m~2.rok™! (1983) na 2,4 g.m 2.rok™!
(1992) a dale vzrostla na 2,5 g.m~2.rok™! (2010-2015) s pokracujicim
zalesnénim.

Historické zatizeni sirou a dusikem z mlhy a nizké obla¢nosti bylo
porovnano se zatizenim na volné plose. Celkové roc¢ni zatizeni sirou
piekracovalo kritickou hodnotu (75 meq.m~2, Schwarz et al. 2009) az
do roku 2002 na volné plose, na stanovisti dospélého smrku pokracuje
stale. Celkové ro¢ni zatizeni dusikem stale prekracuje kritickou hod-
notu (55 meq.m~2, Schwarz et al. 2009) v méiitku celého povodi. Bob-
bink a Reolofs (1995) uré¢ili kritickou hodnotu roéniho zatiZeni dusikem
71 meq.m~2, tato hodnota byla v obdobi 1982-2015 piekroc¢ena 2-3 na-
sobné. Rekonstruovana zatéz uréend modelem v experimentdlnim po-
vodi a historické méreni koncentraci latek v profilu Sklarského potoka
prokazalo, ze kyseld depozice i kvalita vody mohou byt vyznamné kont-
rolovany lesnickymi postupy. Travni vegetace, kterd v povodi dominuje
na smycenych plochich, snizuje atmosférickou depozici az o 40 % ve
srovnani s dospélym smrkovym porostem a tim zmirnuje okyseleni po-
vrchovych vod. Rovnéz smiseny nebo listnaty les mize snizit zatizeni
kyselou depozici, zejména diky niz$im hodnotdm LATI (Lovett a Reiners
1986), zejména v nevegetacnim obdobi. Konkrétné v Jizerskych hordch
by smiseny les blizky prirozené skladbé lesa mohl zvysit pufra¢ni ka-
pacitu pudy (Matzner a Murach 1995) a zvysit odolnost k znecisténi
ovzdusi.

Na zékladé rekonstrukce historické depozice byly za téelem posou-
zeni vlivu lesni skladby navrzeny scénare ruzného vegetacniho pokryvu
v zédjmovych povodich Jizerskych hor (JD — Josefuv Dul, S — Sous).
Scénar A predpokladal plné znovu zalesnéni smrkem ztepilym, scénar
B predpokladal strukturovany les s plochami buku v oblastech ochrany
pudy a v bfehovych oblastech, na plochach se sklonem mensim nez 30 %
plochy smrku ztepilého s redukovanym zapojem a travni komunity v nad-
motské vysce nad 900 m. V zdjmovych povodich miize strukturovany
lesni porost snizit roéni zatizeni sirou z 0,9 na 0,25 g.m~2.rok~! (JD),
respektive 1,16 na 0,31 g.m~2.rok~! (S), a rovnéz zatizeni dusikem z 1,07
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3. EXPERIMENT

na 0,29 g.m~2.rok~! (JD), respektive z 1,39 na 0,37 g.m2.rok™" (S).
V zénéch s vyznamnym dhrnem horizontalnich srazek by ndhrada do-
spélého smrkového porostu travnim spolecenstvim snizila depozici siry
a dusiku cca o 50 % za soucasného stavu acidifikace (S — SOy z 0,8 na
0,4 gm=2rok ™, N—NO3z0,7na04gm 2rok~'aN-NHyz1,5
na 0,8 g.m=2.rok—1).

V pramennych horskych povodich zatizenych kyselou atmosférickou
depozici mohou horizontalni srazky z mlhy a nizké oblaénosti navysSovat
mnozstvi dostupné vody a ¢astecné doplnovat vodni zdroje. Na druhou
stranu ovSem maji vyznamny vliv na kvalitu povrchovych vod, zejména
v prostiedich s nizkou pufracni kapacitou. Oba tyto vlivy jsou vyznamné
zévislé na nadmotské vysce a struktufe lesniho porostu. Prestoze od 90.
let setrvale klesaji emise siranti do ovzdusi, zatizeni povodi sirou a dusi-
kem muze byt vyznamné kontrolovano rovnéz zménou vegetacniho po-
vrchu. Dlouhodobé pozorovani srazko-odtokového vztahu v experimen-
talnim povodi potvrdila vyznamny vliv smyceni dospélého smrkového
porostu na snizeni acidifikace povrchovych vod (zlepseni kvality vody
véetné jejiho oziveni), proto revize lesnickych postupt a zména struk-
tury lesa muze vést k pozitivnimu ovlivnéni vodniho prostiedi.
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